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ABSTRACT: This study explores the atomic-level interactions of 5 Jwh P123 (Blank) 5$wAPL3 + 2§ Lot 5FwhpLas + 2§ Fee

x

different poly(ethylene oxide) (EO)—poly(propylene oxide)
(PO)-based block copolymers (BCPs), commercially known as
Pluronics, with varying hydrophilicity that influences the solution
behavior within Pluronic P123 micelles as a mixed system. The
critical insights into the thermoresponsiveness of P123 in the
presence of different Pluronics with increasing %EO content (L61,
L62, L64, and F68) is hypothesized to modulate the hydrophobic ~ w{ _
interactions, leading to distinct solution textures such as clear | |,
solution (sol), blue point (BP), and cloud point (CP). The “+——— ' '
solution relative viscosity (77,) and rheological analysis will depict , A
the dynamic flow behavior and expose the viscoelastic properties of

the blended system. The dynamic light scattering (DLS) analysis will exhibit a temperature-dependent variation in the hydrodynamic
diameter (Dy,) micelle size in the examined system as a function of temperature, depicting micellar growth, while small-angle neutron
scattering (SANS) will explore the intricate micellar structural dynamics in terms of size and shape using various mathematical
models. Complementing these findings, transmission electron microscopy (TEM) will offer direct visualization of these micellar
structures, confirming the morphological growth/transitions. Coarse-grained molecular dynamics (CG-MD) simulations will
elucidate this self-assembly at the molecular scale with micelle size distributions, computed scattering intensity, density profiles,
solvent-accessible surface area (SASA), diffusion coefficient (D), and mean squared displacement (MSD) profiles at elevated
temperatures to uncover molecular packing and stability.

dE/dQ, cmt

B INTRODUCTION leading to micelle formation with a PO-rich core surrounded
by a hydrated EO corona, which can be organized into higher-
order geometries such as rod-like, worm-like, vesicles or long-
range ordered phases such as hexagonal, gyroid or lamellae and
phase separate (2¢)) when their concentration is raised.'”'*
Such consequent transition to various micellar morphologies is
governed by the balance of hydrophobic interaction and
hydrogen bonding, but it depends on the thermodynamic
conditions such as temperature, concentration, and the
presence of other compounds (additives) such as ionic/
nonionic surfactants or salts.'>'® The formation of micelles is a
temperature-dependent phenomenon, resulting in the decrease
of CMC upon a small increase in temperature. However, the
extent of this decrease depends on the constitutional nature of
213 Such features are reported to enhance the

Normal Pluronics are amphiphilic triblock copolymers (BCPs)
that contain hydrophilic poly(ethylene oxide, EO) blocks at
the terminal ends coupled with a hydrophobic poly(propylene
oxide, PO) block in the middle forming the constitutional
configuration appearing as PEO,-PPO,-PEO,, where x and y
represent the repeating PO and EO units, respectively, as
illustrated in Scheme 1.'> The BCPs with longer PO chains
and shorter EO chains exhibit hydrophobic features. In
comparison, those with shorter PO chains and longer EO
chains are hydrophilic.*”” Certain physical properties of the
BCPs, such as melting/pouring point, viscosity, surface
tension, foam height, cloud point (CP), and hydrophilic—
lipophilic balance (HLB), are affected by their average )
molecular weight and EO:PO ratio.*” " the Pluronic,

Generally, Pluronics exist as polymer chains or Gaussian

coils (unimers) at their low concentration or at low Received: February 7, 2025
temperatures. However, when their concentration exceeds Revised:  March 19, 2025
the critical micellization concentration (CMC) or critical Accepted:  March 20, 2025

micellization temperature (CMT), the phenomenon of self- Published: April 11, 2025

association becomes more apparent.”'”"" These copolymeric
entities self-assemble in water (selective solvent for EO),
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Scheme 1. Molecular Characteristics of Different EO-PO-EO-based Pluronics Used in This Study
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Compositions Molecular *CMC, *CMT, *CP
Pluronics weight, | %EO | EO:PO | HLB (%wiv) 1 %wiv)y | (1%wiv)

X v Da at 25 °C (C) C)
L6l 2 30 2000 10 0.067 1-7 0.006 - 0.0016 - 24
L62 6 34 2500 20 0.17 1-7 0.0015 - 0.0030 20 32
Lo4 13 30 2900 40 0.43 12-18 0.0029 - 0.01 28 58

F68 27 80 8400 80 0.33 >24 0.07-0.13 45-50 >100
P123 20 68 5750 30 0.29 7-12 0.0011-0.0028 16 90

“Compiled from BASF Datasheet 1998. #CMC, *CMT, and *CP values are taken from the literature.”” Here, the black and orange color beads
represent the PO and EO blocks of P123, respectively. In contrast, purple and red color beads represent the PO and EO blocks of copolymeric

additives, respectively.

solubility of extremely hydrophobic drugs and facilitate their
transportation throughout the bloodstream due to their
favorable biocompatibility and efficiency.””'”"® This charac-
teristic has sparked a keen research interest in using the
potential of these BCP templates for drug delivery,
pharmacokinetics, biodistribution, biocompatibility, lifespan,
surface adsorption of biomacromolecules, adherence to
biosurfaces, and targetability, among other crucial biological
aspects and dissolving applications.'*~"? To name a few, in this
direction, F68, F86, F127, and F188 (hydrophilic class of
BCPs) are Food and Drug Administration (FDA)-approved
due to their superior biocompatibility, low toxicity, and
versatile properties that make them ideal nanocarriers for
various pharmaceutical and biomedical applications.”*™**
Among them, Pluronic P123 (PEO,,—PPO¢—PEO,,) is
used widely in medical applications since it exhibits diverse
micelle structures including vesicles, yielding remarkable
properties for drug encapsulation and furthering its delivery
in cancer treatment.”* Also, P123 entails a HLB of 8, which
holds a very good potential use in sensitizing multidrug-
resistant (MDR) cells.”” The PO content of P123 micelles
significantly increases the solubility of hydrophobic substances.

However, Pluronics as drug nanocarriers face some
important challenges, such as drug loading capacities and
early releases due to instability. Some of these issues can be
addressed by adding two or more copolymers, promoting the
formation of mixed micelles that can modulate important
properties such as aggregation, CMC, CMT, kinetic stability,
drug loading capacity, precise control over micelle size to
prevent precipitation, or a straightforward approach in
incorporating features that enhance their practical efficiency
in drug delivery systems.'>>*~*°

Interestingly, besides experimental evolution reported for
Pluronics systems, computer simulations have become an
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indispensable tool for investigating such nanoscale self-
assembly. Among these, molecular dynamics (MD) simu-
lations integrating Newton’s equations of motion for individual
molecules offer a unique insight into crucial phenomena such
as micelle formation and phase transitions. Importantly, MD
simulations overcome certain limitations inherent in exper-
imental techniques, allowing for a more precise and detailed
scenario of BCP behavior in aqueous experiments.”’ >’
Giving an account to all the above-discussed approaches, our
study investigated the cooperative self-assembly behavior of 5%
w/v Pluronic P123 in the aqueous environment (Blank) and in
the presence of Pluronics (L61, L62, L64, and F68) with
increased hydrophilicity content, i.e, by varying the %EO
content. Here, the micelle formation and growth/structural
evolution at varying temperatures and concentrations were
carefully analyzed near the clouding temperature. The relative
viscosity (77,.) of the examined system was measured to depict
the flow change as a temperature function, which was further
complemented using rheological analysis. Dynamic light
scattering (DLS) and small-angle neutron scattering (SANS)
elucidated the induced micellization, inferring the micellar
growth/morphological transitions based on the fitted param-
eters. Transmission electron microscopy (TEM) complements
these techniques by directly imaging the micellar structures,
confirming their morphology. Coarse-grained molecular
dynamics (CG-MD) simulations were employed to obtain
computed scattering intensity profiles supporting and com-
plementing the SANS data, confirming temperature-dependent
micellar transitions. The micelle density profiles provide a
valuable picture of the spatial distribution and organization of
molecules. In addition, solvent-accessible surface area (SASA)
profiles highlighted the dynamic interactions between a
molecule and its surrounding solvent environment. The
diffusion coefficient (D) and mean squared displacement

https://doi.org/10.1021/acs.langmuir.5c00655
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(MSD) profiles offered further insights into micelle dynamics,
demonstrating increased molecular mobility and faster
diffusion at elevated temperatures, thereby oftering novel
insights into the nanoscale self-assembly in the blended BCP
micellar system.

B EXPERIMENTAL SECTION

Materials. Scheme 1 shows the EO-PO-based BCPs entailing
different EO and PO contents proposed in this study with structural
features and micellization parameters in tabular form. They were
acquired as gift samples from BASF Corp., NJ, USA, and utilized as
such. For neutron scattering investigations, deuterium oxide (D,0)
with a D atom purity of 99.9% was purchased from Sigma-Aldrich,
Germany. Before each measurement, the sample solutions were
filtered through a nylon filter having ~0.45 ym pore diameter to
eliminate any impurities present, if any.’**’

Methods. For our study, below 5% w/v of P123 concentration,
the micelle count appears to be extremely low and insignificant, which
results in poor scattering. Hence, we chose a 5% w/v of P123
concentration (fixed) for our proposed study to obtain a sufficient
population of micelles with acceptable scattering results.

