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Oil-core microcapsules may be produced by dispersing a calcium solution-oil emulsion into an alginate solution.
The release of calcium from the emulsion leads to the gelation of alginate around the oil droplet and therefore to
the formation ofmicrocapsules. This work aims to propose a newmethod ofmicrocapsule production by disper-
sion-inverse gelation technique. Therefore,W/O emulsionswere dispersed in alginate solution and led to the for-
mation of capsules with varying diameters depending on the stirring rate of the alginate bath. The membrane
thickness varied between 35 and 200 μm depending on the type of emulsion destabilization treatment used.
Oil was encapsulated at a yield of 100% allowing the extrapolation of this method at pilot scale. In addition, mi-
crocapsules released hydrophilic dye in few hours while hydrophobic dye was retained in the core due to inter-
action with the oil phase. Core-shell alginate microcapsules produced by dispersion-inverse gelation technique
displayed interesting property suitable for applications where actives need to be retained during long times or
for volatile compounds.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Oils are widely applied in the formulation of foods, pharmaceutical
and cosmetics products; however, they are subjected to oxidation in
presence of heat, light, metals ions or oxygen [1–4].

An efficient strategy to decrease the sensitivity of oils towards envi-
ronmental conditions consists of its encapsulation in inert polymerma-
trix using gelation/emulsification technology [5–7]. Many methods
have been developed to form capsules of alginate gel via ionotropic ge-
lation. Though both liquid-air and liquid-liquid methods have their ad-
vantages and limitations, the selection of a suitable dispersion method
typically depends on the target particle size and size distribution, eco-
nomics of production, productivity, and technical constraints [8].

Oil encapsulation by inverse gelation is an innovative approach
recently described in the literature [1,9–11]. An emulsion of oil and
CaCl2 solution is extruded dropwise into an alginate bath. Upon contact,
Ca2+ ions diffuse to the outer periphery of the drop and ionotropically
cross-link with the alginate polymer chains at the drop interface. The
ionotropic gelation process continues until the free Ca2+ ions are de-
pleted. At the end of the process, the initial liquid drop is engulfed by
a continuous semi-permeable Ca-alginate membrane leading to core-
shell capsules. This method is promising since it is environmentally
s).
safe and allows the capsule production by simple extrusion-dripping
system [9]. Wet capsules with approximately 3–7 mm of diameter can
contain both hydrophilic and hydrophobic actives like proteins, dyes
or enzymes, which is an advantage compared to other methods of oil
encapsulation [11]. Furthermore, after drying, capsules display high oil
loading (N90% w/w).

While millimetric capsules may find applications in food, agricultur-
al, cosmetics and home care products, as fragrance diffusers, decorative
pearls or for crops protection (i.e. pesticides, herbicides) [12–14],micro-
capsules can be necessary in specific applications because of their re-
duced size [15]. For example, microcapsules can be found in products
such as chewing gums, dairy powders, nutritional supplements, sports-
wears, cosmetics and home care products as detergent and bed linen.
The advantages of themicrocapsules in comparisonwith themillimetric
capsules is due to the fact that microcapsules had low or no impact on
the visual and sensorial aspects of the final products (food and cos-
metics) and that they can be better dispersed in food formulations.

Several strategies have been developed to reduce the capsule size in-
cluding introducing vibration or electrostatic force to induce detach-
ment of the compound droplets from the nozzle tip [16,17]. However
these approaches were not successful for oil encapsulation by inverse
gelation [1]. On the other hand, in a previouswork performed in our lab-
oratory, capsules of 500 μm were obtained using a dispersion-inverse
gelation technique [1]. In this study, an oil-in-calcium emulsion (O/W
primary emulsion) was first prepared then mixed in an oil phase to

http://crossmark.crossref.org/dialog/?doi=10.1016/j.reactfunctpolym.2017.03.006&domain=pdf
http://dx.doi.org/10.1016/j.reactfunctpolym.2017.03.006
mailto:evandrombi@yahoo.com.br
http://dx.doi.org/10.1016/j.reactfunctpolym.2017.03.006
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/react


50 E. Martins et al. / Reactive and Functional Polymers 114 (2017) 49–57
form an oil-in-calcium-in-oil emulsion (O/W/O secondary emulsion).
Finally, the secondary emulsion was dispersed in alginate solution to
produce the microcapsules [1].

