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ABSTRACT: Biodegradable nanoparticle-based emulsions exhibit
immense potential in various applications, particularly in the
pharmaceutical, cosmetic, and food industries. This study delves
into the intricate interfacial behavior of Pluronic F127 modified
poly(lactic-co-glycolic acid) (PLGA-F127) nanoparticles, a crucial
determinant of their ability to stabilize Pickering emulsions.
Employing a combination of Langmuir balance, surface tension,
and diffusion coefficient measurements, we investigate the interfacial
dynamics of PLGA-F127 nanoparticles under varying temperature
and ionic strength conditions. Theoretical calculations are employed to elucidate the underlying mechanisms governing these
phenomena. Our findings reveal a profound influence of temperature-dependent Pluronic layer behavior and electrostatic and steric
interactions on the interfacial dynamics. Nonlinear changes in surface tension are observed, reflecting the interplay of these factors.
Particle aggregation is found to be prevalent at elevated temperatures and ionic strengths, compromising the stability and
emulsification efficiency of the formed emulsions. This work provides insights into the rational design of stable and efficient
biodegradable nanoparticle-based Pickering emulsions, broadening their potential applications in various fields.

■ INTRODUCTION
The accumulation of nanoparticles at fluid or solid interfaces
plays a crucial role in their diverse applications across various
technological fields.1 The self-assembly of particles at fluid
interfaces has been extensively studied for the development of
nanoporous membranes2 and the fabrication of surface
coatings with adjustable electrical, magnetic and optical
properties.3−5 The adsorption layer formed by nanoparticles
at fluid interfaces has found applications in stabilizing
emulsions and foams in cosmetics, pharmaceutics, and
metallurgy,6−9 as well as in mineral flotation processes.10

Hydrophobic silica nanoparticles11 and different types of
polymeric microgels12−14 have demonstrated significant
potential as stabilizers for Pickering emulsions.
Poly(lactic-co-glycolic acid) (PLGA)-based systems have

emerged as versatile platforms in numerous biomedical fields,
including drug delivery, tissue engineering, and medical
imaging, owing to their favorable biodegradability and
biocompatibility.15−18 In order to enhance their colloidal
stability and biocompatibility, surface modification of these
particles with poly(ethylene oxide) (PEO)-containing poly-
mers, such as Pluronics, has been extensively explored.19,20

Over the past few decades, colloidal particles, such as solid
particles,21−23 fatty acid crystals,24 microgels,25 proteins26,27

and polymer nanoparticles28−33 have garnered significant
interest as stabilizers for emulsions and foams. While their
potential applications in the food,21,22,26,27,34 oil well drilling,23

and petrochemical industries35 are well-established, their
current applications as direct stabilizers in healthcare and
cosmetic formulations are limited.30 These limitations are
mainly associated with the often-challenging material quality
control and the difficulty to achieve adequate biocompatibility
of the employed materials. PLGA nanoparticles are promising
materials for such applications, due to their biodegradable and
biocompatible properties. The work by Whitby et al. was the
first that demonstrated this potential by successfully formulat-
ing Pickering emulsions using PVA modified PLGA nano-
particles and different oils.32 Their findings suggest that PVA
modified PLGA nanoparticles preferentially stabilize oil-in-
water emulsions and the dispersion stability is determined by
the combination of electrostatic and steric interactions. A
subsequent study by Robin et al. has also emphasized the
importance of both the particle size and hydrophobicity in
optimizing the stability of Pickering emulsions.31

Despite extensive investigations into the properties of PLGA
nanoparticles, there is still a lack of comprehensive studies
dedicated to understanding their behavior at interfaces, which
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has a significant impact on their performance in biomedical
applications. Consequently, there is a need for comprehensive
interfacial studies specifically focused on PLGA nanoparticles
to elucidate their interfacial properties. Such studies can aid in
designing biomedical systems with enhanced stability and
customizable functionalities. The work of Albert et al.
exemplifies this approach.28 Their investigation of three-
phase contact angle, interfacial tension, and rheological
properties of bare and PVA-modified PLGA nanoparticles at
oil−water interfaces provides valuable insights into the
microstructure of the prepared emulsions.
Previously, our research group conducted a detailed

investigation on the interfacial behavior of bare PLGA and
Pluronic-modified PLGA nanoparticles at various interfaces.36

Building upon our previous work, the current study focuses
specifically on Pluronic-modified PLGA particles at the air−
water interface under different temperature conditions ranging
from 25 to 50 °C. Additionally, we examine the effect of
electrolytes on the interfacial properties of these nanoparticles.
The primary objective of this study is to gain a deeper
understanding of the structural characteristics of the interfacial
films formed by Pluronic-modified PLGA nanoparticles. By
employing physicochemical techniques, such as surface tension
measurements, Langmuir−Blodgett trough experiments, and
atomic force microscopy, we aim to unravel the interfacial
organization and morphology of these nanoparticles at the air−
water interface. Furthermore, we aim to find a correlation
between the observed interfacial behavior and the actual
capability of the particles to stabilize Pickering emulsions. By
elucidating the interfacial properties and their impact on the
colloidal stability of Pickering emulsions, our findings aim to
contribute to the growing understanding of Pluronic-modified
PLGA nanoparticles as potential stabilizers.

■ EXPERIMENTAL SECTION
Materials. Acid terminated poly(D,L-lactic-co-glycolic acid)

(PLGA) with a 50% lactic and 50% glycolic content (Mw: 38,000−
54,000. Inherent viscosity of 0.1% solution in CHCl3 at 25 °C is
0.45−0.60 dL/g) was sourced from Sigma−Aldrich (Resomer RG
504H), Hungary. Pluronic F127, a poly(ethylene oxide)/poly-
(propylene oxide)/poly(ethylene oxide) triblock copolymer (Mw:
12,700), provided by BASF Hungaria Kft., was utilized for surface
modification. The average composition of Pluronic F127 according to
the manufacturer is 202 ethylene oxide (EO) units and 56 propylene
oxide (PO) units. Cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O)
and ammonium thiocyanate (NH4(SCN)) were acquired from Sigma-
Aldrich for determining the Pluronic content of nanoparticle sols via
complex formation with cobalt(II) thiocyanate (CoSCN) and PEO.
Branched poly(ethylene-imine) (PEI, Mw: 25,000) obtained from
Sigma-Aldrich, Hungary, was employed to enhance nanoparticle
adhesion to the substrates for Langmuir-film deposition.

