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ARTICLE INFO ABSTRACT

Keywords: There has been a surge in effort in the development of various solid nanoparticles as Pickering emulsion sta-
Superparamagnetic iron oxide nanoparticle bilizers in the past decades. Regardless, the exploration of stabilizers that simultaneously stabilize and deliver
Magnetoliposome

bioactive has been limited. For this, liposomes with amphiphilic nature have been introduced as Pickering
emulsion stabilizers but these nano-sized vesicles lack targeting specificity. Therefore in this study, super-
paramagnetic iron oxide nanoparticles (SPION) encapsulated within liposomes (MLP) were used as Pickering
emulsion stabilizers to prepare pH and magnetic-responsive Pickering emulsions. A stable MLP-stabilized Pick-
ering emulsion formulation was established by varying the MLP pH, concentration, and oil loading during the
emulsification process. The primary stabilization mechanism of the emulsion under pH variation was identified
to be largely associated with the MLP phosphate group deprotonation. When subjected to sequential pH
adjustment to imitate the gastrointestinal digestion pH environment, a recovery in Pickering emulsion integrity
was observed as the pH changes from acidic to alkaline. By incorporating SPION, the Pickering emulsion can be
guided to the targeted site under the influence of a magnetic field without compromising emulsion stability.
Overall, the results demonstrated the potential of MLP-stabilized Pickering emulsion as a dual pH- and magnetic-
responsive drug delivery carrier with the ability to co-encapsulate hydrophobic and hydrophilic bioactive.

Pickering emulsion
Magnetic-responsive
PH-responsive

1. Introduction

Emulsions are described as a colloidal dispersion of two or more
immiscible phases in a single system [1,2]. Given the immiscibility,
emulsions are thermodynamically unstable in the absence of an emul-
sifier. Surfactants are traditionally utilized to delay the emulsion
destabilization by lowering the surface tension between the two phases.
However, the use of surfactant remains controversial as it has allergenic
potential and might pose environmental concerns [3,4]. On account of
heightened consumer awareness and the implementation of more
rigorous environmental regulations, the use of solid particles as emul-
sifiers to form Pickering emulsion has been introduced. Pickering
emulsion have emerged as frontrunners for targeted drug delivery as
they possess characteristics including enhanced stability, excellent
payload capacity, and versatility via design engineering. A myriad of

solid particles such as chitosan [5,6], cellulose nanocrystal [7,8], iron
oxide nanoparticles, or the combination of these [9,10] have been uti-
lized as Pickering emulsifiers. Despite the leap in Pickering emulsifier
development, limited effort has been invested in the exploration of
emulsifiers that not only stabilize but simultaneously deliver other
bioactive to further augment emulsion functionality.

Liposomes are spherical nano-sized vesicles conventionally made up
of amphipathic lipids that self-assemble into a bilayer structure envel-
oping an aqueous lumen when dispersed in water [11]. Owing to their
amphiphilic nature, the encapsulation of both hydrophobic and hydro-
philic drugs in the bilayer or the aqueous lumen respectively is possible,
thereby broadening their application in the biomedical domain [11,12].
For the past decades, Food and Drug Administration (FDA) approved
liposome formulations (Doxorubicin (Dox), Doxil, and Myocet) have
been widely used in clinical settings owing to their low toxicity, and
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improved drug loading capacity [13,14]. Among different liposomal
formulations, pH-responsive liposome synthesized via natural phos-
pholipid (e.g, phosphatidylcholine, phosphoethanolamine, etc.) has
been largely explored [15,16]. When these liposome formulations are
exposed to acidic conditions, the permeability of the membrane is
affected via functional group protonation/deprotonation. Eventually,
the bilayer membrane ruptures to trigger site-targeted cargo release.
This is especially beneficial for tumor-targeted delivery as the tumor
microenvironment is often more acidic than healthy tissues [17]. Other
than the widespread use of stimuli-responsive liposomes as drug de-
livery vehicles in the biomedical field, liposomes have recently been
proposed as Pickering emulsifiers to form oil-in-water Pickering emul-
sions [18,19]. These studies analyzed the structural stability of
liposome-stabilized Pickering emulsion prepared via low-energy mixing
to prevent compromising liposome structural integrity. In addition, the
potential of liposome-stabilized Pickering emulsion as a delivery vehicle
co-encapsulating hydrophobic and hydrophilic drug for in vitro release
was explored [18]. Although the outcomes from these studies demon-
strated that liposome-stabilized Pickering emulsion can be considered as
promising drug delivery candidates, they lack targeting specificity. To
harness the unique ascendancies of liposome-stabilized Pickering
emulsion and overcome the abovementioned limitation, the incorpora-
tion of superparamagnetic iron oxide nanoparticles (SPION) into lipo-
some to form magnetoliposome (MLP) as a Pickering emulsifier has been
proposed in this study.