This technique was easy to perform at laboratory scale and did not
need complex equipment; however, a disadvantage prevented its
scale-up: N90% of the oil used during the process was not encapsulated
and could not be recovered at the end of process.

In order to reduce the substantial oil loss occurring during the oil
encapsulation by the dispersion-inverse gelation technique, the aim
of the present work was to propose an alternative method based on
the use of water-in-oil (W/O) emulsions. From our recent work, it
was demonstrated that the release of Ca2+ ions from water-in-oil
(W/O) emulsions was slow and could be finely tuned by emulsion
destabilizers [18]. The objective of the present work was therefore
to develop a scale-up of oil encapsulation in core-shell capsules tak-
ing advantages of the dispersion-inverse gelation technique and the
W/O emulsion destabilization mechanism in order to control the al-
ginate membrane formation.
2. Materials and methods

2.1. Materials

Sodium alginate powder (Saltialgine S 60 NS) with a mannuronic
(M) to guluronic (G) acid unit ratio (M/G) and a molar mass equal to
1.37 and 1.57 × 105 g/mol, respectively, was kindly donated by Cargill
(France). Calcium chloride powder (CaCl2·2H2O) (Panreac Quimica
Sau, Spain), sunflower cooking oil (Associated Oil Packers, France),
PGPR 90 (Danisco, France) and SPAN 85 (Sigma Aldrich, France) were
used to prepare theW/O emulsions. Other chemicals reagents were ob-
tained from Sigma Aldrich (France).
2.2. Preparation of alginate and calcium chloride solutions

For alginate solution, 10 g of alginate powder was dissolved in 1 L of
demineralized water using a paddle stirrer. The calcium chloride solu-
tion was prepared by dissolving 60 to 480 g of CaCl2·2H2O in 1 L of
demineralized water.
Fig. 1. Schematic representation of the experimental set-up used to p
2.3. Preparation of the W/O emulsions

One hundredmillilitres of sunflower oil containing 0.01, 0.1 or 1 g
of surfactant (SPAN 85 or PGPR 90) was mixed using a high shear
mixer (Ultra-Turrax T25, IKA, Germany) at 13,500 rpm for 1 min.
Thirty millilitres of calcium chloride solution was then added slowly
and a new shearmixing at 13,500 rpm for 3minwas performed (Fig. 1A).

2.4. Characterization of the W/O emulsions

2.4.1. Stability
The W/O emulsion stabilities were performed as described by

Martins et al. [1]. Hundred millilitres of W/O emulsions were placed
in tubes of 100 mL with graduation of 1 mL. The emulsions were kept
at ambient temperature (20 ± 2 °C) and visually inspected as a func-
tion of time in order to assess the critical time for which 1% of phase
separation occurred (i.e. corresponding to 1 mL of phase separated
liquid).

2.4.2. Electrical conductivity
Conductivity of the emulsions wasmeasured in triplicate at ambi-

ent temperature using a conductimeter (Mettler-Toledo, Analytical,
Switzerland).

2.4.3. Microscopic observations
The W/O emulsions were examined using an optical microscope

(Leica Microsystems, France). The size of CaCl2 solution droplets
(dispersed phase) was determined by image analysis using the
ImageJ 1.47v freeware (USA). Three different zones (1.1 × 1.5 mm)
for each sample were imaged and approximately one hundred drop-
lets per zone were measured. The measurements were carried out in
triplicate with three repetitions. In other words, nineW/O emulsions
of each formulation were analyzed by optical microscopy.

2.5. Microcapsules production by dispersion technique

Two hundreds millilitres of alginate solution was introduced into
a beaker of 600 mL (Ø = 95 mm; h = 120 mm) and stirred at 350–
400 rpm with a 80 mm long wedge-shaped magnetic barrel during
1 min. Two millilitres of emulsion were dispersed into alginate
roduce microcapsules by inverse gelation using W/O emulsions.



51E. Martins et al. / Reactive and Functional Polymers 114 (2017) 49–57
solution during 2 min (Fig. 1B). Tween 20 (2 mL) and/or ethanol 99%
(20 mL) were then added to destabilize the emulsion (Fig. 1C). Wet
microcapsules were sieved with amesh of 50 μm(Grosseron, France)
and washed with demineralized water. The microcapsules were
stored in calcium chloride solution at 15 g/L [19].

