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Microencapsulation is an important technology to stabilise
active ingredients and/or control their release for a range of
industrial sectors including healthcare, household care,
cosmetics and agrochemicals.' Various techniques including
interfacial polymerisation, in situ polymerisation, solvent
evaporation and coacervation, have been developed to encap-
sulate different types of active ingredients, such as oil-soluble,
water-soluble, amphiphilic, powders or cells.*® Encapsulation
of water-soluble active ingredients is usually achieved by
forming a water in oil (W/O) emulsion, initially stabilised by the
self-assembly of molecular and/or polymolecular surfactants at
the liquid/liquid interface, followed by further consolidation
through chemical cross-linking of the surfactants at the inter-
face, leading to robust isolatable capsules.>® The actives that
have been encapsulated range from biomacromolecules, such
as proteins,® polysaccharides,"” and enzymes' " to small
molecules, such as doxorubicin,'*** peroxide,** polyphenols,*
and inorganic salts.'*"”

Melamine formaldehyde (MF) is a versatile chemical cross-
linking agent and has been broadly used in a number of
encapsulation applications, due to its polycondensates
providing a tight seal, thermal and mechanical stability and
acid/alkaline resistance.’*** MF polycondensates have been
used as shell material to encapsulate oils in applications in the
area of carbonless copy paper,* fragrant oil*»** and herbicide/
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salt and organic molecule, respectively, via a facile method, and it has shown a sustained release of KCl and
allura red for 12 h and 10 days in aqueous environment, respectively.

insecticide delivery.** However, it has not been possible to
form microcapsules, which can encapsulate water soluble
ingredients and achieve a sustained release. Herein, we have
developed a novel way to synthesise MF microcapsules via an in
situ polymerisation process (Scheme 1) with a water soluble
inorganic salt (KCl) and an organic dye (allura red), which dis-
played prolonged release times of 12 h and 10 days, respectively.

An aqueous phase containing the MF precondensate solu-
tion, formaldehyde, poly(acrylamide-acrylic acid) copolymer
and the active (KCI or allura red) with the pH adjusted to 4.3,
was emulsified within an oil (sunflower oil) phase at a stirring
speed of 600 rpm (Scheme 1, Step 1) to form a Pickering
emulsion (unripened (low-level cross-linking) microcapsules),
with the MF and copolymer acting as the stabilising surfactants

Step 1. W/O emulsion droplets formation — Initial water droplet

MF precondensate
poly(acrylamide-
acrylic acid

Emulsification
600 rpm, 2 h

Active ingredients

Water containing MF,
formaldehyde, copolymer,
formaldehyde and active

ingredients

600 rpm
after2h

Unripened MF

microcapsules

MF microcapsules
(ripened)

Q‘- ~—
!
Step 3. | Step 2.
Polymerization | Shell formation
i
i
i

Heat 75 °C,
1200 rpm, 5 h

Heat 55 °C,
1200 rpm, 30 min

Scheme 1 Illustration of MF microcapsules synthesised via an in situ
polymerisation process with water soluble ingredients (KCl salt/allura
red molecules) encapsulated.
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at the liquid/liquid interface.”®*® The unripened MF microcap-
sules were then heated at 55 °C at 600 rpm for 30 min, which
partially solidified the outer shell,”” and the stirring speed was
then increased to 1200 rpm, which was maintained for a further
30 min, to prevent aggregation between the unripened micro-
capsules (Step 2). The fully ripened MF microcapsules were
finally formed by heating at 75 °C at 1200 rpm for a further 5 h
(Step 3). The MF-KCl microcapsules (ripened) formed with
different volumes of formaldehyde solution (200 pl and 600 pl,
37% (aq.) w/w) were named as MF-KCI (200 F) and MF-KCI (600
F), respectively.

The W/O emulsion droplets were stabilised by the pre-cross-
linked MF precondensate and copolymer at pH 4.3, which
adsorbed at the interface of the emulsion as shown in the
optical micrograph (Fig. 1a), forming the unripened MF
microcapsules with a core-shell structure. After preheated at
55 °C for 30 min, the unripened MF microcapsules partly
solidified and they were strong enough to survive when the
stirring speed increased to 1200 rpm, to avoid aggregation
between microcapsules (Fig. S1t). The unripened microcap-
sules maintained their shapes and sizes after the stirring speed
was increased as shown in Fig. S1b.{ The formed ripened MF-
KCl and MF-dye microcapsules showed spherical shapes on
the microscale, and the MF-dye revealed a red core under the
optical microscope, indicating the encapsulated dye in the MF
microcapsules (Fig. 1b and c¢). The MF-KCI (600 F) revealed
a smoother surface than the MF-KCI (200 F) one, which resulted
from the increasing amount of formaldehyde integrated into

