Article
Cite This: Langmuir 2018, 34, 13935−13945

pubs.acs.org/Langmuir

Bare and Sterically Stabilized PLGA Nanoparticles for the
Stabilization of Pickering Emulsions
Claire Albert,† Nicolas Huang,*,† Nicolas Tsapis,† Sandrine Geiger,†,‡ Veŕ onique Rosilio,†
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ABSTRACT: Pickering emulsions were formulated using
biodegradable and biocompatible poly(lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs) prepared without surfactants or
any other polymer than PLGA. A pharmaceutical and cosmetic
oil (Miglyol) was chosen as the oil phase at a ratio of 10% w/w.
These emulsions were then compared with emulsions using the
same oil but formulated with well-described PLGA-poly(vinyl
alcohol) (PVA) NPs, i.e., with PVA as NP stabilizers. Strikingly,
the emulsions demonstrated very diﬀerent structures at
macroscopic, microscopic, and interfacial scales, depending on
the type of NPs used. Indeed, the emulsion layer was signiﬁcantly thicker when using PLGA NPs rather than PLGA-PVA NPs.
This was attributed to the formation and coexistence of multiple water-in-oil-in-water (W/O/W) and simple oil-in-water (O/
W) droplets, using a single step of emulsiﬁcation, whereas simple O/W emulsions were obtained with PLGA-PVA NPs. The
latter NPs were more hydrophilic than bare PLGA NPs because of the presence of PVA at their surface. Moreover, PLGA NPs
only slightly lowered the oil/water interfacial tension whereas the decrease was more pronounced with PLGA-PVA NPs. The
PVA chains at the PLGA-PVA NP surface could probably partially desorb from the NPs and adsorb at the interface, inducing
the interfacial tension decrease. Finally, independent of their composition, NPs were adsorbed at the oil/water interface without
inﬂuencing its rheological behavior, possibly due to their mobility at their interface. This work has direct implications in the
formulation of Pickering emulsions and stresses the paramount inﬂuence of the physicochemical nature of the NP surface into
the stabilization of these systems.

1. INTRODUCTION
Emulsions are today widely used in food, pharmaceutical, and
cosmetic applications, since they allow the encapsulation of an
active ingredient in the dispersed phase, to protect it from
degradation and to preserve its activity in a sustained manner.1
However, emulsions are thermodynamically unstable systems
requiring the use of stabilizers for their fabrication and longterm stability.2 Until now, emulsions have been mostly
stabilized using synthetic surfactants,3 which raises direct or
indirect toxicity and environmental issues.4 In particular, in
topical long-term treatment, skin irritation is often observed.5,6
New stabilization approaches have been developed such as the
use of solid particles instead of surfactants.7−9 Such emulsions,
also called Pickering emulsions, display a very good stability
(sometimes up to several years) thanks to their high resistance
to coalescence.10,11 Many types of particles (mineral or
organic) can be used to prepare Pickering emulsions.12
© 2018 American Chemical Society

