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HIGHLIGHTS

Drying of microcapsules with sparse fiber
mesh walls is studied.

Significant shrinkage via capillary stresses
collapses the minimal mass capsules.
The fiber mesh shells can completely
recover from huge deformation if rehy-
drated.
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ABSTRACT

Keywords: Use of engineered powders, whether by manufacturers or consumers, often requires rapid hydration but is
Fiber hindered if hydration rates exceed dispersion rates, leading to “fish eyes”. More work is needed to understand
Capsule how powder could be engineered to actively contribute to its own dispersion while minimizing the use of
additional materials and additives. A recently developed bacterial cellulose microcapsule matrix, with good
mechanical integrity but minimal mass usage, exhibits remarkable deformability owing to its fibrous shell
structure. When dried into powder, the cellulose microcapsules experience significant deformation of their
fibrous shells, changing their diameter by orders of magnitude. We demonstrate a capsule shape recovery
mechanism by coating the cellulose fibers, which damps fiber interactions. The results demonstrate that drying
microfibrous cellulose microcapsules can expand the range of encapsulation modes available and greatly reduce

the mass needed to provide efficient powder rehydration.
Introduction to our careers. Of his many areas of expertise, the creation and engi-
neering of powders was of particular concern because of its economic
We are pleased to contribute to this Special Issue honoring Dr. Reg importance to many commercial particulate products. Properties like
Davies, whose broad and enduring impact on particle and powder tech- antimicrobial activity, charge dissipation, and attrition resistance are
nology in both industrial and academic settings has been an inspiration all important success criteria for engineered powders [1]. We focus here
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on a similarly important aspect of powders: the need to be reconstituted
or rehydrated rapidly by various users.

Powders are central to numerous industrial products and processes,
and dried particles are commonly engineered to have multiple proper-
ties that benefit the most important aspect of their subsequent use by
customers: rehydration and reconstitution. Many powders are produced
by spray-drying, yielding porous particles that are sometimes post-
processed by agglomeration to form granules. Whatever form is used,
powders are valuable for their use of minimal materials and rapid
rehydration. Limitations in dispersion speed and homogeneity can lead
to agglomeration and “fish eye” formation, when powders hydrate
faster than they are dispersed [2].

Because of this, rehydration of powders is often the focus of for-
mulation and engineering development efforts. An example is the use
of distintegrants, additives used in pharmaceutical powders that aid
in hydration and dispersion by swelling coatings, bindings, or added
polymer hydrogels [3,4]. There are still opportunities to build on these
developments, increase understanding of mechanisms of enhanced hy-
dration, and develop new techniques and additives to provide these
benefits.

We show here a way to impart unique swelling capability us-
ing stored elasticity in a dried capsule matrix. Instead of synthetic
polymers, we use microfibrous cellulose as a matrix that can store
elastic energy, expanding by several orders of magnitude in volume
upon rehydration, despite using minimal mass and without significant
damage. We envision these structures as a way to simultaneously
enhance powder formulation and rehydration while avoiding polymers
and additives that are facing increased pressures due to sustainability
regulations and microplastic bans [5].

Recently, Song et al. [6] developed a soft and flexible microcapsule
with an elastic modulus ~ 100 Pa that is resistant to fluid shear stresses
and large osmotic pressure differences due to its highly porous shell
structure. Unlike past capsules made of solid cross-linked or crystalline
shells, the microfibrous cellulose capsule shells are made from inter-
woven fibers, creating a mesh-like shell with an average pore size of
500nm. The sparse shell structure means even millimeter- or micron-
scale capsules can have extremely low solid mass, and possess high
water-holding capacity in their core and mesh shell due to cellulose
hydroxyl groups [7]. Although such structures are vastly more per-
meable than typical dense capsule shells, their unusually low density
suggests they could significantly alter their shape and permeability
during drying and shrinkage, with some similarities to natural pollen
grains [8].