—=— WF-KCI (200 F)
—e— MF-KCI (600 F)
—a— MF-ye (200 F)

5 10 15 20 25 30 35 40
Particle size (um)

Fig. 1 Optical micrographs of (a) unripened MF-KCl (200 F) micro-
capsules produced at 600 rpm for 2 h, (b) MF-KCL (200 F) microcap-
sules and (c) MF-dye (200 F) microcapsules dispersed in water. SEM
images of (d) MF-KCL (200 F) and (e) MF-KCL (600 F) microcapsules,
and (f) the size distributions of MF-KCL (200 F), MF-KCL (600 F) and (e)
MEF-dye (200 F) microcapsules.
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the MF polymerisation process (Fig. 1d and e). The size distri-
butions exhibited in Fig. 1f show similar mean size [D (4, 3)]
which were around 13 pm (Table 1). Clearly, the mean size
varied with the viscosity of the prepared aqueous solution, and
it slightly decreased with the decreasing viscosity of solution.
The three batches of MF samples thus showed similar size
distributions.

The cross-sections of MF-KCI (200 F) and MF-KCI (600 F)
microcapsules are shown in Fig. 2, indicating clear shell struc-
tures. The MF-KCI (200 F) microcapsules displayed a thicker
shell (0.65 (£0.04) pm to 1.30 (£0.09) um) with a uniformly
distributed core than MF-KCl (600 F) microcapsules (0.59
(£0.03) pm to 1.09 (£0.05) um) with an inhomogeneously
distributed core. The high concentration of formaldehyde in
MF-KCI (600 F) led to the excess amount of formaldehyde in the
water phase and might increase the polymerisation rate
between MF precondensate and free formaldehyde, forming the
unevenly distributed self-assembled solid MF core. Meanwhile,
it led to higher local concentrations of formaldehyde, forming
a smoother and more compact surface (Fig. 1e). The shell
thicknesses of MF-KCI (600 F) microcapsules were thus thinner
than those of MF-KCI (200 F) microcapsules due to the less
amount of MF assembled in the shell. The elemental compo-
sitions of shell and core of MF-KCl (200 F) microcapsules
confirmed by the energy dispersive X-ray (EDX) analysis,
demonstrate that both of the shell and core contained C, N, Na
and Cl, revealing the existing of assembled MF precondensate
and copolymer (Fig. S21). Meanwhile, the detectable K element
in the core indicates that the K" ions were encapsulated in the
MF microcapsules. The formed MF microcapsules were char-
acterised by the Fourier-transform infrared (FT-IR) spectrom-
etry. The absorption peaks of N-H stretching vibration at
around 3340, 1559 and 813 cm ™, the C-N stretching at around
1358 cm ™', the C-H stretching at around 2938 and 1180 cm ™"

Table 1 The SPAN and mean size [D (4, 3)] of size distributions and
viscosity data of initially mixed aqueous solution (before emulsifica-
tion) for each batch of MF samples. The figure after + represents the
standard error of the mean

Mean size
Sample [D (4, 3)] (um)  SPAN Viscosity (Pa s)
MF-KCI (200 F) 13 (1) 1.26 (+£0.01)  0.0187 (+7 x 107%)
MF-KCI (600 F) 12 (+1) 1.26 (+£0.02)  0.0169 (+7 x 1079
MF-dye (200 F) 13 (+1) 1.21 (4£0.05)  0.0188 (£8 x 10™%)

a b

0.65 (+ 0.04) um - 1.30 (x 0.09) pm

Ve

.0.59 (+ 0.03) pm~1:09.( 0.05) ym

Fig. 2 TEM images of the cross-section of (a) MF-KCl (200 F) and (b)
MF-KCL (600 F) microcapsules embedded in epon/araldite resin. (Each
data was calculated from at least 30 microcapsules).