However, most of the emulsions thus produced are not
biocompatible and/or not biodegradable, due to the nature of
the particles or oil used, which is a crucial issue for cosmetic or
pharmaceutical applications.
In this respect, poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) appear as very promising systems. Indeed,
PLGA is a well-known biodegradable and biocompatible
copolymer currently used in drug delivery to prepare NPs
whose degradation and drug release rates can be tuned by
varying the PLGA molecular weight (MW) or its lactide/
glycolide ratio.13 Such NPs can be obtained by diﬀerent
processes such as nanoprecipitation or emulsion evaporation
that most often require the use of a stabilizing polymer. PLGAReceived: July 27, 2018
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Published: October 23, 2018
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solvents (acetonitrile, acetone, and dichloromethane) were provided
at the highest grade by Carlo Erba (Milan, Italy). Water was puriﬁed
using a water system ultrapure Milli-Q Direct Type 1 (Millipore,
resistivity of 18.2 MΩ·cm, France).
2.2. NP Preparation. PLGA-PVA NPs stabilized by using
poly(vinyl alcohol) (PVA) were prepared according to the previously
described emulsion evaporation method.22 PLGA NPs were prepared
without any other polymer or surfactant, according to the nanoprecipitation method previously reported by Grabowski et al.20 The
preparation methods are brieﬂy described in Supporting Information
1.
Fluorescently labeled NPs were prepared by replacing the total
quantity of PLGA by a mixture of PLGA and a PLGA-rhodamine
conjugate at a ratio of 90/10 (w/w) for PLGA-PVA-rhod NPs and
99.9/0.1 (w/w) for PLGA-rhod NPs.
2.3. NP Characterization. The size distribution and ζ potential of
NPs were measured with a Zetasizer (Nano ZS 90, Malvern
Instruments, France, 633 nm He−Ne laser, Smoluchowski equation)
operating at 25 °C with a 173° scattering angle. The NP suspension
was diluted in Milli-Q water for size distribution measurements and in
a 1 mM NaCl aqueous solution for ζ potential measurements, until
reaching an attenuator value of 6. For each sample, three
measurements were performed.
NP hydrophobicity was determined using contact angle measurements. A layer of NPs was formed by drying (during 15 h at 25 °C,
protected against dust) a 45 μL drop of NP suspension in water at 25
mg/mL deposited on a freshly cleaved mica surface. Contact angle
measurements were performed at 20 °C using the sessile drop method
with a pendant drop tensiometer (Tracker, Teclis, France). A 5 μL
drop of liquid (water or Miglyol) was gently deposited at the colloidal
layer surface. The contact angle was then measured by drop shape
analysis over time with the apparatus software (Windrop). The
presented results are the average of at least 10 measurements.
2.4. Emulsion Preparation. Emulsions were prepared with an
aqueous phase/oil phase ratio of 90/10 (w/w) using an ULTRATURRAX (IKA T10 basic) at 20 000 rpm for 2 min with a 5 Gstainless steel dispersing tool for the emulsiﬁcation step. The oil phase
was Miglyol and diﬀerent aqueous phases (solutions or NP
suspensions) were studied: water as a reference, a PVA solution at
2 mg/mL, a trehalose solution at 150 mg/mL, a PLGA NP suspension
at a concentration of 25 mg/mL in water or in a PVA solution (2 mg/
mL), a suspension of previously lyophilized PLGA-PVA NPs at a
concentration of 25 mg/mL in water, and a suspension of nonlyophilized PLGA-PVA NPs at a concentration of 25 mg/mL in water
or in a trehalose aqueous solution (150 mg/mL).
2.5. Emulsion Characterization. 2.5.1. Stability. The emulsion
stability during storage at 25 °C and protected from light was
evaluated over 55 days by monitoring the destabilization phenomena
using a Turbiscan Classic MA 2000 apparatus (Formulaction,
Toulouse, France). This technique is based on multiple light
scattering: a near-infrared light source scans the sample from bottom
to top. Backscattered and transmitted intensities versus sample height
were obtained at diﬀerent days (D0, D1, D2, D3, D7, D12, D20, D35,
and D55), thus allowing the detection of destabilization phenomena
(creaming, sedimentation, ﬂocculation, and coalescence), even at an
early stage (invisible to the eye).26 In the meantime, macroscopic
observations were performed by taking pictures of emulsions in
Turbiscan glass tubes. The droplet size distributions were determined
by laser granulometry on a Mastersizer S apparatus (Malvern
Instrument, Orsay, France). Aliquots of the emulsion layer were
diluted with the appropriate volume of Milli-Q water (to obtain an
obscuration between 5 and 10%). Measurements were performed at
least in triplicate, using the Fraunhofer optical model, on diﬀerent
emulsions at D0, D1, and D55. Results are presented in percentage of
the volume distribution.
2.5.2. Microscopic Structure. The microscopic structure of the
emulsions was observed using a confocal scanning laser microscope
(inverted Leica TCS SP8-gated STED, Germany) equipped with a
WLL laser (488 and 563 nm excitation wavelengths) using a HC PL
APO CS2 63×/1.40 oil immersion objective lens. Twenty microliters

poly(vinyl alcohol) (PVA) NPs, i.e., PLGA NPs sterically
stabilized by poly(vinyl alcohol) (PVA), a nontoxic stabilizing
polymer,14 have already been largely described.15 However,
Pickering emulsions stabilized by this type of NPs have only
been reported thrice.16−18 In these reported studies, although
biocompatible oils were tested (isopropyl myristate, sunﬂower
oil, or lipiodol, an iodized and radio-opaque oil), thorough
physicochemical characterizations were either conducted with
non-biocompatible model oils, such as dodecane or octanol, or
were lacking. Beside, only few descriptions of the preparation
of stabilizer-free PLGA NPs were reported in the literature.19−21 To the best of our knowledge, these bare PLGA
NPs obtained by nanoprecipitation without any other polymer
or surfactant were never used to formulate Pickering
emulsions. However, both bare PLGA NPs and PLGA-PVA
NPs are interesting for potential pharmaceutical or cosmetic
applications as a very low toxicity was observed on THP-1
derived macrophages20 with PLGA NPs and PLGA-PVA NPs
and on diﬀerent lung cells22,23 with PLGA-PVA NPs.
In this context, the main objective of this study was to
formulate Pickering emulsions using bare PLGA NPs and
PLGA-PVA NPs and to evaluate their stability, microstructure,
and interfacial properties. To speciﬁcally assess the inﬂuence of
PVA, two types of NPs were prepared with similar sizes,
around 200 nm. In a ﬁrst step, NPs were characterized in terms
of size, surface properties, hydrophobicity, and mechanical
properties. Then, Pickering emulsions were formulated with
both types of NPs using Miglyol 812 N as the oil phase. This
oil composed of medium-chain triglycerides was selected as it
is widely used in cosmetics and in topical, oral, or parenteral
pharmaceutical preparations (emulsions, solutions, or suspensions).14 It has numerous advantages, such as absorption
enhancement, stability against oxidation, nontoxicity, nonirritation, and noninhibition of skin respiration.14 We
compared the macroscopic, microscopic, and interfacial
structures of the resulting Pickering emulsions, as well as
their stability over 55 days. A thorough physicochemical study
was performed to clarify the mechanisms of stabilization with
both types of NPs. The interface between the oil and aqueous
phases was characterized by confocal microscopy, interfacial
tension, and interfacial rheology. The NP hydrophobicity was
evaluated by contact angle measurements. Such characterizations are particularly interesting both from application but
also from fundamental standpoints. Indeed, most previous
studies dealing with the adsorption of core−shell particles at an
oil−water interface were performed with a chemically grafted
corona of polymer,24,25 whereas here, the stabilizing chains of
PVA are adsorbed at the particle surface.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Poly(lactide-co-glycolide) (PLGA, 75:25 Resomer
RG756, ester ending, inherent viscosity at 25 °C and 0.1% in CHCl3:
0.7−1.0 dL/g according to the supplier) was purchased from
Boehringer-Ingelheim (Germany). PLGA-rhodamine B conjugate
(MW ≈ 30 000 g/mol) was provided by Akina Inc. (USA). Poly(vinyl
alcohol) (PVA, molecular weight 30 000−70 000 g/mol, 87−90%
hydrolyzed according to the supplier) and D-trehalose (from
Saccharomyces cerevisiae, ≥99%) were obtained from Sigma-Aldrich
(France). Miglyol (812 N), a medium-chain triglyceride oil, was
purchased from Cremer Oleo GmbH & Co. (Germany). Iodine (I2)
and potassium iodide (KI) used to prepare the iodine solution were
purchased, respectively, from Touzart et Matignon (France) and
VWR PROLABO (France). Boric acid and calcein came from Sigma
(France). Oregon Green was provided by Invitrogen (France). All
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were taken from the emulsion layer for these experiments. To prevent
the deformation of emulsion droplets, the sample was placed in a
curved glass slip with a cover glass slide on the top. The NPs were
labeled in red with rhodamine, as previously described (see Section
2.2). The aqueous phase was labeled in green by resuspension of the
lyophilized PLGA-PVA NPs in a 0.08 mg/mL solution of Oregon
green instead of Milli-Q water or by the addition of 100 μL of calcein
solution at 0.4 mg/mL to the PLGA NP suspension. Red ﬂuorescence
was observed with a 600−710 nm ﬁlter under a 563 nm laser
illumination. Green ﬂuorescence was observed with a 500−535 nm
ﬁlter under a 488 nm laser illumination. A hybrid detector under a
gated mode (0.3−6.5 ns) was used to avoid reﬂection. The green and
the red ﬂuorescence emissions were collected under a sequential
mode. The pinhole was set at 1.0 Airy unit.
2.5.3. Interfacial Analysis. To determine the interfacial organization and rheological behavior of the oil/water interface of the
emulsions, the interfacial tension γ, the absolute value of the complex
dilatational modulus |E*|, as well as the interfacial elastic E′ and
viscous E″ moduli were measured using the pendant drop
tensiometer. A drop of the aqueous phase was formed (with an 18
G straight needle and a 500 μL syringe) into Miglyol. Sinusoidal
oscillations were applied to the drop volume with a 60 s period and a
variation of 10% volume at 25 °C corresponding to the linear regime.
The oscillations were started 1800 s after the drop formation to allow
the initial structuration of the interface without any disturbance due
to the oscillations. The results presented are the average ± standard
deviation of at least three measurements.