Magnetic nanoparticles in particular SPION have been widely uti-
lized in the biomedical field for tumor-targeted diagnosis or delivery
[17,20,21]. SPION is made up of an iron oxide core comprising either
magnetite (Fe304) or maghemite (y-Fe;O3) with a core size between 10
and 20 nm [13]. Under the exposure of an external magnetic field,
SPION can be magnetized up to a high saturation intensity and promptly
loses its magnetism when the field is removed. This allows SPION to
travel to the targeted sites with high precision via remote controlling
[20,22,23]. Moreover, SPION-based drug delivery systems also exhibit
characteristics such as biocompatibility, improved biodistribution,
improved cellular uptake, and minimal toxicity [20,23]. Since bare
SPION are rather hydrophobic and have poor aqueous dispersity, hy-
drophilic surface modifications become necessary for their subsequent
biomedical application [24]. Following their hydrophilic modifications,
these SPION can be encapsulated within the aqueous lumen of liposome
to form MLP, and can further be used as a Pickering emulsifier with
magnetic responsiveness. While several studies have developed mag-
netic Pickering emulsions for the targeted delivery of hydrophobic
bioactive, little attention has been given to the development of magnetic
Pickering emulsions that are capable of delivering both hydrophobic and
hydrophilic bioactive [25,26].

Herein, we report the preparation of Pickering emulsion by using
MLP as an emulsifier that demonstrates both pH and magnetic respon-
siveness. The effect of MLP pH, MLP concentration, and oil loading on
the formation of Pickering emulsion was evaluated by investigating their
size, morphology, and creaming profile. In addition, their storage sta-
bility under different temperatures was also examined. The current work
also studied the pH responsiveness of the MLP-stabilized Pickering
emulsion by subjecting the emulsion to various pH environments. To
validate the magnetic responsiveness of the emulsion after incorporation
of SPION, the MLP-stabilized Pickering emulsion was subjected to an
external magnetic field. The magnetic responsiveness of SPION was
successfully retained after its encapsulation within MLP allowing
magnetic-guided delivery. This work denotes the use of MLP as a Pick-
ering emulsifier which displayed both pH and magnetic responsiveness
to potentially enhance the precision of drug delivery.
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2. Experimental methods
2.1. Materials

Iron (III) chloride hexahydrate (FeCl3-6 Hy0, 99 %), sodium oleate
(99.0 %), hexane (96.0 %), diphenyl ether, oleyl alcohol (technical
grade, 85 %), oleic acid (99.0 %), 1,2-dichlorobenzene (99.0 %), N,N’-
dimethylformamide (99.8 %), citric acid (99.0 %), diethyl ether
(99.0 %). L-a-phosphatidylcholine (from soybean, Type II-S, 14-29 %
choline basis), cholesterol (99.0 %), chloroform (99.0 %), and poly-
ethylene glycol 3000 (PEG) were all purchased from Merck, Malaysia.
Acetone (99.0 %), isopropyl alcohol (99.0 %), and diethyl ether (99.0 %)
were purchased from Systerm Chemicals. Sunflower oil was purchased
from Naturel Premium Blend, Lam Soon. Ultrapure water with a Milli-
Q® Plus apparatus and resistivity of 18.2 MQ cm ™! was used throughout
this study (Millipore, Billerica, USA). All chemicals used in this study
were of analytical grade.

2.2. Preparation of SPION

The SPION was synthesized via the thermal decomposition route and
modified with hydrophilic moieties. Briefly, 0.1 g of sodium oleate was
dissolved in 42 mL of hexane at room temperature. 0.36 g of iron (III)
chloride was dissolved in 25 mL of water and 33 mL of ethanol at room
temperature. The two mixtures was mixed and heated for 1 h. After
1 hour, the aqueous phase was removed and the washed mixture was
dried for 24 h to obtain iron precursor. The prepared iron precursor was
rapidly injected into a solution of 30 mL diphenyl ether, oleic acid, and
oleyl alcohol at 100 °C under constant nitrogen purging. The mixture
was heated to reflux and kept at that temperature for 1 h. During this
process, the initial orange solution turns black. The resulting black so-
lution was then cooled to room temperature and acetone was added to
yield a black precipitate. The precipitate was separated by centrifuga-
tion, washed, and dried in a vacuum oven to obtain a black magnetic
powder. The resulting powder was stored by redispersing it in chloro-
form for future analysis. To further functionalize the SPION with a hy-
drophilic group, 0.1 g of as-synthesized SPION was dissolved in a 1:1
mixture of 1,2-dichlorobenzene and N,N’-dimethylformamide (30 mL
total volume). 1.24 g of citric acid was added and the mixture was stirred
at 60 °C for 24 hours. After cooling the solution, diethyl ether was added
to yield a brown precipitate. The precipitate was separated by centri-
fugation, washed with acetone, and dried in a vacuum oven to obtain
hydrophilic citric acid-capped SPION.

