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ABSTRACT: Ionotropic gelation has been an attractive
method for the fabrication of biopolymeric oil-core micro-
capsules due to its safe and mild processing conditions.
However, the mandatory use of a nozzle system to form the
microcapsules restricts the process scalability and the
production of small microcapsules (<100 um). We report,
for the first time, a nozzleless and surfactant-free approach to
fabricate oil-core biopolymeric microcapsules through iono-
tropic gelation at the interface of an O/W Pickering emulsion.
This approach involves the self-assembly of calcium carbonate
(CaCO;) nanoparticles at the interface of O/W emulsion
droplets followed by the addition of a polyanionic biopolymer
into the aqueous phase. Subsequently, CaCO; nanoparticles
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are dissolved by pH reduction, thus liberating Ca®* ions to cross-link the surrounding polyanionic biopolymer to form a shell that
encapsulates the oil droplet. We demonstrate the versatility of this method by fabricating microcapsules from different types of
polyanionic biopolymers (i.e., alginate, pectin, and gellan gum) and water-immiscible liquid cores (i.e., palm olein, cyclohexane,
dichloromethane, and toluene). In addition, small microcapsules with a mean size smaller than 100 ym can be produced by
selecting the appropriate conventional emulsification methods available to prepare the Pickering emulsion. The simplicity and
versatility of this method allows biopolymeric microcapsules to be fabricated with ease by ionotropic gelation for numerous

applications.
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Bl INTRODUCTION

Microcapsules with an oil core enclosed within a polymeric
shell are used in many applications for immobilization,
protection, and controlled release of chemicals, fragrances,
foods, or drugs.l’2 Biopolymers derived from natural sources
such as alginate, pectin, and gellan gum are gaining popularity
as shell materials because they are renewable, biodegradable,
and abundantly available. Because most of these biopolymers
are polyanionic in nature, they can be gelled by ionotropic
cross-linking with divalent cations (e.g, Ca’*) at room
temperature to form an insoluble matrix. This gelation method
prevails over other methods in making biopolymeric micro-
capsules owing to its mild gelation conditions and simple
process.

Among the polyanionic biopolymers, alginate is perhaps the
most studied biopolymer for the fabrication of oil-core
microcapsules by ionotropic gelation. In the gelation of
alginate, Ca®* ions form “egg-box” junction zones with alginate
by ionically binding to pairs of carboxyl groups from two
neighboring alginate helices.” This gelation mechanism has
been commonly used to prepare alginate beads with the
immobilized cargo dispersed throughout the polymer matrix.
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However, the formation of oil-core microcapsules is more
challenging due to the complex capsular structure that consists
of a liquid core and a solid shell. One of the approaches used to
form oil-core microcapsules involves the preparation of a
surfactant-stabilized W/O emulsion containing CaCl, in the
aqueous phase first. The emulsion is then added dropwise into
the alginate solution using a nozzle. Upon contact, the Ca®"
ions will cross-link the alginate polymer chains at the periphery
of the emulsion droplets to form a continuous shell. The
continuous outward diffusion of the Ca®* across the newly
formed shell results in the growth of the shell thickness. This
technique has been adopted to encapsulate linalool, sunflower,
and Miglyol oils in capsules of diameters ranging from 1.8 to
3.5 mm.»’

In another approach, the oil phase and alginate solution can
be coextruded using a two-fluid nozzle to template a compound
drop consisting of an oil core and alginate shell. The alginate
polymer chains will be cross-linked upon contact with the
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Figure 1. The process flow to fabricate a microcapsule from a Pickering emulsion template. The (a) oil phase is emulsified into an aqueous
dispersion of CaCO; nanoparticles, the (b) nanoparticles adsorb at the interface to form a Pickering emulsion, then a (c) polyanionic biopolymer is
introduced into the aqueous phase before the CaCO; nanoparticles are dissolved at the interface upon pH reduction to liberate Ca**, and then (d)
ionotropic gelation of the liberated Ca** with the polyanionic biopolymer at the O/W interface to form a continuous shell structure.

