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Summary

Summary

This thesis describes novel strategies for a rational design of microcapsules that are
of fundamental interest for colloid and interface science as well as for industrial large-
scale processes. In the focus of this work are artificial polymeric microcapsules,
which find broad application in drug delivery, contrast imaging, flavor or fragrance
encapsulation, phase change materials and functional textiles. A great demand for a
rational microcapsule design is observed whenever new application fields are
exploited, microcapsule production is up-scaled or the performance of microcapsules

Is optimized.

Mechanical properties of microcapsules are the central topic of this thesis because
they play a key role in view of the mechanical stability, release behavior, shelf life,
deformation behavior, and adhesion of microcapsules. Thus, mechanical properties
are considered to have an essential impact on the macroscopic performance of
microcapsules and thus on the application itself. Hence, the tailoring of
microcapsule’s shell mechanics has turned into one of today’s challenges when

microcapsule-based products are designed or optimized.

A basic requirement for tailoring microcapsule’s mechanical properties is the
knowledge of structure-property relations with regard to critical parameters such as
the capsule’s geometry, shell thickness, shell material properties, or core material
properties. Within this thesis a concept was developed that allows for a
straightforward analysis of structure-property relations in an efficient and
reproducible way. One of the main questions answered by the developed approach is
how synthesis process parameters affect shell properties, and thus the mechanical and
macroscopical response of microcapsules. The approach is based on characterization
techniques that allow experiments on the single-particle-level such as optical
microscopy, transmission electron microscopy and atomic force microscopy. Even
though the measurement of single particles does not represent a high throughput
method, it provides the basis to link morphological with mechanical properties.
Furthermore, single-particle-experiments are used for direct determination of critical
parameters with sufficient high resolution in the nano- and micrometer regime and

accurate information on their dispersity. Often there are knowledge gaps observed
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between the synthesis of microcapsules and their performance measured via
macroscopic tests (batch tests with a large number of microcapsules). The type of
macroscopic test strongly depends on the intended application and can range from
certified application tests to empirical panel tests. By analyzing and understanding,
structure-property relations (synthesis —performance) gaps can be closed and

macroscopic properties can be tailored.
Three types of polymeric microcapsules have been studied in this thesis:

1) Gas-filled microbubbles with a shell made of poly(vinyl alcohol) are used for
theranostic applications (ultrasound imaging and drug delivery),

2) Magnetic microbubbles with a shell made of poly(vinyl alcohol) and super
paramagnetic iron oxide nanoparticles are used as hybrid contrast agents for
ultrasound and magnetic resonance imaging, and

3) Aminoresin (melamine formaldehyde) microcapsules are used for the industrial

encapsulation of fragrances.

In summary, this thesis presents a reproducible and broad-applicable characterization
concept for analyzing microcapsules’ structure-property-relations. The developed
concept proofed to be of value for the systematic design and sustainable optimization
of microcapsules because it is closing existing knowledge gaps between synthesis
and application. This was clearly illustrated by the successful clarification of
structure-property relations in three different types of microcapsule systems. In
conclusion, the presented concept shows great potential to tailor mechanical

properties of microcapsules for a broad range of capsule systems.
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Zusammenfassung

Die vorliegende Arbeit stellt neue Strategien zum systematischen Design von
Mikrokapseln vor, welche von fundamentalem Interesse fiur die Kolloid- und
Grenzflachenforschung als auch fur die industrielle Herstellung sind. Gegenstand der
Arbeit sind kunstliche polymere Mikrokapseln, die eine breite Anwendung in der
gezielten Pharmakotherapie, der kontrastmittel-unterstutzten Bildgebung, der
Verkapselung von Aroma- und Parfumstoffen, Latentwéarmespeichern und
Funktionsmaterialen finden. Die Frage nach einem rationalen Design von
Mikrokapseln entsteht vor allem beim ErschlieBen neuer Anwendungsfelder, beim
Anpassen von Aufskalierungsprozessen oder beim Optimieren makroskopischer

Eigenschaften.

