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Multicore silica microcapsules containing
a-tocopherol for potential consumer
product applications

Mohammed Al-Sharabi, a Benjamin T. Lobel, bc Daniele Baiocco, d

Olivier J. Cayre, b Zhibing Zhang d and Alexander F. Routh *a

Microencapsulation is an advanced technique for protecting and enhancing the processing, delivery and

performance of sensitive active ingredients, such as lipid-soluble vitamins. The fabrication of microcapsules

containing such materials in an efficient, cost-effective and environmentally-friendly manner remains an

ongoing challenge. Multicore silica microcapsules containing a-tocopherol in their cores were fabricated

through salt-induced destabilisation and subsequent agglomeration of silica nanoparticles in an oil-in-water-

in-oil double emulsion template at room temperature. The primary emulsion was prepared using three

different concentrations (5, 10 and 15 wt%) of the internal oil phase, i.e. a mixture of a-tocopherol and

sunflower oil. The external oil phase for the secondary emulsion consisted of different concentrations of

Span 80 (0, 0.5 and 1 wt%) in sunflower oil. The capsule core size does not change during storage,

confirming the stability of cores within the microcapsules. Mechanical testing provides that the microcapsules

containing the lowest concentration of internal oil (5 wt%) have the highest rupture force and nominal

rupture stress due to the higher silica content of these microcapsules. The incorporation of Span 80 does not

significantly change the adhesion of microcapsules to a Lorica Soft leather substrate, mimicking human skin.

The microcapsules are designed to release their contents upon mechanical rupture induced by rubbing

against skin. This work shows the potential of such microcapsules to be applied in a range of consumer

products, such as cosmetics.

1 Introduction

Vitamins are essential nutrients, needed by the human body in
small amounts for its normal functioning, growth and
development.1,2 Such substances are classified, based on
their solubility, into water-soluble (B and C) or fat-soluble
(A, D, E and K) vitamins.3 Vitamin E is a group of eight lipid-
soluble naturally occurring compounds that includes four toco-
pherols (a, b, g, d) and four tocotrienols (a, b, g, d).4,5 a-Tocopherol
is the most naturally abundant, biologically active and bioavail-
able form of vitamin E, which is commonly incorporated in food,
pharmaceutical and cosmetic products, due to its strong antiox-
idant activities.6–8 For instance, using a-tocopherol as an antiox-
idant in cosmetic products can prevent photoaging by minimising

skin damage from UV radiation.9 Although a-tocopherol is impor-
tant to the body as a strong antioxidant, the material has some
drawbacks, such as hydrophobicity, poor bioavailability and high
chemical sensitivity to heat, light and oxidants.10 These factors
make developing efficient delivery systems of a-tocopherol in
the pharmaceutical, food and cosmetic sectors challenging.
Such challenges can be overcome using microencapsulation to
protect a-tocopherol from environmental factors and enhance its
performance and end-use applications.11

Microencapsulation has been extensively used for the
protection, preservation and delivery of a wide range of active
ingredients in many applications, such as pharmaceutical
products,12,13 food products,14,15 cosmetics,16,17 fragrances,18

textiles,19 coatings20 and pesticides.21 Such technology is an
effective tool for protecting sensitive bioactive compounds
against harsh environmental conditions, such as humidity,
chemicals, light and oxygen, and for enhancing their delivery
and bioavailability.22,23 Several researchers have conducted
work on the encapsulation of a-tocopherol using a number of
techniques, such as spray drying,24,25 freeze drying,26 complex
coacervation,23 solvent evaporation27 as well as ionic gelation
and extrusion.28 Although these techniques are capable of
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encapsulating hydrophobic active ingredients, a number of
limitations are associated with such methods, such as the
application of high temperatures for solvent evaporation dur-
ing spray drying, the high cost of freeze drying as well as the
long duration, complexity and generation of chemical residue
during the coacervation process.29,30 Therefore, it is important
to explore alternative microencapsulation methods that can be
used for the fabrication of a-tocopherol microcapsules in a
simple, efficient and environmentally-friendly manner, without
altering its structure during the encapsulation process.