2.6. Visualization and measurements of microcapsules

Optical microscope (Leica Microsystems, France) was used to image
microcapsules. The diameter (dcap), membrane thickness (Mt) and core
size (dcore) of the microcapsules were measured using ImageJ 1.47 v
freeware (USA). One hundredmicrocapsules were analyzed per sample
(3 mL) from three different batches.

2.7. Controlled release studies

Controlled release experiments were conducted using a hydrophilic
(Methyl Orange) and a lipophilic (Sundan Red) dye.

For Methyl Orange release studies, 7 mg of dye were dissolved
into 30 mL of CaCl2 solution at 240 g/L. One hundred millilitres of
oil and CaCl2 solution was then used to prepare the emulsion as de-
scribed in Section 2.3 “Preparation of the W/O emulsions”. The final
Methyl Orange concentration in the emulsion was of 0.05 mg dye/g
emulsion. Seventy grams of emulsion was encapsulated and the
wet microcapsules were kept in 175 mL of isotonic saline solution
(NaCl 0.85% w/v, pH 7.0). During release experiments, pH of the iso-
tonic saline solution was constantly maintained at 7.0 by addition of
NaOH 0.1 N.

Aliquots of 1.5mL of the supernatant were collected and centrifuged
at 10,000 rpm for 3 min (Thermo Scientific, Germany). The amount of
dye released in the supernatantwas determined at 480 nmusing a spec-
trophotometer (UNICAM UV1 Spectrometer, USA).

For Sudan Red release studies, 7 mg of dye was dissolved in 100 mL
of sunflower oil. The oil and CaCl2 solution (30mL at 240 g/L)were used
to prepare the emulsion. The initial concentration of Sudan Red was of
0.05 mg dye/g emulsion. Seventy grams of emulsion was encapsulated
and the wet microcapsules were dispersed in 175 mL of sunflower oil.
Aliquots of 1.5 mL external media (oil) were collected and the amount
of dye was determined by spectrophotometry at 550 nm.

Release experiments were performed in triplicate at room tempera-
ture (20 ± 2 °C) and were stopped when a variation in the absorbance
value ≤1% was observed.

Considering that loss of actives during the encapsulation process
was negligible, the maximal concentration of active released (R∞)
was calculated by Eq. (1):

R∞ ¼ Mdye

V
ð1Þ

whereMdye is themass of dye encapsulated (3.5 mg) and V is the vol-
ume of isotonic saline solution or oil (0.175 L). R∞ was equal to
20 mg/L.

The cumulative release (Cr) of the actives was calculated using
Eq. (2):

Cr ¼ Rt�100
R∞

ð2Þ

where Rt is the concentration of active released at time t.

2.8. Statistical analysis

The results were compared using the Student's t-test statistical
method, which compares the actual difference between two means in
relation to the variation in the data. A significant difference at p-
value b 0.05 was assumed.
3. Results and discussion

3.1. Effect of surfactant type on the W/O emulsion stability and the
production of capsules

In order to determine the effect of surfactant on the emulsion
stability, emulsions were produced using SPAN 85 or PGPR 90.
The surfactants chosen have low hydrophobic lipophilic balance
(HLB) values (HLBSPAN 85 = 1.8; HLBPGPR 90 = 1.5), a suitable crite-
rion for W/O emulsions stabilization [20]. The surfactants were
tested by varying their concentration in emulsions (0.01, 0.1 or
1 g/100 mL of oil). The characteristics of the emulsions were
displayed in Table 1.

All emulsion formulations showed an absence of electrical conduc-
tivity (Table 1) indicating that oil was the continuous phase and that
emulsions were therefore water-in-oil emulsions.

W/O emulsions produced with SPAN 85 displayed a stability lower
than 20min (Table 1). Furthermore, when in contactwith alginate solu-
tion, unshaped gels containing several small cores were formed. High
amount of Ca2+ could be released from SPAN 85 based emulsions, prob-
ably due to its low stability, leading to the encapsulation of several oil
cores by a single alginate gel (Table 1).