Die mechanischen Eigenschaften von Mikrokapseln sind zentrales Thema dieser
Arbeit, weil sie eine Schlisselrolle hinsichtlich der mechanischen Stabilitat, der
Freisetzung, der Haltbarkeit, und des Deformations- und Adhasionsverhaltens einer
Mikrokapsel einnehmen. Aus diesem Grund sind mechanische Eigenschaften extrem
wichtig fir das makroskopische Verhalten von Mikrokapseln wahrend ihrer
Anwendung. Die gezielte Anpassung der Schalenmechanik zéhlt deshalb auch zu den
aktuellen Herausforderungen wenn mikrokapsel-basierter Produkte neu hergestellt

oder optimiert werden.

Ein genaues Verstdndnis der Struktur-Eigenschafts-Beziehungen stellt eine
grundlegende Anforderung dar, um mechanische Eigenschaften von Mikrokapseln
systematisch anzupassen. Im Fokus stehen hier Parameter, wie zum Beispiel die
Partikelgeometrie, die Wanddicke, das Schalenmaterial, und das verkapselten
Materials. Diese Arbeit widmet sich der schrittweisen Aufklarung von Struktur-
Eigenschafts-Beziehungen von Mikrokapseln auf einfache und reproduzierbare Art
und Weise. Eine der Hauptfragen, die mit Hilfe dieser Charakterisierungs-Strategie
beantwortet werden kann, ist wie der Herstellungsprozess die Eigenschaften der
Kapselschale und somit das mechanische und makroskopische Verhalten beeinflusst.
Realisiert wird dies durch Analyse-Techniken, die eine Charakterisierung auf der
Einzelpartikel-Ebene zulassen wie zum Beispiel optische Mikroskopie,

Transmissions-Elektronenmikroskopie und  Rasterkraftmikroskopie.  Obwohl
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Einzelpartikel-Messungen keine hohen Durchsétze erlauben, so ermdglichen diese
Uberhaupt erst eine Korrelation der morphologischen und mechanischen
Eigenschaften. AulRerdem ist eine direkte Bestimmung kritischer Parameter mit einer
ausreichend hohen Auflosung im Nano- und Mikrometer-Bereich mdglich, inklusive
einer prazisen Angabe der Dispersitat. Ein Briickenschlag zur Anwendung wird
schliellich durch eine Korrelation der Ergebnisse mit den makroskopischen
Eigenschaften erreicht. Die Art des makroskopischen Tests hdngt von der Art der
Anwendung ab und kann zertifizierte Qualitatstests als auch empirische Panel Tests
umfassen. Durch das vorgestellte Charakterisierungskonzept kdénnen Struktur-
Eigenschafts-Beziehungen aufgeklart werden und eine Briicke zwischen der

Herstellungsweise und der makroskopischen Funktion geschlagen werden.
In dieser Arbeit wurden drei verschiedene polymere Mikrokapselsysteme untersucht:

1) Gas-gefullte Mikroblaschen mit einer Schale aus Polyvinylalkohol, die
theragnostische Anwendungen im Bereich kontrastverstarkter Ultraschall und
Pharmakotherapie ermdglichen sollen.

2) Magnetische Mikrobldschen mit einer Schale aus Polyvinylalkohol und
superparamagnetischen Eisenoxid-Nanopartikeln, die als Hybrid Kontrast-Mittel
fir kombinierte Ultraschall- und Magnetresonanz-tomographie zum Einsatz
kommen.

3) Aminoplast (Melamin Formaldehyd) Mikrokapseln, die industriell fur die

Verkapselung von Parfumstoffen eingesetzt werden.

Zusammenfassend stellt diese Arbeit ein reproduzierbares und breit-anwendbares
Charakterisierungskonzept vor, mit dem Struktur-Eigenschafts-Beziehungen in
Mikrokapseln analysiert werden kénnen. Das vorgestellte Konzept ist wertvoll fiir
ein rationales Design von Mikrokapseln sowie flr deren nachhaltige Optimierung.
Dies konnte anhand der erfolgreichen Aufklarung von Struktur-Eigenschafts-
Beziehungen in drei Mikrokapselsystemen gezeigt werden. Die vorgestellte Methode
besitzt groRes Potential fur die gezielte Anpassung mechanischer Eigenschaften ftir

eine Vielzahl von Kapselsysteme.
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1. Introduction