All organic solvents used were of analytical grade. Acetone was
employed for nanoparticle preparation, while dichloromethane and
methanol were utilized for cleaning the Langmuir trough and its
barriers. Aqueous nanoparticle sols were mixed with 2-propanol for
spreading on the aqueous surface in Langmuir monolayer studies.
Miglyol 812, procured from Caesar & Loretz GmbH (Germany), a
pharmaceutical oil, was used for formulating Pickering-emulsions.
Miglyol 812 is a blend of triglyceride esters of caprylic and capric
acids.

Doubly distilled water, tested for conductivity (<5 mS) and surface
tension (>72.0 mN/m at 25.0 ± 0.5 °C), served as the medium for
aqueous solutions, preparation of Pickering-emulsions, and as the
subphase in the Langmuir balance experiments.
Nanoparticle Formation and Characterization. Pluronic F127

modified PLGA nanoparticles (PLGA-F127) with a narrow size

distribution were prepared using the nanoprecipitation method,
following a previously described procedure.36−38 In brief, PLGA was
dissolved in acetone at a concentration of 10 g/L. A total of 5 mL of
the organic solution was slowly added dropwise, with magnetic
stirring at 500 rpm, to 50 mL 1 g/L aqueous solution of Pluronic
F127 to produce the PLGA-F127 nanoparticles. During the
nanoprecipitation process, Pluronic molecules form a physisorption
layer on the surface of PLGA particles. Although PLGA nanoparticles
have a negatively charged surface due to the chain-end carboxylic
groups, their surface contains hydrophobic domains, as indicated by
the water contact angle of pure PLGA, which is reported to be in the
70°−80° range.36,39 Nejadnik et al. demonstrated that on such
surfaces, Pluronic F127 forms oriented adsorption layers with a brush
configuration.40 In this arrangement, amphipathic Pluronic molecules
attach to the surface via hydrophobic interactions mediated by their
hydrophobic poly(propylene oxide) blocks, while the hydrophilic
poly(ethylene oxide) chains orient toward the aqueous phase.19,37

After complete acetone evaporation, the nanoparticle sols were
subjected to centrifugation at 12000g for 20 min. The supernatant was
discarded, and the pellet containing the particles was redispersed in
doubly distilled water. This purification process was repeated four
times until the surface tension of the supernatant exceeded 72 mN/m,
indicating the removal of all unbound Pluronic. The mass
concentration of the sols was determined by measuring the dry mass.

The determination of Pluronic content in PLGA-F127 nano-
particles was performed using a colorimetric method based on the
formation of a precipitate between the ethylene-oxide segments of
Pluronic molecules and cobalt(II) thiocyanate.41 To prepare the
cobalt(II) thiocyanate reagent, 4.8 g (16.4 mmol) of cobalt nitrate
hexahydrate and 20 g (263 mmol) of ammonium thiocyanate were
dissolved in 100 mL of doubly distilled water. For the analysis, 500 μL
of PLGA sample with a known concentration of dry mass was mixed
with 200 μL of cobalt(II) thiocyanate and 500 μL of ethyl acetate.
The samples were vortexed for 1 min at 3000 rpm and then
centrifuged at 12000g for 30 min. The resulting ethyl acetate and
aqueous layers were separated, and the insoluble Pluronic complex
sediment was dissolved in 1 mL of acetone. The absorbance of the
solution was measured at 624 nm using a spectrophotometer. The
Pluronic content of the particles was determined by comparing the
absorbance to a calibration curve generated from known concen-
trations of Pluronic solutions using the same procedure. The used
calibration curve is presented in Supplementary Figure 1.

To approximate the aqueous contact angle of the nanoparticles for
modeling the interactions at the air−water interface, thin layers were
prepared by casting a 500 μL acetonic solution containing 10 g/L
PLGA50 and 0.5 g/L Plutonic F127 onto 2 cm × 2 cm microscopy
cover glasses. The resulting films were subjected to heat treatment at
60 °C for 2 h. Prior to conducting measurements, the samples were
immersed in the corresponding aqueous medium for 30 min. Contact
angle measurements based on optical contour analysis were
performed using an OCA25 instrument (Dataphysics, Germany) in
the temperature range of 25−50 °C and with NaCl concentrations of
0, 10, 50, and 150 mM. The captured bubble method was employed
for the contact angle determination.

The average hydrodynamic size and polydispersity of the PLGA
nanoparticles were determined using a dynamic light scattering (DLS)
system (NanoLab 3D, LSI Instruments, Switzerland). The instrument
was equipped with a single model fiber detector that included
integrated collimation optics and a two-channel multiple τ-correlator
for auto- and cross-correlation measurements. A fiber-coupled laser-
diode, operating at a wavelength of 685 nm and emitting vertically
polarized light, was utilized as the light source. The DLS
measurements were performed via the modulated 3D cross
correlatioin mode at a detection angle of 90° within a temperature
range of 25−50 °C, with a temperature accuracy of ±0.1 °C. The
nanoparticle samples were diluted with doubly distilled water to 1 g/L
concentration. The recorded autocorrelation functions were analyzed
using the second-order cumulant expansion method. The particle
sizing analysis was conducted on a minimum of three particle
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preparations, and for each preparation, five parallel measurements
were taken.

Nanoparticle morphology was also investigated via transmission
electron microscopy. Two μL sample (2 g/L) was applied to a
Formvar/Carbon 200 mesh copper grid (Ted Pella Inc., USA) and
incubated for 2 min. The excess suspension was blotted with a piece
of filter paper. Next, the grid was placed on a drop of 2% uranyl
acetate (v/v) solution for 10 s, blotted, and then placed on a drop of
water again for 10 s. After blotting the excess solution, the grid was
air-dried and viewed using a MORGAGNI 268D transmission
electron microscope (FEI, Eindhoven, The Netherlands) operated
at 80 kV and equipped with a Quemesa 11 megapixel bottom-
mounted CCD camera (Emsis GmbH, Germany).