Clouding Behavior. A subsequent examination was carried out on
the clouding behavior of 5% w/v P123 solution blended with
Pluronics, with particular attention given to changes in concentration
and temperature. Here, the solutions were tested by gentle heating
under complete agitation using a magnetic bar in a water bath. This
experimental setup determined the cloud point (CP) of 5% w/v P123.
The influence of BCPs with varying weight fractions and varied %EO
content on the CP was investigated. Before the measurements, the
solutions were cooled in a refrigerator. When the turbidity initially
appeared, we identified it as CP. The CP, which had a reproducibility
of +0.5 °C, was calculated by taking the average of two measurements
on each system.**™*

Solution Flow Characteristics. The relative viscosities (77,,) of
examined copolymer solutions were measured using a clean and dried
Ubbelohde capillary viscometer placed vertically in a thermostated
water bath between the temperature range of 30 to 70 °C with +0.1
°C to ensure consistent thermal conditions throughout the experi-
ment, and the flow time of solutions was measured with a calibrated
stopwatch and repeated a minimum of three times within the time
variation of +10 s.>****" The rheological properties were assessed
using the MCR 92 rheometer from Anton Paar, which is equipped
with a parallel plate spindle. A Peltier temperature control system was
used to maintain specific temperatures (30 °C, 50 °C, and 70 °C)
during the viscosity measurements. For the flow curve analysis, 100
mg of the sample was placed on the stage with the spindle gap set at
0.3 mm. Prior to each test, the samples were allowed to equilibrate
between the rheometer plates to ensure temperature stabilization,
thereby preserving the integrity of the sample structure during
testing.“’43

Scattering Profile. The Zetasizer Nano instrument (Malvern
Instruments, UK) was used to measure the hydrodynamic diameter
(Dy) of the examined system at various temperatures. For the 90°
dispersion angle, a solid-state He—Ne laser was used with a power
output of 4 mW and a wavelength (4,) of ~514.25 nm. The tested
system was measured within a temperature range of 30 to 70 °C. Each
sample was placed in a square low-volume quartz cuvette and initially
brought to a temperature of 30 °C for 30 min to achieve thermal
equilibrium. Then, the temperature was gradually increased. Based on
the acquisition of three consecutive measurements for each case and
subsequent examination of the autocorrelation process, it was
determined that the resulting D, size value was within the usual
range. In this study, the size of particles was specifically measured in
number from the frequency distribution as it offers valuable insights
by indicating the relative prevalence of various particle sizes within the
sample. The material under investigation exhibited a susceptibility of
~0.2 nm or lower.>*'

Dhruva Reactor at Bhabha Atomic Research Centre (BARC) in
Mumbai, India, was used to perform the small-angle neutron
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scattering (SANS) experiments with a SANS diffractometer. The
conduction of neutron scattering experiments required the prepara-
tion of sample solutions, which entailed the dissolution of the
necessary amount of examined Pluronics in D,0. Teflon stoppers
were used to achieve a tight fit and secure placement of the sample
solutions inside a quartz cuvette cell with a thickness of ~5 cm. The
coherent differential scattering cross-section (dX/dQ) per unit
volume was estimated as a function of wave vector transfer Q =
(47 sin6/2)/2, where 1 is the neutron wavelength and 6 is the
scattering angle. SASFIT software used conventional fits to adjust the
obtained SANS data. The monochromatized beam mean wavelength
was ~5.26 A, representing the fractional change in wavelength, A1/A
~ 15%. A one-dimensional He® position-sensitive detector with a
length of 1 m recorded the angular distribution of neutrons dispersed
by the material. The collimation length was equal to the sample-to-
detector distance. The neutron beam collimation was determined by
the pinhole sizes of ~16 and 7 mm diameter at the source and sample
positions, respectively. To put it into perspective, its Q ranges from
~0.017 to 0.35 A™". To account for background and solvent effects,
we normalized all of the observed SANS distributions to the unit of
cross-section mistreatment following the standard methods and
equations (S1—S7) as mentioned in the Supporting Information
(SI).44_46

Transmission Electron Microscopy (TEM). A JEOL JEM-1210
electron microscope with an accelerating voltage of 80 kV was used to
conduct the transmission electron microscopy (TEM) observations.
One drop of the micelle solution was applied to a copper grid on a
glass plate to create the samples, which were then left to air-dry for a
full day under ambient conditions. The copper grids were coated with
a thin layer of carbon film to enhance contrast and stability during
imaging. For temperature-dependent measurements, micellar sol-
utions were equilibrated at different temperatures, such as 30 °C, S0
°C, and 70 °C. The temperature was maintained using a temperature-
controlled water bath with an accuracy of +0.5 °C.*"**

Computer Modeling. CG-MD simulations were performed with
the 2023 GROMACS package, and Newton equations of motion were
integrated with the leapfrog algorithm using a 20 fs time step.*” The
bonded energy contributions to the total potential energy entailed
bond stretching and angle bending, both constrained with the LINear
Constraint Solver (LINCS).*° Nonbonded contributions included
Lennard-Jones (LJ) and Coulomb interactions, whereas long-range
electrostatics was assessed with the Particle-Mesh-Ewald (PME).”’
Nonbonded interactions were calculated with the Verlet cutoff
scheme (potential-shift-Verlet modifiers) with a 1.2 nm cutoff.
Temperature and pressure (1 bar) were set with the velocity-rescale
thermostat™ and Parrinello—Rahman barostat,** respectively, with a
temperature coupling time constant of 2.0 ps and an isotropic
pressure coupling of 24.0 ps. PACKMOL code was used to randomly
place all the molecules in the simulation box considering periodic
boundary conditions in all directions.**

Before the production runs in the NpT ensemble, an energy
minimization step was carried out with the steepest descent algorithm
to avoid unrealistic high energies caused by close contacts between
molecules. Then, two short NVT and NpT MD simulations were
performed to equilibrate the temperature and density. Continuous
monitoring of total potential energy and density was performed to
verify the achievement of equilibrium. The simulation trajectories
were visually represented using the Visual Molecular Dynamics
(VMD) software program.*® Micellar density distributions were
analyzed using an in-house code based on the Hoshen-Kopelman
cluster counting algorithm.*®

The CG-MD model for Pluronic was taken from Elahi et al,’
which is based on MARTINI 2.2, including the EO parametrization
from Grunewald et al.>® Elahi et al.*” developed new temperature-
dependent parameters for PO groups to reflect the impact of
temperature in aqueous Pluronic solutions. The original MARTINI
2.2 CG-MD model for water, implicitly including four water
molecules, was selected. The CG version of all compounds used in
this work is summarized in Scheme 2.

https://doi.org/10.1021/acs.langmuir.5c00655
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Scheme 2. CG Mapping Representation for Pluronic P123,

F68, L61, L62, and L64
L6N

F68

“Here, black and orange beads represent PO and EO groups,
respectively, whereas terminal hydroxyl [CH,—O—H] groups are
colored in pink. The CG model for water implicitly includes four
atomistic water molecules.

B RESULTS AND DISCUSSION

Clouding Behavior. Pluronics significantly alters their
solubility in response to temperature changes. A decrease in
solubility at higher temperatures exhibits lower critical solution
temperature (LCST) behavior, while conversely, an increase in
solubility with temperature elevation signifies upper critical
solution temperature (UCST) behavior. Such a pattern in
solubility transition is primarily dependent on the hydrophobic
effect. It can be observed through either (i) cloud point (CP),
which is the temperature at which a solution becomes cloudy
or opaque, or (ii) precipitation. Such occurrences of clouding
can also be ascribed to the growth of polymer aggregates,
which ultimately leads to 2¢.>”~°" The CP of EO-PO-based
BCP solutions exhibits a strong dependence on copolymer
composition, with its higher value observed in compositions
containing a larger percentage of EO wunits. Also, the
equilibrium between polymer—polymer and polymer—water
interactions is indicated by this occurrence. At elevated
temperatures, the EO segments undergo a conformational
change that is thought to play a crucial role in this process. The
modified, less polar configuration of the Gpolymer inhibits
solvation, which ultimately promotes 2¢.°>~%*

P123 in Water. Three concentrations were selected for
P123, where the solution at 1% w/v P123 displayed a bluish
region referred to as blue point (BP) ~70 °C before the clear
state referred to as sol. This gives a probable hint of micellar
growth/transition, which continued until a few degrees below
the CP. Beyond this point, the solution undergoes apparent
phase separation, forming two distinct phases (2¢)) at 90 °C, as
illustrated in Figure la. These findings are consistent with
previous research.”'¥** P123 moieties remained as unimers
below its CMC (~0.0011—0.0028% w/v). A similar result was
observed at 5% w/v P123, denoting a regular pattern, but it
showed a shift in BP and CP values of ~68 and 88 °C,
respectively, at 10% w/v. In addition, it has been found that
P123 exhibited spherical micelles characterized by its hydro-
dynamic diameter (D)) size around of ~20—25 nm with a low
level of polydispersity at ambient temperature. When the
temperature is increased, micellar growth is observed,
displaying a range of diverse structures, from spherical to
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ellipsoidal and rod-shaped structures, potentially yielding
vesicles.'>%*

