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Abstract: This work describes an emulsification-solvent-
evaporation method for the preparation of liquid-filled
capsules made from cellulose acetate. Two different emul-
sification techniques were applied: bulk emulsification by
high-shear mixing, and droplet generation using micro-
fluidics. The bulk emulsification method resulted in the
formation of oil-in-water emulsions composed of an organic
mixture of isooctane and cellulose acetate in methyl acetate,
and an aqueous phase of high-molecular-weight polyvinyl
alcohol (PVA). Upon the solvent evaporation, the emulsion
droplets evolved into isooctane-filled cellulose acetate cap-
sules. In contrast, microfluidics led to the formation of
monodisperse droplets composedof the aqueous PVA solution
dispersed in the organic phase. Upon the solvent evaporation,
the emulsion droplets evolved into water-filled cellulose ac-
etate capsules. Owing to the thermoplastic properties of the
cellulose acetate, the capsules formed with the bulk mixing
demonstrated a significant expansion when exposed to an
increased temperature. Such expanded capsules hold great
promise as building blocks in lightweight materials.

Keywords: cellulose acetate; partially modified cellulose;
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1 Introduction

Cellulose is a polysaccharide that can be extracted from
different natural sources, such as cotton, wood pulp, corn,
rice and wheat straw, amongst others. In its native form
cellulose exhibits very good mechanical performance and
good chemical stability, due to a highly ordered and packed
structure. The linear organization of cellulose chains facili-
tates formation of a crystalline structure containing inter-
and intramolecular hydrogen bonds as well as van der
Waals forces. The crystalline structure and the ordering of
the glucan chains create the basis for the excellent me-
chanical properties of plant fiber walls and consequently
also the cellulose-rich fibers (Wohlert et al. 2021). In addition
to good mechanical properties, the strong inter- and intra-
molecular interactions also result in a water insolubility
despite the overall hydrophilic nature of the glucan chains.
The poor solubility of cellulose and its tendency to degrade
prior to melting, limits the commercial use of cellulose in
common polymer processing andmolding technologies. As a
result, chemically modifying cellulose to produce cellulose
derivatives is often necessary to expand the applicability of
cellulose beyond the native polymer (Edgar et al. 2001; Lee
et al. 2020). One common commercially available cellulose
derivative is cellulose acetate (CA), which today can be found
in textiles, plastic tools, hygiene products, coatings and
packaging materials. Owing to its good biocompatibility, CA
has been also used in drug delivery and tissue engineering
applications (Edgar et al. 2001; Huang and Dean 2020). CA is
prepared via acetylation of cellulose, which is a well-
established and effective method to reduce the ordering of
the cellulose nanostructure. By altering the degree of sub-
stitution, it is possible to tune the thermal, chemical, physical
and mechanical properties of the final material. CAs with
higher degrees of substitution (DS) (e.g. DS = 2.5) are char-
acterized by an enhanced solubility in relatively benign
organic solvents, such as acetone or methyl acetate, an
increased hydrophobicity, and processability typical for
thermoplastic materials (Samios et al. 1997; Zhou et al. 2016).
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Recently, the application of cellulose derivatives has
movedbeyond conventional consumerproducts andhasbeen
used to prepare more advanced materials in the form of fi-
bers, scaffolds, membranes, as well as nano- and micro-
spheres (Khoshnevisan et al. 2018; Mao et al. 2018; Murtinho
et al. 1998; Soppimath et al. 2001; Su et al. 2020; Tan et al. 2020;
Topel et al. 2021). The latter have gained both scientific and
commercial interest due to their potential use as carriers for
controlled release of active components and as stationary
phases in chromatographic column systems. Since most
commercial cellulose derivatives are soluble in volatile
organic solvents, one of themore common techniques used to
form spherical particles is emulsification followed by evapo-
ration of the solvent (Gericke et al. 2013; Zhao and Winter
2015). This approach relies on the formation of an emulsion of
organic solution of a polymer in water, followed by the
evaporation of the organic solvent and simultaneous organi-
zation of the polymer at the water-solvent interface (Des-
gouilles et al. 2003). Typically, the water phase also contains
surfactants to stabilize the emulsion droplets. In addition to
the polymer, the organic phase can also contain other
miscible components, which can be further encapsulated
within the sphere. As a result, the emulsification–solvent
evaporation method can be used to prepare both solid and
liquid-filled spherical particles, typically referred to as beads
and capsules, respectively (Staff et al. 2013).

Simple mechanical mixing is a direct and conventional
emulsification method, which has been used for the fabri-
cation of spherical cellulose-based micro- and nanosized
materials (Döge et al. 2016; Joshy et al. 2017; Tirado et al. 2019;
Vidal-Romero et al. 2019; Volmajer Valh et al. 2017). Although
this method often leads to polydisperse emulsion droplets, it
is still preferred among other emulsification techniques, as it
allows for a good, simple and fast optimization of the final
properties of materials. Recent progress shows, however,
that to achieve a better control of the emulsion formation
dynamics and to minimize disturbance from the surround-
ing chemical environment, more advanced emulsification
methods, such as those achieved via microfluidics may be
beneficial (Liu et al. 2020; Zhao 2013).

