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The relative viscosity (7,) indicated significant variations in the flow
behavior, ranging from fluidic to viscous, thereby suggesting a possible
micellar growth or morphological transition. The tensiometric experi-
ments provided insight into the intermolecular hydrophobic interactions
at the liquid—air interface favoring the surface activity of mixed-system
micellization. Dynamic light scattering (DLS) and small-angle neutron
scattering (SANS) revealed the varied structural morphologies of these
core—shell mixed micelles and polymersomes formed under different
conditions. At a concentration of <5% w/v, Pluronic F88 exists as molecularly dissolved unimers or Gaussian chains. However, the
addition of the very hydrophobic Pluronic L81, even at a much lower (<0.2%) concentration, induced micellization and promoted
micellar growth/transition. These results were further substantiated through molecular dynamics (MD) simulations, employing a
readily transferable coarse-grained (CG) molecular model grounded in the MARTINI force field with density and solvent-accessible
surface area (SASA) profiles. These findings proved that F88 underwent micellar growth/transition in the presence of L8I.
Furthermore, the potential use of these Pluronic mixed micelles as nanocarriers for the anticancer drug quercetin (QCT) was
explored. The spectral analysis provided insight into the enhanced solubility of QCT through the assessment of the standard free
energy of solubilization (AG®), drug-loading efficiency (DL%), encapsulation efficiency (EE%), and partition coefficient (P). A
detailed optimization of the drug release kinetics was presented by employing various kinetic models. The [3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide] MTT assay, a frequently used technique for assessing cytotoxicity in anticancer research, was
used to gauge the effectiveness of these QCT-loaded mixed nanoaggregates.

Vesicle
t=7.74-8.39 nm, R, > 35 nm

B INTRODUCTION

Pluronics or poloxamers are commercially available poly-

The temperature-dependent PEO and PPO units in
Pluronics enable the formation of micelles at the critical
micelle concentration (CMC) or critical micelle temperature
(CMT). This is attributed to the hydrophobicity of the PPO
chains that constitute the micelle core, while PEO chains form
the hydrated shell of the micelle.">™* Additionally, these BCPs

(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(PEO—PPO-PEOQ) triblock copolymers (BCPs) that have
attracted attention as polymeric surface-active noncytotoxic

amphiphilic compound agents.'~” These BCPs offer a wide
range of constitutional features with varying sizes of PEO and
PPO blocks, total molecular weights, and diverse hydrophilic—
lipophilic balance (HLB) values. These BCPs are often used in
the solubilization of hydrophobic substances and delivery of
poorly soluble drugs, in detergency, wetting, foaming,
58713 Over the
past three decades, extensive research has been conducted on

Pluronics due to their promising potential in these significant
10-,-17

emulsification, lubrication, cosmetics, etc.

domains.
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have been widely recognized as having reversible and thermo-
rheological behavior in aqueous solutions.””*°** Using the
PPO and PEO compositions, the hydrophilicity of Pluronics
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Scheme 1. Details of the Chemicals Used in the Investigation”
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“Cloud point (CP) values were taken from the reported literature for solutions of 5% w/v Pluronic concentration in water.

27,36,43

can be easily fine-tuned, making them very versatile precursors
with hi§h drug-loading capacity in pharmaceutical applica-
tions.”””> Furthermore, mixed systems of Pluronics entail
diverse amphiphilic characteristics and offer notable benefits,
including favored micellization, micellar growth/transition
(higher geometry such as rod-like micelles and vesicles),*
improved kinetic stability of micelles, feasible drug-loading
capacities, precise control over micelle size to prevent
precipitation, and other factors that can enhance the efliciency
of drug delivery systems.

Researchers have explored mixed Pluronic systems to
develop more precise medical formulations.”””*’~*° For
instance, Oh et al. investigated the stability of a mixed system
of L121 and F127 and found the most stable combination that
yields enhanced solubilization of hydrophobic dyes. Sub-
sequently, numerous studies have been focused on the
application of binary Pluronic systems, considering copolymers
with similar PPO and varying PEO.”” Kulthe et al. investigated
L81/P123 mixtures that exhibit small particles and high
solubilization potential.** Another study incorporated paclitax-
el (PTX) drugs into a binary system of Pluronic L101 and
P105 for the treatment of multidrug-resistant diseases.*’ By
combining hydrophilic (Fé68, F87, F127, P85, P10S) and
hydrophobic (L61, L81, L101, L121) Pluronic, mixed micelles
have been prepared and characterized.”® Patel et al. examined
the self-assembly and phase behavior of the P123 + F127
system with an enhanced quercetin (QCT) solubilization.*®
This study showed the modulations of the phase behavior and
particle size profile of a Pluronic mixed micelle. Patel et al.
observed that binary copolymeric solutions undergo pro-
gressive micellar growth on heating to cloud point temper-
ature.”

Molecular dynamics (MD) simulations have become
increasingly popular for studying surfactant self-assemblies.
This allows researchers to study the formation of micelles,
phase transitions, and the impact of different thermodynamic
conditions on the self-assembly of amphiphilic compounds.
MD simulations can provide valuable insights into nanoscale
scenarios, beyond most experimental techniques. Bhendale et
al. found an open- to folded-chain structural change upon
increasing the concentration of Pluronic L64 through coarse-

grained (CG) simulations. They found an increase in the
aggregation number at lower concentrations and a micellar
phase-to-lamellar phase transition when the concentration was
raised.*” Albano et al. employed MD simulations to investigate
the characteristics of Pluronic F127 within micellar and
lamellar phases.’ Nie et al. revealed that Pluronic micelles
can attain drug-loading capacities of 80%. Micelle shrinkage
due to drug encapsulation is caused by the localized packing of
hydrophobic—hydrophilic units. Water molecules were forced
out of micelles in the presence of the drug. Previous coarse-
grain (CG) computational and molecular dynamic (MD)
simulations revealed the intricate scenario of the drug-releasing
processes from polymeric micelles and they were in good
agreement with the experimental results.””