The result of 5% w/v P123 is further confirmed through
CG-MD simulation, where density profiles were generated
from simulation trajectories, revealing the spatial distribution
of EQ, PO, and water molecules from the micelle center of
mass (CoM) along the simulation. This is an important tool to
explore the impact of temperature, concentration, and BCP
composition (block length and ratio). Figure 1b,c shows the
CG-MD simulation results for the 5% w/v P123 in aqueous
solution at 30 and 70 °C, respectively. The solution at 30 °C
yielded spherical micelles (Figure 1b), whereas oblate micelles
(Figure 1c) were formed when the temperature was raised to
70 °C, consistent with the reported ﬁndings.g’ls’n’49 Micellar
structures can also be noticed in the density profiles shown in
Figure 1d,e. In fact, the density profile of P123 micelles at 70
°C displayed an elongated and flat profile when compared with
the spherical structures obtained at 30 °C. The SASA profile
typically displays the hydration of selected species or groups
such as micelle core or corona, corresponding high SASA
values to well-hydrated scenarios, whereas low SASA suggests
limited solvent accessibility. Figure 1f,g shows the SASA
profiles of PO and EO groups of P123, denoting their natural
dehydration when the temperature is raised. The initial
decrease in all profiles (first 2000 ns) denotes a quick
formation of early micelles, which then grow smoothly (by
micelle fusion processes) and remain stable (approximately last
5000 ns) until the end of the simulation. A journey of gradual
micellar formation with respect to time is portrayed in Figure
S1 of the Supporting Information.

In addition, the diffusion coefficient (D) and mean squared
displacement (MSD) offer deeper insights into the molecular
motion and micellar mobility at varying temperatures,
providing information about the rate of molecular motion,
the extent of micellar mobility, and the impact of thermal
energy on the structural transitions and interactions within the
micellar assemblies. These parameters are evaluated at different
temperatures for 5% w/v P123 using eq S8 of the Supporting
Information and comprehensively elaborated in Figure 1h,
which illustrates how temperature influences micellar diffusion,
stability, and the overall dynamics of the system. The CG-MD
simulations revealed temperature-dependent changes in the D
and MSD of P123 PO groups. At 70 °C, the higher D
(~0.0338 X 107> cm?/s + 0.0249) and increased MSD values
compared to 30 °C reflect enhanced molecular motion and
faster diffusion (Figure 1h). These findings align with the
experimental observations, validating the dynamic behavior
and morphological transitions captured in the simulations. The
MSD trends and fluctuations at higher temperatures further
corroborate the structural changes observed experimentally.
Likewise, the solution behavior of the chosen Pluronics (L61,
L62, L64, and F68) with varying degree of EO content is
described in the SI, which is consistent with the previously
reported work and our experimental simulated data.

Influence of Low Concentration (0.2%) of Pluronics
on P123 Micelles. The CP of the BCP indicates the
temperature at which two separate copolymer and water-rich
phases are formed. This point varies from ~10 °C for
copolymers with a low EO content to exceeding 100 °C for
those with higher EO content.”'’ Figure 2 shows how the CP
appears sooner in the Pluronics blended systems. A first
attempt was done at 0.1% of Pluronics, but no significant
variations in 2¢p were observed. Therefore, higher concen-

https://doi.org/10.1021/acs.langmuir.5c00655
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Figure 1. (a) Experimental clouding behavior of P123 as a function of concentration and temperature, (b, c¢) CG-MD simulation snapshots after
8000 ns of simulation time for 5% w/v P123 aqueous solution at 30 °C and 70 °C, respectively, (d, e) averaged micelle density profile from the
center of mass (CoM). The color code is as follows: the EO and PO groups are colored in orange and black, respectively, and water is shown in
blue in the density profiles. The water molecules in the simulation snapshots (a) and (b) were removed for clarity. Solvent-accessible surface area
(SASA) profiles are displayed in (f) for PO and (g) for EO groups. (h) Mean squared displacement (MSD) of PO micelle cores at 30 and 70 °C.
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Figure 2. Solution behavior for 5% w/v P123 with no additives (Blank) and presence of copolymeric additives with varying %EO content.
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Figure 3. Relative viscosity (1, as a function of temperature; rheology profile of 5% w/v P123 in water (Blank) and in the presence of different
Pluronics (a) at lower concentration (0.2%) and (b) at higher concentration (2%) as a function of shear rate (s™").

trations of Pluronics (up to 2%) were chosen to achieve a
noticeable effect.

The 5% w/v P123 solution with 0.2% of L61(10%EO
content) showed a BP of ~55 °C and CP of ~78 °C; i.e., 2¢
appeared sooner than the Blank solution. As the concentration
of L61 increases, a linear decrease is observed in BP and CP.
The solution behavior is primarily influenced by the
predominant hydrophobic component imparted from the
Pluronics. These cumulative findings highlight the impact
that is closely associated with the strong solvation (hydration)
of the EO chains. Near the CP, the relatively hydrophobic PO
units exhibit limited interaction with water. This phenomenon
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arises from the formation of polymer aggregates creating
clusters; inside these clusters, the PO chain is encapsulated by
a layer of EO corona, which experiences strong solvation.
Lower impact was observed when L62 (20%EO content)
was added to the 5% w/v P123 solution, which can be
attributed to the increased hydrophilic character of L62. L64
(40%EO content) entails a different EO/PO ratio compared
with the L61 and L62. When 0.2% L64 is added to the 5% w/v
P123 solution, it exhibited a delay, i.e., BP of ~65 °C and 2¢) at
~82 °C. Also, its moderate hydrophobicity significantly limits
its ability to enhance the hydrophobicity of the micelles. The
lowering of BP and CP is nearly a linear function of increasing

https://doi.org/10.1021/acs.langmuir.5c00655
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the concentration of L64. Interestingly, adding F68 (80%EO
content, highly hydrophilic) showed BP around ~68 °C and
CP > 100 °C; i.e, 2¢p was not observed. Further increasing
concentration of F68 in 5% w/v P123 demonstrated a slight
increase in BP. The addition of such a hydrophilic copolymer
does not contribute to enhancing hydrophobic interactions or
micellar aggregation. The change in micellar environment and
intermicellar interaction significantly impact the CP. Hence,
the extent of lowering of CP depends on the structure and
concentration of additives and the number of EO blocks of
BCPs.

The transition from clear and blue to hazy/turbid solution
within the examined systems indicates the complexity of the
micellization process influenced by temperature, concentration, and
additives. Viscosity and scattering experiments further assess the
observed variations in solution characteristics.

Viscosity measurements monitor the solution flow changes
that occur in micellar fluids in response to the applied external
stimuli. This can be accomplished by comparing the efflux
times of the test solution (t) to that of the reference solution
(t,), typically water, in our case. The relative viscosity (77,o;) is
calculated as the ratio of t to t, béy disregarding the density
corrections for dilute solutions.””*® To support our assump-
tion that blending Pluronics induces a temperature-dependent
increase in the hydrophobicity of the micellar phase, Figure 3
demonstrates the resulting micelle restructuring, leading to a
probable growth process in 5% w/v P123. It was observed that
the fluidity of micellar solutions in the absence of blended
Pluronics (Blank) remained constant (unchanged) up to 35
°C. Later, 7, increases owing to an increased aggregation with
the temperature-aging process. Also, such behavior with
temperature rise is attributed to the lower solubility of the
EO chains that causes an alteration in the micellar interface
curvature between the core and shell regions, thereby resulting
in micellar growth/transition. This ﬁndin(% is consistent with
the previously reported research works.'>®

However, the presence of varying concentrations of
Pluronics in 5% w/v P123 leads to an increase in 77, In the
tested blends, a lower concentration of 0.2% Pluronics has a
relatively modest impact on 7, of the 5% w/v P123 solution
(Figure 3a). The 7, changes observed at this 0.2%
concentration largely depend on the hydrophobicity of the
added Pluronic. More hydrophobic L61 (with a low EO
content, i.e, 10%) enhances hydrophobic interactions within
the micelles, leading to a slight increase in 77, as a function of
temperature in comparison to others. The progressive increase
in temperature causes the dehydration of the corona regions
formed by EO blocks, thereby resulting in a more compact
structure and the retraction of the micelles. At higher
temperatures, the excluded volume forces become stronger,
leading to the swelling of the micelles.® A similar observation
is found with L62 but with a slightly lower increase in 7, due
to its higher EO content (20%), making it more hydrophilic
than L61 (Figure 3a). In contrast, more hydrophilic Pluronics,
such as L64 (40%EO content) and F68 (80%EO content),
exhibit a weaker influence on 7, (Figure 3a). Their higher EO
content allows them to distribute more freely in the bulk water
phase rather than integrating into the micellar core, which
results in a lower impact on 7, following the order: Blank <
F68 < L64 < L62 < L61.