To the best of our knowledge, there has yet to be a report
of the preparation of liquid-filled capsules made from CA
using microfluidics, where the co-solvent of the organic
phase is partially miscible with the aqueous phase.
Furthermore, there are no studies introducing thermo-
expandable properties of isooctane-filled CA microcapsules.
A recent review by Carvalho et al. (2021) also shows that the
majority of research related to CA capsules is focused on the
evaluation of the encapsulation and controlled release
properties of such materials. Therefore, the aim of the pre-
sent work was to clarify if it is possible to prepare liquid-

filled CA capsules by using high shear mixing and/or
microfluidics, and to determine if such prepared materials
exhibit tendency for thermal expansion considering the
thermoplastic properties of the CA.

In this study, liquid-filled capsules were prepared from
commercially available cellulose acetate (DS = 2.45) that was
dissolved in methyl acetate. The capsules were formed using
an emulsification–solvent evaporation method, where the
emulsification was achieved through two different tech-
niques: high-shear mixing and microfluidics. Furthermore,
twodifferent strategies to stabilize the capsuleswere adopted;
incorporation of polyvinyl alcohol (PVA) or cellulose nano-
crystals (CNCs). The structure and surface morphology of
formulated capsules were studied with electron microscopy.
Furthermore, the cross-section of capsules was imagedwith a
focused ion beam scanning electron microscope and a
transmission electron microscope. The efficiency of encap-
sulation of isooctane within the capsule wall was determined
using thermal analysis, whereas the behavior of capsules at
elevated temperatures could be observed by using an optical
microscope combinedwith a heating chamber. The process of
mixing of the organic and water phases in the microfluidic
flow-focusing junction was investigated by staining the pha-
ses with oil red and methylene blue, respectively.

2 Materials and methods

2.1 Chemicals

Isooctane (anhydrous, 99.8 %), methyl acetate (anhydrous, 99.5 %), sul-
furic acid, methylene blue, low- and high-molecular-weight polyvinyl
alcohol (Mw = 13,000–23,000, 87–89 % hydrolyzed and Mw = 85,000–
124,000, 87–89 % hydrolyzed, respectively) were purchased from Sigma-
Aldrich. Oil red was purchased from Fluka. The chemicals were used as
received without any further purification. Cellulose acetate with a de-
gree of substitution of 2.45 and Mw ∼ 30,000 was purchased from East-
man. Ashless Whatman 1703-050 filter paper was purchased from GE
Healthcare.

2.2 Preparation of CNCs

CNCs were prepared via sulfuric acid hydrolysis of ashless Whatman
cotton filter papers following an earlier described procedure (Mystek
et al. 2020). Briefly, 40 g of cotton filter was hydrolyzed in 64wt% sulfuric
acid at 45 °C for 45min under continuous stirring. The suspension was
washed using three steps of rinsing and centrifugation, followed by
dialysis againstMilli-Qwater until the pHof thewaterwas between 5 and
6. This suspension was then sonicated (Vibra-Cell CV33) three times for
10min in an ice bath at 60% amplitude,filtered through aWhatman glass
fiber filter paper and stored at 4 °C. The CNCs had a sulfur content of
0.55±0.02 wt%measuredby conductometric titration anda zetapotential
of −25mV (Zetasizer Nano ZS; Malvern Instruments) (Abitbol et al. 2013).
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2.3 Formation of capsules by high-shear mixing

Isooctane-filled CA capsules were prepared following two specific pro-
cedures. To form the first set of capsules (hereafter referred to as Cap-
sules S1), 0.1 g of CA was dissolved in 1.4 g of methyl acetate (co-solvent)
and mixed with isooctane, where the concentration of isooctane was
0.2 g per gram of CA. The mixture was first agitated for at least 10 h in a
closed vial equipped with a magnetic stirrer bar. Following this, 1.5 g of
the organic mixture was slowly added into 10.5 g of high-molecular-
weight PVA solution at a concentration of 2.0 wt%, while continuously
and vigorously mixing the solution with an IKA Ultra Turrax at
6000 rpm for 2 min. This oil-in-water emulsion containing isooctane/
cellulose acetate/methyl acetate droplets in an aqueous PVA solution
was then poured into 30mL of Milli-Q water under mixing (magnetic
stirrer). Subsequently, the methyl acetate was allowed to evaporate (in
an open vial) under gentle stirring to initiate formation of the final
capsules with a solid shell. Complete removal of methyl acetate was
done by evaporation in the fume hood under gentle stirring on a mag-
netic stirrer for at least 12 h. The capsules were finally washed with at
least 100 mL of water by continuous filtration on a Merck MF-Millipore
membrane with the pore size of 0.65 µm (Andreasson et al. 2020).

