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Abstract

Lima, Mateus Aguiar Rodrigues de; Carvalho, Márcio da Sil-
veira (Advisor); Benavides, Jorge Antonio Avendaño (Co-Advisor).
Controlled release of the inner content of gellan gum mi-
crocapsules using temperature as the trigger mechanism.
Rio de Janeiro, 2022. 91p. Dissertação de Mestrado – Departamento
de Engenharia Mecânica, Pontifícia Universidade Católica do Rio
de Janeiro.

Microcapsules are commonly used as vehicles for on-demand delivery of
active contents. The capsule protects the internal content from interference
of the external environment and deliver it in a controlled manner. In
addition to being widely used in the pharmaceutical, food and cosmetic
industries, microcapsules can be also a viable solution in medicine and in the
petroleum industry to replicate themselves as cells in the body or optimize
oil recovery, respectively. However, the use of a microcapsule implies the use
of a shell that, due to the urge for sustainability, needs more than ever to be
a biodegradable substance.. In this work, we present a method of controlled
release of actives protected by a biodegradable gellan-based microcapsule
using temperature as the trigger for its destruction. The study shows the
effect of physical properties of the capsules in the delivery time of their
internal content and how the release behaves with the increase of the heat
rate involved in the process. Microcapsules were produced with flow-focusing
microfluidic devices with diameters variying between 190 and 510 µm while
the shell thicknesses varied between 4 and 50 µm. The study shows that,
in addition to the size, the shell material influences the release behavior.
In addition, another important point is how the gellan gum nature affects
the thermal trigger event, since the results show that when gellan is in its
deacylated form (low-acyl) it is more resistant to changes, but when its
natural form (high-acyl) is added to the chain, it becomes more sensitive
to the trigger mechanism until a thickness-diameter ratio threshold, where
the degradation behavior changes and the delivery is delayed. The results of
this work indicate that one of the possibilities for the application of gellan
microcapsules is in the oil recovery process, since its shell is resistant and
stable until reaching high temperatures, thus acting as a transport agent
until it comes into contact with the oil at well temperature, releasing its
contents.

Keywords
Microcapsules Controlled release Gellan gum Temperature
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Resumo

Lima, Mateus Aguiar Rodrigues de; Carvalho, Márcio da Silveira;
Benavides, Jorge Antonio Avendaño. Liberação controlada dos
ativos de microcápsulas de goma gelana utilizando tem-
peratura como gatilho. Rio de Janeiro, 2022. 91p. Dissertação
de Mestrado – Departamento de Engenharia Mecânica, Pontifícia
Universidade Católica do Rio de Janeiro.

Microcáspulas são comumente utilizadas como veículos para a entrega de
ativos em locais de interesse. As cápsulas protegem seu conteúdo interno, e
são capazes de liberá-los de forma controlada. Além de ser muito utilizada
na indústria farmacêutica, alimentícia e cosmética, elas também são uma
solução viável na medicina e na indústria de petróleo para se replicarem
como células no corpo ou otimizar a recuperação de óleo, respectivamente.
No entanto, a utilização de microcápsulas implica em usar uma casca que,
devido a urgência pela sustentabilidade, precisa mais do que nunca ser
uma substância biodegradável. Neste trabalho, apresentamos um método
de liberação controlada de ativos protegidos pelo bio-polímero de goma de
gelana utilizando o gatilho de temperatura como ativador da destruição da
cápsula. O estudo mostra a diferença que as propriedades físicas das cápsulas
causam no tempo de entrega do seu conteúdo interno e como a liberação se
comporta com o aumento da taxa de calor envolvida no processo. O controle
das propriedades foi realizado através da produção de microcápsulas por
microfluídica ao qual os diâmetros variaram entre 190 e 510 µm enquanto
as espessuras variaram entre 4 a 50 µm. O estudo mostra que, além do
tamanho, o material da casca (gelana), influencia o comportamento de
liberação, a partir de certo limite de relação de espessura-diâmetro. Além
disso, outro ponto importante é como a natureza da gelana afeta essa
liberação visto que os resultados mostram que, quando a gelana está em sua
forma desacilada (low-acyl) ela é mais resistente à mudanças, porém quando
sua forma natural acilada (high-acyl) é adicionada à cadeia polimérica da
mistura, a composição torna-se mais sensível ao gatilho até um certo limite
de razão espessura-diâmetro, alterando o comportamento da degradação e
a entrega é atrasada. Os resultados indicam que uma das possibilidades
de aplicação de microcápsulas de gelana é o processo de recuperação de
óleo, pois sua casca é resistente e estável até altas temperaturas, dessa
forma servem como agente trasportador até entrar em contato com o óleo
à temperatura de poço, liberando seu conteúdo.
Palavras-chave

Microcápsulas Liberação controlada Goma gelana Temperatura
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1
Introduction

1.1
Motivation

A microcapsule is a micrometer-scale particle, gas bubble, or liquid drop
that is surrounded by a shell [10]. They are promising candidates for protection,
transportation, delivery, and controllably release of active ingredients. Through
the years, microencapsulation controlled techniques have been improved to
perform in different areas for encapsulation of cosmetic components, building
materials, food additives, pharmaceutical products, agricultural odors [10, 11,
12, 13, 14]. Figure 1.1 shows most of the appllication fields which studies the
microcapsules.

Figure 1.1: Application field of microcapsules
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Chapter 1. Introduction 17

Figure 1.2: Sketch of the solidification of double-emulsions (A) and two-steps
method to produce them. (B1) Two immiscible phases. (B2) Simple emulsions
produced by high shear mixing. (B3) Double-emulsion template created after
using shear conditions to avoid disruption of the inner phase.

There are several techniques to fabricate microcapsules, such as: spray
drying, coacervation, polymerization, polymer phase separation and layer-by-
layer separation [10, 11]. Most of these techniques usually requires a two-step
emulsification procedure, as sketched in figure 1.2. First, a simple emulsion is
formed from high shear mixing of two immiscible phases, generating water-
in-oil (W/O), or oil-in-water (O/W) emulsions, always with an inner drop
dispersed in the continuous phase.Then, a double emulsion is formed using
milder shear conditions to avoid the disruption of the inner phase. However,
these steps generate particles with varied and distributed sizes.

Therefore, in order to produce tailored microcapsules, different tech-
niques are needed. Flow focusing devices using microfluidics enables the pro-
duction of monodispersed double emulsions in just one-step method, as the
internal and middle phase jets break when the three fluids involved meet in the
flow, at the tip of the collection capillary, as shown in figure 1.3. The breakup is
governed by the balance between the pinning, drag, and capillary forces acting
in the tip of the injection capillary [2, 15]. Microfluidics techniques are ideal
for manufacturing monodispersed microcapsules with controlled diameter and
shell thickness [16, 17].
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Chapter 1. Introduction 18

Figure 1.3: Droplets formation through microfluidics.

In most of applications mentioned before, the shell is required to be
protective but depending on external conditions, the shell may be ruptured
leading to the release of the inner content. The stimuli responsive microcapsules
[18, 19] have drawn attention worldwide because it can be conveniently used
to the controlled release of molecules at a specific site and time by using an
external stimuli such as temperature [8], light [20], external stress [7, 13], pH
[6], osmotic pressure [21, 22].

Environment regulations increase the demand for biodegradable compo-
nents in the industry [12, 23, 24]. Nowadays, using biopolymers is a promising
innovation because reaches the most diverse fields with the extra benefit of its
biodegradation capacity. Thus, the development of biopolymer-based micro-
capsules has been the subject for many studies [25, 26].

This work adopts gellan gum as the biodegradable component of the
microcapsule shell and studies its behavior under a temperature trigger event.
This trigger was studied because it could fit in possible applications of
enhanced oil recovery, since gellan gum is a thermosensitive substance and
its gelled form can resist high temperatures, matching those at the well region.
In this way, gellan-based microcapsules would apply their purpose of releasing
their inner contents when encountering a body that has a temperature high
enough to destroy the shell.

1.2
Dissertation goals

The main objective of this work is to develop biodegradable gellan-based
microcapsules that release their inner content in a controlled way when the
environment at which they are suspended reaches a certain temperature. We
produced capsules with different sizes and shell thicknesses by microfluidics
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Chapter 1. Introduction 19

to evaluate the effect of the physical parameters on the inner content release
time. First, we evaluated the minimum temperature so that the capsule shell
is destroyed and, from there, we evaluated how the increase in temperature
accelerates this process. Furthermore, we mixed different types of gellan in the
shell material to study the effect of shell formulation on the release time.

1.3
Work scope

This document is divided into six chapters. Chapter 1 introduces the
main theme of this dissertation such as objectives and its structure division.
Chapter 2 presents the state of the art on basic concepts such as microcapsules
production, triggered release approaches and some controlled release methods.
It gives an overview of how double emulsion templates are created and
how microcapsules technologies are available in many applications. We also
highlight the commercial value of the biopolymer gellan gum, that forms the
shell composition of the suspensions.

Chapter 3 addresses how gellan capsules were produced. In this chapter,
we rely on previous works to reproduce the results obtained. In addition,
we adapted production by building new devices enabling production with
different diameter and shell thickness. Furthermore, we showed differences in
the operability window between the two types of gellan used in this work .

In Chapter 4, a detailed description of the procedure developed to
disintegrate gellan gum microcapsules is presented. It includes the materials
used, the set-up, and how microcapsules’ diameter and shell thickness influence
the release behavior of their inner content. Also, we discuss the optimum
trigger temperature at which the controlled release can be manipulated with
two methods: fixed temperature and variable temperature protocol. Then, a
modification on the gellan composition is evaluated to analyze how an elastic
form of the gellan gum alters the release behavior.

Chapter 5 presents the final remarks and suggestions for future work.
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PUC-Rio - Certificação Digital Nº 1920927/CA



2
Literature Review

The main concepts presented in this literature review chapter are related
to the structure of the microcapsule, how it can be formed, with particular
attention to the double emulsion template, and how it can deliver its internal
content in a controlled manner through reactions generated by an external
trigger. This chapter also details the concepts of the substance chosen to be
used as a capsule in this work.

2.1
Microcapsules

Microcapsules are formed by a core material involved by a membrane,
also called shell or carrier [27], while the inner component is called internal
phase, cargo, active or payload, as presented in figure 2.1. They are often
made from double, or single, emulsion droplets that later are transformed into
capsules [11]. Microencapsulation is a technique that builds a functional barrier
between the core and the continuous phase to avoid chemical and physical
reactions and to maintain the biological and physicochemical properties of
core materials [19].

Figure 2.1: Example of a microcapsule scheme with its core and shell

Shell wall materials, used commonly for the microencapsulation of oils,
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include synthetic polymers and natural biomaterials (usually carbohydrates
and proteins) [19]. Their selection and the microencapsulation technique affect
the properties of the microcapsules produced. According to Gharsallaoui et al.
[28] different types of particles (fig. 2.2) can be obtained. The morphology of
microcapsules can be described as mononuclear (fig. 2.2.A), poly/multinuclear
(fig. 2.2.B), matrix (fig. 2.2.C), multi-wall (fig. 2.2.D), and irregular (fig.
2.2.E) [19, 14, 27, 29, 30]. Physical properties (diameter, thickness, volume) of
microcapsules are usually defined by the wall material and the methods used
to produce them [19, 31], they also rule the degree of protection for the core,
as well as the stability of the capsule.