Our study aims to create stable systems by mixing
hydrophilic F88 (S wt %/v) with varying concentrations of
hydrophobic L81. Although F88 did not form micelles at low
concentrations, the addition of L81 promoted micellization
and growth and induced a shape transition in the examined
systems. Detailed physicochemical characterization was
performed to evaluate the intricate phase behavior and
solution viscosity as a function of temperature. Further,
dynamic light scattering (DLS) and small-angle neutron
scattering (SANS) techniques were employed to elucidate
the induced micellization with potential micellar growth/
morphological transition from the evaluated parameters, such
as the radius of gyration (Rg) , cross-sectional radius of rod-like
micelles (R,), length of rod-like micelles (L), and vesicle
thickness (t). In addition, CG-MD simulations provided
rational insight into the experimental results throughout the
simulation trajectories, where micelle density profiles and
solvent-accessible surface (SASA) areas are discussed. Finally,
experimental and simulation results are accounted for to
enhance solubilization and transport of the hydrophobic
anticancer drug quercetin (QCT) by F88/L81 mixed micelles.

B MATERIALS AND METHODS

Materials. BCPs (F88 and L81) were generously provided
as gifts (BASF, Mumbai, India). The structural details are
presented in Scheme 1. The anticancer drug quercetin (QCT)
was purchased from Sigma-Aldrich (BRL, IN). No additional
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purification procedures were performed for these compounds
prior to use. For neutron scattering tests, deuterium oxide
(D,0) with a D purity of 99.9% was used as a solvent to create
a distinct contrast between the hydrophobic micellar core and
the solvent. In other studies, double-distilled water was used to
prepare the solutions. Before each measurement, the sample
solutions were filtered using a nylon filter with a pore diameter
of approximately 0.22 um. All necessary glassware for the
experiments was cleaned using chromic acid and rinsed with
double-distilled water.

Methodology. Phase Behavior, Surface Tension, and
Solution Relative Viscosity. The clouding behavior, expressed
as the cloud point (CP), was measured by gradually heating
the solution in a thin glass vial placed in a stirring heating bath.
The concentration of F88 (5% w/v) was maintained, while the
concentration of L81 was varied. CP corresponds to the
temperature at which the solution exhibits a sudden turbid
appearance above a certain temperature. For the sake of
accuracy, CP measurements were performed at least three
times, displaying a deviation within a range of =+0.2
0 15,18,25,33

The surface activity of 5% w/v F88 in the absence and
presence of L81 with increasing concentration were
determined using a tensiometer (Model-K9, KRUSS GMbH,
Germany). Surface tension (y) readings were sustained
following the dilution method and recorded accurately within
+0.1 mN m™! after temperature equilibration at 30 °C (within
+0.1 °C)."***

The relative solution viscosity (#,,) of each system was
measured by subjecting the samples to temperature aging. A
calibrated Cannon Ubbelohde viscometer was used to obtain
7. and all measurements were performed in a water bath with
temperature fluctuations maintained within +0.2 °C. The flow
rate of the solutions was determined using a calibrated
stopwatch, and the procedure was repeated at least three times
with a deviation of +5 s.”'>*’

Scattering Conduct. The hydrodynamic diameter (D) was
determined using a dynamic light scattering (DLS) Zetasizer
Nano device (Malvern Instruments, U.K.). The incident beam
had a scattering angle of 90° and was generated using a 4 mW
He—Ne laser at a wavelength of ~635 nm. In this study, the
sizes of the particles were specifically measured in numbers
from the frequency distribution. Five consecutive measure-
ments were considered for each sample to obtain the average
particle size.”?>***° Additionally, to further investigate
micellar size distributions and morphology transitions, small-
angle neutron scattering (SANS) experiments were carried out
at the Guide Tube Laboratory (Dhruva Reactor, BARC,
India). The samples were prepared in D,0 and the coherent
differential scattering cross-section (d%/dQ) per unit volume
was evaluated as a function of wave vector transfer Q =
(47sin6/2)/, where A is the wavelength of the incident
neutrons and 6 is the scattering angle (SANS data was fitted
with SASFIT software, as described in the Supporting
Information section). The mean wavelength of the mono-
chromatized beam was ~5.26 A with A1/A ~ 15%. The
angular distribution of the scattered neutrons was recorded
using a 1 m-long one-dimensional He® position-sensitive
detector aligned horizontally. The instrument covered a Q-
range of ~0.017 to 0.35 A=1.730437%¢

Here, using the sphere model for spherical micelles, the
ellipsoidal—core—shell model for ellipsoidal micelles, and the
spherical shell-iii model for polymersomes (multilamellar

vesicles), the differential scattering cross-section per unit
volume (dX/d€2) was measured for a system of monodisperse
particles in a medium:*"**

dx ) )
(9= )@ = w2y, - nPp@s(@ + 8 o
where n denotes the number density of particles, p, and p; are,
respectively, the scattering length densities of the particle and
solvent, and V is the volume of the particle. P(Q) is the
intraparticle structure factor and S(Q) is the interparticle
structure factor. In our case, S(Q) is assumed to be unity,
indicating that no interparticle correlations or interactions
affect the scattering pattern. B is a constant term representing
the incoherent background, which is mainly due to the
hydrogen present in the sample.

