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Core-shell particles based on biopolymers and bioactive fatty acids
Encapsulation, characterization and release
VIKTOR ERIKSSON
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

Through encapsulation of an active substance, a slow and controlled release, rather
than instantaneous, can be achieved. This is desired in many applications, with
wound care dressings being one of them. To design wound care dressings with a slow
release of actives, a feasible approach is to encapsulate the antibacterial substances
in microcapsules. The microcapsules can then be incorporated into a non-woven
material forming the wound care dressing.

In this project, the microcapsule formulation has been investigated with the goal
to produce capsules of higher quality with respect to stability and reduced release
rate. Both the shell and core materials of a microcapsule can be altered to achieve
this. This gives a substantial freedom in how to produce capsules with the desired
properties. Since the microcapsules would be in contact with a wound in the appli-
cation, biocompatible and biodegradable microcapsules were required. Triglycerides
and fatty acid esters were consequently encapsulated in poly(lactic-co-glycolic acid)
microcapsules. The fluorophore pyrene was added to the core oil to be able to dis-
tinguish the core in fluorescence micrographs and to elucidate the internal structure
of the microcapsule. Ethyl cellulose and polycaprolactone have been investigated
as alternate shell materials and polyanhydrides have been investigated as plausi-
ble shell materials for a fast and triggered release.The release of a model active
substance has been investigated for poly(lactic-co-glycolic acid) microcapsules with
fatty acid ester and triglyceride cores. By characterizing the size distributions of the
microcapsules using two different methods, particle counting by microscopy images
has been proven to produce reliable results while still requiring a minimal sample
volume.

By using thermodynamical models for interfacial spreading in a three-phase sys-
tem the morphologies of the final system has been successfully predicted. Using
a corresponding thermodynamical approach, a kinetic model was proposed for the
formation of core-shell particles via a characteristic intermediate morphology. This
kinetic model explained why a core that was shifted to one side and not centered
within the microcapsule was observed. Given dichloromethane as volatile solvent,
an exceptionally low polymer-water interfacial tension would be required in order
to form the most favored intermediate.

Keywords: microcapsule, core-shell particle, internal phase separation method, con-
trolled release, fatty acid ester, triglyceride, poly(lactic-co-glycolic acid)
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1
Introduction

With an aging population, chronic diseases such as diabetes are becoming more
common. Between 1980 and 2014 the number of people with diabetes has quadru-
pled, partly due to an increasing population and aging. During the same time span,
its global prevalence has increased from 4.7% to 8.5% for adults which implies that
there has been an increase in the risk factors associated with diabetes as well [1].
A complication associated with diabetes is chronic wounds such as ulcers on feet or
legs. Ulcers in lower extremities are estimated to develop for 15% of the diabetes
patients. For the patients developing ulcers on their feet, 14 - 24% will ultimately
undergo amputation [2]. In the majority of these hard-to-heal wounds there is a
biofilm present which delays or prevents healing [3]. To avoid this, antimicrobial
substances can be used in the wound dressings.

One class of such antimicrobial substances is quaternary ammonium compounds
(QACs) [4]. By simply impregnating the wound dressings with antimicrobial sub-
stances a fast release of the active substance can be achieved. Initially, all the
bacteria would ideally be killed, but the sustained protection over time would be
inadequate. To achieve a protection over time, the wound dressings have to be
replaced frequently. A more convenient approach is encapsulation of the active
substance into so-called microcapsules.

By encapsulating the active substance, a slow and controlled release rate can be
achieved. This enables the concentration to be kept above the minimum inhibitory
concentration∗ for a longer period of time. Slow release of QACs enables a less
frequent change of the wound dressings. The slower release rate is achieved by having
the microcapsule shell acting as a diffusion barrier for the active substance dissolved
in the core. Since the microcapsules would be in contact with the wound, the need
for biocompatible materials as constituents of the microcapsule arise. Both the shell
polymer, the core oil and the antimicrobial substance(s) should be biocompatible and
biodegradable. The microcapsules would finally be incorporated into a non-woven
cellulose material. The microcapsule-functionalized material would then make up
one of the layers in a conventional wound dressing.

∗The minimum concentration of active substance where bacterial growth is prevented [4].
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1. Introduction

1.1 Purpose and Objectives

The purpose of the project is to evaluate how the microcapsule formulation can be
optimized to produce capsules of higher quality, i.e. with a more desirable morphol-
ogy, better stability or a different release profile, while still being biocompatible.
It is desired to produce microcapsules with a core-shell morphology that exhibit a
satisfactory stability in suspension over time. The release of active substances from
the capsules should also be of a desired release rate. Most importantly, the release
rate should not be higher than what is required to keep the concentration of active
substance above the minimum inhibitory concentration. To obtain microcapsules
displaying these properties, a screening will be done with respect to different shell
and core materials.

Finally, the kinetics of microcapsule formation will be investigated. A deeper under-
standing of how the microcapsules are formed enables capsules of higher quality with
respect to release rate or stability to be designed.

1.2 Limitations

The main focus of the project will be to understand how the capsule quality can
be affected by altering the shell and core materials, although a limited selection of
different materials and combinations of materials will still have to be done due to
the scope of the project. Furthermore, the active substance will be in the form of a
fluorophore as a model compound that distributes selectively in the core. This will
be done due to the significantly more convenient analysis and characterization of a
fluorophore as compared to antimicrobial substances. Hence, active antimicrobial
substances such as QACs will not be encapsulated.

Characterization of the microcapsules will only concern capsules in suspension. Con-
sequently, the incorporation of microcapsules into cellulose fibers will not be included
in the scope of this thesis project.

The microcapsule formulation methodology will be limited to internal phase sepa-
ration by solvent evaporation. There are several methods available for producing
microcapsules, including microfluidic emulsification techniques, layer-by-layer as-
semblies and interfacial polycondensation reactions [5], which consequently will be
excluded from the project.
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2
Theory

2.1 Internal Phase Separation by Solvent Evapo-
ration

Several techniques for producing microcapsules can be found in the literature. These
include interfacial polymerizations, polyelectrolyte multilayer assemblies and inter-
nal phase separation by solvent evaporation among others [5–8]. Furthermore, the
emulsions required for the interfacial polymerization and internal phase separation
methods can be prepared either by microfluidic methods or by high-speed shearing
[5, 8, 9]. Preparation of microcapsules following internal phase separation by sol-
vent evaporation is described by Loxley and Vincent [8]. This method has achieved
popularity due to its simplicity, only relying on the physical phase separation rather
than any chemical reactions. The principle behind this method is based on creating
an oil-in-water emulsion in which the emulsion droplets subsequently form the core-
shell particles. This is achieved by creating an oil phase consisting of two different
solvents together with a polymer and optionally a dye or other active substance. One
of the solvents should be a good solvent for the polymer and also volatile and slightly
water soluble, such as dichloromethane (DCM), and the other should be a bad sol-
vent for the polymer, such as long alkanes, fatty acid esters or triglycerides, but
soluble in the first solvent and non-volatile. Furthermore, both the polymer and the
second oil must be water insoluble so that they stay in the emulsion droplets.

Figure 2.1: Three different morphologies for two-phase particles: a) cross-section of core-shell
particle, b) "acorn" particle, c) droplet separation.

3



2. Theory

When all these four previously mentioned components are mixed into a single oil
phase the polymer, the core oil and the active substance should be molecularly
dissolved. After the emulsion has been formed, the volatile solvent is allowed to
evaporate from the oil droplets through the surrounding water phase. At a certain
point during the evaporation, the polymer and non-volatile oil are no longer soluble
and phase separates. The phase separation will follow one of several potential path-
ways such that the overall surface energy of the system is minimized. Some of the
possible morphologies for the shell and core materials of the capsules are presented
in Figure 2.1. Producing core-shell particles with a solid shell and a liquid core, as
seen in Figure 2.1 a), will be the focus of this project.

2.1.1 Predicting the microcapsule morphology

By expressing spreading coefficients the morphology of the capsules can be predicted.
The spreading coefficient for the polymer phase can be determined according to
Equation 2.1 where p, o and w indicate the polymer, oil or water phase respectively
and γij is the interfacial energy between the phases i and j. Expressions can be
achieved for the oil (So) and water (Sw) similarly [8].

Sp = γow − (γpo + γpw) (2.1)

Under the condition γow > γpw there can be three different combinations of the
spreading coefficients, Equations 2.2 - 2.4.

So < 0; Sw < 0; Sp > 0, (2.2)

So < 0; Sw < 0; Sp < 0, (2.3)

So < 0; Sw > 0; Sp < 0. (2.4)

Only when the conditions according to Equation 2.2 are met will the microcapsules
adopt a core-shell morphology. If Equation 2.3 is fulfilled, so-called "acorn particles"
will be formed and by fulfilling Equation 2.4, two separate droplets will form [8].
No kinetics are included in the description by Vincent and Loxley, but this has to
be considered in order to understand the core-shell formation. This is therefore
investigated further in this report.