Colloidosomes, also known as Pickering emulsion microcap-
sules, are microcapsules with shells consisting of densely-packed
colloidal particles.31 Such systems are typically formed via the self-
assembly of colloidal particles at the interface between aqueous
and oil phases of an emulsion followed by shell reinforcement
through thermal annealing, covalent cross-linking, polyelectrolyte
complexation or polymerisation.32 Single-core colloidosomes have
been used for the encapsulation of a range of materials, such as
drugs,33,34 catalysts35 and antibiotics.36 In addition to single-core
capsules, multicore colloidosomes have been successfully pro-
duced for the encapsulation of hydrophilic and hydrophobic active
ingredients. Lee and Weitz37 prepared non-spherical colloido-
somes with multiple compartments using water-in-oil-in-water
(W/O/W) double emulsions as templates. A glass capillary micro-
fluidic device was utilised to prepare the double emulsions with
different morphologies through controlling the number of internal
water droplets within the oil droplets. Brossault et al.38 reported a
simple, fast and environmentally-friendly method for the produc-
tion of multicore silica microcapsules with adjustable internal
structure and size. This was achieved through the salt-driven
assembly of hydrophilic nanoparticles dispersed within an oil-in-
water-in-oil (O/W/O) double emulsion template at room tempera-
ture. These capsules had an overall diameter of 7 to 35 mm and
contained oil cores with a size of 0.9 to 4.2 mm.

The current work aims to extend the methodology reported
by Brossault et al.38 to encapsulate a-tocopherol in multicore
silica microcapsules and to study the capsule mechanical
and substrate adhesion properties. This is a straightforward,
environmentally-friendly and promising method for room

temperature microencapsulation of fat-soluble vitamins, such
as vitamin E. In this work, the morphology of the microcapsules
prepared at different formulation conditions, i.e. different con-
centrations of the internal oil phase and different concentrations
of Span 80 in the external oil phase, was investigated using
optical and electron microscopy. In addition, the mechanical
properties of these microcapsules were measured by a macro-
manipulation technique and their adhesion to a Lorica Soft
substrate mimicking the human skin was measured by atomic
force microscopy (AFM). The effect of formulation conditions on
the adhesion and mechanical responses of the microcapsules
upon application on the human skin was thereby investigated.

2 Materials and methods
2.1 Materials

Silica particles (Ludox HS-40 colloidal silica, 40 wt% suspension
in water, diameter of 20 � 1 nm39), polysorbate 80 (Tween 80),
sorbitan monooleate (Span 80), vitamin E (a-tocopherol, Z96%
purity) and Nile red (dry powder) were obtained from Sigma-
Aldrich. Sunflower oil was purchased from a local supermarket
(Sainsbury’s UK). Calcium chloride dihydrate, CaCl2�2H2O
(499%) and absolute ethanol (99.8% purity) were bought from
Acros Organics. All materials were used as received without
further purification or modification.

2.2 Preparation of a-tocopherol containing multicore silica
microcapsules

Multicore silica microcapsules containing a-tocopherol were
prepared via the self-assembly of silica nanoparticles using an
O/W/O double emulsion template at room temperature, as
illustrated in Fig. 1. The aqueous phase used for the prepara-
tion of the primary emulsion was composed of Ludox (35 wt%)
and Tween 80 (10 wt%), whereas the internal oil phase con-
sisted of a mixture of a-tocopherol (10 wt%) in sunflower oil.
Sunflower oil naturally contains a-tocopherol40 and is a safe
and effective emollient for nourishing and moisturising the
skin,41 which makes it a good oil candidate for blending. The