Figure 2.2: Different kinds of microcapsules.(A) single-cored, (B) matrix, (C)
irregular, (D) multi-cored and (E) multi-walled microcapsule.

One of the first researches in the field of microencapsulation were
conducted in the 1930s by the US company National Cash Register Co.,
of Dayton, OH. The researcher of NCR, Barret K. Green, developed the
training system of microcapsules through the coacervation process. The first
commercial application occurred in 1954, applying to carbonless copy paper,
revolutionizing the business world. This paper was covered by a thin layer
of microcapsules, which contained a colorless paint. This thin layer was then
coated with a reagent, also colorless. When writing, i.e, when pressing the
surface of the paper, the microcapsules broke, releasing the colorless paint
which, upon entering contact with the reagent, it became colored, producing
on the bottom sheet a copy of what was being written or drawn on the first
paper. Since then, microencapsulation improve the development of new and
existing products in industry such as cosmetic, textile, food, biomedical and
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pharmaceutical, for example [32].
The industry of cosmetics uses microcapsules containing vitamins, skin-

care agents, anti-aging products, repellents designed to transfer the active when
it makes contact with human skin[33] resisting washing cycles and thus con-
trolling the delivery of the ingredient. They also use microcapsules to conserve
essential oil fragrances by avoiding heating, oxidation, and evaporation [34, 35].

In the biomedicine area microcapsules are a promising technology as they
are used as artificial cells containing bioadsorbents and enzymes, by removing
toxins, or drugs, from the blood of patients being much more effective when
compared with standard hemodialysis[36]. There are also applications that
evaluated a challenging microencapsulation of mammalian cells [37, 38, 39]
for use in musculoskeletal, neural, and cardiovascular tissue engineering and
tumor therapy.

The food industry has developed interest in microencapsulation technol-
ogy to solve problems associated with ingredient that are environmentally un-
stable, allowing sweeteners, colorants, vitamins, probiotics to be incorporated
into different beverages and foods in general. Thus, this technique can protect
active compounds from processing the food to gastrointestinal environment in
the human body [14, 31, 40, 41].

Another application of microcapsules is found in the pharmaceutical
industry, where a priori it is easier to identify this system, as society consumes
capsules as medicine, from being able to cure side effects to regulate the
hormonal system in the body [31, 42, 43, 44].

Other technological applications of this technique are found in the
agricultural sector, which can work as an alternative to dangerous pesticides as
they release pheromones that will disrupt insects mating process. They can also
be used as a selfhealing method for asphalt paviments[14, 12, 45]. In addition,
recent studies have shown advances in the application of microcapsules in
the process of enhanced oil recovery as fluid mobility agents that can lead
the redistribution of the flow within the porous media. Also, they can carry
surfactants that could react and clear the flow path resulting in increased
volumes of recovered oil [13, 45, 46].

Thus, capsules are very relevant in several areas of industry and are
also present in people’s daily lives. In certain applications, the objective is
not always to release the inner content, but to protect it for long periods.
On the other hand, in most cases, there is a need to destroy them in a
controlled manner. Therefore, it is extremely important to know the chemical
and physical characteristics of the capsule, and its release kinetics that can
guarantee delivery and be able to apply it correctly.
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Commonly used methods of microencapsulation are shown in fig. 2.3.
The coacervation process (fig. 2.3.A) utilize the electrostatic association of
two oppositely charged reagents at liquid/liquid interfaces producing a thin
shell. The emulsification polymerization process (fig. 2.3.B) yields a polymer
shell wall around a stabilized droplet by the same polymer deposited at an
aqueous interface. The layer-by-layer (LBL) assembly method (fig. 2.3.C)
uses metal oxide particles suspended in an aqueous solution, then oppositely
charged polyelectrolytes are deposited onto the particles, forming multi-layers
of polymers held together by electrostatic interaction. Another method of
preparing microcapsules is the internal phase separation (fig. 2.3.D) in which a
polymer is dissolved in a core material with a volatile solvent and precipitates,
migrating to the aqueous/organic interface, thus creating the polymer shell
wall. Another way to produce micropasules is through the double emulsion
templates that can be converted into capsules through solidification methods
achieved through polymerization of monomers, cross-linking of polymers, or
through solvent extraction [1, 11]. The production of microcapsules by double
emulsion templates, through microfluidics, is very relevant because it enables
the production of monodispersed capsules, increasing the repetition results and
their degree of reliability.

Figure 2.3: Dynamic self-assembly methods of microcapsules containing "on-
demand" cargo: (a) an emulsification polymerization; (b) layer by layer assem-
bly of polyelectrolytes (c) coacervation of two oppositely charged polymers (d)
interphase separation. Adapted from [1].

Hence, as a way to control these physical characteristics of microcapsules,
one of the best ways to achieve it is through flow focusing devices. Through
microfluidic devices, the microencapsulation is done by double emulsions

DBD
PUC-Rio - Certificação Digital Nº 1920927/CA



Chapter 2. Literature Review 24

templates, to which the fluids flow separated from each other and then meet at
a specific location in order to produce this double emulsion. From that point,
the gelation/solidification processes of the intermediate phase begins and then
the microcapsule is formed.

2.2
Emulsions

An emulsion is a mixture of two immiscible liquids in which one of the
phases is dispersed as droplets within the other, known as continuous phase,
as shown in fig. 2.4. The criteria to create an emulsion is the presence of
two immiscible liquids, at least a surface-active component as the emulsifying
agent, and an external energy, to disperse one liquid into another as droplets.

Figure 2.4: Example of simple emulsions template: oil-in-water (O/W) and
water-in-oil (W/O).

A system that contains three immiscible phases instead of two is called
a double, or complex, emulsion, which is very common in the production of
microcapsules. Complex emulsions, shown in fig. 2.5, can be divide in two types:
oil-in-water-in-oil (O/W/O) and water-in-oil-in-water (W/O/W). In the first
one, inner and outer phases are oil-based emulsion while for the second one
the inner and outer phases are water-based emulsion [47, 48].
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Figure 2.5: Example of double emulsions templates: oil-in-water-in-oil
(O/W/O) and water-in-oil-in-water (W/O/W).

Emulsions are thermodynamically unstable, kinetically stable [49, 50, 51,
52, 53]. To be considered stable, an emulsion has to resist physical changes over
a length of time [54]. Generally, emulsions are stabilized by an emulsifier, which
is usually a surfactant that promotes stabilization. Stabilizers act adsorbing to
the water-oil interface promoting stability by reducing the interfacial tension
during emulsion formation [54, 55, 56, 57].

The nature of the emulsifier added to the mixture dictates the type of
emulsion formed. Bancroft rule states that the phase in which an emulsifier is
more soluble constitutes the continuous phase of the emulsion [58, 59, 27, 29].
In general, if a hydrophobic surfactant is used, it tends to form a water-in-oil
emulsion. On the other hand, if a hydrophilic surfactant is used, it tends to
form an oil-in-water emulsion.

2.3
Microfluidics

The capsule behavior depends on the mechanical and chemical properties,
the permeability of the shell, which in turn are tunable by the capsule size, shell
thickness, and composition. For controlled and target release, encapsulation
systems that provide fine control over these parameters are often desired.
Interfacial polymerization, self-assembly, or coacervation processes usually
leads to very polydispersed microcapsules and consequently to uncontrolled
release characteristics [60, 61, 62, 63, 64].

One route to overcome these difficulties is the use of microfluidics to
produce monodispersed double emulsions templates. Subsequently solidifying
the middle phase yields solid-shelled microcapsules. The interfacial tensions
between the different fluids force the drops to be spherical; moreover, the drop
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sizes are determined by the shear forces exerted on the flowing fluids, which
can be carefully tuned in a microfluidic device [10].

Microfluidics has often been considered as an important development in
sciences research and industry [65, 66]. It is a field that has seen a great deal of
research in recent times with the development of new devices, with a geometric
scale between 100 nm and 100 µm [65, 67] that are capable of outperforming
macroscopic processes. However, despite the great deal of works it is commonly
refereed as an "on going" discipline that it is not matured yet [65, 68].

Some relevant studies show that through microfluidics one can produce
emulsions/microcapsules with tunable mechanical properties. Amstad [11]
showed the degree of control over the drop size is low if the drops are
formed through mechanical agitation using rotor-stator systems or high-
pressure homogenization but it is higher if drops are formed using membranes
and even higher if they are formed with microfluidics. Basically, the degree of
control depends on the technique used to fabricate drops.

Utada et al. [2] developed a microcapillary device for generating double
emulsions in a single step (fig. 2.5) allowing control of the outer and inner drop
sizes. It consisted of two cylindrical glass capillaries, one for injection and the
other for collection, placed into the opposite ends of a square glass capillary.
Within this device, an inner fluid flows through the injection capillary and is
embraced by a second immiscible fluid (middle phase) that flows through the
interstices between this cylindrical capillary and the square one. The middle
phase is engulfed by a third fluid (outer phase) flowing in the opposite direction
through the interstices between the collection tube and the square one. Thus,
the collection capillary will be the place that the W/O/W or O/W/O templates
will be formed.

Figure 2.6: Microcapillary geometry for generating double emulsions from
coaxial jets. Adapted from [2].

There are two kinds of flow regimes: dripping and jetting, both capable of
forming double emulsion templates. The first one produces droplets near the
capillary collection entrance while the second form drops downstream. The
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dripping regime, shown in fig 2.7, tends to produce monodispersed emulsions
while the jetting regime is quite irregular leading to a more polydispersed
production.

Michelon et al. [3] studied the production of gellan capsules through sev-
eral microfluidic devices with different geometries, and was able to manipulate
the shell thickness and size of the particles by altering the flow rates of the
inner, middle and continuous phase. If the flow rate of the phases is outside
the operability limits of the process, monodispersed capsules with a single core
are not produced.

Figure 2.7: O/W/O template formation in the ideal intermittent dripping
regime [3].

As negative points, microfluidics is not appropriate to form very small
capsules (below 50 µm) and have a low throughput. In order to produce very
small capsules, the diameters of the capillary tubes would need to be very small
and the working pressures would be very high, thus resulting in the internal
destruction of the device and destabilization of production[10]. Attempts to
accelerate production are being studied. Alternative fabrication technologies,
such as 3D printing, rapidly advance and open up new possibilities to the
fabrication of more advanced devices [11].

2.4
Gellan Gum

The application of microcapsules is strongly related to the materials used
to build their shell. Different triggers can only be applied if the ideal type of
material for that specific application is present [11]. Thus, before starting the
application, it is necessary to understand the material that will make up the
shell. One commonly used material as shell production is gel [5].