On the other hand, emulsions producedwith the surfactant PGPR 90
showed higher stability (from 50 min to 5 days) (Table 1). The higher
stability of the PGPR90-emulsions allowed a better controlled release
of Ca2+ ensuring the production of mononuclear capsules with a thin
Ca-alginate membrane (Table 1).

By increasing PGPR 90 concentration, W/O emulsions were consid-
erably more stable (23 h to 5 days) and no capsules were produced
(Table 1). It was assumed that the high emulsion stability prevented
the Ca2+ release from the oil core and therefore the alginate membrane
formation.

3.2. Effect of the W/O emulsion destabilization on the membrane thickness

The dispersion of theW/O emulsion into the alginate bath led tomi-
crocapsules with a thin and fragile membrane (even by using optimum
surfactant type and concentration, i.e. PGPR 90 at 0.08 g/L, Table 1).
Emulsions with similar concentration of PGPR 90 were therefore dis-
persed into alginate bath during 2 min and emulsion destabilization
treatments were then applied:

1) No destabilizer (control)
2) Addition of ethanol: 20 mL (10% v/v) of ethanol was added to

alginate bath
3) Addition of Tween 20: 2 mL (1% v/v) of Tween 20 was added to

alginate bath
4) Addition of Tween 20 and ethanol: 2 mL of Tween 20 was added to

alginate bath, then after 5 s of stirring (350 rpm), 20 mL of ethanol
was added.

To evaluate the effect of each destabilization treatment on the re-
lease of Ca2+ ions, the membrane thickness was measured and com-
pared to the control (Fig. 2A). No variation in the membrane
thickness (p b 0.05) was observed while adding only ethanol. The ad-
dition of Tween 20 or Tween 20 and ethanol led to a 3 fold and 5 fold
increase of the membrane thickness compare to the control,
respectively.

Fig. 3 showed a detailed micrograph of the microcapsule produced
with Tween 20 and ethanol where a thick alginate membrane was ob-
tained (Fig. 3A). An interspace was observed between the alginate
membrane and the oil core (Fig. 3B) while the core still contained a
large quantity of calcium solution droplets (Fig. 3C). It was supposed
that the detachment of the oil core from the membrane was due to
the diffusion of the CaCl2 solution droplets from theoil core after contact



Table 1
Characteristics of the W/O emulsions produced with SPAN 85 or PGPR 90.

a: oil core; b: alginate membrane; white bar: 400 µm.

Different letters in the same column indicated 
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with ethanol and Tween 20. Microcapsules were therefore made of an
oil core, an interspace between the core and the membrane and a
thick alginate membrane.

Oil cores with initial sizes between 100 and 500 μm reduced its di-
ameter by ~30% after emulsion destabilization by Tween 20 + ethanol
(Fig. 4A). By contrast, bigger oil cores (N700 μm) displayed a lower re-
duction in size (7%) after emulsion destabilization treatment (Fig. 4A).
These results suggested that the W/O destabiliser effect was more pro-
nounced on small emulsion drops. In other words, more aqueous phase
(CaCl2 solution droplets) was removed from the smaller cores.

During the destabilization, CaCl2 droplets diffused from the oil
core to the alginate bath. If all CaCl2 solution droplets had left the
emulsion drop, only oil would have been observed in the microcap-
sule core. However, further investigation revealed the presence of
CaCl2 solution droplets in the oil core even after W/O emulsion de-
stabilization (Fig. 3B). This observation highlighted the fact that a
certain amount of Ca2+ was not released and used to form the algi-
nate membrane.

Some calculations were thus performed to estimate the percentage
of Ca2+ released from the oil core. The loading of Ca2+ ions in the oil
core can be determined by Eq. (3) (see also Supplementary material):

NCa;core ¼ Ca½ �core
π
6
d3core ð3Þ

whereNCa ,core is the number of Ca2+ ions in the oil core (mol), [Ca]core is
the Ca2+ ions concentration in the core (0.4 mol/L) and dcore is the oil
core diameter (dm).
The number of moles of Ca2+ in the membrane (NCa ,m) can be esti-
mated by Eq. (4):

NCa;m ¼ Ca½ �m
π
6

d3cap−d3core
� �

ð4Þ

where [Ca]m is the Ca2+ concentration in the membrane (0.011 mol/L)
and dcap is the capsule diameter (7 × 10−2 dm).