The bacterial cellulose microcapsules can undergo extreme defor-
mation during dehydration due to their low-density mesh structure.
Capillary pressures squeeze the fibers together tightly enough to seal
and deform the capsules [9], while van der Waals interactions between
cellulose fibers lead to permanent adhesion and deformation [6,10].
This study explores the implications of these deformation phenomena
in cellulose microcapsules being dried by various methods. We examine
the drying and reswelling of the microcapsules on different substrates to
control capsules’ dried shape, size, and porosity, demonstrating orders
of magnitude changes in capsule volume by simple drying. A simple
surface modification is used to make the drying process reversible, and
we study the kinetics of drying and rehydration, as well as the forces
involved in shape change during these processes, using imaging mea-
surements. We study these capsules here without significant contents to
understand the resilience of the matrix to extreme deformations during
drying. It is hoped that these materials could benefit more complex
powder particle design, reconstitution, and response.

Methods and materials

Bacterial cellulose microcapsule preparation: Capsules are pre-
pared following the work of Song et al. [6]. First, Acetobacter xylinum
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(Nourishme Organics, Australia) was purified by gradient centrifuga-
tion and dispersed in a fermentation culture containing coconut water
(Cocobella, Indonesia), 10 wt% of sugar, and 0.5 wt% of Ammonium
phosphate (AJAX chemicals, Australia). Then, a gelled oil suspen-
sion medium was prepared by mixing 2.5 g of hydrogenated castor oil
(Acme Hardesty) into 100 mL of canola oil (Coles, Australia) at 90°C
for 10 min. Upon cooling, the organogelator crystallizes and the oil
medium develops a yield stress that can suspend water droplets of
bacterial culture.

Cellulose microcapsules form as the Acetobacter xylinum produce
nanocellulose fibers at the liquid-liquid interface of their aqueous
emulsion droplets, a bio-interfacial templating process. Within two
weeks, the bacteria have formed an entangled mesh cellulose shell
with a total thickness of 20 — 50 pm and pore size of 0.5um in each
droplet [6]. Growth time can be used to tune the capsule wall fiber
density but here we fixed the growth time at two weeks.

Cellulose microcapsules were then separated by heating the gelled
oil emulsion to 90°C for 2h, then soaking in 2 wt% NaOH (Chem-
Supply Pty Ltd, Australia) at room temperature for 24h to kill and
remove the bacteria. The dead bacteria and other impurities were
washed out of the cellulose microcapsules by flushing with Milli-Q wa-
ter at least three times. If desired, the bacterial cellulose microcapsules
were surface treated to enable reversible drying and rehydration by
dispersing in different concentrations, 0.25, 0.5, or 1 wt%, of aqueous
carboxymethyl cellulose (CMC, MW 250000, Sigma Aldrich, Australia)
solution.

Freeze-drying Cellulose microcapsules were immersed in liquid
nitrogen then transferred to the freeze drier (Labconco FreeZone, 18
L Freeze Drying System with 18 kg Ice Condenser Capacity). Freeze
drying was carried out at —50°C.

Scanning electron microscopy: Scanning electron microscopy,
SEM, was used to study the shape, size, and porosity of cellulose
microcapsules after drying. An FEI Nova Nano SEM 450 FE-SEM with
an accelerating voltage of 5.0kV was used for all SEM imaging. Before
SEM imaging, samples were snap-frozen in liquid nitrogen, freeze-
dried, and coated with a 30nm thick platinum layer using a Leica
ACE600 sputter coater.

Optical microscopy: Capsules were stained with Congo Red dye
to enable fluorescence imaging and contrast of the fiber structures.
Confocal microscopy imaging was carried out on a Zeiss LSM 880
microscope with Airy scan using a 63x oil immersion objective, with
numerical aperture NA = 1.4.

Low-magnification optical microscopy images were acquired via
stereoscope (WILD M3C, Leica, Germany) with 25x and 40x zoom of
a 1X objective to enable individual capsule analysis. Motic Images
Plus v2.0 software was used to capture digital images with a 1s time
interval during drying and swelling. ImageJ software was utilized to
measure the microcapsule size with time [11]. All measurements were
repeated at least five times. The time-dependent drying and swelling
data were fitted to a power-law function using the curve fitting tool in
MATLAB [12]. Borosilicate glass capillaries, with dimensions 1 mm OD
and 0.5 mm ID, were pulled into microcapillary tips with a Micropipette
Puller (Model P-97, Sutter Instruments).

Results and discussion

Fig. 1a shows a schematic illustration of the production of bacterial
cellulose microcapsules. Bacteria in aqueous emulsion droplets grad-
ually form a shell of entangled cellulose fibers because the droplet
interface acts as a template. The resulting capsules have the same
dimensions as the starting droplets, allowing customization of the
final diameter above a lower limit of about 20 um [6], that allows for
bacterial mobility.