Encapsulation is a frequently used solution in research and industry and aims on the
protection, transport and controlled release of substances. In nature plenty of
biological capsule systems exist - ranging from plant seeds on the macroscopic level
down to virus capsids on the microscopic level -, which served as paradigms for

artificial intelligent packaging solutions.*

The first artificial man-made microcapsules were prepared by Bungenberg de Jong
and his co-workers? in the 1930s when they introduced the concept of coacervation
and produced droplets of colloidal size enveloped by macromolecules.® Two decades
later, in the 1950s, the chemists Green and Schleicher* launched with the production
of carbonless copy paper the first industrial large-scale production of microcapsules.
Since then microcapsule research and production developed in a highly
interdisciplinary research field, where experts from fundamental colloid- and
interface science, physical chemistry, macromolecular chemistry, organic and
inorganic chemistry, biophysics and experts from applied sciences such as medicine
and engineering met. Thus it is not surprising that microcapsules find application in
diverse fields such as pharmacy®**, food industry*?2°, agriculture?*?*, cosmetics®> %,
textile industry?’2°, printing®, biosensor engineering®33, active coatings®** * and

construction?6-38,

The interdisciplinary user community and the resulting demand for custom-made
microcapsules with distinct functionalities is constantly rising. Scientific interest in
microcapsules was also further pushed in the last twenty years through the
development of innovative bottom-up synthesis strategies for microcapsules such as
the layer-by-layer assembly (late 1990s) and by novel characterization techniques on
the single-capsule level (start 2000s). In the same time period, the industrial sector
gained great expertise in continuous manufacturing processes for the production of
microcapsules on a large-scale with manageable costs. Typically millimeter or
micrometer-sized capsules are produced in these industrial processes by using
physical-mechanical encapsulation techniques or up-scalable chemical processes

such as coacervation or in situ polymerization.®® However, structure-property
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relations of microcapsules produced by these industrial manufacturing processes are

not yet understood and controlled entirely.

Thus, a systematic design of microcapsules is of interest for both - industrial

manufacturers and producers of novel custom-made microcapsules with

multifunctional character.
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Status of the Field

2. Status of the field

2.1 Classification of Microcapsules

The term microencapsulation is used in a broad range of applications and by a large
and very interdisciplinary community.’® Thus, it is not surprising that diverging
definitions are found in literature. The most general definition for
microencapsulation is the process by which one material of microscopic dimension
is entirely coated by another. The product of this process is called microcapsule and
can be subdivided in an inner phase, also called core or interior, and an outer phase,

the shell, wall or membrane.

Figure 2-1 Classification of microcapsules according to the core material (A), the encapsulation

complexity, (B) and the shell design (C).

In 2006, Gosh et al.! classified capsules according to their encapsulation complexity:
mono-nuclear, poly-nuclear and matrix-based. In Figure 2-1 an extended version of
this classification is illustrated. Microcapsules can be classified according to the
potential core materials that can take all aggregate states - solid, liquid or gaseous -
(2-1 A), the encapsulation complexity of microcapsules that can increase from mono-
shelled to poly-shelled to matrix-based structures (2-1 B) and possible shell materials,
which can range from homogenous wall materials, colloidal particles to complex
structured materials (e.g. multilayers or composite materials) (2-1 C). As Gosh et al.!
points out in his review, the material - to be encapsulated - determines the synthesis
method. Thus, the capsule design is predetermined and an optimization of
microcapsules' properties is often limited to the adjustment of certain synthesis

parameters. More options exist for the adjustment of physical-chemical properties -
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solubility or colloidal stability - of produced microcapsules, by modifying the shell's

surface properties in a post-synthesis step.

This thesis will concentrate on mono-shelled microcapsules, where the shell material
dominates the mechanical properties. Thus, microcapsules with a fluid core and a
solid shell are in the focus. Fery and co-workers ° reviewed the mechanical properties
of nano- and microcapsules, where they highlighted the dimensions of the shell -
diameter and shell thickness - as critical parameters for the characterization and
theoretical treatment of microcapsule mechanics. Hence, microcapsule-
manufacturing processes are discussed with regard to the potential to adjust capsule
radius and shell thickness. Even though a large variety of preparation techniques
exists, the microcapsules’ synthesis can be condensed into four types of
manufacturing processes. The manufacturing techniques are order according to their
increasing precision in adjusting shell thickness and capsule geometry:

e Physical-mechanical methods
e Template-assisted methods
e Self-assembly methods

e Combination of template-assisted and self-assembly methods.