The percentage of calcium released from the oil core φ can therefore
be estimated by Eq. (5):

φ ¼ NCa;m

NCa;core

�
100 ð5Þ

Using Eq. (5), the percentage of calcium released from the oil core
was estimated for each W/O emulsion destabilization treatment (Fig.
4B). Fig. 4B showed that the release of Ca2+ from the control and the
ethanol-treated microcapsules were very low (1–10%) and quite simi-
lar. On the other hand, for the microcapsules treated with Tween 20
and Tween 20 + ethanol, the percentage of calcium released was
much higher and varied from 20 to 80% depending on the core volume.
Regardless of the applied W/O emulsion destabilization treatment, the
percentage of calcium released was always higher for smaller oil
cores. By decreasing the oil core diameter, the contact area between
the emulsion drop and the alginate bath became higher, improving
the diffusion of Ca2+ ions and therefore the percentage of calcium
ions released.



Fig. 2. A) Membrane thickness before and after emulsion destabilization by addition of ethanol and/or Tween 20. Measurements were carried out on microcapsules with cores varying
between 200 and 400 μm. B) Micrographs of microcapsules obtained after different W/O emulsion destabilization treatments (from left to right): no destabilizer (control), ethanol,
Tween 20 and Tween 20/ethanol. a: core; b: membrane. Scale bar: 400 μm.
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3.3. Mechanism of microcapsules formation

Based on the previous results and some literature reports, a hypo-
thetical mechanism of microcapsules formation by inverse gelation
will be discussed in this section. To better understand this process, the
formation of the microcapsules was described in six steps as follows
(Fig. 5).
Fig. 3.Microscopy of a typical microcapsule produced fromW/O emulsion destabilization using
area of shrinking). C) Presence of CaCl2 solution droplets in the core.
During step I, W/O emulsion was fragmented in small drops by the
shear forces applied in the alginate bath.

During step II, solution droplets near the oil-alginate interface dif-
fused from the emulsion to the alginate bath. The diffusion may be
due to a simple emulsion destabilization due to the agitation or by a
mechanism of diffusion/permeation through the oil layer [21]. In this
latter case, CaCl2 solution droplets either diffused through the thin
Tween 20 and ethanol. A)Microcapsule. B) Detail of core shrinking (arrows delimited the



Fig. 4.A) Relation between initial and final oil core size duringmicrocapsules production;W/O emulsionswere destabilizedwith Tween 20 and ethanol. B) Percentage of calcium released
from the oil core to form the membrane for eachW/O emulsion destabilization treatment.
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films of PGPR 90 present in the oil layer, or diffused through the incor-
poration of “reverse micelles” [21–24]. However, the CaCl2 solution
droplet diffusion remained low and not uniform resulting in microcap-
sules with thin and irregular membranes (step III).

During step IV, Tween20, a non-ionic surfactantwith highHLB value
(HLBTween 20= 16.7) was added to alginate bath. Tween 20would cross
the alginate-oil core interface and destabilize the PGPR 90 film stabiliz-
ing the CaCl2 solution droplets (step IV.a). As a consequence, CaCl2 solu-
tion droplets fused themselves (step IV.b) and the transition from the
diffusion to the coalescence regime led to a larger release of calcium
(step IV.c) [24].

In step V, ethanol was added into the alginate bath. The mechanism
of ethanol action under membrane formation is not yet clear. One hy-
pothesis would suggest that the solvent increases the osmotic pressure
of the polysaccharide solution favouring the CaCl2 solution diffusion to-
wards the alginate bath [21,25]. Another hypothesis would be that the
ethanol could increase the solubility of Tween 20 into the oil phase
favouring the destabilization of PGPR 90 film at the interface of the
CaCl2 solution droplets.