Assuming the molecular weight (MW) = 50 000 g/mol for
PVA chains and a density of 1.3 g/cm3 for NPs,28 it was
possible to estimate the average area occupied by a PVA chain
at the surface of the PLGA-PVA NPs. The obtained value
(≈22 nm2) was in good agreement with the one reported by
Gyulai and Kiss21 (≈20 nm2) for a Pluronic F27 chain at the
surface of PLGA NPs. The radius of gyration, Rg, of a PVA coil
in water (good solvent conditions) was calculated from the
Flory equation (Rg = 1/√6 × N3/5a) with N as the number of
segments in the PVA chain and a as the size of the PVA
segment (0.37 nm).29 As Rg (≈10 nm) was higher than the
average distance between PVA chains at the particle surface
(≈5 nm), the corona of PVA around the PLGA-PVA NPs was
expected to be dense in water and its thickness to be higher
than 10 nm.
Young’s moduli of the NPs were assessed by atomic force
microscopy (AFM) measurements (see Supporting Information 4). In the light of these results, no signiﬁcant deformation
of the core of the PLGA-PVA and of the PLGA NPs at the oil/
water interface was expected (Young’s moduli ≈8 and ≈4 GPa,
respectively), contrary to what was observed with nanogels
(Young’s modulus between ≈1 and 35 MPa).9 A similar
assumption was made by Gyulai and Kiss with bare PLGA NPs
and PLGA NPs sterically stabilized by Pluronic F127.21
NP hydrophobicity was evaluated by measuring the contact
angle of a drop of liquid (water or Miglyol) deposited in the air
on top of a NP layer adsorbed onto a mica substrate (Table 2).

3. RESULTS AND DISCUSSION
3.1. NP Formulation and Characterization. Bare PLGA
NPs and PLGA-PVA NPs were prepared. Their properties
were ﬁrst thoroughly assessed and compared. As shown in
Table 1, all NPs exhibited narrow size distributions as all

Table 2. Contact Angles Measured on a NP Colloidal Layer
on a Mica Substrate at t = 0.4 sa
contact angle (°)

Table 1. Physicochemical Properties of NPs
NPs
PLGA
PLGA-PVA
lyophilized
PLGA-PVA

hydrodynamic diameter
(nm)

PDI

ζ potential
(mV)

170 ± 5
215 ± 10
220 ± 15

0.04
0.06
0.08

−35 ± 2
−4 ± 1
−4 ± 1

a

NP layer

water

Miglyol

without NPs
PLGA NPs
PLGA-PVA NPs

<0.2
120 ± 5
82 ± 7

38 ± 6
18 ± 2
17 ± 2

Number of independent measurements: n = 10 at least.