The electrophoretic mobility of the nanoparticles was determined
using a Malvern Zetasizer Nano Z apparatus within the same
temperature range and 1 g/L particle concentration. The zeta
potential (ζ) was calculated from the mobility values using the
Smoluchowski approximation. The determined zeta potentials were
used as estimates of the surface potential of the particles in the model
calculations. Since the addition of electrolytes reduces the measurable
zeta potential, pure water was used during the experiments. The
measurements were performed in triplicate, and the obtained ζ values
showed a reproducibility within ±1 mV.
Langmuir Monolayer Studies. Monolayer studies of the

nanoparticles (NPs) were conducted using a KSV NIMA Langmuir
trough (Biolin Scientific, Sweden) (dimensions: 580 mm × 145 mm
× 4 mm) equipped with two moving barriers to ensure symmetric film
compression, with a maximum compression ratio of 18. The surface
pressure (π), defined as the difference between the surface tension of
the pure and the particle-covered surface (π = γ0 − γ), was measured
with a Wilhelmy plate made of chromatography paper (Whatman
Chr1, Cytiva) connected to a force transducer, with an accuracy of
0.05 mN/m. The trough and barriers were composed of PTFE and
were cleaned with dichloromethane, methanol, and water. Measure-
ments were performed at a temperature of 25.0 (±0.5) °C, using
double distilled water and a 150 mM NaCl solution as subphases.

For the preparation of Langmuir layers, the aqueous particle sol
was mixed with 2-propanol in a 1:1 volume ratio. No aggregation was
observed visually, and dynamic light scattering (DLS) measurements
confirmed the absence of aggregates. The sample spreading process
involved gradual, step-by-step dosing to minimize subphase mixing.
Liquid dosing utilized a syringe fitted with a 32-gauge needle,
generating small droplets at the needle tip. These droplets were
delicately brought into contact with the water surface, with a waiting
period of 5−10 s before further deposition. A known quantity of the
sample was spread on the water subphase, allowing the particles to
equilibrate and the 2-propanol to evaporate for 15 min. Surface
pressure - area isotherms were recorded with three compression−
expansion cycles at a barrier speed of 32 mm/min. The recorded
isotherms, performed in triplicates, demonstrated remarkable
reproducibility within 0.5 mN/m.
Morphology of NP Layers. The morphology of the Langmuir

monolayers of PLGA-F127 NPs was investigated using atomic force
microscopy (AFM). The Langmuir-Schaeffer technique was employed
to transfer the surface film of particles from the Langmuir balance
onto solid substrates. Microscope cover glasses (22 mm × 40 mm ×
0.16 mm) were chosen as substrates and were cleaned using freshly
prepared “piranha solution”. To enhance particle adhesion, PEI was
adsorbed from a 1 g/L aqueous solution onto the cleaned substrates.
The transferred particle films were imaged at room temperature in air
using a Nanosurf FlexAFM atomic force microscope (AFM) system
(Nanosurf, Switzerland). Measurements were performed in dynamic
mode using NSC14 cantilevers (Micromash, Estonia). Images were
collected at 20−30 randomly selected locations with a typical scan
area of 10 μm × 10 μm.
Adsorption Measurements. The interfacial properties of PLGA-

F127 nanoparticles were investigated using an OCA 25 pendant drop
tensiometer (Dataphysics, Germany) at the air−water and Miglyol
812-water interfaces. The interfacial tension of F127-PLGA nano-
particles was monitored over time in a temperature range of 25−50

°C. The concentration of nanoparticle aqueous sols was maintained at
a constant value of 1.0 g/L for all experiments. Measurements were
conducted with varying NaCl concentrations (0, 10, 50, and 150 mM)
to examine the effect of electrolyte concentration on the adsorption of
PLGA-F127 nanoparticles. To prevent water condensation during
measurements at higher temperatures, the needle of the Hamilton
syringe was hydrophobized using a hydrophobization kit (Data-
physics, Germany). The adsorption of nanoparticles was monitored
until the difference in interfacial tensions reached a value less than 0.5
mN/m within a 10 min period. Assuming a diffusion-controlled
adsorption process, the equilibrium surface tension of the sols was
determined using the asymptotic solution of the Ward-Tordai
equation for the t → ∞ case:

RT
c D

t
2t

2

0

1/2
1/2= i

k
jjj y

{
zzz

(1)

Here, γ and γ∞ represent the dynamic and equilibrium surface
tensions, respectively. R is the universal gas constant, T is the
temperature, Γ is the surface excess concentration, c0 is the bulk
concentration, and D is the diffusion coefficient. By plotting the
measured surface tension as a function of t−1/2, the value of γ∞ can be
determined as the intersection of a linear fit of the data at high t
values.

The apparent diffusion coefficient (Deff) of the particles was
determined using the initial part of the surface tension time data. For
this purpose, the t → 0 case of the asymptotic approximate solution of
the Ward-Tordai equation was employed, which can be expressed as
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Here, γ represents the interfacial tension, γ0 is the interfacial tension
of the pure interface, NA is the Avogadro number, ΔG is the
adsorption free energy of the particles (approximated based on eq 3).
Emulsion Preparation and Characterization. Miglyol 812-

water emulsions were prepared using a tip sonicator (BioLogics Inc.,
USA) at 25, 35, and 45 °C. In a glass vial, 3 mL of the aqueous phase
and 0.3 mL of the oil phase were combined and immersed into a
thermostatic bath for 10 min. The aqueous phase comprised either
pure water or a 1 g/L sol of PLGA-F127 nanoparticles. Emulsion
preparation involved sonication of the two-phase systems for 3 min at
30 W intermittent power, with an 80% lag time. The sample
temperature was verified before and after sonication. Postemulsifica-
tion, the sample temperature was within 1 °C of the thermostat.

Emulsions were examined using an optical light microscope
(Reichert, Austria) equipped with a 100x/1.32 objective using the
immersion oil technique (nD,20 °C = 1.515). Images were captured
with a digital camera for analysis. Droplet size distribution charts were
constructed based on a minimum of 1000 droplet sizes determined
from the images using ImageJ software (v1.54d, http://rsbweb.nih.
gov/ij/) utilizing manual circle fitting.

Considering that PLGA nanoparticles can degrade over time in
aqueous environments, their long-term storage stability might not
reflect emulsion stabilization.30 Hence, stability was characterized by
centrifuging a homogeneous volume of the freshly prepared emulsion.
A visually homogeneous 2 mL portion of the emulsion was separated
into glass vials. After centrifugation at 2000 rpm for 2 min, the ratio of
separated oil or creamy phase volumes was measured using a digital
caliper.42

■ RESULTS AND DISCUSSION
Size and Zeta-Potential of PLGA Nanoparticles.