Gels are soft semi-solid materials that consist of components that act
as the solvent and gelator, i.e, the gelling agent [69]. The gelling phenomenon
happens when the solvent molecules penetrate a hydrocolloidal network formed
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by the gelator, which itself can be of several types, some imparting elasticity
while others, including inorganic particulate gels, easily permit disruption.
Some gels, as in hydrogels, can crosslink physically or be covalently cross-
linked in which case the crosslinking agent can be seen as a gelling agent
[70, 71, 72, 73].

A biocompatible polymer capable of forming stronger and less permeable
hydrogels is used in this work: gellan gum [74]. It is a linear, anionic, negatively
charged exopolysaccharide, biodegradable and non-toxic in nature. It produces
hard and translucent gel, and stable at low pH [75]. Gellan gum is commercially
prepared by microbial fermentation from bacterium Sphingomonas elodea and
was approved for food use by the FDA in 1992 [4]. Kelco [76] identified its
commercial potential.

Gellan gum is available in two forms [4]: the deacetylated form, known as
low acyl (LA) gellan gum, and the acetylated native form, known as high acyl
(HA) gellan gum. Figure 2.8 shows the chemical structure for both forms. The
low acyl form is the most common and most commercially available [77]. This
form produces stronger and brittler gels while the high acyl form generates
more elastic and weaker gels [25]. High acyl gellan gels are weaker due to their
acetyl and glyceryl groups, as shown in fig. 2.8, presence in its composition [4]

Figure 2.8: The chemical structure of gellan gum: (A) native form (high acyl);
(B) deacylated form (low acyl) [4].

Gellan gum is a thermoresponsive polymer, exhibiting upper critical
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solution temperatures [78]. Low acyl gellan dissolves in water at temperatures
above 80◦C while high acyl gellan solutions gel at much higher temperatures [4].
Figure 2.9 shows the transformation of the gellan gum from aqueous solution,
transitioning from a disordered solution state to a gel state upon cooling as
the coil to double-helix transition occurs [79, 80]. Then aggregation of helical
sequences is necessary to form a true gel. Gelation occurs by aggregation of
double helices. Aggregation stabilises the helices to temperatures higher than
those at which they form on cooling, giving thermal hysteresis between gelation
and melting. Melting of aggregated and non-aggregated helices can be seen as
separate thermal and rheological processes [76]. Cations stabilize gel structures
by an ionotropic process, connecting the double helix chains [78], and are
responsible for the gelation temperature as molecular weight and processing
conditions as well [81].

Figure 2.9: Gradual transformation of gellan gum from aqueous solutions. [5]

The gelling process is different depending on whether the type of cation is
mono or divalent[75, 76, 82, 83]. For divalent, the gelling efficiency is increased
in relation to monovalent cations because they can promote additional bonds
with the carboxylated groups of the gellan gum chains and are induced to be
more thermally stable.

Very high salt concentration or very acidic environments, or both, cause
excessive aggregation and weaken the gel [76].

One of the applications that gellan gum has is the potential in
biomedicine area where studies for tissue engineering have been made through
the years [82, 84]. Gellan gum can be mixed with other polymers and rein-
forced with cations. It can promote the treatment of cartilage regeneration, be
used to protect cells from mechanical forces experienced in vivo, and artificially
implant a bone-like layer to replace cartilage with no immune responses from
the immunological system [85].

As already mentioned in this section, gellan gels can resist acidic envi-
ronments and, due to their transparency, they do not affect the appearance of
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foods [86]. It can be resistant to high temperatures, suitable for activities, like
baking a cake. Gellan gum is used as a transportation [76] of flavors as well
and retains tastes of seasonal foods and it is also used to stabilize ice creams.

The first record of promoting gellan gum as capsules was in 1996, where
Alhaique et al. [86] studied the preparation of gel capsules and its controlled
release. The microcapsules were able to be produced by gelation of gellan gum
around drops, calcium chloride, and a model drug. The delivery study showed
that the rate of delivery in water is mostly affected by solvent uptake due to
the weight rise of the microcapsules.

Michelon et al.[3] have successfully controlled the production of gellan-
based microcapsules. They discuss the production of microcapsules with
hydrogel-based shells by ionotropic gelation of gellan gum from monodispersed
oil-in-water-in-oil (O/W/O) double emulsion templates obtained using glass
capillary microfluidic devices. This study reports the operability window for
the production of monodispersed microcapsules as a function of the flow rate of
each fluid phase and the dimensions of the device. Microcapsules were produced
with mean diameters ranging from 95 to 260 µm. The main results showed
that one can independently control the capsule diameter and shell thickness
by varying the outer and middle phase flow rates. They also report an oil
extraction step for the shell gelation in order to disperse microcapsules in an
aqueous medium

2.5
Controlled release

As mentioned before, capsules are means of transport for active storage
and can deliver substances at a specific time and condition to affect the
outcome of larger systems. Triggering is a phenomenon that depends on the
stimuli, thus the development of appropriate initiators plays a key role in
the release of capsule contents to provide the desired response. The release
of capsule cargos has been developed with chemical and physical methods.
Capsule systems are particularly appealing for the delivery of small molecules
and particles.

2.5.1
Shell wall release mechanism

The approaches for shell wall desintegration can be separated into
physical changes, in which phase transitions and/or mechanical disintegration
mechanisms dominate, and chemical changes, in which chemical reactions
destroys the shell. Physical rupture of capsules embedded in solid materials
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induced by cracking of the material is used in odorants, self-healing materials
[33, 34, 45], and carbonless copy paper [87].

Figure 2.10: Methods for the chemical disassembly of microcapsule shell
walls: (A) switching mechanism, (B) cross-link removal, and (C) shell wall
depolymerization [1].

The chemical control approach, as shown in fig. 2.10, over shell wall desin-
tegration offers many advantages for designing drug-delivery and self-healing
systems. Chemical mechanisms can be divided into three major categories: shell
wall switching reactions; disintegration of the shell wall via chemical cleavage
of cross-links; triggered depolymerization of the shell wall. The switching re-
action, Fig. 2.10 (A), can be defined as instances in which the porosity of a
microcapsule shell wall is controlled by structural changes rather than chemical
reactions involving covalent bond formation and disruption. Stimulants such as
electricity [46] and light [88] can be used to modify the porosity of a shell. The
main advantage of this technique is the capsule’s ability to undergo several re-
lease cycles, acting as some kind of gate, opening and closing upon command.
Cross-link removal reactions, Fig. 2.10 (B), disintegrate the capsule by chem-
ically disrupting shell wall cross-links. One of the main applied event triggers
is the disassembly by hydrolysis of carbonate esters [31]. Advantages of this
technique include the ability to control trigger loading and release times. The
more broken crosslinking is, the faster is the release, resulting in the capacity
for near-instantaneous content delivery [89]. The shell wall depolymerization,
Fig. 2.10 (C), technique utilizes the triggered depolymerization of a shell wall
polymer upon removal of a protecting headgroup, such as carbonate esters or
carbamates [90, 91]. The advantages of this technique include a diverse set of
triggers , and lower amounts of stimulants to disruption activation due to the
mechanism of self-immolative polymers signal amplification [92].
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Figure 2.11: Physical methods of capsule release: (A) shell wall rupture by an
increase in internal pressure, (B) melting of the polymer shell wall, (C) change
in porosity of the shell wall resulting from a phase transition of a shell wall
polymer, and (D) disintegration of the shell wall utilizing nanoparticles that
oscillate in response to an external trigger [1].

Physical methods for inner content release are summarized in fig. 2.11.
An increase in internal pressure can cause shell wall rupture, as shown in
fig.2.11 (A). The goal of this method is to increase pressure from within
a microcapsule shell causing its burst and is generally initiated by thermal
conditions at which the inner liquid phase vaporizes, or can be initiated by the
mechanical contraction of the shell wall. The shell wall melting, fig.2.11 (B), is
another release control approach that occurs upon temperature increase. Thus,
the shell material melts when the melting point of a polymer is low enough
that melting occurs before core liquid vaporization [93]. Another interesting
method is the change in porosity of the shell wall, fig.2.11 (C). Basically, the
membrane wall is composed of two kinds of polymers and, upon heating, one
of them shrinks while the other remains intact, allowing the creation of pores
in the shell, thus releasing its contents [94, 95]. Finally, thermomechanical
degradation of the shell wall, shown in fig.2.11 (D), can be caused by exposure
to electric [96] or magnetic fields [13]. The disintegration can occur when the
shell wall is composed of nanoparticles and oscillates in response to an external
trigger, causing heating and tearing of the capsule, leading to a core release.

In this work, the trigger to activate the capsule disassociation will be the
temperature. It is important to note that all the release conditions above can
be consequences of the increase in temperature in the system, although some
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of them could be activated by other triggers as well.

2.5.2
Trigger mechanism in shell wall release

Chemical and physical triggers have been widely studied during the past
few years. Currently, chemical reactions have the largest number of citations
and the approaches for shell wall disassemble with this trigger are guided by
changes in pH, for example.

2.5.2.1
pH

Many chemical reactions are triggered by changing the pH of a buffer
solution [89]. Abbaspourrad et al. [6] studied solid shells composed of pH-
responsive biocompatible polymers exposed to a pH trigger. After shell-bulk
contact, the polymer chains of the shell become highly charged, thus leading
to a complete dissolution of the inner phase with the bulk fluid [97, 98]. The
exact pH that triggers the release was set by the choice of the polymer: a base-
sensitive polymer dissolves at pH > 7 while an acid-sensitive polymer, dissolves
at pH < 6. Figure 2.12 represents two mixed different populations when the
microcapsules are first exposed to an acidic environment, the acid-responsive
microcapsules degrade and quickly release their contents. On the other hand,
basic-responsive microcapsules remained stable and only reacts after turning
the environment basic. Thus, by fabricating different microcapsules using
different pH-responsive polymers, we can program the sequential release of
different actives [95].

Figure 2.12: Optical micrographs, showing the release of a yellow encapsulated
dye only from acid-responsive double emulsion-templated microcapsules when
the pH is reduced to 5 (second and third frames). An encapsulated green
dye, along with polystyrene tracer particles (grey), is then released from base-
responsive microcapsules when the pH is increased to 9 (fourth and fifth
frames) [6].
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2.5.2.2
External stress

Externally imposed stress is an important class of stimuli for microcap-
sule release. Flow of suspended microcapsules through confined channels poses
a challenging problem due to its complex fluid-solid interaction. Leopercio [7]
showed that deformation of dynamics of soft gellan gum microcapsules as they
flow through a constricted capillary, as shown in fig. 2.13 strongly depends
on the capillary geometry, capsule dimensions, and propertied and flow rate.
If the stress imposed by the flow is higher than what the capsule shell can
sustain, it will rupture and release its internal content.

Figure 2.13: Evolution of the microcapsule position and configuration as it
flows through the constriction [7].

