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Abstract
In response to growing concerns regarding the impact of antimicrobial agents on the

environment and public health, a more sustainable approach to their use in products is needed.

The problem originates from rapid and uncontrolled release, leading to difficulties in

maintaining long-term efficacy. A common solution to prolong the lifetimes of materials is to

increase the dose of active substances, however, this causes significant losses, pollution, and

antimicrobial resistance development in microorganisms. A more sustainable solution would

be materials that release these substances in a controlled manner, only slightly surpassing

effective concentrations.

This thesis explores the utilization of microcapsule functionalization as a means of enabling a

controlled release of active substances from fibrous materials. Successful control requires (i) a

toolbox for tuning the release profiles from microcapsules and (ii) an effective

functionalization strategy that retains the release rate-limiting properties of the microcapsules

in the fibrous material. An improved theory for microcapsule morphology prediction

following internal phase separation was first established, incorporating the importance of both

thermodynamically controlled intermediate morphologies and the kinetics of formation. This

allowed for improved morphology control during formulation, facilitating the development of

microcapsule formulations capable of achieving both immediate release in response to pH

changes and UV light exposure, as well as sustained long-term release over several weeks to

months. A method for functionalizing wet-spun and solution-blown biobased polysaccharide

fibers with these microcapsules was consequently developed and evaluated. The

microcapsules were embedded within the fibers, retaining their rate-limiting properties and

demonstrating the potential for creating a macroscopic controlled release material.

As a proof of concept, a prototype material was evaluated for long-term microbial infection

control. In this material, microcapsules loaded with the antimicrobial agent octenidine

dihydrochloride (OCT) were incorporated into a cellulose nonwoven textile. In vitro

experiments confirmed that the sustained OCT release from the material prototype effectively

provided long-term infection control against S. aureus for more than one week. In contrast, a

control material loaded using conventional impregnation lost its antimicrobial efficacy after

just 30 minutes. This highlights the possibilities associated with controlled release of actives,

not only for infection control but also a wider range of applications.

Keywords: Microencapsulation, controlled release, antimicrobial.
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1
Introduction

Combating the growth of unwanted (micro)organisms has been a concern for humanity

throughout history. Records dating back almost 4,000 years show evidence of using natural

products with inherent antimicrobial properties in wound care, even though the world of

microorganisms was not yet known at the time, to reduce bacterial infection [1]. Records from

the same time also show that attaching sheets of metals such as copper and lead to wooden

ship hulls was known to protect from marine fouling organisms [2]. Since the beginning of the

20th century, increasingly potent active substances for (micro)organism growth control have

been discovered and commercialized. Some discoveries have significantly improved our

quality of life. Penicillin, discovered in the 1920s, revolutionized healthcare by providing a

novel means to combat pathogenic bacteria [3]. Other discoveries have, however, been

associated with severe adverse effects. One such example is tributyltin, which found an

application in antifouling paint for ship hulls in the 1960s [4]. While being extremely efficient

at preventing fouling caused by marine species, it is also highly toxic to many non-target

aquatic species which led to the collapse of marine ecosystems [5] and a subsequent total ban

on its usage. These contrasting examples highlight the importance of responsible and

sustainable development to avoid unintended environmental and ecological

consequences.

The discovery of effective biocidal substances has led to widespread use in products today.

Consequently, there is an alarming overuse in applications ranging from agriculture and

aquaculture to the healthcare sector. Focusing on antimicrobial substances, microorganisms

are continuously exposed to sub-effective doses as a result of their broad use. This has been

connected with inducing the development of antimicrobial resistance (AMR) in certain strains

of microorganisms [6]. Today, it is estimated that such resistant strains of bacteria cause

700,000 deaths per year. Without intervention, this number could increase to 10 million

deaths by year 2050 [7]. As highlighted in the European Commission Zero Pollution Action

Plan 2021 [8], there is consequently a need to minimize the use of these active substances.

This is vital not only for reducing AMR development but also due to concerns regarding
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CHAPTER 1. INTRODUCTION

potentially synergistic effects of the complex cocktail of antimicrobial agents present in the

environment that could increase their toxicity [9].

At the same time, the need and desire to control microbial growth remains constant. Simply

reducing the loading of antimicrobial agents in commercial products relying on their release

today would significantly shorten functional lifetimes. By extension, this would lead to

unsustainable material use with a need to discard and replace the products more frequently.

Enabling a long functional lifetime necessitates maintaining the concentration of active

substance above a certain effective concentration. A common approach for achieving

prolonged functional lifetimes is to simply increase the dose of active substance in the

material. This action does slightly increase the functional lifetime, although it leads to

extensive pollution since everything released beyond the effective concentration is simply lost.

This is the origin of the problem of significant antimicrobial overuse, highlighting the balance

required for sustainable and effective microbial growth control. Moreover, if the products are

used beyond their functional lifetimes, antimicrobial agents are still released at low

concentrations below the effective concentration which drives AMR development [6]. Instead,

the preferable solution is one where the release rate can be tuned to precisely release the

amount needed to maintain the effective concentration over a long time. This can be realized

by designing a controlled release profile that is slow and sustained.

Microencapsulation, which emerged in the 1930s, has proven to be an excellent strategy for

achieving controlled release of actives [10]. Micron-sized particles provide a barrier, often

of polymeric nature, that adds two main functionalities. Firstly, they protect sensitive actives

from their surroundings. Many modern antimicrobial agents are designed to be biodegradable

as mitigation of the issues concerning pollution and non-target toxicity. However, this can also

add a demand for protection during storage and prior to release from materials. Secondly, they

act as a rate-limiting barrier for release. The release can be either slow and sustained [11],

or triggered [12] to instantaneously release the entire dose in response to external stimuli.

This means that the release can be precisely controlled both in terms of how fast the actives

are released, and when they are released. By precisely controlling the release rate, the dose

of actives could be decreased with maintained functionality as a consequence of decreased

losses.

To enhance the widespread applicability of microcapsules, it is often necessary to immobilize

them within a matrix, creating a macroscopic material that enables a controlled release rather

than a dispersion in a liquid. This has previously been successfully employed, for instance in

antifouling coatings, where dispersing the microcapsules in the wet paint formulation is

relatively straightforward [13]. After drying, the microcapsules thus become embedded within

the coating. Another growing product segment that could greatly benefit from microcapsule

functionalization is functional fiber materials. This product segment has been the focus of this

thesis. Here, applications in wound care are easily conceived for long-term delivery of for
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example antimicrobial agents. Over the past decades, advanced wound dressings have been

innovated and commercialized to facilitate wound healing. By further extending the

functional antimicrobial lifetime of these wound dressings, both patient discomfort and labor

costs associated with dressing changes could be reduced. Products such as implants and

materials for tissue engineering, as well as textiles for agriculture or aquaculture, are

additional applications where microcapsule-functionalized textiles could add additional

benefits [14].

Finally, the emphasis is not solely on enhancing product performance but also on doing so in a

sustainable manner. In the case of fibrous materials, there is an increasing desire to replace

fossil-based raw materials with bio-based, renewable, and biodegradable alternatives.

Currently, synthetic fibers constitute 66% of the total market share in fiber production, while

biobased regenerated fibers account for just 6% [15]. Given the abundance of cellulose as a

feedstock [16] there exists significant potential for advancing the production of

high-performance biobased textiles.

1.1 Purpose and Objectives
In this work, a versatile concept for microcapsule-functionalization of fibrous materials has

been developed. To demonstrate a working example of the developed material concept, an

application in wound care with the purpose of long-term infection control was studied.

Consequently, functionalization to enable a controlled release of an antimicrobial agent has

been the main focus of this work. To reach the desired release rate of actives, a variety of

controlled release strategies in combination may be required. Initially, a sufficiently large dose

needs to be rapidly released to reach effective concentrations. Following this, a slow and

sustained release is required to maintain long-term efficacy. To obtain this desired release

profile by microencapsulation, different formulations must be developed to work in unison.

An initially triggered release formulation can rapidly increase the concentration of actives

above the effective concentration upon exposure to external stimuli. A sustained release

formulation can then maintain the concentration above the effective concentration to enable a

long-term effect.

The objectives of this work were therefore divided into three parts: (i) developing a toolbox of

different controlled release profiles from microcapsules, (ii) creating a macroscopic biobased

material with an effective microcapsule functionalization, and (iii) evaluating the material

concept in vitro for long-term infection control.

(i) In Paper I the microcapsule formulation itself was studied, identifying key parameters

for control of the microcapsule morphology. With this knowledge, microcapsules

capable of an instantaneous triggered release upon exposure to pH changes and light

stimuli, respectively, were formulated in Paper II and Paper III. A subsequent sustained
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CHAPTER 1. INTRODUCTION

release formulation was then developed for a slow and continuous release of a cationic

antimicrobial agent in Paper IV. For all of these microcapsule systems, the mechanisms

responsible for both a successful encapsulation and release were identified. Release

models were also developed to describe the release and enable a predictable release.

(ii) A range of different fibers made from biobased polysaccharides and functionalized with

microcapsules were developed in Paper V. The rate limiting release of a model substance

from cellulose-based microcapsule-functionalized nonwovens was studied in Paper VI.

(iii) Finally, by functionalizing the materials prepared in Paper V with the antimicrobial-

loaded microcapsules from Paper IV, the sustained antimicrobial effect of this material

was evaluated in Paper VII.
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2
Functionalized Textile Materials

The growing product segment of high-performance functionalized textiles utilizes

functionalities beyond traditional decorative or protective properties. A wide range of these

functionalized textile materials have been innovated for a variety of applications, such as

scented or thermoregulating fibers [17]. For natural fibers such as cotton, common

functionalization methods involve applying a surface coating or modifying the fiber’s

chemical structure [18, 19]. While adding versatility in the functionalization, such coatings on

fibers can suffer from inadequate mechanical strength and long-term stability [20]. This leads

to the search for alternative functionalization strategies. Greater functionalization freedom can

be granted for regenerated or synthetic fibers via the ability to employ complex spinning

techniques, such as producing fibers with a core-sheath morphology [21].

Focusing on functional textiles providing a controlled release of active substances,

microcapsule functionalization is a promising avenue for providing versatile release

properties. By making the microcapsules in a composite fibrous material entirely release

rate-determining, the release properties of the microcapsules can be completely decoupled

from the fiber matrix. This allows for significantly improved predictability of the release

properties. Altering the release rate of such a system only requires modifications to the

microcapsule formulation, not the macroscopic fiber matrix itself. Recent work on

microcapsule functionalization is limited and has mainly involved various surface

post-treatments of already prepared fibrous materials [22, 23] with the issues and limitations

described above.

Colloid electrospinning has previously been investigated for producing nonwoven fibrous

materials* functionalized with both organic and inorganic nanoparticles dispersed in the fiber

bulk [24]. However, the release from these nanoparticles is generally faster than from

microcapsules due to shorter diffusional pathways. This is especially true for inorganic

*Nonwovens are fibrous materials where the individual fibers are for example physically entangled or chemically

bonded, resulting in a random three-dimensional fiber orientation as compared to the structured orientation of

woven or knitted materials.
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CHAPTER 2. FUNCTIONALIZED TEXTILE MATERIALS

nanoparticles, such as mesoporous silica nanoparticles, where the actives are only adsorbed to

the surfaces of the porous particles. For such a case, the nanoparticles can delay the release

slightly but not act as a truly rate-limiting step. In this work, microcapsule functionalization of

the fiber bulk was instead developed due to the superior release rate-limiting properties of

microcapsules.