Fig. 1 The preparation steps for the production of multicore silica microcapsules containing dierent concentrations of the internal oil phase, i.e. a
mixture of a-tocopherol and sunower oil, through the salt-induced destabilisation of silica nanoparticles and their subsequent agglomeration in an O/W/
O double emulsion template at room temperature.
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primary emulsion was prepared by mixing the aqueous phase
(9.5, 9, 8.5 g) with 5, 10 and 15 wt% of the internal oil phase
(0.5, 1, 1.5 g, respectively) using an Ultra Turrax mixer (T18
digital, IKA) at 10 000 rpm for 60 s. In the next step, the external
oil phase was composed of pure sunflower oil or a mixture of
sunflower oil and Span 80 (0.5 and 1 wt%). The secondary
emulsion was prepared by mixing 1 g of the primary emulsion
with 9 g of the external oil phase using a vortex mixer (TopMix
FB15024, Fisherbrand) at 3000 rpm for 60 s. The mixing speed
of the vortex mixer was reduced to 2000 rpm and 1 mL of an
aqueous CaCl2 solution (1 M) was added dropwise over 30 s to
cause agglomeration of the silica nanoparticles and subsequent
formation of the multicore silica microcapsules. The mixture
was centrifuged (Multifuge 1 S-R, Heraeus) at 3000 rpm for
5 min to separate the microcapsules from the continuous phase
supernatant. The formed microcapsules then underwent two
washing cycles (washed with 10 mL of deionised water and
centrifuged at 3000 rpm for 5 min) before being dispersed in
10 mL of deionsed water.

2.3 Characterisation of emulsions and microcapsules using
microscopy

The primary emulsion droplets and the multicore silica micro-
capsules were imaged using a bright-field optical microscope
(Leica DME) equipped with 20�, 40� and 63� objective lenses.
Scanning electron microscopy (SEM) using a Tescan Mira3
FEG-SEM instrument operating at 5 kV was used to visualise
the morphology of the microcapsules. Scanning transmission
electron microscopy (STEM) images of the microcapsules were
obtained using a Thermo Scientific (FEI Company) Talos F200X
G2 microscope equipped with a Ceta 4k CMOS camera and a
Fischione HAADF detector, operating at an acceleration voltage
of 200 kV. This was used to investigate the effect of varying the
internal oil concentration on the internal structure of the
microcapsules. A confocal microscope (Leica TCS SP8, excitation
wavelength: 552 nm, emission window: 558 to 661 nm) equipped
with a 63 � 1.4 oil immersion objective was used to image
Nile red (100 mg L�1) containing microcapsules to confirm the
presence of the internal oil in the microcapsules on the day of
preparation and after eight months. ImageJ software (version
1.54f, National Institutes of Health, USA) was used to quantify
the size (mean diameter � standard deviation) of the primary
emulsion droplets as well as the size of microcapsules and their
inner cores using 100 cores and 200 capsules within a field of
view for each sample that was randomly selected by eye from the
bright-field optical micrographs, considering all capsules within
the selected field of view.

2.4 Mechanical properties of microcapsules

The extrinsic mechanical properties of microcapsules were quanti-
fied using a micromanipulation technique, established at the
University of Birmingham.42 This entails the controlled compres-
sion of each individual microcapsule between two parallel plates.
Two droplets of a silica microcapsule suspension (B50 mL per
droplet) were placed on a specially designed glass substrate featur-
ing a smooth, even flat surface (25 mm by 10 mm; thickness 3 mm),