A similar trend of 7, was observed when the concentration
of all Pluronics was raised from 0.2% to 2% in 5% w/v P123
(Figure 3b). 7, for 5% w/v P123 in the presence of 2% L61
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and L62 displayed 2¢) above 50 °C. Therefore, measurements
were not taken beyond this temperature. This behavior is
attributed to the enhanced micelle—micelle interactions and
structural modifications induced by the higher concentration of
Pluronics, leading to a denser micellar network. Such an
increase in 7, can account for the favorable hydrogen bonding
to the ether oxygen of the EO chain, which indicates
considerable mechanical entrapment of water by this chain.
Such 7, trend is further validated through rheology analysis.

To assess whether micellar growth is associated with the
rheological behavior of the system, the shear rate dependence
of apparent viscosity (1) for $% w/v P123 with blended
Pluronics was studied at different concentrations and temper-
atures as a function of shear rate (Figure 3b). A general
decrease in 7 with increasing shear rate indicates typical shear-
thinning behavior, commonly associated with the alignment
and disruption of micellar networks under applied shear.”” It
was discovered that 5% w/v P123 in water (Blank) exhibited
Newtonian behavior with low viscosity, indicating a simple
micellar structure without significant interactions or entangle-
ment. This aligns with the previous reports of unmodified
P123 solutions showing minimal viscosity changes due to the
formation of spherical micelles.”’~"* However, blending L61,
L62, L64, and F68 interestingly altered the rheological profile
of 5% w/v P123, reflecting modifications in the micellar
architecture.

At 0.2% concentration, the added Pluronics introduced mild
deviations from Newtonian behavior. Here, the hydrophobic
Pluronics like L61 and L62 (with low %EO content) showed a
noticeable increase in # compared to the Blank at 30 °C
(Figure 3a). This effect can be attributed to the enhanced
hydrophobic interactions that promote the formation of larger
micellar structures or more entangled networks. L64 (with
moderate %EO content) and F68 (with high %EO content)
exhibited much lower # at 30 °C (Figure 3a), due to more
hydrated micelles with reduced packing density. These
observations align with the critical packing parameter (CPP)
principle, where higher hydration (higher %EO content)
increases the effective hydrophilic volume, leading to smaller
micelles and lower 7.”° Furthermore, the 5 profiles at 70 °C
compared to 30 °C further support temperature-induced
micellar transitions; i.e., at 70 °C, the 1 for 0.2% L61 and L62
increased significantly, while, in contrast, 0.2% L64 and F68
continued to show lower # values, consistent with smaller
micellar structures and reduced hydrophobic packing, due to
dehydration of EO segments and enhanced PO hydrophobicity
even at higher temperatures (Figure 3a). At 2% concentration,
the 7 profiles showed a noticeable increase compared to the
Blank and 0.2% systems at 30 °C (Figure 3b), emphasizing the
concentration-dependent nature of micellar growth and
interactions. Addition of 2% L61 and L62 exhibited the higher
7 than that with L64 and F68 (Figure 3b). The pronounced
shear-thinning behavior in the former observed at 50 °C
reflects the strong influence of their hydrophobicity that
further highlights temperature-driven micellar growth and
transitions.

Additionally, # versus temperature at different shear rates is
presented in Figure S9 in the Supporting Information to
monitor temperature-induced flow behavior in the examined
P123 micellar system. At the lowest shear rate of 1 57/, 7 is at
its maximum at 30 °C, indicating a well-structured and strongly
interacting micellar network. For higher concentrations and
increased temperatures, as presented in Figure S9 in the

https://doi.org/10.1021/acs.langmuir.5c00655
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at 30 and 70 °C.

Supporting Information, 5 exhibits distinct trends depending
on the Pluronic type; i.e., at 70 °C, 1 generally decreases due to
the thermal disruption of micellar networks and increased
molecular motion. However, for more hydrophobic Pluronics
such as L61 and L62, the decrease in 7 is less pronounced, as
their low EO content enhances micellar population integrity
and hydrophobic interactions even at elevated temperatures. In
contrast, more hydrophilic Pluronics like L64 and F68 show a
more significant # reduction with temperature, as their higher
EO content leads to greater hydration and thermal
destabilization of micellar structures. These findings suggest
that temperature and shear rate have a coupled influence on 7
of P123-Pluronics mixtures. As the shear rate increases to 4 s/,
a slight decrease in 5 is observed across all the examined
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systems, as presented in Figure S9 in the Supporting
Information, indicating the beginning of shear-thinning
behavior. The applied shear stress weakens micelle—micelle
interactions, causing a gradual reduction in resistance to flow.
The relative trend in the # drop is more significant in L61 and
L62 due to their initially stronger micellar interactions.
However, at 7 s_l, n continues to decrease further,
confirming the shear-thinning effect. Here, the applied shear
disrupts the micellar entanglements and reduces intermolecular
forces, leading to more pronounced structural breakdown in
L61 and L62 than L64 and F68 (Figure S9 in the Supporting
Information). At 10 s™', 5 values further decrease, indicating
progressive micellar rearrangement under shear; ie., these

https://doi.org/10.1021/acs.langmuir.5c00655
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structures break down, leading to a lower resistance to flow
and behaving as a Newtonian fluid.

Such change in 1 gave a probable hint of varied structural
conformations, which is further inferred by employing scattering
techniques that are discussed in the following section.

Scattering experiments were performed to unveil the impact
of additive concentration (low = 0.2% and high = 2%) on the
complex self-association kinetics of P123 micelles. The size of
micelles is determined using dynamic light scattering (DLS) by
examining the Brownian motion exhibited by their “hydrated”
dispersed states. At 30 °C, 5% w/v P123 in water with no
blended Pluronics (Blank) formed micelles with a D, of ~20.6
nm (Figure 4a). EO blocks of P123 have a higher affinity to
water stabilizing the micellar structure formed by a well
hydrated corona, yielding a spherical geometry to minimize the
energy associated with exposing hydrophobic PO blocks to the
aqueous environment. A shift in D}, was observed from ~20.6
to 50.2 nm as a function of temperature, indicating a micellar
growth/transition. The bigger size suggests the probable
presence of micelles with a different geometry, possibly
ellipsoidal or rod-like. These results are in line with the
previously reported studies. >’ It is expected that, at 70 °C,
the PO blocks of P123 become more flexible with enhanced
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mobility, allowing the PO chains to be reorganized and packed
more efficiently, resulting in an elongation of the micelles along
one direction. Such a temperature-induced transition in
micellar shape can be attributed to the balance between the
EO—PO interactions of P123 and the molecular mobility
induced by a temperature increase. Also, the transition to
bigger micellar geometries at higher temperatures results from
the rearrangement and increased alignment of the PO blocks
within the micelles.

An increase of Dy was noticed in the presence of blended
Pluronics (Figure 4a); when 0.2% L61 is added in the $% w/v
P123 solution, a significant change in the mixed micelle size is
observed. D, of the micelle shifts from ~69.2 nm at 30 °C to
~150.2 nm at 70 °C promoted by the increase in hydro-
phobicity of the absorbed L61. A similar trend was observed in
the presence of L81 and L121 at 5% w/v P123 in the reported
work.”*”? Furthermore, it was noticed that Dj, of 5% w/v P123
micelles in the presence of 0.2% L62, was increased from
~214 nm to ~100.3 nm at 30 and 70 °C, respectively.
However, the extent of micellar growth observed with L62 was
less pronounced compared to that with L61 due to the lower %
EO content of L61. Similarly, adding 0.2% of a moderately
hydrophobic L64 yielded an increase of D; P123 micelles.

https://doi.org/10.1021/acs.langmuir.5c00655
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Table 1. Fitted Micellar Parameters for 5% w/v P123 in D,0 without Blending with Pluronics (Blank) and in the Presence of
0.2% and 2% Pluronics with Varying %EO Content at Some Selected Temperatures

SANS Parameters

@ 20 °C @ 30 °C @ 50 °C @ 70 °C
5% w/v P123 + Pluronics Radius (A) Shape Radius (A) Shape Radius (A) Shape Radius (A) Shape
Blank 47.6 spherical a =202 ellipsoidal a=1215 ellipsoidal
b =255 b =769
L61
0.2% 73.1 spherical 64.9, L > 350 rod-like
2% 70.3 spherical 84.6 spherical t=90.2 vesicle
R, > 200
L62
0.2% a =655 ellipsoidal a = 2249 elongated
b =589 b =549 ellipsoidal
2% 55.7 spherical a=753 ellipsoidal a=2237 elongated
b=612 b =556 ellipsoidal
L64
0.2% a =904 ellipsoidal a=226.5 elongated
b =582 b =60.8 ellipsoidal
2% SS.5 spherical a=924 ellipsoidal a=2281 elongated
b =652 b=623 ellipsoidal
F68
0.2% 63.7 spherical a=103.5 ellipsoidal
b =603
2% 54.5 spherical 67.6 spherical 73.3 spherical

“Note: Here, semimajor axis (a), semiminor axis (b), cross-sectional radius (R,,), length (L), radius of vesicle (R,), and thickness of micelle (¢).