As seen in AFM pictures, the NP layers covered the substrate
as a dense particle layer with low roughness, similar to that for
PLGA NPs and the non-lyophilized PLGA-PVA NPs (see
Supporting Information 4). The contact angle value was
recorded 0.4 s after droplet deposition, to avoid any imbibition
eﬀects (see Supporting Information 5). The NPs were soluble
neither in water nor in Miglyol and kept their integrity,
although PLGA chains were not chemically cross-linked.
Both types of NPs presented a lower contact angle with
Miglyol than with water: the colloidal layers were more
hydrophobic than hydrophilic. With water, the contact angle
for PLGA-PVA NPs (≈82°) was lower than that for PLGA
NPs (≈120°): the PLGA-PVA NP layer was slightly more
hydrophilic than the PLGA NP layer. This diﬀerence of
hydrophilicity is due to the presence of PVA at the surface of
PLGA-PVA NPs, since PVA is a more hydrophilic polymer
than PLGA.30 Surprisingly, the contact angles with Miglyol
were identical for PLGA NPs and PLGA-PVA NPs (≈17°):
PVA had no inﬂuence on the wettability of the NPs by Miglyol.
An interpretation of this phenomenon is given in Section 3.5.2.
This physicochemical characterization showed that the NPs
were in the same size range but were diﬀerent in terms of ζ
potentials, Young’s moduli, and hydrophobicity. These diﬀerences were mostly attributed to the PVA at the PLGA-PVA NP

polydispersity index (PDI) values were below 0.1.27 PLGA
NPs were 170 nm in hydrodynamic diameter and slightly
smaller than PLGA-PVA NPs. The diﬀerence in size between
the two types of NPs might be explained by the use of two
diﬀerent methods of preparation and by the presence of the
hydrated PVA layer on PLGA-PVA NP surface, which should
increase the hydrodynamic diameter. The presence of PVA on
the surface could also explain the diﬀerences in ζ potential
measurements: −35 mV for PLGA NPs and −4 mV for PLGAPVA NPs. Very likely, the negative charges of PLGA, due to its
carboxylic end groups, are screened by PVA, a neutral polymer,
resulting in the reduction of ζ potential values. Indeed, the
amount of PVA associated to PLGA-PVA NPs was quantiﬁed
at 8% (w/w of PLGA) of PVA in PLGA-PVA NPs (see
Supporting Information 2) and these PVA chains were found
to be at the NP surface (see Supporting Information 3).
PLGA-PVA NPs were lyophilized using trehalose as a
cryoprotectant without any signiﬁcant change in their size and
ζ potential (Table 1). Lyophilization is useful for NP storage
following their preparation. However, it was impossible to
preserve these properties when lyophilizing PLGA NPs despite
the presence of trehalose because of the aggregation of NPs,
even after resuspension.
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particular aqueous phase/oil phase ratio was chosen to have a
suﬃcient amount of NPs to stabilize the oil/water interface.
Both resulting emulsions were very diﬀerent in their macroscopic aspect. After a creaming step, the emulsion stabilized
with PLGA-PVA NPs exhibited a thin emulsion layer (≈7
mm) on top of the sample with a cloudy aqueous phase, due to
an excess of NPs. The emulsion stabilized with PLGA NPs
exhibited a signiﬁcantly thicker emulsion layer (≈21 mm) on
top of a clear aqueous phase. This diﬀerence was consistent
with the previous observation that PLGA-PVA NPs were more
hydrophilic than PLGA NPs (see Section 3.1). The oil had no
inherent stabilizing properties as the mixture of Miglyol and
water only, used as a control, phase-separated within minutes
(Figure 1c).
The stability of these three emulsions, stored at 25 °C
without light over 55 days, was then evaluated with a
Turbiscan apparatus.
3.3. Emulsion Stability Study. The evolution of the
Turbiscan curves with time provided information on the
stability or the destabilization phenomena such as creaming or
sedimentation and coalescence-ﬂocculation.26,31 Examples of
Turbiscan curves obtained for the emulsion stabilized by
lyophilized PLGA-PVA NPs are given in Supporting
Information 6. From the Turbiscan curves of each emulsion
combined with the macroscopic observations performed at the
same time, it was possible to construct a scheme summarizing
the evolution of the emulsion layer for the diﬀerent

surface. Emulsions stabilized by one or the other type of NPs
were then formulated and compared.
3.2. Emulsion Formulation. Emulsions at a 90/10
aqueous phase/oil phase (w/w) ratio were formulated with
Miglyol as the oil phase and, as the aqueous phase, with a
suspension in water at either 25 mg/mL lyophilized PLGAPVA NPs (Figure 1a) or PLGA NPs (Figure 1b). This

Figure 1. Images at D7 of emulsions containing 10% (w/w) Miglyol
and (a) 90% (w/w) lyophilized PLGA-PVA NP suspension at 25 mg/
mL in water, (b) 90% (w/w) PLGA NP suspension at 25 mg/mL in
water, and (c) 90% (w/w) water.