The intraparticle structure factor P(Q) is decided by the
shape and size of the particle and is the square of the single-
particle form factor F(Q), as determined by

P(Q) = (IF(Q)P) (2)

The form factor of Gaussian chain coils with the radius of
gyration R, is given by

exp(—QR;) + QR; — 1
(QR,) 3)

P(Q) =2

The form factor of Gaussian chains is usually used to model
the polymer molecules.”” P(Q) for Gaussian chains shows a
slope of (—2) at higher Q values.

For a spherical particle of radius R, F(Q) is given by’

sin(QR) — QR cos(QR)
(QRr)? @)

For a rod-like micelle of length L = 2/ and a cross-sectional
radius R,*'

F(Q) = 3{

pdp
(s)

where f is the angle between the axis of the rod and
bisectrix. J; is the Bessel function of order unity.

For a system of monodisperse unilamellar vesicles, dX/d€2
can be expressed as>'

[ sin*(Ql cos f) 4]12(QR sin f3)
PQ) = / QM cos’ f QR*sin’p o

ds B Cool4 s3(QR)
dg(Q’ R) =n(p, - p) e
2
LSRN QR+ 1)]
3 Q(R + 1) (6)

where 7 is the number density of the vesicles, p, and p, are the
scattering length densities of the vesicle bilayer and solvent,
respectively, R is the radius of the vesicle, and ¢ is the thickness
of the bilayer. J;(x) is the first-order Bessel function and is
given by
sin X — x cos x
]l(x) - xz (7)
The polydispersity in the size distribution of particles is
incorporated using the following integration>
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dx

dx
H(Q = [S(Q RfR)IR + B

(8)

where f(R) is the size distribution of the vesicles and is usually
accounted for by a log-normal distribution as given by

2
1 1 R
exp| ——|In —
27 Ro 20 ( R } (9)

where R4 is the median value and o is the standard deviation
(polydispersity) of the distribution. The mean radius (R,,) is
given by R,, = R4 exp (6%/2).

The data were analyzed by comparing the scattering from
the different models with the experimental data. Throughout
the data analysis, corrections were made for instrumental
smearing, where the calculated scattering profiles were smeared
by the appropriate resolution function for comparison with the
measured data.”>*® The fitted parameters in the analysis were
optimized using a nonlinear least-squares fitting program for
model scattering.

Transmission Electron Microscopy (TEM). A JEOL JEM-
1210 electron microscope with an accelerating voltage of 80 kV
was used to obtain transmission electron microscopy (TEM)
observations. One drop of the examined solution was applied
to a copper grid on a glass plate to create the sample, which
was then left to air-dry for a full day."”'

Coarse-Grain Molecular Dynamics Simulations and
Model Validation. CG-MD computer simulations were used
to overcome the time- and size-scale limitations of all-atom
simulations to investigate the self-assembly and phase behavior,
especially when addressing relatively large molecules. Basically,
CG-MD models group atoms with similar physicochemical
characteristics in one interaction center, so-called beads,
thereby decreasing the computational demand. The CG-MD
simulations developed in this work were performed with the
GROMACS 2023 package integrating Newton’s equation of
motion throughout the leapfrog algorithm with a 20 fs time
step. The bonded energy contributions for the total potential
energy entailed bond stretching and angle bending, con-
strained by the LINear Constraint Solver (LINCS). Non-
bonded interactions were calculated with the Verlet cutoff
scheme (potential-shift-Verlet modifiers) with a 1.2 nm cutoff
and included the Lennard-Jones (LJ) potential and Coulomb
interactions. Long-range electrostatic interactions were as-
sessed with the particle-mesh-Ewald (PME). The temperature
was fixed at 298.15 K with a coupling time constant of 2.0 ps,
whereas the pressure was isotropically coupled at 1 bar with a
time constant of 24.0 ps. The temperature and pressure were
set using a velocity-rescaling thermostat and Parrinello—
Rahman barostat, respectively. Simulation boxes, with periodic
boundary conditions, were considered in all directions and
built with Packmol.**~""

Prior to the NpT ensemble production runs, an energy
minimization step was carried out with the steepest descent
algorithm to avoid close contact between molecules. Afterward,
two short NVT and NpT ensemble simulations were
performed to determine the appropriate temperature and
density, respectively. The total potential energy and simulated
box densities were monitored to ensure equilibrium. The visual
molecular dynamics (VMD) software package62 was used to
visualize the MD trajectories, whereas micellar size distribu-
tions were analyzed using an in-house code based on the
Hoshen—Kopelman cluster counting algorithm.’>**

fR) =

The CG-MD mapping of the molecules investigated in this
work is summarized in Scheme 2. The model for F68 and L81

Scheme 2. CG Mapping of the F88 and L81 BCPs”

“Black and orange beads represent the PPO and PEO groups,
respectively, whereas the terminal hydroxyl [CH,—O—H] groups are
colored pink. The CG-MD water model implicitly includes four
atomistic water molecules.

was taken from Arash et al,®® whose parameterization follows
that of Grunewald et al.°° for PEO groups, whereas new PPO
temperature-dependent parameters were developed and
validated. In this model, important characteristics were
accurately replicated, including the CMT and the presence
of unimer phases below the CMT, in a variety of normal BCP
systems with different molecular weights and PEO/PPO ratios.
Additionally, the Arash et al. model includes an analysis of
BCP micelle size distributions, which are in good agreement
with the experimental results. The diffusion coeflicients over a
wide range of temperatures were also obtained.