2.5.2.3
Temperature

Another important class of trigger and the main theme of this dissertation
is the release through temperature stimulus. This finds applications in trans-
porting and releasing food additives, cosmetics, or drugs, which often require
the release to be triggered at body temperature (37 ◦C). Lipids or hydrocar-
bons are a natural choice of shell material in this case. Many of them are solid
at room temperature, enabling robust encapsulation under ambient conditions,
but melt at temperatures in the range 30–43 ◦C, releasing the encapsulated
active when heated [8, 10]. Jie Sun et al. [8] performed a microfluidic melt
emulsification method for encapsulation and release of actives.

DBD
PUC-Rio - Certificação Digital Nº 1920927/CA



Chapter 2. Literature Review 35

Figure 2.14: Release of toluidine blue from solid capsules of paraffin. (Frame
1) Solid capsules of paraffin encapsulating toluidine blue at room temperature.
(Frame 2) When heated to 45 ◦C, solid paraffin shell turns into a liquid shell.
(Frame 3)The inner droplet starts to coalesce with the continuous phase,
releasing the toludine blue dye. (Frame 4) Toluidine blue dyes are almost
entirely released after 5 mins of heating [8].

They first formed W/O/W double emulsion template and demonstrated
how the actives encapsulated inside the solid shell can be controllably and
rapidly released by applying a temperature trigger to melt the shell. Figure
2.14 shows how the melting process evolved. Solid paraffin-based microcapsules
encapsulating toluene blue when heated above 45 ◦C, for 5 minutes, the shell
melts. Thus, the inner droplet starts to coalesce with the continuous phase,
releasing the toludine blue dye.

Amstad et al. [9] formed double emulsion templates with polymerosomes
and the results showed that they were thermosensitive. The shell was formed
from a middle oil phase composed by mixture of PEG-b-poly[lactic acid]
(PEG-b-PLA) and a thermosensitive pNIPAm-b-poly[lactic-co-glycolic acid]
(pNIPAm-b-PLGA) diblock copolymers. Figure 2.15.A shows the fraction of
intact polymerosomes decreases with incubation time at 40 ◦C and how the
concentration of PNIPAM-b-PGLA affects the response while at this temper-
ature. Figure 2.15.B shows confocal micrographs for these polymersomes after
20 minutes of incubation time.
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Figure 2.15: (a) Fraction of intact polymerosomes decreases with incubation
time at 40 ◦C; circles, triangles, and squares are for PEG-b-PLA polymerosome
shells including 2 wt%, 5 wt%, and 10 wt% PNIPAM-b-PLGA, respectively.
Confocal micrographs for these polymerosomes after 20 minutes of incubation
are shown in (b) [9].

In the present work, we study the controlled release of the inner content
of gellan-based microcapsules, using temperature as the trigger mechanism. We
analyze how the temperature and capsule properties (shell material, diameter
and shell thickness) affect the release time. The release of the inner content is
determined by adding a dye in the inner phase of the capsules and observing a
suspension of microcapsules inside a controlled temperature bath in an inverted
microscope. The results show how different capsules can be designed to deliver
their inner content at different levels of temperature and residence time, we
report two different approaches on raising the temperature of our particles and
a promising trigger condition to disintegrate its shell.
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3
Experimental production

3.1
Gellan microcapsules

The capsules were produced through microfluidic devices and therefore
double-emulsion templates are used in this work. The templates are composed
by sunflower oil in the inner and continuos phase at which they are suspended.
Gellan gum aqueous solution is used as the middle phase to form a bio-
polymeric and elastic shell.

The inner phase is a refined commercial sunflower oil (Liza, Cargill S.A,
Brasil) with the addition of a purple or a yellow food-grade dye only for
visualization purposes. It is important to mention that our focus is in the
shell of the microcapsule, so this oily phase will only serve to compose our
capsules as the active to be delivered.

The middle phase (figure 3.1) is prepared shortly before starting the
microcapsules production and consist of a mixture of 0.5 wt% of low-acyl
gellan gum Kelcogel CG-LA (CP Kelco Brasil S/A, Brazil) and 2 wt% of
polyoxyethylene sorbitan monolaurete, Tween20 surfactant (Sigma-Aldrich,
USA), in ultrapure water (Direct-Q3 UV System, Millipore Co., USA) with
resistivity 18.2 MΩ/cm. This mixture stays under magnetiic stirring at 80
◦C for 10 minutes. In addition to this intermediate phase composition, we
also produced gellan modified shells with 0.5 wt%, where 95% was composed
of the same low-acyl (LA) gellan gum KelcogelCG-LA while the remaining
5% was composed of high-acyl (HA) gellan gum KelcogelCG- HA (CP Kelco
Brasil S/A, Brazil). The procedure was the same but the mixture temperature
required is 90 ◦C.

The contiuous phase is a sunflower oil containing 1 wt% of calcium ac-
etate (sigma-Aldrich, USA) and 5 wt% of polyglycerol-polyricinoleate emul-
sifier commercially named as Grinstead PGPR (Danisco, Brazil). Its filtering
process is shown in figure 3.2.
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Figure 3.1: Post-mixed liquid gellan 0.5 wt%. The modified gellan that contains
both low and high-acyl forms is turbid (left), while pure gellan with only its
low-acyl form is translucent (right).

Figure 3.2: Filtering process of the external phase of sunflower oil with calcium
acetate

The production of microcapsules was made with hydrogel-based shells by
ionotropic gelation of gellan-gum from monodispersed oil-in-water-in-oil dou-
ble emulsion templates (O/W/O) using glass-capillary microfluidic devices.
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As already mentioned in Chapter 2, the gelation occurs through crosslinking.
These bonds are induced by cations dispersed in the external phase of pro-
duction, as shown in figure 3.3. In our case, the presence of calcium acetate
(Ca+2) in the external sunflower oil stimulates the ionotropic process between
the divalent cation and the gellan gum of the middle phase. The result of this
crosslink is strong and impermeable bonds that the formed gel has.

Figure 3.3: Illustration of gellan gelation by the presence of cations dispersed
in the external phase

The density of each phase was measured in a digital densimeter (model
DMA 4200M, Anton Paar, Austria) at 25 ◦C.

Using a stainless steel Couette geometry, we measured viscosity curve (µ)
for the two gellan solutions used in this work with a rheometer (model DHR-3,
TA Instruments, USA).
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Figure 3.4: At room temperature (25 ◦C) the viscosity behavior with the shear
rate implemented for both gellan-based mixtures of 0.5wt%.

As shown in figure 3.4 , the viscosity values of the gellan-based mixtures
varies with shear rate ranging from 10−1 to 103 s−1. The non-newtonian
response demonstrates a shear thinning behavior for the gellan-based mixtures
acting as a pseudo plastic material, often observed in polymers solution.
Despite the high-acyl (HA) addition into the gellan composition, the viscosity
behavior did not have a great modification in response to the shear rate applied.

A digital tensiometer (model DCAT 25, DataPhysics, Germany) was used
to measure the interfacial tensions (σ) by the Wilhelmy plate method.

The difference in the interfacial tension values (table 3.1) between the
internal-intermediate and intermediate-continuous phases is explained by the
presence of tween20 and PGPR surfactants.

Phase ρ [kg/m3] µ [mPa.s] σ [mN/m]
Continuous (OO) 755.2 ± 0.1 55.3 5.4 ± 0.3

Middle (W ) 1020.1 ± 0.9 2.2-100.7
Inner (Oi) 752.8 ± 0.1 73.9 2.6 ± 0.2

Table 3.1: Interfacial tension (σ), density (ρ) and viscosity (µ) of the respective
phases of the low-acyl (LA) gellan microcapsules.

Table 3.1 above summarizes the values of the properties of all the three
phases, considereing the low-acyl gellan gum solution.

3.2
Methodology and experimental setup
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3.2.1
Microfluidic device

Figure 3.5 shows a sketch of the three-dimensional coaxial microfluidic
device [3] used to produce the double emulsion templates. This device makes
possible generate O/W/O double emulsions templates precisely controlling the
inner and outer drop sizes as discussed previously. The injection capillary
(left, figure 3.5) has a smaller inner tip diameter (φi), on the order of 101

micrometers, while the so called collection capillary (right, fig.3.5) has an inner
tip diameter (φc) of the order of 102 micrometers.

Figure 3.5: Detailed schematic of the collection and injection capillaries within
the square capillary of the device [3]. φi,c are the injection and collection
capillary diameters; Qi,m,o are the inner, middle and outer flow rates; l is the
distance betweenn the capillary tips.

A detailed description of the device structure is presented by Michelon
et al. [3] and Leopercio [7]. In summary, a squared capillary is fixed to glass
slide with an epoxy resin. The cylindrical glass-capillaries are inserted, and
fixed, into the opposite ends of the square capillary. Then, the cylindrical
capillaries are precisely align in order to make a coaxial geometry. Nabavi et al.
[15] predicted the different controlled drop formation modes (dripping/jetting
regime). These modes are related to the distance (l) between injection and
collection capillaries, as shown in figure 3.5. Finally, three stainless steel needles
are used to dispense and connect the fluids into the system.Figure 3.6 presents
a photograph of one of the devices used, indicating the inlet needle for all the
three phases.
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Figure 3.6: Microfluidic device.

To produce the desired microcapsules, the inner phase flows (Qi) through
the injection capillary, while the middle (Qm) and continuous phases flow
(Qo) through the interstices between the cylindrical and square capillaries,
as sketched in figure 3.6.

In addition to producing the monodisperse droplets, it is necessary that
the flow conditions are stable because any bubble or dirt can completely
change the regime. In this way, any human fault during the device construction
(misalignment, poor treatment of capillaries, dirt) could change the operability
windows presented.. In this work, the production method of these devices was
based on Michelon et al.[3]. In addition to reproducing them, it was also added
another geometry to achieve different physical parameters. The devices used
here are described in detail in section 3.3.2.

3.2.2
Production setup

Production of the double emulsion templates (O/W/O) was observed
through an inverted microscope (DMi8, Leica Microsystem, Germany) using a
high speed camera (Fastcam SA-3, Photron, USA), as shown in figure 3.7.
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Figure 3.7: Production setup sketch.

Three syringe-pumps (Pump 11, Harvard Apparatus, USA) were used to
control the flow rates of inner (Qi), middle (Qm) and outer (Qo) phases. Three
BD plastic syringes and four tubes, which three of them are connected with
the dispensing needles of the syringe to the microfluidic device needles. Thus,
the fluids flow first through these three connection tubes, then they saturate
the device and finally flow through the last tube, connected with the collection
capillary, reaching the recovery vial to collect the capsules. The tubes have
0.052" of outer and 0.034" of inner diameters and are flexible.
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Figure 3.8: Production setup. (A) Three pumps with the three phases in the
syringes. (B) camera. (C) inverted microscope. (D) collection vial with hexane.
(E) Monitor. (F) Device under test. (G) Computer.