The second set of capsules (hereafter referred to as Capsules S2)
was prepared by dissolving 0.1 g of CA in 9.9 g of methyl acetate (co-
solvent) and mixing the solution with isooctane, where the concentra-
tion of isooctane was 0.2 g per gram of CA. After at least 10 h of agitation
on amagnetic stirrer, 1.5 g of the organicmixturewas slowly added to 5 g
of high-molecular-weight PVA solution at a concentration of 2.0 wt%,
while continuously and vigorouslymixing the solutionwith an IKAUltra
Turrax at 6000 rpm for 2 min. After emulsification, the methyl acetate
was allowed to evaporate (in an open vial) under gentle stirring to
initiate the formation of the final capsules with a solid shell. Complete
removal of methyl acetate was done by evaporation in the fume hood
under gentle stirring on a magnetic stirrer for at least 12 h. The capsules
were finally washed with at least 100 mL of water by continuous
filtration on a Merck MF-Millipore membrane with the pore size of
0.65 µm.

2.4 Formation of capsules by microfluidic flow focusing

A flow-focusing chipwith hydrophilic channels, tubing and all connectors
needed were purchased from Dolomite Microfluidics, Royston, UK. Luer
lock syringes of 5 mL having a diameter of 11 mm were purchased from
VWR, and two syringe pumps (NE-1000) were purchased from AB FIA,
Södra Sandby, Sweden. Themicrofluidic chiphad anoutlet channel size of
30 µm and is suitable for generating highly monodisperse organic-in-
aqueous dropletswith diameters between 10 and 28 µm. Two phaseswere
mixed in the junction of the chip: a dispersed phase (central channel)
composed of a mixture of isooctane and cellulose acetate in methyl ace-
tate; and a continuous phase (side channels) containing an aqueous so-
lution of low-molecular-weight PVA. The CA solution was used at a
concentration of 1.0 wt% andmixedwith isooctane to a finalmass ratio of
5:1. The formation of stable and monodisperse emulsion droplets was
adjusted by changing the concentration of PVA and the flow rates of the
phases. After optimization, constant and stable droplet generation was
achieved at two optimum conditions: i) when PVA was used at the con-
centration of 0.008 wt% and the flow rates of the continuous and
dispersed phases were 0.067 and 0.67 μL/min, respectively; ii) when PVA
was used at the concentration of 0.05 wt% and the flow rates of the
continuous and dispersed phases were 0.067 and 0.47 μL/min,

respectively. The formulated droplets were further stabilized in an
intensively stirred collecting bath containing 4mL of high-molecular-
weight PVA solution (2.0wt%) or CNCs dispersion (1.45 wt%). Capsules
were typically collected over a period of 6 h, after which the dispersion
was left to gently stir for at least 12 h in an open vial to form liquid-filled
capsules by slow evaporation of methyl acetate. The microcapsules were
washed with Milli-Q water by centrifugation at 10 000 rpm for 3min.

2.5 Viscosity of solutions

Kinematic viscosity of the isooctane/cellulose acetate mixture in methyl
acetate and PVA solutions at different concentrations was determined
using an iVisc capillary viscometer with a thermostat ET 15 S (LAUDA,
Königshofen, Germany). The measurements were performed using an
EGV 702 capillary at a temperature of 23 °C. Each solutionwasmeasured
three times.

2.6 Interfacial tensions of solutions

Interfacial tension measurements were performed at 23 °C and 50 %
relative humidity using an optical tensiometer (Theta Lite, Biolin Sci-
entific) equipped with a camera. Interfacial tension was measured via
the pendent drop method using a 3 μL droplet of PVA solution in a bath
composed of a mixture of isooctane and cellulose acetate in methyl
acetate. The interfacial tension was determined using image analysis
and a Young-Laplace fitting in the instrument software. The average
value is calculated from three measurements.

2.7 Determination of capsule dimensions and
morphology

An optical microscope (VisiScope, VWR) equipped with VisiCam 16 Plus
camera (IS VisiCam Image Analyser 3.9.0.605 software) was used to
image the CA capsules. The dimensions of the wet capsules were
measured using Image J and presented in a size distribution profile. The
morphology of the dry capsuleswas further characterizedwith aHitachi
S-4800 field-emission scanning electron microscope (SEM) operating at
high vacuum. Prior to imaging, to eliminate charging effects of the
samples, all samples were coated with Pt–Pd in a Cressington 208HR
High Resolution Sputter Coater for 28 s.