The emulsion dehydration in steps IV and V shrunk the oil core
volume (Fig. 3A). As there were no hydrophobic interactions be-
tween the oil core and the membrane [14], the oil core detached
from the membrane while the membrane remained unchanged. An
interspace between the oil core and the alginate membrane was
thus formed (step VI).
3.4. Effect of curing time on the membrane thickness

Curing time is defined as the time of contact between the emul-
sion drops and the alginate bath after the addition of destabilizer
(Tween 20 and ethanol). To define the effect of curing time on the
membrane thickness, the emulsion was dispersed into alginate
bath during 2 min at 350 rpm. Emulsion destabilizers were then
added and the alginate bath continued to be stirred during 3 to
30 min. After 3 min of curing time, microcapsules reached the max-
imum of membrane thickness and no variation was observed in
time (p b 0.05). However, after 15 min, microcapsules with broken
membranes were observed (Fig. 6A), maybe caused by the stirring
of the alginate bath. To overcome this drawback, the alginate was
mixed at 400 rpm during 3 min and the stirring was then reduced
to 100 rpm during 15 to 30 min. Following this procedure, microcap-
sules with intact membranes were recovered.

Curing times between 3 and 5 min were therefore sufficient to
achieve the maximal Ca2+ release and membrane thickness.
3.5. Effect of CaCl2 concentration on the membrane thickness

To evaluate the effect of CaCl2 concentration on the membrane
thickness, emulsions with increasing CaCl2 concentrations were mixed
with alginate followed by the destabilization process. Similar mem-
brane thicknesses (Mt = 200 ± 25 μm) were obtained regardless the
CaCl2 concentration used (Fig. 6B). Previous study using droplets
millifluidic demonstrated that the Ca2+ release occurred only during
the first seconds of contact between the W/O emulsion and alginate
bath [18]. It was thus suggested thatmembrane thicknesswas only lim-
ited by the distance travelled by Ca2+ ions during alginate gelation, this
distance being independent of the CaCl2 concentration in the W/O
emulsion.

3.6. Factors influencing microcapsules size

3.6.1. Influence of the stirring rate on the microcapsules size
Microcapsules were produced using increasing stirring rates of the

alginate bath (Fig. 6C).
The core andmicrocapsule diameters decreasedwith the increase of

stirring rate. By tuning the stirring rate, microcapsules with diameters
between 370 and 600 μm were produced. This behaviour was also ob-
served by Aravand & Semsarzadeh [26]. According to these authors, in
dispersion techniques, an increase in the rotational speed of the mixer
reduced the size of the particles.

3.6.2. Influence of the core size on the microcapsule diameter
From Eq. (3), the Ca2+ ion loading in the core (number of moles) is

proportional to the cube of the core diameter. Considering that the
membrane thickness was associated to the amount of Ca2+ ions re-
leased from the emulsion destabilization, it was assumed that a propor-
tional relationship existed between the membrane thickness and the
core size.

However, experimental results demonstrated that the proportional-
ity between membrane thickness and oil core size was only valid for
core sizes between 140 and 200 μm (Fig. 6D). For cores bigger than
440 μm, themembrane thickness together with themicrocapsule diam-
eter decreased with the increase of core size.

The variation of membrane thickness (Mt) and microcapsules di-
ameter (dcap) with the oil core size (dcore) were given by the follow-
ing equations obtained by fitting parabolic functions (second order
polynomial functions) to the experimental results plotted in Fig. 6D:

Mt ¼ −0:002dcore
2 þ 1:1dcore þ 34 R2 ¼ 0:95 ð6Þ



Fig. 5. Schematic representation of the formation of microcapsules by inverse gelation technique. The formation of the microcapsules was described in six steps as follows: step (I):
fragmentation of W/O emulsion by the shear forces applied in the alginate bath; step (II): diffusion of CaCl2 solution droplets from the W/O emulsion to the alginate bath; step (III):
formation of a thin Ca2+-alginate membrane; step (IV): larger release of Ca2+ ions after destabilization of PGPR 90 film stabilizing CaCl2 solution droplets by addition of Tween 20;
step (V): shrinking of the oil core due to W/O emulsion dehydration after addition of ethanol and formation of an interspace between oil core and alginate membrane; step (VI): final
morphology of the capsules.
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dcap ¼ −0:004dcore
2 þ 3:2dcore þ 69 R2 ¼ 0:99 ð7Þ

These equations indicated that for smaller cores (b200 μm), the
membrane thickness and the capsule diameter increased linearly with
the increase of core size. In other words, larger the core was, larger
the content of Ca2+ was released to form the membrane.