2.3. Preparation of MLP

MLP was prepared by thin film hydration method. L-a-phosphati-
dylcholine and cholesterol at the ratio of 6:1 (total lipids 200 mg) dis-
solved in 10 mL of chloroform were added to a round bottom flask.
Chloroform was removed using a rotary evaporator (Rotavapor® R-100,
BUCHI) at 460 mbar for at least 1 h to form a thin dried lipid film. The
film was then hydrated in ultrapure water containing SPION for 1 h.
Unencapsulated SPION was removed by centrifuging the samples at
1000 XG for 10 min. The hydrated liposomes were extruded with 11
passages through a 220 nm pore diameter polycarbonate membrane
filter using a mini extruder (Avanti Polar Lipids Inc., Alabaster, AL) to
obtain uniform size distribution.

2.4. Characterization of SPION and MLP

Physicochemical analysis. The magnetization of SPION was measured
using the vibrating sample magnetometry (VSM) (Lakeshore 7400 Se-
ries). The encapsulation of SPION in MLP and the mean hydrodynamic
diameter of SPION and MLP were visualized using transmission electron
microscopy (TEM) (TECNAI G2 F20) operating at 200 kV accelerating
voltage. The zeta potential of the MLP suspension under different pH
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was determined with Zetasizer Nano ZS 90 (Malvern Instruments, UK),
at 25 °C.

Particle wettability analysis. The wettability of MLP was characterized
based on the air-liquid contact angle measurement using the contact
angle goniometer (Ramé-Hart Instrument Co., USA). Briefly, the MLP
suspension was deposited on a glass slide and air-dried overnight. Eight
droplets of ultrapure water were deposited on different locations of the
dried film where the contact angles were then calculated.

2.5. Preparation of MLP-stabilized Pickering emulsion

Coarse emulsion formation. The oil phase was first prepared by dis-
solving l-a-phosphatidylcholine (emulsifier) in 10 mL chloroform.
Chloroform was then removed using a rotary evaporator at 460 mbar for
at least 1 h. The thin lipid film was then rehydrated using sunflower oil
under magnetic stirring for 2 h to achieve a final lipid concentration of
0.25 % w/v. Preparation of the water phase included dissolving PEG in
ultrapure water. PEG solution was then added to the sunflower oil and
ultrasonicated for 3 min in an ice bath. The total volume of emulsion
formed was 20 mL. The coarse emulsion was sent for freeze-drying at
—90°C for at least 8 h.

Pickering emulsion formation. The freeze-dried emulsion was then
rehydrated with MLP suspension to the initial volume for 1 h and ho-
mogenized at 10,000 RPM for 3 min to obtain MLP-stabilized Pickering
emulsion.

2.6. Characterization of MLP-stabilized Pickering emulsion

Microstructural analysis. The microstructure of freshly prepared MLP-
stabilized Pickering emulsion was visualized using an inverted optical
microscope (Nikon Eclipse Ti-E, Nikon Instruments Inc., USA) at 20x
magnification. The visualized samples were diluted 100 times, dropped
on cleaned microscope slides, and observed at 20 x magnification. The
fluorescent images were performed by staining the MLP with fluorescein
isothiocyanate (FITC) (0.1 %v/v) prior to the Pickering emulsion
formation.

Emulsion type. The type of emulsion formed in this study was verified
to be either oil-in-water or water-in-oil by utilizing the drop test method
where photographs were taken. Separately, the Pickering emulsion
freshly formed was dropped into pure water and pure oil. From visual
observation, the Pickering emulsion is categorized as an oil-in-water
Pickering emulsion if well dispersed in the water phase and not the oil
phase. On the contrary, if the emulsion was well dispersed in the oil
phase and not the water phase, emulsion is categorized as water-in-oil
Pickering emulsion.

Emulsion stability. The stability of MLP-stabilized Pickering emulsion
was evaluated by visual observation of the Pickering emulsion. Upon
formation, the emulsions were transferred into capped glass vials at
room temperature and left undisturbed for up to 14 days. The creaming
stability of the Pickering emulsion was determined by measuring the
height of the stable emulsion fraction after preparation using the
equation below:

Height of stable emulsion

0,
Total emulsion height X 100% M

Stable emulsion, % =

Physicochemical analysis. The hydrodynamic diameter and size dis-
tribution of Pickering emulsion formed for up to 14 days was measured
periodically using a Mastersizer (Mastersizer 3000, Malvern Instrument,
UK) equipped with a Hydro EV dispersion unit. The zeta potential of the
Pickering emulsion was determined with Zetasizer Nano ZS 90 (Malvern
Instruments, UK), at 25 °C.

2.7. Physicochemical Stability of MLP-stabilized Pickering emulsion

Effect of MLP pH on Pickering emulsion stability. The MLP concentra-
tion and oil volume were kept constant at 10 % w/v, and 10 % v/v
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respectively. The pH of the MLP suspension was adjusted using either
0.1 M HCI or 0.1 M NaOH to 1.5, 3.0, 5.0, 6.0, 7.4, and 10.0 prior to
using it for the formation of MLP-stabilized Pickering emulsion. The
Pickering emulsion was formed as described above and then transferred
to glass vials and stored at room temperature for subsequent
characterization.