2.1 Antimicrobial Wound Dressings
When the skin is injured, a cascade of biological processes is set in motion. Initially, the focus

is on stopping bleeding, followed by an inflammatory phase that helps remove pathogens. The

third stage involves the formation of a new matrix to cover and start rebuilding the wound. In

the final stage, this rapidly formed matrix undergoes remodeling and strengthening [25].

However, this progression can be disturbed in certain wounds. A so-called chronic wound

remains in the inflammatory phase and does not progress to the subsequent proliferation

phase [26]. Several risk factors contribute to the prevalence of chronic wounds, including

conditions such as diabetes mellitus, as well as factors such as aging, overweight, and

smoking [27]. However, our current understanding of the intricate processes that drive the

transition from inflammation to proliferation in chronic wound healing remains limited. This

poses a significant challenge in achieving successful healing within today’s healthcare

sector.

One well-established factor for the successful healing of chronic wounds is preventing

microbial colonization [28]. All wounds, especially those showing delayed healing, are prone

to microbial infection and bacterial biofilms can be found in most chronic wounds [29].

Hence, strategies for controlling microbial growth are essential in wound care products aimed

at chronic or other hard-to-heal wounds. In commercially available products, several solutions

to infection control can be found. The most common involves impregnating the wound

dressings with antimicrobial agents, for example silver salts [30], that are subsequently

released into the wound bed. However, this approach often lacks control over the release rate

of antimicrobial agents, making it challenging to predict and manage their functional lifetimes

and potentially resulting in ambiguous efficacy. Concerns have also been raised regarding the

development of microbial resistance and potentially toxic side effects associated with

common antimicrobial agents, such as silver [31, 32]. To avoid resistance development,

alternate solutions relying on for example hydrophobic coatings that bind and immobilize

microorganisms [33] have been commercialized, but their efficacy has also recently been

questioned [34].

New strategies are therefore required for infection control in chronic wounds, both in terms of

the choice of active substance and how a successful functionalization of the fibrous material in a

wound dressing can be achieved. Cationic antimicrobial agents, such as quaternary ammonium

compounds (QACs) [35], are one group of possible alternative substances. Despite being in use
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for almost a century, the mechanism by which QACs exert their antimicrobial effect is not fully

understood. However, it is based on electrostatic interaction between the cationic QAC and

anionic phospholipids in the bacterial cell envelope. The QACs, often amphiphilic in nature,

integrate into and disrupt the membrane, causing cell lysis [36, 37]. Common formulations of

QACs today are aqueous solutions used as surface disinfectants, an application that became

increasingly important during the COVID-19 pandemic.

In the development of QAC-functionalized antimicrobial materials, two main inactivation

mechanisms are being studied: contact-killing and release-killing [38]. Contact-killing

materials are substrates that are surface-functionalized with molecules bearing quaternary

ammonium groups [39]. This approach has gained popularity due to the potential to enable

long-term protection since it does not rely on the release of a finite amount of the

antimicrobial agent. Instead, the antimicrobial effect is exerted once the colonizing

microorganisms come within close proximity of the fiber surface. However, as a result of this,

its effect may be limited in deep wounds and against bacterial biofilms. Additionally, fouling

caused by the adhesion of microorganisms or solutes in wound exudate onto the

functionalized surface must be minimized to maintain the antibacterial effect [40].

On the other hand, release-killing materials rely on releasing a sufficient amount of

antimicrobial agent into the wound bed to exceed a certain effective concentration. Ideally,

this effective concentration is only slightly exceeded over the entire functional lifetime to

minimize losses. A potent antimicrobial agent with a low effective concentration, coupled

with a slow and controlled sustained release, offers the potential for long-lasting antimicrobial

protection without the fouling-associated risks of contact-killing surfaces. Octenidine

dihydrochloride (OCT) is one such effective cationic antimicrobial agent [41] used in Paper

IV and Paper VII. This substance displays a broad-spectrum activity with effective

concentrations in the range of milligrams per liter against both gram-positive and

gram-negative bacteria [42, 43].

2.2 Release Profiles

Figure 2.1: Piece of nonwoven

material in a liquid volume

containing bacteria.

Maintaining a bulk concentration (cb) above the effective

concentration in the bulk of for example the exudate of a

wound bed using a release-killing material involves a mass

balance between two processes: the controlled release of

the active substance (ṁin) and its removal through processes

like sorption into the body or uptake by microorganisms

(ṁout). This concept is illustrated schematically for a piece of

nonwoven material immersed in a liquid volume containing

bacteria in Figure 2.1. The net flux ṁ(t) can in such an

7



CHAPTER 2. FUNCTIONALIZED TEXTILE MATERIALS

example be expressed as

ṁ(t) = ṁin(t)− ṁout(t). (2.1)

Assuming a constant ṁout(t), a critical surface flux from the controlled release material can be

defined below which the effective concentration is no longer maintained. This is illustrated

in Figure 2.2a for two different cases of uncontrolled and controlled release, respectively.

Anything released above the critical surface flux (shaded in green in Figure 2.2a) is, however,

simply lost and may be potentially harmful. The point at which the flux falls below the critical

flux defines the functional lifetime of the material (shaded in red in Figure 2.2a). Beyond this

point, the antimicrobial efficacy is lost. Additionally, this is the region where the additional

risk of driving antimicrobial resistance becomes significant [6, 44].

In practice, release is typically measured and expressed as the cumulative released amount,

m(t) =
∫ t

0
ṁ(t)dt, (2.2)

and normalized to the total loading mtot to yield a fractional (cumulative) release m(t)/mtot. The

release profiles corresponding to those in Figure 2.2a are expressed based on their fractional

release in Figure 2.2b. Also note the conversion to a logarithmic time axis in Figure 2.2b to

capture release events both on the time scale of seconds and days or months.

Figure 2.2: Release of an active substance from a material expressed in terms of a) flux at the material’s

surface and b) amount released into a bulk medium. Only above the critical surface flux is the

antimicrobial effect maintained as shown in green. The legend is valid for both subfigures.
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3
Microcapsule Formulation

One of the first large-scale commercial applications of microcapsules for controlled release of

actives was carbonless copy paper in the 1950s, where a dye was encapsulated and its release

triggered by mechanical force upon use. Today, one of the most common applications is the

controlled delivery of pharmaceuticals, where the formulations are tailored to enable desirable

and predictable release profiles [45–47]. Other applications of relevance for microcapsule

formulations are e.g. antifouling [48] and self-healing [49, 50] coatings, food additives [51],

and antimicrobial wound dressings [52]. The use of microcapsules is, however, not limited to

the controlled release of actives. They can also be used to protect the encapsulated actives from

their surroundings or confine them in space for applications like electronic paper displays [53],

sensors [54] and microreactors [55].

There is not only a wide range of applications for microcapsules but also a wide range of

methods for their formulation. Focusing on microcapsules with polymeric shells, which is the

only type considered in this thesis, there are two main categories into which these formulation

routes can be divided: chemical and physical methods [56]. In the chemical methods, the

microcapsule shell is formed in situ by e.g. interfacial polymerization of oil-in-water

emulsions [10]. The physical methods instead rely on the use of pre-formed polymers, in

processes based on for example coacervation of a polymer-rich phase or layer-by-layer

assembly of polyelectrolytes.

Throughout this work, the process of internal phase separation by solvent evaporation has

been employed for formulating microcapsules. This is a coacervation-based physical method

for formulating microcapsules that was first developed by Loxley and Vincent [57]. In this

thesis work, it has been used because of its robustness and versatility, allowing for precise

control of the microcapsule shell thickness. Since the shell polymer is synthesized

beforehand, it can be synthesized according to well-established protocols which results in an

excellent control of the physicochemical properties of the microcapsule shell. Second, it can

be used for encapsulating sensitive active substances. Following the chemical methods based

on in situ polymerization, there is a risk of side reactions between reactive monomers and the

9



CHAPTER 3. MICROCAPSULE FORMULATION

active substance occurring. On the other hand, the physical methods require the shell material

to be dissolved in an appropriate solvent. This limits the applicability of e.g. crosslinked

polymers that are routinely produced following interfacial polymerization [58]. Additionally,

formulation by internal phase separation is most suitable for microcapsules with hydrophobic

oil cores, although it has been expanded by Atkin et al. [59] for formulating aqueous core

microcapsules. If aqueous core microcapsules are desired, alternate physical routes such as

those based on multiple emulsifications are instead often preferred [60, 61].

3.1 Internal Phase Separation
The principle of formulating microcapsules following internal phase separation by solvent

evaporation is shown schematically in Figure 3.1. Here, the shell and core materials of the

microcapsules along with any active substances are initially dissolved in a volatile organic

solvent (e.g. dichloromethane, chloroform, or ethyl acetate [62]). There are three main

properties that the organic solvent must possess in this process: (i) a capability of molecularly

dissolving all microcapsule components, (ii) a low aqueous solubility, and (iii) a sufficient

volatility.

This formed oil phase is then dispersed into an aqueous phase containing a dispersant (for

example poly(vinyl alcohol) or poly(methacrylic acid)) under high-speed shearing to form an

oil-in-water emulsion. After dilution of the formed emulsion, it is left under gentle magnetic

stirring for the volatile solvent to evaporate. During this process, the organic solvent is

transported from the emulsion droplet via the aqueous phase to the air-water interface where

evaporation occurs. Consequently, the evaporation rate is governed by both the aqueous

Figure 3.1: Schematic illustration of the formulation procedure for producing microcapsules.
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solubility of the organic solvent* and the air-water surface area available for evaporation. As

the volatile solvent evaporates, the organic phase inside the emulsion droplets will reach a

point where internal phase separation occurs to form a two-phase system. If the microcapsule

components are correctly balanced, as discussed later, the outcome will be microcapsules of

core-shell morphology. By tuning the pressure at which the evaporation is performed, the

evaporation rate can be further controlled. If the rate of evaporation is rapid, by e.g. rotary

evaporation at reduced pressure, an increase in microporosity has previously been observed

which led to an increased diffusivity and release rate of the encapsulated active [63]. The

presented methodology can also be used in the formulation of monolithic microsphere

particles, with the only modification being that the core material is replaced with an equal

amount of shell material.

3.1.1 Morphologies
The internal phase separation process can result in a wide range of microparticle

morphologies, some of which are presented in Figure 3.2. Focusing on the multicompartment

microparticles, their formed morphology is determined by the strive to minimize the

interfacial energies of the system. The wide range of possible morphologies thus calls for a

model to predict the morphological outcome in a formulation of two or more mutually

insoluble microcapsule components. Thermodynamical models for morphology prediction of

microcapsules prepared by internal phase separation have been developed based on the

spreading coefficients of the different phases. Torza and Mason [64] developed this concept

for determining the morphologies in a system of three immiscible liquids. Both Sundberg et

al. [65] as well as Loxley and Vincent [57] later expanded this concept further to also predict

the morphologies in three-phase systems containing a solid polymer phase as in the case of a

microcapsule. The spreading coefficient Si for phase i in a system of three immiscible phases

i, j, and k can be calculated from the three different interfacial tensions (γab) between the

phases in the system,

Si = γ jk − (γi j + γik). (3.1)

For a typical two-phase system, spreading coefficients for the following three phases must be

considered: the oil phase (So), the aqueous phase (Sw), and the polymer phase (Sp). Four

different conditions for these combinations of spreading coefficients can be defined, as shown

by Equations 3.2 - 3.5, each predicting a discrete morphology.