2.1.1 Mechanical Production Methods

Physical-mechanical methods are used in standard industrial large-scale processes.
Examples are spray drying, co-extrusion, spinning disk, multiple-nozzle spraying,
fluidized-bed coating or vacuum encapsulation.!’ ®> These are economic processes,
which allow easy handling, upscaling and a multi-tonne production. However, these
methods offer limited control over capsule radius and shell thickness. Diameter and
shell thickness are only controlled in the range of millimeters, leading to rather high
polydispersity in size and shell thickness. The majority of encapsulated particles used
for this technique are solid and the shell is added for protective reasons (e.g. palm oil
coating for e.g. sugar crystals). For this type of microcapsule the core material is

dominating the microcapsule's mechanics.

2.1.2 Template-Assisted Production Methods

Template-assisted methods allow for a precise adjustment of the capsule diameter.

Different methods are available that can be classified according to their potential to

10
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produce monodisperse microcapsules with defined diameter. The section starts with
methods that offer control over the capsule diameter with certain polydispersity.
Followed by techniques that offer the preparation of exact monodisperse

microcapsules.

Emulsion-based processes belong to the soft template-assisted methods. They are
intensively used in research and industry.® For soft-template-assisted methods the
diameter of microcapsules is limited to the size distribution of the produced emulsion
droplets.” Generally, emulsions are distinguished in microemulsions and
macroemulsions.  While microemulsions, stabilized by surfactants, are
thermodynamically stable and offer a monodisperse droplet distribution, a broad
range of droplet diameters characterizes the droplets of macroemulsions. Parameters
that can be used to adjust the diameter of emulsion droplets are the interfacial tension
(surfactants, dispersants), the used stirrer and the stirring speed. The majority of
industrial processes is based on macroemulsions, because capsules with a maximum
payload and minimum costs for encapsulation material can be produced. However,
the droplets of macroemulsions are only kinetically stable and tend to coalesce, which
is increasing the polydispersity in size. Examples for such processes are interfacial
polymerizations®!!, interfacial assemblies'?, and phase separation processes like
coacervation®> 14> The shell thickness is either weight-or time-controlled in such
synthesis approaches. Moreover, also other parameters such as the interfacial area of
the emulsion droplets need to be considered when the thickness of the shell needs to

be adjusted.®

Microfluidic processes’’2® take an exceptional position compared to industrial
emulsion-based methods, because they allow producing microcapsules with ideal
monodisperse diameter. Typically, microfluidic processes produce single
microcapsules by dripping or jetting an inner fluid into a immiscible second fluid,
which is then enveloped by a third fluid.!” The volume of the inner phase determines
the diameter of the core and is coarsely adjusted by the diameter of the used capillary
and fine-tuned by the flow rate of the inner fluid.'® Shells around the core phase are
formed through consolidation of the middle phase (second fluid). The volume of the
middle phase is controlled by the flow rate ratio of the inner and middle fluid. Thus,
the flow can be used to adjust the shell thickness.*® However, further fine-tuning of

the microcapsule’s diameter and shell thickness is limited, because they cannot be

11
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adjusted independently from each other. In summary, this technique allows for a
production of microcapsules with defined core volume and shell volume. However,
inhomogen shells can occur by an off-centering of the core or changes of the cross-
linking process.® The relation between flow rates and geometric parameters changes
when the chemical composition of a fluid changes. Thus, new shell compositions still
require a corresponding design map to control the capsule’s geometry. Another
method reported recently for the production of microcapsules is inkjet printing?* 2°,
using a piezoelectric inkjet head to adjust the capsule diameter.

Classic template-assisted?®32 methods use hard colloidal particles as templates to
produce microcapsules with defined shape and size.®® A crucial point for the
production of hollow fluid-filled microcapsules is the decomposition and dissolution

of the core material.