Effect of MLP concentration on Pickering emulsion stability. The MLP pH
and oil volume were kept constant at pH 7.4, and 10 % v/v respectively.
The MLP was prepared at different concentrations (10, 20, 30, and 40 %
w/V) by dissolving l-a-phosphatidylcholine and cholesterol at the ratio
of 6:1 in chloroform. A thin film was formed after subjecting the mixture
to rotary evaporation and subsequently rehydrated with ultrapure water
containing SPION before the preparation of MLP-stabilized Pickering
emulsion. The Pickering emulsion was formed as described above and
then transferred to glass vials and stored at room temperature for sub-
sequent characterization.

Effect of oil volume on Pickering emulsion stability. The MLP pH and
MLP concentration were kept constant at pH 7.4, and 30 % w/v
respectively. Emulsions with different oil volume fractions were pre-
pared by homogenizing PEG with different oil volume fractions (10, 20,
30, and 40 % v/v) to achieve a final emulsion volume of 20 mL. The
Pickering emulsion was formed as described above and then transferred
to glass vials and stored at room temperature for subsequent
characterization.

2.8. Storage stability of MLP-stabilized Pickering emulsion

The freshly prepared MLP-stabilized Pickering emulsion was then
into a screw cap glass vial and stored under different temperatures (4,
25, and 45°C) for 21 days. The creaming stability and hydrodynamic
diameter were then analyzed as described above.

2.9. pH responsiveness of MLP-stabilized Pickering emulsion

The pH-responsive properties of MLP-stabilized Pickering emulsion
were investigated by adjusting the pH of the stable Pickering emulsion to
pH 1.5, 3.0, 5.0, 7.4, and 8.5 using 1.0 M HCl or 1.0 M NaOH. The
sequential pH response of MLP-stabilized Pickering emulsion was also
investigated by adjusting the Pickering emulsion to pH 1.5, 8.5, and 7.4
continuously. The hydrodynamic diameter and morphology were
analyzed after each pH variation.

2.10. Magnetic responsiveness of MLP-stabilized Pickering emulsion

The motion of the MLP-stabilized Pickering emulsion under the in-
fluence of an external magnetic field was examined by using a method
described previously with slight modifications [10]. Briefly, 1.0 mL of
stable Pickering emulsion was deposited into a petri dish filled with
water and subjected to an external magnetic field by placing a magnet
underneath. Photographs were taken on a digital camera to observe the
motion of the MLP-stabilized Pickering emulsion. The demulsification
investigation was conducted as described previously with slight modi-
fications [27-30].

2.11. Statistical Analysis

Each set of experiments was independently performed at least twice,
and the results were expressed as means and standard deviation.
GraphPad Prism software was used for statistical analysis. Analysis of
variance (ANOVA) was conducted and statistical significance was
defined as p < 0.05.
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3. Results and Discussion
3.1. Characterization of SPION and MLP

Characterization of SPION. The SPION was synthesized via thermal
decomposition and subjected to ligand exchange with citric acid to yield
hydrophilic SPION. The particle size and zeta potential of SPION was
inspected using TEM and dynamic light scattering (DLS). The size of
SPION was measured to be 8.8 + 1.2 nm with a zeta potential of —36.7

+ 0.4 mV as a result of SPION surface stabilization via citric acid

adsorption (Fig. 1a). Depending on steric necessity and surface curva-
ture, citric acid could potentially adsorbed onto SPION surface by
coordinating one or two of the carboxylate functional groups. Therefore,
at least one free carboxyl group present is responsible for their hydro-
philic characteristics thus improving their colloidal stability in aqueous
medium [31]. In addition, the SPION showcased superparamagnetic
characteristics and had a saturation magnetization (M) of 42.4 emu/g
from the VSM analysis (Fig. 1b). Since superparamagnetic materials do
not possess remanent magnetization, they can be instantaneously and
strongly magnetized/demagnetized under the presence/absence of a
small applied magnetic field [31,32]. Fundamentally, a higher M is
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ideal for magnetic targeting because the magnetic force (Fy,) exerted on
a magnetic nanoparticle in the presence of an applied magnetic field can
be expressed as F,, = yV(VB)?/ (2u9), where x represents the particle’s
magnetic susceptibility, V signifies volume, VB denotes external mag-
netic field gradient and iy denotes free space permeability [32]. Thus,
the functionalized SPION with high M; can be effectively guided to and
retained at the targeted site under the influence of applied magnetic
field [32,33]. By further co-encapsulating these SPION and biological
molecules/drugs within liposome, this carrier can be magnetically
concentrated at targeted site, facilitating subsequent cargo release. The
released SPION can be potentially used for diagnosis (i.e., MRI contrast
agent) or therapy (i.e., via magnetic hyperthermia effect or targeted
drug delivery) [34-38].