So < 0; Sw < 0; Sp > 0 (3.2)

So < 0; Sw < 0; Sp < 0 (3.3)

So < 0; Sw > 0; Sp < 0 (3.4)

So > 0; Sw < 0; Sp < 0 (3.5)

*The aqueous solubility of dichloromethane is 18 g/L.
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Only when the conditions in Equation 3.2 are fulfilled will the system adopt a core-shell

morphology (Figure 3.2b). An acorn morphology (Figure 3.2c) will form if the conditions in

Equation 3.3 are fulfilled, and the conditions in Equation 3.4 will lead to complete droplet

separation (Figure 3.2d). If γow < γpw the conditions in Equation 3.5 can be fulfilled, leading

to the formation of an inverted core-shell morphology (Figure 3.2e). In addition to these

thermodynamically predicted morphologies, there are several other morphologies found in the

literature, some of which are shown in Figure 3.2, that cannot be predicted by this model. As

an example, both the blueberry and muticore microcapsules in Figure 3.2b1-b2 fall under the

core-shell prediction, even though their morphologies are vastly different. As a consequence,

several – occasionally conflicting – purely thermodynamic or pseudo-kinetic theories have

been presented in the literature [66–68]. Recently, machine learning algorithms have also

been developed to improve the accuracy of morphology prediction [69]. While increasing the

accuracy of the prediction, those models based on machine learning often do not give a

fundamental understanding of the factors affecting the formulation and morphological

outcome. In Paper I, the thermodynamic model based on spreading coefficients described

above was instead expanded by considering the entire microcapsule formation pathway.

During the solvent evaporation process, the interfacial tensions are continuously changing as a

result of the changing phase compositions. Rather than only considering the spreading

coefficients of the final state, the entire formulation was considered by defining

time-dependent spreading coefficients to introduce the kinetics of formation as a parameter of

importance. This process and its evolution was further described by the formation pathway in

a ternary system of the coacervating emulsion droplets.

It is important to note that the role of the polymer phase is significantly different in a

monolithic microcapsule compared to a core-shell microcapsule. Consequently, the choice of

morphology imparts its own requirements on the polymer phase. In monolithic microcapsules,

accommodating a large amount of active dispersed in the polymer matrix is an important

figure of merit. A high initial loading in the microcapsules leads to a more sustainable and

resource-efficient material use. The opposite, i.e. a low solubility of the active in the polymer,

is desired in the case of a core-shell particle to reduce the flux of the active through the shell.

Combining this with a core where the solubility of the active is high leads to a case of both

slow release and high encapsulation capacity.

3.1.2 Interfacial Tensions and the van Oss Formalism
To predict the morphologies of the formulated microcapsules, knowledge regarding the

interfacial tensions of the system is required. Additionally, as hypothesized in Paper I, not

only the final microcapsule state but also the interfacial tensions in its intermediate states

during formation are important. The interfacial tension between two liquid phases can be

readily measured directly by the pendant drop technique [70]. The curvature of a pendant

droplet hanging from the tip of a needle depends on the interfacial tension between the droplet
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Figure 3.2: Schematic illustration of a selection of possible microparticle morphologies: a) homogeneous

microsphere, b) core-shell particle, b1) blueberry-type particle and b2) multicore particle, c) acorn
particle, c1) raspberry-type particle, d) complete droplet separation, and e) inverted core-shell. The solid

polymer phase is represented in blue, and the liquid oil phase is shown in red.

and the surrounding medium, among other factors. The interfacial tension for such a pendant

drop is defined as

γ =
ΔρgR0

β
(3.6)

where Δρ is the density difference between the droplet and its surrounding medium, g is the

gravitational acceleration, R0 is the curvature radius at the droplet apex, and β is a shape

factor.

The surface free energy of a solid polymer in contact with a liquid or gaseous phase cannot be

measured directly. Instead, indirect methods are required. Van Oss and coworkers [71]

developed a method for determining the surface energy of a solid polymer phase, based on

measuring the contact angles of several well-known test liquids on the substrate of interest.

Any surface tension or surface free energy (γ tot
i ) for a given liquid or solid i can be divided

into Lifshitz-van der Waals (LW) and Lewis acid-base (AB) interactions, Equation 3.7. The

acid-base interactions can be further divided into electron acceptor (γ+i ) and electron donor

(γ−i ) interactions according to Equation 3.8. Following the formalism by van Oss, the contact

angles (θ ) of several known test liquids are measured on the studied solid substrate. By

nonlinear regression, the polymer surface energy γ tot
S can be determined through

Equations 3.7 - 3.9. By finally measuring the contact angles of the liquids of interest on the
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polymer surface, their interfacial tensions can be determined through Equation 3.10, knowing

both the surface tension of the liquid of interest (γ tot
L ) and the surface energy of the

polymer.

γ tot
i = γLW

i + γAB
i (3.7)

γAB
i = 2

√
γ+i γ−i (3.8)

1+ cos(θ)γ tot
L = 2

[(
γLW

S γLW
L

)1/2
+
(
γ+S γ−L

)1/2
+
(
γ−S γ+L

)1/2
]

(3.9)

γ tot
S = γSL + γ tot

L cos(θ) (3.10)

3.2 Release Mechanisms
Following successful encapsulation into microcapsules of the desired morphology, there are

several possible routes by which an encapsulated active can be released. Two main forms of

controlled release exist as mentioned previously: triggered and sustained release. The

microcapsules can be formulated to respond to external stimuli, giving the possibility of

releasing all of the encapsulated material instantaneously in a controlled manner.

Alternatively, the release can be slow and sustained, and controlled by for example a restricted

and rate-limiting diffusivity of the actives through the microcapsule shell.

3.2.1 Stimuli-responsiveness
A plethora of stimuli-responsive microcapsules have been formulated that upon exposure to

external stimuli release the encapsulated material. These triggering events include changes in

pH or temperature and exposure to light of specific wavelengths among others [12]. Upon

exposure to the stimulus, the most common release mechanism is an induced

depolymerization of the microcapsule shell. However, a rapid release on the time-scale of

seconds is more uncommon. In this thesis, two different polymeric shells – sensitive to

pH-changes and UV-light, respectively – as shown in Figure 3.3a-b have been used for

formulating core-shell microcapsules capable of achieving an instantaneous release of the

encapsulated species.

Figure 3.3: Molecular structures of a) poly(bis(2-carboxylphenyl)-adipate), b) polyphthalaldehyde, and

c) poly(D,L-lactic-co-glycolic acid).
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Polyanhydrides have gained significant attention for the delivery of actives [72–74]. Both

aliphatic and aromatic repeating units have been employed as a tool to control properties

such as the crystallinity, glass transition temperature, and hydrophobicity of the polymer.

The poly(bis(2-carboxylphenyl)-adipate) shown in Figure 3.3a was developed by Uhrich and

coworkers and its synthesis and properties have since then been extensively studied [75–78].

The polymer is highly pH-sensitive as a consequence of the presence of anhydride groups

along the backbone that are readily hydrolyzed at alkaline pH. Utilizing this sensitivity, pH-

responsive microcapsules were formulated in Paper II. The pH of healthy skin is normally

slightly acidic, whereas it in chronic wounds normally is slightly alkaline [79, 80]. This shift

in pH could be utilized as a basis for triggering the release of antimicrobial agents selectively

in chronic wounds using poly(bis(2-carboxylphenyl)-adipate) microcapsules. Previously, this

polyanhydride has mostly been used as the main component in macroscopic, millimeter-sized

devices, such as implants [75, 81]. Because of their size, these devices typically degrade

over a period of weeks to months. The original use of the polymer was as a depot for long-

term delivery of the anti-inflammatory salicylic acid, one of the monomers in the repeating

unit.

Polyphthalaldehyde (PPA, shown in Figure 3.3b) was first synthesized by Aso and Tagami in

the 1960s [82], and it later found an application as a positive photoresist material in

lithography [83, 84]. Its application in microencapsulation is, however, limited to only a

handful of recent publications [66, 85, 86]. Here, either the inherent acid-sensitivity of

polyphthalaldehyde or a fluoride-sensitive end cap has been utilized to trigger release. Upon

chain scission or removal of the sensitive end-cap, the polymer rapidly reverts to its

monomeric constituents. This is enabled by the low ceiling temperature† of

polyphthalaldehyde of -40 °C [88]. In Paper III the UV light-sensitivity of polyphthalaldehyde

was utilized. Using light to trigger release can have notable benefits as it does not necessitate

altering the properties of the surrounding medium, such as pH or temperature. Consequently,

this approach enables the potential for a fully remote triggering mechanism.

3.2.2 Diffusion and Erosion
Small molecules, such as biocides or antibacterial agents, readily diffuse within soft materials.

In a dense polymer shell of a microcapsule, the diffusivity can be highly restricted and is

controlled both by the free volume inside the polymer matrix as well as parameters like its

porosity and tortuosity [11, 63]. This leads to slow diffusion-controlled mass transport of the

encapsulated active, and consequently a sustained release. To further restrict the mass

transport of hydrophobic actives from the microcapsules, surface modification by

polyelectrolyte multilayer assemblies can be employed [13]. Despite a thickness on the

nanometer scale, this highly charged and polar environment can drastically reduce the

†The temperature at which the depolymerization rate is equal to the polymerization rate, i.e., a measure of the

tendency for the polymer to revert to its monomeric form [87].
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permeability of actives and act as an additional release barrier. In Paper IV and Paper VII,

specific interactions were instead utilized as a means of restricting the diffusivity further. An

electrostatic binding between the active and microcapsule matrix led to a drastically restricted

diffusivity within the microcapsule, and a significantly reduced release rate.

In addition to a diffusive release, erosion of the microcapsule may also cause a sustained

release of encapsulated actives. Biobased aliphatic polyesters, such as

poly(D,L-lactic-co-glycolic acid) (PLGA) in Figure 3.3c, have attracted popularity as

microcapsule matrices in pharmaceutical settings [89, 90]. They are biodegradable by

hydrolysis of the ester groups along the backbone, degrade into safe degradation products, and

can be produced from renewable resources, all of which are attractive

properties [91, 92].

Compared to the stimuli-responsive polymers described above, this hydrolytic degradation is

significantly slower. By tuning the lactic-to-glycolic ratio and molecular weight of the

polylactides, their hydrolytic degradation can be controlled on the time scale of weeks to

several months [93]. A key property of the polylactide microcapsules is that they are

hydrolyzed by bulk erosion due to significant swelling of the matrix by water [94]. As the

matrix degrades, water-filled pores form inside the microcapsules. More carboxylate groups

are progressively formed, leading to increasing acidity in the matrix which further catalyzes

and increases the degradation rate in an autocatalytic manner [95]. This phenomenon and its

implications on the release of actives has been studied further in detail by both Gu et al. [96]

and Gasmi et al. [97] with the help of microscopic analysis of individual particles. In these

systems, the release of actives is therefore not only limited by diffusion through the polymer

matrix. The actives can additionally be released via diffusion through water-filled pores or

osmosis-driven convection [93].

16



4
Exploring the Properties of

Microcapsules and Fibers

Insight into the microscale world is a fundamental prerequisite to both microcapsule

formulation and subsequent functionalization of fibers. In this section, the central analysis

techniques employed in this work are presented. The morphology of microcapsules and the

microstructure of fibrous materials are two of the most important puzzle pieces to describe the

properties of the materials in this work. Consequently, accurate visualization is important, for

which a range of microscopy techniques have been used. To further understand the

encapsulation and controlled release of actives, specific interactions between the microcapsule

matrix and the encapsulated active have been characterized using Fourier transform infrared

spectroscopy.