In our work, simulation trajectories with a simulation time of
8000 ns were used to evaluate the self-assembly of F88 and
L81, micelle growth, and phase transition. Postprocessing tools
such as density profiles and SASA were used to provide a
quantitative perspective. The micelle density profiles were
obtained with a cluster counting code to provide insight into
the three-dimensional spatial distribution of PEO and PPO
groups in addition to water molecules. These profiles are
crucial for understanding the structure of micelles and their
interactions with the surrounding environment, allowing the
investigation of how temperature, concentration, and BCP
composition (including PPO and PEO lengths and ratios)
impact the structure of micelles. In contrast, SASA can be used
to determine the degree of hydration/dehydration of selected
groups of molecules during the simulation. For instance, BCP
micelles with a larger SASA of the micelle corona (PEO
groups) are more exposed to water but should decrease when
the temperature is raised, leading to a dehydration process.

Spectral Investigation. The anticancer drug quercetin
(QCT) was added in excess to the Pluronic solutions to
create drug-loaded solutions. To calculate the concentration of
dissolved QCT, the absorbance was measured using a
HachDR6000 spectrophotometer between 200 and 800

m.”**3*%7 The sample solutions were filtered using a nylon
syringe filter for each measurement (0.22 ym) to remove dust
particles, if any. By employing well-known mathematical
models, such as zero-order kinetics, first-order kinetics, and
Higuchi, Hixson—Crowell, and Korsymeyer—Peppas models,
the mechanism of QCT release from the blended micellar (5%
w/v F88 as a function of L81 concentration) system was
examined. Later, ethanol was added to the QCT-loaded
Pluronic micelles to assess the drug-loading efficiency and

https://doi.org/10.1021/acs.jpcb.4c00561
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drug-loading activity.*>*** In addition, drug loading (DL),
encapsulation efficiency (EE), partition coefficient (P), and
standard free energy of solubilization (AG®) were evaluated to
ascertain the amount of QCT that could be solubilized into
each micelle.”” The drug loading and encapsulation efficiency
were calculated usingthe equations:

mdrug,micelle
DL = X 100%
mdrug+polymer,prep ( 10)
Mdrug micell
EE = — 2 X 100%
M4rug prep (11)

where Mg micee i the mass of drug in the micelle,
Myrugrpolymerprep 1S the mass of drug plus polymer used in
micelle preparation, and Mg e is the mass of drug used in
micelle preparation.

The partition coefficient is defined as the distribution of
drugs between the micellar and aqueous phases:

DM B DW
Dy (12)

P =

where Dy and Dy, are the concentrations of the drug in the
micelles and water, respectively.”>*”

The standard free energy of solubilization (AG), ie., the
energy required to partition the QCT from the aqueous phase
to the micellar phase, is calculated as follows:**

AG=—RT InP (13)

where R is the gas law constant and T is the absolute
temperature.

Release Kinetics. In release kinetics, experiments for 5% w/
v F88 with increased [L81] concentration were conducted in
the presence of QCT utilizing the dialysis method.*** A 2 mL
solution with and without QCT-loaded F88 or its respective
mixed micellar solution was maintained at a temperature of 30
+ 0.2 °C with continuous stirring at 150 rpm. At regular
intervals, 2 mL samples of the examined solution were
withdrawn. The samples were then filtered using an
appropriate syringe filter before being subjected to QCT
release estimation via spectrophotometric analysis. By
following this experimental procedure, the release kinetics of
QCT from the micellar formulations could be accurately
investigated, providing valuable insights into their behavior
under physiological conditions, which was further investigated
using well-known mathematical models.

Zero-Order Model. Systems whose release rates are
unrelated to the concentration of the soluble drug are
described by the zero-order model. The following equation
represents this mathematical concept:

Q, = Kot (14)

where Q, is the total amount of QCT released as a function of
time, K, is the zero-order rate constant, and ¢ is the time of the
release process.

First-Order Model. Systems whose release rates vary
depending on the drug concentration are described by the
first-order model:

Kt
2.303 (15)

where ¢ represents time, K is the first-order rate constant, and
C, is the total amount of QCT remaining at time t.

log C,=—

Higuchi Model. 1t states that the square root of time
denotes how quickly the drug leaves the body. Here, the drug
release mechanism in this instance is based on Fick’s law as
follows:

Q,t = KHtl/Z (16)

where Q; is the total amount of QCT released at time ¢, Ky is
the zero-order rate constant, and ¢ is the passage of time.

Korsmeyer—Peppas Model. The power law model, which is
straightforward and comprehensive, depicts how a drug is
released from polymeric systems. The Korsmeyer—Peppas
model is particularly helpful for explaining systems, where the
release mechanism is intricate or multiple processes are
involved, following the equation

Qt = Kkptn (17)

where Q, is the cumulative amount of QCT released at time ¢,
and K, is the rate constant of Korsmeyer—Peppas, and  is the
release exponent.”>®

Cell Culture. HeLa cells (Cervical cancer) were cultured and
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco), supplemented with 10%v/v fetal bovine serum (FBS,
Gibco) and 1%v/v Penstrep solution (Himedia, India) in a
humidified incubator at 37 °C and 5% CO,.%*

In Vitro Cytotoxicity Assay. The cytotoxicity of all of the
compounds was assessed using the MTT assay (3-(4,S-
dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide,
TCI) against the HeLa cell line. Cells were trypsinized, seeded
into a 96-well plate for the assay, and allowed to adhere for 24
h. At 85—90% confluency, the cells were incubated for 4 and
12 h with a concentration gradient of the compounds. The
medium was then decanted, and the cells were treated with
100 L of MTT (S mg/mL stock) prepared in 1X PBS and
incubated at 37 °C for 4 h. The formed formazan crystals were
solubilized in 100 uL of DMSO, and the absorbance was
measured at 570 nm using a Multiplate reader (Biotech). The
percentage viability was calculated by normalizing the
absorbance value of the test sample with that of the untreated
control. The curve was plotted for concentration vs normalized
cell viability.***”