Characterization of MLP. The citric acid-capped SPION was further
encapsulated within the aqueous lumen of liposome via thin film hy-
dration forming MLP. The size of MLP characterized using DLS was
176.9 + 6.8 nm with a zeta potential of —51.8 + 1.4 mV at pH 6.0. In-
spection from the TEM photographs showcased successful encapsulation
of SPION within the aqueous lumen of liposome without compromising
liposome integrity (Fig. 1¢). As mentioned previously, the wettability of
Pickering emulsifiers plays a vital role in affecting emulsion stability
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Fig. 1. Characterization of SPION. (a) HR-TEM photograph of hydrophilic SPION. (b) Magnetization curve for SPION. Characterization of MLP. (¢) HR-TEM
photograph of MLP. (d) Three-phase contact angle of MLP at different pH at their corresponding photographs. (e) Zeta potential of MLP at different pH. (f) Pho-
tographs of MLP at different pH. The error bars represent the standard deviation in measurements and different alphabetic letters were significantly different at p <

0.05 by Bonferroni’s Multiple Comparison Test.
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[39]. Given that, the wetting behavior of MLP under different pH was
investigated via three-phase contact angle measurement. From Fig. 1d,
the three phases contact angle exhibited a general increasing trend from
11.7 £0.9°t0 21.6 £ 0.1 ° as pH increases from 1.5 to 10.0. The contact
angle of MLP generally falls below 90° and thus is considered to be a
hydrophilic Pickering emulsifier [39]. As discussed by Xiao, Li, and
Huang, when the contact angle is within or greater than 30° but smaller
than 150°, irreversible adsorption of the emulsifier will take place as the
particle desorption energy is significantly larger than the thermal energy
associated with Brownian motion [40]. Hence, it was expected that an
enhanced emulsion stability would be reflected at a more alkaline pH.

Besides surface wettability, the magnitude of surface charges also
vastly affects colloidal stability and emulsion stability. In this study, the
surface charge of MLP suspension at different pH was also measured
using a zetasizer. At physiological pH (pH 7.4), the MLP exhibited a
surface charge of —53.0 = 1.4 mV and its net value increased with pH
(Fig. 1e). Whereas at a more acidic pH, the net surface charge decreased.
This observation could be due to the protonation of phosphate group on
phosphatidylcholine below its pK, (pKy; = 2.2). As pH approaches pK,
(pKa2 = 7.2 and pKa3 = 12.3), the phosphate groups further get depro-
tonated as corroborated by the increasingly negative surface charge
(Figure S1) [41]. The protonation and deprotonation of the lipid bilayer
can then disrupt the MLP structure causing bilayer membrane rupture
[15]. Some might argue that the MLP disintegration could be due to
chemical degradation of ester bonds, this is unlikely as ester bonds are
considerably stable under acidic conditions unless exposed to specific
degradative enzymes such as esterase [42,43]. It can also be observed
that the MLP suspension was less turbid in a more acidic environment
which could represent lipid bilayer disintegration as previously reported
in other studies (Fig. 1f) [44]. This is unfavorable as this can cause
leakage of encapsulated SPION or bioactive resulting in premature drug
release. Therefore, it is of utmost importance to ensure the MLP is pre-
pared at a pH where it can both retain its structural integrity and
effectively stabilize the emulsion.
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3.2. Characterization of MLP-stabilized Pickering emulsion

Although phosphatidylcholine was added in the oil phase during
coarse emulsion preparation, its presence alone was insufficient to sta-
bilize the emulsion system at low energy mixing (Figure S2). In an
attempt to improve emulsion stability, MLP was added to the system.
The MLP formed using the thin film hydration method was used as the
emulsifier in this study. To investigate the type of emulsion formed,
emulsion drop tests in pure water and pure oil were conducted. As
observed, the emulsion was found to disperse well in pure water and
remained as a droplet in pure oil indicating the formation of oil-in-water
emulsion (Fig. 2a). Following that, the localization of MLP at the
interface was visualized using fluorescence microscopy by staining MLP
with FITC. From Fig. 2b, the fluorescent images revealed an evident
green fluorescent ring surrounding the oil droplets demonstrating the
irreversible adsorption of MLP as a Pickering emulsifier at the oil/water
interface.

3.3. Factors affecting the stability of MLP-stabilized Pickering emulsion

Effect of the pH of MLP suspension. The effect of the pH of MLP sus-
pension (1.5, 3.0, 5.0, 6.0, 7.4, and 10.0) on the formation of the Pick-
ering emulsion was investigated by monitoring the changes in their
mean droplet size and creaming profile. All Pickering emulsions were
formed at PEG concentration of 5 % w/v. In the pH study, the Pickering
emulsion was formed at a fixed MLP concentration and oil loading of
20 % w/v and 10 % v/v, respectively. As seen in Fig. 3a, the emulsion
formed at pH 7.4 was relatively stable with a droplet size of 13.5 £+ 0.1
pm. The size distribution curve of the emulsion formed at MLP pH > 7.4
revealed uniform size distribution indicating that the emulsion formed
was monodispersed (Figure S3a). Fig. 3b and ¢ showcased that although
all Pickering emulsions underwent creaming, emulsions stabilized at
MLP pH > 7.4 are less likely to deoil and destabilize. This can be asso-
ciated with the surface charge of the MLP at different pH as liposome-