2.8 Imaging of capsule internal structure

Ultrathin 70 nm thick sections were prepared to image the structure of
Capsules S1 via transmission electron microscopy (TEM). The samples
were examined with Talos 120 C (FEI, The Netherlands) operating at an
acceleration voltage of 120 kV. The capsules were first dried in the fume
hood for 2–3 days. Then, Spurr resin (Taab Laboratory Equipment Ltd,
UK) was added to the capsules and the sample was left for 4–6 h under
ambient conditions to assure infiltration of the resin, followed by
overnight polymerization at 65 °C. Sectioning of the samples was done
using an ultra-microtome (Reichert/Leica UltraCut S). The sections were
collected on TEM copper grids (100mesh) and stained for 30min at room
temperature in RuO4 vapor (Polysciences 0.5 % RuO4) by placing a few
drops of the solution next to the grids. In addition to TEM, a focused ion
beam (FIB) SEM Tescan GAIA3 was used to collect and image cross
sections of the capsules (Giannuzzi and Stevie 2005). Prior to FIB-SEM
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imaging, the capsules were dried under ambient conditions and
mounted with double-adhesive conductive carbon tape onto an
aluminum stub, followed by deposition of a thin layer of Pt–Pd in a
Cressington 208HR High Resolution Sputter Coater for 56 s. Due to the
poor conductivity of the capsules, the ion beam and electron beam
parameters had to be optimized according to a protocol described in the
literature (Fager et al. 2020). The optimized ion beam parameters used
for milling were 30 keV and 1 nA. The electron beam parameters used
for imagingwere 1 kV, 1 pA. Amid-angle backscattered electron detector
was used for imaging.

2.9 Thermogravimetric analysis

TGA measurements were conducted using a Mettler Toledo TGA/DSC 1
STARe Systemunder a constant nitrogenflow of 50 mL/min. Aminimum
of 2 mg of dry sample was heated from 25 to 400 °C at a rate of 5 °C/min
and then from 400 to 600 °C at a rate of 15 °C/min. The capsules were
previously dried in ambient conditions for four days. PVA and CA were
also tested in their delivered powder form. For this purpose, aminimum
of 5 mg of sample was heated from 25 to 600 °C at a rate of 10 °C/min.

2.10 Differential scanning calorimetry

DSC measurements were conducted using a Mettler Toledo TGA/DSC 1
STARe System under a constant nitrogen flow of 50 mL/min. A mini-
mum of 5 mg of CA powder was firstly heated from 25 to 240 °C at a rate
of 20 °C/min, then immediately quenched to −50 °C and heated again
from −50 to 240 °C at a rate of 20 °C/min. The Tg of the polymer was
determined using the curve of the second heating cycle.

2.11 Expansion of dry capsules by an increased
temperature

Thermal expansion, i.e. the increase in capsule volume, was studied
using a microscope fitted with careful temperature control. This was
performed by placing the capsules on a glass slide in a heating chamber
(Linkam LTS420) combined with an optical microscope (Leica DM1000).
The heating rate of the chamberwas controlled and set to 20 °C/min. The
expansion was tested in the temperature range from 25 to 230 °C. The
dimensions of the spheres were continuously recorded by using an
optical microscope camera (Point Grey Grasshopper3).

3 Results and discussion

3.1 Microcapsules formed by the
emulsification–solvent evaporation
method

The mechanism of capsule formation via emulsification –

solvent evaporation is strictly dependent on formulation
parameters such as the structure of the polymer, the prop-
erties of the encapsulated liquid, the type of the solvent used
and the presence of stabilizers (Li et al. 2008). In this case,