Beyond characterization, understanding the release properties is crucial for assessing

functionality. This section not only outlines the methodology for measuring release from both

microcapsules and fibrous materials but also highlights key considerations for ensuring

high-quality release data. Additionally, the introduction of release models facilitates improved

material understanding from the extraction of parameters related to the release of actives, such

as diffusivity or microcapsule degradation rate constants. This can in turn be used to predict

and control the material’s performance.

4.1 Morphology and Structure
Optical microscopy is a powerful tool for studying the morphology and microstructure of both

microcapsules and fibrous materials. Unlike scanning electron microscopy, optical

microscopy offers a non-invasive approach that allows for observations of specimens in their

natural, often aqueous, environment. Consequently, any artifacts caused by sample

preparation for analysis can be minimized. Moreover, microscopy allows for selective staining
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using dyes (chromophores or fluorophores) that can aid in the identification of distinct phases,

such as individual microcapsule compartments, within a sample.

4.1.1 Wide-field Microscopy
The simplest form of microscopy is performed by illuminating the entire sample with white

light. Any light that is transmitted through the sample is magnified and focused by a

combination of lenses, after which the transmitted image is recorded by a camera. To achieve

an even illumination over the entire field of view and keep the light source out of the captured

image, so-called Köhler illumination [98] was developed. Any attenuation by the sample

gives rise to the observed contrast between a white background and a dark sample [99].

Hence, this technique is normally named brightfield microscopy.

A common problem with brightfield microscopy is the lack of contrast in several – especially

biological – samples where the difference in refractive index between subject and background is

low, which leads to low attenuation by the sample. Multiple approaches have been developed

for improving this, such as the use of special contrast-enhancing techniques like differential

interference contrast [99]. As the name suggests, it is based on the interference between two

beams of light that pass through the sample. Before reaching the sample, the illuminating

light is split into two beams of orthogonally polarized light that pass the sample within close

proximity of each other. Any differences in refractive index or sample thickness encountered

by the two beams will cause a phase shift. After passing the sample, the beams are recombined

into the same polarization and any interference between them gives rise to the observed changes

in intensity.

To further enhance the contrast or allow for differentiation between phases, fluorescent dyes

may be used. This way, it is possible to selectively stain for example the core and shell of a

microcapsule separately for structure elucidation [68]. To utilize fluorophores in a microscope,

several modifications are required from the brightfield illumination described previously [99].

Rather than illuminating the sample with white light (the full visible wavelength spectrum),

only a narrow interval of wavelengths is used and chosen to excite the selected fluorophore

to higher energy levels. When the molecule returns to the ground state, light of a slightly

longer wavelength can be emitted. This is the light that is observed and recorded in the

microscope. Not all of the incident light is absorbed by the fluorophores and re-emitted as

fluorescence. Parts of the excitation light may be scattered by the sample. In addition, not

all of the light that is absorbed by the fluorophores gives rise to fluorescence. The quantum
yield is defined as the ratio between the number of absorbed and emitted photons and gives a

measure of the brightness of emission [100]. To only detect the emission light originating from

the fluorophore, and not the much brighter reflected excitation light, a combination of filters is

required so that only the emitted light is allowed to pass to the detector.
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Figure 4.1: Micrographs of polyanhydride microcapsules from Paper II visualized by a) optical

(brightfield illumination) and b) fluorescence microscopy. The scale bar is valid for both subfigures.

Figure 4.1 illustrates the characterization benefits of using fluorescence microscopy for the

multicore polyanhydride microcapsules formulated and studied in Paper II. The shell-forming

polyanhydride is autofluorescent (green) and the core has been stained with the hydrophobic

substance pyrene (blue). This allows for detailed elucidation of complex – in this case

multicore – microcapsule morphologies.

4.1.2 Confocal Laser Scanning Microscopy
A large amount of light is captured in wide-field microscopy, which leads to short acquisition

times that are beneficial when for example studying moving objects. However, this can also

result in poor contrast due to the collection of out-of-focus light. To address this issue, confocal

laser scanning microscopy (CLSM) was developed [99]. By allowing the light to pass through

a small pinhole before it reaches the detector, any out-of-focus light can be effectively filtered

out. To generate a complete two-dimensional image, the light is scanned point by point across

the image, and the intensity of emitted light from the focal plane at each point in the sample is

recorded. Although CLSM is an inherently slower technique that requires more light, it offers

increased contrast and resolution in the acquired images.

By only recording a thin slice of the sample, an additional possibility in structure visualization

is given. Through the acquisition of two-dimensional images at multiple adjacent focal planes,

these can be combined in post-processing to produce a three-dimensional representation of the

sample. This is demonstrated in Figure 4.2 where a sample of microcapsule-loaded fibers is

visualized both as a three-dimensional reconstruction and as orthogonal projections. To

differentiate between microcapsules and fibers, the sample was stained with rhodamine

(green) and methylene blue (red) to selectively stain the microcapsules and fibers,

respectively. With the help of this technique, it is possible to determine for example the

three-dimensional distribution of microcapsules in the entire fiber, and not only study the

two-dimensional projection observed in a conventional fluorescence microscope.
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Figure 4.2: Stained microcapsule-loaded nonwoven material as visualized by CLSM. The entire three-

dimensional volume was reconstructed as shown by a) three-dimensional volume rendering and b)

orthogonal projections.

4.1.3 Size Distributions
Size is a key property that defines the release rate from a microcapsule or fibrous material as

discussed in Section 4.3.2. Consequently, since both the formulated microcapsules and fibrous

materials are polydisperse in size, accurately determining their size distributions is crucial.

For the analysis of particles on the micrometer scale, laser diffraction analysis is commonly

employed [101]. Such measurements are based on the principle that the angle of diffracted light

is dependent on the particle size. The angular dependence of the diffracted light is measured,

and through analysis with appropriate models this data can be converted to a size distribution

of particles.

Comparatively large sample volumes on the orders of at least several milliliters are, however,

required for this technique. Consequently, an image analysis technique based on optical

micrographs was developed in this thesis, where individual microcapsules were counted and

measured in an automatized manner. This reduced the required microcapsule sample volumes

to tens of microliters. In addition to quantifying the polydispersity of the formulated

microcapsules, this technique permitted analysing the polydispersity of fiber cross-sections in

the studied nonwoven materials.

4.2 Specific Interactions Characterized by Infrared Spectroscopy
Attaining information on the molecular level about interactions between the microcapsule

polymers and encapsulated actives can provide a basis for understanding the mechanisms

behind encapsulation and release of actives. One useful tool for studying these interactions is

Fourier transform infrared spectroscopy (FTIR). When molecules are exposed to infrared light,

they absorb it at specific wavelengths corresponding to the excitation of vibrational modes

between their atoms [102]. In a simple diatomic molecule, the vibrational frequency depends
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on the bond strength and the mass of the two atoms. Intermolecular interactions will also

affect the intramolecular vibrational frequencies and the absorbed wavelengths of light. By

studying the shift of the wavenumbers of the absorption bands, phenomena such as electrostatic

interaction can be identified [103, 104].

4.3 Release Measurements
The release rates of all systems in this thesis were measured in aqueous release media. To

evaluate the release from microcapsules, a small volume of the prepared microcapsule

suspension was mixed into a larger volume of aqueous release medium that was gently stirred

using a magnetic stirrer. At specified intervals, aliquots were extracted and the microcapsules

were separated from the continuous phase through filtration or centrifugation. The amount of

active released at each point in time was determined by UV-visible spectrophotometry. The

released amount m(t) was related to the total loading mtot by the fractional release m(t)/mtot.

The release from fibrous materials was measured in an analog manner by immersing a small

piece of the fibrous material in the aqueous release medium.

To achieve high-quality release data, it is crucial to ensure sufficient solubility of the active

substance in the aqueous phase. This is commonly referred to as satisfying sink conditions.

Without this, the partitioning of the active between the release material (microcapsules, fibers,

etc.) and the aqueous phase significantly affects the release pattern [105]. Additionally,

accurately measuring very low concentrations of the released active can become challenging.

For hydrophobic actives, such as pyrene used in this thesis, the aqueous solubility is very low

and in the range of a few milligrams per liter. For such substances, solubilizing agents are

commonly added to the aqueous phase to increase the solubility without otherwise affecting

the system. In these studies, the nonionic surfactant Brij L23 (C12E23) was used for this

purpose. Its hydrophilic-lipophilic balance (HLB) of 17 along with a low CMC of 0.01 wt.%

makes it a suitable choice as a solubilizer. It is essential in these cases that the solubilizer for

instance does not swell the polymer matrix of the microcapsules. This could impact the free

volume of the polymer and consequently affect the rate-limiting diffusivity of the

active.

4.3.1 UV-visible Spectrophotometry
A large number of molecules absorb light in the ultraviolet to visible range, making UV-

visible spectrophotometry a common, simple, and convenient approach for both qualitative

and quantitative analysis of chemicals. From the Beer-Lambert law, Equation 4.1, a linear

relationship is established between absorbance (A) and concentration (c).

A = log10

(
I0

I

)
= εcl (4.1)
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Figure 4.3: UV-vis absorption spectra of pyrene and octenidine dihydrochloride expressed based on their

molar absorptivities (ε) in an aqueous 0.5 wt.% Brij L23 solution.

Here, I0 and I are the intensities of the incident and transmitted light through the solution,

respectively, ε is the (wavelength-dependent) molar absorption coefficient, and l is the path

length through the solution. Both of the active substances studied in this thesis, pyrene and

octenidine dihydrochloride, absorb ultraviolet light with absorption spectra shown in

Figure 4.3.

4.3.2 Release Models
Several empirical or semi-analytical models can be found in the literature to describe the release

from microcapsules. However, the validity of many of these models is dependent on achieving

sink conditions. By instead describing the diffusion-controlled release of a small molecule from

a matrix by the analytical solution to the diffusion equation, any partitioning between the matrix

and release medium can be accounted for, thus eliminating the requirement of perfect sink

conditions. In its simplest form, the equation can be reduced to a one-dimensional problem,

expressed as

∂C
∂ t

= D
∂ 2C
∂x2

(4.2)

where C is the concentration of diffusing substance, t is the time, D is the diffusion coefficient

inside the studied geometry and x is a characteristic length. The solution to Equation 4.2 is

a time-dependent concentration, although to more easily compare different samples it is more

convenient to express the release as the fractional release, denoted by m(t)/mtot.

Microcapsules
The solution to the diffusion equation (Equation 4.2) for a monolithic spherical particle is given

by Crank [106]. This solution gives an expression for the fractional release ( fs) of an active
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substance from monodisperse and monolithic microcapsules of radius r,

fs(D,r, t) =
αs

1+αs

[
1−

∞

∑
n=1

6αs(αs +1)

9+9αs +q2
s,nα2

s

exp

(
− Dq2

s,nt
r2

)]
. (4.3)

Here, αs is expressed as

αs =
Vmedium

VsphereK
(4.4)

with K as the partition coefficient of the diffusing substance between the microcapsule and

the surrounding release medium. Vmedium and Vsphere are the volumes of release medium and

microspheres, respectively. The coefficient qs,n is defined as the n:th non-zero positive root of

tanqs,n =
3qs,n

3+αsq2
s,n

. (4.5)

For the model to be valid, the actives should be molecularly and homogeneously dispersed

within the entire microcapsule. Additionally, it is assumed that the volume occupied by the

active inside the microcapsule matrix is negligible. The formulated microcapsules are

polydisperse, following a size distribution p(r). To account for this polydispersity, the

fractional release must be weighted and normalized according to

fs, pd =
m(D, t)

mtot
=

∫ ∞
0 fs(D,r, t)p(r)r3 dr∫ ∞

0 p(r)r3 dr
. (4.6)

The size distribution p(r) of formulated microcapsules normally follows a log-normal

distribution function [107],

p(r) =
1

rσ
√

2π
exp

(
− (lnx−μ)2

2σ2

)
, (4.7)

where μ and σ are the mean and standard deviation of the logarithmized radius.