(b)

Fig. 2. Characterization of MLP-stabilized Pickering emulsion. (a) Drop test of MLP-stabilized emulsion in pure water (left) and pure oil (right). (b) Fluorescence
images of Pickering emulsion showcasing the location of MLP (green fluorescence represents the location of MLP). The scale bar is 20 pm.
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stabilized Pickering emulsions are primarily stabilized by the electro-
static repulsion between individual liposome nanoparticles [19]. As pH
increases, the surface charge of MLP increases negatively, and at pH >
7.4, MLP predominantly possesses negative charges. This can effectively
resist particle agglomeration thus enhancing interface coverage and
subsequent Pickering emulsion stability [39]. On the contrary, droplet
size showcased an increasing trend under a more acidic environment. An
increase in droplet size of about 10-fold was recorded as MLP pH was
adjusted to pH 1.5 and 3.0 with an increasing degree of polydispersity.
In addition, apparent deoiling and phase separation were observed
under these conditions. At acidic pH, repulsive energy between MLP is

reduced as their surface charge approaches zero. This reduction in
repulsive energy consequently leads to severe particle aggregation and
provides poor interface coverage, thereby prompting droplet agglom-
eration [45]. After storing the Pickering emulsion for 14 days, the
droplet size of Pickering emulsions formed at alkali pH remained rela-
tively stable as compared to those at acidic pH, which was in good
agreement with the optical microscopic images (Fig. 3d).

Effect of MLP concentration. To investigate the effect of MLP con-
centration on Pickering emulsion stability, the MLP pH and oil volume
were maintained at pH 7.4 and 10 % v/v respectively. Upon formation,
all emulsion samples exhibited uniform size distribution (Figure S3b)
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with similar droplet size, whereby the emulsion with the smallest
droplet size (12.3 + 0.9 pm) was obtained at 30 % w/v MLP (Fig. 4a).
After storage for 14 days, the Pickering emulsion stabilized by 30 % w/v
MLP concentration also showed the smallest size increment (from 12.3
+ 0.9 pm to 15.1 + 1.0 pm). As a more robust oil/water interface
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coverage is established at higher MLP concentration, droplet coales-
cence is inhibited and interfacial tension is reduced. These ultimately
contribute to the enhanced emulsion stability [2,19,46]. However, there
was an increase in droplet size from 12.5 £+ 0.9 pm to 57.4 £+ 7.7 pm at
40 % w/v MLP concentration. This could be due to the presence of

N
(3]

- = N
o (3] o

Creaming index (%)
(3]

o

0 100 200 300 400
=+ 30% -+ 40%

Fig. 4. Effect of MLP concentration on Pickering emulsion stability. (a) Droplet size, (b) creaming index, (c) creaming profile, and (d) microscopic images of MLP-
stabilized Pickering emulsion at different MLP concentrations from day O to day 14. The scale bar is 50 pm. The error bars represent the standard deviation in

measurements.
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surplus MLP in the continuous phase in which the overcrowded MLP
further led to particle aggregation and hindered particle packing at the
interface [19,45]. Furthermore, the adsorption of these larger aggre-
gated MLP at the interface contributes to an increase in the overall
droplet size [19]. It can be seen from Fig. 4b and c that all emulsions
underwent creaming. Several factors might have contributed to this,
with large MLP size (~100 nm) being one of the primary factors as the
size of particles can substantially affect the particle desorption energy.
Generally, a smaller particle size allows for denser packing, which im-
proves emulsion stability by reinforcing the barrier at the oil/water
interface [47]. Moreover, the size of the emulsion droplet is inevitably
restricted by the particle size where larger particles generally yield
larger emulsion droplets [39,46]. Larger droplets accelerate the
creaming process as they are more susceptible to gravitational forces as
compared to the smaller ones [45]. The larger droplet sizes at 10 %,
20 %, and 40 % w/v MLP were also reflected in their microscopic im-
ages (see Fig. 4d).

Effect of oil volume. The effect of oil volume on the Pickering emulsion
droplet size and morphology was examined at a fixed pH and MLP
concentration of 7.4 and 30 % w/v respectively. By increasing the oil
loading from 10 % v/v to 40 % v/v, the droplet size progressively
increased from 12.3 + 0.9 pm to 16.7 &+ 0.1 pm (Fig. 5a). The increment
was insignificant as the emulsion droplet size is limited by the MLP
concentration. It was also noticed that, creaming increased with oil
loading as the creaming profile is directly related to the initial oil
loading volume (Fig. 5b). With that, creaming will eventually reach a
point corresponding to the initial oil loading volume thus the higher

