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Yield stress-enabled microencapsulation of field
responsive microparticle suspensionst

Samuel R. Wilson-Whitford, €2 *3® Maria Chiara Roffin,
Thitiporn Kaewpetch® and James F. Gilchrist*®

@ Jinghui Gao,?

Try and encapsulate microparticles inside the cores of microcapsules and you will often find that
particles adhere to the liquid—-liquid interface in a phenomenon known as Pickering stabilization. Particles
will remain irreversibly trapped and embedded within the subsequently formed microcapsule membrane.
In cases where the encapsulant particles must remain suspended inside the microcapsule core to retain
their desired properties or behaviours, Pickering stabilization is detrimental. Here we demonstrate a gen-
eral procedure using yield stress materials as the core material, where the yield stress of the gel is strong
enough to suspend particles against sedimentation, but weak enough to allow spatial manipulation of
encapsulant particles using an external field. This external field imparts enough force on particles to disrupt
the supporting network and allow particle mobility after encapsulation.

Introduction

Microcapsules which contain organic, inorganic or biologically
derived particles, either embedded at the interface or free in the
core, are becoming more significant in encapsulation sciences.
Traditionally they are formed from an emulsion by creating a
solid boundary at the heterogeneous interface of the droplets.
Their unique microsegregated structures allow for complex che-
mistries and functionalities to be included within a composite
material without the need for complicated synthetic approaches
and at higher efficiency. Microcapsules can be used for control of
permeability," rigidity,> for analytics,® as microreactors,” as deliv-
ery vessels™® and as responsive colloidal crystals’ to name a few.

If we emulsify two immiscible phases in the presence of
small particles (in either the dispersed or continuous phase),
we can in many cases expect the resultant droplets to be
stabilised by the particles as they adsorb to the interface in a
phenomenon known as a Pickering stablisation.®'° This is due
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to the substantial energetic advantage of particle adsorption to a
fluid—fluid interface."""> The microparticles in this case arrive at
the interface as a result of Brownian diffusion or sedimentation.
This processes can, in some cases, be a desirable phenomenon
and in fact has given rise to the study of armoured droplets
known as “colloidosomes”.'*'* In other cases, it can be desir-
able to produce microcapsules which contain a suspension of
particles throughout the core. It has been shown that when
generating droplets from an organic phase laden with particles,
the particles will almost instantaneously saturate the interface.'®
For this reason it is important to develop synthetic approaches
that control the behaviour of encapsulated suspensions of
microparticles during the encapsulation process.

One approach to create microencapsulated suspensions is to
avoid the presence microparticles during the membrane/shell
formation and to nucleate particles in situ after encapsulation is
complete. This has been shown through emulsion polymerization
techniques,"®™'® template-free methods and Ostwald ripening
methods,"® but these approaches often produce materials
where the chemistry of the core and shell are the same.
Alternatively, low Reynolds number approaches such as micro-
fluidics are employed.>**! Microfluidics has the added advantage
of being able to use external fields to influence microparticle
diffusion and motion inside droplets.>*>* Other approaches have
utilised layer-by-layer templating syntheses. Here microparticles
can be coated within a sacrificial layer which is chemically etched
after an outer shell has been formed to give ‘“yolk-shell” or
“microrattle” morphologies.”*®8

The most practical approaches available in the literature are
based on the arrest of particle Brownian diffusion or sedimen-
tation through control of the dispersed phase’s rheological
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Fig. 1 Schematic of (a) diffusion of particles towards and subsequent
adsorption to the interface before polymerisation of capsule wall (b)

arrested motion of particles in a yield stress fluid in the dispersed phase
preventing diffusion to the interface prior to wall formation (c) legend.

properties by methods such as core gelation/solidification,**

or through solvent-particle density matching.>*® Perhaps a
forgotten technique in this category is reliquification, where
microcapsules are formed with a solid gel core, usually an ionic
crosslinked alginate gel, and the cores are subsequently reli-
quefied by addition of a chelating agent, such as EDTA.*’~°
This has proven to be an effective technique for encapsulation
of living tissues/particulates. This approach is easily applicable
to aqueous core capsules, due to the large variety of available
hydrogelators, but this technique has limited scope for oil-in-
water (O/W) systems due to lack of suitable materials. With this
in mind, a similar concept using oil-soluble yield stress materi-
als, such as hydrogen bonded gels could be used as an
analogous O/W method.

