THESIS FOR THE DEGREE OF LICENTIATE OF ENGINEERING

Sustained and triggered release by
microencapsulation

VIKTOR ERIKSSON

Department of Chemistry and Chemical Engineering
Chalmers University of Technology
Gothenburg, Sweden, 2021



Sustained and triggered release by microencapsulation

VIKTOR ERIKSSON

© VIKTOR ERIKSSON, 2021

Licentiatuppsatser vid Institutionen for kemi och kemiteknik
Chalmers tekniska hogskola
Nr 2021:15

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

SE-412 96 Gothenburg, Sweden

Phone: +46 (0)31 772 1000

www.chalmers.se

Cover: illustration of two microcapsules showing sustained release
(green) and triggered release (blue), respectively.

Printed by Chalmers Digitaltryck
Gothenburg, Sweden, September 2021



Sustained and triggered release by microencapsulation
Viktor Eriksson

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

Uncontrolled growth of microorganisms is problematic in areas ranging from wound
care to aquaculture and ship hulls. In chronic and hard-to-heal wounds, a bacterial
biofilm can impair wound healing. The growth of marine microorganisms, so-called
biofouling, on equipment used in aquaculture can decrease productivity and thereby
result in a loss of revenue. To counteract these problems and minimize microbial
growth, antimicrobial substances have been developed. For efficient use of these
antimicrobial substances that enables long-term protection without excessive use,
their release from materials should be controlled.

In this work, microencapsulation was used as a means of controlling the rate at
which a model hydrophobic substance was released in two different ways. A slow
sustained release microparticle system with a complete release over a period of
weeks was developed. These microcapsules were also incorporated into cellulose
fibers, to produce a nonwoven material possessing controlled release properties. As
a complement to this, a fast triggered release system was developed where a
significant release could be seen within minutes of the trigger event.

Through a combination of these two types of controlled release, a hypothetical
release profile could be tailored to fit specific applications. The triggered release
microparticles could initially increase the antimicrobial concentration above a
certain effective concentration, and the sustained release microparticles would
maintain the concentration above the effective concentration for a prolonged time.
The use in a nonwoven fiber material was illustrated in this work, although use in
e.g. continuous fibers or painted coatings could also easily be conceived.
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Introduction

There is a fight against the uncontrolled growth of microorganisms on surfaces in
several sectors. In non-healing chronic wounds, bacterial colonization can lead to
biofilm formation which in turn can impair wound healing and even lead to an
increased mortality rate from sepsis. Such biofilm formation has been seen in a
large fraction of studied chronic wounds [1]. In both aquaculture and on ship hulls,
a similar problem of undesired microbial growth, biofouling, can be observed [2, 3].
Biofouling by aquatic microorganisms on these surfaces can lead to sub-optimal
performance and loss of revenue. In aquaculture, the consequences of biofouling are
estimated to make up at least 5-10% of the total production cost.

To combat this uncontrolled growth of microorganisms, a large effort has been put
into developing chemicals capable of killing the microorganisms in order to prevent
their growth [4, 5]. Today, small organic molecules such as quaternary ammonium
compounds and isothiazolinones are commonly used for this purpose in a wide
range of consumer products [6, 7]. Only developing new antimicrobial substances is
however not enough. There is also a need for optimizing how they are loaded into
and released from materials. A common problem with many of the products
containing these substances, such as wound dressings and painted surfaces, is the
lack of long-term efficacy. Due to the small molecular size of the antimicrobials,
their diffusivity is large. Thereby, they are readily transported out of the materials
where their antimicrobial effect is desired, and then easily washed away from the
surfaces. To counteract this, an excess of the antimicrobial substance is commonly
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added. While extending the time frame for release slightly, it also leads to an
excessive initial release rate. Any antimicrobial substance released after reaching
below a certain effective surface concentration is simply wasted.

The widespread and extensive use of these antimicrobial substances has led to an
increasing prevalence of resistance in bacteria [8]. To keep this from further
increasing, the exposure to the antimicrobials should be minimized. There is also an
economic incentive behind decreasing the amount of expensive antimicrobial
substances loaded into materials. Decreasing the used amount of antimicrobial
substance has to be done without decreasing the efficacy. By having strategies for
controlling the release of antimicrobials, this could be achieved. The initially high
and excessive dosage could be avoided while still providing sufficient efficacy over
time. One strategy for achieving such controlled release is microencapsulation. By
loading the antimicrobials into micro-sized particles, their release rate could be
precisely tuned. The microparticles could then in turn be embedded in the materials
of interest, thereby giving the materials a controlled release functionality.

1.1 Purpose and Objectives

To reach the desired release rate of actives, precisely tuning the release is needed.
Initially, a sufficiently large dose may need to be rapidly released in order to reach
effective concentrations. At the same time, a slow and extended release is desired
to maintain efficacy over time. To reach the desired release rate of actives, multiple
controlled release systems may therefore be necessary. A sustained release that is
slow and continuous is required for long-term efficacy. At the same time, an initial
triggered release may be required to initially release a sufficient amount to reach an
effective concentration.