In addition to the diffusive release, a burst release [93, 108] is often observed, where a fraction

pb of the total release makes up the burst. Assuming this release to follow zero-order kinetics

(due to lack of experimental data) during a short time tb, this can be described as

fs,b(t) =

⎧⎪⎪⎨
⎪⎪⎩

(
αs

1+αs
− f0

pb

)
t
tb
+

f0

pb
if t < tb

αs

1+αs
if t ≥ tb.

(4.8)

Here, f0 is a free non-encapsulated fraction present in the aqueous phase at equilibrium after

formulation.
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In the case of degradable microcapsules, the final contribution to the observed overall release

rate is degradation-controlled release. For the PLGA microcapsules studied in Paper IV and

Paper VII, this was the rate-limiting release event at long times.

For a given PLGA polymer segment P with a degree of polymerization of n, its acid-catalyzed

hydrolysis into two smaller segments of length m and n-m can be described [109] as

Pi +H2O+H+ → Pm +Pn−m +H+, n = 2,3, ..., and m = 1,2, ...,n−1

Both Pm and Pn−m will contain one acid and one alcohol end group, leading to a net generation

of acid groups that induces an autocatalytic degradation of the polymer. The acid-catalyzed

degradation of a polyester can therefore be described with a rate expression [110] describing

the change in concentration of carboxylic acid groups,

d[A]

dt
= kd[A][E][H2O]. (4.9)

Here, [A] and [E] are the concentrations of acid and ester groups, respectively, and kd is a rate

constant for the reaction. Since the diffusion of water into the microcapsules generally is faster

than the degradation reaction [94], water is normally assumed to be in excess which leads to a

modified second-order rate expression [111] of the form

d[A]

dt
= kd2[A][E] = kd2([A]0 +[A])([E]0 − [A]) (4.10)

with a rate constant kd2 and the solution

[A](t) = [A]0
exp(c1t)−1

1+ c2 exp(c1t)
(4.11)

where the subscript 0 denotes the initial concentration at time zero, and the coefficients c1 and

c2 are defined as

c1 =([A]0 +[E]0)kd2 (4.12)

c2 =
[A]0
[E]0

(4.13)

Assuming that the number of formed acid groups is proportional to the release of actives,

Equation 4.11 must be normalized and rescaled to yield the fractional release of active by

degradation as

fd2(t) =
αs

1+αs
+
(

1− αs

1+αs

) [A](t)
[E]0 +[A]0

. (4.14)

If the release medium contains solubilizing agents, such as the Brij L23 used here, yet another

simplification can be done to the rate expression in Equation 4.9. Formed PLGA oligomers
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bearing carboxylate groups will be released and solubilized in the aqueous phase, thus leading

to an approximately constant and low acid concentration. In this case, the rate expression can

be further reduced to a pseudo-first order expression with the fractional release as

fd1(t) =
(

1− αs

1+αs

)
(1− exp(−kd1t)) (4.15)

where kd1 is an apparent pseudo-first order rate constant.

Combining the burst and diffusion-controlled release with the degradation-controlled release,

the final expression for the observed fractional release fs, release is given by

fs, release = f0 + pb fs,b(t)+(1− pb) fs,pd(D, t)+ fdi(t). (4.16)

Analytical solutions to the diffusion-controlled release have been proposed for core-shell

microcapsules as well [112], although the analytical solution to such a problem is significantly

more complex as compared to monolithic microcapsules.

Fibrous materials
Similar to release from microcapsules, the diffusion in fibers can also be modeled. The

fractional release from a fiber ( fc) in which the diffusing substance initially is homogeneously

distributed can be modeled by a cylindrical geometry. This is described by Crank [106],

fc(r, t) =
αc

1+αc

[
1−

∞

∑
n=1

4αc(αc +1)

4+4αc +q2
c,nα2

c

exp

(
− Dq2

c,nt
a2

)]
, (4.17)

where a is the radius of the fiber. The parameter αc is defined as

αc =
Vmedium

VcylK
(4.18)

with Vcyl being the volume of the cylinder. For a cylinder, qc,n is defined as the n:th non-zero

positive root of

αcqc,nJ0(qc,n)+2J1(qc,n) = 0. (4.19)

Here, J0 and J1 are the Bessel functions of the first kind of order 0 and 1, respectively,

Jm(x) =
∞

∑
k=0

(−1)k

k!Γ(k+m+1)

(
x
2

)2k+m

(4.20)

where Γ(z) is the Gamma function,

Γ(z) =
∫ ∞

0
tz−1e−tdt. (4.21)
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Similar to the microcapsules, polydispersity in the fiber radii is taken into account by weighting

and normalizing the fractional release,

fc, pd =
m(t)
mtot

=

∫
fc(a, t)p(a)a2 da∫

p(a)a2 da
. (4.22)

Burst contributions may be included in the expression for the fractional release like in

Equations 4.8 and 4.16 as

fc,b(t) =

⎧⎪⎪⎨
⎪⎪⎩

(
αc

1+αc
− f0

pb

)
t
tb
+

f0

pb
if t < tb

αc

1+αc
if t ≥ tb

(4.23)

fc, release = pb fc,b(t)+(1− pb) fc,pd(D, t). (4.24)

When the active substance is impregnated onto the fiber surface, rather than homogeneously

distributed in the fiber bulk, part of the active may still permeate into the fiber from where it

will be slowly released following a diffusive process. Parts of the active will in that case be

deposited on the fiber surface from where it will be rapidly released, similar to the burst release

described in Equation 4.23. The slower, diffusional contribution to the release fp(D,L, t) can

be approximated as diffusion from a plane sheet [106],

fp(D,L, t) = 1−
∞

∑
n=0

8

(2n+1)2π2
exp

(
− D(2n+1)2π2t

4L2

)
, (4.25)

where L is the thickness of the sheet. Combined, the final expression for the fractional release

from the surface impregnated material is

fp, release = pb fc,b(t)+(1− pb) fp(D,L, t). (4.26)
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5
Microencapsulation Enables

Rate-limiting Release

5.1 A Unified Theory for Microcapsule Morphology Prediction
The morphology of formulated microcapsules is decisive for their function. Consequently,

accurate theories for morphology prediction are vital in microcapsule development. The

thermodynamical theory based on spreading coefficients in Equations 3.2-3.5 can be a

powerful tool in morphology prediction. When applied to microcapsules based on both

poly(methyl methacrylate) (PMMA) and poly(D,L-lactic-co-glycolic acid) (PLGA) shells

containing a hexadecane core, core-shell morphologies are successfully predicted for both

systems. Figure 5.1a4 and Figure 5.1b4 do, however, demonstrate significant differences in

the observed morphologies for these two microcapsule systems. Although core-shell

morphologies are observed in both cases, the thermodynamical approach in Equations 3.2-3.5

– considering only the final state of the microcapsule – does not describe the highly offset core

in the PLGA-based microcapsules. Such morphological weak spots can be utilized to achieve

an instantaneous stimuli-responsive release as demonstrated in Paper II. If on the other hand

applications for sustained release are envisaged, it is beneficial to formulate microcapsules

containing a centrally placed core. To improve the accuracy of morphology prediction and

explain this morphological difference in core positioning, an expanded theory that

additionally considers the entire formation pathway was introduced in Paper I.

The process of internal phase separation by solvent evaporation is by definition a

non-equilibrium process. As the volatile solvent evaporates, it continuously alters the phase

compositions, consequently affecting the interfacial tensions that dictate the thermodynamic

spreading coefficients of the system. It was therefore hypothesized that any formed

intermediate morphologies play a central role in deciding the morphological outcome of the

formulation. The evolution of intermediate morphologies was therefore determined for

microcapsules based on both PMMA and PLGA shells with molecular weights of 25 and

10 kDa, respectively, as shown in Figure 5.1a-b. Initially, an emulsion was formed where all
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Figure 5.1: Microscopic snapshots of internal phase separation in emulsion droplets acquired during

evaporation of DCM for a) PMMA25 and b) PLGA10 microcapsules. Micrographs in 1) were taken

immediately after emulsification, and 2-3) were taken successively shortly after entering the two-phase

region. The micrographs in a4) and b4) show the obtained final morphologies after evaporating all volatile

solvent overnight. Scale bars are 5 μm. In c) and d), illustrations of formation pathways for intermediate

core-shell and acorn morphologies, respectively, are shown.

the microcapsule components were dissolved. At some point following solvent evaporation,

coacervation begins as the emulsion droplet enters a two-phase region. The morphology of

this initial intermediate morphology is controlled solely by the interfacial tensions between

these intermediate phases and by extension its intermediate spreading coefficients.

Intermediate acorn morphologies were observed for both PMMA and PLGA microcapsules as

shown in Figure 5.1a-b. Consequently, during the internal phase separation of both systems,

there was a transition point from the intermediate acorn morphology to the final core-shell

structure. Once the core-shell morphology forms – whether the core is centered or offset –

there is no thermodynamical advantage of further centering the core. Therefore, the extent of

28



SUMMARY OF RESULTS

core offset and minimum shell thickness will be controlled by the point in the emulsion

droplet phase diagram at which the transition from acorn to core-shell occurs. An earlier

transition gives a larger amount of shell growth in the core-shell region, and consequently a

more centered core. This is visualized schematically in Figure 5.1c-d for two examples of

intermediate core-shell and acorn morphologies, respectively. Applying this concept to the

observed morphologies of the PMMA- and PLGA-based microcapsules, the transition to the

final core-shell region for the PMMA microcapsules was hypothesized to have occurred when

a larger fraction of volatile solvent remained.

5.1.1 Intermediate Spreading Coefficients
To test this hypothesis, interfacial tensions, and by extension spreading coefficients, were

measured over the course of the entire evaporation event. The full evolution of the spreading

coefficients, expressed based on both the volatile solvent mass fraction remaining and time, is

shown in Figure 5.2. For both of the studied systems, Sp < 0 was initially true, indicating a

preference for an intermediate acorn-like morphology as evidenced by the micrographs in

Figure 5.1. Upon analyzing the evolution of Sp for these systems, a key difference was

Figure 5.2: a) Interfacial tensions for the ternary microcapsule systems with PMMA25 and PLGA10

shells. In b) and c) calculated intermediate spreading coefficients are expressed based on DCM mass

fraction and time, respectively.
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observed. For the PMMA-based system, Sp rapidly became increasingly positive which meant

that a core-shell intermediate was the preferred morphology over the majority of the

two-phase region. On the contrary, for the PLGA microcapsules Sp < 0 was true over a large

portion of the formation event with an intermediate acorn as the preferred morphology. It was

only in the final 20 minutes of the evaporation event that a core-shell morphology was

predicted for the PLGA microcapsules. Thus, only a small fraction of the PLGA was available

to form a uniform shell around the microcapsule, resulting in a highly offset core.