The synthetic route proposed herein is the use of an oil-based
core material that possesses a yield stress strong enough to
counteract the effects of gravity and Brownian motion but weak
enough to yield in the presence of an external field or force
(Fig. 1). Reliquification is achieved by utilizing shear rather than
chemically induced triggers. In a generalised approach, we show
an O/W polyurea microcapsule batch synthesis using an ethyl
cellulose-dioctyl phthalate (ECDOP) dispersed phase. Micron-
scale magnetic (field responsive) particles are distributed between
the core and the interface of the microcapsules, depending on the
particle position upon droplet generation, leaving the particles
which remain in the core of the microcapsules free to be spatially
manipulated by an external field. We believe this is a convenient
route to larger scale synthesis of microcapsule sensors, micro-
mixers, microreactors and field-responsive display inks, and
should be treated as a generalised synthetic procedure applicable
to a wide range of particle sizes, chemistries, and shapes etc.

Experimental

Materials and equipment listed in the ESL

Fluorescent 1 pm silica particles

A 15 vol% solution of 3-aminopropyltriethoxysiline in ethanol
(18.85 mL) with rhodamine isothiocyanate (9.8 mg, 1.82 X
10> mmol) was stirred overnight in foil covered Flask 1. In a
second flask, Flask 2, ethanol (6.81 g, 8.64 mL), DI water (12.44 g,
12.44 mL) and ammonium hydroxide (3.43 g, 3.905 mL) were
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mixed. In Flask 3, a 10 vol% of tetraethyl orthosilicate (TEOS) in
ethanol solution (50 mL) was prepared. Flask 2 and 3 were added
to Flask 1 and stirred for 6 h. A second 10 vol% TEOS in ethanol
solution was prepared (50 mL) and added to Flask 1 and stirred
for a further 24 h. The reaction solution was cleaned by
6x centrifugation in ethanol followed by 3x in DI water. The
use of fluorescent particles in this work is purely for visualisation
and analysis.

Preparation of Janus particles

Monolayer films of 1 um diameter silica particles were prepared
on a roll-to-roll scale by automated Langmuir-Blodgett.*® The
dried films were coated with Fe by physical vapour deposition
using an Eddy SC 20 E-Beam Evaporator. Silica monolayers were
placed in the evaporation chamber with Fe pellets, then sealed
and held at high vacuum (10~ torr, 50 K). The cap thickness was
monitored in situ with a calibrated crystal balance. The resulting
Fe capped Janus particle films had 50 nm coatings on the
exposed hemispheres. Films, on their substrates, were cut into
small sections and sonicated in ethanol for 2 minutes to remove
the Janus particles. The ethanol was subsequently evaporated to
leave dried magnetic Janus particles.

Preparation of core material

Ethyl cellulose-dicotyl phthalate solutions were prepared on the
7.50 g scale at 0, 1, 2, 3, 4, 5 and 6 wt% of ethyl cellulose in dioctyl
phthalate. To do this, ethyl cellulose was added to dioctyl phtha-
late in a 20 mL glass vial along with a small magnetic follower.
The vial was sealed and submerged in an oil bath at 140 °C for 1 h.
At this point 0.025 g of Solsperse 3000 dispersant was added.
Janus particles were added at 0.0066 ¢ mL ™" in ethyl cellulose
solution. The sample was cooled to room temperature. Before
each use, samples were heated and stirred at 40 °C for 15 min,
followed by gentle sonication for 30 min. If the sample was to be
analysed by confocal microscopy, Nile red at 1-2 mg mL " was
added after the sample was removed from the heat and allowed to
dissolve under stirring.

Preparation of microcapsules

A 2 wt% solution of polyvinyl alcohol (Mowiol 8-88 M,, 67 kDa)
was prepared. 100 mL of PVA solution was added to a 150 mL
beaker, and was heated to 45 °C in a thermostatic waterbath.
The PVA solution was stirred at 500 rpm with an overhead
impeller stirrer. 7.50 g of core material was added to a separate
vial followed by 825 pL of isophorone diisocyanate. The vial was
sealed, and the mixture agitated until the components were
homogenously mixed. The core suspension was added to the
stirring PVA solution and allowed to shear for 30 s to form
droplets. The stir rate was reduced to 150 rpm and 3000 uL of
10 w/w% diethylene triamine solution was added dropwise over
30 seconds. The reaction was allowed to proceed for 5 h to react
any excess isocyanate.