The objectives of this work were therefore divided into two parts: (i) developing
strategies for different release rates from microparticles and (if) creating a
macroscopic material possessing these controlled release properties.

To cover these two types of release characteristics, the encapsulation and sustained
release of a model substance was investigated in Paper I and II. The hydrophobic
model substance pyrene was encapsulated in these materials. Microspheres for



sustained release of the model substance were formulated and immobilized in
cellulose fibers, resulting in a nonwoven material possessing sustained release
properties. In Paper III, a microcapsule system for immediate triggered release of
the same model substance was investigated. The UV light and acid-triggered release
was evaluated both from microcapsules in water suspension and from microcapsules
dried onto a glass substrate.






Controlled Release of Active Substances

Microcapsules are micrometer-sized particles where an active substance is packaged
within a shell material for subsequent controlled release [9]. In the 1960s, so-called
microcapsules began appearing in carbonless copy paper [10]. Here, dye-loaded
microcapsules embedded in the copy paper enabled a triggered release of the
encapsulated dye when the paper was being used. Since the 1960s, a multitude of
release systems has also been developed for the controlled delivery of
pharmaceuticals. Macroscopic devices were initially developed [11], but
microcapsules rapidly increased in popularity. The highly adaptable microcapsule
systems allow for a wide variety of different release profiles to be achieved. These
range from fast release triggered by various external stimuli, such as a change in
pH-value or light irradiation, [12] to slow and sustained release [13].

In this work, two main classes of microparticles are considered: microspheres and
microcapsules [13]. A microsphere is the simplest morphology in which the active
substance is distributed homogeneously throughout a spherical polymer matrix. A
more intricate morphology is that of a core-shell microcapsule. Here, a solid polymer
phase encapsulates a core oil into which an active substance is dissolved. These
two morphologies are illustrated in Figure 2.1a) and b), respectively. Several routes
can be followed to prepare such microparticles, including interfacial polymerization
and internal phase separation among others [14]. In this work, only microparticles
prepared by internal phase separation are discussed. In short, this method is based
on creating an oil-in-water emulsion. In the oil phase, the microcapsule shell and
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core materials are dissolved in a volatile solvent with low water solubility. When
evaporating the volatile solvent, an internal phase separation takes place inside the
emulsion droplets which creates the microcapsules [15].

2.1 Morphologies of Microcapsules

There is a multitude of conceivable two-phase microcapsule morphologies, some of
which are presented in Figure 2.1. The morphology of a microcapsule system
prepared by internal phase separation can be predicted mathematically by using
spreading coefficients for the different phases. These spreading coefficients are in
turn dependent on the interfacial tensions between the relevant microcapsule phases.
Torza and Mason [16] developed this concept for determining the morphologies in a
system of three immiscible liquids. Both Sundberg et al. [17] as well as Loxley and
Vincent [15] finally expanded this concept further to also predict the morphologies
in three-phase systems containing a solid polymer as in the case of a microcapsule.
The spreading coefficient S; for phase i in a system of three immiscible phases i, j,
and k can be calculated from the three different interfacial tensions between the
phases,

Si = Vi — (%j + Ya)- 2.1

For a typical microcapsule system, spreading coefficients for the following three
phases must be considered: the oil phase (S,), the water phase (Sy), and the polymer
phase (Sp). Four different combinations of these spreading coefficients are possible,
as shown by Equations 2.2 - 2.5.

S <0; Sy <0; S§>0, 2.2)
So<0; Sy>0; Sp<0, (2.3)
So>0; Syw<0; S§,<0, 24
So<0; Sy<0; S,<O0. (2.5)
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Figure 2.1: Illustration of a a) microsphere, along with conceivable two-phase microcapsule
morphologies: b) core-shell, bl) blueberry, b2) multi-core, c¢) acorn, cl)

raspberry, d) droplet separation, e) inverted core-shell. The polymer phase is
shown in blue and the oil phase in red.

Each of these sets of spreading coefficients corresponds to a different
thermodynamically predicted microcapsule morphology. The core-shell particle in
Figure 2.1b) can be predicted by the set of spreading coefficients in Equation 2.2.
This is also the only morphology in which the oil is successfully encapsulated
within the microcapsule. The acorn morphology in Figure 2.1c) is mathematically
predicted by Equation 2.5. In Figure 2.1d) a complete droplet separation is shown,
predicted by Equation 2.3. Finally, an inverted core-shell particle (Figure 2.1e))
where the oil phase surrounds the polymer shell is predicted thermodynamically by
Equation 2.4. It can thus be seen that in order to successfully encapsulate the oil
phase inside a core-shell particle, the core oil phase must be sufficiently
hydrophobic as compared to the desired polymer shell.