Fig. 1b shows a series of image slices taken via confocal microscopy
at 30 pm intervals from the bottom of a bacterial cellulose microcapsule
stained with Congo red. The images indicate the random packing of
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Cellulose microcapsule

Fig. 1. (a) Schematic illustration of bacterial cellulose microcapsule formation by templating the liquid-liquid interfaces in an emulsion of aqueous bacterial culture droplets
dispersed in a gelled oil. (b) Cross-sectional slices taken by confocal microscopy at different z-positions in a cellulose microcapsule with a diameter of 0.15mm are shown to
highlight the fiber density and wall thickness at different z-distances from the capsule surface.
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Fig. 2. Time sequence of a cellulose microcapsule viewed from the side as it air dries on (a) a flat glass surface and (b) a cylindrical glass capillary tip. Plots of the change in a
drying capsule’s width and height over time for ten different capsules on (c) the flat surface and (d) the microcapillary tip, where the dashed line represents the lower limit of

shrinkage due to the microcapillary tip dimensions.

the cellulose fibers as well as their sub-micron thickness and lengths
on the order of tens of microns. As the slices progress from the bottom
the thickness of the wall can be seen to be on the order of 25 pm, with
minimal fibers present in the capsule core. These capsules represent a
lower bound on the solid mass needed to create a mechanically stable
capsule, as the images in Fig. 1b indicate the capsule is almost entirely
empty space.

The fibrous mesh structure of the capsule shell has a low solid
density, ~ 1%, providing an unusual degree of flexibility and deforma-
bility [6,13], but is still strong enough to hold its shape. We are
interested to explore drying of these structures to understand how well
their sparse fiber mesh shells withstand stresses common to commercial
processes and how well they recover. If the low-density framework
can be compressed by capillary stresses during drying, it could offer
an opportunity to create much smaller particles, with greatly modified
porosity, encapsulation, and structure from the starting mesh, since
the starting structures have so much room to shrink. In turn, a large
change in volume associated with their re-expansion during hydration
could provide benefits to difficult powder rehydration and dispersion
processes in foods and other formulated products.

Fig. 2 shows a series of time-lapse, side-view images of millimeter-
scale cellulose capsules during air drying at room temperature on (a)
a flat glass slide and (b) a tapered cylindrical glass microcapillary
tip with a maximum diameter of 100 pm. On the flat surface, the
initial lightweight capsule is partially flattened into a hemisphere by
the surface tension of the water permeating the capsule and wetting
the substrate. The capsule hanging on the capillary remains mostly
spherical. The right-hand image in each row shows the final size of
the cellulose microcapsule after 8 min of air-drying.

The air-drying process leads to a dramatic change in the capsule
size, reducing the millimeter-scale capsule to a thickness at least ten
times smaller than the initial height, Fig. 2a. The significant deforma-
tion results as the capillary forces remove moisture from the core and
pores of the capsule. Despite the extreme vertical compression of the
capsule by drying, the final width of the dried disk matches the width
of the starting hemispherical droplet. The final particle shape is thus
determined by the shape of the initial contact line with the substrate.
The capsule dried with a smaller contact line on a cylindrical capillary
tip wraps around the surface entirely, Fig. 2b, but with a similar level
of compression to that on the flat surface. Control of the drying process
can thus be achieved by altering the shape of the contact line pinning
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Fig. 3. Scanning electron microscopy (SEM) of cellulose microcapsules after freeze-
drying and air-drying. The full capsule is visible in (a) at low magnification and in
close-up in (b) for the freeze-dried sample. The air-dried sample is shown from a low-
magnification top view in (c) and from an edge view in (d) at higher magnification.

the microcapsule to the substrate, analogous to dried films formed from
suspensions [14-16]. The significant compression of the porous capsule
is caused by the capillary forces during drying, so we next work to
quantify the rates of change to better understand evaporation effects
on the fiber shell.