The origin of the morphology difference was consequently verified to be the point at which the

transition from an intermediate acorn to core-shell morphology occurred. The driving factor for

this difference was the polymer-oil interfacial energy. PMMA exhibited a considerably lower

γpo over the entire formation process, implying that the formation of a large interface between

these phases, i.e., the core-shell morphology, gave a smaller energy penalty as compared to its

PLGA counterpart. Additionally, despite the more hydrophobic nature of PMMA, its interfacial

tension against the aqueous phase remained nearly identical to PLGA. This was likely due to

the PVA acting as the main factor in controlling the interfacial energy in both cases, which

further affected the difference in morphology.

5.1.2 The Microcapsule Formation Pathway
Analyzing the evolution of the spreading plot in Figure 5.2 requires knowledge of the phase

behavior of the two-phase emulsion droplets. Two pedagogical and schematic examples of

phase diagrams with corresponding morphology predictions are shown in Figure 5.3. Any

microcapsule formulation following internal phase separation follows a certain formation
pathway through the phase diagram, defined by the shell-to-core (ms/mc) ratio. At the point of

entering the two-phase region of the phase diagram, all possible morphologies can form –

whether inverted core-shell, acorn, or core-shell. This initial intermediate morphology is

solely controlled by thermodynamics. From this point, the progression is influenced by the

shape of the two-phase region as well as the slope of its tie-lines. For producing perfectly

centered core-shell microcapsules, the only predicted intermediate morphology should be

core-shell. This morphology can be promoted by maintaining a high interfacial tension

between the emulsion droplet and aqueous phase, while at the same time minimizing the

polymer-water interfacial tension. By employing for example anchoring block co-polymer

dispersants [113, 114] in the aqueous phase this can be achieved.

For systems presenting inconstant intermediate morphologies, kinetic parameters become

increasingly important. The rate of formation is governed by the rate of solvent evaporation

from the emulsion, influenced by factors such as temperature, ambient pressure, vapor

pressure, and aqueous saturation concentration of the organic volatile solvent. A rapid

formation process can kinetically trap intermediate morphologies if sufficient equilibration

time is not given. In Paper I trapped intermediate acorn particles were formulated, trapped
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Figure 5.3: Illustrative phase diagrams showing the formation of intermediate core-shell and intermediate

inverted core-shell and acorn microcapsules with their respective end products after equilibration.

Regions in the phase diagram with a thermodynamically favored intermediate core-shell is shaded in

orange, acorn in yellow, and core-shell regions in green. Two formation pathways for different ms/mc-

ratios are shown in each phase diagram. The relevant time-dependent interfacial tensions are highlighted,

and the key thermodynamic and kinetic factors controlling the microcapsule morphology are summarized.

multicore microcapsules were found in both Paper I and Paper II, and in Paper III intermediate

inverted core-shell microcapsules were formulated. This highlights the broad range of

possible kinetically trapped intermediate morphologies, all of which could be explained by

considering the entire formation pathway.

Yet another aspect affecting the impact of kinetic considerations is the molecular weight of the

shell polymer. An increased molecular weight leads to an increasing viscosity of the polymer-

rich phase, which in turn leads to slower equilibration. To summarize, it becomes evident that

both the size of the final core-shell area in the phase diagram (controlled by thermodynamics) as
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well as the time spent in this region (controlled by formation kinetics) are crucial for controlling

the microcapsule morphology. Moreover, in a two-phase region with pronounced tie-line

slopes, the ms/mc-ratio also influences the size of the morphology domains. As depicted for

the system of inconstant intermediates in Figure 5.3, the two formation pathways demonstrate

that a higher ms/mc ratio (evolving through the rightmost part of the phase diagram) would

allow for more time in the final core-shell region.

5.2 Stimuli-responsive Release
An instantaneous and on-demand release can be achieved by formulating microcapsules with

shells that are sensitive to external stimuli. Depending on the application, a range of different

stimuli can be utilized. This work has studied the feasibility of two different triggering

mechanisms: pH changes in Paper II, and UV light exposure in Paper III. These microcapsules

and the components used in their formulation are depicted schematically in Figure 5.4. In both

cases, the model active substance pyrene was encapsulated and molecularly dissolved in the

core oil.

Figure 5.4: Schematic illustration of the components used in the formulation of stimuli-responsive

microcapsules sensitive to pH-changes and UV light, respectively.

5.2.1 pH-triggered Release
Polyanhydride core-shell microcapsules encapsulating the model active substance pyrene

dissolved in ethyl linoleate were formulated in Paper II. As shown in the insets of Figure 5.5,

microcapsules displaying both single core and multicore morphologies were formulated by

varying the shell-to-core ratio (ms/mc) to evaluate the effect of internal microcapsule

morphology. This difference in morphology was controlled by kinetically trapping an

intermediate multicore morphology as discussed in Section 5.1 and in Paper I. In acidic pH,

neither morphology exhibited triggered release. Instead, a slow and sustained release

occurred, controlled by the diffusive barrier of the shell. The burst release observed in these

cases originated from the rapid solubilization of pyrene dissolved in oil droplets not
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Figure 5.5: Fractional release from microcapsules with an ms/mc-ratio of a) 2.5 and b) 5.0, evaluated

in release media with pH values ranging from 2.2 to 12.5. Experimental data points are shown along

with fitted diffusion models in dashed and solid lines. Dotted lines are modeled threshold values for the

apparent diffusivity given the temporal resolution of the experiments and are consequently only lower

limits.

successfully encapsulated during formulation. This encapsulation efficiency was improved by

increasing the ms/mc-ratio.

By increasing the pH of the continuous phase, the remarkable pH sensitivity of the

polyanhydride was demonstrated. Changing the pH from 6.4 to 6.9 entirely shifted the release

behavior from diffusion-controlled to degradation-controlled, resulting in a complete release

within less than one minute of exposure. It should be emphasized that this was a significantly

faster degradation of the polymer shell than the slow erosion of polymers like the PLGA

discussed in Section 5.3. From the multicore microcapsules in Figure 5.5b, a slightly less

responsive release was observed. While difficult to determine experimentally, the average

shell thickness in this system was likely greater than in the single core microcapsules in

Figure 5.5a. As a consequence, a more extensive polymeric shell degradation was required

before releasing the entire core content.
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The release data were described by a diffusion model (Equation 4.6) for quantification of the

release rates through apparent pyrene diffusion coefficients, represented by the lines in

Figure 5.5. It must be emphasized that this is not the true diffusion coefficient in the

microcapsule shell, but rather an apparent diffusion coefficient across all microcapsule

compartments. The concept of apparent diffusion coefficients is discussed in more detail in

connection to the microcapsule-functionalized fibrous materials in Chapter 6. For diffusion

control at low pH values, the data was well-fitted by this model with apparent diffusion

coefficients presented in Figure 5.6a. In the degradation-controlled regime at higher pH, the

release rate exceeded the resolution of the experimental sampling method, making precise

measurement challenging. Therefore, Figure 5.6a only displays the detection limits for these

measurements. However, it was evident that the apparent diffusivity increased by at least two

orders of magnitude across this narrow pH range.

In addition to measuring the release of the encapsulated active, the degradation kinetics of the

polymeric shell itself was determined. The presence of the salicylic acid group in the polymer

backbone (see Figure 3.3c) facilitated the quantification of the extent of depolymerization

Figure 5.6: a) Fitted diffusion coefficients (±95% confidence interval of fit) from microcapsules with

an ms/mc-ratio of 2.5 and 5.0. b) Fitted rate constants for the polyanhydride degradation based on

spectrophotometry and QCM-D. All open markers in both subfigures are modeled threshold values given

the temporal resolution of the experiments, and consequently only lower limits.
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using UV-vis spectrophotometry. Similar to the release of pyrene over time, the increasing

concentration of solubilized monomeric or oligomeric degradation products in the aqueous

phase was measured. This degradation by hydrolysis was assumed to occur with an excess of

water, leading to a pseudo-first order rate expression for the degradation, Equation 4.15. This

model was found to describe the experimental data well, leading to the fitted apparent rate

constants in Figure 5.6b. Here a strong correlation could be observed between the apparent

diffusivity and degradation rate constant with a 100-fold increase in both quantities over the

narrow pH interval of 6.4 to 6.9.

To gain a mechanistic understanding of the release and the processes involved in the triggering

event, in-situ microscopy of the microcapsules during exposure to a release medium at pH 7.3

was performed. Within less than one minute of exposure, small pores began forming across

the entire microcapsule surface, as illustrated in Figure 5.7b. As exposure continued, large-

scale cracks emerged that fully exposed the core oil phase. The polymeric shell transitioned to

become increasingly liquid-like as the degradation progressed further, clearly depicted in the

altered morphology after 20 minutes of exposure in Figure 5.7e.

As discussed earlier, the single-core microcapsules exhibited an offset core morphology with

uneven shell thickness. It could be observed that the microcapsules ruptured in the area

where the shell was the thinnest, indicating that this served as a designed morphological weak

spot. This morphological weak spot present in only the single-core microcapsules could also

describe the slight discrepancy in release behavior at the onset of degradation-controlled release

(pH 6.9).

Figure 5.7: Morphological evolution over time as microcapsules (ms/mc = 2.5) were exposed to an

aqueous phase of pH 7.3. The appearance in c) was seen within minutes of exposure, whereas e) was

after 20 minutes. Polyanhydride autofluorescence can be seen (green) and differentiated from pyrene

dissolved in the ethyl linoleate core oil (blue). The scale bar is valid for all subfigures.
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The in situ degradation study clearly highlights one of the main benefits of utilizing core-shell

microcapsules for a triggered release of actives, as compared to monolithic microspheres. A

small fraction of shell degradation is sufficient to form pores or cracks in the microcapsule

shell, from which all of the active can be released instantaneously. Therefore, the pores

formed already in Figure 5.7b may have provided sufficient permeability to enable an

instantaneous release. In the case of a monolithic microsphere, the entire particle must

degrade in order to release all of the encapsulated active substance. As evident from the

studies on the polymer degradation kinetics, this is a significantly slower process that prevents

an instantaneous release.

5.2.2 UV Light-triggered Release
Similar to the morphological weak spot in the polyanhydride microcapsules in Paper II, a

morphological weak spot was desired for the polyphthalaldehyde (PPA) microcapsules

formulated in Paper III. Two polymeric dispersants were investigated for their effects on the

formulation: poly(vinyl alcohol) (PVA) and poly(methacrylic acid) (PMAA). The obtained

microcapsule morphologies from stabilization by these two dispersants are shown in

Figure 5.8. A mixture of core-shell and acorn microparticles could be observed in the

PVA-stabilized system, whereas a blueberry morphology was obtained when stabilizing with

PMAA. To further understand these morphologies, the spreading coefficients for each system

were calculated as presented in Table 5.1. In both cases the spreading coefficient Sp was close

to zero, indicating a boundary state between core-shell and acorn morphologies. The notably

high interfacial tension between PPA and pure water indicated a highly hydrophobic nature of

Figure 5.8: Optical micrographs of the microcapsule morphologies obtained when stabilizing with a)

PVA and b) PMAA. The inset shows a SEM micrograph of a dried PMAA blueberry microcapsule. The

scale bar is valid for both sub-figures.
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Figure 5.9: In situ-triggered release from PMAA-stabilized microcapsules in water suspension after a)

0 min., b) 1 min., c) 5 min. as shown by both fluorescence and brightfield micrographs. The scale bar is

valid for all sub-figures.

the polymer. The effectiveness of the dispersant in significantly reducing this polymer-water

interfacial tension was the driving factor for core-shell particle formation over acorn

microparticles. This is an uncommon occurrence, as it is typically the dispersant’s ability to

maintain a large oil-water interfacial tension that promotes core-shell formation.