Magnetic agitation

Agitation was performed using a permanent magnet positioned
in a fixed orientation at a set height above the sample (50 mm).

This journal is © The Royal Society of Chemistry 2023
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The magnet has a magnetic flux density of 500 mT at the surface
and an approximate maximum acting magnetic flux density of
~20 mT. The magnet was moved in a circular motion with the
height of the magnet always remaining constant.

Results and discussion

Gel capsules, like those mentioned previously, often use aqueous
gels such as alginate or gelatine. This is because there are numer-
ous gelator options and additionally, the ways in which small
particles can be stabilized in aqueous systems is more diverse
(e.g- Coulombic screening). For an oil-in-water system, ethyl cellu-
lose (EC), which has near-zero water solubility, is an example of an
effective colloidal-type gelator. By this we mean that the gelation
occurs through the formation of a network of nanoscale diameter
fibres, via a combination of hydrogen bonding on the molecular
level and physical entanglement on the nano/microscale. Addition-
ally, dioctyl phthalate (DOP) was chosen as the solvent component
of the yield stress material due to the reported cooperative relation-
ship between EC and diesters to form supramolecular gels.*"*>

In pursuit of the proposed mechanism shown in Fig. 1 it is
important to identify a balance between particles sedimenting
in the gel core and the ability to yield the network with an
external force. Due to the relatively large density difference
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between the solvent and the particles (~0.8-1 g em™?) it is
assumed that sedimentation due to gravity is more significant
than the ability of particles to migrate to the interface through
Brownian motion. To identify a transition point where particles
no longer sediment, EC:DOP solutions were prepared at 0-6 wt%
at 1% intervals and loaded with dispersed fluorescent particles
(0.3 vol%). The experimental setup is described in S1. Samples
were imaged on a confocal piezo stage over a set volume (pm,,
pmy, pm,: 40, 40, 100), upward from the glass substrate (z =0
pm — z =100 pm). Scans were performed 15 min after sample
preparation to allow for sample relaxation and again after 4 h,
to mimic reaction conditions. Fig. 2 shows analysis of the
sedimentation of particles in the gels at different gel concen-
trations. Fig. 2(a)-(f) show typical examples of the distribu-
tion of particles in the bottom 100 pm of samples, after 4 h.
The particle number density reduces notably between
1-3 wt% gel and remains approximately the same between
4-6 wt% demonstrating retardation of sedimentation. Fig. 2(g)
shows the average total particle count by fixed volume for each
gel concentration after 15 min and after 4 h. After 15 min, the
particle count is essentially equal between all gel concentra-
tions with a slight bias to the lower concentration, but after 4 h,
it is clear that a considerable amount of sedimentation has
occurred in the lower concentration gels. The transition point
could be indicated as lying approximately between 3-4 wt% EC.
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Fig. 2

(a)—-(f) Examples of settling distribution after 4 hours in ECDOP gels of increasing gel concentration 1-6 wt%. Colourbars indicate depth of sample

for z = 0—-100 um (g) Average number of particles in a set volume in the 100 um above the substrate surface 15 min after gel preparation (red circles) and

4 hours after gel preparation (black squares).
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Here, the key concern is the settling velocities of particles,
and at which gel concentration would a majority of the encap-
sulated particles remain away from the interface during the
critical first hour of the synthesis. This first hour accounts for a
majority of polymer membrane formation. The ECDOP itself,
from a simplistic perspective, could be considered as a viscous
material in which the settling rate of particles depends on the
viscosity as a function of the wt% of gel. It should be noted that
for systems with much higher particle volume fractions, the
percolation lengths could significantly influence gel structure
and behaviour. Alternatively, in an elastic state, we could
consider particle sedimentation as a probability that a particle
is held by the gel network, with that probability being some
function of the wt% gel, though perhaps more realistically the
system should be considered a combination of these two
regimes. For simplicity, we are considering the system as
increasingly viscous with respect to increasing gel concentration.
From the confocal data, the settling velocities, ey, of the
particles in each gel are estimated and are found to closely
follow the theoretical terminal velocity of a 1 pum particle in pure
DOP (S2). It was found that veg = 13.8 and 9.6 um h™" for 3 and
4 wt% respectively. Considering the average capsule diameter as
100-150 pm, sedimentation is unlikely to result in transport of a
significant number of particles to the polymerising interface
during the timescale of a reaction for a 3 wt% ECDOP gel. This is
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in agreement with the conclusions from the settling data in
Fig. 2. For an order of magnitude estimate on the yield stress when
Janus particles are arrested from sedimentation, o, ~ Apgd =
0.01 Pa, where Ap is the density difference, g is gravitational
acceleration, and d is Janus particle diameter.