gelation bath containing the Ca®" ions. This method has been
used to encapsulate phase change materials in capsules with
diameters ranging from 3.5 to 4.2 mm.® Smaller capsules with a
diameter of approximately 2 mm were fabricated using a nozzle
with a smaller diameter.”® The size of the capsules can also be
reduced by promoting the detachment of the compound
droplets from the nozzle tip by external stimuli such as
vibration, electrostatic potential, or a combination of both. Oil-
core capsules with a diameter as small as 0.35 to 1.61 mm were
successfully produced using these methods.”~"”

Further reduction in the capsule size can be achieved by
templating a surfactant-stabilized emulsion using microfluidic
devices. Ren et al. utilized a 4-nozzle microfluidic device to
extrude O/W/O double emulsion droplets into a continuous
stream of a CaCl, solution."” The Ca-alginate shell was formed
when the aqueous phase in the emulsion droplet that contained
the alginate polymer contacted the CaCl, solution in the
continuous phase. The resultant microcapsules were approx-
imately 0.25 mm in diameter. In another work, Liu et al. utilized
a 3-nozzle microfluidic device to extrude O/W emulsion
droplets into a continuous stream of an oil phase.'* The
aqueous phase of the O/W emulsion contained alginate,
CaCO; particles, and a photoacid (diphenyliodonium nitrate).
Downstream of the microfluidic device, the emulsion droplets
were exposed to ultraviolet light to activate the photoacid and
initiate the dissolution of the CaCOj; particles. The released
Ca’ ions cross-linked the alginate in the aqueous phase
internally. This method results in oil-core microcapsules
approximately 0.5 mm in diameter. More recently, Duarte et
al. used a 3-nozzle microfluidic device to disperse oil-core
alginate-shell compound droplets with a coaxial air flow."> The
compound droplets were collected in a CaCl, solution to
harden the shell. Perfluorocarbon was successfully encapsulated
in microcapsules with diameters between 0.11 and 0.13 mm.

From the literature, it is obvious that the formation of oil-
core capsules using ionotropic gelation involves the mandatory
use of a nozzle, and this requirement results in two inevitable
problems. First, the size of the microcapsules is limited by the
nozzle diameter. Although the size of the capsule can be
reduced by using a smaller nozzle, reducing the nozzle diameter
gives rise to a larger pressure drop during the production, as
well as increases the tendency of a nozzle blockage.
Miniaturization of nozzles using microfluidic devices is also
complicated, with difficulties experienced in controlling the
fluid flow and droplet breakup from multiple liquid streams.
Second, using the nozzle approach, the microcapsules are
produced in a drop-by-drop manner. This seriously limits the
productivity of the process, especially when small microcapsules

are desired. The only way to increase the productivity is
through the parallelization of nozzles. However, this approach
is economically and technically challenging. These two
limitations may impose a bottleneck for producing oil-core
biopolymeric microcapsules via ionotropic gelation for a variety
of applications. A very recent work by Martins et al. showed
that it was possible to produce oil-core microcapsules without
the use of a nozzle by pouring an O/W/O double emulsion
containing CaCl, in the water phase into an alginate solution.'®
However, this method requires complex formulation of the
emulsions as well as careful control over the processing
conditions (e.g, pouring rate of emulsions or stirring rate of
alginate solution) in order to form oil-core microcapsules.

Pickering emulsions are emulsions stabilized by solid
particles that are adsorbed at the O/W interface.'” Solid
particles larger than a few nanometers adsorb virtually
irreversibly at the O/W interface and act as a physical barrier
for material transfer.'® The Pickering emulsion has exceptional
stability against coalescence and can be prepared easily using
conventional emulsification methods. The “surfactant-free”
character makes them attractive in several fields where
surfactants often show adverse effects such as irritancy and
hemolytic behavior."” In recent years, significant efforts have
been geared toward the use of Pickering emulsions as a
template to make advanced materials for applications in
imaging, encapsulation, and controlled drug release.”® The
solid particles adsorbed at the O/W interface can be bridged
and transformed into a continuous shell through various
methods, which include sintering with heat, covalent cross-
linking, inducing van der Waals forces, spontaneous jamming,
and the adsorption of polymer.”'~>° Examples of the solid
particles that have been used to form Pickering emulsions
include polystyrene, silica, TiO,, CaCO;, etc. 2™