2.1.2 Interfacial tension compartmentalization

The establishment of the spreading conditions above necessitates knowledge of the
interfacial tension between polymer and liquid. To determine this, the surface energy

4



2. Theory

of the polymer has to be known. These values can be experimentally determined
by using the formalism established by van Oss and coworkers [10]. By measuring
contact angles θ on surface i with several test liquids for which the Lifshitz-van der
Waals (γLW

i ) and acid-base interactions (γ+
i , γ−

i ) are known, the surface energy γi

can be determined according to Equations 2.5-2.7. The Lifshitz-van der Waals con-
tribution takes dispersive forces into account, and the acid-base interactions include
contributions from Lewis acid and base interactions. The Young-Dupré equation,
Equation 2.8, is then used to determine the solid-liquid interfacial tension γSL.

γi = γLW
i + γAB

i (2.5)

γAB
i = 2

√
γ+

i γ
−
i (2.6)

1 + γL cos θ = 2
(

(γLW
S γLW

L )1/2 + (γ+
S γ

−
L )1/2 + (γ−

S γ
+
L )1/2

)
(2.7)

γS = γSL + γL cos θ (2.8)

2.2 Core materials

Traditionally, long and hydophobic alkanes such as dodecane or hexadecane have
been used when formulating capsules using internal phase separation by solvent
evaporation [8, 11]. According to the spreading conditions in Equation 2.2, a large
interfacial tension between oil and water (γow) is desired to form core-shell particles.
This is more easily fulfilled when using a highly hydrophobic oil phase such as a
long-chained alkane. Due to requirements for biocompatibility, bioactive fatty acid
esters and triglycerides are investigated instead.

Complicated and long systematic and trivial names of fatty acids can be simplified
by a numbering system. As an example, linoleic acid (C18H32O2) can be abbreviated
as C18:3(n-6). This indicates that the fatty acid has a chain length of 18 carbon
atoms, with three double bonds present [12]. Finally, n − 6 indicates that the first
double bond is on the sixth carbon atom from the terminal end [12]. This notation
is used frequently throughout the report.

5



2. Theory

2.2.1 Vegetable oils and triglycerides

Figure 2.2: Molecular structure
of glyceryl trioctanoate.

Vegetable oils are usually found in the form of a
triglyceride [12]. Many refined oils contain at least
98% triglycerides, with the rest being diglycerides
and free fatty acids [13]. The triglyceride structure
includes a glycerol backbone on which three fatty
acids are attached through an ester bond. As com-
pared to a synthetic triglyceride, there is usually a
distribution of fatty acid chain lengths present in veg-
etable oils. Commonly, fatty acids ranging from oc-
tanoic acid (C8:0) to docosahexaenoic acid (C22:6)

can be found in vegetable oils [12].

Table 2.1 shows the relative fractions of fatty acids in olive oil, sunflower oil and
jojoba oil [14, 15]. Fatty acids of which the relative fraction is smaller than 1% are
excluded from the table. Apart from vegetable oils extracted from plants, synthetic
triglycerides are also of interest. One such example is the significantly more short-
chained glyceryl trioctanoate.

Table 2.1: Relative occurrence of the fatty acids, expressed using lipid number notation, in olive
oil, sunflower oil and jojoba oil [14, 15].

Oil type 16:0 (%) 18:0 (%) 18:1 (%) 18:2 (%) 20:1 (%) 22:1 (%)
Olive oil 10.1 3.0 71.9 7.5 - -
Sunflower oil 6.2 4.3 20.2 63.2 - -
Jojoba oil - - 12.5 - 67.0 14.5

2.2.2 Fatty acid esters

Figure 2.3: Molecular struc-
ture of the fatty acid ester ethyl
linoleate.

Through transesterification of triglycerides, the glyc-
erol backbone can be replaced with short alkyl
groups, typically methyl or ethyl groups. This is the
process in which for instance biodiesel is produced
from vegetable oil [16]. The molecular structure of
a fatty acid ester, ethyl linoleate, is seen in Figure
2.3. Several characteristics such as fatty acid chain
length, degree of unsaturation and alkyl chain length
can be altered to modify the chemical properties. By

altering the degree of unsaturation, the melting point is greatly affected. While ethyl
linoleate, seen in Figure 2.3, is liquid at room temperature, the corresponding sat-
urated ethyl stearate is solid at room temperature.
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2. Theory

2.2.2.1 Docosahexaenoic acid methyl ester

Among naturally occurring fatty acids, docosahexaenoic acid (DHA) is the longest
and most unsaturated with a C22:6 structure [17]. The metabolites from DHA
have been found to display anti-inflammatory effects [18]. This makes DHA es-
ters an attractive core substance in microcapsules due to their inherent biological
activity.

2.2.3 Oxidation of unsaturated fatty acids

Through a process known as autoxidation, polyunsaturated fatty acids can become
peroxidated. This occurs through a radical reaction path that Gardner describes as
a three-stage event, reactions 2.a-2.c [19]. Activated singlet oxygen (1O2) can also
oxidize unsaturated fatty acids [20].

RH + X · activation−−−−−→ R · + XH (2.a)

R · + O2 −−→ ROO ·
ROO · + RH −−→ ROOH + R · (2.b)

R · +ROO · −−→
2ROO · −−→

2R · −−→

 Nonradical
products (2.c)

In the initiation step, reaction 2.a, a hydrogen is abstracted at the bis-allylic po-
sition of the fatty acid chain. This C-H bond has a bond dissociation energy of
75 kcal/mol [19]. A linear dependence can be seen between the number of bis-allylic
methylene groups present in the molecule and the oxidizability [19]. The initiation
can be triggered by redox metal ions, ionizing and ultraviolet radiation or photo-
activated dyes [21]. In a monounsaturated fatty acid, there are only mono-allylic
hydrogen atoms present which have a bond dissociation energy of 88 kcal/mol.
Monounsaturated fatty acids are consequently less susceptible to oxidation [19].

OH

Figure 2.4: Molecular
structure of BHT.

As a comparison, the bond dissociation energy of a C-H bond
in a saturated carbon chain is approximately 100 kcal/mol
[22].

Autoxidation of lipids has been found to occur already dur-
ing emulsification [23]. Due to the large surface area formed
during emulsification, this increases the rate of oxidation.
Furthermore, the agitation from the homogenizer increases
the inclusion of oxygen in the emulsion [23]. An inert nitro-
gen atmosphere can consequently reduce the oxidation rate.
Antioxidants such as butylated hydroxytoluene (BHT), seen

7
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in Figure 2.4, can also be used to prevent the oxidation [24]. The antioxidant prop-
erties are achieved by donating hydrogen atoms to the free radicals, so that BHT
becomes a radical itself. The aromatic structure, together with the two tert-butyl
groups stabilizes the BHT radical. BHT is allowed as an additive in food and is
generally considered safe at low concentrations [24].

If the autoxidation occurs on polyunsaturated fatty acids, the double bonds shift so
that conjugated dienes are created along the fatty acid chain as hydroperoxides form
[20]. These hydroperoxides can further react to form for instance malonaldehyde as
secondary oxidation products through complex reaction pathways.

2.3 Shell materials

A prerequisite for the shell material in this project is that it is biocompatible and
biodegradable. Furthermore, two different classes of shell materials can be imagined.
Firstly, there are shells which are relatively stable towards degradation. Capsules
composed of these materials in the shell would display a slow release of actives over
time. Secondly, shells with materials displaying a much faster triggered degradation
are conceivable. This way a rapid and triggered release could be achieved upon
exposure to an external stimuli. Such stimuli can be a pH change in the water phase
which results in a chemical change in the shell that releases the core substance.

2.3.1 Poly(lactic-co-glycolic acid)

HO

O

O

O

O

H

n m

Figure 2.5: Molecular structure
of poly(lactic-co-glycolic acid).

Poly(lactic-co-glycolic acid) (PLGA) has received in-
terest in the field of biocompatible and biodegradable
polymers [25]. Whereas pure lactic or glycolic acid
polymers may be crystalline, the copolymer compris-
ing the two monomers is amorphous. Applications of
the polymer ranges from orthopedic implants to drug
delivery vehicles [25]. See Figure 2.5 for the molecu-
lar structure of the polymer.

The polymer degrades through hydrolysis of the ester linkage in the polymer back-
bone to form free lactic and glycolic acid [26]. The degradation time is in the order
of weeks, dependent on the ratio between the lactic and glycolic acid monomers.
By having a more hydrophobic polymer with a higher content of the lactic acid
monomer, the degradation time is prolonged [25]. There is also a pH-dependence on
the degradation of the polymer [27, 28]. Even at altered pH, the degradation occurs
over several days which makes it unfeasible for use as a shell material for triggered
release.

8
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2.3.2 Polycaprolactone

O

O

n

Figure 2.6: Molecular structure
of polycaprolactone.