Figure 2. (a) Scheme summarizing the evolution of the emulsion layer, as determined by Turbiscan analysis of emulsions composed of 10%
Miglyol and 90% water or a suspension of lyophilized PLGA-PVA NPs or of PLGA NPs both at 25 mg/mL in water. Time is indicated on a
logarithmic scale. (b, c) Volume distribution of droplet diameters measured by laser granulometry at D0, D1, and D55 for emulsions composed of
10% Miglyol and 90% (b) lyophilized PLGA-PVA NP suspension at 25 mg/mL in water and (c) PLGA NP suspension at 25 mg/mL in water.
13938
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Figure 3. (a, b) Confocal microscopy images of emulsions (green channel: aqueous phase, red channel: NPs) at 10% Miglyol and 90% (a)
lyophilized PLGA-PVA NP suspension at 25 mg/mL in water and (b) PLGA NP suspension at 25 mg/mL in water. (c, d) Fluorescence intensity
proﬁle of red and green channels of (c) a droplet and (d) an inner droplet determined along the white oblique line on image (a) and (b),
respectively.

formulations (Figure 2a). The creaming step observed for each
emulsion would not be a problem for a pharmaceutical or a
cosmetic application provided that the droplet size remained
constant. Indeed, if there is no evolution of the droplet size,
creaming is a reversible phenomenon that can be bypassed by
shaking the sample before use.32
Figure 2b,c displays the droplet size distributions in the
emulsion layer obtained by laser granulometry over time for
the two kinds of NP-stabilized emulsions. With lyophilized
PLGA-PVA NPs (Figure 2b), a slight increase in size and
polydispersity was observed between D0 and D55, corresponding to the weak coalescence-ﬂocculation mechanism observed
by Turbiscan analysis (Figure 2a). Moreover, NP lyophilization did not inﬂuence emulsion stabilization: no diﬀerence in
stability and in macroscopic structure was noticed between the
emulsions stabilized either by lyophilized PLGA-PVA NPs or
by non-lyophilized PLGA-PVA NPs (Supporting Information
7). Consequently, the emulsions for studies hereunder were
prepared using lyophilized PLGA-PVA NPs. For the emulsion
stabilized with PLGA NPs (Figure 2c), no signiﬁcant change in
the droplet size was noticed over time: after the creaming
stage, no evolution of the emulsion was observed for 55 days at
least.
3.4. Microstructure of the Emulsions. The emulsions
stabilized by bare PLGA NPs or by lyophilized PLGA-PVA
NPs appeared very diﬀerent in their macroscopic structure and
stability: the presence of PVA adsorbed on the NPs strongly
modiﬁed the emulsions obtained. Therefore, to better
understand these diﬀerences, their microscopic structure was
studied by confocal scanning laser microscopy. In the confocal
microscopy images (Figure 3a,b), NPs appear in red
(rhodamine), the aqueous phase appeared in green (Oregon
green or calcein), and the Miglyol phase appeared in black.

The emulsion stabilized with lyophilized PLGA-PVA NPs
was a simple oil-in-water (O/W) emulsion as the oil formed
droplets in the aqueous phase (Figure 3a). NPs surrounded the
oil droplets, conﬁrming that NPs adsorbed at the interface to
stabilize the emulsion. NPs were also present in excess in the
aqueous phase, as previously observed at the macroscopic scale
(Figure 1a). The graph giving the ﬂuorescence intensity
collected in both channels (green and red) (Figure 3c),
measured along the white oblique line of Figure 3a, supports
these observations. Indeed, two peaks were detected at the
edge of the droplet in the red channel, corresponding to the
NPs adsorbed at the interface. The ﬂuorescence intensity in
the red channel was not null in the aqueous phase of the
emulsion layer due to the presence of NPs, whereas the
ﬂuorescence intensity in both channels, red and green, was null
inside the droplet and not null outside, as expected for simple
O/W emulsions. All of these results were consistent with the
macroscopic observations.
In contrast, the microscopic structure of the emulsion
stabilized by PLGA NPs was completely diﬀerent. Figure 3b
shows the presence of both multiple water-in-oil-in-water
(W/O/W) and simple O/W droplets. All droplets were
surrounded by NPs, and there were some NP aggregates in the
aqueous phase of the emulsion layer. The type of multiple
droplets was determined by the ﬂuorescence intensity graph
(Figure 3d) measured along the white oblique line on Figure
3b. The two peaks in the red channel at the edge of the internal
droplet corresponded to the NPs adsorbed at the interface,
whereas the peak in the green channel conﬁrmed the presence
of water inside the inner droplets. Thus, the multiple droplets
were water-in-oil-in-water (W/O/W).
The presence of multiple droplets is remarkable as usually,
to obtain a multiple Pickering emulsion, two emulsiﬁcation
13939
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Figure 4. (a) Interfacial tensions γ, (b) interfacial elastic moduli E′, and (c) interfacial viscous moduli E″ vs time at 25 °C. Oscillations of 10% in
volume of the drop on a period of 60 s. The concentration of the NP suspensions was 25 mg/mL. For some systems, error bars are too small to be
visible.

just before becoming the dispersed phase, the continuous
phase would form some droplets in the drops of the other
liquid.40,46,49,50 Binks et al.39 proposed that the multiple
emulsion formation would be due simultaneously to a threephase contact angle around 90° and to the proximity with the
phase inversion (hypotheses 1 and 4). He et al.44 also showed
that parameters such as particle concentration, oil/water ratio,
salt concentration, or pH had an inﬂuence on the type of the
emulsion (simple or multiple). The mechanism of the
formation of such double emulsions is thus complex and is
not fully elucidated yet. In the present study, the third
hypothesis was unlikely to occur as PLGA NPs were all initially
dispersed in water. Besides, a very low oil fraction could not
explain the presence of multiple droplets, as multiple emulsions
were also observed at signiﬁcantly higher oil ratios. However, it
was shown that when increasing the oil ratio, the number of
multiple droplets increased until reaching the phase inversion
(Supporting Information 8). Thus, for our system, among the
hypotheses discussed above, the formation of multiple droplets
might involve a three-phase contact angle around 90°, an
inherent variation of hydrophobicity among the NPs, and/or
the proximity with the phase inversion.
The presence of multiple droplets in the emulsion stabilized
by PLGA NPs could explain the higher emulsion layer
observed compared with the simple O/W emulsion stabilized
with lyophilized PLGA-PVA NPs. Indeed, with multiple
droplets, a higher amount of water participated in the emulsion
layer, since some water was also entrapped as small droplets
within the oil globules.