In this work, we combine the concepts of ionotropic gelation
and Pickering emulsion by performing ionic cross-linking of
polyanionic biopolymers at the interface of an O/W emulsion
stabilized by CaCOj; nanoparticles. Our fabrication process
consists of four steps as illustrated in Figure 1. First, an oil
phase is emulsified into a dispersion of CaCOj; nanoparticles.
Second, the CaCO; nanoparticles are allowed to self-assemble
at the O/W interface. Third, a polyanionic biopolymer is
introduced into the aqueous phase of the Pickering emulsion.
The pH of the emulsion is subsequently reduced to dissolve the
CaCO; nanoparticles. Finally, the Ca®* ions are liberated upon
the dissolution of the CaCO;, which cross-links the polyanionic
biopolymer at the periphery to form a continuous shell that
envelops the oil core. This results in the formation of
biopolymeric oil-core microcapsules. The versatility of this
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Table 1. Experimental Conditions To Prepare O/W Pickering Emulsion Templates Stabilized by CaCO; Nanoparticles

experimental conditions

emulsification method rotation speed (rpm)  pressure (kPa)

mechanical stirrer 600
high speed homogenizer 5000
SPG membrane (500 nm pore size) 500 210

duration (min)  volume of oil (mL)  volume of CaCOj; dispersion (mL)

30 150 350
30 150 350
30 60 140

method is demonstrated by fabricating the microcapsules using
different polyanionic biopolymers, water-immiscible liquids,
and emulsification methods.

B EXPERIMENTAL SECTION

Chemicals and Materials. Sodium alginate (Manugel GHB) was
purchased from FMC Biopolymers, UK. Gellan gum (KELCOGEL)
and pectin (GENU, LM-14 AG) were purchased from CP Kelco,
Denmark. Refined, bleached, and deodorized (RBD) palm olein was
purchased from Lam Soon Edible Oils (M) Sdn Bhd, Malaysia.
Cyclohexane, dichloromethane, toluene, and CaCl, dehydrate (AR
grade) were purchased from Fisher Scientific, UK. Glacial acetic acid
(AR grade) was purchased from Fluka Chemika, Switzerland. The
CaCO; nanoparticles (NPCC-111) were a generous gift from
NanoMaterials Technology Pte. Ltd., Singapore. All chemicals were
used as received.

Characterization of CaCO; Nanoparticles. The CaCO; nano-
particles were dispersed in ultrapure water using a high shear
homogenizer (Microfluidics model M-110P Microfluidizer) operated
with Z-flow cell at 22 000 psi for 4 passes to yield a concentration of
50 mg mL™". A drop of the suspension was air-dried at room
temperature. The dried sample was then sputter-coated with gold for
observation by field emission scanning electron microscopy (Hitachi
model S3400N-II, Japan). The size analysis was performed on a dilute
dispersion of CaCOj; using a Zetasizer (Malvern model Nano ZS,
UK).

Preparation of O/W Pickering Emulsion. Palm olein was
emulsified into the CaCOj; dispersion (5% w/v) using three different
types of emulsification tools: a mechanical stirrer (IKA model
EUROSTAR power control-visc P1, Gemany), a high speed
homogenizer (IKA model Ultra-Turrax T-25, Germany), and a
Shirasu porous glass (SPG) membrane (SPG Technology model
MG-20, Japan). For the other water-immiscible liquids investigated
(cyclohexane, dichloromethane, and toluene), the O/W Pickering
emulsions were prepared by a high speed homogenizer. The
emulsification conditions are described in Table 1. The resultant
Pickering emulsion was allowed to phase separate for 24 h prior to use
and further characterization.

Fabrication of Oil-Core Microcapsules. The creamy layer (5
mL) of the phase-separated O/W Pickering emulsion was redispersed
into 100 mL of a polyanionic biopolymer solution of an appropriate
concentration (2.5% w/v sodium alginate, 2.0% w/v gellan gum, or
2.0% w/v pectin) under gentle stirring for 15 min. Acetic acid at a
concentration of 1 M was added drop-by-drop into the Pickering
emulsion until the pH reached 4 to dissolve the CaCOj; nanoparticles
and to initiate the ionotropic gelation at the periphery of the oil
droplets. The pH of the dispersion was monitored and maintained
throughout the gelation process. The ionotropic gelation process was
allowed to continue for 60 min before the dispersion was diluted with
2 L of ultrapure water. The microcapsules that formed were decanted
and stored in ultrapure water for further characterization.