Polycaprolactone (PCL) is also a biodegradable
polyester. It is semi-crystalline and has a low glass
transition temperature and melting temperature of
-60 °C and 60 °C, respectively [29]. The molecular
structure of the repeating unit in PCL is presented in
Figure 2.6. The polymer has received interest when
making scaffolds for tissue engineering [30]. Foams,
fibers and drug-loaded nanospheres have also been prepared using PCL [29]. Total
degradation of PCL happens over 2-4 years depending on molecular weight, which
is significantly slower than PLGA.

2.3.3 Polyanhydrides

Polyanhydrides are characterized by an anhydride bond in the backbone. This bond
is highly reactive towards hydrolysis, especially at alkaline pH [31]. From this, a
triggered release could be obtained. The slightly alkaline environment of an inflamed
wound therefore further promotes the use of polyanhydrides as triggered release ma-
terials [32]. Depending on the structure of the anhydride, the degradation time may
vary. Poly(sebacic acid) is an aliphatic anhydride, as seen in Figure 2.7 with the
R-group in Figure 2.7a) andm = 8, that displays a high crystallinity of 66% [33]. By
copolymerizing it with aromatic diacids such as 1,3-bis(p-carboxyphenoxy)propane,
having the R-group in Figure 2.7b), the degree of crystallinity can be substantially
decreased [33]. Degradation within days or weeks can be observed for aliphatic
anhydrides, such as poly(adipic anhydride) or poly(sebacic anhydride) [34, 35]. An-
hydrides with aromatic segments, such as poly(1,3-bis(p-carboxyphenoxy)propane),
degrade in the time span of months to years [34].

O

O

R O

O
n

a) R =
m

b) R =

O O

∗ ∗

∗∗

Figure 2.7: Structure of a polyanhydrides containing either a) aliphatic or b) aromatic segments.
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2.3.4 Ethyl cellulose

O

O

OR

RO
OR

n

R = H or

∗

Figure 2.8: Structure of ethyl cellulose. De-
pending on the degree of substitution, the R-
group ratio of H to C2H5 can differ.

Ethyl cellulose is a derivative of cellulose,
see Figure 2.8. It is available at different
degrees of substitution, which affects the
properties of the material. Ethyl cellulose
has been used for controlled release in phar-
maceutical applications, both as a coating
on microspheres and as the actual matrix in
a microsphere [36, 37]. Proposed core-shell
particles have been prepared with ethyl cel-
lulose and plant oils as core material [38].

These core-shell particles were found to have a porous shell of ethyl cellulose with
the oil phase contained within it. At the same time, ethyl cellulose is proposed to
form oleogels with vegetable oils [39].

2.4 Fluorescence in microscopy imaging

Fluorescence microscopy can be used as a way of distinguishing the microcapsule
core from the shell due to intense color at a specific excitation wavelength. The
fluorescence process can be illustrated by a Perrin-Jablonski diagram, Figure 2.9.
The first stage is absorption of a photon, which excites the fluorophore from the
fundamental electronic state S0 to an excited singlet state, S2 in Figure 2.9. There
are several vibrational energy levels to each electronic state [40]. Secondly, there
is an internal conversion which is a nonradiative conversion between two singlet
electronic states. Finally fluorescence occurs as a photon of lower energy than the
absorbed photon is emitted during relaxation from S1 to S0 [40].

Figure 2.9: Perrin-Jablonski diagram illustrating the process of fluorescence.

10
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2.4.1 Pyrene as a fluorescent probe

Figure 2.10: Molecular
structure of pyrene.

Organic fluorophores typically contain aromatic groups
with delocalized π-systems [40]. One example of an or-
ganic fluorophore is pyrene which is commonly used as
a fluorescent probe. The molecule is strongly fluorescent
and exhibits several emission peaks in the near-UV region
(300-400 nm). A highly hydrophobic molecular structure
ensures a low migration into the water phase, lowering
background noise in the fluorescence imaging. Due to
the hydrophobicity of the molecule, it can be used to, for
instance, identify self-association by hydrophobic interactions [41].

Furthermore, pyrene molecules can form complexes at sufficiently high concentra-
tions [42]. This is called excimer formation, as an abbreviation of excited state
dimer. The emission spectrum is unstructured and shifted towards longer wave-
lengths. Birks summerizes the process of excimer formation in three steps, reactions
2.d-2.f [42].

1M∗ −−→ 1M + hνM (2.d)
1M∗ + 1M −−⇀↽−− 1D∗ (2.e)

1D∗ −−→ 1M + 1M + hνD (2.f)

Here, 1M and 1M* are the ground state and excited state respectively of the monomer,
1D* is the excimer and hνM and hνD are the fluorescence emissions of the monomer
and excimer respectively. Fluorescence by the monomer, reaction 2.d, is self-quenched
at sufficiently high concentrations of pyrene. This self-quenching is a result of the
interaction between 1M* and 1M, reaction 2.e. Finally, the excimer is dissociated in
the ground state, reaction 2.f [42]. This can be used in membranes for example, to
estimate lateral lipid diffusion where the pyrene is covalently attached to the lipid
[43].

2.5 Microcapsule size distribution

The size distribution of microcapsules in a sample prepared by the solvent evapo-
ration method is dependent on the size distribution of the prepared emulsion prior
to solvent evaporation. Emulsion droplet size has been found to follow a log-normal
size distribution for a variety of systems [44]. It is therefore assumed that the size
distribution of produced microcapsules also follow a log-normal size distribution,
according to Equation 2.9, where M and S are the mean and standard deviation
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of ln r [11]. The mean and standard deviation of the non-logarithmized r can be
expressed as µ and σ respectively, as seen in Equations 2.10 and 2.11.

p(r) = 1√
2πSr

exp
− (ln r −M)2

2S2

 r > 0 (2.9)

µ = exp
M + S2

2

 (2.10)

σ2 =
(

exp
(
S2
)
− 1

)
exp

(
2M + S2

)
(2.11)
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3
Methods

3.1 Materials

During the project acetone (≥ 99.8%, VWR Chemicals), Brij® L23 (Sigma-Aldrich),
Berol 533 (Akzo Nobel), butylated hydroxytoluene (99%, Acros Organics), chloro-
form (≥ 99.5%, Sigma-Aldrich), dichloromethane (Sigma-Aldrich), diiodomethane
(99%, Sigma-Aldrich), glycerol (99%, Sigma-Aldrich), poly(methyl methacrylate)-
block-poly(sodiummethacrylate) (Mn 600-b-4600 g/mol, Polymersource), poly(vinyl
alcohol) (95% hydrolyzed, Mw 95 000 g/mol, Acros Organics) and pyrene (≥ 99.0%,
Sigma-Aldrich) was used as received. Milli-Q® water (18.2 MΩ cm, Millipore) was
used throughout the project.

The selected oil phases were docosahexaenoic acid methyl ester (≥ 98%, Cayman
Chemical), ethyl linoleate (≥ 99%, Sigma-Aldrich), ethyl stearate (≥ 97%, Sigma-
Aldrich), glyceryl tributyrate (≥ 99%, Sigma-Aldrich), glyceryl trilinoleate (≥ 95%,
TCI Chemicals), glyceryl trioctanoate (≥ 99%, Sigma-Aldrich), glyceryl trioleate
(≥ 97.0%, Sigma-Aldrich), hexadecane (99%, Acros Organics), jojoba oil (Sigma-
Aldrich), methyl linoleate (≥ 98%, Cayman Chemical), methyl octanoate (99%,
SAFC), olive oil (Fluka), perfluorooctane (98%, Sigma-Aldrich) and sunflower oil
(Sigma-Aldrich).

The shell materials used were ethyl cellulose (46 cP, 48% ethoxyl, Sigma-Aldrich),
polycaprolactone (average Mw 69 000 g/mol, Sigma-Aldrich), poly(D,L-lactide-co-
glycolide) (Mw 10 000 g/mol, Polysciences, Inc.), poly(D,L-lactide-co-glycolide) (Mw

97 000 g/mol, Polysciences, Inc.), poly(methyl methacrylate) (Mw 350 000 g/mol,
Sigma-Aldrich) and poly(sebacic acid) (Sigma-Aldrich).

3.2 Microcapsule formulation

When creating the emulsion, a Silent Crusher model M homogenizer equipped with
tool 6F (Heidolph Instruments, Germany) was used. The emulsification was done
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Figure 3.1: Schematic representation of the microcapsule formulation method. An oil-in-water
emulsion is formed by high-speed shearing. The emulsion is diluted with more water phase and
the volatile solvent is allowed to evaporate under magnetic stirring to produce microcapsules.

in a 5 ml round bottom flask with a side neck (Ace glass, USA). For each batch,
2.4 ml of oil phase was added drop wise over roughly two minutes to 3 ml of water
phase. Due to poor mixing using the small homogenizer tool, the emulsification
was carried out for 80 minutes, as compared to 60 minutes in the original method
by Loxley and Vincent [8]. After emulsification, the emulsion was diluted with an
additional 3 ml of water phase. Finally, the emulsion was left in a fume hood for at
least 10 hours under gentle magnetic stirring for the volatile solvents to evaporate.
This yielded a final theoretical microcapsule concentration of 2 wt%. The amounts
of added components is presented in Table 3.1. When the ms/mc-ratio was altered,
core and shell weights were changed so that the total sum was kept constant. A
visualization of the formulation methodology is presented in Figure 3.1.