steps are required, using two types of NPs. The more
hydrophilic ones stabilize the O/W droplets, and the more
hydrophobic ones stabilize the W/O ones.7,33−37 Here, a stable
multiple emulsion was obtained using a single emulsiﬁcation
step and only a single type of NPs. Clearly, all droplets were
surrounded by NPs, conﬁrming that the PLGA NPs were able
to adsorb at the interface of both droplets: O/W and W/O.
Since the ﬁrst description of Pickering multiple emulsions
obtained in a single step with silica NPs by Binks and
Rodrigues in 2003,38 several types of NPs were used: silica
NPs,39−41 poly(dodecyl acrylate-co-acrylic acid) NPs,42
boehmite alumina powder,43 graphene oxide or silver NPcoated graphene oxide,44,45 silicone microbowls,46 poly(N,Ndimethylacrylamide) (PDMA)−poly(methyl methacrylate)
(PMMA) coated latex,47 and styrene/acid acrylic Janus
particles.48 The mechanism for the formation of multiple
Pickering emulsions obtained in a single step using one type of
NPs only was not clearly deﬁned. In these previous studies,
four main hypotheses were proposed to explain the formation
of multiple emulsions in a single step using only one type of
NPs: (1) a three-phase contact angle at the oil, NP, and water
interface around 90° so that the NPs can adsorb both at the
oil/water and the water/oil interfaces;42,43 (2) a variation of
hydrophobicity inherent to the NPs so that the most
hydrophobic ones would adsorb at the water/oil interface
whereas the most hydrophilic ones would adsorb at the oil/
water interface;45 (3) a variation of hydrophobicity among the
NPs due to their interactions with the liquid they ﬁrst establish
contact with;40,46,49 (4) the proximity to the phase inversion:
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Figure 5. Schematic depiction of the interface between Miglyol and aqueous phase containing (a) PVA in solution at 2 mg/mL, (b) PLGA-PVA
NPs in suspension at 25 mg/mL, (c) PLGA NPs in suspension at 25 mg/mL in a solution of PVA at 2 mg/mL. (d) Zoom of a PLGA-PVA NP at
the oil/water interface.

considered as barrier-free. The NP adsorption kinetics was
mainly governed by diﬀusion and the NPs were irreversibly
adsorbed at the interface, as the energy necessary for
desorption ranged from 103 to 104 kBT in the order of
magnitude (Supporting Information 10).
3.5.1. Trehalose Inﬂuence on the Interfacial Tension. The
interfacial tension for a suspension of non-lyophilized PLGAPVA NPs in water (without trehalose) was signiﬁcantly higher
than that for the suspension of lyophilized PLGA-PVA NPs
water (with 150 mg/mL trehalose used as a cryoprotectant)
(14.4 ± 0.4 vs 8.1 ± 0.3 mN/m at 12 h) (Figure 4a). On the
other hand, the interfacial tension of the suspension of nonlyophilized PLGA-PVA NPs in a solution of trehalose at 150
mg/mL (corresponding to the concentration of trehalose in
the lyophilized NP suspension) was the same as that obtained
with lyophilized PLGA-PVA NPs in water (with 150 mg/mL
trehalose). This means that the diﬀerence was not due to the
lyophilization step but to the presence of trehalose in solution.
Arnett et al.53 reported that some reputedly pure carbohydrates
(trehalose, galactose, and sucrose) were contaminated by
surfactants. The purity of our trehalose sample was veriﬁed by
a foaming technique that demonstrated the presence of surface
active impurities. These impurities were not successfully
removed from the solution. However, this was not a crucial
issue in our study, considering that the emulsion prepared with
trehalose alone (150 mg/mL) had a poor stability (Supporting
Information 7). Moreover, the interfacial tension for a
suspension of non-lyophilized PLGA-PVA NPs in water
(without trehalose) was lower than that for a suspension of
PLGA NPs in water, underlining the crucial role played by
PVA in the interfacial tension lowering.
3.5.2. Inﬂuence of the PVA Chains Sterically Stabilizing
the NPs on the Interfacial Tension. As deduced from the
quantiﬁcation of PVA in NPs (see Supporting Information 2),
2 mg of PVA were adsorbed at the surface of 25 mg of PLGAPVA NPs. We also observed that a PVA solution at 2 mg/mL