3.2.3
Collection

Michelon et al. [3] developed a recovery process using hexane to withdraw
the remaining continuous phase of sunflower oil and then change to acetate
buffer because many applications of the gellan gum microcapsules requires an
aqueous capsular dispersion. Acetate buffer is an aqueous solution containing
acetic acid and sodium acetate, ideal to stabalize gellan-based microcapsules
[75]. Then, after gelification the previous O/W/O template turns into an
O/W/W dispersion. However, if the application requires an oily system, the
microcapsules could be collected in sunflower oil as well. This process of
recovery is relevant due to a broaden application for the microcapsules because
it enables them to be dispersed in hydrophobic and hydrophilic media. Figure
3.9 shows the capsules stabilized during the post-production collection process.
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Figure 3.9: Post-production collection process. The capsules, in purple, pro-
duced are dispersed in acetate buffer.

3.3
Production

According to Michelon et al. [3] and Chen et al. [16], flow rates play an
important role in the final characteristics of the microcapsules produced in
microfluidic devices. The continuous phase flow rate (Qo) is directly related
to the size of the capsules, so the greater this flow, the smaller the diameter,
also generating more capsules in less time. In addition, the thickness of its
shell is related to the flow rates of the intermediate and internal phases. The
ratio between them (Qm/Qi) will determine how thick your shell is, that is,
the greater this ratio, the thicker it is and the more gellan is present in the
composition.

To produce monodispersed droplets, a dripping regime, as shown in figure
3.10, is desired, which occurs when an absolute instability at which the viscous
and capillary forces balance is such that both interfaces break simultaneously
at the same spatial location and frequency. Therefore, we had to make a brief
investigation of the operability window, varying the flow rates, which made
this production possible.
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Figure 3.10: Detailed 2D diagram of the flow of liquids involved during the
formation of double emulsions templates. The inner (orange) phase flows
through the injection capillary while the intermediate (blue) and outer (yellow)
phases flow through the square capillary until they meet on the tip of the
collection capillary.

In this work different groups of microcapsules were produced and sepa-
rated by diameter. Within these groups, shell thickness were varied in order
to determinate how these properties affect the controlled release of the inner
content of gellan gum microcapsules using temperature as the trigger mecha-
nism.

3.3.1
Characterization

After production and recovery, every batch of microcapsules was charac-
terized by their diameter and shell thickness. Figures 3.11 and 3.12 show the
characterization process.
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Figure 3.11: Nikon microscope used to perform sample characterization.

Figure 3.12: Detailed characterization of capsule diameter and thickness

The measurement of the capsule diameter and shell thickness was done
using a microscope (Nikon Microscope ECLIPSE LV100POL, Japan) while
the particles were dispersed in acetate buffer solution. The images of each
individual capsule was processed using the software NIS Elements AR to
evaluate the outer (De) and inner (Di) diameters, as indicated in figure 3.12.
At least 15 microcapsules were measured in each batch. Shell thickness was
calculated from eq. 3-1:

t = De −Di

2 (3-1)
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3.3.2
Operability window

Besides the fluids composition, there are some important variables during
microcapsules production that need to be controlled in order to achieve the
desired conditions at which they can be properly fabricated. Once the device
is at ideal production conditions, that is, aligned, treated, and cleaned, all that
remains is to adjust the flow rate of each phase to reach the ideal regimes. Two
different microfluidic devices were used to produce capsules of different sizes,
as shown in table 3.2. The first was used to produce capsules of up to 250
µm, which we refer here as "small capsules", while the second served to obtain
microcapsules ranging from 400 to 600 µm, classified as "large capsules".

Device φi (µm) φc (µm) l (µm)
D-1 80 350 120
D-2 170 400 140

Table 3.2: Parameters of the designs used. Microfluidic device 1 (D-1) and
microfluidic device 2 (D-2). D-1 and D-2 produced small and large capsules
system, respectively

The effects of the flow rates of each phase on the O/W/O template
generation for each of the two designs explored were investigated using three
devices for each geometry. The ideal would be to use the same device to avoid
any small variation in flow velocity associated with small differences in the
geometry from device-to-device of the same design, but as they are disposable,
it was much more feasible to use new microfluidic devices than to keep the same
old one for a long time. The range of parameters at which the ideal intermittent
dripping flow regime, as shown in figure 3.13, is based on the previous results
by Michelon et al. [3]. However, along the way observed different regime, such
as back-flow, when the outermost phase flow rate is much higher than the
inner and middle phases, and jetting regime (figure 3.14), which produces
microcapsules with higher standard deviations of its parameters.

Figure 3.13: Desirable dripping regime with microfluidic device 1 (D-1).
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Figure 3.14: Undesirable jetting regime with microfluidic device 2 (D-2).

3.3.2.1
Microfluidic D-1: small microcapsules system

The results show that the capsule diameter can be reduced by decreasing
the diameter of the tip of the capillaries and by increasing the outer phase
flow rate. The shell thickness is varied by increasing the ratio between the
middle and inner phase flow rate. Therefore, to analyze how the capsule
dimensions affect the release time of the inner content by temperature trigger,
it was necessary to produce groups of microcapsules separated by diameter
and thus, for each one of them, vary the shell thickness as another parameter
of comparison.

Microfluidic device 1 (D-1) can produce capsules of up to 300 µm. Based
on Michelon et al. [3] and Leopercio’s [7] work, we fixed the inner phase flow
rate at at 200 µl/h. In this case, the flows of the intermediate and external
phases are controlled in order to reach the desired thickness-diameter ratio
(t/D). The shell thickness increases as the ratio Qm/Qi is increased. They also
demonstrate that higher outer flow rates results in smaller diameters.

The micrograph, shown in figure 3.15, is an example of a result obtained
after the procedure established for the production of the capsules. In addition
to fixing the internal phase flow rate, we also selected a fixed outer flow rate of
Qo = 1500µl/h. With the external and internal phase flows now fixed, in order
to vary the shell thickness, we worked with middle phase flow rates between
25 and 300 µl/h.
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Figure 3.15: Micrographs with the characterization results after production of
small capsules.

Notice that the diameter of this example is 191.5 µm, with a low standard
deviation, showing the monodispersity achieved in the process. This result also
showed that the parameters selected from previous studies [3, 7] fitted well to
achieve the objective of producing small microcapsules.

As one of the objectives was to compare the delivery between "small"
microcapsules, under the same thickness range, with a slight change in their
size, we produced two groups, with the first being 15% larger than the second,
as shown in the tables 3.3 and 3.4 below.

In section 4.3 of this dissertation, the "small microcapsules" produced
were used to: find the optimal degradation temperature (can deliver all the
internal content within the stipulated time), compare whether a slight change
in size affects the degradation time (under the same thickness range) and
compare them to the "large" microcapsules group produced with microfluidic
device (D-2).

Sample Diameter [µm] Thickness [µm] t/D [%]
1 220.2 ± 1.5 12.5 ± 1.3 5.7
2 223.8 ± 3.8 8.0 ± 1.8 3.6
3 221.5 ± 1.4 5.5 ± 2.1 2.5

Table 3.3: Group 1: D ≈ 221.8 µm.

Sample Diameter [µm] Thickness [µm] t/D [%]
4 191.4 ± 2.2 11.5 ± 1.3 5.8
5 192.2 ± 2.5 6.1 ± 1.2 3.2
6 196.4 ± 4.2 4.3 ± 1.5 2.2

Table 3.4: Group 2: D ≈ 193.3 µm.
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3.3.2.2
Microfluidic D-2: large microcapsules system

As previous microfluidic device (D-1) produced capsules with a maximum
diameter of 300 µm, it was necessary to adapt its geometry to be able
to generate larger capsules. The microfluidic device 2 (D-2) allowed the
production of particles with sizes from 350 to 600 µm, larger diameter values
than the microcapsules produced with D-1.

In order to achieve the best conditions of production, a sweep on the flow
rate parameters had to be done for both types of gellan. Both were produced
with the same weight percentage (0.5 wt%) but with different acyl percentage:
100% low-acyl, for the first, and 95% LA + 5% HA, for the second. Figure 3.16
presents the operability limits as a function of the outer and middle phase flow
rates for the microfluidic device D-2 for the low-acyl (LA) gellan gum. The
second operability window obtained for the high-acyl (HA) addition to the
shell solution is shown in figure 3.17.

Figure 3.16: Operability window of production for the 0.5 wt% (100% low-acyl)
gellan microcapsules. The red window represents the best conditions area of
production, where the dripping regime is achievable

In the first window (figure 3.16), the internal phase flow rate was fixed
at 700 µl/h. The filled circle ( ) represents the back-flow regime, when the
external phase flow overrun inner phase. The filled square ( ) is the result
of a simple emulsion formation, without inner content. The filled triangle ( )
shows the jetting regime, where droplets are formed far from the tip of the
collection capillary, producing high standard deviation diameters. Finally, the
ideal production regime is represented by the open square symbol (�), at
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which the dripping regime was achieved and, consequently, capsules close to
monodispersity were produced.

Figure 3.17: Operability window for production of the 0.5wt% (95% low-acyl
+ 5% high-acyl) gellan microcapsules. The red window represents the best
conditions area of production, wherer the dripping regime is achievable.

The second operability window (figure 3.17), however, shows three differ-
ent fixed inner flow rates (Qi), represented by open squares with three different
colors at the dripping regime region as follows: 400 µl/h ( ), 500 µl/h ( ), and
800 µl/h ( ). The production was done with the altered gellan mixture, with
95% composed of low acyl (LA) and 5% of high acyl (HA) gellan. As in the pre-
vious section, each symbol represents the same type of regime, the difference
was in the adjustment of the inner phase flow to achieve the best conditions.
The idea was to produce capsules with similar diameter and thickness, then
compare the release time for different shell composition.

It is possible to observe in the graphs that the window to produce the
capsules has decreased despite the same device geometry and flow condition.
Thus, the chemical change in the composition of gellan, which changes the
viscosity and interfacial tension of the middle phase may influence and,
therefore, alter production regimes. Despite the modification, it was possible
to produce capsules with the same geometrical characteristics.
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Figure 3.18: Micrograph with the characterization results after production of
large capsules

Figure 3.18 shows an example in which we used micrographs to char-
acterize the capsules of each sample. The diameters varied between 370 and
510 µm, while the flows rates explored are in the operability window shown
previously on this section.

In the end, we produced two groups of "large" microcapsules, with
thickness-diameter ratio of 4% to 10.3% . The first group (table 3.5) will
be compared, in the next section, with the small microcapsules system and,
furthermore, analyze how the shell thickness affects the inner content’s release
with fixed and variable temperature degrees.

Sample Diameter [µm] Thickness [µm] t/D [%]
1 487.1 ± 42.8 50.4 ± 15.7 10.3
2 466.2 ± 30.9 34.2 ± 7.9 7.4
3 507.6 ± 27.3 21.9 ± 12.6 4.1

Table 3.5: Group 1 of large microcapsules (100% low-acyl) system produced
with the microfluidic device 2 (D-2).