(b)
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creaming index of 40 % v/v oil loading. Regardless, no apparent oiling
off was noted in all emulsion samples after 14 days of storage signifying
excellent Pickering emulsion stability. The droplet size had a generally
increasing trend with storage time, and the smallest droplet size was
achieved at 10 % v/v. In addition, the Pickering emulsion droplet had
uniform size distribution even after 14 days of storage demonstrating
minimal particle deformation or emulsion destabilization (Figure S3c)
[46,48]. The uniform size distribution of MLP-stabilized Pickering
emulsion at different oil loading was also in good agreement with the
microscopic images (Fig. 5¢). Excellent emulsion stability at different oil
loading is advantageous as it imparts versatility to the design, allowing
the hosting and delivery of hydrophobic drugs in the oil phase and hy-
drophilic drugs in the aqueous lumen of MLP at different ratios
depending on their application [49,50]. Here onwards, Pickering
emulsion stabilized by MLP at pH 7.4 and 30 % w/v concentration at
10 % v/v oil loading will be used for the subsequent analysis.

3.4. Storage stability of MLP-stabilized Pickering emulsion

The storage stability of MLP-stabilized Pickering emulsion was
evaluated by subjecting freshly formed emulsion at pH 7.4 MLP sus-
pension, 30 % w/v MLP concentration, and 10 % v/v oil loading to 4°C,
25°C, and 45°C environment for 21 days. While apparent creaming was
still noticed in the emulsion samples, the droplet size did not signifi-
cantly change at 4°C and 25°C indicating the stability of
phosphatidylcholine-based MLP at lower temperature (Fig. 6a and b).
At 45°C, an increase in droplet size from 12.3 + 0.9 pm to 59.0 + 22.7
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Fig. 5. Effect of oil loading on Pickering emulsion stability. (a) Droplet size, (b) creaming profile, and (c) microscopic images of MLP-stabilized Pickering emulsion at
different oil loading from day O to day 14. The scale bar is 50 pm. The error bars represent the standard deviation in measurements.
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Fig. 6. Storage stability of MLP-stabilized Pickering emulsion. (a) Droplet size, (b) creaming profile, and (c) microscopic images of MLP-stabilized Pickering emulsion
at different temperatures from day O to day 21. The scale bar is 50 pm. The error bars represent the standard deviation in measurements.

pm after 21 days of storage was observed (Fig. 6a). This increase in
droplet size could be attributed to the transition of phosphatidylcholine
from one phase to another as it surpasses its gel-to-liquid phase transi-
tion temperature or Ty, (~45°C) (Figure S4). At a temperature above Ty,
the MLP is more prone to fusion or aggregation as lipid membranes have
increased fluidity and permeability [15]. As the MLP is continuously
exposed to a temperature greater than Ty, the structural integrity of the
membrane is compromised leading to MLP destabilization [15,18].
Consequently, the repulsion force between emulsion droplets is reduced
causing them to coalesce as reflected in the microscopic images (Fig. 6¢)
[18,39].

3.5. pH responsiveness of MLP-stabilized Pickering Emulsion

The pH-responsiveness of the MLP-stabilized Pickering emulsion was
investigated by exposing them to pH variation. The freshly formed
emulsion was tuned to pH 1.5, 3.0, 5.0, 6.0, and 8.5 by the addition of
1.0 M HCl or 1.0 M NaOH where the droplet size, morphology, and vi-
sual appearance were then examined. The results unveiled that the
emulsion remained relatively stable at 8.5 with a slight increase in
droplet size to 23.2 + 4.3 pm. As pH decreased to 1.5, severe droplet
flocculation was noticed owing to the poor interface coverage by pro-
tonated MLP (Fig. 7a). Evident phase separation was also noted for
emulsion tuned to pH 1.5. To further understand the behavior of MLP-
stabilized Pickering emulsion under pH variation, the emulsions at
different pH were tuned back to the initial pH. The visual appearance of
all emulsions remained similar except for the emulsion at pH 1.5
(Fig. 7b). Upon tuning to the initial pH, the emulsion stability was
instantaneously restored. Not only did the phase separation disappear
but there was a reduction in droplet size. The degree of droplet floccu-
lation was also reduced as a result of phosphate group deprotonation
when the pH of the emulsion approached phosphate group pKa. Similar
observations and theory for emulsion tuned from pH 3.0, 5.0, and 6.0 to
the initial pH apply. Another interesting observation noticed for emul-
sions tuned from pH 7.4-8.5 was that there was an increase in droplet

size which could also be attributed to the reduced surface charge as
phosphate groups undergo protonation.