Apart from these four main types of microparticles, several other morphologies are
found in the literature that cannot be directly described by the classical
thermodynamic spreading coefficients. Both the dimpled core-shell particle,
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so-called blueberry microcapsule, as shown in Figure 2.1bl) [18, 19] and the
multi-core particle in Figure 2.1b2) [20] have been reported and should both fulfill
the thermodynamic conditions for a core-shell particle while still deviating
significantly in their morphology. Similarly, the raspberry-like microparticle [21] in
Figure 2.1d1) should fulfill the spreading conditions for an acorn
microparticle.

2.2 Sustained Release

For pharmaceuticals intended to be administered slowly and continuously [22] or
for long-term biofouling protection of coatings [23], a sustained release profile of
actives is of great importance. Through microencapsulation, the microparticles are
supposed to act as the rate-limiting barrier controlling the release rate of actives.
There are several mechanisms by which the actives can be released from the
microparticles. When biodegradable microcapsule materials are used, such as
polylactide-based polyesters, both diffusion through the polymer matrix and
degradation of the matrix itself can affect the release rate [24]. For small molecules,
such as biocides for antifouling, the release is usually governed by diffusion through
the polymer matrix [25]. The diffusion of larger molecules, such as peptides and
proteins, through a polymer matrix is usually negligible on the time scales relevant
for controlled release. Hence, their release is often to a larger extent dependent on
the degradation of the polymer matrix. During degradation the polymer starts
disintegrating, forming water-filled pores inside the matrix through which the
actives can diffuse out [24].

2.3 Triggered Release

From a sustained release system, the active is being released slowly and
continuously. By examining the release profile from such a system, it can be seen
that a certain amount of time is needed to reach an effective concentration of the
active substance. A system where an antibacterial substance is released from a
wound dressing in a chronic wound can be considered as an example. For a system
relying solely on sustained release, the initial concentration of the antibacterial
agent in the wound would be far below the effective concentration where the growth



of bacteria is prevented. Here, a system comprising both triggered and sustained
release could be utilized. By triggering the release of a fraction of the antibacterial
substance, the concentration in the wound could be brought above the effective
concentration. The other fraction of antibacterial substance being released slowly
via sustained release would then maintain the concentration above the effective
concentration for an extended time.

Several approaches for triggered release of actives have been presented, relying on a
multitude of different triggers. These include changes in pH, ultraviolet, and
near-infrared light among others [26-29]. This functionality can be used to e.g.
deliver pharmaceuticals in specific regions of the gastrointestinal tract on the basis
of different pH-values [30]. The release of cosmetics and herbicides for agriculture
could be triggered by UV light exposure due to the natural UV light abundance in
those application areas [12]. The light-triggered release also has the advantage of
being possible to control remotely, without relying on physical changes such as a
difference in pH value or temperature.

One polymer with interesting properties for triggered release is polyphthalaldehyde
(PPA). Its synthesis was first described in the 1960s [31] and has since then been
investigated for its possibility to be used as a resist in photolithography [32]. Due to
its low ceiling temperature of -43 °C, it rapidly depolymerizes. Through various
end-caps, the polymer can be stabilized and the depolymerization hindered.
However, once the depolymerization is triggered it rapidly reverts into its
monomeric constituents [33]. PPA microcapsules sensitive to acid have been
formulated previously [34], and fluoride-sensitive microcapsules have been
formulated by selecting a fluoride-sensitive end-cap for the PPA [35]. There is also
an inherent UV light triggered degradation of PPA [36].

2.4 Macroscopic Controlled Release Materials

Microencapsulation is a promising route for the delivery of drugs, either for
parenteral or oral formulations [37-39]. In for example a wound dressing, however,
the microcapsules would easily be washed away from the area where they would be
applied, eliminating the effect from active substances. To counteract this, a
macroscopic material from which controlled release can be achieved is required.
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Both fiber materials and hydrogels have previously been used for these
purposes [40-43]. Many of these materials do however not provide a sufficient
degree of control of the release rate of actives, as pointed out previously. By
immobilizing microcapsules in a fiber material, the advantages of both materials
could be combined. Microcapsules would control the release rate of actives,
whereas the fiber material would provide the desired structural integrity.

Several fossil-based raw materials are available for producing fiber materials with
the desired properties. There are, however, several bio-based and renewable
polysaccharides available as replacements for these. Cellulose is the most abundant
biopolymer on Earth, and is hence an attractive alternative for producing the
previously mentioned fiber materials [44]. Chitosan and alginate are other
underused raw materials of interest for these applications [45, 46].

10



Experimental

3.1 Microcapsule Formulation

The formulation procedure for preparing two-phase oil core-polymer shell
microcapsules in Paper III was based on internal phase separation by solvent
evaporation, described by Vincent and Loxley [15]. The core oil hexadecane, shell
polymer polyphthalaldehyde (PPA), and the active substance pyrene were dissolved
in the volatile solvent dichloromethane (DCM). Following this, an oil-in-water
emulsion was prepared by dispersing the DCM solution in a water solution
containing a polymeric dispersant under high-speed shearing. After preparing this
emulsion, it was transferred to a vial and left under gentle magnetic stirring for at
least 10 hours for the DCM to evaporate. During this evaporation, the immiscible
core and shell materials phase-separated within the emulsion droplets as the fraction
of volatile solvent decreased, leading to the desired core-shell morphology. This is
illustrated schematically in Figure 3.1. In Paper I and II, PPA was replaced with the
biodegradable polyester poly(D,L-lactide-co-glycolide) (PLGA). The solid
microspheres used were formulated following a similar procedure, but with the
modification of omitting the core oil and replacing it with an equal amount of shell
polymer.