which were allowed to air dry. The glass slide was then affixed to a
metal stage and positioned beneath a borosilicate glass probe
(1 mm, Harvard Apparatus Ltd, UK) with a flat-end tip (width of
B80 mm) that was attached to the appropriate force transducer
head (FTH, Load Cell, GSC010; sensitivity 8.674 mN V�1; Transducer
Techniques, Temecula, USA). The FTH was connected to an electro-
nically powered control box and mounted on a three-dimensional
fine micromanipulator operated by a servo motor (DC Servocon-
troller, CONEX-C, USA), providing a resolution of �0.2 mm. The
glass was moved vertically at a descent speed of 10 mm s�1 to
compress each individual microcapsule upon contact. The compres-
sion process was monitored through a side-view camera (magnifica-
tion 10�–140�; 30 frames per second; AM4023CT, DinoEye
C-Mount Camera, Dino-Lite, UK). A semi-automatic mode was
operated to retract the probe to its initial position once compression
was completed. A total of thirty randomly selected microcapsules
were compressed to ensure statistically significant results, with the
force–displacement data for each compression recorded automati-
cally. Prior to microcapsule compression, the compliance of the
force transducer probe was measured thrice, and the average value
was used to correct the displacement data. The micromanipulation
setup utilised in this study is described in detail elsewhere.43

2.5 Adhesion measurements

A Bioscope II AFM (Bruker, USA) was used to perform force
measurements. The capsules were first washed with propanol to
remove oil through three cycles of centrifugation and redispersion
steps at 2000 rcf for 10 min. Colloid probe force measurements
were performed with a tipless cantilever (AIO-TL-10, Apex Probes,
UK) with spring constant 2.7 N m�1, onto which a capsule with
either 5 or 15 wt% of internal oil for each concentration of Span
80 was attached using a two-part epoxy adhesive (Selleys Araldite).
The spring constant of each cantilever was measured using the
native thermal tuning procedure in the instrument software
(Nanoscope), with an average of five discrete measurements used
for subsequent data analysis. Size and position of the probe once
attached were determined using optical microscopy (BX51 Olym-
pus Reflected light microscope). A substrate sample, i.e. Lorica
Soft leather (Ehrlich Leder, Germany), which is reported to mimic
mechanical properties of human skin,44,45 was prepared using
double sided tape to affix it to a glass slide. One hundred force
ramp measurements were performed, then the sample was moved
20 mm in each axial direction from the starting position and the
ramp measurements repeated at each location. Cantilever deflec-
tion (nm) as a function of distance travelled normal to the sample
(nm) was converted to geometry-normalised normal force (mN m�1)
as a function of sample-tip separation (nm) using established
methods in order to obtain the magnitude of the probe-substrate
pull-off force.46–48

3 Results and discussion
3.1 Morphology of microcapsules

The microcapsules were characterised using optical and elec-
tron microscopy to investigate the impact of the internal oil
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concentration and Span 80 on the morphology of the micro-
capsules. Fig. 2 shows that spherical multicore silica micro-
capsules containing a-tocopherol in their cores were
successfully fabricated through salt-induced destabilisation
and agglomeration of silica nanoparticles in an O/W/O double
emulsion template at room temperature. This is the case for all
the different concentrations of internal oil phase and concen-
trations of Span 80 (0, 0.5 and 1 wt%) incorporated in the
external oil phase of the secondary emulsions. It can be seen
from Fig. 2 that the number of oil cores within the microcap-
sules increases with increasing concentration of the internal oil
phase at the same concentration of Span 80. Fig. 2 also shows
that the primary emulsion droplets, as well as the cores within
the microcapsules, appear to be uniform with similar sizes
across all formulations.

The size of cores and microcapsules was determined for all
the different formulations to examine the impact of internal oil
concentration and Span 80 concentration on the core and
capsule size. Fig. 3 shows the size of the multicore silica

microcapsules and the corresponding core size, on the day of
preparation and after six weeks. The microcapsules have an
average diameter of 14.4 to 15.1 mm (Fig. 3(a)). The core size
(Fig. 3(b)) is similar for the three different concentrations of
internal oil phase at the same concentration of Span 80. The core
size is also similar to the size of the primary emulsion droplets,
suggesting that the primary emulsion droplets do not coalesce
during the formation of capsules. Furthermore, the core size
does not change upon the addition of Span 80, for a fixed
concentration of the internal oil phase. The similarity in size
for all the formulations can be attributed to the fabrication of all
the microcapsules using a constant mixing speed for preparing
the primary emulsions. Brossault et al.38 demonstrated that the
mixing speed of the primary emulsification has an impact on the
core size at the same concentrations. It was found that the core
size increases with a decrease in the mixing speed of the primary
emulsification. The core size in Fig. 3(b) and (c) is similar to that
of the cores within the multicore microcapsules containing
pure sunflower oil that were previously reported at the same