Cellular Uptake of Compounds. HeLa cells were trypsi-
nized and seeded in 12 well plates on coverslips. After attaining
80—90% confluency, the cells were treated with all compounds
at different concentrations and incubated for 1 h at 37 °C. The
medium was decanted, followed by a gentle PBS wash (2
times) of the cells. The cells were further fixed in a 4%
paraformaldehyde (PFA) solution at 37 °C for 1S min. The
cells were washed with PBS (3 times) to remove any residual
PFA. The coverslips were then mounted on slides using
Mowiol and Hoechst 33342 to stain the nucleus. The images
were taken using a Leica Confocal Microscope at 512 X 512
format using a 405 nm laser. The images were further
processed using Fiji Image] software.®”

B RESULTS AND DISCUSSION

Solution Behavior. F88 is a hydrophilic BCP with 80%
EO content, yielding mostly unimers in aqueous solution,
thereby exhibiting a CP > 100 °C.** Conversely, L81 is quite
hydrophobic, with only 10% EO content forming vesicular
structures displaying a relatively low CP > 20 °C.”** Our
experiments show that the CP of 5 wt %/v F88 decreases as a
function of L81 concentration (Figure 1a). Interestingly, a 5%
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w/v F88 solution in the presence of 0.4—0.6% L81 yields a
bluish solution (inset vial images in the figure), which suggests
a probable hint of micelle growth or morphology transition
from spherical-to-rod-like micelles or vesicles, as reported in
the published work.”*” The surface activity of any BCP is
crucial for defining its industrial applications.”'*'”** The
surface tension (y) of F88 solutions with varying L81
concentrations is plotted as the copolymer bulk concentration
versus 7 at 30 °C (Figure 1b). In the presence of a low L81
concentration, y decreases, which is in good agreement with
the Gibbs adsorption isotherm. Such a decrease in y indicates
favorable copolymer adsorption at the air—solution interface.
The initial decrease of y is followed by an abrupt change in the
slope of y with a change in the L81 concentration. Later, y did
not change or remained almost constant, suggesting the
formation of micelles due to enhanced hydrophobic inter-
actions between the polymeric chains.

According to the literature, CP and relative viscosity (1,.)
are closely related.”***® Hence, the effect of temperature on
Ny both with and without L81, can be seen in Figure Ic. 77,4 of
5% w/v F88 increased monotonically with increasing L81
concentration, and this trend strongly indicates the possibility
of micellar growth/transition, further corroborated through
scattering experiments.

Scattering Conduct. The hydrodynamic diameter (D)
pattern obtained throughout the diffusion coefficient of 5% w/
v F88 in aqueous solution at 30 °C is shown in Figure 2a. This
solution showed a very weak scattering profile with a peak at
around ~4.7 nm denoting the presence of unimers. The
addition of L81 promoted a gradual shift in the peaks that
inferred micellar growth/transition. Such a trend is further
examined by neutron scattering experiments following the use
of various combinations of a hard-sphere structure factor and a
core—corona hard-sphere form factor as discussed below. The
solid lines in Figure 2b represent the fits to the scattering data,
employed to determine the morphological parameters of the
micelles using various models. The SANS data showed a
Gaussian chain form factor utilizing eq 3 at 0.01 and 0.02%
L81 in 5% w/v F88, respectively. A sharp correlation peak was
observed with an increase in scattering intensity, indicating an
increase in the population of unimers (Figure 2b). Rod-like
micellar geometry was also determined, fitted using eq S with a
slope of —1, at 0.1% L81, as depicted in Figure 2 and detailed
in Table 1.

Gaussian chains with a radius of gyration (Rg) of ~24.7 A
were observed in the 5% w/v F88 aqueous solution at 30 °C
with a CMT of 35.9 °C (Table 1). The self-assembly of these
unimers promotes the formation of micelles when the
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Table 1. Fitted SANS Parameters for 5% w/v F88 Solution
with Increasing Concentrations of L81 at 30 °c”

5% w/v F88 + [L81], % size, A shape
0 R, =247 £ 03 Gaussian chain
0.02 Ry =248 +03 Gaussian chain
0.05 R, =278 + 0.4 Gaussian chain
0.1 R, =104 +02; L >350  rodlike micelle
0.2 t, = 83.9 = 0.9; R, > 350 vesicle
0.4 t, = 78.5 + 0.8; R, > 350 vesicle
0.6 t, =774 + 0.8; R, > 350 vesicle

“Note: R, = radius of gyration, R, = cross-sectional radius of rod-like
micelles, L = length of rod-like micelles, R, = radius of the vesicle, and
t, = thickness of the vesicle.

temperature increases with increasing PPO and PEO groups
forming the micelle core and corona, respectively. The SANS
data for 5% w/v F88 when varying the L81 concentration at 30
°C is shown in Figure 2b. The scattering intensity in the low-Q
regime significantly increases when the L81 concentration is
increased, indicating the presence of F88 micelles. This
behavior corresponds with the interparticle structural factor
that explains the large correlation peaks in the SANS in the
presence of L81. Initially, no prominent changes were observed
with the addition of 0.02 and 0.05% L81. This behavior
resembles that of a 5% w/v F88 solution, specifically exhibiting
a Gaussian chain form factor described by eq S with a slope of
—2, resulting in an increase in R, from 24.8 to 27.8 A. This
increase suggests a higher population of unimers. The Gaussian

chains directly turned into rod-like micelles at 0.1% L81 with a
cross-sectional radius of R, = 10.4 A and a length of a rod-like
micelle, L > 350 A. This transition was modeled using eq S
with a slope of —1. Such rod-like micelles are likely responsible
for the observed increase in the viscosity of 0.1% L81 in
comparison to lower concentrations, as illustrated in Figure 2c.
Furthermore, an increase in scattering intensity, accompanied
by a sharp correlation peak observed in Figure 2b, suggests an
increase in the aggregation of micelles, i.e., vesicles were found
(evaluated using eq 6) with a slope of —2 with increasing
concentration of L81 from 0.2 to 0.6% L81. The same is
evident in the TEM images in Figure 2c.