The triggered release from PPA-microcapsules was investigated from microcapsules in an

aqueous suspension and is shown for PMAA-stabilized microcapsules in Figure 5.9. After

one minute of UV light exposure, the oil core was seen to begin protruding from the cavity

in the blueberry microcapsules. After five minutes, the entire oil phase had emerged from

the microcapsules. In all capsules, the oil was protruding from the blueberry cavity. It was

therefore hypothesized that this was the weakest part of the microcapsule. In terms of triggered

release, this designed weakness was highly beneficial since it allowed for a fast and almost

Table 5.1: Interfacial tensions and calculated spreading coefficients for the different dispersants, along

with predicted and observed microcapsule morphologies. All values are in mN/m.

Dispersant γow γop γpw Sp Sw So
Morphology

Predicted Observed

None 53.5 14.4 43.3 -4.2 -82.3 -24.7 Acorn -

PVA 21.2 14.4 4.2 2.6 -11.0 -31.5 Core-shell
Acorn

Core-shell

PMAA 33.4 14.4 19.4 -0.4 -38.4 -28.5 Acorn Blueberry
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instantaneous release of the core contents. Without a blueberry cavity, as was the case for PVA-

stabilized microcapsules, no protruding core oil was seen even with longer exposure times.

There was, however, a visible deformation of the shell but not to the point where the capsule

wall collapsed to release the core oil.

5.3 Sustained Release

Figure 5.10: Schematic illustration of

a sustained release monolithic PLGA

microcapsule.

In Paper IV, a formulation aimed at achieving sustained

release of the active antimicrobial agent octenidine

dihydrochloride (OCT) was developed. OCT differed

from the model active pyrene in two significant aspects:

its cationic charge and notable aqueous solubility. These

differences allowed for the implementation of strategies

beyond purely hydrophobic interactions to enhance

encapsulation and release properties. Encapsulation was

carried out in monolithic PLGA microspheres where

OCT was molecularly dispersed in the microcapsule

matrix, illustrated schematically in Figure 5.10. Prior

hypotheses have suggested that OCT was encapsulated

in similar lactide-based polymers through electrostatic

interactions between the cationic OCT and anionic carboxylate end groups in the

polymer [115]. In Paper IV, this electrostatic interaction was confirmed through infrared

spectroscopy. The maximum loading capacity in the microcapsules was 51 μmol OCT/g PLGA

(equivalent to 3.2 wt.%). Comparing this to the total amount of acid groups in the polymer

(168 μmol/g) and assuming both cationic sites on OCT bind, about two-thirds of the available

sorption sites were utilized for binding OCT. This further strengthened the evidence for a strong

binding of OCT to the microcapsule matrix.

The release of OCT from the microcapsules was studied in an aqueous TRIS-buffered release

medium at pH 7.4 containing 0.5 wt.% Brij L23 (C12E23) nonionic surfactant at both ambient

(22 °C) and physiological (37 °C) temperatures as shown in Figure 5.11. The microcapsules

were loaded with 5 wt.% OCT during formulation, to reach the maximum loading capacity of

3.2 wt%. Consequently, the remaining OCT was present in the aqueous phase in the formulated

suspension and at the initial point of the release measurement ( f0 = 0.34). Starting at f0, three

distinct contributions to the release profiles were identified: (i) burst release, (ii) diffusion-

controlled release, and (iii) degradation-controlled release. A burst release of around 20% was

observed at both temperatures and was most likely a result of releasing OCT bound to the

surface of the microcapsules.

In the diffusion-controlled regime, an increasing diffusivity was found with increasing

temperature. This effect was quantified by fitting the diffusion model in Equation 4.16,
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Figure 5.11: Fractional release of OCT from PLGA microcapsules at both 22 °C and 37 °C in TRIS-

buffered 0.5% aqueous Brij L23 at pH 7.4. Experimental data points are shown along with fitted diffusion

models. Shaded areas correspond to a 95% confidence interval for the fitted parameters. Filled markers

indicate the area where the diffusion equation was fitted and valid without PLGA degradation affecting

the release rate. In the dotted lines, the degradation rate expression has been included. Photographs

and micrographs in the insets display the gradual degradation of the microcapsules over time on both a

macroscopic and microscopic scale.

omitting the degradation contribution, to the data in the diffusion-controlled regime. An

apparent diffusion coefficient approximately 200 times greater was found at 37 °C compared

to 22 °C. An Arrhenius relationship might partially explain this phenomenon of increasing

diffusivity, however, it was likely also influenced by surpassing the glass transition

temperature of PLGA, approximately 30 °C in its hydrated state [116]. Above the glass

transition temperature, the free volume of the polymer increases, leading to an increased

mobility of OCT and consequently an increased diffusivity.

Temperature dependence was not only observed in the diffusion-controlled regime but also in

the degradation rate of PLGA and the onset of the degradation-controlled regime. At 22 °C,

the release followed the diffusion model for the initial two weeks (400 hours), whereas at

37 °C, diffusion-controlled release was only observed during the first day. Beyond this point,

degradation became so significant that the release shifted to a regime where bound OCT was

released through hydrolysis of the PLGA matrix into water-soluble monomeric or oligomeric

fragments. This final degradation was assumed to follow apparent pseudo-first order kinetics

with an excess of water (Equation 4.15). Thus, the overall observed release was well-described

by Equation 4.16 as shown by the dotted lines in Figure 5.11. The transition to the degradation-
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controlled regime was also evident in the changing morphology of the microcapsules, as shown

in the insets in Figure 5.11. Over time, water-filled pores formed and expanded until the entire

microcapsule disintegrated, as seen by the transition from an opaque to transparent release

medium.

The implications of the OCT-binding to PLGA were further quantified by extending the

diffusion model to incorporate the binding event. The diffusivity of an active in a matrix is

typically a composite quantity influenced by a range of factors beyond the free diffusivity D0,

including macroporosity, microporosity (e.g., free volume), tortuosity, and notably, specific

interactions between the active and matrix [48]. The observed diffusivity, considering all these

factors, is often referred to as the effective diffusion coefficient. When the binding is strong,

only the free fraction kI is available for diffusion, leading to

Deff = D0

[
exp

(
− γ

Vc

Vf

)ε
τ

]
kI. (5.1)

All parameters within the brackets describe the effects of porosity and tortuosity and were

assumed to remain constant for the PLGA microcapsules at a specific temperature. The release

of OCT from loaded microcapsules gave a measure of Deff using the method described earlier.

To measure D0, plain PLGA microcapsules without any loading were introduced into a release

medium already containing dissolved OCT. During this measurement of OCT uptake into the

microcapsules, OCT would freely diffuse until encountering an available binding site in the

polymer matrix. By measuring both Deff and D0 as shown in Figure 5.12, the freely diffusing

fraction kI could be determined.

It was furthermore verified that the release medium and the solubilizing surfactant did not

affect the internal properties of the microcapsules by measuring both release and uptake at two

different solubilizer concentrations as well as in a reference medium without solubilizer. An

equal diffusivity was found in all three media, verifying that any swelling of the microcapsule

matrix could be neglected. However, as expected, the presence of a solubilizer affected the

partitioning of OCT between the microcapsules and release medium. As shown in Table 5.2,

the binding caused a decrease in the effective diffusivity by about one order of magnitude as

compared to the free diffusivity, and by extension a kI of around 0.1 was found at both ambient

and physiological temperatures.
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Figure 5.12: a) Release of OCT from PLGA microcapsules and b) corresponding uptake of OCT,

measured in TRIS-buffered release media at pH 7.4 with 0% (�), 0.5% (�), and 6% (�) Brij L23.

Measurements were performed at 1) 22 °C and 2) 37 °C, respectively. Experimental data is shown along

with globally fitted diffusion models, fitted only to the filled data points. Shaded areas correspond to

a 95% confidence interval for the fitted parameters. The model shown with a dotted line additionally

includes release caused by polymer degradation.
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Table 5.2: Fitted diffusion coefficients and release burst fractions for release and sorption studies in

release media with different concentrations of solubilizing Brij L23 at 22 °C and 37 °C along with kI

calculated from fitted Dsorption and Drelease. Values are presented with a 95% confidence interval for the

fitted parameters.

22 °C

Brij L23 fraction

(wt.%)

Deff(
m2s−1

) D0(
m2s−1

) kI

0 -

(4.1±1.7) ·10−19

-

0.5
(5.0±6.0) ·10−20 0.12±0.16

6.0

37 °C

Brij L23 fraction

(wt.%)

Deff(
m2s−1

) D0(
m2s−1

) kI

0

(1.0±0.9) ·10−17 (7.7±2.1) ·10−17 0.13±0.120.5

6.0
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6
Microcapsule-functionalized Fibrous

Materials

6.1 Formulation
A method for functionalizing regenerated polysaccharide fibers with particles on the

micrometer and nanometer scale was developed in Paper V. Fiber matrices of cellulose,

hydroxypropyl cellulose, chitosan, and alginate were employed, thus representing a wide

range of fiber types. Additionally, both wet-spun continuous fiber filaments and

solution-blown nonwoven textiles were produced. In these materials, functionalization by

microcapsules of both monolithic and core-shell morphologies, as well as mesoporous silica

nanoparticles, were achieved, thus demonstrating the versatility in choice of both the

macroscopic fiber type and the choice of functionalization particles. Solution-blown cellulose

nonwoven textiles functionalized by monolithic microcapsules were studied further in

Paper VI and Paper VII, and will consequently be the main focus of this chapter.

The cellulose nonwoven materials used in Papers V-VII were produced using a technique

called solution blowing [117], outlined schematically in Figure 6.1. Initially, a dope solution
was prepared by dissolving microcrystalline cellulose in the ionic liquid

1-ethyl-3-methylimidazolium acetate (EMIMAc). This dope solution was then extruded

through a spinneret containing capillaries of 220 μm diameter. The extruded fibers were

coagulated in an aqueous coagulation bath and collected onto a rotating collector. In the air

gap between the spinneret and coagulation bath, the extruded filaments were stretched by a

parallel flow of compressed air. Functionalization of these textiles with nano- or

microparticles is not straightforward but can be achieved by dispersing the particles in the

dope solution prior to spinning. To enable this functionalization, there are a number of

considerations that must be accounted for in the fiber spinning process.

Normally, dissolving pulp (≈300 kg mol−1) is used for preparing the dope solutions due to

the superior mechanical properties it imparts to the prepared fibers. This results in a dope
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Figure 6.1: Illustration of the experimental setup used for preparing nonwovens by solution blowing,

along with annotations of the different parts of the setup. The photograph in the inset shows a small piece

of prepared nonwoven material.

solution with a high viscosity. For such a viscous dope solution to be spinnable, the solution

blowing must be carried out while keeping the dope solution heated at up to 70 °C [117],

which decreases its viscosity. However, biobased microcapsules are often sensitive to

temperature due to their low glass transition temperatures, making the use of elevated

temperatures during the solution blowing of microcapsule-functionalized fibers impossible.