However, the P123 micellar growth with L64 was smaller than
L61 and L62 likely due to the increased molecular weight and
the increased hydrophilicity. Chen et al.”* reported that mixed
micelles (P123 + F68) with a two-shell structure and
characteristic corona lengths showed a cooperative binding
between parent copolymers, which supports our findings.
However, 0.2% weight fraction of hydrophilic F68 in 5% w/v
P123 solution has a minimal effect on D, of P123 micelles due
to the lower PO content of F68, while micelle corona became
more extended as will be shown in the CG-MD simulation
snapshots (Figure S). Such behavior can be attributed to the
enhanced EO—EO interactions that reinforce the solvation of
the EO chains within the micelles, leading to enhanced
hydration.

The obtained results unequivocally demonstrated that the
presence of hydrophobic Pluronics L61 and L62 significantly
enhances the growth/transition of P123 micelles, which has been
further sustained by the inclusion of small-angle neutron scattering
(SANS) experiments.

In our study, morphological parameters of the micelles were
obtained by fitting the scattering data using different models,
and the solid lines are representative fits. SANS measured the
intensity of scattered neutrons in relation to temperature,
providing comprehensive information at the nanoscale size.
The scattering patterns revealed that, as the temperature rises,
the intensity increases and the dependence on Q strengthens,
thereby indicating that micelles are formed with large
molecular aggregates of the copolymer.”> The impact of the
hydrophobic additive causes the growth/transition of micelles
and becomes more pronounced at elevated temperatures. As
temperature increases, the concentration of micelles eventually
reaches a saturation state. This is supported by comparing
fitted values obtained for the investigated systems at different
temperatures, as presented in Table 1, establishing a reference
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to estimate the gradual dehydration of micelles as temperature
rises. Here, the shell remains consistently hydrated with the
solvent. However, this hydration level within the shell
diminishes slightly with increasing temperature. The propor-
tion of PEO within the EO groups situated inside the shell
remains relatively unchanged with temperature variation.
Meanwhile, the core predominantly consists of PO groups
and water, with the water content in the core decreasing at
elevated temperatures.”® As expected, a micellar solution of 5%
w/v P123 in D,0 with no blended Pluronics (Blank) is much
more hydrated at 30 °C and spherical (CMT ~ 17.5 °C). At
this temperature, the micelles display a spherical shape and
demonstrate a slope of —4 on the log—log scale within the low-
Q region. As temperature increases, the main driving force is
the gradual dehydration of the PO groups. Later, ellipsoidal
micelles were found at 50 °C, and a further increase to 70 °C
resulted in bigger ellipsoidal micelles with intensifying
characteristics, exhibiting a fitted slope of (—3) (Figure 4b).
This change in shape was consistent with the reported findings
in previous studies.'*”” Also, this concords with the spherical
micelle distribution at 30 °C and ellipsoidal at 70 °C as found
in the CG-MD simulations displayed in Figure 1. The presence
of PO induces the scattering intensity in the low Q region,
which indicates the micellar growth (core size). The
interaction of PO with micelles depends on the LCST of the
PO block.”® At 30 °C, the energy available for the system is
relatively low. Under these conditions, PO hydrophobic
segments of P123 form spherical aggregates, or micelles, with
the hydrophilic segments facing outward and interacting with
the surrounding D,0 molecules. As the temperature
approaches 70 °C, the increased available energy induces a
further rearrangement of P123 hydrophobic segments, leading
to the elongation of the micellar structure into ellipsoidal
geometry. The specific mechanism for this shape trans-

https://doi.org/10.1021/acs.langmuir.5c00655
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Figure 6. CG-MD simulation snapshots are displayed for 5% w/v P123 with 0.2% L61 at 30 and 70 °C in (a) and (b), respectively. Their averaged
micelle density profiles are shown at the bottom, including an enhanced view of the density profile at the micelle surface. The color code is as
follows: P123 EO and PO groups are shown in orange and black, respectively, whereas EO and PO of L61 are displayed in red and magenta,
respectively. Water molecules were removed in the simulation snapshots for clarity. The density profile beneath these snapshots resembles the
absorption phenomenon of the copolymeric additive on the P123 micelle.

formation can vary depending on the molecular interactions simulation of larger systems and longer time scales compared
and the structural properties of the copolymer.”””® to all-atom models. However, CG-MD simulations remain

The addition of 0.2% weight fraction of L61 in a 5% w/v resource intensive, requiring substantial computational power
P123 micellar solution yields mixed spherical micelles with an and energy, which can lead to higher operational costs and
increased core size at 30 °C due to the easy absorption of L61 environmental impacts, particularly for large-scale or long-
hydrophobic moieties into P123 micelle core. At 70 °C, a duration studies. Figure S10 in the Supporting Information
sphere-to-rod like transition as suggested by the slope (—1) presents the diffusion trends and molecular mobility of P123
obtained on the log—log scale within the low-Q region (Table micelles mixed with L61 and F68, highlighting their temper-
1 and Figure 4c) was observed. This transition was also ature-dependent behavior. Due to the computational chal-
observed in the CG-MD simulations depicted in Figure 5 as lenges associated with simulating diluted micellar solutions of
described in the next section. Thus, the increased thermal high molecular weight Pluronics, we focused on specific blends

energy causes the EO segments of P123 and L61 to undergo  'p123/1,61 and P123/F68 at 0.2% and 2% weight fractions,
dehydration, making th.e PO segment pack more dénsely and informed by experimental data.

more prone to aggregation. However, for 0.2% L62 in 5% w/v CG-MD simulations were performed to disclose the
Pli.23 SOhjltlor'i’)‘h'thed .;.nxed nycelles ;;fel elhpsol“ili'l at 3}? 3 cooperative self-assembly between L61 or F68 moieties in
(Figure 4d). This difference in morphology can be attribute the initial stages of P123 micelle formation. Here, the

to the fact that L62 is less hydrophobic than L61, which imulati d Lo . al
stabilizes the interactions between L62 and both the PO and simulations computed scattering intensity (I) profiles versus
the scattering vector (g) for the last S00 ns of simulation time

EO segments of P123; ie, L62 interacts with both the .
hydrophilic and hydrophobic segments of P123 more evenly. using the ngye _methOd'_ 5% w/v P123 (Blank) aqueous
solution and its mixtures with 0.2% L61 and 0.2% F68 at two

As the temperature is raised to 70 °C, the increased thermal o
temperatures, 30 and 70 °C, were run for 8000 ns. The low-gq

energy becomes the predominant factor influencing the
& P & region reflected relatively large structural features like micelles,

micellar structure. Consequently, the micelles transform into g ) . : . ; ;
an elongated ellipsoidal shape. A similar observation was while the high-g region provided information on finer internal

inferred in the presence of 0.2% L64 (Figure 4e). While for structures(; ) ] ] ) )
0.2% F68 in 5% w/v P123 at 30 °C, the spherical micelles were At 30 °C, CG-MD simulation displayed spherical micelles

smaller compared to those formed with the other BCPs due to for th? 5% W/ v P123 (Blank) sol}1tion, as previously sh?wn in
the increased hydrophilic character, clearly affecting the the simulation snapshots in Figure 1. ’-I'he TEM images
packing and the arrangement of P123 through EO—EO evidently revealed spherical micelles (Figure Sa) with a

interactions. At 70 °C, a sphere-to-ellipsoidal transition was relatively uniform size distribution, consistent with the high
observed (Figure 4f), demonstrating the role of temperature in intensity observed in the low-Q_region of the scattering profile
shaping the self-assembled structures in the P123 solution. shown at the top. This indicates well-aggregated micelles,
The micellar geometries inferred from scattering studies as a aligning with the scattering data suggesting efficient micelliza-
function of temperature are further validated using CG-MD tion. The TEM displayed in Figure Sa at 70 °C, denoted a
simulations. By grouping multiple atoms into coarse-grained spherical-to-ellipsoidal transition, but was barely captured in
interaction sites, CG-MD simplifies the system, enabling the the scattering intensity of the CG-MD simulation. A slight
9977 https://doi.org/10.1021/acs.langmuir.5c00655
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Figure 7. CG-MD simulation snapshots for 5% w/v P123 with 0.2% F68 at 30 and 70 °C in (a) and (b), respectively. Their averaged micelle
density profiles are shown at the bottom, including an enhanced view of the density profile at the micelle surface. The color code is as follows: P123
EO and PO groups are shown in orange and black, respectively, whereas EO and PO of F68 are displayed in red and magenta, respectively. Water
molecules were removed in the simulation snapshots for clarity. The density profile beneath these snapshots resembles the absorption phenomenon
of the copolymeric additive on the P123 micelle.