Preparation of Biopolymer Films. Dried calcium-cross-linked
films for each biopolymer were fabricated as controls, and their surface
morphologies were compared with that of the microcapsules formed.
In brief, 50 mL of 2% w/v CaCl, solution was injected slowly into a
Petri dish containing 10 mL of biopolymer solution of an appropriate
concentration (2.5% w/v sodium alginate, 2.0% w/v gellan gum, or
2.0% w/v pectin). Upon contact with CaCl, solution, the biopolymer
solution gelled instantaneously. The formed hydrogel slab was left
immersed in the CaCl, solution for 30 min for curing. The hydrogel
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slab was rinsed with ultrapure water and oven-dried into a film at 80
°C for 24 h.

Interfacial Adsorption Measurements. The dynamic interfacial
tension between the oil and aqueous phase in the presence of CaCO;
nanoparticles at the interface was studied using the inverted drop
method conducted on a goniometer (ramé-hart model 100). The
built-in software acquired the image of a drop over time and fit the
shape profile with the Young Laplace equation in order to obtain the
corresponding interfacial tension. A 2 uL portion of the oil phase was
extruded from a U-shaped syringe needle using a microsyringe to form
an inverted pendant drop that hung on the needle tip. The extrusion
was conducted in a dispersion of CaCO; nanoparticles with
concentration up to 0.01% w/v. Drop shape imaging was not possible
at CaCO; concentration higher than 0.01% w/v due to strong
interference in the background.

Characterization of O/W Pickering Emulsions, Microcap-
sules, and Biopolymer Films. The sizes of the Pickering emulsion
droplets and microcapsules were measured using a Mastersizer
(Malvern model 3000 Hydro, UK.). Optical microscopy images of
the O/W Pickering emulsions and microcapsules were taken with an
inverted optical microscope (Nikon model Eclipse TS100, Japan).
Confocal laser scanning microscopy (CLSM) images of the micro-
capsules were acquired using a laser scanning microscope (Leica
model TCS SP2, Germany) with Fluo-3 as the fluorescent markers for
Ca’". Macroscopic view of the microcapsules was visualized using a
scanning electron microscope (SEM) (Hitachi model S-3400, Japan)
operated at an accelerating voltage of 10 kV. The microcapsules were
oven-dried at 80 °C for 24 h prior to the SEM analysis. Fourier
transform infrared (FT-IR) spectra of the raw materials (ie.
biopolymer powder, palm olein, and CaCO; nanoparticles) and
oven-dried microcapsules were obtained from an FT-IR spectrometer
(Nicolet model iS10). The FT-IR spectrometer was operated at an
average of 64 scans from 650 to 4000 cm ™' with a resolution of 4 cm™
at 25 °C. The FT-IR spectra of the microcapsules and the respective
powder for each biopolymer were offset to the same baseline (i.e., at
100% transmittance) for better readability. FESEM images of surface
profiles of the microcapsules and biopolymer films were captured
using a Hitachi S3400N-II field emission scanning electron microscope
operated at an accelerating voltage 1—2 kV. The dried microcapsules
and the biopolymer films were sputter-coated with Au prior to FESEM
analysis.

B RESULTS AND DISCUSSION

In the present study, CaCOj; nanoparticles were used for two
main reasons: to stabilize the O/W emulsions, and to provide a
source of Ca®* ions for cross-linking with alginate at the O/W
interface. CaCOj is also inexpensive and nontoxic. The CaCO;,
nanoparticles were suspended in ultrapure water and dispersed
using a high shear homogenizer. The CaCO; nanoparticles are
cubical, and no aggregates are observed by FESEM (see Figure
2a). The size distribution of the CaCO; nanoparticles is
monomodal, ranging between 100 and 400 nm (see Figure 2b).
The mean size is approximately 200 nm.