Figs. 2c and d quantify the drying-induced changes in capsule
maximum height and width, normalized by their initial value, for the
two surfaces used in Figs. 2a and b. A relatively linear decrease in
height is observed in the early stages of water evaporation, compressing
the capsule to half its initial height in about five minutes, Fig. 2c. The
white region of Fig. 2c marks the linear drying region. At longer times,
the rate slows and the change in height becomes nonlinear, but the final
capsule maximum height is still quite low, varying from 1%-20% of its
initial height. Variability mostly results from small wrinkles or bumps
in the final disk shape, Fig. 2a. The change in width is much smaller,
less than 20%, in agreement with previous research on cellulose fiber
drying dynamics [17].

Liquid evaporation occurs in two stages. The evaporation starts with
bulk water removal, and the rate depends on the microcapsule size or
liquid volume as the capsule is filled with water. The initially linear
deformation measured for cellulose microcapsules in Figs. 2¢ and d is
due to bulk water evaporation, reducing the cellulose microcapsule size
and porosity due to capillary forces. When the cellulose fibers are close
to each other or partially exposed, the second drying stage starts. In
the second stage, hydrogen-bonded water evaporation takes place over
the cellulose surface. Here the capillary tension reaches its maximum
value, and vapor diffusion is the main driving force for continued
water evaporation [17]. The second stage of drying is slow as the
capillary pressure of the water meniscus is the dominant driving force
for microcapsule compressional deformation, pulling cellulose fibers
tightly together into a more compact structure. If the fiber surfaces
are not in any way hindered from close approach, the structure is
compressed by capillary forces until fibers are so close to one other that
van der Waals forces can then strongly bind the fibers together [18,19].

It is important to emphasize the extreme adaptation possible for
these structures. In Fig. 2a the final height plotted in both cases here is
roughly 20% of its initial value, but this represents the resolution limit
of the microscope used in the time lapse study. We next turn to SEM
imaging to better resolve smaller detail below. Fig. 3 shows images of
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the entire capsules and their close-up structure for two types of drying
process. Fig. 3a shows a capsule that has had its structure preserved
by being freeze-dried, a process that uses sublimation of water to
dry a sample so that we avoid the capillary pressures that normally
compress the capsules during drying. Fig. 3b shows a close-up view of
the capsule shell and the mesh of nanoscale thickness fibers making
up the shell structure [6]. Although low density, the high connectivity
of the mesh provides the mechanical integrity needed to hold a stable
shape. However, the high porosity of the mesh structure allows for
the significant deformations observed during drying. This combination
of properties makes these capsules unique in their response to drying
processes.

Fig. 3c shows a top view of a capsule dried normally in air. Com-
paring with the freeze-dried capsule in Fig. 3a, the width is similar but
the capsule has clearly dried into a flat disk as a result of the strong
capillary pressures experienced. Fig. 3d is a close-up side view of the
flattened capsule, where we can see that the thickness of the dried
film is actually much smaller than the original capsule dimensions,
on the order of 200nm, Fig. 3. The capsule shell is about 20 pm thick
but we know that the wall is less than 1% solid, with the rest being
void space [6]. Here we see compression of the three-dimensional
capsule wall from a thickness of 20 pm to 200nm, a 100x reduction in
height, consistent with shrinkage during bulk bacterial cellulose mesh
drying [20]. If we assume deformation in the other two dimensions
is minimal, the 100x compression is roughly consistent with almost
all of the void space being removed from the wall during drying. The
large amount of empty space in the capsule center, however, produces
a much more dramatic change in volume for the overall capsule, taking
a 1 mm tall capsule down to 200 nm, a nearly 5000x reduction in linear
dimension and a much larger change in volume.

We are also interested in how these capsules respond to more
uniform drying stress, rather than the contact line constrained behavior
studied above. This is of interest because the highly anisotropic nature
of the high aspect ratio fibers that make up the capsule shell mesh
structure may make them respond differently to more complex defor-
mation fields, but also because common drying processes like spray
drying occur in spherical droplets without a solid contact line.

Spray-drying is a common method of synthesizing dry particles via
rapid drying of droplets [20,21], as droplets are sprayed and exposed
to hot air without a contact line biasing the process. Previous work
showed that the Leidenfrost phenomenon [22,23] is a viable means of
studying the dynamics of single droplet drying [20,24-26], as it dries a
droplet floated on a layer of water vapor that forms under the droplet
on a high-temperature surface. Here a droplet of aqueous cellulose
microcapsule dispersion was placed on a preheated hot plate with a
temperature of 180 °C. Images of the process were acquired at a rate of
two frames per second to allow tracking of the capsule shrinkage after
any excess water in the initial droplet has evaporated.