cellulose acetate was dissolved in methyl acetate and mixed
with isooctane at amass ratio of 5:1. Methyl acetate was used
as a co-solvent for cellulose acetate and isooctane, and is
characterized by partial miscibility with water (24.5 % by
mass) and high volatility (Bouchemal et al. 2004). It has been
established earlier that this type organic mixture can be
emulsified using an aqueous high-molecular-weight PVA
solution as a stabilizing agent, presumably because this
polymer can be adsorbed and tightly packed at the water-
methyl acetate/cellulose interface (Freitas et al. 2005; Krist-
mundsdóttir and Ingvarsdóttir 1994; Lee et al. 1999). The
initial emulsification was performed by high-shear mixing
of the organic and water phases, which resulted in the for-
mation of micrometer-sized droplets composed of an isooc-
tane/cellulose acetate/methyl acetate (IO/CA/MeOAc) phase
in water, presumably stabilized by PVA chains adsorbed at
the interface between the phases (Figure 1a). As methyl ac-
etate permeates into the water phase, likely during the
emulsification process, the CA chains begin to regenerate
and organize at the interface between water and isooctane.
This process forms the initial structure of the isooctane-filled
CA capsules and in turn isolates the isooctane phase in the
formed droplets (Figure 1b). When all themethyl acetate has
evaporated from the system, a capsulewith a solid CA shell is
obtained (Figure 1c). This is naturally a complex process
containing several interconnected steps such as the emul-
sification, precipitation of CA in contact with water,
adsorption of the PVA stabilizer at the organic-aqueous
interface and subsequently at the hydrated CA surface,
mixing of methyl acetate and water, and the evaporation of
the volatile methyl acetate. In addition, these processes are
occurring in a highly turbulentmixingfield. Themost crucial
aspect of this process is likely the time required to reach the
state in which the oil and polymer phases are fully sepa-
rated. This likely also affects the isooctane encapsulation
efficiency and the final properties of the capsules. A further
complication is that the liquid core material, isooctane, is
itself volatile and partly soluble in the aqueous phase
(0.56 mg/L) (Reimer et al. 2017). As mentioned, the volatility
of the co-solvent and its solubility inwater governs the initial
rate of the phase-separation between isooctane and CA and
the organization of the regenerated CA at the surface of the
droplet. However, this also affects the concomitant diffusion
of the solvent from the interior of the droplet through the
denser polymeric structure at its surface. The evaporation
from the aqueous phase can however be tuned (Rosca et al.
2004) and a quick removal of methyl acetate might prevent
the droplets from coalescing, but, simultaneously, does not
necessarily ensure complete isooctane-polymer phase sep-
aration (Mendoza-Muñoz et al. 2016).
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The emulsification of the IO/CA/MeOAc mixture in the
water phase was achieved by Ultra Turrax mixing following
two slightly different procedures. Capsules S1were prepared
by adding the organic mixture containing a highly concen-
trated solution of CA (6.7 wt%) into an aqueous solution of
high-molecular-weight PVA, where the mass ratio between
the organic and water phases was about 3:20. The emulsion
was poured into continuously stirred water, where the
evaporation of the co-solvent and simultaneous formation of
capsules occurred. Capsules S2 were formed using a lower
concentration of the CA solution (1.0 wt%) together with an
increased mass ratio between the organic and water phases
(3:10). Capsules S2 were then allowed to evaporate without
any additional dilution.

Capsules S1 were imaged in the wet state with an optical
microscope. Figure 2a shows that the majority of the
formulated capsules have a wet diameter below 10 µm, but
larger capsules with diameters up to 80 µm are also present,
in agreementwith the size distribution profile (Figure 2b). As
shown in Figure 2c, in addition to the spherical capsules,
filamentous particles are also present, which upon drying
entangle and create a fibrous network. This phenomenon
has been previously reported and has been used for prepa-
ration of CA filaments suitable for textile applications (Law
2004; Sayyed et al. 2019). It is likely that a sudden removal of a
large amount of methyl acetate from the organic phase fa-
cilitates precipitation of CA into fibrous aggregates (Freytag
et al. 2000; Li et al. 2008). The dry capsuleswere imaged using
SEM to investigate the morphology and structure of the
capsules. The majority of the capsules maintain a spherical
shape, but some were deformed under the vacuum of the
SEM, suggesting that they indeed are hollow as isooctane
could evaporate under these conditions (Figure 2d). The
capsules are generally characterized by a smooth and uni-
form surface; however, some cracks in the polymer shells
can be observed (Figure 2d). The structure of Capsules S1was
also studied by sectioning the dry capsules and imaging the
cross-section using TEM. TEM images (Figure 2e) clearly
show a core-shell structure of the CA capsules. In addition to

TEM, the internalmicrostructure of the capsules was studied
by FIB-SEM, where Figure 2f shows that some samples
include not only uniform capsules, but also capsules with
several internal compartments, suggesting that the encap-
sulated isooctane droplets likely did not have enough time to
completely phase-separate from the polymer.

Capsules S2 were prepared following the second mixing
procedure, using less CA in the organic phase, and resulted
in the formulation of more homogeneous oil-in-water
emulsion droplets; however, some double emulsion drop-
lets were also present (Supplementary Figure S1). Upon
solvent evaporation, the organic emulsion droplets devel-
oped into uniform CA capsules (Figure 3a)with a narrow size
distribution. The size distribution profile (Figure 3b) and the
SEM images show that the majority of the capsules have a
wet diameter below 10 µm, and that the procedure effec-
tively prevented the formation of filamentous particles
(Figure 3c).

The formation of a relatively homogeneous dispersion is
presumably related to the fact that the amount of methyl
acetate present in the mixture is close to the saturation level
in water (24.5 % by mass) (Bouchemal et al. 2004), and
consequently the solvent evaporates slower, so that an
equilibrium diameter of the emulsion droplets can be
reached (Rosca et al. 2004). Furthermore, a decrease in the
CA concentration results in a lower viscosity of the organic
mixture, which likely makes it easier for the stirrer to shear
the mixture to produce smaller droplets (Sanghvi and Nairn
1993). A slower removal of methyl acetate can also assist the
IO/CA phase-separation and the formation of liquid-filled
microcapsules. The SEM images show that only some cap-
sules deformed in the high vacuum conditions (Figure 3e),
while themajority kept a spherical shape or had holes on the
surface (Figure 3f).