Several conditions need to be fulfilled to prepare microcapsules by the internal

phase separation method. Starting with the volatile solvent, two conditions should
be fulfilled. First of all, it must dissolve all of the mentioned microparticle

11
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components. Secondly, it should have a slight water solubility to facilitate its
evaporation. During evaporation from the prepared emulsion, the volatile solvent
should be transported from the emulsion droplets to the surrounding continuous
water phase towards the water surface where it can evaporate. By having a slight
water solubility of the volatile solvent, the evaporation rate can be increased. Two
solvents possessing these properties are DCM and chloroform.

Looking at the microcapsule materials, several conditions need to be fulfilled as well.
Naturally, the core and shell material must be immiscible in each other to produce
a two-phase microcapsule. The oil core must also be sufficiently hydrophobic as
compared to the shell material in order to produce the desired core-shell morphology,
as described by the spreading conditions in Equation 2.2 - 2.5.

10 hours
2 )

= :/L

Figure 3.1: Schematic illustration of the formulation procedure for producing microparticles.

3.2 Interfacial Tensions and the van Oss Formalism

As described in Equation 2.2 - 2.5, the morphology of a two-phase microcapsule
can be predicted by spreading coefficients based on the interfacial tensions between
the two phases in the microcapsule and the outer water phase, respectively. To
predict the morphologies of the formulated microcapsules in Paper III, the relevant
interfacial tensions were measured for these microcapsule systems. The interfacial
tension between two liquid phases was measured directly by the pendant drop
technique. The curvature of a droplet hanging from a needle is dependent on the
interfacial tension between the droplet and the surrounding medium, among other

12



factors. The interfacial tension for such a pendant drop can be expressed as

_ ApgRo
=78

3.1)

where Ap is the density difference between the droplet and its surrounding medium,
g is the gravitational constant, Ry is the curvature radius at the droplet apex and f3 is
a shape factor.

The interfacial tension between the solid polymer and the liquid oil and water phase
respectively cannot be measured directly. Instead, an indirect method was required.
The methodology developed by van Oss and coworkers [47] was used in Paper III
for determining the surface energy of the solid polymer phase. The methodology is
based on measuring the contact angles of several well-known test liquids on the
substrate of interest. Any interfacial tension can be divided into Lifshitz-van der
Waals (LW) interactions and acid-base (AB) interactions, Equation 3.2. The
acid-base interactions can be further divided into electron acceptor (yl*) and
electron donor (¥;") interactions according to Equation 3.3. The contact angle 6 was
measured on the polymer substrate for each of the test liquids. By nonlinear
regression the polymer surface energy %™ could be determined through Equations
3.2 - 3.4. By then measuring contact angles for the oil and water phases of interest
on the polymer surface, their interfacial tensions could be determined through
Equation 3.5, knowing both the surface tension of the liquid of interest (") and the
surface energy of the polymer substrate.

Yo =y VB (3.2)

WP =2/ 3.3)
1+ cos(0)3 =2 [(yéwyﬁw) )"+ (5 ) 1/2} (3.4)
7 = 1L + % cos(0) (3.5)
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3.3 Solution Blowing

To produce the cellulose nonwoven materials used in Paper I and II, solution
blowing was used [48]. Microcrystalline cellulose, used for its lower average
molecular weight than regular dissolving pulp, was dried at 80 °C for one hour. The
cellulose was then mixed with 1-ethyl-3-methylimidazolium acetate (EMIMAc)
under overhead stirring in a glass reactor at room temperature. Pyrene was also
added to the EMIMAc when preparing the fiber samples containing freely dispersed
pyrene. Once all large clusters of cellulose particles were well-dispersed in the
liquid, the mixture was heated to 70 °C for one hour in order to dissolve the
cellulose. After complete dissolution, the prepared dope solution was cooled down
to room temperature. Similar dope solutions were used for the wet spun
fibers.

For the fiber samples containing microparticles, the particles were added to the dope
solution after allowing it to cool down to room temperature. The dope solution is
water sensitive, and a too large amount of water in it will coagulate the dissolved
cellulose. Since the microparticles were prepared in a water suspension at 2 wt.%, it
was therefore important to minimize the water content in the microparticle
suspension. By careful centrifugation, the microparticles were sedimented to yield a
microparticle concentration of approximately 50 wt.%. This sediment was then
redispersed in a small amount of EMIMACc before being added to the dope solution.
It was important that the dope solution had cooled down to room temperature before
adding the microparticles. The glass transition temperature of the hydrated PLGA
microparticles is around 30 °C [49] meaning that the microparticles may have
deformed significantly during shearing at elevated temperatures.