The self-assembly of the colloidal particles at the liquid—
liquid interface is governed by the Stoke—Einstein relationship
if there are no attractive forces driving the particles toward the
interface.”® The adsorption process is favored if the interfacial
energy between the two fluids exceeds the difference in surface
energies between the colloids and the internal fluid, and
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Figure 2. The CaCO; nanoparticles used in the preparation of
Pickering emulsion templates for microcapsules fabrication were in
cubical shapes with no aggregates as shown in (a) FESEM image, and
the (b) particle size distribution was unimodal. Scale bar in part a is
500 nm.

between the colloids and the external fluid.*" In order to verify
the adsorption of CaCO; at the O/W interface, an indirect
measurement method was adopted to investigate the changes in
interfacial energy of the immiscible liquids upon the addition of
nanoparticles. Upon adsorption of a solid at an interface, a
portion of the liquid—liquid interface will be replaced by the
solid and lead to the reduction in the total interfacial energy.
The reduction of the dynamic interfacial tension between the
palm olein and pure water due to the adsorption of CaCOj;
nanoparticles at the O/W interface is plotted in Figure 3. The

o
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Figure 3. The dynamic interfacial tension of palm olein and pure water
during the adsorption of CaCOj; nanoparticles at different CaCOj,
concentrations. Reduction in the dynamic interfacial tension over time
indicates the adsorption of CaCOj; at the O/W interface. The inset
shows the inverted pendant drop of palm olein during the adsorption
of CaCOj at the O/W interface.

dynamic interfacial tension of the immiscible liquids reduced
more rapidly and in greater amplitude at higher CaCO;
concentrations. Even within a short time frame of 100 s, a
clear difference in the reduction profiles of the interfacial energy
was observed for different CaCO; concentrations. At the lowest
CaCOj concentration, the dynamic interfacial tension did not
deviate significantly from the initial value of 6.8 mN/m. On the
other hand, the initial interfacial tension dropped by
approximately 50% within 100 s at the highest CaCO;
concentration. This observation was expected because the
initial coverage or adsorption of CaCOj at the interface was
diffusion dominated. Therefore, a higher initial concentration
led to a greater flux of CaCOj; nanoparticles toward the O/W
interface. The reduction in the interfacial tension indicates that
the CaCO; nanoparticles were adsorbed onto the O/W
interface.

We will first describe the formation of microcapsules using
alginate as the model polyanionic biopolymer. Figure 4 shows
the CLSM of a microcapsule prepared using membrane
emulsification. The microcapsules formed using this method
were between 1 and 110 ym in diameter (see Figure Sc). The
microcapsules were labeled with Fluo-3, a fluorescent Ca**
indicator that can be excited at 450 nm upon binding with Ca*".
A small microcapsule (<S pm) was selected for the ease of
performing the z-stack imaging using a confocal microscope.
The images reveal the core—shell structure of the microcapsule
with Ca®* (fluorescence) covering the periphery of the
microcapsule (see Figure 4a). The Ca®* ions cross-linked the
alginate polymer chains to form the shell structure of the
microcapsule. The thickness of the shell was approximately 1
um, enveloping a core of approximately 2 ym in diameter (see
Figure 4b).

Figure 5 depicts the size distribution of the palm olein-water
Pickering emulsions and their resultant oil-core Ca-alginate
microcapsules fabricated using different emulsification methods,
ie, mechanical stirrer, high speed homogenizer, and SPG
membrane. Microcapsules prepared using a mechanical stirrer
showed the largest size with diameters ranging from 60 to 400
pum with a mean value of approximately 200 ym. The size
distribution of the microcapsules was unimodal with a span
value of 0.96. On the other hand, the microcapsules prepared
using a high speed homogenizer had a size ranging from 10 to
280 um with a mean value of 43 ym. The size distribution of
the microcapsules was bimodal with a span value of 1.26. The
microcapsules prepared using a SPG membrane had the
smallest size with diameters ranging from 1 to 110 ym with a
mean value of 42 ym. The size distribution was bimodal with a
span value of 1.37. These results demonstrate that micro-
capsules can be produced using different emulsification
methods and that the size of the microcapsules can be easily
tuned by selecting the appropriate method. In addition, the
results also show that the microcapsules formed were slightly
larger compared their corresponding emulsion droplets. This
observation was expected because the Ca-alginate shell
thickness contributed to the size of the microcapsules.