2.1.3 Self-Assembly Production Methods

Self-assembly methods are ideally suited to control the shell thickness. Examples for
self-assembly processes controlling shell thicknesses are defined block copolymers
for the production of polymerosomes & %+ lipids used for shells made of bilayers,

or colloidal particles for the production of colloidosomes34-%6.

2.1.4 Combination of Template-Assisted and Self-Assembly Methods

Layer-by-layer (LBL) deposition technique is a classic hard template-assisted method
combined with a self-assembly of the shell. With the LbL-deposition techniques, the
number of layers deposited on the template controls the shell thickness.® 37 First
shells were made using classic polyelectrolyte multilayers. Afterwards researchers
extended the shell material to proteins, peptides or polysaccharides layers for the
production of biocompatible microcapsules. And then even more complex layer
systems w by integrating e.g. nanoparticles or drug molecules into the shells to
produce multifunctional microcapsules.*>“® An outstanding advantage of the LbL
method compared to other manufacturing processes is the adjustment of the shell
thicknesses independently from the capsules diameter®® %°. This is one of the major
reasons why LBL turned out as ideal systems to study relations between geometry
and mechanics. This advantage and the option to use a broad range of materials for
the built-up of shells were important factors for the success of polyelectrolyte
multilayer capsules (PEMCSs) in research.

12
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2.2 Mechanical Characterization of Microcapsules

Mechanical properties of microcapsules are accessible through a variety of
experimental techniques, which can be static, quasi-static or dynamic. Before
discussing the different techniques in detail, a short introduction on the mechanical
characterization of materials is given. Typically, mechanical properties of materials
are tested with an apparatus, which is able to apply forces in a controlled manner and
to monitor the material's corresponding deformation.> In the simplest case a normal
force Fy is applied on an area A, referred to as normal stress on. The corresponding
deformation ¢ is here measured as ratio between the measured elongation AL of the
material and its original length L is referred to as normal strain e,. The stress o is
expressed in Newton (N) per square meters (m?) or more common in Pascal (Pa). The

strain ¢ is a dimensionless quantity and has no units.
normal stress: 0, = —; [0] = — normal strain: &, = T [e] = —

These equations are limited to homogeneous materials that experience a uniform
deformation throughout the volume. Depending on the direction of the axial force

acting on the material, stress and strain are specified as tensile or compressive.

The mechanical response of a material can be elastic or plastic. If the material
recovers its original dimensions during unloading, it is a reversible and elastic
deformation. If the deformation is permanent and the original shape is not recovered,

it is named irreversible or plastic.

To describe the mechanical properties of materials, characteristic parameters are
used: the Young’s modulus E and the Poisson ratio v. The Young’s modulus E can
be described by Hooke’s Law and refers to the proportionality constant of the linear
relation between stress and strain. It is expressed as stress with the unit Pascal (Pa).
The Poisson ratio v expresses the ratio between lateral ' and axial strains e and is

dimensionless.

£n

o . .
Young's modulus: E = n/ €n Poisson ratio: v = — —
g'l’l

Beside compression tests of materials, they can experience also tangential forces in

shear experiments or compression forces in bulk experiments. If tangential forces Ft
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act on an area the ratio of shear stress ot to shear strain & refers to the shear modulus
G. For a three-dimensional compression of an object, the ratio between bulk stress on
and the volume change (bulk strain ep) refers to the bulk modulus K. In Table 2-2

material constants of common materials are indicated.

Table 2-1: Young’s modulus E, shear modulus G, bulk modulus K and Poisson’s ratio v of common
materials.

Material E[GPa] G[GPa] KI[GPg] v
Steel®! 195 80 170  0.28
Glass ! 76 33 38 0.17
Polystyrene® 3.8 1.0 4.7 0.4
Rubber®? 0.003 0.001 0.006  0.49

To asses, mechanical properties of microcapsules the existing techniques can be
differentiated in methods measuring an ensemble of microcapsules or methods

measuring single microcapsules.