Fig. 4a shows the shrinkage of a single cellulose capsule dur-
ing Leidenfrost drying. The initially millimeter-size capsule shrinks
in diameter 10x, finishing as a 100 pm diameter particle in the final
frame after only 40s. It is worth noting that the shrinkage is not
entirely uniform. Some elongation of the capsule is clear around 20s
in Fig. 4a, perhaps indicating the consolidation of the fibers in the
shell has reached a mechanical limit where the structure must buckle.
The capsule shrinks until all water evaporates, producing a wrinkled
and crumpled particle. Similar dynamics of Leidenfrost drying were
recorded for five capsules, the images analyzed for capsule dimensions,
and the results plotted in Fig. 4b, normalized by their initial value.
The error bars show the variations in capsule size over the different
experiments.

Similar to the more constrained drying experiments in Fig. 2 capsule
drying on a solid substrate, the Leidenfrost results in Fig. 4b also show
initially rapid, linear shrinkage with time as water moves from the
capsule core to its surface, followed by a slower nonlinear regime
related to migration of the remaining water by diffusion [17,27]. The
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Fig. 4. Compression of cellulose microcapsule without influence of a meniscus or substrate using Leidenfrost phenomena. (a) The microcapsules shrank 1000 times in volume at
180°C. The drying and shrinkage kinetics of five microcapsules are shown in (b), where the capsules shrink in all dimensions until they are ten times smaller their original size.

absence of contact of the droplet with a solid surface means the drying
process compresses the capsule more uniformly. Different experimental
conditions like temperature, droplet size, and hotplate hydrophobicity
can determine the water evaporation rate and final fate of the Lei-
denfrost drop [22,23], here we only study the final shape as a result
of continuous water evaporation to distinguish from pinned drying
conditions.

In addition to the shrinkage observed in Fig. 4, we find evidence
that the fiber mesh structure consolidates distinctly during Leidenfrost
drying versus capsules dried on a surface. Two different behaviors
are seen: continuous shrinkage to a smaller capsule [20,24-26] and
shrinkage followed by overpressure/explosion. Overpressure behavior
has been seen before for droplets dried with a solute present and are
distinguished by the production of an audible cracking sound during
the explosion [22-24]. If the capsule is able to build sufficient pressure
to explode, it must mean that the formerly porous fiber mesh has
consolidated and sealed itself strongly during drying. We examine the
structures of two capsules dried via Leidenfrost drying more closely
using SEM imaging below.

Fig. 5 shows SEM images of cellulose microcapsules after dehydra-
tion using the Leidenfrost effect. The capsule in Fig. 5a was able to
release the internal pressure faster than it could build during com-
pression, possibly due to a small hole in its wall prior to drying. As
a result, the capsule collapsed and experienced buckling and bend-
ing [17,27,28]. Fig. 5c shows a close-up view of the wall of the
capsule in Fig. 5a and the significant wrinkling that occurred during
drying. Buckled structures are also produced by spray drying processes
of slurries or solutions when droplets are converted into particles or
capsules [24,25].

If pressure cannot be relieved via leakage, the capsule will overpres-
surize and explode to relieve the pressure, as occurred for the capsule
in Fig. 5b. For water at 180°C the steam pressure is 0.8 MPa, much
larger than the cellulose microcapsule modulus. The close-up view of
the exploded capsule wall in Fig. 5d is significantly different from
the one in Fig. 5c. Here the fibers appear to be tightly consolidated
and the fracture surface has ruptured the shell so that jagged points
are visible. We speculate that the more uniform shrinkage that occurs
during Leidenfrost drying brings more fibers together along their edges,
creating much more contact area and strength in the compact. If so, it
is not surprising that pressure inside the capsule can build and reach
levels high enough to eventually rupture the structure.