intensity increase at low Q would indicate larger structures at micelles at 70 °C are shown in Figure 6b. In fact, the density
70 °C (red line). profile of PO groups (black line) of P123 micelles formed at 70
The 5% w/v P123 solution with 0.2% L61 at 30 °C °C displayed a slightly elongated profile, as expected in prolate-
enhances the scattering intensity at low Q, denoting the shape structures, in contrast with the sharpened profile
formation of mixed spherical micelles with larger hydrophobic denoted by the spherical structures obtained at 30 °C in
cores as seen from the top Figure Sb. The TEM image at the good agreement with the experimental results. Further, the
bottom reveals a more heterogeneous micelle size distribution, density profiles show how L61 moieties were arranged close to
with some elongated micelles, which corresponds to the the P123 micelle surface. L61 PO groups (shown in magenta
increased low-Q scattering intensity observed in the simulation color) were placed very close to the P123 micelle surface
data (Figure Sb). At 70 °C, the scattering intensity at low Q formed by P123 and L61 EO groups (shown in orange and
decreases, which suggests a reorganization of the mixed red, respectively). The density profile at 70 °C denoted a
micelles. This change may be due to a reduction in micelle slightly different scenario with L61 arranged well inside the
aggregation or size, as higher temperatures can increase the P123 micelle if one compares the position of maximum in the
solubility of the hydrophobic blocks, potentially disrupting the density profile denoted in orange and red colors in Figure 6b
micellar structures. TEM images show a similar scenario with and clearer when both profiles (at 30 and 70 °C) are
disrupted micellar morphology, with rod-like micelles and a overlapped (Figure S10a in the Supporting Information). This
higher degree of fragmentation, reflecting the observed highlights the fact that there was a change in the P123 micelle
decrease in the scattering intensity. structure to an elongated micelle when the temperature was
The solution with 0.2% F68 displayed a slightly lower increased to 70 °C, facilitating the accommodation of the
scattering intensity (Figure Sc) when compared with the P123 absorbed L61 moieties inside the P123 structure. Further, D =
+ L61 solution at 30 °C (Figure 5b). The large hydrophilic EO 0.0234 X 10™° cm?*/s and MSD at 30 °C indicate moderate
groups of F68 hinder micelle aggregation, reflected in the TEM molecular movement, while a higher D = 0.0442 X 10™° cm?/s
images displaying smaller and more compact spherical micelles. and the increased MSD at 70 °C reflect an enhanced molecular
At 70 °C, the micellar structure remains relatively intact, mobility and dynamic micellar restructuring, consistent with
though slightly smaller and more disordered than at 30 °C. experimental observations (Figure Slla in the Supporting

The scattering intensity is higher than for the P123 + L61 Information).
system, indicating that F68 helps to maintain the micellar Figure 7 displays the CG-MD simulation snapshots and
integrity even at higher temperatures. TEM images at 70 °C micelle density profiles for 5% w/v P123 + 0.2% F68 solution,
show that the micelles become more ellipsoidal, which aligns where spherical micelles were found at 30 and 70 °C as shown
with a smaller scattering intensity observed in the CG-MD in Figure 7ab. At 30 °C, the F68 moieties were arranged
simulations, confirming that F68 stabilizes the micelles to some deeper in the P123 micelles than at 70 °C, as clearly denoted
extent. Still, the P123 micelle core remains less pronounced when both density profiles are directly compared (Figure S10b
than in the P123 + L61 system. in the Supporting Information). In fact, EO groups of F68 (red
Figure 6 depicts the CG-MD simulation snapshots and line) protrude into the water phase when compared with the
micelle density profiles for the 5% w/v P123 solution in the solution at 30 °C. Figure S10b in the Supporting Information
presence of 0.2% L61 at 30 and 70 °C. Figure 6a denotes the clearly denotes this fact when the relative position between the
presence of spherical micelles at 30 °C, whereas rod-like maximum of the EO groups of P123 (orange) and F68 (red)
9978 https://doi.org/10.1021/acs.langmuir.5c00655
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are compared at 30 and 70 °C (dashed orange line denotes the
position of the maximum of P123 EO groups at 70 °C).

D and MSD were obtained for the 5% w/v P123 + 0.2% F68
solution and displayed in Figure Slla in the Supporting
Information. At 30 °C, D = ~0.008 X 107 cm?*/s, indicating a
slower molecular motion compared to 5% w/v P123 + L61,
attributed to the higher hydrophilicity of F68, whereas at 70
°C, D increased significantly (~0.04 X 107° cm’/s). MSD
trends shown in Figure Slla in the Supporting Information
reflect the enhanced molecular mobility when the temperature
is raised, though it is lower when compared with 5% w/v P123
+ L61 (Figure Slla in the Supporting Information), as a
consequence of the increased hydrophilicity of F68.

Figure 8 shows the SASA of the EO and PO groups of the
Pluronic for the systems 5% w/v P123 with 0.2% of L61 or F68
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Figure 8. SASA profiles of EO and PO groups for the Pluronic
solutions shown in Figures 6 and 7 at 30 and 70 °C after 8000 ns of
simulation time. (a) SASA comparison between P123 EO groups in
the systems with L61 (dashed lines) and F68 (solid lines) at 30 °C
and (b) the same as (a) but at 70 °C. (c) SASA comparison between
P123 PO groups in the systems with L61 (dashed lines) and F68
(solid lines) at 30 °C and (d) the same as (c) but at 70 °C. (e) SASA
comparison between L61 and F68 EO and PO groups at 30 °C and
(f) the same as (e) but at 70 °C.

shown in Figures 6 and 7, respectively, at 30 and 70 °C. The
SASA comparison provides a quantitative and qualitative
perspective of the hydration/dehydration processes of EO and
PO groups along the simulation. Figure 8a compares the
degree of hydration of the P123 micelle surface (EO),
denoting a lower presence of water in the mixture with F68
when compared with the solution with L61. The same pattern
was observed when the temperature was increased to 70 °C as
shown in Figure 8b, but the dehydration of P123 micelles was
more noticeable. Similarly, the SASA of the P123 PO groups
points out that the P123 micelle core has less access to water in
the presence of F68 when compared with the solutions with
L61, as illustrated in Figure 8c. A similar dehydration pattern
was found at 70 °C with P123 micelles less hydrated in the
presence of F68, as displayed in Figure 8d. If one compares the
PO profiles at both temperatures (Figure 8c,d), P123 micelle
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cores lost access to water when the temperature was increased,
with the SASA of F68 PO below 0.0007 nm* Figure 8e,f shows
the degree of hydration of PO and EO groups of F68 and L61
moieties in the above mixtures at 30 and 70 °C, respectively.
Interestingly, the profiles highlight the fact that F68 moieties
were more solvated than L61, as previously stated in the
micelle density profile comparison shown in Figure 7. Thus,
P123 micelles with F68 entail less access to water since the
large F68 hydrophilic EO segments shield the P123 micelle
surface.

Influence of High Concentration (2%) of Pluronics on
P123 Micelles. DLS measurements of 5% w/v P123 were
performed at 30 and 50 °C with varying concentrations of
Pluronics, as shown in Figure S12 in the Supporting
Information. In the presence of a higher concentration of
Pluronics, i.e., 2% weight fraction in 5% w/v P123 solution, an
increasing Dy, profile as a function of temperature was observed
(Figure 9a,b). The addition of L61 displayed a gradual shift in
the peaks, indicating the probable mixed micellar growth/
transition. Similar results were noted in the presence of L62.
This shift in mixed micellar size was attributed to the higher
hydrophobic behavior of these Pluronics. Conversely, in the
presence of L64, there was a slight increase in micellar size due
to the contribution of the EO block, limiting its interaction
with the EO and PO blocks of the P123 molecules and making
it more prone to interact with water. Furthermore, the addition
of the most hydrophilic F68, which significantly increased the
hydrophilic character of P123, had a minimal impact on the
micelle size distribution with increasing temperature. This
observation underscores the role of HLB in influencing micelle
size variations, as highlighted by the distinct behaviors of
different Pluronics in the examined system. The obtained
results unequivocally demonstrated that the presence of
hydrophobic Pluronics significantly enhances the growth/
transition of BCP micelles, which the inclusion of SANS
experiments has further elucidated.

The scattering patterns display distinct characteristics: at
lower temperatures, the scattering function shows a weak
dependence on Q, accompanied by relatively low intensity. An
enhancement of copolymer aggregation into micelles with a
more prominent Q dependence occurs as temperature rises.*®
However, the scattering function remains largely unchanged at
higher Q values, well beyond the correlation peak. This
indicates that the observed alterations primarily stem from the
micelle growing density, while the fundamental structure of
each micelle remains relatively stable despite variations in
temperature or concentration. Experiments are conducted at a
low temperature of 20 °C to mitigate the influence of
temperature on the micellization process, thereby limiting
dispersion from the solution.

In the presence of a 2% weight fraction of L61 in the 5% w/v
P123, spherical micelles were inferred to have an increasing
core size at 20 and 30 °C. With an increase in concentration,
the peak shifts to higher Q values because the interparticle
distance decreases. This observation strongly suggests that L61
interacts with the PO segment of P123, potentially through
hydrophobic or other noncovalent interactions, and enhances
the hydrophobicity of P123. At 50 °C, the large increase in the
scattering intensity in the low Q region with high intensity at
higher temperatures indicates the sphere-vesicle transition of
the micelle structure in the examined system. This transition is
characterized by a slope of —2 (Table 1 and Figure 9¢c). This
change indicates that the increased thermal energy yields a

https://doi.org/10.1021/acs.langmuir.5c00655
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Figure 9. Temperature-dependent micelle size distribution and the cross-section pattern of normalized scattering (dX/dQ) as a term of the
scattering vector Q for 5% w/v P123 with 2% Pluronics with varying %EO content at 30 and 50 °C.

denser PO packing and a higher concentration of L61.
Micellization happens above the CMC through an endother-
mic process that increases entropy. This process involves
clustering hydrophobic PO chains as a core, which is then
surrounded by swelling hydrophilic EO chains. This rise in
intensity can also be explained by the possibility that increasing
the micellar size at higher temperatures and additive
concentrations will improve intermicellar interactions (micellar
parameters are in accordance with DLS data).