Fig. 2 Bright-field optical microscopy images of primary emulsions and the corresponding multicore silica microcapsules containing different
concentrations of the internal oil phase, i.e. a mixture of a-tocopherol and sunflower oil, and prepared with different concentrations of Span 80 in
the external oil phase. The images were obtained on the day of preparation.
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emulsification conditions (i.e. mixing speed of 10 000 rpm for
the primary emulsion and 3000 rpm for the secondary
emulsion).38 This indicates that the core size is governed by
the mixing speed during preparation of the primary emulsion.
Fig. 3(c) shows that the core size does not change over a period of
six weeks post preparation, confirming the stability of such cores
within the microcapsules during storage and the absence of
coalescence over time. It is worth mentioning that the micro-
capsules were kept in an aqueous suspension at room tempera-
ture during storage. The error bars in Fig. 3(b) and (c) indicate
that the Ultra Turrax mixer is suitable for the production of
uniform oil droplets/cores containing a-tocopherol.

The effect of varying the concentration of Span 80 in the
external oil phase on the microcapsule external structure was

investigated using SEM. Fig. 4 shows SEM images of the
microcapsules prepared at different internal oil concentrations
(5, 10 and 15 wt%) and different Span 80 concentrations
(0.5 and 1 wt%). It can be observed that the microcapsules
prepared with 1 wt% of Span 80 have a slightly rougher and more
porous structure compared to the microcapsules prepared with
0.5 wt% of Span 80 at the same internal oil concentration. This is
consistent with the findings reported in literature,39,49,50 which
show that an increase in the concentration of Span 80 results in
an increase of porosity. The impact of Span 80 is more pro-
nounced in composite silica microbeads39 in comparison with
multicore silica microcapsules at the same surfactant concen-
tration of 1 wt%. This is likely due to a lower silica content near
the surface of the microcapsules as compared to that of the
microbeads, which do not contain oil near the surface.

The internal structure of the microcapsules was investigated
using STEM (Fig. 5), which confirms that the internal structure
consists of multiple oil cores. It can be seen that the number of
cores within the capsules increases with increasing internal
oil concentration. This is consistent with the results obtained
by the bright-field optical microscopy (Fig. 2). In addition, the
oil cores within the capsules with the highest internal oil
concentration of 15 wt% can be seen more easily than for the
lower concentrations of 5 and 10 wt%. This can be explained by
the decrease in silica content with an increase in internal oil
concentration, resulting in more light being transmitted
through the capsule structure. For the STEM experiments the
capsules were not washed with any solvent prior to imaging the
samples to avoid the removal of oil from within the capsules.

Confocal microscopy was used to confirm the presence of a-
tocopherol in the internal oil mixture within the microcapsules.
The technique also allowed the investigation of a-tocopherol
retention over time. Fig. 6 shows the confocal microscopy
images of microcapsules prepared with an internal oil concen-
tration of 10 wt% and a Span 80 concentration of 1 wt%, on
the day of preparation and eight months post preparation. The
images confirm the presence of a-tocopherol in the cores of the
microcapsules as evident from the red colour, corresponding to
the Nile red which is only soluble in the internal oil. Fig. 6(b)
also demonstrates the long retention of the internal oil within
the microcapsules, as it was still present within the microcap-
sules after eight months storage. The results also show that no
coalescence occurs after eight months indicating the stability of
the cores within these microcapsules. These cores are held
apart by the silica particles and therefore governed by the silica
particle mobility. In a close-packed solid system, this mobility
is very slow, which explains the long-term stability of cores. It is
unlikely that humidity or oil type affect the core stability
dramatically. It is also anticipated that the temperature might
have an impact but this is likely to be small since these cores
are held apart by the rigid silica particles.