After preparing the dope solution, solution blowing was used to produce the
different nonwoven materials used for subsequent release measurements. The dope
solution was added to a cylinder and pushed through 220 um capillaries by a piston.
After being extruded through the capillaries, compressed air stretched the fibers
further in the air gap between the spinneret and coagulation bath. Once the fibers
reached the coagulation bath, they rapidly coagulated and were collected onto a
rotating metal drum. The experimental setup used for solution blowing is illustrated
in Figure 3.2.

14



Piston

Dope solution

Compressed air

Coagulation bath

Rotating collector

Figure 3.2: Illustration of the experimental setup used for preparing nonwovens by solution
blowing.

Normally, dissolving pulp is used for preparing the dope solutions used for solution
blowing. This results in a dope solution with significantly higher viscosity as
compared to dope solutions prepared with microcrystalline cellulose. The solution
blowing is then usually done while keeping the dope solution heated at up to
70 °C [48], which decreases its viscosity. =~ As mentioned previously, the
microparticles are temperature sensitive as a result of their low glass transition
temperature. Hence, elevated temperatures could not be used during solution
blowing. Cosolvents such as dimethylsulfoxide or methylimidazole could be added
to decrease the dope viscosity and prevent die swelling [50]. Many of these
EMIMAc/cosolvent mixtures do however disintegrate the PLGA microparticles
entirely. Based on these considerations, a dope solution prepared with the lower

15
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molecular weight microcrystalline cellulose was used for microparticle-loaded
fibers.

3.4 Microscopy Characterization

To understand the structure of prepared microparticles, as well as the nonwoven fiber
materials, several microscopy techniques were employed. Knowing the size and
morphologies of the prepared materials is of paramount importance for subsequent
analyses.

Optical brightfield microscopy was used to determine size distributions of both
microspheres (Paper II and III) and fibers (Paper II). Pyrene, used as a model active
substance, shows a strong blue fluorescence which allows for further
characterization using fluorescence microscopy. The fiber surface and distribution
of microspheres within the fiber material were further visualized by confocal and
scanning electron microscopy.

To elucidate microcapsule morphologies in Paper III, fluorescence microscopy was
also used. The polymer PPA used as a shell material exhibited green
autofluorescence. In the core oil, pyrene was dissolved which displays a blue
fluorescence. By overlaying an optical micrograph with blue and green fluorescence
micrographs, composite images could be obtained from which the microcapsule
morphologies could be elucidated. In post-processing, the green tone was shifted to
red for a more clear differentiation between the two fluorescent phases.

3.5 Release Measurements

The sustained release of pyrene from nonwoven fiber materials and microspheres in
Paper II was evaluated in a water solution. So-called sink conditions were desired
during these tests, meaning that the concentration of pyrene had to be sufficiently
far below the saturation concentration in the liquid. Due to the hydrophobic nature
of pyrene, its water solubility is very low. The nonionic surfactant Brij L23 was
therefore added to the release medium, solubilizing pyrene and resulting in desired
sink conditions. Without this, the partition coefficient for pyrene between a

16



microsphere and its surrounding aqueous phase would significantly affect the
release rate [51, 52].

During the release experiments, a piece of the nonwoven fiber material or a small
amount of the microsphere suspension was added to a large, stirred volume of the
release medium. Aliquots of the release medium were taken out at given times and
filtered through syringe filters to remove microspheres or fiber debris, stopping the
continuous release of pyrene. By UV-visible spectroscopy, the amount of released
pyrene at each time point could be determined using the Beer-Lambert law, A = ecl.
Here A is the measured absorbance, € is the molar absorptivity, c¢ is the concentration
and [ is the path-length of the cuvette.

To determine the total loading of pyrene for both the microspheres in water
suspension and the fiber materials, a similar approach was used. After completing
the release experiment, ethanol was added to the samples. This is a much better
solvent for pyrene, and it swells both the fibers and microspheres, allowing for fast
and complete extraction of any remaining pyrene. The samples were left overnight
to ensure that all pyrene was extracted, then they were filtered and analyzed by
UV-vis spectroscopy.

The triggered release in Paper III was instead evaluated qualitatively. The
microspheres were irradiated by UV light from the fluorescence microscope. This
way, the release of the interior core oil could be monitored in situ. The triggered
release was performed both on microcapsules in water suspension and on dry
microcapsules placed on a glass slide.

3.6 Modelling Sustained Release

The diffusion of a small molecule inside a matrix can be modelled by the diffusion
equation. In its simplest form, the equation can be reduced to a one-dimensional
problem. For such a one-dimensional problem, the diffusion equation is expressed

as
aC 2*C
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where C is the concentration of diffusing substance, ¢ is time, D is the diffusion
coefficient inside the studied geometry and x is a characteristic length. It is
convenient to express the release in terms of fractional release, m(t)/moy, rather
than as a concentration.