The versatility of the method was tested by fabricating the
microcapsules from two other polyanionic biopolymers, i.e.,
gellan gum and pectin. Gellan gum and pectin are natural
polysaccharides that are extracted from microbial fermentation
and plant cell walls, respectively. Similar to alginate, these two
polyanionic biopolymers are able to form gels upon ionic cross-
linking with Ca**. The microcapsules prepared were analyzed
using FT-IR spectroscopy. Figure 6 shows the FT-IR bands of
the microcapsules made from Ca-alginate, Ca-gellan gum, and
Ca-pectinate. The FT-IR spectra of the sodium alginate showed
peaks at 3426, 1595, 1405, and 1032 cm™! that correspond to
the stretching of O—H, COO~ (asymmetric), COO~
(symmetric), and C—O—C bonds, respectively.

For the Ca-alginate microcapsules, the O—H stretching was
narrower and had a greater intensity, indicating an increase in
the intramolecular bonding between the biopolymer strands.
The asymmetric COO™ stretching was broader, indicating that
there is a stronger interaction between the asymmetric COO™
groups and Ca®" ions. The symmetric COO™ stretching shifted
to a higher wavenumber of 1416 cm™, a peak that is specific to
ionic bonding. The charge density, radius, and atomic weight of
Ca’" changed during the ion exchange with Na* in the alginate,
thus creating a new environment around the carbonyl groups of
alginate. Furthermore, the band that corresponds to the C—O—
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Figure 4. Ca-alginate microcapsule fabricated from a Pickering emulsion template using the SPG membrane: (a) z-sectioning and (b) cross-sectional
CLSM image reveal a core-shell structure of the microcapsule labeled with Fluo-3.
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Figure S. Size distribution of the palm olein-water Pickering emulsions
and their corresponding microcapsules fabricated using a (a)
mechanical stirrer, (b) high speed homogenizer, and (c) SPG
membrane. The results indicate that microcapsule size can be varied
by selecting different emulsification methods.

C stretching shifted to a lower wavenumber of 1027 cm™,

indicating weakened bonding as the bonds are now being
shared with Ca®* ions. All these observations are typical
changes observed in the FT-IR spectra of alginate upon ionic
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Figure 6. FT-IR spectra of the ionotropically cross-linked micro-
capsules fabricated using alginate, gellan gum, and pectin, as compared
to the pristine samples of biopolymers in powder form. Spectra have
been offset for better readability. Units of the y-axis are arbitrary. FT-
IR spectra show the presence of palm olein and residue CaCOj in the
microcapsules.

cross-linking with Ca?".*” Similar changes were observed for
FT-IR spectra of the Ca-gellan gum and the Ca-pectinate
microcapsules, thus confirming the ionic cross-linking of the
polyanionic biopolymers with Ca**.****

The FT-IR spectra of the microcapsules indicate the
presence of palm olein and CaCO; The presence of palm
olein was detected at 3006, 2922, and 1159 cm™! because the
microcapsules were broken when being pinned to the sample
holder when performing the FT-IR analysis, thus exposing the
core (palm olein). On the other hand, the peaks attributed to
the CaCOj; were detected at 874 cm™’, indicating the presence
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of residual CaCOj in the microcapsules due to the incomplete
dissolution of the CaCOj; during microcapsule formation.
The surface morphologies of the dried oil-core microcapsules
made of Ca-alginate, Ca-gellan gum, and Ca-pectinate were
examined using FESEM (Figure 7a—c). Dried calcium-cross-

Microcapsules Films
) W

Ca-gellan gum Ca-alginate

Ca-pectinate

Figure 7. Surface morphology of the dried microcapsules (a—c) is
analogous to the dried biopolymer films (d—f) fabricated from Ca-
alginate, Ca-gellan gum, and Ca-pectinate. The insets show the
macroscopic views of microcapsules prepared using mechanical stirrer.
Scale bars in insets represent 200 ym.

linked films for each biopolymer were also fabricated as
controls, and their surface morphologies are compared with
that of the microcapsules formed (Figure 7d—f). The surface
morphologies of the microcapsules and films for each
biopolymer were found to be identical with the same pattern
of wrinkles, thus verifying the formation of calcium-cross-linked
biopolymer shells on the microcapsules. Wrinkles were formed
on the surface of the microcapsules and films as a result of the
shrinkage of hydrogel matrices during drying.