By contrast, it was demonstrated that the amount of Ca2+ re-
leased was inversely related to the core volume as shown in Fig. 4B.
It was therefore assumed that the emulsion destabilization induced
by Tween 20 and ethanol was less effective on capsules with bigger
cores due to the lesser diffusion of Tween 20 and ethanol in the emul-
sion droplet (see Fig. 5.IVa). This hypothesis would therefore explain
the pseudo-plateau observed in the size – core diameter relationships
with increasing core volume of the capsules displayed on Fig. 6D.

3.7. Release profile

The release profile studies were carried out using hydrophilic
(Methyl Orange) and hydrophobic (Sudan Red) dyes. Methyl Orange



Fig. 6. A) Effect of curing time on the membrane thickness. Measurements were carried out onmicrocapsules with cores varying between 200 and 400 μm. Red arrow: breakdown of the
membrane. CaCl2 concentration in W/O emulsion: 55.4 g/L; B) effect of CaCl2 concentration on the membrane thickness. Measurements were carried out on microcapsules with cores
varying between 200 and 400 μm. Curing time: 3 min; C) effect of stirring rate of the alginate bath on the core and microcapsules size. CaCl2 concentration in the emulsion: 55.4 g/L,
curing time: 3 min; D) effect of the core size on the microcapsule diameter and membrane thickness and fitted data according to Eqs. (6) and (7) (see text for details). CaCl2
concentration in the emulsion: 55.4 g/L, curing time: 3 min.
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is a pH indicator whose colour varies from red below pH 3.1 to yellow
above pH 4.4. The pH values of the microcapsules suspensions were
therefore continuously monitored and adjusted to 7.0.

Around 40% of Methyl Orange was released after 6 h (Fig. 7A). In
the first hours, there was a steep increase in the Methyl Orange re-
lease ascribed to the release of adsorbed dye at the surface (or
close to) of alginate membrane [27]. Between 6 and 48 h, the release
rate was reduced, with a pseudo-plateau in the curve, and the max-
imal cumulative release of 87% was reached after 144 h (Fig. 7A).
The possible explanation of this release profile would come from
Fig. 7. A) Release profile of hydrophilic (Methyl Orange) and lipophilic (S
the fact that Methyl Orange was dissolved in CaCl2 solution and
that, when the emulsion was put in contact with the alginate bath,
both Ca2+ ions and dye diffused from the emulsion to the alginate
bath. As a consequence, a fraction of dye was entrapped in the mem-
brane of the microcapsule and was therefore quickly released during
the first hours. However, once the dye in the membrane was deplet-
ed, its release was considerably slowed down. By microscopic obser-
vations (Fig. 7B), it was found that the core destabilized in time
leading to a progressive release of dye in the internal part of the
membrane (pseudo-plateau in Fig. 7A).
udan Red) dyes. B) Core destabilization of a microcapsule with time.
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Contrary to what was observed for the hydrophilic Methyl Orange
dye, Sudan Red was not released from the microcapsules (Fig. 7A).
The hydrophobic dye interacted with the oil phase and remained in
the oil core. In addition, the high degree of hydration of alginate mem-
brane (94.9 ± 0.4%, w/w) would have certainly slowed down or even
prevented Sudan Red diffusion from the oil core.

4. Conclusion

A novel method with a very simple experimental set-up of oil mi-
croencapsulation by inverse gelation of alginate was proposed using
W/O emulsions as templates to generate microcapsules. It was dem-
onstrated that microcapsules with (controllable) diameter between
370 and 600 μm were able to be produced by tuning stirring rate of
the alginate bath. It was also possible to simply tune the membrane
thickness by using emulsion destabilizers (Tween 20 and ethanol).
Most important, the robustness of the method came from the fact
that almost 100% of oil was encapsulated with a fast curing time.
The microcapsules displayed no release of a hydrophobic dye, a
property suitable for applications where actives need to be retained
during long times or for volatile compounds. Moreover, this tech-
nique allows the microcapsules to be formed in a single step at
room temperature, which is particularly important in the case of ac-
tives susceptible to thermal degradation.

In future works, it could be interesting to produce microcapsules
using a static mixer, where the shear forces applied could generate
smaller microcapsules with a narrow polydispersity, with the aim to
have a continuous production and scale the process up to a pilot process.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.reactfunctpolym.2017.03.006.
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