This journal is © The Royal Society of Chemistry 2018
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and the methylol at roughly 1010 cm ™", are the characteristics
of MF and copolymer.?®**° The slight shift of carboxyl group at
1671 cm ™ for MF-KCI, might be due to the interactions
between the carboxyl groups of copolymer and K' ions, relative
to the peak at 1663 cm ™" for the neat MF as shown in Fig. S3.1%
The microcapsules were dispersed in water and the release of
K" ions or dye molecules from the microcapsules were monitored,
via removal of aliquots at extended time intervals over 12 hours
and 10 days, and analysis with flame photometry (K") and UV/Vis
spectroscopy (dye), respectively. The cumulative release data of K"
ions in Fig. 3a from two batches of MF-KCl microcapsules
demonstrates a sustained release within 2 hours, reaching roughly
90% of the encapsulated ions released out, and then followed by
a slow release up to 12 h, which might be due to the interaction
between K" and carboxyl groups of copolymer as indicated by FT-
IR (Fig. S371). Interestingly, the release of K" ions from MF-KCI (600
F) with more content of formaldehyde revealed a slower release
rate, which may be attributed to the formed more compact MF,
providing a barrier to the encapsulated ions, compared to MF-KCI
(200 F). The release rate of allura red (dye) molecules from MF (200
F) displayed a sustained release, revealing a fast release leaking 36
=+ 1% within 2 h and then slowed down, leaking 56.8 + 0.4% for 10
days (Fig. 3b). The chemical structure of the released allura red
(dye) molecules was not checked, since it had been demonstrated
to be stable in acidic pH and at temperatures up to 80 °C.*> The
payloads and encapsulation efficiencies of KCI and dye in the MF
microcapsules were calculated using the equations in Experi-
mental section of the ESIt as shown in Table 2. Clearly, the ones
for dye in MF microcapsules were higher than for KClI ions, which
probably resulted from the larger molar mass of allura red, and its
functional groups (Fig. S41) might interact with MF and the
copolymer. Regarding encapsulation of small water soluble
ingredients, the commonly used liposomes also exhibited their
sustained release for <24 h in water,*** but the obvious drawbacks
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Fig. 3 Cumulative release profiles of (a) K* ions from MF-KCL (200 F)
microcapsules, MF-KCL (600 F) microcapsules and (b) dye molecules
from MF-dye (200 F) microcapsules dispersed in water at 37 °C with
shaking at a speed of 150 rpm. (Each experiment was conducted at
least 3 times).
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are the fast release of the ingredients, high cost, low payload, low
reproducibility and instability during storage.* In contrast, the MF
microcapsules fabricated here are cheap and reproducible, and
they display stable structure for 2 months in ethanol (Fig. S57).

The mechanical properties of MF microcapsules were
measured by a micromanipulation technique.*® A single MF
microcapsule was compressed by two parallel flat surfaces
(Fig. 4a and b), and a force versus displacement curve for
compression of the single MF-KCI (200 F) microcapsule was
obtained as shown in Fig. S6.1 The relationship of force (F)
versus displacement (6) is assumed to represent the elastic
behavior, when the nominal deformation calculated by eqn (1)
is = 10%, described by the Hertz model as given in eqn (2).*” d is
the diameter of the microcapsule; E is the Young's modulus of
the microcapsules and v is the Poisson's ratio.

Nominal deformation(%) = g x 100 (1)
4 E 8\
SE==lt) @

In this way, a force vs. (6/2)*? curve was fitted with the Hertz
model [eqn (2)], see Fig. 4c, and they are in good agreements
with a correlation coefficient of 0.99, which justifies the
assumption of the elastic behavior when the nominal defor-
mation is =10%. The Young's modulus values of the three
batches of MF microcapsules are showed in Table 2, and the
MF-KCI (200 F) microcapsules formed with the less amount of
formaldehyde indicates a higher Young's value due to the
thicker shells and uniform cores, relative to the MF-KCl (600 F)
microcapsules with an interstitial hollow core. In general, the
Young's modulus of the formed MF microcapsules with a range
of 2.8-4.9 GPa displayed a similar value, relative to previous
researches, and the larger shell thickness could enhance the
stiffness of the microcapsule.’®*

In conclusion, a novel method to synthesise MF microcap-
sules with aqueous phase encapsulated was developed in this
study, and the water soluble ingredients, including an ion (K")
and small molecule (allura red) were encapsulated, indicating
a sustained release in water environment for 12 h and 10 days,
respectively. In addition, the formed MF microcapsules dis-
played Young's modulus values in the order of GPa, revealing
comparatively strong stiffness. Therefore, the developed MF
formation method may provide a new way to deliver different
kinds of water soluble ingredients except those sensitive to
acidic pH, which can have applications in different areas of
scientific research and industry.

Table 2 The F/M (molar ratio), payload, encapsulation efficiency and Young's modulus of each batch of MF samples

Encapsulation Young's
Sample F/M molar ratio Payload (%) efficiency (%) modulus (GPa)
MF-KCI (200 F) 0.7 7.7 (£0.3) 70 (£2) 3.3 (40.2)
MF-KCI (600 F) 1.7 7.2 (£0.1) 69 (+2) 2.8 (40.2)
MF-dye (200 F) 0.7 8.4 (£0.1) 82 (+1) 4.9 (+£0.2)

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Optical images obtained from screen (a) before and (b) after
compressing a single MF microcapsule to large deformation. (c) The
linear fit of the Hertz model to the data from compression of a single
MF-KCLl (200 F) microcapsule to 10% nominal deformation of its
diameter. The compression speed was 2 pm s,
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