To recapitulate the inherent drug delivery process via the gastroin-
testinal digestion tract, the Pickering emulsion was subjected to
sequential pH to study its stability and recoverability as a potential drug
delivery vehicle. The stable emulsion formed was sequentially exposed
to the stomach (~pH 1.5), intestine (~pH 7.4), and colon (~pH 8.5)
environment. Fig. 7c¢ showed an increase in droplet size from 12.3 £ 0.9
pm to 95.9 £ 19.9 pm after tuning the emulsion to pH 1.5 where
creaming also occurred (Fig. 7d). By adjusting the emulsion pH to 7.4,
the droplet size was reduced to 38.2 + 5.4 pm with evidently less droplet
flocculation (Fig. 7e). Further increasing the pH to 8.5 led to a decrease
in droplet size to 31.7 4+ 1.3 pm where droplet aggregation considerably
diminished. Reduction in droplet size from pH 1.5-8.5 can be associated
with the deprotonation of phosphate group. After phosphate group
deprotonation, droplets are less prone to flocculate as inter-droplet
repulsive energy is restored. No evident deoiling was observed in the
cream phase after the sequential pH tuning. To further improve the
stability of liposome-based formulation under a gastrointestinal envi-
ronment, various modifications have been proposed. Among them,
coating liposomes with pH-responsive polymers has drawn substantial
attention as they preserve liposome functionality and integrity under
different pH environments for targeted cargo release [51-54].

3.6. Magnetic responsiveness of MLP-stabilized Pickering emulsion

The magnetic responsiveness of MLP-stabilized Pickering emulsion
was investigated by subjecting the emulsion to an external magnetic
force. Evidently, the MLP-stabilized Pickering emulsion promptly
responded to the external magnetic field (Fig. 8a). The outcome of this
analysis suggests that the SPION retained its magnetic responsiveness
after being encapsulated within the liposome. In this study, it is desir-
able to incorporate magnetic guiding properties into the Pickering
emulsion while ensuring the emulsion stability is not compromised
under an external magnetic field. The capability of the emulsion to
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Fig. 7. pH-responsiveness of MLP-stabilized Pickering emulsion. Droplet size, creaming profile, and microscopic images of MLP-stabilized Pickering emulsion (a)
tuned from initial pH to pH 1.5, 3.0, 5.0, 6.0, 7.4, and 8.5; (b) tuned from pH 1.5, 3.0, 5.0, 6.0, 7.4 and 8.5 to initial pH. Sequential pH-responsiveness of MLP-
stabilized Pickering emulsion. (c) Droplet size, (d) creaming profile, and (e) microscopic images of MLP-stabilized Pickering emulsion when subjected to sequen-
tial pH variation. The scale bar is 50 pm. The error bars represent the standard deviation in measurements and different alphabetic letters were significantly different
at p < 0.05 by Bonferroni’s Multiple Comparison Test.
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Fig. 8. Magnetic responsiveness of MLP-stabilized Pickering emulsion. (a) Magnetic-responsiveness of MLP-stabilized Pickering emulsion (red circle represents the
location of magnet). (b) Stability study of MLP-stabilized Pickering emulsion with and without magnetic field at 0 h, 1 h, and 24 h.

withstand demulsification was investigated by placing a neodymium
magnet at the bottom of the emulsion vial for an extended period
(Fig. 8b). The demulsification process was monitored by photographing
thevialsat 0 h, 1 h, and 24 h. In the case of demulsification, clear oil and
aqueous MLP suspension phase separation will be observed [27-30]. No
phase separation was observed, but a similar creaming profile was
noticed in Pickering emulsion samples with or without a magnetic field.
It was also observed that there was SPION sedimentation at the bottom
of the vial after exposing it to a magnetic field for 24 h. The release of
SPION from the liposome through mechanical distortion of the mem-
brane was previously reported to potentially damage the membrane
integrity [55]. Given the small size of SPION used in this study (8.8 +
1.2 nm), liposome membranes are less prone to mechanical distortion
after SPION release [56,57]. Additionally, MLP membrane assembly
using unsaturated lipids - phosphatidylcholine and cholesterol exhibits
the capacity to regain structural integrity post-SPION release under a
moderate magnetic field [58,59]. In this regard, the liposome retained
its structural integrity as a Pickering emulsifier even after the SPION
release preventing emulsion destabilization.

4. Conclusion

In this work, we successfully developed a dual pH and magnetic-
responsive Pickering emulsion stabilized by MLP. The pH of MLP sus-
pension, MLP concentration, and oil loading can individually affect the
Pickering emulsion stability. Among different formulations, stable
Pickering emulsion was formed at MLP pH 7.4, 30 % MLP concentration,
and 10 % v/v oil loading. Besides, the MLP-stabilized Pickering emul-
sion was found to remain stable for up to 21 days when stored at a
temperature lower than the T, of MLP. The Pickering emulsion also
exhibited both pH and magnetic responsiveness. MLP-stabilized Pick-
ering emulsion demonstrated excellent stability when subjected to alkali
pH due to MLP deprotonation. When subjected to sequential pH varia-
tion to replicate the gastrointestinal digestion tract, emulsion stability
was recovered. This study also unveiled the remarkable magnetic
responsiveness of the Pickering emulsion under an external field without
demulsification. This discovery holds significance as it simultaneously
facilitates the magnetic guidance of Pickering emulsion as a drug de-
livery vehicle to a specific site while preventing premature cargo
release. All in all, this study instigates a new approach in the develop-
ment of dual pH and magnetic responsive Pickering emulsion, serving as
a potential drug delivery vehicle with the ability to co-encapsulate
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hydrophobic and hydrophilic drugs.
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