3.6.1 Microspheres

The diffusion equation (Equation 3.6) is described on a spherical geometry by Crank
[52]. This gives the possibility of modelling the fractional release (fs) of an active
substance from microspheres,

> 60g(as+1 Dq? t
Z—“ s )2 exp| — q;” . (3.7)
1+ozS =94+ 905 + g2 08 r

fi(rt) =

Here, r is the radius of the sphere and o is expressed as

Vsink

(3.8)
VsphereK

o =

with K as the partition coefficient of the diffusing substance between the sphere and
the surrounding release medium. Vi and Viphere are the volumes of release medium
and microspheres, respectively. gs, is defined as the n:th non-zero positive root
of

3qs.n

—_— 3.9
3+osq2, (3-9)

tangs , =

Microspheres used for controlled release are never monodisperse, but always have a
polydispersity. Therefore, a single radius r cannot be used in equation 3.7. Instead
the final expression for the fractional release must be weighted according to the
polydispersity,
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The probability density function p(r) used in Equation 3.10 normally follows a log-
normal distribution function [53],

1 (Inx — u)?
p(r)= o ZneXp<—262>, (3.11)

where 1 and o are the mean and standard deviation of the logarithmized

radius.

3.6.2 Fiber Materials

Similar to release from microspheres, the diffusion from fibers can also be
mathematically modelled. The fractional release from a fiber (f.) in which the
diffusing substance is homogeneously distributed can be modelled with a
cylindrical geometry. This is described by Crank [52],

=

2
fe(nt) = . ) Mexp <— DZCZ”J)] , (3.12)

1+ Zdtdac+q2,02

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

o = Jsink (3.13)
VeylK

with V¢ being the volume of the cylinder. For a cylinder, g, is defined as the n:th
non-zero positive root of
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ac‘]c,njo(‘k,n) +2J (‘]c,n) =0. (3.14)

Here, Jy and J; are the Bessel functions of the first kind of order O and 1, respectively.
Similar to the microspheres, polydispersity in the fiber radii has to be taken into
account:

i) _ I felast)pla)a® da
Mot [pla)a®?da

(3.15)

When the active substance is adsorbed onto the fibers, two different components are
required to mathematically describe the release. The active substance on the surface
of the fiber will be rapidly released, here denoted as a burst release that is assumed
to be a zero-order release. Parts of the active substance will permeate into the fiber
during impregnation, from which it will be slowly released through diffusion. The
fractional release can therefore be expressed as

fn :{pbkbt+(1—pb)fp(L,t), ifr <1 G16)

Pokoty + (1= pv) fp(L,1), ift >

with py defined as the burst fraction, k, as the rate constant for the burst release,
and #, as the time during which the burst release occurs. The slower, diffusional
contribution to the release f,,(L,7) can be approximated as diffusion from a plane
sheet [52],

_ i 8 D(2n+1)*n%t

where L is the thickness of the sheet.
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Results and Discussion

4.1 Sustained Release Systems

In Paper I, a multitude of microparticle-functionalized fiber materials were
prepared. These can be divided into two fundamentally different types of fiber
materials: nonwovens and continuous fiber filaments. The pyrene release rate from
the nonwoven fiber materials was later evaluated in an aqueous solution in
Paper II.

4.1.1 Fiber Preparation

Solution blowing and wet spinning was used to prepare the two different types of
fiber materials. Through solution blowing, a nonwoven, i.e. a disordered network of
cellulose fibers, was created. Wet spinning, on the other hand, created long and
continuous fiber filaments. These two fiber material types are shown in Figure 4.1.
Both core-shell particles, as well as the more simple microspheres, with diameters
around 10 um were successfully immobilized within these fibers. Wet spun
cellulose fibers loaded with PLGA core-shell particles are shown in Figure 4.2. The
microcapsules were intact and retained their core-shell structure after the fiber
spinning, as seen in Figure 4.2a). A slight deformation of the microcapsules could
be seen after wet spinning, possibly as a result of the shear forces involved during
the extrusion of the dope solution through the spinneret. From the fluorescence
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micrographs in Figure 4.2b), further evidence that the microcapsules remained
intact was seen. The strong fluorescence in the microcapsule cores indicated that the
microcapsule shells had not broken and that the cores, and the pyrene dissolved in
them, were still successfully encapsulated within the capsules.

Figure 4.1: Photographs of fiber materials prepared by a) solution blowing and b) wet
spinning. The inset in a) shows a magnified differential interference contrast
micrograph of the nonwoven.

Solution blown cellulose fibers containing pyrene-loaded microspheres were also
prepared in Paper I, and further investigated in Paper II as a sustained release system.
The sustained release of pyrene was not only evaluated from nonwovens containing
pyrene-loaded microspheres. For comparison, pyrene was also loaded by a more
simple impregnation in two different ways: by surface impregnation and by freely
dispersing pyrene throughout the entire fiber cross-section. The three materials are
shown in Figure 4.3, visualized by both optical and fluorescence microscopy.