The addition of 2% L62 to 5% w/v P123 solution resulted in
the formation of spherical micelles at 20 °C. As the
temperature increased, a transition in micellar morphology
occurred, shifting from spherical to ellipsoidal, indicative of the
formation of mixed micellar aggregates in response to the
elevated temperature. At higher temperatures, such as 50 °C,
the mixed micellar structure transforms from ellipsoidal to
elongated ellipsoidal (Figure 9d). This alteration in morphol-
ogy suggests temperature-dependent changes in the self-
assembly behavior of the P123/L62 system, highlighting the
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impact of temperature on the formation and structure of
micellar aggregates. This difference in morphology can be
attributed to the fact that L62 has shorter hydrophobic blocks
than L61 as mentioned earlier. A similar observation was
inferred in the presence of 2% L64 (Figure 9¢). While 2% F68
was added to 5% w/v P123 solution at 20 °C, the micelles
were spherical and smaller compared to the micelles formed
with other Pluronics due to its hydrophilic nature, i.e., longer
EO blocks (76 EO units) and shorter PO blocks (29 PO
units), which affect the packing and arrangement of molecules
of P123 through EO—EO interactions (Figure 9f). The
variation in end blocks can impact the formation of micelle
aggregation, resulting in various structures that are also
influenced by interactions with middle blocks and higher
molecular weight, a phenomenon effectively elucidated
through MD simulation in the succeeding section for better
understanding.

At 30 °C, 5% w/v P123 with 2% L61 exhibits computed
scattering intensity in the low-Q_region (Figure 10). The high

https://doi.org/10.1021/acs.langmuir.5c00655
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Figure 10. Computed scattering intensity profiles I vs scattering vector g for the last S00 ns of simulation time using the Debye method at 30 °C
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respective systems. The scale bar is S0 nm for the 5% w/v P123 + 2% L61 system and 100 nm for the 5% w/v P123 + 2% F68 system.
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Figure 11. CG-MD simulation snapshots for 5% w/v P123 with 2% of L61 at (a) 30 °C and (b) SO °C. Here, the color code is as follows: EO and
PO groups in P123 are in orange and black, respectively, whereas the same groups are colored in red and purple for L61, respectively. Water
molecules were removed in the simulation snapshots for clarity. The density profile beneath these snapshots resembles the absorption of the
copolymeric additive on the P123 micelle.

scattering profile suggests the presence of relatively large, intensity corresponds to the formation of larger micellar
compact micelles with a well-defined size distribution, as aggregates or vesicles at elevated temperatures. Supporting
reflected in the sharp intensity drop at higher Q, characteristic

this, SANS data revealed a clear structural transition from
of micellar structures with defined geometry. TEM images

. . . . . . spherical to vesicle-like formation at 50 °C, which is evidentl
confirm this observation, showing uniform spherical micelles at P v v 7

30 °C (Figure 10a). At 50 °C, the scattering intensity at low Q inferred from the TEM image, Figure 10a. This transformation

increases significantly, suggesting a transition from spherical aligns with the reduced scattering intensity at low Q, which
micelles to larger structures, such as vesicles. This increased indicates the emergence of larger, less compact structures.
9981 https://doi.org/10.1021/acs.langmuir.5c00655
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Figure 12. CG-MD simulation snapshots, with the density profiles focused on the P123 micelle surface with 2% F68 at (a) 30 °C and (b) 50 °C,
respectively. Here, the color code is as follows: EO and PO groups in P123 are in orange and black, respectively, whereas EO and PO in F68 are
colored in red and purple, respectively. Water molecules were removed in the simulation snapshots to provide better clarity. The density profile
beneath these snapshots resembles the absorption phenomenon of the copolymeric additive on the P123 micelle.

Likewise, for 5% w/v P123 with 2% F68 at 30 °C, the low-Q_ interaction with the water phase. When the temperature is

scattering intensity remains high, suggesting well-formed increased to 50 °C, prolate-shaped micelles prevail, as shown
micelles, though potentially less compact than those in the in Figure 11d. This is clearly depicted in Figure 11e, where the
P123 + L61 system (Figure 10b). The more hydrophilic nature EO groups of P123 were removed for clarity. L61 almost
of F68 likely contributes to a less dense micellar core. The covered the entire P123, prolate, and rod-like micelles here. A
scattering profile, with a sharp drop at higher Q, indicates a detailed view of two neighboring micelles is provided in Figure
defined micellar structure, albeit with reduced core density. 11f,g. Figure 11f shows the interior of a small prolate P123

TEM images support this, showing smaller spherical micelles vesicle where some P123 EO groups (red for the EO block of
than in the P123 + L61 system at 30 °C (Figure 10b). The L61 and yellow for the EO block of P123, respectively) can be

hydrophilic EO groups of F68 likely reduce the micellar noticed inside, which is evidently recorded as Movie 1. In fact,
aggregation, resulting in smaller but stable micelles. At 50 °C, Figure 11g shows how some water molecules (colored in
the scattering intensity at low Q decreases, but the reduction is green) were trapped inside. Thereby, the increased flexibility of
less pronounced than in the 5% w/v P123 + L61 system. This the EO chains is promoted when the temperature is raised to
suggests that F68 stabilizes micellar integrity at higher 50 C, allowing better micelle restructuring while promoting a
temperatures, preventing a complete transition to high-order decrease in P123 micelle surface interfacial tension, making
structures. Furthermore, the scattering profile indicates that the vesicle-like structures more energetically favorable.
micelles likely remain spherical or slightly less aggregated with Micelle density profiles shown in Figure 11 denote spherical
minimal disruption. TEM images at 50 °C reveal more P123 micelles with absorbed L61 in the solution at 30 °C. The
dispersed micelles with a less organized structure than at 30 enhanced view denoted by the blue arrow shows the P123
°C. This is consistent with the reduced scattering intensity at micelle surface with L61 hydrophobic PO groups (magenta)
low Q, indicating a slight loss of compactness or increased arranged just behind the micelle corona (orange) and L61 EO
disorder. However, the micelles maintain a relatively stable groups (red) arranged in the same position as P123 EO
structure, showing greater resilience than the P123 + L61 groups, forming a dense hydrophilic corona. When the
system at higher temperature. temperature is increased to 50 °C, a similar trend is observed.
Figure 11 exhibits a series of CG-MD simulation snapshots However, water (blue) was more noticeable inside the P123
for 5% w/v P123 with 2% L61 at 30 and SO °C. The solution structure, denoting the formation of vesicle-like micelles as
with 2% of L61 yielded spherical micelles at 30 °C, as shown in observed in the simulation snapshots (Figure 11g). The cluster
Figure 1la. Figure 11b shows the same simulation snapshot counting code provided a quantitative perspective of the
where EO groups were removed for clarity and to enhance the structures observed/embedded in the simulations. Micelles at
view of the spherical P123 micellar cores. Figure 1lc is the 30 °C from 50 °C denoted a weak temperature impact in terms
same as Figure 1la, but the EO groups from P123 were of size, but the sphere-to-vesicle transition was observed
removed here to display the arrangement of L61 moieties instead.
around P123 micelles. From the simulation snapshots, it is The diffusion behavior for 2% L61 in 5% w/v P123 at 30 °C,

clear that, when a 2% weight fraction of L61 is added, L61 D of 0.0117 X 10™° cm?/s, and MSD values indicate moderate
moieties (magenta for PO and red for EO block, respectively) micellar mobility. At 50 °C, D increased significantly (0.0294 X
almost cover the entire P123 micelle, modifying their 107 cm?*/s), with MSD trends reflecting enhanced molecular

9982 https://doi.org/10.1021/acs.langmuir.5c00655
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Figure 13. SASA profiles for P123: EO (orange) and PO (black) groups in 5% w/v P123 with (a) 2% L61 and (b) 2% F68 at 30 °C (solid lines)

and 50 °C (dashed lines).

motion and faster diffusion, consistent with the experimental
observations (Figure S11b in the Supporting Information).

Figure 12a shows the simulation snapshot for 5% w/v P123
with 2% of F68 at 30 °C. Spherical micelles were found in
experiments, also denoted by the micelle density profile shown
at the bottom, which included a detailed view of the P123
micelle surface. This view denoted how the absorbed F68
moieties were arranged very close to the P123 EO groups
(maximum of the orange line). In fact, PO groups of F68
(magenta) were placed just behind the P123 EO corona, most
likely due to the high interaction of large hydrophilic F68 EO
segments (red) with water. Figure 12b depicts a similar
scenario with spherical P123 micelles as the solution at 30 °C,
where no F68 micelles were formed. A higher concentration
and the more hydrophobic character of P123 yielded a quick
formation of P123 micelles with an early absorption of F68
moieties before any chance of undergoing self-assembly. The
micelle density profile shown at the bottom displayed similar
spherical micellar structures with spherical P123 micelles, and
F68 arranged very close to the micelle corona. Only a slight
difference in the micelle size distribution was observed, with a
small micelle swelling when the temperature was increased.
The cluster counting code shows micelles at 30 °C, whereas, at
50 °C, there is a higher temperature impact when compared
with the tested solution.