CG-MD Simulations. Two CG-MD simulations for
aqueous solutions of F88 and L81 at concentrations of 5 wt
%/v and 30 °C were carried out. Figure 3a shows the CG-MD
simulation snapshots obtained after 8000 ns, indicating that
small F68 spherical micelles with PEO groups were well
solvated. The micelle density profile (shown on the right)
denotes the arrangement of the PPO groups in the micelle
core, whereas the PEO groups in orange form the micelle
corona. The density profile also shows some PEO groups in
the center of the micelle, which corresponds to the PEO
belonging to neighboring micelles (cross-linkage). This
indicates that the relatively large and well-solvated PEO
branches can enhance the intermicelle interactions. Four
micelles, with an aggregation number of N, ~ 7, were
obtained besides a few isolated F88 unimers. This is in contrast
to experiments, in which only F88 unimers were found. Two
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factors could come into play: the fact that CG models have a the experimental setups could miss the presence of small
tendency to overaggregate, whereas approximations taken in aggregates.
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The L81 aqueous solution displayed a clearer scenario with
the formation of a large aggregate, as shown in Figure 3b,
owing to the hydrophobic character of L81. The density profile
suggests that spherical shapes prevail, as also noticed by the
homogeneous distribution of PEO along the surface. Since the
PEO/PPO ratio in L81 is very low, some PEO groups can be
found well inside the core region (CoM < 0.25 nm), suggesting
that some L81 moieties can be arranged with the hydrophilic
PEO groups pointing toward the micelle core. This simulation
was carried out with 100 L81 moieties; thus, Ny > 100, and
the diameter (taken as the value of the maximum of the PEO
density profile) was @ ~ 4.5 nm.

Figure 4 shows the CG-MD simulation snapshots for the 5%
v/w F88 aqueous solution mixed with different concentrations
of L81 at 30 °C. From a qualitative point of view, an increased
number of L81 moieties absorbed by F88 small micelles was

observed for solutions with 0.02, 0.05, and 0.1% L81, as shown
in Figure 4a—c. Their micelle density profiles indicated a slight
increase of the F88 aggregate size when the L81 concentration
increased as a result of the absorbed L81. Quantitative analysis
using the cluster counting code indicated F88 micelles with
N ~ 12 and 20 at 0.02 and 0.05% L81 concentrations,
respectively. Thus, a weak impact of L81 below 0.1%
concentration was observed in the simulations, where the
aggregates exhibited similar diameters of ~5.9 nm. The
solution with 0.1% v/w L81 yielded spherical aggregates in
contrast to the rods observed in the experiments. In this
regard, the simulation time was extended for another 8000 ns
of simulation time, but the spherical structures persisted.
Perhaps, a further increase of the simulation time could yield
the expected sphere-to-rod transition observed in the experi-
ments, but it is out of our computational capacities.
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Figure 4d shows the solution with increased L81 (0.4%),
also exhibiting spherical aggregates; however, the density
profiles denoted the presence of PEO and water in the F88
micelle core (CoM < 0.25 nm), indicating a plausible
formation of early vesicles. In this solution, the increased
absorption of L81 somehow disrupted the micelle core,
facilitating the arrangement of F88 inside the micelle core
besides some water molecules.

Two additional simulations were developed: the solution,
shown in Figure 4c, but at 60 °C to speed up the dynamics and
facilitate any plausible phase transition besides an increase of
four times in the concentration of L81 of the solution, as
shown in Figure 4d. However, spherical aggregates remained
even for simulations up to 16,000 ns of simulation time, as
shown in Figure Sa. The density profile also indicated spherical
shapes. Encouragingly, when the concentration of L81 was
increased to 4%, prolate-shaped structures were observed at 30
°C, as shown in Figure 5b. These were the initial stages of
micellar rod formation observed in the experiments. The
density profile was flattened, reinforcing the presence of
prolate micelles. This highlights the fact that CG-MD
simulations could not capture the impact of L81 at low
concentrations, and only when the concentration of L81 was
noticeably increased could a reasonable agreement with the
experimental results be found.

Figure 6 shows the SASA profiles of the PEO and PPO
groups of F88 when L81 was added at a simulation time of
8000 ns. The SASA of the PEO F88 groups in Figure 6a
denotes a slight dehydration process of the F88 micelle
coronas when the L81 concentration is increased from 0.02 to
0.1% at 30 °C. The increased number of L81 moieties
absorbed by the F88 micelles generated a barrier for the PEO
F88 groups to remain in contact with water. This dehydration
was more evident when the temperature was increased from 30
to 60 °C in the solution with 0.1% L81. A slight increase in the
F88 PEO hydration was noticed at 0.4% L81 (brown line),
indicating some changes in the structure of the F88 micelles.
This could correspond to the formation of early vesicles, as
pointed out earlier in the density profile (Figure 4d). When 4%
L81 was added, the dehydration of F88 PEO groups was more
noticeable, highlighting the fact that the increased amount of
absorbed L81 moieties shielded the F88 PEO groups from the
water environment. The increased concentration of L81 at the
F88 micelle surface could be the smoking gun behind the
sphere-to-rod transition observed in the experiments, as noted
in the simulation snapshots in Figure Sb. Therefore, L81
disrupted the equilibrium of the PEO—PEQ interactions at the
F88 micelle surface, promoting more energetically favorable
flattened surfaces. Likewise, Figure 6b displays the level of
hydration of PPO groups of F88, indicating similar
dehydration when the concentration of L81 was increased.
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amount of drug at time “t”; t = time in hours; k = release constant).