In a supporting experiment, samples of EC:DOP from 1-6 wt%
were prepared with 0.0066 ¢ mL ™" of fluorescent ferromagnetic
Janus particles. The advantage of using Janus particles here is that
it simplifies visualization of the spatial and angular perturbations
of the particles. The sample preparation was identical to the
settling experiment shown in Fig. 2, using cylindrical sample
holders (S1). Samples were examined by CLSM whilst under
magnetic agitation and the resulting videos were analysed to
extract the mean square deviation (MSD) data from particle and
particle cluster trajectories within the bulk yield stress gels.
It should be noted that particle clusters are present primarily
due to self-assembly of ferromagnetic Janus particles, a behaviour
reported in the literature.** Fig. 3 shows the results of MSD
calculations, with the black line showing the average MSD over
all trajectories for each gel concentration. It should be noted here
that MSD calculations from multiple particle tracking experi-
ments are designed to work for particle systems with ideal
Brownian trajectories. Here particles and particle clusters have
rotational components to their motion which are not accounted
for in microrheology.

MSD [m]

MSD [m]

107 100 10’

7[s]

107"

10°

1072

10" 100 10°

7[s]

10™

10 10"

7[s]

10 10" 102 10

7[s]

Fig. 3 Mean square displacement data for magnetic particles agitated in a magnetic field in bulk EC:DOP yield stress solutions at EC concentrations of
(@) 1 wt% (b) 2 wt% (c) 3 wt% (d) 4 wt% (e) 5 wt% (f) 6 wt%. Black lines indicated the average MSD.
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Typically, the displacement with time (MSD vs. ) will have a
slope, o, of >1 for a super diffusive particle, equal to 1 for a
Brownian particle and 0 for stationary particle. In our case, the
traditional interpretation is not valid as the particles are not
passive but are instead being externally manipulated. It is also
important to note that the particle motion being measured is
also partially rotational, especially for dimers/clusters. However,
o remains indicative of the nature of the microenvironment that
the particles are experiencing. Decreasing values of o here
indicate an increase in the opposing force on the translational
and rotational motion of the particles by the increased gel
concentration. The values of o for each sample were, 1.32,
1.05, 0.75, 0.49, 0.33, 0.19 from 1-6 wt% EC respectively. For
low wt% EC, the particle motion is relatively unrestricted, as
seen in Supplementary Video V1 (ESIt). From >2 wt%, particle
motion is significantly restricted, a trend that is exacerbated at
>3 wt%, and essentially stationary at 6 wt% (Supplementary
Video V2, ESIf). This is in agreement with the sedimentation
data from Fig. 2. What is perhaps more endearing is the shape of
the MSD curves. Pronounced oscillations appear as the gel
concentration increases. From concentrations >4 wt%, stron-
ger, regular oscillations are observed, indicating an increasing
domination of elastic domains within the fluid. The onset of
these pronounced oscillations is in agreement with the observa-
tions from the settling experiments, indicating that the yielding
behaviour of the EC:DOP at approximately 3 wt% is an ideal
concentration for the proposed system and particle selection.

Given these observations, microcapsules were synthesised
adhering to the method outlined in the Experimental section and

EC Dispersant ~ Janus partlge
\/\ o/
DOP ©)
— > . —
130°C 45 min 15 min

é"c 60°C E?
PVA sol., [ N
Sonicate 30 min
1 Cool to room temp
10 w/w%
triamine
4-5h

—_— s @
e

)

Fig. 4 Schematic of synthetic procedure of microcapsules with sus-
pended particles.
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illustrated in Fig. 4. ECDOP containing responsive particles and
isophorone diisocyanate (IDI) was emulsified in PVA solution and
a diethylene triamine (DETA) crosslinker was subsequently added.
The method utilized interfacial polymerisation of oil-soluble IDI
and water-soluble DETA crosslinker to form a polyurea capsule
wall. Isocyanate-amine chemistry was chosen due to the fast rates
of reaction and subsequent fast initial membrane formation.*
Capsules were synthesized using the previously identified transi-
tion concentration of 3 wt% with the results shown in Fig. 5 and
Supplementary Videos V3 and V4 (ESIT). Additionally, capsules
were synthesised at 0 wt% and 6 wt% to demonstrate the trapping
of microparticles at the interface and within an elastic core
(S3 and S4).