To decrease the viscosity of the solution, cosolvents such as dimethylsulfoxide or

methylimidazole can be added [118]. Many of these EMIMAc/cosolvent mixtures tend to

entirely disintegrate PLGA microcapsules. To circumvent these viscosity-related limitations,

dope solutions were instead prepared with the lower molecular weight microcrystalline

cellulose (≈80 kg mol−1) for microcapsule-functionalized fibers. This permitted spinning at

room temperature, thus leaving the microcapsules intact during the processing. The resulting

materials exhibited a uniform distribution of microcapsules throughout the fiber cross-section,

with no observable fracturing or deformation of the microcapsules, as evidenced in

Figure 6.2c. Additionally, the fluorescence micrograph in Figure 6.2c2 confirmed a high

partitioning of the encapsulated pyrene towards the microcapsules.
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6.2 Release of Actives
The study in Paper VI focused on evaluating the release rate-limiting properties imparted

by microcapsules encapsulating pyrene, a model active substance, in a microcapsule-

functionalized cellulose nonwoven. The release was compared to two forms of impregnation:

surface and bulk impregnation, mimicking the loading processes commonly used in

commercial products. Micrographs visualizing the difference in loading between these

materials are shown in Figure 6.2. During surface impregnation, the fiber surface did not

exhibit a uniform film of pyrene. Instead, discrete micrometer-sized areas with higher

pyrene concentrations were found. Although surface heterogeneity was noticeable, pyrene

could not be detected within the bulk of the fiber matrix. Conversely, bulk impregnation

resulted in an even fluorescence intensity throughout the fiber cross-section, indicating a

homogeneous loading in the entire fiber matrix rather than the heterogeneity observed for

surface impregnation. It is important to note that cellulose possesses a slight autofluorescence

in the same spectral region as pyrene, making precise quantification of partitioning challenging

based solely on fluorescence micrographs.

Figure 6.2: Three types of functionalized fibrous materials with pyrene as an active substance. a1) Optical

micrograph of a fiber with a surface impregnation of pyrene. a2) Fluorescence micrograph of the same

area. b1) and b2) Fibers with bulk impregnated pyrene. c1) and c2) Fibers with embedded microcapsules.
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The release of pyrene from these three types of nonwovens was measured in an aqueous

release medium, with the release profiles in Figure 6.3. A continuous decrease in release rate

was observed when going from surface impregnation to bulk impregnation to encapsulation.

Surface impregnation displayed a significant burst release of approximately 50% and achieved

complete release within an hour. For the bulk impregnated material, no burst was observed,

however, the release was still rapid and complete within 10 hours. With the help of

microcapsules embedded in the fibers, the release time frame could be further extended to

yield a complete release after more than 100 hours. To confirm the barrier properties

introduced by the microcapsules, the release from microcapsules within the fiber matrix was

Figure 6.3: Fractional release from fibers with pyrene loaded by surface impregnation (��), bulk

impregnation (��), and microencapsulation (♦�). Release from microcapsules (without fibers) in

aqueous suspension (��) is shown as a comparison. Solid lines are fits to the diffusion models for

the corresponding material geometries. In (a) the full release profile is shown on a logarithmic time scale,

while in (b) the first 25 hours are shown on a linear time scale. All samples were studied in duplicates,

as presented by filled and open symbols, and fitted lines are here shown as averages of individual fits to

simplify visualization.
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Figure 6.4: Fitted diffusion coefficients D from models based on both a cylinder (fiber) and a sphere

(microcapsule).

compared to the release from microcapsules in an aqueous suspension. The release profiles

demonstrated a high similarity, confirming the role of the microcapsules as a rate-limiting

barrier.

A quantitative measure of the barrier properties added by the microcapsules was given by fitting

release models based on Fickian diffusion in appropriate geometries (sphere, cylinder, or plane

sheet) to the data. As discussed in the context of OCT-loaded microcapsules in Paper IV

these models contain an effective diffusion coefficient that includes parameters such as

(micro)porosity and interactions between active and matrix. For multi-compartment composite

materials, such as the microcapsule-functionalized fibrous materials discussed here, another

distinction is necessary. In these cases, the diffusion coefficient described by the models is an

apparent diffusion coefficient, containing the collective impact of all compartments.

From the release model based on a cylindrical geometry (Equation 4.17) corresponding to

the fiber dimensions, a reduction in apparent diffusion coefficient by nearly two orders of

magnitude was found when comparing bulk impregnation to microcapsule-functionalization.

Alternatively, considering only the microcapsules and fitting a model based on their spherical

geometry revealed comparable diffusivities for both the microcapsule-functionalized material

and microcapsules in aqueous suspension, despite the added diffusion layer of the fiber matrix

surrounding the microcapsules. This further verified the rate-limiting properties added by the

microcapsules.
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6.3 Sustained Antimicrobial Activity
The OCT-loaded microcapsules, formulated and characterized in Paper IV, were incorporated

into cellulose nonwovens in Paper VII following the approach outlined in Paper V and

Paper VI. This functionalization aimed to enable a sustained release of antibacterial OCT

from the nonwovens, and by extension long-term infection control. The developed material

prototype was compared to cellulose nonwovens loaded via surface impregnation – a

representation of commercially available materials. The infection control was evaluated

against S. aureus as a model organism, because of its common occurrence in skin infections.

A minimum loading concentration‡ (MLC) of OCT against S. aureus in the impregnated

materials was determined to be 150 μg OCT/g nonwoven. Therefore, the materials were

loaded with approximately 1500 μg/g – both by impregnation and encapsulation.

The long-term antimicrobial effect of the materials was evaluated by a combination of two

factors. First, the materials were exposed to an aqueous NaCl leaching medium with an ionic

strength of 150 mM, mirroring that of wound exudate. Leaching occurred over 30 minutes,

1 day, and 1 week, aiming to study the remaining amount of OCT in the materials over time

during a simulated exposure to wound exudate. After leaching, the materials were dried,

inoculated with S. aureus, and their growth-inhibiting effect was evaluated during incubation

for up to 68 hours. Any growth inhibition was measured by determining the number of

viable bacteria, expressed as colony-forming units (CFU), in the samples after incubation.

Initially, the materials were inoculated with 105 CFU. A decrease in the number of CFUs

during incubation consequently indicated an antimicrobial effect.

As initially prepared, the impregnated material exhibited growth inhibition at all investigated

incubation times, shown in Figure 6.5a. However, similar to the release of impregnated pyrene

in Paper VI, the release of impregnated OCT was rapid and achieved a near-complete release

within an hour. This is shown in the corresponding release measurement of OCT from the

material in Figure 6.5a. After just 30 minutes of leaching, a significantly lower amount of

OCT remained in the material which caused the release to only slightly exceed the MLC. This

proximity to the MLC led to a weak growth inhibition of Δ log(CFU) = −1 at 68 hours of

inhibition. As a result of the rapid release, the impregnated materials completely lost their

antimicrobial efficacy after longer leaching times of 1 day and 1 week, respectively.

In contrast, nonwovens containing encapsulated OCT displayed an entirely different behavior.

Instead of an immediate antimicrobial effect, a gradually increasing growth inhibition was

observed, reaching a maximum (log CFU≤ 2) after 68 hours of incubation. This trend was

noted irrespective of the leaching time and originated from the slow and sustained release of

OCT from the microcapsules. It is important to note that the release was far from complete

within the experimental timeframe illustrated in Figure 6.5. In the encapsulated material,

‡The OCT loading in the nonwoven that is required to reach an antimicrobial effect, similar to the minimum inhibitory

concentration (MIC).
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Figure 6.5: Long term antimicrobial effect for nonwovens containing a) impregnated and b) encapsulated

OCT. The nonwovens have been subjected to various leaching times (0, 30 min., 1 day, and 1 week) after

which the S. aureus growth inhibition has been evaluated as a function of incubation time. Below the

growth inhibition curves, the corresponding release of OCT from the nonwoven samples is shown.

around 1500 μg OCT/g nonwoven was loaded, and only approximately one-third of the total

loaded amount was released over 68 hours. Thus, the antimicrobial efficacy could potentially

be extended far beyond the tested timeframe.
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7
Concluding Remarks

In this thesis, a novel approach to functionalizing textile fibers with microcapsules was

developed and evaluated. With the aim of enhancing the control over the release of actives

from a macroscopic fibrous material, release rate-limiting microcapsules were immobilized

within a regenerated cellulose fiber matrix. The initial objective was to understand the

microencapsulation process and identify critical factors for controlling morphology, aiming to

formulate microcapsules with controllable and predictable release properties. It was observed

that the intermediate structure of microcapsules during formation – following internal phase

separation – played a crucial role in determining the final morphological outcome of the

formulation. Consequently, information about the phase behavior of the coacervating

emulsion droplets can yield an improved capability of predicting and describing obtained

microcapsule morphologies for which the classical thermodynamical equilibrium-based

methods fail.

Through adjustment of the formulation parameters, systems capable of achieving both

instantaneous triggered release and sustained release were successfully formulated. Utilizing

stimuli-responsive polymer shells and incorporating morphological weak spots into the

microcapsules facilitated the creation of stimuli-responsive release systems sensitive to both

pH changes and UV light irradiation. By introducing a strong electrostatic interaction between

the active and microcapsule matrix, a slow and sustained release of the active over several

weeks to months was enabled. This interaction was verified to be the main mechanism

controlling the restricted diffusivity of the active within the microcapsule.

Functionalization of a cellulose nonwoven material by microencapsulated actives of both

hydrophobic and semi-hydrophilic nature was achieved. In both cases, the release

rate-limiting properties of the microcapsules were retained after functionalization. To evaluate

the implications of enabling a sustained release of actives from the developed material,

long-term infection control was considered as a proof of concept. For this purpose, a cellulose

nonwoven textile was functionalized with microcapsules encapsulating the antibacterial agent

octenidine dihydrochloride (OCT). This material exhibited sustained antimicrobial efficacy
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for at least one week. On the contrary, a material loaded with OCT through impregnation

(mimicking commercially available alternatives) lost its efficacy within 30 minutes as a result

of a rapid OCT release.

7.1 Future Outlook
The presented microcapsule functionalization shows great promise in the proof of concept for

microbial infection control. However, further understanding of how different release profiles

can be combined and how this would affect the required dose of active is required. For

example, sustained and triggered release formulations could be combined to achieve both a

rapid initial effect as well as a maintained effect over longer times. The versatility of the fiber

functionalization technique, where microcapsules are dispersed in the dope solution during

fiber spinning, allows for the utilization of several microcapsule types simultaneously within

the same material.

While this work has demonstrated the potential of sustained release from the developed

material, its applicability extends far beyond infection control. There is a wide range of

commercially relevant cationic drugs, where encapsulation and release mechanisms similar to

that of the studied OCT in this work would be anticipated. Additionally, alternate fiber types

could be functionalized to, for example, enable a controlled release of pesticides or biocides

from textiles utilized in agriculture or aquaculture. As evidenced by OCT, the encapsulation

of highly water-soluble actives in monolithic microcapsules is possible. However, the current

formulation route for preparing core-shell microcapsules, as used in this thesis, is confined to

hydrophobic actives. Although more elaborate experimentally, there are methods available for

formulating aqueous core microcapsules. Enhancing these formulation techniques to facilitate

encapsulation and stimuli-responsive release of hydrophilic or semihydrophobic, often

surface-active, actives would significantly broaden the possibilities of microcapsule

functionalization, paving the way for a multitude of innovative applications.
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