The efficiency of the oil encapsulation was quantita-
tively determined by thermogravimetric analysis (Figure 4).
The experiments indicate that the concentration of isooctane
was approximately 8 and 3 wt% for Capsules S1 and Capsules
S2, respectively (Figure 4). Considering these values, and the

Figure 1: Schematic representation of the
formation of capsules: (a) emulsion droplets
composed of the IO/CA/MeOAcmixture in PVA
aqueous solution, (b) phase separation of the
isooctane and CA phases due to migration of
the solvent molecules to the water phase and
further evaporation from the system,
(c) isooctane-filled CA capsules stabilized by
PVA.
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fact that the initial concentration of isooctane was 16.7 % of
the total solid mass, it can be concluded that after four days
of drying, Capsules S1 contain about 50 % of the initial
amount of isooctane, whereas Capsules S2 contain less than
20 %. These results show that the higher concentration of CA
solution combined with a faster evaporation of methyl ace-
tate improved the efficiency of isooctane encapsulation for
Capsules S1. The use of the higher concentration of CA likely
results in a better packing of the polymeric chains. A similar
trend has also been reported in the literature for other types
of capsules, and was explained by formation of a denser
capsule wall composed of more entangled polymeric chains
when a higher polymer concentration was used (Rosca et al.
2004). Even though the boiling temperature of isooctane is
99 °C (at 1 atm), the most significant mass change shown in
Figure 4 occurred at a temperature close to 190 °C. This will

be further elaborated upon in conjunction with the discus-
sion about the expansion properties of the CA capsules upon
heating. As presented in Figure 4a, the high-temperature
part of the TGA curves of the capsules, for both procedures,
follows the behavior of pure CA curve, which indicates that
most of PVA was effectively removed during the washing of
the capsules.

3.2 Heat-induced expansion of capsules
prepared by high-shear mixing

The relatively simple modification of native cellulose by
substituting hydroxyl groups to acetyl groups provides
thermal softening and thus processability at temperatures
beyond the glass transition temperature (Tg), without any

Figure 2: Characterization of Capsules S1. (a) Optical microscopy image of capsules in the wet state, (b) size distribution determined for wet capsules,
(c, d) SEM images of the dry capsules captured at two differentmagnifications, (e) TEMmicrograph and (f) FIB-SEM image of the cross-section of capsules.
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significant degradation of the polymer. It has been shown
that both thermal and mechanical properties of CA are
governed by the degree of substitution, and that the Tg de-
creases with an increase in DS values (e.g. from 2.33 to 2.48)
(de Freitas et al. 2017; Teramoto 2015). In the present
approach, the thermoplastic properties of CA (DS = 2.45) are
utilized to prepare capsules with thermo-responsive prop-
erties. The expansion was tested by placing the capsules in a
heating chamber with the heating rate set to 20 °C/min. The
results show that when the temperature is increased, the dry
Capsules S1 expand significantly in volume without any
significant damage to the capsule wall. The expansion began
at a temperature near 199 °C and the change in diameter
reached a maximum factor of 3.8, which corresponds to a
change in volume of approximately 57 times, compared to
the initial volume at a temperature of 228 °C. Figure 5 shows

the proposed, schematicmechanism of the expansion aswell
as images of one of the tested PVA-stabilized capsules. First,
the isooctane-filled capsule is heated (Figure 5a), and when
the temperature reaches the boiling point of isooctane (99 °
C), the core of the capsule starts to evaporate, increasing the
pressure inside the capsule (Figure 5b). This pressure natu-
rally creates stress on the capsule wall, but not enough to
expand the capsule since the CA is too stiff to yield. However,
as the temperature is further increased and approaches the
Tg of CA, the capsule wall will soften sufficiently to allow
expansion (Figure 5c). During the expansion, the softened CA
presumably also allows isooctane to diffuse from the core of
the capsule. This loss of isooctane can be seen in Figure 4,
where a significant mass change occurs at the temperature
close to Tg of the CA, measured by the DSC to be 193 °C
(Supplementary Figure S2), in agreement with literature (de

Figure 3: Characterization of Capsules S2. (a) Optical microscopy image of capsules in the wet state, (b) size distribution determined for wet capsules,
(c, d) SEM images of the dry capsules captured at two different magnifications, (e, f) SEM images of two deformed capsules.
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Freitas et al. 2017; Puleo et al. 1989). Further experiments
reveal that some, but relatively fewer, Capsules S2 also
expand upon an increased temperature (Supplementary
Figure S3) showing that despite more uniform capsule for-
mation, isooctane encapsulation efficiency was hence not as
good and the reasons to this need to be investigated further.