Thus, the macroscopic and microscopic structures and the
stability of the two emulsions were very diﬀerent, even though
they were prepared with the same oil phase, the same aqueous
phase/oil phase ratio of 90/10 (w/w), and the same quantities
of NPs in the aqueous phase. The only diﬀerence was the type
of PLGA NPs (PLGA-PVA NPs or bare PLGA NPs). To
further elucidate these diﬀerences, an interfacial study was
conducted.
3.5. Interfacial Analysis. The interfacial properties of the
NPs at the oil/water interface were investigated with the
oscillating pendant drop method. The interfacial tension (γ)
(Figure 4a) as well as the interfacial elastic (E′) (Figure 4b)
and viscous (E″) (Figure 4c) moduli were recorded over 12 h.
For this purpose, a drop of aqueous phase was formed in
Miglyol. The values of γ, E′, E″, and |E*| (absolute value of the
complex dilatational modulus) at 12 h for all samples are
summarized in Supporting Information 9. All NP suspensions
were prepared at a PLGA concentration of 25 mg/mL.
When the aqueous phase was a suspension of PLGA NPs in
water, a slight decrease of the interfacial tension was noticed
compared to that of the control (water) (Figure 4a). This is
consistent with the work of Gyulai and Kiss21 who reported the
thermodynamically favorable adsorption and the surface
activity of bare PLGA NPs at air/water and octane/water
interfaces both with a drop tensiometer and a Langmuir
trough. On the other hand, when the aqueous phase was a
suspension of PLGA-PVA NPs in water (lyophilized or not),
the interfacial tension was signiﬁcantly lowered compared with
the interfacial tension of the water/Miglyol interface without
any stabilizer (Figure 4a). We investigated the adsorption
kinetics of the NPs at the interface according to a model
developed by Bizmark et al.51 and also used by Nelson et al.52
(see Supporting Information 10). According to this model, we
found that the adsorption energy barrier (∼10−15 kBT) was
negligible compared with the adsorption energy of a single NP
(∼103−104 kBT). Consequently, the interface could be
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similar to the one of core−shell NPs obtained with grafted
polymers at liquid−liquid interfaces.24
Thus, PVA and, to a lesser extent, trehalose contributed to
the diﬀerences in interfacial tension observed between
lyophilized PLGA-PVA NPs and PLGA NPs.
3.5.3. Interfacial Rheology. The elastic and viscous moduli
of the diﬀerent systems described above are shown in Figure
4b,c. Regardless of the type of NPs adsorbed (PLGA NPs,
PLGA-PVA NPs with or without trehalose, lyophilized or not,
PLGA NPs with free PVA), the elastic moduli were roughly
the same and comparable to the elastic moduli measured
without NPs adsorbed at the interface. Similar results were
obtained for the viscous moduli of these interfaces. The lack of
inﬂuence of the NPs on the interfacial moduli could be due to
the mobility of the NPs at the interface. Indeed, if the NPs
were able to move at the interface and to quickly rearrange
when the interface was compressed or dilated, the rheological
changes could not be detected with a tensiometer. Values of
the interfacial modulus |E*| ranged between 3 and 5 mN/m for
all interfaces with NPs. These values were lower than the ones
found in Gyulai and Kiss21 with a pendant drop tensiometer,
where |E*| ≈ 10 mN/m at equilibrium for bare PLGA NPs
(hydrodynamic diameter of 90 nm) at air/water or octane/
water interfaces, indicating highly compressible interfaces and
well-separated NPs. This is also very diﬀerent from oil/water
interfaces covered with proteins,56 e.g., β-lactoglobulin (a small
globular protein), which are very elastic (|E*| and E′ ≈ 30
mN/m at equilibrium for β-lactoglobulin covering a Miglyol/
water interface).57 Nelson et al. reported that even an interface
that is highly covered by NPs could remain ﬂuid.52 Thus,
mobility of the NPs at the interface could explain that the NPs
had no inﬂuence on the interfacial rheological properties. This
mobility at the interface is governed by the interfacial diﬀusion
coeﬃcient. Rearrangement timescales for the displacement of
one NP diameter were estimated between 10−2 and 50 s,
depending on interfacial diﬀusion coeﬃcients (whose values
could drop to 30−0.01% of their bulk values in oil or water).52
The rearrangement timescales could be compared to the
droplet oscillation period of 60 s. The absence of NP inﬂuence
on interfacial rheological properties in our systems suggested a
quick interfacial rearrangement and thus a limited decrease of
the interfacial diﬀusion coeﬃcient compared with the bulk
diﬀusion coeﬃcient. Fluidity of the interface could possibly be
attributed to the presence of a polymer shell surrounding the
NPs,52 but in our study, such mechanical properties also
occurred for bare PLGA NP without polymer shell. Indeed,
because of their surface charge, PLGA NPs could act as
electrostatic dipoles at the interface.58 Resulting electrostatic
repulsions between NPs might prevent dynamic arrest and
ensure NP mobility in absence of a steric stabilizer.
NP desorption phenomena could also explain the
occurrence of a ﬂuid interface, and such observations were
reported in interface compression experiments. Although NP
desorption is seemingly in contradiction with the principle of
irreversibility of adsorption of the NPs at the interface,59−61 a
substantial compression (e.g., ≈35% decrease of the droplet
area)62 could bring enough energy to force NPs to desorb from
the interface.25,52,62,63 In our case, viscoelasticity was assessed
through oscillatory variations of the droplet volume, i.e.,
through a series of sinusoidal expansion and compression of
the droplet area. However, droplet area variations were small
(±10%) and the energy necessary for desorption was high
(Supporting Information 10). Moreover, surface pressure vs