Table 3.1: Added amounts of the different components for the prepared samples. The amount of
added active substance is expressed as a fraction of the core oil weight.

ms/mc

DCM
(g)

Shell
material (g)

Core
oil (g)

Acetone
(µl)

Active substance
(% [w/w])

0.7 3.20 0.055 0.078 200 3
3 3.20 0.100 0.032 200 3

For microcapsule formulations with a solid ethyl stearate core, the evaporation pro-
cess was carried out at 40 °C which was above the melting point of 36 °C. This was
done in order to facilitate the formation of a core-shell morphology where the poly-
mer has to spread around the core. To enable this while still achieving a sufficiently
long evaporation period, dichloromethane was replaced with chloroform due to its
higher boiling point. The investigated polyanhydrides displayed a poor solubility in
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chlorinated solvents and were instead dissolved in ethyl acetate at 50 °C. Further-
more, both emulsification and evaporation of the solvent had to be performed at
50 °C to ensure polymer solubility throughout the emulsification. As ethyl acetate
is water soluble at 84.2 mg/ml [45], the water phase was saturated with ethyl acetate
prior to adding the oil phase during emulsification [46].

In order to be able to visualize the microcapsules using fluorescence microscopy,
pyrene was added to the oil phases. The solubility of pyrene in selected oils is
presented in Table A.1 in the Appendix. In general, a pyrene concentration of 3 wt%
in the oil phase was used to avoid supersaturation. For release measurements, the
concentration was increased to 4 wt%.

3.3 Microscopy analysis

For microscopy analysis, an Axio Imager Z2m equipped with an HBO-lamp and filter
set 49 for fluorescence imaging (Zeiss, Germany) was used. When analyzing the mi-
crocapsules, a combination of microscopy techniques were used. Optical microscopy
with brightfield or differential interference contrast (DIC) illumination was used to
visualize the surface structure of the microcapsules. Furthermore, fluorescence mi-
croscopy was used to attain knowledge regarding the morphology of the core-shell
particles. Due to the selective partitioning of pyrene in the core substances, the
fluorescence intensity made it possible to differentiate oil from polymer.

3.4 Particle size distributions

For the determination of size distributions, two different techniques were employed.
These were particle counting from microscopy images and light diffraction-based
measurements. Particle counting from microscopy images gave a number-averaged
size distribution, whereas light diffraction methods gave a volume-averaged size
distribution. It was therefore necessary to recalculate microscopy size distributions
by volume basis in order to compare the two sets of results.

3.4.1 Analysis using microscopy images

Size distributions determined from optical microscopy images were analyzed using
ImageJ (National Institutes of Health, USA). Five different images were taken for
each batch, or a total of at least 600 microcapsules, in order to reduce the uncer-
tainty. By using thresholds and other image filters, the calculation of the area for
each particle could be automated. The area of each capsule was then converted to
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a radius, assuming the capsules to be perfect spheres projected onto a 2D surface,
which then was plotted and a lognormal fitting was done using Matlab (Mathworks,
USA).

By using microscopy images for size distribution determination, a very small sample
volume of about 20 µl was required. Furthermore, it was possible to separate floccu-
lated particles or filter out larger aggregates, capsule fragments or free oil droplets
from the analysis. This did, however, introduce the risk of a biased result. Results
from microscopy analysis were therefore compared to results from light diffraction
measurements to ensure a minimal bias.

3.4.2 Analysis using light diffraction

A Mastersizer Microplus (Malvern Panalytical, UK) was used for diffraction-based
size distribution determination. Through irradiation of the sample with light from
a He-Ne laser (λ = 633 nm) an array of detectors recorded the scattering of the
incoming light as it passed through the sample. The sample size for diffraction
analysis was significantly larger as compared to microscopy analysis, around 3 ml.
Based on the scattering, theroretical models is used to correlate the scattering to a
particle size distribution in the analysis software.

Size distribution analysis by light diffraction is highly sensitive to aggregates in the
sample. As large particles are weighted higher due to the volume-based averaging,
results showing bimodal peaks may very well in fact be a unimodal distribution
with larger aggregates or flocculated particles. Free oil droplets would also affect
the apparent size distribution. Care was therefore taken to run diffraction analysis
of the samples as soon as possible after capsule formulation.

3.5 Optical tensiometry

To determine the surface tensions, interfacial tensions and contact angles of selected
liquids, an Attension Theta optical tensiometer was used. Surface and interfacial
tensions could be determined by fitting the droplet shape to the Young-Laplace
equation, Equation 3.1, where γ is the surface or interfacial tension, ∆ρ is the dif-
ference in density between droplet and the surrounding phase, g is the gravitational
constant, R0 is the drop apex radius and β is a shape factor.

γ = ∆ρgR
2
0
β

(3.1)
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3.5.1 Surface energy calculations

PLGA substrates were prepared by spin coating 22 x 22 mm glass slides with 100 µl
of PLGA dissolved in DCM at 1 wt% in a Spin 150 spin coater (SPS-Europe, Nether-
lands). The samples were spin coated at 600 rpm for 120 s. By measuring the contact
angles of diiodomethane, glycerol, hexadecane and water on PLGA substrates the
surface energy could be determined. Through use of non-linear regression analysis in
Matlab (Mathworks, USA), a fitting to Equation 2.7 could be performed. The solid-
liquid interfacial tensions could then be determined from Equation 2.8 using the
contact angles of the appropriate liquids. The known surface tensions (γL) along
with the dispersive Lifshitz-van der Waals (γLW

L ), polar acid (γ+
L ) and base (γ−

L )
components of the test liquids required for the measurements are presented in Table
A.3 in the appendix [47].

3.5.2 Interfacial tensions with polymeric dispersants

Due to the slow diffusion of polymeric dispersants, the interfacial tension between
two immiscible liquids does not attain its equilibrium value instantaneously. An
empirically determined equation for the kinetic dependence of interfacial tension has
been proposed by Xi Yuan and Rosen [48]. This can be seen in Equation 3.2. Here
γ(t), γ0 and γe are the interfacial tensions at time t, initially and at equilibrium,
respectively. τ is a relaxation constant and n is a dimensionless constant. By
measuring interfacial tensions as a function of time, a fitting to Equation 3.2 could
be performed.

γ(t)− γe

γ0 − γe

= 1
1 + (t/τ)n

(3.2)

3.6 Release measurements

For release measurements, 2 ml of prepared microcapsule suspension was added to
198 ml 6 wt% Brij® L23 solution. This is a nonionic surfactant that helps to increase
the solubility of pyrene in the continuous phase by solubilizing it in micelles. At
given times, an aliquot of approximately 4 ml was taken from the release suspension
and immediately filtered through a Pall Acrodisc® 25 mm syringe filter with a 0.2 µm
Fluorodyne® II membrane [49, 50]. The selection of membrane material is important
to ensure that as little as possible of the analyte adsorbs to the membrane itself [51].
After filtration, the filtrate was hence free from microcapsules which allowed for
detection of pyrene in only the continuous phase at the given time of filtration.

Following filtration, the concentration of pyrene was determined using an Agilent
8453 UV-vis spectrophotometer. By expressing the Beer-Lambert law, Equation
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3.3, a linear relationship between absorbance and concentration was obtained.

A = εcl (3.3)

A is the absorbance in the sample calculated as A = − log10(I1/I0) with I0 and
I1 being the initial light intensity and light intensity after passing the sample, re-
spectively. ε is the molar absorptivity coefficient, c is the concentration of studied
analyte in solution and l is the path length through the cuvette.

The ratio between microcapsule suspension and surfactant solution was chosen to
yield a maximum absorption within the linear range of the calibration curve for
pyrene. Linearity was obtained up to 2.5 mg/l [50]. Absorbance measurements
were performed at the maximum absorbance wavelength 242 nm. To obtain the
total loading of the microcapsules (mtot), 2 ml of the release suspension was diluted
with 6 ml ethanol. This shifted the pyrene equilibrium completely towards the con-
tinuous phase. After allowing all of the pyrene to leach out of the microcapsules
into the ethanol solution, an aliquot was filtered and the UV-absorbance was mea-
sured. See Figure 3.2 for the absorbance spectrum of pyrene in Brij® L23 solution.
Since the absorbance was measured in the UV range, Hellma Analytics Suprasil®
quartz cuvettes were used to avoid interferrence from the cuvette material on the
absorbance.
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Figure 3.2: Absorbance spectrum of pyrene in 6 wt% Brij® L23 solution.