Sample Diameter [µm] Thickness [µm] t/D [%]
1 488.3 ± 10.5 44.5 ± 3.2 9.1
2 450.3 ± 18.8 34.5 ± 6.2 7.7
3 463.4 ± 29.3 20.6 ± 4.4 4.4

Table 3.6: Group 2 of large microcapsules (95% low-acyl and 5% high-acyl)
system produced with the microfluidic device 2 (D-2).

The second group (table 3.6) was produced with a chemical alteration in
the shell composition, adding high-acyl (HA) to its structure. The goal was to
compare the second group, with the same geometrical properties as group 1,
regarding its sensibility to the heat rate involved.
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The proposal to produce capsules based on the gellan biopolymer with
different diameters and shell thickness was successfully achieved. The main
parameter that changes the sizes is the flow rate of the continuous phase while
the one that most affects the shell thickness is the flow rate of the middle phase
(gellan). In addition, we were able to produce different gellan compositions,
high-acyl and low-acyl.
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Release Triggered by Temperature

As already mentioned in chapter 2, there are many mechanisms that
can initiate changes in a capsule shell structure resulting in the release of its
contents in this work, the focus is to study and understand the conditions under
which a gellan-based biodegradable shell disintegrates by a thermal trigger
event. Thermally induced release is useful in applications where changes in
temperature naturally occur or can be easily imposed.

This chapter reports the degradation of suspended gellan-based micro-
capsules when exposed to higher temperatures. Gellan gum microcapsules, of
different diameter and shell thickness, produced as described in the previous
chapter, were used in the experiments. We discuss the effect of capsule prop-
erties on the dynamics of internal content release.

4.1
Experimental setup and methodology

The experimental setup used in this study is composed of a sealed support
for the capsules, a heater, an inverted microscope, a controlled temperature
bath, and a computer to acquire and process the images. Figure 4.1 shows a
scheme of the experimental set-up for the controlled release under temperature
stimulus.
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Figure 4.1: Scheme of the experimental set-up for temperature trigger event.

A kline’s plate glass (10x7x2 cm, Qualividros Distribuidora LTDA) with
twelve mini excavations of 1 ml each was used as a support to separate each
sample of capsules distributed by their properties. Thus, the microcapsules are
isolated from direct contact with the heating fluid. The sealing system, besides
the kline’s plate, is composed by the addition of grease on the surface of the
support and silicone glue on its sides. The sealing is completed with a glass
plate (10x7 cm) placed above the surface of the support and, finally, o-rings
are added to increase the pressure on the glass in order to reduce the risk of
leakage at the same time that the o-ring can withstand high temperatures.
Figure 4.2 shows the kline’s plate with the microcapsules inside.
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Figure 4.2: Kline’s plate with the printed (blue) support attached to it.

The kline’s plate was placed inside a temperature controlled fluid bath.
The bath (figure 4.3) was designed with the software Solidworks®, printed by a
3D printer (model SLA, Formlabs, USA) and an acrylic plate was designed and
ordered to fit between the support and the bath, so that visualization could
be done. In addition, the bath was designed with 2 o-ring sockets to prevent
water from leaking out of the bath, both from below and above. Before fitting
the 3 compartment’s bath, it was necessary to place a layer of grease between
the o-ring and the bath base/top, in order to guarantee the isolation of the
fluid inside the entire structure. Soon after, the compartments are fixed with
14 screws of 10 cm each, crossing the entire assembled structure.
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Figure 4.3: Detailed printed bath from its initial idea to its final form.

Temperature was measured by a thermocouple (National Instruments,
USA, Model DR-4524) and the LabView®software was responsible for read
and register the data. Finally, an inverted microscope (model DMi8, Leica
Microsystem, Germany) was used for all visual part of the experiments and
responsible for recording the tests. The software used was LAS X®. Figure 4.4
shows the setup used and each number is described in figure label.

Figure 4.4: Experimental setup for the controlled release of gellan capsules.(1)
bath, (2) hoses, (3) heater, (4) inverted microscope, (5) thermocouple, (6)
computer, (7) kline’s plate.

The vast majority of works in literature which studied temperature
triggered release does not address gellan gum, and those who studied this
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biopolymer do not use it as a protective capsule of its active, but rather
as a substance for direct application, in the human body, for example [99].
Therefore, the shell destruction tests had to start based on the handling tests
of gellan gum which is reported to dissolve in pure water at temperatures
above 85 ◦C [4]. However, high acyl gellan gum forms a gel upon cooling from
65◦C, while low acyl forms a gel upon cooling below 45◦C [74]. Therefore, it
was very important to know the temperatures that caused the gellan shell to
deteriorate. Tests were divided with different temperature protocols.

4.2
Results and discussion

4.2.1
Heating protocols

As mentioned before, most of the literature dealing with gellan gum
does not address this substance as a capsule and, in that it does, release
triggers other than temperature are used [7]. Therefore, before any temperature
selection for the tests, it was necessary to scan several temperature levels to
find the region where the capsule’s shell reacts to the heat stimuli and, from
then on, define the ideal work temperature within the time window tested.
The temperature protocols are listed and detailed below:

1. Gradual increase: Tests were carried out to find the ideal region at
which the shell reacts to the stimuli of the environment. For this type
of protocol, the experiment started at room temperature and ended
when we found the temperature of reaction to the thermal trigger. As
each temperature step involved more heat, we left the capsules under
observation for longer periods under each temperature. That is, the
higher the temperature, the longer the observation time. Figure 4.5 below
shows a schematic representation of the temperature evolution during the
test.

DBD
PUC-Rio - Certificação Digital Nº 1920927/CA



Chapter 4. Release Triggered by Temperature 60

Figure 4.5: Gradual protocol.

In addition, this protocol was also used to evaluate how the heat rate
increase can influence the release speed of the inner contents of the
microcapsule.

2. Fixed temperature: This protocol was used in two ways. In the first
one, several tests were carried out under fixed temperatures to find the
one that guarantees the delivery of all the internal content of all the
capsules within the elapsed time window. Figure 4.6 below shows an
example of various fixed temperatures estabilished in order to find the
ideal level that guarantees the delivery.

Figure 4.6: Fixed temperature protocol.

The second method is a consequence of the first one, at which we selected
this optimal degradation temperature and, with it fixed in the tests from
then on, we used it to perform comparisons between the relation of shell
thickness (t) and capsule diameter (D) with the time of the release of
internal content.
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4.2.2
Quantification protocol

The quantification protocol to evaluate the evolution of the number of
capsules that have not been destroyed was based on visual counting, with the
Leica system, in which the inner phase releases were defined as a change in the
color of the particles in the sample. This structure alteration occurred due to
the change in the refractive index of the light incident into system.

Figure 4.7: Quantification experiment at 75◦C: a) Unaltered capsules in at the
beginning of the test; b) Trigger reached and identified through the refraction
index alteration (red circles); c) Trigger chain reaction leading to several
deliveries; d) Oil coalescence post-trigger event.

Figure 4.7 represents an example from one of the samples with a complete
historic view of capsules structure alteration, in (a) and (b) we can see how
a single capsule structure clearly change from one stage to another. This
change is observed when there is an alteration in the refractive index of the
visualization. When the internal content is released, the structure becomes
darker (circled in red). Then, in (c) we can see how many other capsules have
also changed, losing its gellan gum shell. And finally, (d) represents the post-
controlled release where oil drops are coalescing, a proof that there is no shell.
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4.2.3
Optimum trigger temperature

In order to define the ideal temperature range at which the shell reacts
to the temperature stimuli, we used the first protocol of gradual temperature
increase. The test was focused on the capsule shell, without any type of
quantification, just observing in detail the shell’s reaction to the stimulus and
thus finding the temperature region at which it is most sensitive. Table 4.1
shows the capsule sample used for the optimal temperature tests.

Sample Diameter [µm] Thickness [µm] t/D [%]
4 191.4 ± 2.2 11.5 ± 1.3 5.8

Table 4.1: Physical properties used for optimal temperature trigger tests

Figure 4.8: Gradual increase test; (1) Original capsule at room temperatuere.
(2-3) At 60◦C the membrane is still intact with few modification in its
eccentricity. (4-5) 10 minutes at 70◦C with the shell still observed. (6) After
15 min, the shell wall no longer exists.

The 20x zoom lens of the Leica® provided the visualization focused only
on the behavior of the capsule’s membrane.

As figure 4.8 shows, the first changes starts at 60 ◦C (2), changing
the capsule’s eccentricity. Increasing the temperature level to 70 ◦C it is
observed that, within 15 minutes, the membrane no longer exists (6). The
shell disappearance should be an indicator that the trigger for its degradation
is in the range of 70 ◦C. As this verification was done with single capsules, it
was necessary to reduce the working lens for observation of the evolution of a
large group of capsules. As already mentioned in chapter 2, there are several
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kinds of degradation and the discussion about them involving the gellan shell
will be addressed later this chapter.

Figure 4.9: Remaining capsules for differentt temperature levels. 70 < T < 74
◦C were not capable of full shell destruction; At 75 ◦C there is an abrupt drop
with the remaining capsules.

After determining the temperature range for the capsule shell rupture,
the trigger activation procedure was changed to the fixed temperature proto-
col. To compare the differences between each imposed temperature level, we
analyze the release of the inner content of the microcapsules with the charac-
teristics presented in table 4.1. Samples containing approximately 40 capsules
were heated to different temperature levels. Figure 4.9 shows the number of
remaining capsules as a function of time for different set temperatures.

– T < 70◦C: Most of the microcapsules remained intact, without release;

– T = 70◦C: The first releases were observed after 45 minutes. At the end
of the window test, after 80 minutes, approximately 75% of the capsules
remained intact;

– T = 72◦C: This temperature proved to be efficient for trigger response,
accelerating release. Within 15 minutes we observed the first releases of
the content. However, this temperature was not enough to increase the
number of capsules degraded under the same time window in relation to
the previous temperature;

– T = 74◦C: Once again the reaction speed at the beginning of the test
increased, and this temperature was enough to decrease the number of
capsules remaining to 48%;
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– T = 75◦C: In less than 2 minutes, the capsules already responded to the
trigger and, within 15 minutes, there were no more capsules left in the
sample.

One of the possibles reasons that could explain this controlled release
is the polymer hydrolysis [100] in which, at a specific temperature level
under acidic conditions, produces monosaccharides by breaking the glycosidic
links between the monomer units in the structure of the molecule. These
glycosidic links were formed during gelation of the gellan-based shell through
the crosslinking process, as already mentioned in chapter 2. One of the most
susceptible methods to break the bond is through hydrolysis reaction [1],
triggered by the temperature stimuli added to the acidic medium at which
it is inserted. The continuous phase at which the capsules were suspended
in our tests is an acidic acetate buffer mean, pH=4.5. Preliminary tests with
saline water showed that, under the same temperature levels, the gellan shell
did not change. Thus, the pH conditions were changed to equalize acetate’s,
and yet the microcapsules did not deteriorate. This resistance may be related
to the strong ionic bonds that support the gellan and saline water interface,
reinforcing the crosslink.