led to a pronounced lowering of the interfacial tension (Figure
4a). This was not surprising, considering that PVA is known
for its surfactant properties.54 It should be noted that no PVA
aggregate was present in these solutions, as all PVA aqueous
solutions prepared in this study were at a concentration lower
than the critical aggregation concentration (CAC) of the PVA
(9.2 mg/mL) (Supporting Information 11).
To get a better insight into the eﬀect of PVA sterically
stabilizing the NPs, a bare PLGA NP suspension at 25 mg/mL
was mixed with a solution of PVA at 2 mg/mL. A decrease of
the interfacial tension was observed compared to that of the
PLGA NP suspension in water (Figure 4a). When bare PLGA
NPs and free PVA are mixed in the same solution, free PVA
chains adsorb more rapidly than PLGA NPs and lower the
interfacial tension. Indeed, Stokes−Einstein diﬀusion coefﬁcients D for PVA chains in water and for non-lyophilized
PLGA-PVA NPs could be estimated from PVA radius of
gyration Rg in water (Rg ∼ 10 nm; see Section 3.1) and from
the NP radius (see details in Supporting Information 10). For
PVA in water, D = 3.7 × 10−11 m2/s, and for bare PLGA NPs,
D = 2.5 × 10−12 m2/s. Nevertheless, the interfacial tension
decrease was more limited compared to that of the PVA
solution at 2 mg/mL. A lower amount of PVA chains was able
to adsorb at the oil/water interface in presence of PLGA NPs
than when only PVA chains were present in the aqueous phase,
since adsorbed PLGA NPs limited the adsorption or
reconﬁguration of PVA chains at the interface (see the
schematic depictions of Figure 5a,c).
Finally, at the same concentration, PVA adsorbed onto
PLGA-PVA NPs induced a more signiﬁcant decrease in the
interfacial tension than the mixture of free PVA and PLGA
NPs (Figure 4a). More PVA chains were able to adsorb at the
interface when they were previously adsorbed at the NP
surface than when they were free in the aqueous phase in
presence of PLGA NPs. This could be explained by a partial
desorption of PVA from the particle surface when in contact
with the oil phase (Figure 5b). Indeed, as previously observed
(see Table 2 in Section 3.1), the PVA adsorbed at the NP
surface made the surface more hydrophilic than PLGA.
Interactions of PVA with the oil phase were thus less favorable
than those of PLGA with the same phase. Our results suggest
that PVA chains might partially detach from the NP surface at
the water/Miglyol interface and consequently favor the
adsorption of the NPs at the interface. Once partially detached,
these PVA chains or segments could adsorb at the oil/water
interface in a more extended conformation and lower the
interfacial tension.55 PVA chains at the NP surface and directly
in contact with Miglyol would contract. Indeed, the radius of
gyration Rg of a PVA coil (≈10 nm in water, as seen
previously) was ≈2 nm in Miglyol (in a poor solvent, a
compact conformation of the coil is obtained and Rg = 1/√6
× N1/3a). This value is below the average distance between
PVA chains at the particle surface (≈5 nm) calculated
previously. The thickness of the corona in contact with
Miglyol should thus be in the order of magnitude of Rg.
Besides, due to the contraction of the PVA chains at the
particle surface when in contact with Miglyol, PLGA segments
that are more hydrophobic were more exposed toward the oil
phase. This would also explain why PVA did not aﬀect the
contact angle with Miglyol, whereas it did aﬀect the contact
angle with water (see Table 2 in Section 3.1). Figure 5d
displays the asymmetrical conformation of one PLGA-PVA NP
at the oil/water interface. Such asymmetrical conformation is
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droplet area during oscillations was reversible through
expansion/compression cycles and did not reach any plateau,
invalidating the NP desorption hypothesis.

■

4. CONCLUSIONS
Pickering emulsions using biodegradable and biocompatible
components were successfully prepared using Miglyol as the oil
and bare PLGA NPs as stabilizers. They were compared with
emulsions stabilized with PLGA-PVA NPs. Emulsions
prepared with bare PLGA NPs displayed a better stability
over 55 days. Interestingly, these emulsions exhibited very
diﬀerent macroscopic structures in terms of emulsion layer
thickness and NP excess in the lower aqueous phase. They also
displayed very diﬀerent microscopic structures. Surprisingly,
the coexistence of multiple W/O/W droplets and simple O/W
droplets was obtained with bare PLGA NPs after a single step
of emulsiﬁcation, whereas PLGA-PVA NPs led to simple O/W
emulsions. Not only PVA chains led to a more hydrophilic
surface, as demonstrated by contact angle measurements, but
they also lowered the interfacial tension. It is likely that PVA
chains could partially desorb from the NPs to adsorb at the
oil/water interface. This emphasizes the key role of the
sterically stabilizing polymer present at the NP surface in the
stabilization mechanism of Pickering emulsions. However, the
rheological behavior of the interface was unaﬀected by the
presence of NPs or their composition. Although further
analysis is needed, this rheological behavior could be explained
by the ability of NPs to move and quickly reorganize at the
interface upon dilatation and compression. Moreover, the
determination of the three-phase contact angle performed at
oil/water interface on individual NPs (e.g., with freeze-fracture
shadow-casting cryo-scanning electron microscopy)64 could
also provide valuable information to further explain the
microstructure of the emulsions. Finally, this system oﬀers
the possibility to control the structure of an emulsion by the
nature of the NPs that stabilize it. Such Pickering emulsions
using PLGA NPs appear as very promising systems for
pharmaceutical and cosmetic applications and could be
extended to other biocompatible oils.

■

surement of the critical aggregation concentration
(CAC) of PVA (Supporting Information 11) (PDF)
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