3.6.1 Background subtraction of DHA

When performing release measurements from microcapsules with the methyl ester
of DHA as core material, an absorption band from the oil could be observed apart
from the distinct peaks of pyrene. This is presented in Figure 3.3. Due to the high
signal intensity at 242 nm, the samples had to be diluted with equal parts of 6%
Brij® L23 solution. The absorbance was recalculated to account for dilution in post-
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processing which allowed comparison of the three spectra. By introducing a blank
sample containing the DHA methyl ester dissolved in Brij® L23, a subtraction of
the blank from the raw release spectrum could be performed. This way, only the
contribution to the absorbance from pyrene was measured.

Absorbance corresponding to the oil phase was only seen for the methyl ester of
DHA, and not the other investigated core oils. It was thought to originate from the
oxidation products of DHA, as this absorbance only could be detected after stor-
age of the DHA-containing blank sample for roughly one week. Through formation
of conjugated dienes along the fatty acid chain, UV absorption would be seen to
increase. Secondary oxidation products such as malonaldehyde could also cause ab-
sorption in the UV region. Since the DHA fatty acid contains a total of six double
bonds, the expected abundances of diene groups or secondary oxidation products are
significantly higher in DHA as compared to for example linoleic acid which only con-
tain two double bonds. Furthermore, as the oxidation rate increases with increasing
number of double bonds in the fatty acid, the UV absorbance would increase more
rapidly in DHA as compared to other less unsaturated fatty acids.
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Figure 3.3: UV-vis absorption spectrum for release measurements from microcapsules with DHA
methyl ester as core material. The raw sample data (· · ·), a blank sample with DHA dissolved in
Brij® L23 (- - -) and the filtered spectrum (—) is presented.
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4
Results and discussion

Two distinct sets of results are presented here: those related to the formulation and
characterization of microcapsules and those related to the release of actives from
formulated microcapsules. Morphologies and size distributions of the microcapsules
were characterized prior to investigating their release properties. Furthermore, a
theoretical framework for the kinetics of internal phase separation is discussed in
order to attempt to alter the formulation produce microcapsules of higher quality.
This included capsules with an improved stability or capsules displaying a more
beneficial release profile.

4.1 Formulation and characterization

Figure 4.1: Optical microscopy image illustrating the
structure of prepared core-shell microcapsules.

Initially, a screening was performed
to evaluate which oil phases could
be used to produce core-shell micro-
capsules. A representative optical
microscopy image of PLGA micro-
capsules with ethyl linoleate cores
and ms/mc = 3 illustrating the
observed capsule structure is pre-
sented in Figure 4.1. Table 4.1
presents the obtained morphology
for all tested core oils. For all of
the systems, PLGA was used as a
shell material with ms/mc = 3 and
pyrene was the chosen active sub-
stance. Core-shell microcapsules
were produced for a large variety of
oils. This included the highly un-
saturated and bioactive docosahexaenoic acid methyl ester as well as saturated oils
of shorter chain lengths as glyceryl trioctanoate. It was therefore clear that the in-
vestigated microcapsule system with PLGA as shell material allowed for a versatile

21



4. Results and discussion

selection of biocompatible core oils.

Table 4.1: Observed morphologies for the tested core oils. All microcapsules had a PLGA shell
with ms/mc-ratio of 3. 1 wt% PVA was used as dispersant in the water phase.

Core oil Morphology
DHA methyl ester Core-shell
Ethyl linoleate Core-shell
Ethyl stearate Core-shell
Glyceryl tributyrate Droplet separation
Glyceryl trioleate Core-shell
Glyceryl trilinoleate Core-shell
Glyceryl trioctanoate Core-shell
Jojoba oil Core-shell
Methyl linoleate Core-shell
Methyl octanoate Droplet separation
Olive oil Core-shell
Sunflower oil Core-shell

A good agreement between the thermodynamical theory of internal phase separa-
tion in section 2.1.1 and the observed results was seen. The more hydrophilic core
substances glyceryl tributyrate and methyl octanoate did not produce core-shell par-
ticles. No limitations on core-shell formation were found for the more hydrophobic
and highly unsaturated core oils tested.

Figure 4.2: Fluorescence microscopy image
displaying core-shell PLGA microcapsules with
an ethyl linoleate core and ms/mc = 3.1. The
magnification in the inset illustrates the shifted
core-shell morphology.

For all microcapsules where a core-shell
morphology was obtained, the core was
shifted to one side and not centered
within the capsule. Using fluorescence mi-
croscopy, this could be visualized with the
hydrophobic dye pyrene added to the oil
phase. As PLGA was more hydrophilic
than the core oil, Figure 4.2 illustrates the
selectively dyed core of the microcapsule,
with the fluorescence intensity being sig-
nificantly lower in the shell. From an ap-
plied perspective with the release rate or
stability in mind, a centered core would
be more beneficial than the shifted core.
When increasing the ms/mc-ratio to five,
capsules with multiple cores could be ob-
served, probably due to the difficulties of
an increased polymer fraction to spread
around a single core.
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Two of the PLGA microcapsule formulations did not display a core-shell morphol-
ogy. Figure 4.3 displays the morphology for the combination of PLGA and glyceryl
tributyrate. A uniform fluorescence intensity throughout the spheres suggested that
they in fact were homogeneous spheres. Apart from the spheres, large coalesced oil
domains could be observed in the sample, suggesting that there was a droplet sepa-
ration between shell and core. For the combination of PLGA and methyl octanoate,
similar apparently homogeneous spheres could be observed, although without the
same macroscopic oil domains present.

Figure 4.3: Fluorescence microscopy image displaying the droplet separation present for the
combination of PLGA and glyceryl tributanoate.

4.1.1 Size distribution

A size distribution determination was only performed on formulations where a core-
shell morphology was obtained. The size distribution of microcapsules with ethyl
linoleate cores is presented in Figure 4.4. It was possible to get a good fit of the data
to the log-normal distribution function, with a R2 of 0.96. Simiar results were seen
for all of the core-shell systems. Fitting parameters µ and σ from the lognormal size
distribution function for all prepared microcapsule systems is presented in Table
4.2. The similarities in the results suggested that the core oil influence on capsule
size was negligible and that there was a high reproducibility in the formulation
process.
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Figure 4.4: Number averaged histogram
obtained from microscopy images for PLGA
microcapsules with ms/mc = 3 and ethyl
linoleate cores along with a log-normal size dis-
tribution fitting of the data.
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Figure 4.5: Histogram in Figure 4.4 recal-
culated to a volume average ( ) compared to
the volume averaged histogram obtained from
light scattering(N). Both data sets are fitted
with log-normal size distribution functions.

Table 4.2: Mean radii (µ) and standard deviations (σ) for the log-normal fittings from micrographs
of PLGA microcapsules with varying core oils.

Core oil Mean radius µ (µm) Standard deviation σ (µm)
DHA methyl ester 1.50 ± 0.06 0.63 ± 0.10
Ethyl linoleate 1.82 ± 0.08 0.86 ± 0.15
Ethyl stearate 1.45 ± 0.05 0.57 ± 0.09
Glyceryl trilinoleate 1.64 ± 0.06 0.66 ± 0.10
Glyceryl trioctanoate 1.26 ± 0.05 0.39 ± 0.06
Glyceryl trioleate 1.45 ± 0.05 0.48 ± 0.07
Jojoba oil 1.46 ± 0.06 0.54 ± 0.09
Methyl linoleate 1.44 ± 0.06 0.68 ± 0.12
Olive oil 1.56 ± 0.06 0.71 ± 0.11
Sunflower oil 1.63 ± 0.20 2.26 ± 0.83

In Figure 4.5 the histogram from Figure 4.4 was recalculated to a volume average
after which a new log-normal fitting was performed. This was finally compared
to the histogram from light scattering. Although artefacts were introduced to the
microscopy histogram due to the re-scaling from number average to volume average,
a good agreement between the two analysis methods was observed. The histogram
obtained from light scattering displayed a secondary peak at 0.2 µm. This was most
likely not an actual bimodal size distribution, but rather error from the analysis
due to capsule fragments or other minor impurities in the sample. Hence, this data
was filtered out prior to performing the fitting of the size distribution function.
For the volume-averaged histogram obtained from microscopy, no particles with
radii larger than about 5 µm were detected, while the light scattering detected
particles with radii of up to 8 µm. This was due to the difference in sample volume.
Analyzing around 800 particles in the microscope was sufficient for obtaining a
number-averaged size distribution, but not for producing reliable volume-averaged
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statistics on the largest particles. Furthermore, as the larger particles were weighted
higher for a volume-average this introduced error in the conversion from number
average to volume average.