Likewise, in PEO F88 groups, when the temperature was raised
(30—60 °C), the solution with 0.1% L81 showed slight PPO
dehydration of F88 micelles. Noticeable PPO F88 hydration
was observed in the solution with 4% L81, reinforcing the
above-mentioned transition of F88 to flattened structures. The
formation of a prolate-shaped F88 micelle configuration
facilitates the access of water to the F88 PPO groups when
compared with the spherical micellar configurations.
Spectral Validation. A major challenge in pharmaceutics
is creating effective block copolymeric-based formulations that

can efficiently deliver hydrophobic drugs since they entail
outstanding biocompatibility, especially remarkable drug-
loading capacities, and excellent chemical and thermal stability
when compared with other nanocarriers.”*”* Hence, in this
direction literature studies have the key role of illustrating
hydrophobic and electrostatic interactions that induce nano-
scalchslelf;)assembly and impact drug-loading/release proper-
ties.' ' "7

The solubility and release interest employing F88/L81
micelles were focused on the hydrophobic drug quercetin
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Figure 9. (a) Concentration—cell viability (dose—response) profile of HeLa cells exposed to the QCT-loaded BCP mixture for 12 h; and (b)
bright-field and fluorescence microscopic images of HeLa cells after 1 h of cellular uptake with control and QCT-loaded micelles.

(QCT) due to its wide range of pharmacological applications,
including anti-inflammatory, antioxidant, and anticancer
effects.”””7?

Figure 7a displays the broad QCT spectra with the
absorbance maxima recorded at ~369 nm, which is induced
by the low-energy m—n* excitation, consistent with the
published data.”***>*° The amount of QCT absorbed in 5%
w/v F88 without L81 is 11 pg/mL, which is higher than the
poor solubility of QCT in water (~0.4 ug/mL). Also, due to
the absence of micelles, the QCT remained poorly soluble in a
5% w/v F88 solution, but solubility enhancement was observed
with the addition of L81. As previously described, the addition
of L81 promoted F88 self-assembly and micelle growth,
thereby enhancing QCT solubilization, as shown in Figure
7a,b.

Increased QCT solubilization manifested in terms of drug
loading (DL%) and encapsulation efficiency (EE %). The
results of QCT solubilization in 5% w/v F88 with and without
L81 (blank) illustrate the impact of a suitable BCP choice, as
shown in Figure 7c. Here, it is assumed that QCT is
hydrophobic, and a significant portion of QCT can be
preferentially found in the hydrophobic PPO core rather
than in the hydrophilic PEO micelle corona.”” The higher DL
% observed for 0.6% L81 in S wt %/v F88 suggests that QCT
was encapsulated in the inner core of the micelle and
interacted with the hydrophobic domain. Additionally,
previous studies have indicated an inverse correlation between
the %PEO units and the drug encapsulation ability.”"* Thus,
fine-tuning of the BCP composition can enhance DL% and
stability. In addition, the partition coefficient (P) was further
calculated by comparing the solubility of QCT in the presence
of the F88/L81 micellar phase with its solubility in water. The
presence of L81 resulted in a significant increase of P values
compared with the $% w/v F88 (blank) solution. This
indicates an affinity of QCT for this system due to a more
favorable hydrophobic environment that enhances solubiliza-
tion.”® From a thermodynamic point of view, a more negative

AG° yields a more favorable process. Thus, it can be inferred
that the incorporation of QCT in the blended system showing
solubilization enhancement is more thermodynamically favor-
able than the 5% w/v F88 (blank) solution, as shown in Figure
7d.

Release Kinetics. Studies have illustrated that the
compatibility between a drug and BCP determines its favorable
degree of solubility, whereas the location of the drug in the
BCP micelle determines its release.''”***® Also, the length of
the PPO and PEO blocks in BCPs determines the effectiveness
of the QCT loading/releasing processes. Thus, our study aims
to analyze the loading capacity and release kinetics of QCT in
a blended system. Over the past few decades, numerous drug
delivery approaches have been attempted,’” including
mathematical models that aim to describe load/release
mechanisms to improve their efficiency. However, it is not
always clear which mathematical theory underlies the complex-
ity of the chemical and physical processes involved. In fact, to
find a proper transport mechanism for QCT release from the
blended copolymeric systems, several kinetic models were
employed and the data was fitted accordingly, as described in
Figure 8.

Based on the R? value, it can be stated that the Higuchi
model is superior in its ability to capture the release profile of
QCT. Diffusion from the blended Pluronic system is
responsible for regulating the release of QCT. The presence
of L81 micelles facilitated the regulated release of QCT in the
nanocarrier system that contained a weight-to-volume
percentage of F88. The findings of this study suggest that
QCT-loaded blended micelles can effectively deliver drugs.
The information provided here highlights the significance of
this research and generates the potential applications of such a
nanocarrier system for controlled drug release.

Cellular Uptake and Cytotoxicity Assay. The ther-
apeutic utilization of hydrophobic drugs is often hindered by
their poor solubility and bioavailability.”*****~”* In our study,
we encountered this challenge with QCT, which suffers from
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poor bioavailability and requires an appropriate carrier to
overcome these obstacles while maintaining its efficacy.
Literature extensively supports the Eotential of QCT to induce
apoptosis in various tumor tissues.”” Hence, we carried out the
cytotoxic analysis in the examined system in HeLa cells, as
illustrated in Figure 9a.