2.2.1 Ensemble Methods

The advantage of ensemble methods is the large number of capsules that is measured
simultaneously. Such high-throughput methods are common in the industrial sector,
because they yield good statistics in a short time and are due to this reason convenient
for quality controls. The majority of these methods measure breaking forces® or the
capsule strength® in compression or shearing experiments. Standard commercial
available compression instruments - called texture analyzers - offer force ranges
between 20 N and 10 kN.*® In practice, this means that only capsules that survive the
smallest breaking force can be measured with such an equipment. In addition,
ensemble methods yield average values for the tested mechanical properties, which
is limiting the correlation between the capsule's geometric features and its mechanical
properties. Ensemble measurements and structural-mechanical correlations is only
available for capsules systems with defined monodisperse size and shell thickness.
By using shearing tests in turbine reactors lower forces become accessible, which

allows for the measurement of softer microcapsules. Drochon and co-workers!% 108
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used this method to study the cell membrane mechanics of red blood cells. Soft
artificial microcapsules - e.g. nylon microcapsules - were also successfully studied

with this technique®® %7,

2.2.2 Single-Microcapsule Methods

The understanding of structure-property-relations is of paramount importance in
many disciplines. Consequently, also characterization techniques were developed
over the last years that allow studying microcapsules on the single-particle-level. An
analysis on the single-microcapsule-level is decisive to link e.g. the capsule's
geometry to the capsule’s mechanical response. This section will give an overview
of available experimental approaches to access mechanical properties on the single-
capsule-level. The methods presented are ordered according to their increasing force

sensitivity as shown in Figure 2-2.

Methods and Accessible Force Ranges in N

1 10" 10° 107 10° 10° 10" 10" 10
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Texture Analyzer { v 1 — L
Micromanipulation — . i _ -
Shear Flow —— _ - LS
Atomic Force Microscopy — L

Micropipette Aspiration _
Osmotic Pressure Experiments

Optical & Magnetic Tweezers —_ i ; -

Figure 2-2 Schematic representation of single-capsule measurement techniques, each with typically

available force range.

Osmotic Pressure Method

An experimental approach that perfectly bridges the gap between ensemble and
single microcapsule experiments is the osmotic pressure method introduced by Gao
et al.58 > With this experiment a batch of semi-permeable microcapsules experiences
a bulk compression through osmotic pressure. However, shape changes of the

microcapsules are analyzed on the single capsule level. Thus, a correlation between
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dimensions and mechanics is possible. As characteristic value, the critical osmotic
pressure . is determined, which refers to the pressure needed for the deformation of
50 % of the capsules. An example experiment is shown in Figure 2-3, where shape

changes were followed with confocal microscopy.

The critical osmotic pressure 7, is proportional to the square of the shell thickness h
and inversely proportional to the square of the capsule radius Rc. The proportionality
constant is the elasticity modulus p, which can be easily transferred into the elastic

modulus E.

2

T =4u (Ric) = \/% (Ric) E=2u(\/31-v?)

0 wt% PSS 2.5 wt% PSS 5 wt% PSS

Figure 2-3 Confocal fluorescence micrographs of polyelectrolyte capsules exposed to increasing
concentrations of polyelectrolyte in the solution. In the polyelectrolyte-free solution (a), the capsules
are spherical in shape, whereas the addition of polyelectrolyte leads to buckling of the capsule
membrane and indentations appear (b,c). Figure adapted from Fery et al., Mechanics of Artificial

Microcapsules, Journal of Physics, Copyright (2004) 10P Science.*

As a drawback of this method the high concentrations of the solute have to be
mentioned which are necessary to reach critical osmotic pressures. Therefore,
typically polyelectrolytes are used as solutes because they possess many dissociable
groups, which contribute to the concentration of the active species. Moreover, the
control and measure of osmotic pressures represents an experimentally laborious

approach.
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Recently Datta et al. 8% 6! (Figure 2-4) presented an approach, which reminds one on
the osmotic pressure experiments. Nanoparticle-shelled microcapsules showed
buckling phenomena when the capsule’s core volume is decreased in a controlled
manner by adding a fixed amount of unsaturated continuous phase, where the core
material was partially soluble. Future experiments could allow for a systematic study

of the shrinking process and an evaluation of the mechanical properties.
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Figure 2-4 Plot of the fraction of buckled/crumpled droplets as a function of calculated relative
change in droplet volume for samples of average droplet diameters d=14.7 um (circles), 34.7 um
(squares), and 44.1 um (triangles). Solid lines are guides to the eye. Inset shows optical micrographs
of two different samples: left has undergone weak pumping, right has undergone stronger pumping.
Reprinted with permission from Datta et al, Controlled Buckling and Crumpling of Nanoparticle

coated Droplets, Langmuir , Copyright (2010) American Chemical Society.