4.1.2 Thermodynamic spreading conditions

To understand the thermodynamics of the core-shell formation, the free surface en-
ergy was determined for PLGA. Table 4.3 lists the experimentally determined surface
energy components of PLGA. As a comparison, values for poly(methyl methacry-
late) (PMMA) were included from Andersson Trojer et al. [11]. A higher Lewis base
contribution (γ−) was seen for PLGA as compared to PMMA, which was reasonable
given the increased hydrophilicity and relative oxygen abundance of PLGA.

Table 4.3: Calculated surface energy components (γLW, γ+ and γ−) along with the total surface
energy γtot. All values are presented in mN/m.

Polymer γLW γ+ γ− γtot

PLGA 32.9 0 16.2 32.9
PMMA [11] 39.5 0 3.65 39.5

Knowing the surface energy of PLGA, the interfacial tensions polymer-oil and polymer-
water phase could be determined from contact angles of the oil and water phases
on PLGA. The experimental values of the contact angles are presented in Table
A.3 in the appendix. After determining the three relevant interfacial tensions oil-
water, polymer-oil and polymer-water, spreading coefficients could be calculated and
morphologies could be predicted. The interfacial tensions, spreading coefficients,
predicted and observed morphologies are presented in Table 4.4.

A core-shell morphology was predicted for capsules with both ethyl linoleate and
glyceryl tributyrate cores. For ethyl linoleate the prediction was in accordance with
the observed morphology. For glyceryl tributyrate, on the other hand, the observed
morphology was a droplet separation. A higher oil-water interfacial tension for
ethyl linoleate was driving core-shell formation. The requirement for sufficiently
hydrophobic core oils was therefore valid. The more hydrophilic oil had a lower
oil-water interfacial tension which with the addition of surface active PVA at the
interface led to morphologies that were not desired. It is worth noting that the value
of Sp for glyceryl tributyrate was close to zero. An acorn prediction was therefore
possible within the experimental error. To predict the observed droplet separation
morphology, Sw should be positive. This was far from what was experimentally
determined. It could therefore be that the glyceryl tributyrate was soluble in PLGA
so that the observed morphology in fact was a spherical matrix of glyceryl tributyrate
dissolved in PLGA. This way a spherical, seemingly homogeneous sphere would be
observed in the microscope. If a higher solubility in the polymer was observed when
residual amounts of DCM still was remaining, the oil domains that phase separated
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from the microcapsules could be explained.

Table 4.4: Interfacial tensions and calculated spreading coefficients for two of the investigated
systems of PLGA microcapsules. Indices o and p are the oil and polymer phases respectively, and
w is the water phase containing 1 wt% PVA. Interfacial tensions are presented in mN/m.

Morphology
Oil phase γow γpo γpw So Sw Sp Predicted Observed
Ethyl
linoleate 21.20 3.87 11.05 -14.02 -28.38 6.29 Core-shell Core-shell

Glyceryl
tributyrate 15.56 4.15 11.05 -8.66 -22.46 0.37 Core-shell Droplet

separation∗

4.1.3 Capsule stability

The prepared PLGA microcapsules displayed good initial colloidal stability. After
storage under gentle magnetic stirring at room temperature for a few days, the cap-
sules could be seen to start breaking and releasing the core oil. Figure 4.6 illustrates
the process evolution of prepared microcapsules over time. After storage, changes in
the core structure of the microcapsules could be observed. As the fluorescence inten-
sity became constant across the entire microcapsule, it indicated that the oil phase
had leaked out of the microcapsules to leave a hollow polymeric shell. Furthermore,
the free oil droplets could be observed in a higher focus plane in the microscope sam-
ple due to their lower density. Some of the microcapsules revealed a shrunken core,
plausibly due to the oil being partially released. Corresponding brightfield images of
capsules after one week were identical to those captured initially after formulation,
suggesting that no macroscopic degradation of the PLGA was present. The stability
was increased when the microcapsules were added to the release bath as compared
to being stored in the formulated suspensions. When added to the release bath,
the microcapsule suspension was diluted from 2 wt% to 0.02 wt%. It was therefore
hypothesized that the microcapsules broke by mechanical abrasion from colliding
with each other. As the core was shifted from the center of the microcapsule, the
shell became significantly thinner on one side. If a small hole was formed at the
thinnest part of the microcapsule, it would allow the core oil to slowly leak out of
the capsule over time. In a more dilute suspension, the number of collisions would
decrease which could explain the improved stability. Freezing the capsule suspension
directly after formulation could possibly be done in order to store the microcapsules
over longer periods of time.

∗Glyceryl tributyrate was possibly slightly soluble in PLGA.
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Figure 4.6: Morphology of prepared microcapsules a) directly after formulation and b) after one
week of storage under gentle magnetic stirring.

Furthermore, a low oxidative stability of capsules containing unsaturated fatty acid
derivatives could be observed. As the oxidation rate increases with an increasing de-
gree of unsaturation, the observed effect was most prominent for capsules containing
DHA methyl ester. The deterioration of the microcapsules where the core oil was
released into the water phase occurred more rapidly for highly unsaturated oils. As
the core oil was oxidized, its chemical properties was affected greatly which led to
a faster degradation of the microcapsules and a potential loss of bioactivity in the
case of DHA. By adding BHT at 1 wt% of the core oil prior to capsule formulation,
the oxidative stability was drastically improved. While the microcapsule suspension
changed color from white to amber within a few days to a week as the oil oxidized,
no color change could be observed for BHT-treated suspensions. By performing all
steps of the formulation from emulsification to solvent evaporation under nitrogen
gas as well as storing the samples under nitrogen the oxidation rate was reduced,
although not to the same extent as when adding an antioxidant. A complete removal
of all oxygen present is difficult, and was probably not achieved.

It was hypothesized that a higher molecular weight of the PLGA would improve
the stability over time due to better mechanical properties of the higher molecular
weight. This was also what was observed, see Figure 4.7. After one week of storage
the majority of the microcapsules were intact, which was a significant improvement.
No quantitative measurements on capsule stability were determined, although qual-
itative comparisons for capsules directly after formulation and after one week of
storage can be seen in Figure 4.7.

It was, however, observed that the cores became even more shifted towards one
side during formulation as compared to PLGA of lower molecular weight. This was
thought to be attributed to higher viscosity and thereby slower kinetics of the PLGA
with higher molecular weight. Despite attempts to affect the kinetics of the internal
phase separation by reducing the evaporation rate of DCM to almost 24 hours, no
differences in core morphology could be observed.
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Figure 4.7: PLGA with a molecular weight of 100 kDa and ethyl linoleate cores a) directly after
formulation and b) after one week of storage under gentle magnetic stirring.

4.1.4 Alternate shell materials

Ethyl cellulose

Microcapsules with ethyl cellulose as shell material were formulated with both ethyl
linoleate and glyceryl trioctanoate as core materials. Due to the high viscosity of
dissolved ethyl cellulose in DCM, the ms/mc-ratio had to be decreased to 0.7. A flu-
orescence microscopy image as well as an optical microscopy image of the formulated
microcapsules is presented in Figure 4.8. Smooth shells with large indentations could
be observed. It was, however, difficult to ascertain whether a core-shell morphology
was obtained due to the thin shell. It is also possible that there was formation of
an oleogel between ethyl cellulose and the oil phase. Due to the indentations in
the surface and the thin shell that had to be used, no release measurements were
performed on ethyl cellulose microcapsules.

Figure 4.8: Ethyl cellulose microcapsules with ethyl linoleate cores and ms/mc = 0.7 imaged
using a) fluorescence microscopy and b) optical microscopy.
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Polycaprolactone

Figure 4.9: Fluorescence microscopy
image of PCL microcapsules with glyc-
eryl trioctanoate as the oil phase. In
the inset, an optical micrograph of the
rough surface structure of the capsules
can be seen.

Polycaprolactone microcapsules were formulated
with glyceryl trioctanoate as core material. As
with ethyl cellulose microcapsules, no core-shell
morphology could be seen. Rather, homoge-
neous spheres were observed. From the optical
micrographs a rough and possibly porous surface
was seen.

Several attempts to improve the spreading of the
PCL coacervate phase were performed. To pro-
duce a smoother and less porous capsule surface,
it was attempted to heat the formulated micro-
capsule suspension to 80 °C, above the melting
point of the polymer, for a total of one hour fol-
lowed by a slow cooling. However, no change
in the capsule structure was seen. By altering
the formulation procedure to use ethyl acetate
rather than DCM it was attempted to perform
the phase separation above the polymer melting
point. The higher boiling point of ethyl acetate as compared to DCM allowed for
the evaporation to be done at 70 °C. Rather than producing microcapsules on the
scale of a few micrometers, a single macrocapsule of a few millimeters in size formed.
No oily residue or free oil droplets could be observed which suggested that the oil
either dissolved inside the PCL sphere or that it formed a matrix structure.

Poly(sebacic anhydride)

Figure 4.10: Polarized light
microscopy image illustrating
large birefringent fragments of
poly(sebacic anhydride).