Pluronic F127-stabilized PLGA50 nanoparticles were prepared
using the nanoprecipitation method. The particles were then
purified, and their size was characterized using dynamic light
scattering (DLS) at temperatures ranging from 25 to 50 °C, as
well as in the presence of different NaCl concentrations (0, 10,
50, and 150 mM). Particle concentration was kept constant
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during measurements at 1 g/L. The average hydrodynamic
radii of the particles were measured and are summarized in
Table 1. The polydispersity indices of the particles exhibited
random fluctuations within the range of 0.05−0.07, indicating
a narrow size distribution. Additionally, Table 1 presents the
zeta potential values of the particles in pure water medium.
The experimental findings reveal no signs of particle

aggregation in the bulk phase across different temperature
and ionic strength environments. A slight decrease in the
measured hydrodynamic diameters was observed with
increasing temperatures in all media. This observed average
decrease of approximately 2 nm can be attributed to the
temperature-induced contraction of the polyethylene-oxide
chains in the Pluronic surface layer.43

The nanoparticles exhibited a significant negative zeta
potential. Since the pKa value of PLGA is 3.8544 and the
measured pH of the polymer sol at 1 g/L concentration was
4.7 carboxylic end-groups of the PLGA chains located at the
particle surface are expected to be in a dissociated state
resulting in a negatively charged surface. The pure PLGA
nanoparticles, without a Pluronic coating were measured to
have a zeta potential of −48 mV. The reduction of zeta
potential in the presence of the Pluronic layer can be attributed
to a screening effect, where the polymer acts as a barrier,
hindering the free movement of ions, disrupting the formation
of the diffuse electric double layer.36,37,45

Transmission electron microscopy images of dried PLGA
nanoparticles are presented in Figure 1.
PLGA-F127 nanoparticles demonstrate a spherical geome-

try, as observed in TEM images. The number average
diameter, determined from individual measurements of 200
particles, is 91 nm (±7 nm). Discrepancies between TEM and
DLS measurements are anticipated; TEM sizes appear smaller
due to dehydration, while DLS tends to overestimate sizes,
particularly for larger nanoparticles.
Structure of PLGA-F127 Nanoparticle Surface Layers.

The Langmuir-balance technique was utilized to investigate the
structure and stability of interfacial layers formed by PLGA
nanoparticles. The measured surface pressures can be
attributed to two main components. The first component is
directly correlated with the surface area occupied by the
particles at the interface. The second component arises from
the interactions between the particles within the layer.46

Figure 2 presents the isotherms of the particles recorded at
25 °C using pure water and a 150 mM NaCl solution as
subphases. The system with pure water exhibited remarkable
stability, showing minimal hysteresis and no significant changes
during repeated compression−expansion cycles. This suggests
that the particles strongly bind to the interface with sufficient

energy to prevent desorption, indicating their adsorption can
be considered irreversible. This assumption is supported by the
estimated free energy change (ΔG) associated with the
adsorption of nanoscale objects, which can be approximated as

G r (1 cos )2 2= | | (3)

where r is the radius of the particle, γ is the surface tension and
θ is the contact angle.47 For the PLGA particles with an
average radius of 75 nm, their binding energy significantly
exceeds the available thermal energy for desorption when the

Table 1. Average Hydrodynamic Radii and Zeta-Potential of PLGA-F127 Nanoparticles as a Function of Temperature and
NaCl Concentration

rH/nm

cNaCl/mM 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C
0 77.2 ± 0.4 78 ± 0.2 77.2 ± 0.4 77.4 ± 0.6 76.6 ± 0.1 75.1 ± 0.4
10 78.8 ± 0.2 75.5 ± 0.7 75.1 ± 0.3 74.4 ± 0.1 74.5 ± 0.3 74.7 ± 0.5
50 77.2 ± 0.3 76.9 ± 0.1 77.1 ± 0.4 76.3 ± 0.1 74.7 ± 0.1 75.3 ± 0.3
150 78.0 ± 0.3 78.2 ± 0.2 77.0 ± 0.2 77.7 ± 0.5 76.7 ± 0.2 76.7 ± 0.3

ζ/mV

cNaCl/mM 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C
0 −35.3 ± 1.1 −35.6 ± 1.0 −36.0 ± 0.8 −34.1 ± 0.9 −33.7 ± 0.4 −31.0 ± 0.5

Figure 1. Transmission electron microscopy images of dried PLGA-
F127 nanoparticles.
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contact angle is within the range of 5−175°. Contact angles of
the particles were estimated through wettability measurements
on flat PLGA-Pluronic thin films, which showed slight
variations with temperature and ionic strength, but no
discernible tendency could be observed. The determined
contact angles are presented in Supplementary Table 1. On
average, a water contact angle of approximately 40° was
obtained.
When the subphase contained NaCl electrolyte, significant

differences were expected in the isotherm behavior. The
presence of the electrolyte was anticipated to shield the
electrostatic interactions between the particles, allowing for
easier particle approach without invoking strong repulsive
forces. Consequently, it was expected that such layers could be
compressed further during the isotherm recording, reducing
the effective area occupied by the particles. Contrary to these
expectations, an opposite phenomenon was observed, where
the particles appeared to have a higher surface area, leading to
a shift in the isotherms toward increased specific surface areas
at all compression states. Moreover, upon repeated compres-
sion−expansion cycles, the isotherms exhibited a further
rightward shifting accompanied by a more pronounced
hysteresis. To explain this contradiction, the role of the
Pluronic layer on the particles should be taken into
consideration. In pure water, the ethylene-oxide segments of
the polymer are well-hydrated, providing the particles with a
relatively hydrophilic surface and steric stability. In the
presence of electrolytes, a salting-out effect may occur,

reducing the polymer’s hydration and diminishing its steric
repulsion efficacy. The presence of hysteresis and observed
isotherm shifts suggest particle aggregation during compres-
sion.48 Formation of primary aggregates at the interface is
expected to increase surface coverage inhomogeneity.49 Upon
compression, these primary aggregates form secondary loose
aggregates, hindering tightly packed film formation. Addition-
ally, Petkov et al. attribute a rightward shift in the compression
isotherm to increased electrostatic repulsion among aggregates
due to their combined charge.48 Subsequent expansion cycles
are likely to partially break up secondary aggregates, indicated
by significant negative hysteresis, further reducing packing
order in subsequent compressions.
To investigate the possible aggregation, the Langmuir films

were transferred onto solid supports, and their morphology
was examined using AFM. Representative AFM images
showing films immobilized at a surface pressure of 25 mN/
m are presented in Figure 3.
When the subphase is pure water, the particles demonstrate