The MTT assay was performed on HeLa cells treated with
QCT encapsulated in various F88 micelles for 12 h. The
limited water solubility of QCT vyielded insufficient dissolution
in the cell medium, resulting in precipitation and subsequent
reduction in the duration of effective cell exposure to release
QCT.* Therefore, cells were less susceptible to cytotoxicity by
QCT solutions than by QCT-loaded blended micelles (5 wt
%/v F88) (Figure 9a). Up to 60% of cells were viable at 0.2
pug/mL QCT-loaded F88 micelles. 0.1 and 0.4% L81 in 5% w/
v F88 showed inhibition of cell viability in 12 h at 0.2 and 0.25
ug/mL, respectively (Figure 9). The ICy, value, which
represents the concentration at which 50% of cells were killed,
was determined for each system. The difference in the ICs,
value of QCT might be due to the different types of BCP
involved and their ability to release the QCT inside the
cell.”®"7® The cytostatic abilities of BCP micelles are
responsible for their higher cytotoxicity.””"® Specifically,
very hydrophobic copolymers, such as the L81 (0.1 and
0.4%), exhibited ICg, values of 0.2 and 0.245 ug/mL,
respectively. On the other hand, highly hydrophilic copoly-
mers, like F88, exhibited less toxic effects and were unable to
eliminate 50% of the cells.

Untreated cells were used as controls in this study. Upon
treating the cells with 0.1 and 0.4% of L81, we observed a
noticeable change in the cell morphology, as shown in Figure
9b. This can be attributed to the limited water solubility of the
compounds, leading to their precipitation and consequently
reducing the effective exposure time of free QCT within the
treated cells. As a result, the cytotoxicity was compared to that
of cells treated with QCT-loaded F88 micelles, as depicted in
Figure 9b. Additionally, as the dosage increased, we observed a
decrease in cancer cell viability, indicating enhanced
cytotoxicity, which can be attributed to the successful
solubilization of QCT in the F88 micelles. This result suggests
that the encapsulation of QCT within F88 and the nontoxic
nature of F88 contributed to the observed outcomes, as
depicted in Figure 9b. Thus, we can conclude that QCT-
loaded micelles have a significant impact on HeLa cells due to
the increased solubility of QCT, which is attributed to their
large size and unique morphology.

B CONCLUSIONS

Our study illustrates the impact of hydrophobic BCP L81 in
inducing the micellization of F88 in an aqueous solution.
Careful analysis of the phase behavior of F88 revealed that the
addition of L81 induced a decrease in the CP of 5% w/v F88
aqueous solutions (>100 °C in water). The surface tension (y)
of the F88 solution decreases in the presence of the L81. Here,
micelle formation was observed to be primarily driven by
hydrophobic interactions. The more hydrophilic the F88, the
greater the water that must be replaced from the micellar core
and corona with the addition of L81 due to increased
hydrophobicity. The shift in the solution viscosity (7,e)
promoted a probable hint of micellar growth/transition in the
BCP micelles. Micelle size distributions were determined from
scattering experiments. Here, detailed structural information at
various stages of self-assembly, such as the size of the core and

corona and the volume fraction of the micelles, was obtained
from SANS. L81 promotes F88 micellization by competing for
hydrogen bonding with water molecules to modify the solvent
quality, thereby leading to a reduction in the solubility of both
the PPO and PEO segments of F88. The addition of L81 to
F88 increased the aggregation and enhanced the core radius.
The obtained experimental results were confirmed by coarse-
grained molecular dynamics simulations. The micelle distribu-
tion of the 5% w/v F88 aqueous solution and the impact of
L81 addition were characterized and compared with the
experimental results. The 5% w/v F88 aqueous solution
formed small aggregates in equilibrium with the unimers. An
increase in F88 self-assembly was observed as soon as L81 was
added. The size of the F88 aggregates barely increased when
small amounts of L81 were added. Simulation snapshots
showed how the L81 moieties were absorbed by the F88
aggregates and distributed on the surface. Above a certain L81
concentration (~0.1%), early vesicle formation was observed,
as confirmed by the micelle density profiles, and was in good
agreement with our experimental results. SASA provided a
more detailed scenario for the PEO and PPO groups of F88 to
characterize their hydration/dehydration properties when L81
was added. SASA profiles along the simulation showed that the
F88 micelle coronas were barely dehydrated when a small
amount of L81 was added (<0.1% at 30 °C) but was more
evident when the temperature was increased. Above this L81
concentration, some changes were observed in the structure of
the F88 micelles compatible with the formation of small
vesicles. With a further increase of L81 (4%), the dehydration
of the F88 micelle corona was more evident, favored by the
increased L81 moieties, which hindered the interactions
between water and the F88 micelle corona. In fact, the
SASA of the F88 corona dramatically decreased when 4%v/w
was added to the solution. Therefore, the increased L8l
around the F88 micelle surface somehow disrupted the F88
PEO—PEO interactions at the micelle surface, promoting the
formation of more energetically favorable flattened structures.
As such, the combination of our experimental results with MD
simulations offers a thorough understanding of the behavior of
nanoscale micellization in the studied mixed systems. UV
studies showed that more drugs could be accommodated in the
host micelles of mixed Pluronic than in the single micelles of
hydrophilic F88. To determine how the hydrophobic
interactions would impact the QCT release, the release from
5% w/v F88 was investigated. The mechanism of QCT release
was clarified through data fitting using a variety of
mathematical kinetic models, and the results showed that the
Higuchi model provided the best match, suggesting that the
diffusion process could be used to control drug release.
Furthermore, by carefully choosing the sample ratios and
considering the development of micellar geometries, these
templates were successfully used to solubilize QCT in HeLa
cells in in vitro experiments, which showed encouraging
cytotoxic effects. Thus, this study emphasizes the potential of
BCP combinations to influence cancer cell viability, which
opens exciting possibilities for the creation of chemically stable
nanoscale blends that can be used in the pharmaceutical
industry.
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