To obtain microcapsules from which a triggered re-
lease of the interior substance could be achieved,
polyanhydrides were evaluated as shell materials.
No core-shell structure was obtained for the micro-
capsules, but rather large birefringent fragments as
visualized by polarized light microscopy in Figure
4.10. It was thought that the anhydride was highly
crystalline which prevented the formation of core-
shell particles. The polymer’s high crystallinity may
have affected the kinetic process of core-shell forma-
tion where the polymer had to spread around the
oil core. Seeing as the polymer was not soluble in
dichloromethane but rather in ethyl acetate at el-
evated temperatures, this could also suggest that
some degradation had occurred during storage.
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Size distribution functions were fitted to the ethyl cellulose and polycaprolactone
microcapsules. The fitting parameters µ and σ is presented in Table 4.5. Although
no clear core-shell structures were seen, the spheres were of similar size to PLGA
microcapsules.

Table 4.5: Mean radii (µ) and standard deviations (σ) for the log-normal fittings from micrographs
of ethyl cellulose and polycaprolactone microcapsules with glyceryl trioctanoate as core oil.

Shell material Mean radius µ (µm) Standard deviation σ (µm)
Ethyl cellulose 1.53 ± 0.07 0.65 ± 0.11
Polycaprolactone 1.48 ± 0.05 0.49 ± 0.07

4.2 Optimization for slow release

The formulated microcapsule systems had two drawbacks if a slow release was de-
sired. Firstly, the active substance obtains a higher rate of diffusion in a liquid core
as compared to a solid core which should increase the release rate. Secondly, the
core was shifted to one side of the microcapsule. By having a centered core, the
release rate could be decreased to give an even slower release.

4.2.1 Solid core for lower rate of diffusion

Microcapsules with ethyl stearate cores were formulated. The melting point of this
oil phase was 36 °C, and it was subsequently solid at room temperature. Figure
4.11 illustrates the morphology of a core-shell particle with a solid core. Some of the
cores appeared to have an uneven distribution of pyrene and they also affected the
polarization of light used for the DIC-filter. This may be attributed to crystallinity
of the solid fatty acid ester.

Figure 4.11: PLGA microcapsules with ethyl stearate cores visualized with a) fluorescence mi-
croscopy and b) optical microscopy using a DIC-filter.
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4.2.2 Centering of the core

Figure 4.12: Fluorescence microscopy
image of the acorn morphology ob-
tained when adding Berol 533 to the
core oil.

Attempts were made to produce microcapsules
where the oil core was centered within the mi-
crocapsule. By adding hexadecane which is a
more hydrophobic core, it was evaluated if the
shifted core was due to unfavorable spreading
conditions. No changes in capsule morphology
could be observed, and the shifted cores were still
observed. Spreading coefficients for hexadecane
core - PLGA shell microcapsules are presented
in Table 4.6. To investigate a possibly unfa-
vorable interfacial spreading behavior, attempts
with adding the oil-soluble nonionic surfactant
Berol 533 at concentrations of 0.5 and 1 wt% of
the core, respectively, were performed. This was
done using PLGA of the higher molecular weight
as these cores became more shifted. Rather than
providing improved wetting, the oil-water interfacial tension was reduced to the point
where an acorn morphology was formed, see Figure 4.12. This has been observed
previously by Vincent and Loxley [8]. Furthermore heteroaggregates of polymer
onto which multiple oil droplets were attached could be observed. Due to a lowered
oil-water interfacial tension from the surfactant the energy loss in forming multi-
ple oil droplets as compared to just one would be reduced. This may explain why
these heteroaggregates formed, rather than a single acorn, when the surfactant was
added.

4.3 Theory of spreading kinetics

The process of phase separation can occur via an intermediate as illustrated in
Figure 4.13. This is valid if the assumed final morphology is an oil-core polymer-
shell particle and the polymer phase separates before the core oil. Depending on
the three interfacial tensions γDCM−w, γpw and γp−DCM different intermediates can
form. For Figure 4.13a) the interfacial tension γDCM−w is greater than γpw. At
the same time, the spreading conditions for core-shell formation are fulfilled even
with DCM-oil as the core phase. To later form an oil core-polymer shell particle, the
DCM has to diffuse out through the polymeric shell into the water phase from which
it can evaporate. This has been observed by Atkin et al. in the case of aqueous
core-polymer shell particles in a continuous oil phase with acetone as volatile solvent
[52].
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Figure 4.13: The kinetic process of internal phase separation. Three different intermediates are
possible when going from a DCM droplet to a core-shell particle. In a) the polymer spreads around
the DCM-oil droplet, in b) an acorn structure is formed between DCM-oil and polymer and in c)
the DCM-oil spreads around the polymer.

If instead the interfacial tension γDCM-w is not sufficiently high, or γpw is not suffi-
ciently low, an acorn particle would form as in Figure 4.13b). Interfacial tensions
such that γDCM-w < γpw would form an inverted particle where the DCM-oil com-
pletely engulfs a polymeric sphere. The two routes in Figure 4.13b) and c) con-
sequently present a more complex phase separation behavior that can affect the
quality of the microcapsules.

An even more favorable intermediate would be available if the core oil phase sep-
arated before the polymer. By enabling this, an inverted form of the intermediate
in Figure 4.13c) would be present where a DCM-polymer mixture would spread
around an oil core. As no DCM has to leach out through a solidified polymer shell,
the porosity in the shell theoretically becomes lower. This can in turn lead to a
slower release rate [47].

Due to the higher solubility of the core oil in DCM as compared to the polymers, it
is hypothesized that this prevented the desired spreading of the polymer around the
core. Given that the polymer phase separated before the oil, a three-phase system
consisting of water, polymer and DCM-oil would be observed at some point during
the evaporation process of DCM. By measuring the interfacial tension between 1 wt%
PVA in water and DCM, and fitting the experimental data to Equation 3.2 the
value of γDCM-w was found to be 8.34 mN/m. It was consequently assumed that
the DCM-oil coacervate was pure DCM. All the fitted parameters and a plot of the
experimental data is presented in Table A.2 and Figure A.1 in the appendix. Since
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DCM dissolves PLGA, no contact angle of DCM on PLGA could be determined
and it was hence assumed to be 0. From Equation 2.8 the PLGA-DCM interfacial
tension could then be calculated.

Knowing the three previously mentioned interfacial tensions, spreading coefficients
for the simplified three-phase system consisting of 1 wt% PVA in water - DCM -
PLGA, Figure 4.13, could be calculated and is presented in Table 4.6. In reality,
there would be DCM present in the polymer phase during coacervation and likewise
there would be small amounts of PLGA and core oil present in the DCM-phase. Due
to the experimental difficulty in measuring this, it was consequently neglected. The
predicted morphology for this system was acorn particles, as illustrated schemati-
cally in Figure 4.13. This suggested that the acorn particle would have to change its
morphology into a core-shell particle as the DCM evaporated and only the alkane
or fatty acid ester core remained. The small amounts of DCM left at the time of
this morphology change would make it hard for the polymer to fully spread around
the oil phase. This may be an explanation to why the shifted oil cores were ob-
served in the formulated core-shell particles. The more shifted core obtained with
higher molecular weight PLGA was also explained by this model. A higher molec-
ular weight of the shell would give it a higher viscosity and thus less mobility to
transition from the intermediate acorn to the final core-shell structure. It is worth
noting that there is no thermodynamical driving force for centering the core. As
long as there is a polymer film engulfing the entire oil droplet, the thermodynamics
does not promote a centered core over a shifted core.

Table 4.6: Interfacial tensions and calculated spreading coefficients for two of the investigated
systems. The theoretical intermediate system where the oil phase consists of DCM is also included.
Indices o and p are the oil and polymer phases respectively, and w is the water phase containing
1 wt% PVA. Interfacial tensions are presented in mN/m.

Morphology
Oil phase γow γpo γpw So Sw Sp Predicted Observed
Hexadecane 21.24 6.73 11.05 -16.92 -25.56 3.47 Core-shell Core-shell
DCM 8.34 6.37 11.05 -3.66 -13.02 -9.08 Acorn -
Perfluoro-
octane 27.73 19.16 11.05 -35.84 -19.62 -2.47 Acorn Acorn

To test whether this hypothesis was true, perfluorooctane that phase separated
before the polymer was chosen as the oil phase. By having an oil phase that separates
before the polymer, the intermediates in Figure 4.13 would be avoided. Instead, an
intermediate where a DCM-polymer mixture spreads around the phase separated
droplet would form. From a kinetic point of view this was the most favorable
intermediate. The determination of the spreading coefficients for this system in
Table 4.6 showed that the interfacial tension between polymer and oil became too
high to enable the formation of perfluorocarbon core-PLGA shell particles. Rather,
acorn particles were predicted and this was also observed when these particles were
formulated. This is seen in Figure 4.14. Due to the low solubility of any regular
dye in the fluorinated alkane, it was not possible to visualize the morphology by

33



4. Results and discussion

fluorescence microscopy. Rather than distributing in the core, the added pyrene
distributed selectively in the shell.