However, the surfaces of the microcapsules were found to
contain fewer wrinkles than the films. This finding is likely
caused by the lower concentration of polymer on the surface of
the microcapsules compared to the films. During the formation
of the microcapsules, the CaCO; at the O/W interface
solubilized to liberate the Ca* ions to cross-link the adjacent
biopolymer chains instantly to form a thin shell. The excess
Ca®" ions would diffuse outward through the shell to cross-link
with the free biopolymer chains in the bulk solution that
consequently thickened the shell in an outward direction. As
the process continued, the concentration of Ca* ions available
for cross-linking would decrease, resulting in a lower degree of
cross-linking at the surface of the shell compared to that of the
innermost layer of the shell. This means that a looser polymer
network would have formed at the surface of the microcapsules,
allowing more room for reorganization during the drying
process and thus resulting in fewer surface wrinkles.

On the contrary, the biopolymer films were formed by the
biopolymer solutions coming in contact with excess Ca** ions.
Under these conditions, the cross-linking density of the whole
hydrogel slab formed would be uniform, thus forming a
compact polymer network even at the surface of the hydrogel
slab. This compact polymer network would have less space for
reorganization during drying, thus resulting in more wrinkles
formed compared to those of the microcapsules.

The feasibility of this method to encapsulate a water-
immiscible liquid with different characteristics was also
evaluated. Palm olein, cyclohexane, dichloromethane, and
toluene were used because they have different viscosities,
dielectric constants, and polarities (see Table 2). O/W

Table 2. Characteristics of Different Water-Immiscible
Liquids®

palm
property olein  cyclohexane dichloromethane toluene
absolute viscosity 419 0.98 0.44 0.59
(25 °C, cP)
dielectric constant 32 2.01 29.1 2.38
(20 °C)
relative polarity na’ 0.6 309 9.9

(water = 100)

“Data extracted from Smallwood.>® ¥n.a. data not available.

Pickering emulsions stabilized by CaCO; nanoparticles were
successfully prepared with all types of water-immiscible liquids
investigated (Figure 8a—d) using a high speed homogenizer.
The O/W Pickering emulsions formed were found to be stable
against coalescence. The partial wettability of CaCOj; by most
common oils,'® and therefore the strong anchoring force at the
O/W interface, might contribute to the stability of the
emulsions. All the oil droplets in the Pickering emulsions
appeared to have rough surface due to the presence of CaCO,
nanoparticles at the O/W interface.

Subsequently, microcapsules were successfully fabricated
from these emulsions (Figure 8e—h) using alginate as the
model polyanionic biopolymer. In comparison to the Pickering
emulsion, the surface of the microcapsules formed was clean
and smooth regardless of the type of liquid-core used,
indicating the successful formation of a hydrogel shell. The
results suggest that this method can be used to encapsulate a
wide range of water-immiscible liquids including solvents, thus
revealing its potential for application in diverse fields including
pharmaceuticals, food, inks, paints, detergents, pesticides,
textiles, etc.

B CONCLUSION

A novel nozzleless and surfactant-free method to fabricate oil-
core biopolymeric microcapsules through ionotropic gelation at
the O/W interface of a Pickering emulsion has been developed.
The method can be easily performed under ambient conditions
using conventional emulsification methods, without the use of
surfactant. Microcapsules have been successfully fabricated
using three different types of polyanionic biopolymers (ie.,
alginate, gellan gum, and pectin). We also show the versatility
of this method by successfully encapsulating a variety of water-
immiscible liquids with different properties (viscosity, polarity,
and dielectric constant), including solvents such as cyclohexane,
dichloromethane, and toluene. The mean size of the micro-
capsules ranged between 40 and 200 ym, and the size can be
tuned using the appropriate emulsification method. The
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Figure 8. Optical images of the (a) palm olein, (b) cyclohexane, (c) dichloromethane, and (d) toluene O/W Pickering emulsions stabilized by
CaCOj; nanoparticles showing rough surfaces due to the presence of CaCOj; nanoparticles. Their resulting microcapsules in parts e, f, g, and h,

respectively, show smoother surfaces.

simplicity and versatility of this method allows for the
production of microcapsules in various fields for controlled-
release or chemical-on-demand applications.
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