Controlled release by temperature trigger is evident at 75◦C with the
quick response to the stimulus generating a total degradation of the samples
within 15 minutes. So, we selected this level as the optimal temperature trigger
(OT), being a threshold between a complete and a partial release, under 80
minutes elapsed time window. Thus, this OT proved to be more viable for the
contents total release, acting as an instant stimulus under these conditions.

4.2.4
Properties comparison

Now that an optimal temperature trigger to degradation of gellan cap-
sules has been established, the particles were manipulated by size and shell
thickness to analyze how different properties influence on the thermal trigger
response. The temperature method used will be the fixed temperature proto-
col at 75◦C and we used the produced samples of microcapsules from chapter
3 to analyze the inner contents release. The quantification of the percentage
number of the remaining intact capsules throughout the tests was based on
frame analysis of the recorded videos by Leica System®. In each sample, the
average amount of microcapsules was 50 particles per test.
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4.2.4.1
Small capsules system: D < 250 µm

The microcapsules used in this section are shown in tables 4.2 and 4.3.

Sample Diameter [µm] Thickness [µm] t/D [%]
1 220.2 ± 1.5 12.5 ± 1.3 5.7
2 223.8 ± 3.8 8.0 ± 1.8 3.6
3 221.5 ± 1.4 5.5 ± 2.1 2.5

Table 4.2: Small microcapsules system - Group 1: D ≈ 221.8 µm.

Sample Diameter [µm] Thickness [µm] t/D [%]
4 191.4 ± 2.2 11.5 ± 1.3 5.8
5 192.2 ± 2.5 6.1 ± 1.2 3.2
6 196.4 ± 4.2 4.3 ± 1.5 2.2

Table 4.3: Small microcapsules system - Group 2: D ≈ 193.3 µm.

The capsules are divided into two size groups, where capsules from group
1 is 15% bigger than group 2, but within them, the same shell thickness-
diameter ratio (t/D) range aiming to analyze how this properties affects the
inner content’s release behavior for the same thickness values for different sizes.

After data analysis, we registered few differences between the two groups.
Figure 4.10 presents the evolution of the number of capsules that had released
its content from group 1 (D ≈ 221.8µm). The sample with capsules with
thinner shell (t/D = 2.5%) had all the capsules destroyed after approximately 6
minutes. This time increased as the shell thickness increased. The sample with
capsules with t/D = 5.7% had all the capsules destroyed after approximately
10 minutes.

Figure 4.10: Evolution of the number of capsules remaining group 1 (D ≈
221.8µm) with an average release time of 8.7 minutes.
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The degradation behavior of group 2 (D ≈ 193.3µm), presented in figure
4.11, have a similar evolution as group 1. Thinner shell (t/D = 2.5%) once
again presents a faster release, while thicker (t/D = 5.8%) slow down the
release rate.

Figure 4.11: Evolution of the number of capsules remaining group 2 (D ≈
193.3µm) with an average release time of 8.4 minutes.

The results found for the small capsules system showed that both groups
behave in a similar way. Microcapsules with the smallest t-D ratio (t/D =
2.5%) delivered its inner content faster than the largest (t/D = 5.8%) ratio,
indicating that there is an influence of gellan percentage on the controlled
release physics. Although the release times are different, they are very close
to each other, which could also be explained by the experimental uncertainty
of the test. In order to enhance this investigation, another group classified as
"large" were studied and compared as shown in the next sucsection.

4.2.4.2
Large capsules system: 400 < D < 520 µm

To better understand the influence of the propreties os the microcapsules
on the trigger activation event, it was necessary to produce microcapsules
with larger diameter and shell thickness than those studied in the previous
section. Table 4.4. presents the dimensions of the capsules used in these tests.
As the size of the particles increases, so does their mass and the total shell
degradation time would be expected to also increase. Furthermore, the shell
thickness concerning its diameter was also increased, we managed to double
the thickness-diameter ratio (t/D) from the small capsules system.
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Sample Diameter [µm] Thickness [µm] t/D [%]
1 487.1 ± 42.8 50.4 ± 15.7 10.3
2 466.2 ± 30.9 34.2 ± 7.9 7.4
3 507.6 ± 27.3 21.9 ± 12.6 4.5

Table 4.4: Bigger capsules produced with the microfluidic device 2 (D-2).

Size comparison is a promising lead that physical parameters do matter
the heat transfer process that takes place and to the gellan gum dissolution.
Figure 4.12 shows one example of test with these new proprieties :

Figure 4.12: Behavior example after 40 minutes of test from the large micro-
capsules system group (D= 508 µm, t/D= 4.5%). a) Original structure at
room temperature. b) Test after 40 minutes at 75◦C.

As in the previous section, the tests were performed with the fixed
temperature protocol at 75◦C . Figure 4.13 shows the influence that shell
thickness has on release time. Four tests were performed per size, and each
point is the result of the average release number.

Figure 4.13 shows the evolution of the number of remaining capsules
within a 90 minutes window time test. We noticed that the first big difference
is in the degradation time:

– The small capsules system (D < 250µm) had an average release time of
the actives lower than 10 minutes;

– The large capsules system time, required to delivery all inner content, is
in the range from 40 minutes (thinner shells: t/D= 4.5%) to 70 minutes
(thicker shells: t/D= 10.3%);

– This difference represents a 300% to 600% increase in time required
compared to the small capsules system.
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Figure 4.13: Evolution of the number of remaining large microcapsules system
within 90 minutes operability window for several thickness steps under the
fixed temperature protocol.

Furthermore, we can see the clear difference that each level of thickness
exerts on the response to the trigger:

– Samples 3 (D=507 µm, t/D=4.5%) and 2 (D=466.2 um µm, t/D=7.4%)
despite having a similar behavior, they have different times at the end
of the degradation of 39 and 53.5 minutes, respectively;

– Sample 1 (D=487.1 µm, t/D=10.3%) shows the biggest difference within
the system. In addition to having a slower stimulus response, it also has
the longest time, 70 minutes, required to deliver all loaded actives.

Unlike the previous section, larger and thicker capsules have a greater
tendency towards temperature resistance. This could be explained by the
greater mass present both in the total particle diameter (internal phase plus
shell) and the membrane alone. That is, the thicker the shell is, the longer
time/heat will be required to completely degrade the microcapsules.

4.2.4.3
Heat rate increase

One way to try to accelerate the release time is to change the outer
environment temperature. We study the dynamics of the system as the
temperature was increased above 75 ◦C. So, the temperature control method
changed from fixed temperature to gradual increase protocol, as shown in figure
4.14.
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Figure 4.14: Heat rate increase protocol.

The idea is to start at the OT temperature (75◦C) and increase it after
a pre-setted period. We selected the increases to 85◦C at 15 minutes and 90◦C
at 22 minutes, as shown in figure 4.15. These two time points were selected
because, in the fixed temperature tests, this was the region that had few
releases compared to the entire test. Therefore raising the temperature level
in this period was a viable option in order to investigate the new evolution of
the release under a transient regime.

Figure 4.15: Time choice for temperature modification and the consequent
increase in heat rate involved in the process.

The results were divided into 3 parts and performed with the same system
of large capsules presented in table 4.4. The comparison was made by thickness-
diameter ratio.

The comparison between the behavior of the original test (fixed temper-
ature at 75◦C), in dark blue, and the modified one (heat rate increase), in
light blue, is shown in figures 4.16, 4.17, 4.18. Figure 4.16 compares the lowest
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system thickness ratio (D=507.6,t/D=4.5%) where the degradation evolution
is similar at the beginning and in the middle of the test. However:

– The original test released all its inner contents within 39 minutes;

– The heat release protocol accelerated the release, degrading all capsules
within 36 minutes;

– Although it only reduced the total time by 7.69%, it is an indication that
the temperature increase influenced the temperature trigger response

Figure 4.16: Comparison of the degradation evolution of thin shell microcap-
sules (t/D=4.5%) between the temperature increase (light blue) and fixed
temperature (blue) protocols.

The investigation continued for the system sample with the intermediate
t/D ratio (D=466.2,t/D=7.4%), as shown in Figure 4.17, and we concluded:

– The release dynamics changes only near the end of the test, for t > 30
min.;

– While the original test took 53.5 minutes for complete release, the heat
rate increased temperature test took 36.5 minutes;

– There is a 31.80% reduction in degradation time increasing the heat rate.

In this case, we already see a greater percentage of reduction in compar-
ison to the first sample.
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Figure 4.17: Comparison of the degradation evolution with thicknes/diameter
ratio of 7.4% between the temperature increase (light blue) and fixed temper-
ature (gray) protocols.

Finally, as shown in figure 4.18, we ended up with the test of the greater
thickness of the system (D=487.1,t/D=10.3%):

– Unlike the other two cases, the behavior was shifted and modified from
start to finish, showing a greater sensitivity of response to the higher
imposed temperature levels;

– While the original test lasted about 70 minutes, the heat rate increase
protocol reduced to 40 minutes;

– This half-hour decrease represents a 42.9% shorter time when working
with higher temperatures concerning its optimal degradation tempera-
ture.
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Figure 4.18: Comparison of the degradation evolution of the thicker shell
microcapsules (t/D=10.3%) between the temperature increase (light blue) and
fixed temperature (red) protocols.

Table 4.5 below summarizes the time reduction results when the new
transient temperature regime is imposed on the system. In it, it is verified that
the percentages of reduction increase as the thickness of the shell increases.
This increase may be related to the greater contact surface between the shell
and the bulk. Furthermore, as there is a higher percentage of gellan in the
microcapsule structure, it is possible that there are more weak points in the
crosslink bonds formed during the gelation process.

Sample t/D [%] Time reduction [%]
3 4.5 7.7
2 7.4 31.8
1 10.3 42.9

Table 4.5: Relation of the test time decrease between the constant temperature
method (75◦C) and the gradual increase (75 to 90◦C). The second method
involves a higher heat rate involved.

The above tests showed that the more percentage of gellan the micro-
capsules have, the more they are sensitive to the new transient temperature
increase regime. Figure 4.19 below shows all the results summarized where one
can find specific time releases from the first until the last reaction for each
type of protocol and physical propertiesof the microcapsules.
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Figure 4.19: Degradation evolution for the large microcapsules system with
fixed temperature (red) and heat rate increase (light blue).

4.2.5
High-acyl gellan addition

Previous research findings related to gellan form stated that low-acyl
(LA) gum was found to be more stable than mixtures with low/high acyl
gellan gum blends and the higher the percent of high acyl gellan (HA) gum,
the more rapidly the gels degraded, producing weaker gels [101].R. Mao et al.
[4] also studied the strength, deformability, and firmness of the gellan forms
stating that the mixed gels, HA and LA, were much more deformable with
similar strengths but yet weaker than LA gels.