Comparing the materials where pyrene is loaded within the fibers, i.e. the
microencapsulated and freely dispersed pyrene, a much higher loading efficiency
was seen during microencapsulation. In Paper I it was shown that only 7% of the
freely dispersed pyrene remain in the fiber, whereas 95% was remaining in the fiber
by microencapsulation. Pyrene is highly hydrophobic with a water solubility of only
0.1 mg/L [54]. A plausible explanation for the large loss of pyrene is the mass
transport of EMIMACc out of the fiber during coagulation, which also transports a
significant part of the pyrene out of the coagulating fiber. By instead encapsulating
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Figure 4.2: A small segment of a wet spun continuous cellulose fiber containing core-shell
microcapsules visualized by a) optical and b) fluorescence microscopy. The scale
bar is valid for both sub-figures.

pyrene into microspheres, it was protected and this loss of active substance was
almost entirely eliminated.

4.1.2 Pyrene release rate from the materials

The release of pyrene from nonwoven fiber materials where the pyrene was surface
impregnated, freely dispersed throughout the fiber, and encapsulated into
microspheres embedded in the fibers was further evaluated in an aqueous solution.
This solution contained the nonionic surfactant Brij L23 in order to establish sink
conditions. Apart from the three fiber materials, release measurements were also
performed on microspheres not loaded into fiber materials, but directly in a water
suspension. The fractional release from these samples is presented in Figure
4.4.

A tremendous difference in the release from the different fiber materials could be
seen.  Surface impregnation of pyrene resulted in a large burst fraction of
approximately 50%. This was likely due to readily available pyrene on the fiber
surface that dissolved rapidly. Following this, a slower continuous release was seen
until a complete release was achieved after approximately one hour. The second
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100 pm

Figure 4.3: Pyrene loaded into nonwoven cellulose fibers by a) surface impregnation, b)
freely dispersing throughout fibers and ¢) microencapsulation in microspheres.
Micrographs in al), bl) and c1) were taken with brightfield illumination, whereas
a2), b2) and c2) were taken by fluorescence microscopy.

part in the release was likely the release of pyrene that had entered into the
outermost parts of the cellulose fiber during impregnation. This release behavior
was modeled mathematically by Equation 3.16 and 3.17. By fitting these equations,
an average thickness of 7 um for the pyrene-containing part of the fiber was found,
which was approximately half of the average fiber radius.

For freely dispersed pyrene, the burst release was negligible, and most of the pyrene
was released slowly following a diffusion-like release profile over approximately
10 hours. Initially, pyrene should have been homogeneously distributed throughout
the fiber, as verified by microscopy in Figure 4.3b2). This release was therefore
modeled by a cylindrical geometry as described by Equation 3.12. A diffusion
coefficient for pyrene in the cellulose fiber could be fitted from this model. This
diffusion coefficient was used when estimating the impregnation depth of the
surface impregnated fibers above.

For the microsphere-functionalized fibers, the burst release was negligible as well.
Two different approaches to modeling the release was used here. The release was
either modeled as a release from microspheres, neglecting the fact that they were
immobilized within a fiber. Alternatively, the release was modeled by the cylindrical

24



o
I

I

|

|

|

=)

<4 s > LI ¥
® © } =" -
§0.8r {208F ©
@D < 3
2] °© pe
T0.6 150.6p8 .
c < d
S S |7 _——
80.4 {804 . .
w w g —
&
0.2+ 0.28 )
Q
¢
0 - L ' ' ' 0ke 4 L L L '
0.01 0.1 1 10 100 1000 0 5 10 15 20 25
Time (h) Time (h)

Figure 4.4: Fractional release from fibers containing pyrene loaded by surface impregnation
(>»), as freely dispersed ((/M) and as microencapsulated (O#) along with
microspheres in water suspension (O@). Solid lines are fits to the appropriate
release models. In a) the release is shown on a logarithmic time scale, and in b)
the first 25 hours are shown on a linear scale.

geometry of the fibers. In the latter case, the fitted diffusion coefficient would not
be the true diffusion coefficient for the material. Rather, it would be an apparent
diffusion coefficient given that it was a composite material where the diffusivity of
pyrene would differ in the cellulose and PLGA phases respectively.

The fitted (apparent) diffusion coefficients for the different materials are shown in
Table 4.1 along with what geometry was used for each model. Comparing the three
different materials, an approximately 100-fold decrease in apparent diffusivity was
found for the encapsulated pyrene, as compared to freely dispersed. The release rates
from microspheres in water and fibers, respectively, were highly similar, meaning
that the microspheres acted as the main rate-limiting barrier for the release and not
the cellulose matrix.

Table 4.1: Geometries used in fitting diffusion models to the investigated samples, along with
fitted apparent diffusion coefficients.

Sample Geometry D (m?/s)

Freely dispersed | Cylinder — 2.02-10~'#
Cylinder ~ 4.29-10716
Sphere 2.68-10718
Spheres (susp.) Sphere 5.38-10718

Spheres (fiber)
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4.2 Triggered Release Systems

Only sustained release from a system may not be sufficient to produce the desired
release profile, as described previously. In Paper III, polyphthalaldehyde
microcapsules were therefore formulated. = The available parameters when
formulating the microcapsules were optimized, and the microcapsules were then
evaluated as a model system for achieving UV light triggered release.