3.2 Mechanical testing

The effect of varying the internal oil concentration in the
primary emulsion and Span 80 concentration in the secondary
emulsion on the mechanical properties of the microcapsules

Fig. 3 (a) Average size of muticore silica microcapsules containing dif-
ferent concentrations of the internal oil phase, i.e. a mixture of a-
tocopherol and sunflower oil, and prepared with different concentrations
of Span 80 in the external oil phase. (b) Core size on the day of preparation
and (c) core size six weeks post preparation. The error bars correspond to
the standard deviation of 200 measured microcapsule diameters and 100
measured core diameters.
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was investigated using the micromanipulation technique.
Fig. 7(a) shows typical force–displacement data obtained from
the compression of a microcapsule that was prepared with
5 wt% of the internal oil phase in the absence of Span 80.
Point A in Fig. 7(a) corresponds to the initial contact point

between the probe and microcapsule. The force increases as the
probe proceeds until the microcapsule experiences brittle frac-
ture at point B. Such brittle fracture of silica microcapsules has
also been observed in previous studies.51,52

Fig. 7(b) and (c) show the average rupture force and nominal
rupture stress of microcapsules prepared at different internal
oil concentrations and different concentrations of Span 80. It
can be seen that the microcapsules containing the lowest
concentration of internal oil have the highest rupture force
and nominal rupture stress. This can be attributed to the higher
silica content within the microcapsules with the lowest concen-
tration of internal oil (5 wt%). O’Sullivan et al.51 investigated the
compressive breaking force of silica microcapsules containing
silicon oil cores using the micromanipulation technique. It was
found that the rupture force increases linearly with an increase
in the shell thickness, i.e. higher silica content. This qualitatively
shows that incorporating a larger amount of silica into the
structure of a microcapsule results in a stronger microcapsule.
Fig. 7(b) and (c) also show that the addition of Span 80 during
preparation has a more pronounced effect on the mechanical
properties of the microcapsules with the lowest concentration of

Fig. 4 SEM images of muticore silica microcapsules containing different concentrations of internal oil phase, i.e. a mixture of a-tocopherol and
sunflower oil, and prepared with different concentrations of Span 80 in the external oil phase.

Fig. 5 Representative STEM images of muticore silica microcapsules containing different concentrations of internal oil, i.e. a mixture of a-tocopherol
and sunflower oil, which were prepared with 1 wt% of Span 80 in the external oil phase.

Fig. 6 Confocal microscopy images of muticore silica microcapsules
containing 10 wt% of the internal oil phase, i.e. a mixture of a-tocopherol
and sunflower oil, which were prepared with 1 wt% of Span 80 in the
external oil phase on the day of preparation (a) and after eight months (b).
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internal oil. The rupture force and nominal rupture stress of the
capsules prepared in the absence of Span 80 are larger. This is
due to the lager porosity of the capsules upon the addition of
Span 80, as reported in previous studies.39,49,50 As intuitively
expected, the porosity and lower connectivity of the network
results in lower mechanical properties.53 The increase in poros-
ity makes the capsules weaker, which explains the lower values
of rupture force and nominal rupture stress of the capsules
prepared with Span 80. The rupture force and nominal rupture
stress do not change significantly upon increasing the concen-
tration of Span 80 from 0.5 to 1 wt%, at the same concentration
of internal oil phase. This is likely because the Span 80 concen-
tration needed to cause a significant change in the surface
porosity and hence the rupture force and nominal rupture stress
of the microcapsules is very small.