excellent stability, maintaining their dispersed state without
significant aggregation. However, it was observed that films
transferred from the electrolyte subphase displayed noticeable
aggregation, providing confirmation of the results obtained
from the Langmuir isotherm experiments. It is important to
emphasize that this observed aggregation is primarily induced
at the interface, as no aggregation could be detected in the bulk
sols even at elevated temperatures and in the presence of
electrolytes, as confirmed by DLS measurements.
Adsorption Kinetics of PLGA-F127 Nanoparticles. In

many practical applications, interfacial particle films are formed
through adsorption from the bulk phase rather than deposition.
To investigate this process, interfacial adsorption studies were
conducted at the aqueous-air interface, exploring different
temperatures and electrolyte concentrations. The time-depend-
ent surface tension data was utilized to calculate the
equilibrium surface tension using eq 1. The surface tension’s
dependence on temperature and electrolyte concentration is
summarized in Figure 4.
The temperature dependence of the surface tension exhibits

a remarkable phenomenon between 35 and 40 °C. In the case
of pure water as the medium, a significant increase in surface
tension is observed from 25 °C up to 37 °C, followed by a
subsequent decrease with further temperature increase.
Conversely, in the presence of electrolytes, a gradual decrease
in surface tension is observed up to 37 °C, followed by a
significant increase in the measured equilibrium surface

Figure 2. Successively measured isotherms of PLGA-F127 nano-
particles at air−water interfaces: (△) pure water medium, (■) 150
mM NaCl medium.

Figure 3. Morphology of particle layer at 25 °C in the presence of 0 (A) and 150 (B) mM NaCl concentration.
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tensions. This intriguing and nontrivial behavior can be
attributed to structural changes occurring within the interfacial
layer.
To gain a deeper understanding of the underlying processes

during adsorption, the interparticle interactions were taken
into account. According to the extended DLVO theory, three
primary interactions occur when two particles approach each
other. At close proximity, attractive van der Waals forces
(UvdW) come into play. Similarly charged particles experience
repulsive electric double layer interactions (UEDL), while at
very close proximity, repulsive steric interactions (USt) arise
from the overlap of Pluronic surface layers. The van der Waals
interactions between two spheres can be described by the
equation:
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Here, r represents the radius of the particles, h is the separation
distance, and Aint is the interfacial Hamaker constant, which
can be approximated using the following expression:50,51
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In eq 5, θ represents the contact angle of the particle at the
interface, and A11, A22, A33 are the Hamaker constants of
PLGA, water, and air, respectively. The Hamaker constants
used for the calculations were 6.5 × 10−20 J52 for PLGA, 3.7 ×
10−20 J53 for water and 0 J for air. The measured contact angle
of 40° was utilized when considering the particles at the
interface. The same eq 5 can be used to calculate the van der
Waals potential between particles in bulk by setting the contact
angle to 0°.
The electric double layer interaction between two charged

spheres can be estimated using the following equation based
on the linear superposition approximation of the Poisson−
Boltzmann equation using the Derjaguin approximation:54−56
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In eq 6, ε represents the dielectric permittivity of the
medium, κ−1 is the Debye length, r and ΨNP denote the radius
and surface potential of the particle, and h is the separation
distance. For the calculations, the zeta potential of the particles
was used as an estimated value for ΨNP. To account for the
effect of the interface, a correction factor f is introduced. When
f = 1, the equation describes the interaction between particles
in bulk. However, at the interface, a decrease in repulsive forces
can be expected due to the reduced dissociation of surface
groups.57 In a simplified model, only parts of the sphere that
are immersed in water are considered, resulting in an f value
corresponding to a simple geometric surface ratio. For particles
with a contact angle of 40°, f is equal to 0.88.
The steric interaction between the particles can be

approximated with the following equations:58,59
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where h is the separation distance, L0 is the thickness of the
steric barrier polymer brush and Γ̃ is the dimensionless
reduced surface coverage of the Pluronic, tha

U k Tf
h
L

h L4 exp
3
2

for 3St B

2

0
2 0= >

i
k
jjjjj

y
{
zzzzz

t can be obtained as
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In eq 9, the surface concentration (Γ) was calculated based
on the molecular surface area of Pluronic on PLGA. The
surface area of the Pluronic was calculated from the
colorimetrically determined Pluronic content of the particles
(2.1% (w/w)), resulting in an estimated value of 20 nm2. This
calculated value is in good agreement with previously
published data.60 Further parameters used in the calculation
include N, the number of segments (258 for Pluronic F127);
m, the average molar weight of a segment; and v, the average
specific volume of the segments. The specific volumes of PEO
and PPO segments were determined to be 0.84 and 0.92 cm3/
g, respectively.61 The length of the polymeric segments (l) was
considered to be the same for PEO and PPO segments,
approximately 3.7 Å.62,63 The thickness of the brush can be
estimated as L0 ≈ lN1/2, resulting in a 6 nm thickness for
Pluronic F127. However, based on the DLS measurement, a
small decrease of approximately 2 nm in the hydrodynamic
radius was observed with increasing temperature. This could
indicate a 33% decrease in the brush thickness. It is well-known
that as the temperature increases, the solvation properties of
water for PEO chains deteriorate, leading to a more compact
conformation of the polymer and a decrease in layer
thickness.64 To account for the temperature dependence of
the brush thickness, a correction factor is introduced in the
calculation (L0 ≈ alN1/2), where a linearly decreases from 1 to
0.67 as the temperature increases from 25 to 50 °C. Similarly
to the UEDL calculations, a correction factor ( f) is introduced
to consider the presence of the interface. For the bulk system, f
= 1, while at the interface, f = 0.88.

Figure 4. Temperature dependence of equilibrium surface tension
values of F127-PLGA NPs at different electrolyte concentrations at
air−water interfaces: (up triangle empty) pure water, (gray down
triangle solid) 10 mM NaCl, (dark gray tilted square solid) 50 mM
NaCl, and (black square solid) 150 mM NaCl. Error bars represent
95% confidence intervals.
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From Figure 5, it is evident that in a low ionic strength
medium, the long-range interactions between particles are
primarily governed by electrostatic interactions. These
interactions create a substantial barrier between approaching
particles, hindering their aggregation. However, as the ionic
strength of the medium increases, the range of electrostatic
interactions significantly decreases. Consequently, particles
begin to repel each other only at very close separation
distances, primarily due to steric interactions resulting from the
overlap of their Pluronic surface layers.
In general, a repulsive force of 10kBT is considered crucial to

prevent particle collision and aggregation.50,65 To compare the
stability of different systems, the separation distance at which
the total interaction energy (Utot = UvdW+UEDL+USt) reaches
this critical value was calculated and is presented in Table 2.