3.3 Emulsification by microfluidic flow-
focusing

Microfluidics is one of the most effective techniques for
controlled emulsification, and has been previously proposed
for the production of microparticles from cellulose de-
rivatives (Liu et al. 2017; Yeap et al. 2019; Zhang et al. 2020). In
the current case, the dispersed and continuous phases were
composed of an IO/CA/MeOAc mixture and a low-molecular-

weight PVA solution in Milli-Q water, respectively. The most
suitable conditions for emulsification were adjusted by
testing different concentrations of the continuous phase, as
well as different flow rates of the continuous and dispersed
phases. Interestingly and surprisingly, it was not possible to
create stable, monodisperse droplets with the conditions
used for the high-shear mixing. A thorough optimization
procedure showed that emulsification was only possible
when the concentration and the flow rate of the dispersed
phase were significantly higher than the continuous phase.
It was, as an example, possible to form stable and mono-
disperse droplets when the dispersed mixture (central flow)
was used at a concentration of 1.2 wt% at a flow rate of
0.67 μL/min, and the continuous phase (side channels) had a
concentration of 0.008 wt% (PVA) at a flow rate of 0.067 μL/
min (Figure 5a). Based on these experiments, the stable and
continuous production of monodisperse emulsion droplets

Figure 4: TGA curves of (a) CA capsules, PVA and CA in the temperature range of 25–600 °C, (b) CA capsules in the temperature range of 100–300 °C.

Figure 5: Expansion of Capsules S1 upon
increased temperature. (a) Capsule at a
temperature below the boiling point of
isooctane, (b) evaporation of the liquid
isooctane at temperatures beyond its boiling
point, but significantly below the glass
transition temperature of CA, (c) expanded
capsule at a temperature close to the Tg of CA
in the capsule shell.
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with the average diameter of about 23 µm could be obtained
when the PVA concentration was between 0.008 and 0.05 wt
% (Figure 5b). This flexibility of the parameters is presum-
ably related to the fact that in this range of PVA concentra-
tions the difference in viscosities and interfacial tensions
characteristic for the system is negligible (Table 1). Appli-
cation of higher flow rates and higher concentrations of the
PVA phase (e.g. 1 wt%) caused formation offilms in the outlet
channel and chaotic formation of a highly polydisperse
emulsion. When the organic phase meets the water phase in
the junction, the methyl acetate diffuses from the organic
phase and mixes with the water phase, and in this new
methyl acetate/water mixture, the solubility of PVA is hy-
pothesized to decrease.

Figure 6a presents an optical microscopy image of the
flow-focusing junction during the emulsification process.
Partial miscibility of methyl acetate with water is observed
by the presence of two menisci in the junction (Figure 6a,
Location 1). It can be seen that the cone of the organic phase
and the formulated droplets do not flow in the center of the
outlet, instead they exhibit tendency to wet the walls of the
channel (Figure 6a, Location 2). However, the emulsification
results in a continuous generation of highly monodisperse
and non-aggregating droplets (Figure 6a, Location 3), which
is also demonstrated in a movie provided in the Supple-
mentary Material.

A strategy based on partial miscibility of the phases,
extremely low concentration of the stabilizer, and a flow
rate of the continuous phase being 10 times lower than the
flow rate of the organic inner phase has not been demon-
strated earlier, at least to the knowledge of the authors.
Typically, it is more favorable to have the continuous liquid
phase wet the outlet channel walls. Furthermore, the
continuous phase usually contains a highly concentrated
stabilizer solution that can alter the interfacial tension be-
tween the two immiscible or partially miscible phases, but
this is obviously not the case for the present system (Baret
2012; Christopher and Anna 2007; Du et al. 2020; Ho et al. 2021).

Therefore, a further investigation of the current system
was crucial to better understand the mechanism of emul-
sification in the flow-focusing junction and the subsequent
formation of capsules. For this purpose, the organic and
water phases were stainedwith oil red andmethylene blue,
respectively, and the process ofmixingwas observed under
an optical microscope. The results presented in Supple-
mentary Figure S4, show that this combination of param-
eters leads to the formation of water-in-oil emulsion
composed of aqueous PVA droplets dispersed in the organic
mixture and presumably stabilized by CA.

The emulsion droplets formed in the flow-focusing de-
vice were transformed to an open glass vial containing an
intensively stirred solution of an additional stabilizer
(Figure 6b). The stirring caused shaking of the outlet tubing
of microfluidics, which most likely facilitated formation of
non-aggregated microsized capsules. Two different types of
the stabilizers were used for these experiments: an aqueous
solution of high-molecular-weight PVA and an aqueous
dispersion of CNCs.

Table : Properties of the dispersed (central flow) and continuous pha-
ses (side channels) of the microfluidic system.

PVA in water
(.wt%)

PVA in water
(.wt%)

IO/CA in MeOAc
(.wt% IO,
wt% CA)

Kinematic
viscosity (mm/s)

. ± . . ± . . ± .