Unlike previous findings, this work studies the application of gellan-based
microcapsules under temperature influence leading to a series of degradation
levels, depending on the temperature protocol imposed to the system and the
physical properties of the capsules

In the previous experiments in this work, we used the gellan composition
of 0.5 wt% with 100% of its low acyl (LA) form. In this current section, a
solution alteration in the polymer chain was done, adding a new property to
the mixture with the high-acyl (HA) gellan gum form. For this, the marble
form of the composition will still be based on the low-acyl form, as shown in
table 4.4, but adding a low concentration of the high-acyl form.

As mentioned in section 4, modified gellan microcapsules (95% LA -
5% HA) were produced to resemble the 100% LA capsules both in size and
shell thickness. Table 4.6 above shows the samples produced. The idea was
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Sample Diameter [µm] Thickness [µm] t/D [%]
1 488.3 ± 10.5 44.5 ± 3.2 9.1
2 450.3 ± 18.8 34.5 ± 6.2 7.7
3 463.4 ± 29.3 20.6 ± 4.4 4.4

Table 4.6: Physical properties of gellan-based microcapsules (0.5wt%) com-
posed with 95% low-acyl and 5% high-acyl.

to produce capsules with the same physical properties as group 1 of the large
microcapsules system table 4.4 but with different chemical composition.

Preliminary viscosity and compression tests were performed in order
to compare the difference between the new gellan composition (95% LA +
5%HA) with the 100% LA. The idea was to show that structurally, for this
new composition, there are no major differences between the two and that the
difference in the results of the temperature trigger tests to evaluate the release
of actives from the new microcapsules may be related to the chemistry of its
composition and, a result that will be shown below, can influence the desired
type of application for different gellan microcapsules.

Then, before begining the temperature trigger event, we measured the
viscosity as a function of temperature. The objective was to evaluate if the
viscosity of both gellan mixtures would be different under the influence of the
heat rate increase. Figure 4.20 below shows that the behavior is the same for
both mixtures, with a slight lag at 70 ◦C. Thus, viscosity is not a determining
factor that could explain a possible behavior alteration under the temperature
trigger event for both types of gellan-based microcapsules.

Figure 4.20: Viscosity behavior as a function of temperature.

Furthermore, to investigate possible structural differences of the two
gellan mixtures, we performed compression tests on the rotational rheometer
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(model DHR-3, TA Instruments, USA). These tests were performed with gelled
gellan specimens, not with microcapsules, as shown in figure 4.21. The gelling
of the liquid gellan mixture was carried out by adding an aqueous solution of
calcium acetate (1wt%) to the mixture, to crosslink the covalent bonds formed
and thus form the crosslink bonds, then gelling the gellan mixture. Once gelled,
our specimen was ready.

Figure 4.21: Compression test on rotational rheometer (A) and examples of
gellan gelified speciemans (B).

Figure 4.22: Compression force behavior for the two types of gellan used in the
microcapsule shell.

As shown in figure 4.22 the compression test was performed for 100
seconds. The rupture of the specimen occurred in the green circles, and the
result corroborates previous studies that state that a mixture of gellan with
the high-acyl chain in its composition (95% LA + 5% HA) is weaker [4, 75].
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According to our test, it is necessary to have a lower compression force to be
able to break the specimen.

4.2.5.1
Optimum trigger temperature with high-acyl addition

As in section 4.2.3, we mirror the fixed temperature protocol in order
to find the optimal trigger temperature for this new gellan. Figure 4.23 shows
the results of the tests, with capsules of diameter 463.4 µm and t/D ratio
of 4.4%, which the ideal temperature level for the inner contents full release
is at 75◦C. Lower levels proved to be ineffective in releasing the internal
content. As with the results of section 4.2.1, the behavior was very similar
in which the higher the temperature, the faster the shell deteriorates. As we
increase the temperature level, fewer capsules remain. In addition, we have the
comparison of degradation times for this same test with the 100% LA capsules
(in black circles), and we see that the time required for the complete release
of the content is shorter for the new capsules (95%LA + 5% HA) with the
lower thickness-to-diameter ratio (D=464.4, t/D=4.4%) for this new system
of microcapsules.

Figure 4.23: Fixed temperatures protocol test for the new microcapsules system
with high acyl addition showing the evaluation of the remaining particles under
temperature inffluence.

4.2.5.2
Heat rate increase with high-acyl addition

The method used to compare both types of gellan was the heat rate
protocol, starting at OT temperature (75◦C), rising to 85◦C and ending at
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90◦C. The comparison was performed for each thickness level. It is worth
remembering that the new capsules, with the addition of high-acyl, were
produced to have the same physical properties as the "large" microcapsule
system of section 4.2.4.2. Figures 4.24 and 4.25 show the degradation evolution
under temperature trigger event in comparison to the original system of
100% LA gellan capsules. The yellow symbols represent the microcapsule
with the addition of high-acyl, while the blue symbols represent the original
microcapsule system.

Figure 4.24: Evolution of microcapsule degradation under the heat rate increase
protocol for thinner shell (D=463.4 µm, t/D=4.4%).

Figure 4.24 shows the evolution of the controlled release for the thinner
microcapsules (D=463.4 µm, t/D=4.4%). Comparing the curves, we can see
that:

– The altered gellan microcapsules were triggered faster;

– The total time required for its full release was 22.5 minutes;

– There is an indication that the altered microcapsules are more sensitive
to the heat;
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Figure 4.25: Evolution of microcapsule degradation under the heat rate increase
protocol for shells with (D=450.3 µm, t/D=7.7%).

Analyzing the release behavior, in figure 4.25, for the capsules with an
intermediate thickness-diameter ratio (D=450.3 µm, t/D=7.7%) we can see
that:

– As with the previous t/D system, the capsules continued to indicate to
be more trigger sensitive.;

– The total time required for its full release was 28 minutes;

Once again we see that the shell thickness influences the temperature
response. Even with another type of gellan in its composition, the results show
a tendency to increase the test time as there is more gellan percentage in the
microcapsule, but as we include a concentration of acetylated gellan (high-
acyl) in the composition of the shell, the overall test time is reduced compared
to deacetylated (low-acyl) gellan. So far the preliminary structure tests we
performed earlier, showing the high-acyl weakness, supports the results so far,
as they respond faster to the trigger.

Although we made tests for the thickest capsules of table 4.6 (D=463.4
µm, t/D=9.1%), technical problems made the reliability of the results unfea-
sible. Therefore, the results obtained will not be showed or compared in this
text.

4.3
Conclusions

Gellan-based microcapsules are temperature sensitive if inserted in a
medium prone to activation of the thermal trigger. The degradation time
depends on the physical and chemical properties of the substance.
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The results presented in this chapter show the complete degradation of
the samples inserted in a sodium acetate buffer (pH=4.5) in the properly sealed
kline plate. The internal phase of the particle is composed of filtered sunflower
oil and gellan makes up the shell wall of the capsule. The response was analyzed
at different temperature levels to find an optimal test temperature. The results
show that physical characteristics changed the release dynamics. Microcapsules
with larger size and thickness-diameter ratios require more time to deliver all
the encapsulated content.

To accelerate the release, the heat rate increase protocol was imple-
mented. The behavior during testing was similar. However, the testing time
has been greatly reduced. The percentage of time reduction increased as the
shell thickness increased. Higher amounts of gellan in the shell were shown to
be more sensitive to the temperature trigger.

In addition, we have also explored the effect of the gellan gum composi-
tion in the shell. We added to the mix a chain of natural high-acyl gellan, which
is structurally weaker but with elastic characteristics. The results showed that
this new gellan is more sensitive to the temperature trigger leading to shorter
release time for the same temperature step.
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5
Final remarks and suggestions

This dissertation aimed to experimentally investigate the behavior of
gellan-based microcapsules under the influence of a thermal trigger event.

The gellan-gum capsules were produced by one-step double emulsion
template process using microfluidics techniques. Physical parameters of the
drops produced are directly linked to the geometry to which the fluids flow
and to the flow rates of the internal, intermediate, and external phases. In
addition to reproducing the geometry of the study of Michelon et al. [3], we
developed a second device capable of generating larger microcapsules. Thus, we
were able to produce microcapsules with different diameters and shell thickness
in order to investigate the effect of these parameters on the release dynamics.
The diameter and shell thickness of the microcapsules are key parameters that
define the release time, as the amount of gellan in the shell affects its response
to the temperature trigger event.

An operability window was mapped to evaluate at which flow rates the
best production regime - dripping - can be achieved. This evaluation showed
that the window of success is short. Two types of gellan-gum were used as
shell material: one with pure low-acyl (LA) form and another with mixture
a low-acyl and high-acyl (HA) form. Despite being crafted to have the same
physical properties, they had different operability windows in the microfluidic
production due to their chemical composition.

To carry out the controlled release testes it was necessary to build
an experimental bath capable of withstanding high temperatures and being
translucent enough so that the capsules could be viewed in real-time. The
kick-off to identify at which temperatures the gellan-based shell reacts was
through the fixed temperature protocol for both pure LA and mixtured LA-
HA solutions. The triggers started around 70◦C and, from then on, the ideal
level for the controlled release of gellan actives was evaluated under constant
temperature and we established that 75◦C was the optimal temperature to
guarantee the delivery of all gellan microcapsules inner content in a relative
short time. Then, the physical properties of the capsules separated by groups
of diameters and thickness were compared, under fixed temperature protocol
and step increase on temperature protocol. The capsules from the small system

DBD
PUC-Rio - Certificação Digital Nº 1920927/CA



Chapter 5. Final remarks and suggestions 81

(D< 250 µm) reacted to temperature with similar release times within the
"small" groups. However, the large microcapsules group (400 < D < 520 µm)
capsules presented time for delivery of their actives much larger depending
strongly on the amount of gellan presented in the capsule. Still, with the large
capsule samples, we showed that increasing the environment temperature also
increases the speed of delivery. However, the maximum working temperature
value was 90 ◦C, due to water evaporation problems. Another interesting fact
about the temperature rise protocol is evidence of the increase in delivery speed
when the thickness increases, compared to the fixed temperature protocol.

We also tested the gellan microcapsules with high-acyl addition to the
polymer chain. The results show that this addition of weaker molecules (HA)
to the gellan polymer chain increases the reaction sensitivity to environment
temperature. Release with altered gellan shell was faster than gellan with its
LA form alone.

This work showed that gellan-based microcapsules can be used to con-
trolled release of their inner content by a temperature change trigger. The time
of delivery can be controlled by the geometry of the capsules and material used
in the shell.

To continue this research in future works, some suggestions may be
considered as studying higher percentages of the HA of gellan chain in the
microcapsules shell in order to finding out how it can influence degradation. In
addition, an improvement in the visualization field with fluorescent beads in the
internal phase would be suitable to estimate the leakage during heat exchange.
Another suggestion is to change the medium in which the microcapsules are
inserted, preliminary tests with sunflower oil and pure water were not reactive
to the test, so understanding the chemical interaction involved is essential to
improve and facilitate the gellan release mechanisms. In addition, increasing
the temperature, changing the heating method, changing the bath, try another
hibrid systems with different resistances are also alternatives for future works.
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