In the case of a pure water medium, particles at the interface
experience primarily long-distance electrostatic repulsion. The
calculated values indicate that the particles are kept sufficiently
separated, ensuring that their Pluronic layers do not intersect
with each other.
This observation aligns with the results obtained from the

Langmuir-balance isotherm measurements (Figure 2). By
linearly extrapolating the steep portion of the isotherm, the
effective surface area of the particles was determined. Using the

calculated value of Γ−1 = 0.0295 m2/mg, the effective radius of
the particles was estimated to be 136 nm. Comparing this with
the actual average particle radius, an average separation
distance of 122 nm was found. This finding corresponds well
with the theoretical separation distance at which repulsive
forces become significant, preventing closer packing in
equilibrium.
However, in the presence of electrolytes in the medium, a

significant decrease in the separation distance is observed,
indicating the effective elimination of long-range electrostatic
interactions. In these cases, the main source of repulsion
between particles is attributed to steric interactions. As the
temperature increases, causing the Pluronic layer to become
thinner, the efficiency of steric repulsion decreases. This
reduction in repulsive forces, coupled with the asymmetric
nature of the interface, can lead to particle aggregation.
The results of the surface tension measurements can be

interpreted using the following model. In a pure water system,
particles adsorb onto the interface and achieve a surface
packing with significant separation distances maintained by
long-range electrostatic repulsion. As the temperature
increases, two simultaneous processes occur. First, a slight
decrease in repulsion is calculated from the model between 25
and 35 °C, which would result in tighter packing and a
decrease in surface tension. However, within this temperature
range, the effect is negligible, indicating that the interparticle
distance remains relatively constant. Second, as supported by
the DLS measurements the Pluronic layers on the particles
contract, reducing the effective diameter of the particles and
limiting the number of surfactant molecules that can access the
interface, leading to a decrease in measured surface activity.
This means that the number of particles at the interface can be
expected to remain constant while their effective coverage
decreases. Overall, an increase in surface tension is observed.
Above 35 °C, the electrostatic interactions start to decrease

more rapidly, as reflected by the decrease in the calculated
interaction energy. This indicates that more particles can be
accommodated on the interface, resulting in a tighter packing.
While the Pluronic layer contraction is expected to proceed,
that would further increase the surface tension, the increased

Figure 5. Representative calculated interaction energies between PLGA nanoparticle for pure water medium (A) and 150 mM NaCl medium (B)
at 25 °C.

Table 2. Separation Distances (h) between PLGA
Nanoparticles Where the Total Repulsive Interaction
Energy Reaches 10kBT at Various Temperatures and
Electrolyte Concentrations

h/nm

Medium NaCl concentration/mM

T/°C 0 10 50 150

25 142 6.56 4.17 3.69
30 140 6.38 3.96 3.46
35 139 6.19 3.76 3.22
40 129 5.72 3.49 2.98
45 124 5.46 3.26 2.74
50 111 4.84 2.95 2.49
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packing of nanoparticles overcomes this effect, resulting in an
overall decrease in surface tension.
When electrolytes are present in the system, the role of

electrostatic interactions becomes insignificant. The deter-
mined surface tension of all three systems is effectively similar.
Even with 10 mM NaCl, UEDL only becomes significant when
the Pluronic layers are already in contact and steric interactions
begin to emerge. As the temperature increases and the Pluronic
layer thickness decreases, the effective area of the particles
becomes smaller. Unlike in the pure water system, there are no
electrostatic interactions keeping the particles apart, leading to
a more tightly packed equilibrium layer and a decrease in
surface tension. This decrease would be expected to continue
monotonically with increasing temperature. However, above
35 °C, surface tensions start to increase. As steric interactions
weaken, the likelihood of particle aggregation and flocculation
increases. It is expected that particle flocculation becomes
significant within this temperature range, resulting in loosely
packed 3D aggregates near the interface. These aggregates
hinder the formation of uniform closely packed layers, resulting
in empty patches at the interface that are unavailable for
adsorbing particles. This phenomenon is reflected by a
decrease in apparent surface activity. A schematic illustration
of the interactions and their effects on the nanoparticle
configuration at the air−water interface is provided in
Supplementary Figure 2.
In addition to calculating the equilibrium surface tension,

the surface tension kinetics data was also utilized in
determining the effective diffusion coefficients of the particles.
The obtained results are depicted in Figure 6.

The determined diffusion coefficients (Deff), derived from
the surface tension decrease of the system, carry information
on the binding of the NPs to the interface. It is important to
note that the Deff values can significantly differ from the bulk
diffusion coefficients, which can be determined using the
Stokes−Einstein equation based on DLS data:

D
k T

r60
B=

(10)

where r is the radius of the particles and η is the viscosity of the
medium. A negative deviation from the bulk diffusion
coefficient suggests hindered adsorption, indicating that the
attachment of particles to the interface is slowed down or
prevented. In our observations, particles in pure water exhibit a
significant negative deviation, suggesting substantial hindrance
in their binding to the interface. However, the temperature
dependence of the effective diffusion coefficients (Deff) closely
follows the theoretical D0 values, indicating that the hindrance
is not significantly influenced by temperature changes. Similar
behavior is observed in the presence of 10 mM NaCl, although
with a smaller negative deviation from D0.
In contrast, the 50 and 150 mM NaCl media show different

behavior. For these electrolytes, there are no significant
changes in the determined Deff values with respect to
temperature up to 35 °C. Within the margin of measurement
error, Deff values are comparable to D0. However, above this
temperature, a negative deviation in Deff is observed, suggesting
a change in the binding dynamics between the interface and
particles. To gain a better understanding of this behavior,
further investigation into the specific interactions between the
interface and the particles is required.
When particles with charges approach an interface, several

types of interactions need to be considered, including van der
Waals, electric double layer, and image charge interactions.
These interactions can be modeled using a sphere-flat plate
interaction model. The van der Waals interaction (UvdW* )
between the particle and the interface can be defined using the
effective Hamaker constant (A123), particle radius (r), and
separation distance (h):66
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The effective Hamaker constant (A123) describing the
interaction between the PLGA particle (1), air (2), and
water (3) can be calculated from the bulk material Hamaker
constants as

A A A A A( )( )123 11 33 22 33= (12)

Image charge interactions arise when particles interact with
an interface where the dielectric constants of the separated
media are significantly different. The image charge (qim) can be
calculated based on the nominal charge of the particle (q) and
the dielectric constants of the charge-containing medium (ε1)
and charge-free medium (ε2):67

q qim
1 2

1 2
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+ (13)