4.2.1 Formulation

Several parameters can be optimized when formulating microcapsules, such as
choice of dispersant and solvent evaporation rate. The choice of dispersant will
affect the thermodynamically predicted morphology, as described by the spreading
coefficients in Equations 2.2 - 2.5, whereas the solvent evaporation rate instead will
affect the kinetics during internal phase separation.

Figure 4.5: 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.

Two polymeric dispersants were investigated: poly(vinyl alcohol) (PVA) and
poly(methacrylic acid) (PMAA). The obtained microcapsule morphologies with
these two dispersants are shown in Figure 4.5. Both 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
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these morphologies, the spreading coefficients for each system were calculated,
Table 4.2. For both dispersants, a value of S, close to zero was seen. This indicates
that both of the systems were on the boundary between a core-shell and an acorn
morphology. The high interfacial tension between PPA and pure water further
indicates that the polymer is highly hydrophobic. It was the ability of the dispersant
to efficiently decrease this polymer-water interfacial tension that drove the
formation of core-shell particles and not acorn microparticles. This is uncommon,
as it is usually the dispersant’s ability to maintain a large oil-water interfacial
tension that promotes core-shell formation.

Table 4.2: Interfacial tensions and calculated spreading coefficients for the different
dispersants, along with predicted and observed microcapsule morphologies. All
values are in mN/m.

. Morphology

Disp. .

1P Tow  Yop  Tow o Sp Sw So Predicted  Observed

None 535 144 433 -42 -823 -247 Acom -

PVA | 212 144 42 26 -11.0 -315 Coreshell 2™
Core-shell
PMAA | 334 144 194 -04 -384 -285 Acorn Blueberry

4.2.2 UV Light Exposure

The triggered release from PPA-microcapsules was investigated in two ways: with
microcapsules in a water suspension, and microcapsules dried onto a glass substrate.
The triggered release from PMAA-stabilized microcapsules in suspension is shown
in Figure 4.6. After one minute of UV light exposure, the o0il core was seen to start
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 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.
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Figure 4.6: In situ-triggered release from PMAA-stabilized microcapsules in water
suspension after a) O min., b) 1 min., ¢) 5 min. as shown by both fluorescence
and brightfield micrographs. The scale bar is valid for all sub-figures.

Apart from microcapsules in water suspension, the triggered release was also
evaluated for microcapsules dried onto a glass substrate. PVA-stabilized
microcapsules before and after UV light exposure are shown in Figure 4.7. PPA is
represented in magenta in the composite micrographs, and the hexadecane oil core
is seen in blue. Before exposure, small amounts of oil could already be seen to be
not encapsulated. This was most likely due to the fraction of acorn microparticles
that were present in the samples. The fraction of the sample that displayed a
core-shell morphology was seen as intact particles on the glass. The capsules could
be seen to collapse after less than one minute of UV light exposure, causing the core
oil to leak out. Despite not showing any triggered release in water suspension, it
was clearly possible to trigger a collapse of these microcapsule shells when the
particles were in a dry state.
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Figure 4.7: PVA-stabilized microcapsules dried onto a glass slide a) before and b) after less
than one minute of UV light exposure. In the insets, a magnification of one
microcapsule is shown.
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Concluding Remarks and Future Work

In this thesis, the concept of controlled release has been explored in two different
ways for the release of a model hydrophobic substance. Both a slow and sustained
release and an instantaneous triggered release were investigated from
microparticles.  Sustained release microparticles were also incorporated into
cellulose fibers, producing a nonwoven material from which a controlled release of
the active substance was achieved. After one week, approximately 80% was
released, which would be an appropriate release rate in a wound dressing. On the
contrary, a significant fractional release could be achieved from the triggered release
microcapsules within only minutes after the trigger event. As stated previously, only
one controlled release approach may not be sufficient for achieving the desired
release profile. Therefore, combinations of sustained and triggered release systems
could be imagined for tailoring release profiles.

The release of the hydrophobic model substance pyrene was only investigated in
this thesis. This gave a good understanding of material properties and how the
release rate can be affected. A proof-of-concept system encapsulating real
antimicrobial substances such as isothiazolinones or quaternary ammonium
compounds is, however, also desired. The release methodology presented in this
thesis could thus be combined with in vivo-studies of the antimicrobial
efficacy.
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The choice of materials could also be further explored. For instance, in a wound
care application, both PLGA microparticles and cellulose fibers would be excellent
choices of materials for sustained release due to their biocompatibility. This would
not be the case for PPA in the case of triggered release. As with the use of pyrene,
it was an excellent model system for showing the concept of UV-triggered release,
although biocompatible and approved alternatives would be required in a medical
application. One interesting class of polymers that fulfills these requirements and
shows a pH-triggered degradation and release is polyanhydrides.
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