3.3 Adhesion analysis

A Lorica Soft substrate was used for measuring the adhesion of
microcapsules using AFM. Hurtado et al.54 have shown that

Lorica has a similar tribological performance to that of ex vivo
human skin.

Fig. 8 shows the adhesion force of microcapsules containing
different concentrations of internal oil and Span 80. It can be
seen that the adhesion force is similar for the different con-
centrations of internal oil. This is expected as the AFM mea-
surements are influenced by the interaction between the
external surface of the microcapsule and the substrate. It can
also be observed that the addition of Span 80 does not cause
a significant change in the adhesion of microcapsules to the
Lorica Soft substrate. This is likely because addition of a small
amount of Span 80 to the external phase of the secondary
emulsion does not cause a significant modification of the
external porosity of microcapsule, in agreement with the SEM
observations (Fig. 4).

This work demonstrates the straightforward and environ-
mentally-friendly approach for the encapsulation of a lipid
soluble vitamin, i.e. vitamin E in the form of a-tocopherol,
within multicore silica microcapsules that were produced via
salt-induced destabilisation of silica nanoparticles at room
temperature. This method can potentially be used for the
encapsulation of a range of hydrophobic active ingredients in
a number of products, such as cosmetics, pharmaceuticals and
detergents. Further work can be conducted to investigate the
encapsulation efficiency of different active ingredients, core
size and release in different environments, including
physiological-pH media (e.g. phosphate-buffered saline).

4 Conclusions

Multicore silica microcapsules containing a-tocopherol were
successfully prepared through the self-assembly and agglom-
eration of nanoparticles within an O/W/O double emulsion
template. The results show that the internal oil within the
microcapsules is retained with no coalescence of the oil cores

Fig. 7 (a) A typical example of force–displacement data of a multicore
silica microcapsule containing 5 wt% of the internal oil, i.e. a mixture of
a-tocopherol and sunflower oil, and prepared without Span 80 in the external
oil phase. (b) The rupture force and (c) nominal rupture stress of muticore
silica microcapsules containing different concentrations of the internal oil
phase, i.e. a mixture of a-tocopherol and sunflower oil, and prepared with
different concentrations of Span 80 in the external oil phase. Each error bar in
figures (c) and (b) corresponds to the standard error of each sample.

Fig. 8 Adhesion force of multicore silica microcapsules containing dif-
ferent concentrations of the internal oil phase, i.e. a mixture of a-
tocopherol and sunflower oil, and prepared with different concentrations
of Span 80 in the external oil phase. Each error bar corresponds to the
standard error of each sample.
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over a period of eight months. Mechanical testing shows that
the microcapsules prepared with the lowest concentration of
the internal oil (5 wt%), in the absence of Span 80, are stronger
than the microcapsules prepared with higher amounts of
internal oil. This is due to the amount of silica in the micro-
capsules. In addition, the adhesion of the microcapsules to a
Lorica Soft substrate does not change significantly upon the
addition of Span 80 to the external oil phase of the secondary
emulsion. This work shows the potential of using these micro-
capsules for the protection and delivery of hydrophobic active
ingredients in a number of products, such as cosmetics,
detergents and drugs. For example, the microcapsules fabri-
cated in this work allow for the delivery of fat-soluble vitamins
within oil cores with release that can potentially be triggered by
shear. The capsules can potentially be incorporated in a range
of cosmetic products, such as lotions and creams.
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7 L. Liang, V. Tremblay-Hébert and M. Subirade, Character-
isation of the b-lactoglobulin/a-tocopherol complex and its
impact on a-tocopherol stability, Food Chem., 2011, 126,
821–826.

8 Y. Qi, Z. Zhang, Y. Wang, Z. Wu, Z. Qin, Y. Zhou and
X. Yang, Preparation and characterization of vitamin e
microcapsules stabilized by zein with different polysacchar-
ides, Int. J. Biol. Macromol., 2024, 268, 131975.