In the case of water−air interface, according to eq 13 the
image charge will have the same sign, since ε1 has values in the
range of 67−78, while ε2 can be considered a constant 1. This
results in repulsive image charge interactions. The image
charge surface potential can be calculated by the Grahame
equation as68
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The image charge and electric double layer interactions55

between the particle and the interface can be given based on
the linear superposition method (LSA) as

Figure 6. Effective diffusion coefficients of PLGA nanoparticles as a
function of temperature and NaCl concentration: (up triangle empty)
pure water, (gray triangle down solid) 10 mM NaCl, (dark gray tilted
square solid) 50 mM NaCl, and (black square solid) 150 mM NaCl.
Error bars represent 95% confidence intervals. The solid line
represents the theoretical bulk diffusion coefficient of the particles.
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Where Ψint, the air−water interfacial surface potential was
estimated as −15 mV.69

According to the DLVO theory the total interaction energy
between the particle and the interface can be written as the
sum of the components (Utot* = UvdW* +UEDL* +Uim* ). The
separation distances at which the repulsive potential becomes
10kBT are presented in Table 3.

If the particles are able to approach a separation distance
where the Pluronic molecules on their surface come into
contact with the interface, it is reasonable to expect their
attachment to the interface due to the high surface activity of
Pluronics. In the case of a pure water medium, the significant
separation distance indicates a strong repulsive interaction
between the particle surface and the interface. This barrier
restricts the number of particles that can reach the interface
from the bulk, resulting in slower adsorption kinetics as
reflected by smaller effective diffusion coefficients (Deff) than
D0.
When the medium contains 10 mM NaCl, the ionic strength

is not sufficient to completely shield the electrostatic
interactions. This leads to average separation distances slightly
larger than the thickness of the Pluronic layer (6−4 nm),
indicating hindered adsorption. However, with increased ionic
strength, the energy barrier for adsorption would be localized
within the Pluronic layer itself. Consequently, particles arriving
from the bulk can readily adsorb onto the interface, resulting in
similar effective diffusion coefficients as in the bulk solution.
The negative deviation in Deff values in the case of 50 and

150 mM NaCl observed at higher temperatures can be
interpreted as a sign of surface-induced aggregation, since
increasing temperature would not be expected to introduce an
energy barrier. Particles aggregating out of the plane are not
able to reach the surface, resulting in the decrease of the
apparent adsorption rate, as changes in surface tension are only
recorded when new particles attach and embed into the
interface.
These findings provide further support for our model of

interface-induced aggregation and highlight the significance of

energy barriers and interparticle interactions in determining
the adsorption behavior of particles at the interface.
Having obtained insightful results from our investigations on

the air−water interface, we extended our study to explore the
implications of these findings in the context of emulsion
stabilization. To achieve this, we conducted measurements at
the Miglyol-water interface, aiming to establish a correlation
between the behavior observed at the air−water interface and
the stability of oil−water emulsions. The temperature-depend-
ent interfacial tension of the PLGA-F127 sols is presented in
Figure 7.

Similar trends were observed compared to the measure-
ments at the air−water interface (Figure 4), indicating that the
processes and phenomena we observed are not limited to a
specific interface but are applicable to different systems. Based
on these findings, it can be concluded that the interfacial
behavior of particles and the mechanisms of particle adsorption
are consistent across different interfaces, such as air−water and
Miglyol-water. The observed trends and phenomena provide
valuable insights into the design and formulation of stable
emulsions in various systems.
Pickering-Emulsion Preparation with PLGA-F127

Nanoparticles. To experimentally validate the correlation
between our findings and the stability of real emulsions, we
formulated emulsions of Miglyol-water with and without
PLGA-F127 nanoparticles. The nature of the formed emulsion
was assessed using dye tests with aqueous methylene blue
solution and Sudan red in Miglyol. Based on the aqueous
miscibility, an oil-in-water type emulsion formation was
observed. This conforms to the Bancroft rule, indicating that
the particles are readily dispersible in water but not in oils, and
also consistent with the findings of Whitby et al.32

The droplet size of the prepared emulsions was analyzed
using optical microscopy. Microscopy images of emulsions
freshly prepared without the addition of electrolyte are
depicted in Figure 8. Photographs of the homogeneous
portion of these emulsions before and after centrifugation are
also included in the figures.
The size distribution of the fresh emulsions was determined

from individual drop diameter measurements obtained from
microscopy images. The distribution charts are illustrated in
Figure 9.

Table 3. Separation Distances (h) between PLGA
Nanoparticle and the Air−Water Interface Where the Total
Repulsive Interaction Energy Reaches 10kBT at Various
Temperatures and Electrolyte Concentrations

h/nm

Medium NaCl concentration/mM

T/°C 0 10 50 150

25 98 7.7 4.4 3.4
30 96 7.6 4.3 3.4
35 95 7.5 4.3 3.3
40 89 7.3 4.2 3.3
45 87 7.1 4.1 3.2
50 79 6.8 4.0 3.2

Figure 7. Tempereture dependence of equilibrium surface tension
values of PLGA-F127 NPs in pure water at Miglyol 812−water
interfaces.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c00147
Langmuir 2024, 40, 12353−12367

12361

https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00147?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00147?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00147?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00147?fig=fig7&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c00147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The number-average (Dn) and volume-weighted average
diameters (D4,3) were calculated from the drop size data, and
their ratio (Dn/D4,3) was utilized to characterize the width of
the size distribution. These values are summarized in Table 4,
along with the phase separation volume percentage (VS) after
centrifugation.
Emulsions prepared without nanoparticles exhibited a

notable presence of undispersed oil. As temperature increased,
average droplet sizes decreased due to reduced liquid
viscosities. Although sample polydispersity decreased and
postcentrifugation separation volumes were reduced, this was
primarily attributed to the decreased total dispersed oil
volumes with increasing temperature, evident from the reduced
number of visible droplets in microscopy images.

When preparing the emulsions with PLGA sols, no initial
phase separation was observed across all temperatures. The
temperature-dependent behavior seen in the emulsion size
distributions aligns with our previous findings. Lower temper-
atures yielded more uniform droplet size distributions,
indicating efficient dispersion and stabilization by nano-
particles, likely due to their ability to form stable, low-energy
interfacial layers. However, broader size distributions were
observed with increasing temperature. After centrifugation,
although no oil phase was visible, a creamed layer formed at
the vial tops, increasing in volume with higher temperatures.
These results suggest that elevated temperatures enhance
coalescence and reduce nanoparticle effectiveness in prevent-
ing droplet interactions and coalescence.