As seen from Fig. 5 and the supporting video, the microcap-
sules contain particles and particle clusters. The capsule size for
the sample is measured at d[3,2] = 184.5 + 105.3 um and shows a
broad size distribution due to the emulsification method (impeller
stirrer) (S5). Upon agitation with an external magnetic field, the
particles and particle clusters within the capsules are seen to move
freely as they yield the gel network. Some particles are also
immobile, specifically those embedded in the capsule walls. This
is as a result of the emulsification process. As the particle laden
gel is emulsified, some particles will inevitably be at the interface
as the droplets are formed, due to the random spatial distribu-
tion of particles. Importantly, a majority of particles can be
observed as mobile and in the cores of the capsules. A tracking
analysis of the particles and particle clusters reveals the same
smooth MSD curves which are indicative of a viscous environ-
ment. This shows that the particles are successfully yielding the
gel network and moving freely after encapsulation.

Although the above synthetic method is intended to be used as
a general synthetic approach, applicable to all manner of particle
sizes, shapes and chemistries etc. in the following we demonstrate
the utility of the method through incorporation in a visually
tangible application, as an alternative to E-ink displays.*® In
previous work by Gao et al,”® it was shown that chains of
ferromagnetic Janus particles can be rotated in a magnetic field
giving rise to an optical dynamic range based on variable transmis-
sion of light. Others have shown similar, irreversible control of

b 10° e
- ]
3 ]

Q
a ]
E o
107? S E——
102 10" 10° 10°

78]

Fig. 5 (a) Confocal microscopy of 3 wt% EC in DOP microcapsule
containing freely rotating and translating particle clusters. Scale bar =
50 um (b) Mean square displacement of tracked particle clusters showing
inelastic particle motion under agitation by magnetic field. Black line
indicates the mean track over all particle clusters.
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Fig. 6 Relative intensity difference of capsules in a rotating magnetic field
taken by greyscale image analysis of wet capsules on glass substrate similar
to that of Gao et al.** Black line indicates averaged data, grey shows error.

transmission through magnetic particles.*® These particles can be
microencapsulated using our method to produce optically
dynamic microcapsules.

This dynamic optical behaviour can be observed in Supple-
mentary Video V4 (ESIf), where capsules containing Janus parti-
cles suspended in 3 wt% EC:DOP are shown to flash under the
influence of a rotating magnetic field. V4 is a zoomed-out view of a
number of capsules and so the intensity change observed is not
correlated to any individual movement of particles but is an
average of the collective motion. In V4 a significant majority of
encapsulated particles can be seen in motion, as indicated by the
macroscopic variable optical transmission. Measuring of the
relative intensity difference of the capsules in a rotating magnetic
field shows a transition between high and low optical transmis-
sion based on the orientation of the magnetic field, with the
measured change being ~9-10% (Fig. 6). The broad error here is
due to the size dispersity of the capsules themselves, essentially
giving different relative thicknesses to each capsule and thus
changing the measured intensity. The advantage here with com-
parison to traditional E-inks, is the order of magnitude increase in
refresh rate. Where E-inks rely on the translational motion of
microparticles,®® here particles can simply be rotated, which
occurs on a significantly faster timescale. A similar phenomenon
involving the reflective properties of much larger Janus particles
has also been previously demonstrate in optical devices,”™*° but
never before through microencapsulation. Additionally, this tech-
nology would remove the need for expensive and brittle ITO
screens and top-plates on various types of devices.

Conclusions

In summary, a one-pot method of encapsulating micron-scale
particles inside the core of capsules has been demonstrated by
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using a yield stress material as the core of the capsules. By
controlling the yield point of the gel, the material can be
balanced to suspend particles sufficiently to minimise sedimen-
tation yet also be weak enough that an external force, in this case
magnetism, can be used to yield the network and give spatially
controllable encapsulated particles. For this example system, a
combination of 1 pm silica Janus particles and an ECDOP gel is
used. A 3 wt% ECDOP core is found to be the optimal gel
concentration. The utility of this method is demonstrated by
showing that this method can be used to produce materials for
E-ink inspired screens and devices. The spatial orientation of
chains of ferromagnetic microparticles encapsulated using our
method can be manipulated to control transmission of light and
therefore switching between light and dark.
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