Figure 4.14: Acorn particles observed for PLGA and perfluorooctane.

Pisani et al. did successfully produce fluorinated alkane core-PLGA shell particles
following the internal phase separation route by replacing PVA in the water phase
by sodium cholate [53]. By using confocal scanning laser microscopy the stained
polymer shell was visualized. This way, the core was seen to be centered within the
capsule. This strengthened the theory that the shifted core was a result from the
unfavorable intermediate where solidifying PLGA had to spread around a DCM-oil
droplet.

To promote the intermediate in Figure 4.13a), the polymer-water interfacial ten-
sion has to be lowered and the DCM-water interfacial tension had to be increased.
By using PVA as dispersant in the water phase, the interfacial tension of DCM
against water is reduced from 28 mN/m for pure water to 8 mN/m. By formulat-
ing PMMA-microcapsules with a poly(methyl methacrylate-b-sodium methacrylate)
(PMMA-b-PMANa) block-copolymer at 0.4 wt% in the water phase as dispersant,
an exceptionally low polymer-water interfacial tension can be obtained from the
entanglements of the PMMA block in the shell [11]. It was therefore attempted to
produce such microcapsules. The dispersant was found to have degraded over time
and did hence not produce well-dispersed core-shell particles, but rather particles
that were slightly flocculated. Furthermore, no centering of the core could be ob-
served, which can be attributed to a higher polymer-water interfacial tension due to
the degradation of the dispersant.

4.4 Controlled release of pyrene

The fractional release from PLGA microcapsule formulations with altered core sub-
stances is presented in Figure 4.15. An extraordinarily slow release of the active
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was observed for all of the systems, as compared to microcapsule systems in the
literature [47, 54]. Given the hydrophobicity of pyrene and the hydrophilicity of
PLGA, this was expected. The equilibrium constant for pyrene between the release
medium and the capsule itself was seen to change between the oil phases, with ethyl
linoleate being separated from the rest of the core oils.
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Figure 4.15: Fractional release from PLGA microcapsules with ms/mc = 3 as a function of time.

To visualize the finer details in the initial part of the release curve, the release
was plotted on a logarithmic time scale as seen in Figure 4.16. The release from
DHA-containing microcapsules was significantly faster as compared to other core
oils. This may be attributed to the fact that the core oil oxidized at such a rapid
rate. By adding antioxidants to the release system, a slower release may have been
observed. Furthermore, only a minor difference in release could be observed from
microcapsules with the solid ethyl stearate as core material. Previous studies have
shown a significantly slower release from microcapsules with solid cores as compared
to liquid cores [54]. This suggested that the rate determining diffusion was the
diffusion through the shell and not diffusion inside the core, even when a solid core
was used.

The comparison between release from PCL microcapsules with two different molec-
ular weights of PLGA is presented in Figure 4.17. PCL microcapsules reached an
equilibrium with the released active substance within minutes, and the same was
observed for PLGA with the higher molecular weight of 100 kDa. No changes in
the capsule structure could be observed for the PCL capsules, but capsules made
from PLGA with the molecular weight 100 kDa were seen to break when added
to the release bath, likely due to the thin shell present on one side of the capsule.
The release profile from PCL microcapsules further strengthened the theory that a
matrix structure was formed inside the spheres. By not having a solid polymeric
shell encapsulating the oil, it was freely exposed to the surrounding release medium
which gave a virtually instant release of pyrene.
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Figure 4.16: Fractional release from PLGA microcapsules with ms/mc = 3 as a function of time.
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Figure 4.17: Fractional release as a function of time for PCL and two molecular weights of PLGA.
The core oil was glyceryl trioctanoate for all measurements and ms/mc = 3.

4.4.1 Effect of microcapsule stability on the release

Although an increasing amount of free oil droplets could be observed over time in
the suspension as the microcapsules were stored, it was desired to know to what
extent this affected the release profile from the microcapsules. In Figure 4.18 the
fractional release from microcapsules with an ethyl linoleate core and ms/mc = 3 is
presented, both directly after formulation and after one week of storage under gentle
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magnetic stirring. A large relative burst release of 0.37 ·mtot could be observed. For
the freshly prepared sample, the fractional burst release was close to zero. The burst
release was likely occurring from the free oil droplets as there was no polymer shell
to act as a diffusion barrier around these reservoirs. For the second part of the
release from the stored samples, pyrene dissolved in the empty polymeric shells and
the still intact core-shell particles was released. The slope of the two release profiles
was similar, only separated by the initial burst release for the aged sample. This
suggested that the capsules that still were intact after one week released the actives
at the same rate as freshly prepared capsules.
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Figure 4.18: Fractional release from PLGA microcapsules with ethyl linoleate cores prepared
freshly before release measurements (�) and after one week of storage ( ).
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5
Conclusion

Through encapsulation of actives into microcapsules, their release can be prolonged
and controlled. In this work, biocompatible and biodegradable core-shell particles
have been formulated. It has been shown that there is a relatively large freedom in
the choice of core substance when PLGA is used as shell material. Triglycerides with
C8:0 fatty acids have been successfully encapsulated as well as methyl esters of C22:6
fatty acids. By determining spreading coefficients for the PLGA microcapsules, a
theoretical foundation has been laid to explain the observed capsule morphologies.
From all of the investigated microcapsules, a slow release of pyrene was observed.
The major rate-determining barrier for the release was therefore the PLGA shell.
Although pyrene is a good model compound in terms of its physicochemical prop-
erties, it is worth noting that active substances often are semi-hydrophobic and
surface active which can affect interfacial tensions and thereby the observed capsule
morphologies significantly.

From the prepared size distributions it has been shown that an unbiased determi-
nation of the size distribution is possible by particle counting of optical microscopy
images by comparing the results with results from light scattering. There is also a
reproducibility in the formulation methodology as similar sizes were obtained for all
microcapsules.

The library of biodegradable and biocompatible shell materials available for pro-
ducing core-shell particles requires further investigation. The aliphatic anhydride
poly(sebacic anhydride) did not produce any spherical structures. It would therefore
be interesting to further explore previously investigated anhydride structures with
aromatic segments to produce a biodegradable microcapsule with triggered release
[50]. No clear core-shell structures were seen for ethyl cellulose and polycaprolac-
tone microcapsules. Analyzing the cross-sections of the spheres by scanning electron
microscopy would further elucidate the internal morphology.

To further understand the kinetics of core-shell formation, prepared emulsions can
be monitored as the volatile solvent evaporates. This would verify the validity of
the presented model of how a core-shell particle is formed with a possible interme-
diate morphology. By further investigating the use of specifically engineered block
copolymers to reduce the polymer-water interfacial tension and increase DCM-water

39



5. Conclusion

interfacial tension, the intermediates could be altered. A more hydrophilic polymer,
such as PLGA with a different ratio between the monomers, may also have more
beneficial interfacial tensions.

Finally, it would be interesting to evaluate the release of active antibacterial qua-
ternary ammonium compounds from core-shell particles. Incorporation of core-shell
particles into cellulose fibers would also provide useful information for future appli-
cations.
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Appendix 1

Table A.1: Solubility of pyrene in tested core oils.

Compound Solubility [% (w/w)]
Ethyl linoleate 8∗

Olive oil 5
Sunflower oil 6

A.1 Optical tensiometry
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Figure A.1: Dynamic interfacial tension of DCM against 1 wt% PVA in water. Four replicates
of the measurements were done.

∗Gustav Eriksson. “Microencapsulation of actives for the healthcare of tomorrow. Formulation
of core-shell microcapsules using biocompatible materials for extended and triggered release of ac-
tives”. Master’s thesis. Department of Chemistry and Chemical Engineering, Chalmers University
of Technology, 2018.
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Table A.2: Fitted parameters to equation 3.2 for the interfacial tension between 1 wt% PVA in
water against DCM.

Interface γe (mN/m) γ0 (mN/m) τ (s) n
1 wt% PVA - DCM 8.34 ± 0.18 14.32 ± 0.06 41.56 ± 3.51 0.67 ± 0.03

Table A.3: Surface tension components of the test liquids used for surface characterization of
PLGA along with their contact angles on PLGA. Surface tensions are presented in mN/m and
contact angles (θ) in degrees.

Test liquid γtot
L γLW

L γ+
L γ−

L θ
Diiodomethane 50.8 50.8 0 0 39.4
Glycerol 63.4 40.6 3.9 57.4 75.7
Hexadecane 27.5 27.5 0 0 < 5
Water 72.8 21.8 25.5 25.5 69.3
Ethyl linoleate 22.8 < 5
Glyceryl tributyrate 28.8 < 5
Perfluorooctane 13.7 < 5
1 wt% PVA in water 60.6 68.9
Dichloromethane 26.5
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