Figure 8. Photographs and microscopy images of Miglyol emulsions prepared in pure water and in PLGA-F127 aqueous sols at different
temperatures. Photographs on the left show emulsions immediately after preparation, while photographs on the right depict emulsions after
centrifugation.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c00147
Langmuir 2024, 40, 12353−12367

12362

https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00147?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00147?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00147?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00147?fig=fig8&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c00147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Microscopy images were also recorded following the
centrifugation, however these could not be used to mean-
ingfully analyze the emulsion stability since following the
centrifugation only the smallest droplet fractions remain in the
bulk phase. These microscopy images are presented in
Supplementary Figure 3.
Emulsification was also attempted in the presence of NaCl

electrolyte. Already with 10 mM electrolyte concentration the

emulsification efficiency was reduced significantly. Only a small
amount of the oil was dispersed resulting in extremely dilute
dispersions. Microscopy images and photographs are presented
in Figure 10.
The presence of electrolyte hindered the formation of stable

emulsions, regardless of the presence of PLGA sols.
Microscopy images showed only a few polydisperse droplets,
mostly adhered to the cover glass, rendering size determination
meaningless. Following centrifugation, the initially opaque
emulsion completely phase-separated. This aligns with our
findings, suggesting that the introduction of electrolytes
diminishes the ability of PLGA nanoparticles to effectively
stabilize emulsion droplets, likely due to interfacial aggregation.
It is assumed that the particle configuration at the oil−water
interface mirrors that of the air−water interface, given the
similar trends observed in surface tension measurements at
both the air−water and Miglyol-water interfaces, as illustrated
in Supplementary Figure 2. While interfacial aggregation does
not inherently diminish emulsion stability, Sen et al. have
demonstrated the possibility of spontaneous emulsification in
Pluronic-silica nanoparticle systems, where the amphiphilic
nature of Pluronic aids in the formation of ordered multilayers

Figure 9. Size distributions of Miglyol emulsion droplets prepared in pure water and in PLGA-F127 aqueous sols at different temperatures.

Table 4. Number Average (Dn), Volume-Weighted (D4,3)
Average Droplet Sizes and Phase Separation Volume
Percentage (VS) of the Miglyol Emulsion Droplets Prepared
in Pure Water and in PLGA-F127 Aqueous Sols at Different
Temperatures

T/°C Dn/μm D4,3/μm Dn/D4,3 VS/%

Miglyol-water 25 3,4 15,5 4,51 7,6
35 2,6 6,1 2,33 3,9
45 2,3 5,5 2,43 4,0

Miglyol-PLGA-F127-sol 25 2,4 3,2 1,32 3,0
35 2,7 4,8 1,76 4,2
45 3,6 8,6 2,37 7,2
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around oil droplets.70 However, in our study, the formation of
loose aggregates at the interface likely results in patchy
coverage of the oil droplets, promoting droplet aggregation and
eventual coalescence of the oil phases through exposed contact
points. Conversely, in low ionic strength environments,
nanoparticles can form well-ordered monolayers around oil
droplets, generating significant electrostatic repulsion upon
approach and thereby enhancing emulsion stability.

■ CONCLUSIONS
The presented study focused on investigating the interfacial
behavior of PLGA-F127 nanoparticles and its implications for
emulsion stabilization. Through Langmuir-balance measure-

ments and surface tension analyses, we gained insights into the
processes occurring at the air−water interface under different
temperature and ionic strength conditions. We found an
unexpected nonlinear temperature dependence in the surface
tension of the particle sols exhibiting a surface tension
maximum in pure water and minima in the presence of
electrolytes. Comparing the results with theoretical calcula-
tions, we uncovered the significant role of electrostatic and
steric interactions in governing the particle arrangement and
stability at the interface. Increasing the temperature results in
the contraction of the Pluronic layers, reducing the steric
stability and the surface activity of the individual particles,
while the presence of electrolytes decreases the electrostatic
interactions, allowing for increased packing densities at the

Figure 10. Photographs and microscopy images of Miglyol emulsions prepared in 10 mM NaCl solution and in PLGA-F127 + 10 mM NaCl
aqueous sols at different temperatures. Photographs on the left show emulsions immediately after preparation, while photographs on the right
depict emulsions after centrifugation.
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interface resulting in decreased surface tensions. However,
when the temperature is elevated to a critical value in the
presence of electrolytes, the close proximity of the particles,
coupled with the decreased steric stability, results in surface-
induced aggregation. The temperature and electrolyte
concentration-dependent changes in the effective diffusion
coefficients further supported the occurrence of interface-
induced particle aggregation and hindered adsorption.
Furthermore, we carried out emulsification experiments
creating PLGA-F127 nanoparticle-stabilized Miglyol-water
Pickering-emulsions, which demonstrated the correlation
between the interfacial behavior of PLGA nanoparticles and
the stability of emulsions. The temperature-dependent
emulsion droplet size highlighted the importance of under-
standing the interfacial properties of nanoparticles for the
rational design of Pickering-emulsions. Overall, our findings
provide valuable insights for the development of biodegradable
nanoparticle-based emulsions with improved stability and
controlled properties.
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Gergő Gyulai − Laboratory of Interfaces and Nanostructures,
Institute of Chemistry, Eötvös Loránd University, H-1518
Budapest, Hungary; orcid.org/0000-0002-1352-2014;
Phone: +36-1-3722500/1316; Email: gyulai.gergo@
ttk.elte.hu

Authors
Dániel Fülöp − Laboratory of Interfaces and Nanostructures,
Institute of Chemistry and Hevesy György Ph.D. School of
Chemistry, Eötvös Loránd University, H-1518 Budapest,
Hungary

Zoltán Varga − Biological Nanochemistry Research Group,
HUN-REN Research Centre for Natural Sciences, Institute of
Materials and Environmental Chemistry, H-1117 Budapest,
Hungary; Department of Physical Chemistry and Materials
Science, Faculty of Chemical Technology and Biotechnology,
Budapest University of Technology and Economics, H-1111
Budapest, Hungary
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Bősze, S.; Kiss, É. Preparation and characterization of cationic
Pluronic for surface modification and functionalization of polymeric
drug delivery nanoparticles. Express Polym. Lett. 2016, 10 (3), 216.
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