In all the above instances, capsule drying is an irreversible process
because of strong fiber—fiber interactions at small distances. As a result,

Leidenfrost

Fig. 5. Scanning electron microscopy of cellulose microcapsules after Leidenfrost
drying. Two types of dried structures form, (a) shrunken and (b) wrinkled shells. Close-
ups of the structures formed under these conditions show the (c) buckling that occurs
to accommodate the shrinkage of the shell in (a) and (d) the fractured areas that form
where the fibers have sealed the droplet and overpressurized in the capsule in (b).

rehydration to recover the original much larger shape is impossible.
We can, however, also dry these capsules in a way that allows them
to rehydrate and regain their initial form by modifying the cellulose
surface with adsorbed polymer to mitigate the strong fiber interactions.
A number of different materials can be used, simply by mixing the cellu-
lose capsules with a solution of the surface modifier. A commonly used
example is the anionic polymer carboxymethyl cellulose, CMC, that has
a strong affinity for cellulose surfaces [29,30]. Three concentrations
of CMC are used, 0.25%, 0.5%, and 1% w/w. Fig. 6a shows a time
sequence of a cellulose microcapsule, previously equilibrated in 1 wt%
aqueous CMC solution, drying in air. As in Fig. 2, the spherical capsule
is compressed into a hemispherical shape that gradually flattens as the
water evaporates. In this case, the water leaves behind the cellulose
capsule made of fibers that are now coated with CMC that prevents
the fibers from irreversibly binding. Despite the additional component
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Fig. 6. (a) Cellulose microcapsule-CMC drying in air on a glass slide. (b) Swelling on the dried cellulose microcapsule-CMC in water. (c) Kinetics of cellulose microcapsule-CMC
air dehydration at room temperature, and (d) Swelling kinetics of dried cellulose microcapsule-CMC in water at room temperature. Here the microcapsule height is normalized by

the initial microcapsule height.

present, the flattened disk formed by drying is still a tiny fraction of
the capsule’s original height.

When placed in water, however, the cellulose-CMC capsule rehy-
drates rapidly, as shown in Fig. 6b. The capsule goes from a thin disk
only microns high to a spherical capsule roughly 0.5 mm tall. The sparse
nature of the capsule shell is visible here, with the back wall of the
capsule partially seen through the front surface. These capsules appear
to have a nice balance of strength and flexibility, making them an in-
teresting matrix to consider for encapsulation or simply reinforcement
of powder particles. The fiber structures can withstand amazing levels
of compression but still regain their original shapes as long as they do
not strongly adhere when dried.

The dynamics of the cellulose-CMC capsule drying, Fig. 6¢, exhibit
similar behavior to those dried without CMC present, Fig. 2 and Fig. 4.
The capsule shrinkage rate decreased with increasing CMC concentra-
tion, probably as a result of increased fluid viscosity at higher CMC
concentrations. The dynamic recovery of the capsule shape during
rehydration also follows a cycle of initially rapid change and then
slower relaxation, though the initial time scale is on the order of
seconds rather than minutes. Increasing CMC concentration increases
the recovery speed but does not impact the degree to which the capsule
ultimately recovers. No recovery is observed for the capsules that had
no CMC treatment, as the fibers are permanently bound together during
drying. The simple addition of a polymer surface modifier enables
control of the drying and redispersion process for these sparse fiber
capsule structures, allowing a wide range of functional responses to be
designed.

Conclusions

In this study, we have quantified the drying-induced shrinkage of
capsules made of bacterial cellulose microfiber mesh. Drying signifi-
cantly deforms the cellulose microcapsule as a result of its minimal
mass content, converting an initially millimeter-scale capsule into flat-
tened structures with thicknesses that can get down to the sub-micron
scale. The capsules’ relatively low elastic modulus and mesh structure
enables large changes in volume during air-drying and the drying
process is strongly affected by the contact line forces on a given
surface. The Leidenfrost method of drying particles is used to shrink the
millimeter-scale capsules without a substrate effect by drying the cap-
sule on a vapor layer. Doing so creates truly shrunken capsules, rather
than flattened shapes. The drying process is found to be reversible if the
cellulose fiber surfaces are first treated with polymer additives that pre-
vent fibers from contacting closely and irreversibly bonding. The sparse
cellulose mesh can thus act as a powder scaffold that adds structure
and preserves form with minimal mass usage. If drying is reversible by
rehydration, the powder gains an important additional function: shape-
memory and local stress response. The significant volume change upon
rehydration enables the creation of powders that expand sufficiently to
potentially contribute to their dispersion and the prevention of “fish
eye” formation.
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