PVA .wt% –

IO/CA/MeOAc
PVA .wt% –

IO/CA/MeOAc
–

Interfacial
tension (mN/m)

. ± . . ± . –

Figure 6: Design of themicrofluidic device. (a) Optical microscopy image
of the flow-focusing junction during emulsification. The black circle
includes a schematic illustration of themixing in the junction. (b) Schematic
illustration of the microfluidic setup that facilitates controlled emulsifica-
tion. The blue color together with the small beige dots in the enlarged
junction illustrate the organic mixture composed of CA solution and
isooctane, whereas the grey color illustrates an aqueous PVA solution.
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The PVA-stabilized microcapsules have smooth and
homogeneous shells (Figure 7), suggesting gradual evapo-
ration of methyl acetate without any apparent disruption of
the polymer film on the surface. Most of the capsules burst
on the edge in the high-vacuum conditions used for SEM
analysis and hence collapsed into disk-like structures. A
capsule cross-section is shown in Figure 7a, cut and imaged
by using FIB-SEM. Some capsules ruptured under vacuum,
which supports that they are indeed thin-walled (Figure 7b).

CNCs are bio-sourced nanoparticles with highly ordered
structure, tunable surface chemistry, excellent mechanical
properties, and good thermal and chemical stability (Habibi
et al. 2010; Mystek et al. 2020). They have also been used as
stabilizers for different types of emulsions (Capron et al.
2017; Gestranius et al. 2017). In this study, an aqueous CNCs
dispersion was utilized to improve the stability and inhibit
the aggregation of CA capsules. The SEM images in Figure 8a
show a ruptured CNC-stabilized CA capsule. Themorphology
of the capsule wall and the organization of the individual

rod-like CNCs along the surface can be seen in Figure 8b.
Suchmodification of capsules governs changes in the surface
morphology and surface chemistry, and gives access to
controlled functionalization of capsules that leads to a
broader range of applications.

This work shows that it is possible to form CA capsules
with targeted structure and morphology by using micro-
fluidics, but it is beyond the scope of this work to study how
to further improve the long-term stability of the capsules.
Images of the synthetized capsules, as well as their size
distribution presented in Supplementary Figure S5, show
that the optimization of the stabilizing conditions is neces-
sary in order to prevent coalescence of the solvent-swollen
droplets before stable and solvent-free microcapsules are
obtained. Based on the increased size of the capsules, it is
expected that fusion between several smaller droplets
occurred. This type of a physical instability has also been
reported for particles made from other cellulose derivatives
(e.g. ethyl cellulose) (Desgouilles et al. 2003).

Figure 7: Micrographs of PVA-stabilized
microcapsules formed using microfluidics. (a)
FIB-SEM and (b) SEM images of the capsules.
(c) High-magnification image of the surface of
the capsule wall.

Figure 8: Micrographs of CNC-stabilized
microcapsules formed using microfluidics. (a)
SEM image of capsule. (b) High-magnification
image of the surface of the capsule.
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4 Conclusions

The results of the current work demonstrate that it is indeed
possible to prepare micrometer-sized, liquid-filled capsules
made from CA via emulsification and solvent evaporation
using two methods: bulk high-shear mixing and microfluidic
flow-focusing. The emulsion droplets and ultimately the CA
capsules formed with these methods were carefully charac-
terized to establish the formation mechanism and to deter-
mine the properties of the capsules. The results show that
each of the methods yields different properties of the final
capsules. The bulk emulsification resulted in two types of oil-
in-water emulsions, depending on the applied procedure. A
high concentration of CA combinedwith a fast evaporation of
the organic solvent led to formation of a heterogeneous
dispersion of single core capsules, capsuleswith several liquid
compartments and fibrous aggregates. TGA measurements
showed that at least 50% of the initial amount of isooctane
could be effectively encapsulated within these capsules. The
dry capsules were found to expand when heated close to or
beyond the Tg of the CA polymeric shell to a maximum
expansion of 57 times the original volume, demonstrating
their potential use in the preparation of lightweight materials
or for controlled release applications. More homogeneous CA
capsules were formed when the concentration of the CA so-
lution was decreased and the evaporation of the solvent was
slower. However, the so prepared dry capsules were charac-
terized by a lower efficiency of isooctane encapsulation
(<20%). The application of microfluidics provided a precise
control of the emulsification processwith similar components
as used in the bulk emulsification. However, following an
optimization procedure, it was found that the composition of
the phases and the flow rates were significantly different
from commonly reported for similar oil/water systems. A
better understanding of the type of emulsion formed in the
microfluidic systemwas achieved after staining of the organic
and water phases. These experiments revealed that uniform
water-in-oil emulsions were formed using microfluidics,
which consequently resulted in the formation of water-filled
CA capsules. Both polymers and solid particles such as CNCs
can be used as stabilizing agents in the capsule formation
process, however, the initially formed capsules did not
display perfect long-term stability, showing a future need for
further optimization of the stabilizing conditions to prevent
capsule coalescence.
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