D of 0.0185 X 107> cm*/s and MSD of 2% F68 in 5% w/v
P123 indicate slightly faster micellar mobility than those in the
5% w/v + L61 system. At 50 °C, D increased to 0.0276 X 10~
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cm?/s, with MSD trends confirming enhanced molecular
motion (Figure S11b in the Supporting Information).

The consolidated density profiles in Figure S13 in the
Supporting Information offer comparative differences in the
absorption of Pluronics L61 and F68 (2% weight fraction) with
varying hydrophilicity on P123 micelles, as depicted in Figures
11 and 12 at different temperatures.

Two main differences were observed in the above mixtures:
P123 with L61 maintained the micellar size but promoted a
shape transition from sphere to vesicles after a temperature
change, whereas F68 maintained the shape (spherical), but
bigger P123 micelles were found at higher temperatures. The
sphere-to-vesicle transition was promoted by densely packed
hydrophilic EO groups at the micelle surface, making flat
surfaces more energetically favorable, which later promoted the
formation of vesicles. Despite the fact that F68 moieties were
absorbed and arranged similarly to L61 at the P123 micelle
surface, the increased length of F68 segments promoted more
contact with water, thereby decreasing the density of EO
groups at the micelle surface when compared with the P123
micelles with absorbed L61 (shorter EO segments). In fact, the
simulation snapshots show how F68 EO groups were well
immersed in the water phase (Figure 12), but those in L61
were closely packed at the P123 micelle surface (Figure 11).

Figure 13 shows the SASA profile of the EO and PO groups
of the examined copolymeric blends, as shown in Figures 11
and 12 at 30 and 50 °C. The SASA comparison provides a
quantitative and qualitative view of the EO and PO hydration
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Scheme 3. Temperature-Driven Self-Association and Transition Processes in $% w/v P123

oc

;:e%;/ =

till 25 °C

3
5 %w/v P123 (bounded
with water molecules) as

unimers below its CMT
(~17.5°C)

Unimers

showing
(aggregation) with water molecules in
close proximity with hydrophilic EO
blocks and away from hydrophobic
PO blocks

@eeee 0 block

self-association

eweee PO block

Spherical micelle
formation

Ellipsoidal micelle

%’ Water molecule

and dehydration processes along the simulation. Figure 13a
compares the degree of hydration of the P123 micelle surface
(EO), denoting a lower presence of water in the mixture with
F68 when compared with L61. The same pattern was observed
when the temperature was increased to 50 °C, as shown in
Figure 13b, but the dehydration of P123 micelles was more
noticeable. Similarly, the SASA of P123 PO groups points out
that the P123 micelle core has less access to water in the
presence of F68 when compared with the solutions with L61,
as illustrated in Figure 13c. A similar dehydration pattern was
found at 70 °C with P123 micelles less hydrated in the
presence of F68, as displayed in Figure 13d. If one compares
the PO profiles at both temperatures (Figure 13c,d), the
formation of micelles increases the amount of EO surface area
that is exposed to the solvent. Figure 13e,f shows the degree of
hydration of PO and EO groups of F68 and L61 in the above
mixtures at 30 and 50 °C, respectively. Interestingly, the
presented profiles highlight the fact that F68 moieties were
more solvated than L61, as previously stated in the micelle
density profile comparison shown in Figures S10 and S13 in
the Supporting Information. Thus, P123 micelles with F68
have less access to water since the large F68 hydrophilic EO
segments promote a dehydration shield around the P123
micelle surface. Such temperature responsiveness displayed by
BCP micelles arises from the thermal phase transition of the
hydrophobic PO blocks, resulting in micellar morphology
transition, which is schematically illustrated in Scheme 3.

At lower temperatures (below CMT), the PO blocks of
P123 are relatively hydrophobic. This leads to the formation of
micelles where the PO blocks aggregate in the core, shielding
themselves from water. Meanwhile, the hydrophilic EO blocks
form a corona around the micelle, interacting with water. At
higher temperatures (~50—70 °C), the hydrogen bonds
between the EO block and water molecules weaken. This
dehydration process makes the EO block less effective at
shielding the hydrophobic PO block, thereby promoting
micelle formation.”” At this stage, the PO block becomes
more flexible at higher temperatures, favoring more eficient
packing within the micelle core.*” An increase in temperature
provides the thermodynamic driving force for transferring PO
groups from the aqueous medium into the hydrophobic
microenvironment (micellar core), as depicted in Scheme 3. As
mentioned in the thermodynamic section, the process of
micellization for BCPs in aqueous solution is primarily driven
by an entropy effect despite a positive enthalpy component.
This dominance of entropy in the micellization process is
common in aqueous surfactant solutions. The micelle
formation is rooted in the concept of the hydrophobic effect,
where the aggregation of hydrocarbon residues into micelles
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restores the hydrogen bonding structure in water, leading to an
increase in water entropy and overcoming the entropy loss due
to the localization of hydrophobic chains in the micelles as
shown in Figures 6a and 1la. This effect becomes more
pronounced with increasing temperature, correlating with the
observed tendency for increased micelle formation (Figures 6b
and 11b). The temperature dependence of EO-PO-based
micellization also involves solute—solvent or solute—solute
interactions. For example, temperature-induced 2¢p may arise
from the breakdown of zones of increased water structuring
around the EO chain. Temperature and solution composition
influence the conformation of the polymer. Both EO and PO
demonstrate a reduced proportion of polar segments within
the micelle core, and this polar fraction diminishes with rising
temperatures (Figures 7 and 12). Temperature plays a crucial
role in driving the self-assembly and micellar growth or
transition of BCPs, primarily through the effects of HLB,
hydrogen bonding, and conformational changes within the
polymer chains.

Bl CONCLUSION

The current investigation delves into the influence of
Pluronics, namely, L61, L62, L64, and F68-blended with 5%
w/v P123, where the %EQO content varies while the PO
content remains almost constant. This study sheds light on the
self-association and mix micellization phenomenon as a
function of temperature. The difference in the interactions of
these BCPs blended with P123 stems from the dissimilarities in
the size/structural architecture and hydrophobic hydration.
Both experimental investigations and MD simulations have
revealed the significant influence of PO content on the CP of
5% w/v P123. Specifically, a higher proportion of PO
correlates with a lower CP. In instances where PO content
surpasses EO content, the equilibrium tends to favor
hydrophobic core—core interactions, thereby facilitating
aggregation and reducing the CP. The system with a larger
EO corona has the capacity to shield micelles from
aggregation, resulting in an elevated CP of 5% w/v P123.
The probable morphological transition, deduced from the
temperature-dependent 7, indicated that thermal energy
favors the dehydration of EO segments within BCPs,
consequently leading to a denser orientation of PO blocks.
The rheological behavior showed strong shear-thinning effects
at higher temperatures, especially for L61 and L62, driven by
micellar growth and network alignment. In comparison,
moderately and highly hydrophilic L64 and F68 demonstrated
minimal increases in 77 due to the stabilization of smaller and
less aggregated micellar structures. These findings were further
inferred from scattering studies where DLS analysis demon-
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strated a notable rise in hydrodynamic diameter size and
distribution as a function of temperature, indicating the
dynamic processes of self-assembly involved in the core—
corona interactions between blended BCPs and P123 micelles,
which promote the morphological transition. Also, the SANS
analysis provided a quantitative insight into the micellar shape
parameters. The observed trend correlated with the inclusion
of the tested copolymers, thereby suggesting the formation of
mixed micelles to undergo multiple shape transitions from
spherical to rod-like to vesicle as a function of temperature.
These transitions were further validated by TEM, which
provided direct visualization of the micellar morphology,
Furthermore, the MD simulations approach successfully
replicated the experimentally obtained micelle distribution
and shapes. The computed scattering intensity profile supports
and complements the SANS by providing a theoretical
perspective on micellar structures. Changes in micelle core
size, reflective of intensified hydrophobic interactions within
micelle layers, were consistent with theoretical investigations
and crucial for understanding system dynamics. Defining the
core, intermediate region, and hydrophilic corona facilitated
the estimation of distribution functions for PO—EO units and
water molecules within micelle layers using density and SASA
profiles. The D and MSD results provided further insights into
micellar dynamics. At lower temperature, moderate diffusion
rates reflected stable micellar structures with limited molecular
motion. At higher temperature, the diffusion increased
significantly, indicating faster molecular motion and dynamic
micellar restructuring. The MSD profiles supported these
observations, showing steady increases in particle displacement
with temperature, which aligns with the observed micelle
transitions. Thus, by utilizing a computational model
simulation framework tailored for P123, capable of explaining
the nanoscale self-assembly mechanism and replicating
experimental micelle geometry, this approach aims to explicate
the significance of mixed micelles that may open up their
potential in drug delivery systems.
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