9 G. Niculae, I. Lacatusu, A. Bors and R. Stan, Photostability
enhancement by encapsulation of a-tocopherol into lipid-
based nanoparticles loaded with a UV filter, C. R. Chim,
2014, 17, 1028–1033.

10 F. Edilino de Lima, R. Giordano Viegas and O. Vital de
Oliveira, In silico study of the encapsulation of a-tocopherol
and a-tocotrienol vitamins e into cucurbit[7]uril, Chem.
Phys. Lett., 2023, 826, 140647.

11 Z. A. Raza, S. Khalil, A. Ayub and I. M. Banat, Recent
developments in chitosan encapsulation of various active
ingredients for multifunctional applications, Carbohydr.
Res., 2020, 492, 108004.

12 P. Li, Z. Yang, Y. Wang, Z. Peng, S. Li, L. Kong and Q. Wang,
Microencapsulation of coupled folate and chitosan nano-
particles for targeted delivery of combination drugs to
colon, J. Microencapsulation, 2015, 32, 40–45.

13 W.-C. Liao, Y. S. Sohn, M. Riutin, A. Cecconello, W. J. Parak,
R. Nechushtai and I. Willner, The application of stimuli-
responsive vegf- and atp-aptamer-based microcapsules for
the controlled release of an anticancer drug, and the
selective targeted cytotoxicity toward cancer cells, Adv.
Funct. Mater., 2016, 4262–4273.

14 M. Calderón-Oliver and E. Ponce-Alquicira, The role of
microencapsulation in food application, Molecules, 2022,
27, 1499.

15 R. Hu, D. Dong, J. Hu and H. Liu, Improved viability of
probiotics encapsulated in soybean protein isolate matrix
microcapsules by coacervation and cross-linking modifica-
tion, Food Hydrocolloids, 2023, 138, 108457.

16 F. Casanova and L. Santos, Encapsulation of cosmetic active
ingredients for topical application – a review, J. Micro-
encapsulation, 2016, 33, 1–17.

17 A. Zhang, X. Wu, X. Ouyang, H. Lou, D. Yang, Y. Qian and
X. Qiu, Preparation of light-colored lignosulfonate sunsc-
reen microcapsules with strengthened UV-blocking and
adhesion performance, ACS Sustainable Chem. Eng., 2022,
10, 9381–9388.

18 H. Lee, C.-H. Choi, A. Abbaspourrad, C. Wesner,
M. Caggioni, T. Zhu and D. A. Weitz, Encapsulation and
enhanced retention of fragrance in polymer microcapsules,
ACS Appl. Mater. Interfaces, 2016, 8, 4007–4013.

19 Z. Chen, W. Zhang, Z. Yuan, Z. Wang, R. Ma and K. Chen,
Preparation of strawberry chitosan composite microcapsules

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 1

1:
14

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00981a


1476 |  Mater. Adv., 2025, 6, 1468–1477 © 2025 The Author(s). Published by the Royal Society of Chemistry

and their application in textiles, Colloids Surf., A, 2022,
652, 129845.

20 C. Zotiadis, I. Patrikalos, V. Loukaidou, D. M. Korres,
A. Karantonis and S. Vouyiouka, Self-healing coatings based
on poly(urea-formaldehyde) microcapsules: In situ polymer-
ization, capsule properties and application, Prog. Org. Coat.,
2021, 161, 106475.

21 M. Zhao, Z. Chen, L. Hao, H. Chen, X. Zhou and H. Zhou,
Cmc based microcapsules for smart delivery of pesticides
with reduced risks to the environment, Carbohydr. Polym.,
2023, 300, 120260.

22 N. Choudhury, M. Meghwal and K. Das, Microencapsula-
tion: An overview on concepts, methods, properties and
applications in foods, Food Front., 2021, 2, 426–442.

23 J. Carpentier, E. Conforto, C. Chaigneau, J.-E. Vendeville and
T. Maugard, Microencapsulation and controlled release of Î �
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