Parallel Plate Compression Experiments

Parallel plate compression experiments on the single-capsule-level were first
performed by Cole et al., who studied in the 1930s the deformation behavior of
arbacia eggs.%? Today, parallel plate set-ups can be found in various hardware.
Commercial available texture analyzers offer a resolution of about 1 mN. Bartkowiak

and Hunkeler'?7- 10863-65 gty dijed with this technique alginate oligochitosan capsules
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and the impact of the shell thickness on mechanical properties. More recently Mahou
et al.%® studied with this technique the mechanical resistance of alginate polyethylene

glycol hybrid microspheres.

In addition, Liu and co-workers used self-built instruments similar to texture
analyzers to study the deformation of single microcapsules as for example. ¢ Later
Keller and Sottos adopted this apparatus to study the mechanical properties of phase

change materials® and self-healing materials®® 7°.

With the start of the late 1990s resolutions in the range of 1 uN became available
with the micromanipulation technique introduced by Zhang and coworkers . Thus,
mechanical properties of smaller and softer microcapsules became accessible. Recent
work by co-workers of Zhang focused on the mechanical stability of melamine
formaldehyde resin capsules’?, the impact of formaldehyde percentage’ and the
shell’s self-healing properties’. Other systems investigated with this technique were

soft hydrogel microcapsules’ and silica-shell/oil-core microcapsules’.
Atomic Force Microcopy

Atomic force microscopy (AFM) and particular force spectroscopy, works very
similar to a parallel plate set-up. Here, microcapsules are exposed as well to uniaxial
deformations. However, a smaller force range, with values between pN to uN,
becomes accessible with this technique and the corresponding deformations are
monitored with a much higher resolution in the range of Angstrom. This is an
outstanding advantage for AFM when it comes to small deformation studies on the
order of the shell thickness.® More details about the working principle can be found
in section 2.4. As force sensor cantilevers are used, which can be tipless, with sharp
tip or tips modified with colloidal particles, also called colloidal probes.”” The first
force spectroscopy experiments for the estimation of the shell's elastic modulus were
performed for the first time independently from Vinogradova and co-workers®-# and
from Fery and co-workers.3 4% 8 Both groups reported on the PEMCS shell's elastic
modulus, which was found to be in the low GPa range. Moreover the colloidal probe
technique was used to study mechanical properties of vesicles®?, aminoresin
capsules®®, biopolymer capsules®® or the salt softening of PEMCs®. Other groups
used a sharp tip set-up for the characterization of artificial®>®” and biological®-%

capsule systems. Tip-less cantilever were also used to study the mechanical properties
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of microcapsules® . However, sharp tips risk penetration into the shell material, and
tipless cantilevers risk to be accompanied by shearing or sliding, because
commercially available cantilevers are tilted about 10°. Small force loads and rather
small capsules (with respect to cantilever dimensions) keep these effects acceptably

low.

Furthermore, the combination of AFM with optics allows for monitoring the change
of the microcapsule's contact area during compression. In particular reflection
interference contrast microscopy (RICM) turned out to be advantageous because it
allows for an reconstruction of the capsule’s shape in undeformed and deformed state

(during measurement).
Microcapsules in Shear Flow

Microcapsules cannot only be exposed to uniaxial deformations but also to tangential
deformations by using shear flow experiments.®” %° The typical range of these
stresses is from mPa to kPa, i.e. for capsules with a typical radius of 5 um the applied
forces can be estimated to be between 0.1 pN to 0.1 uN. Thus, single microcapsules
are exposed to controlled hydrodynamic forces while their shape change is monitored
optically. Typical set-ups which allow a controlled deformation of soft and large

microcapsules are rheometers®” % % or the spinning drop apparatus%%-1%,

y=0s1 vy=4s1 y=18s1

Figure 2-5 Reprinted from Colloid and Surfaces A: Physicochemical and Engineering Aspects, 183-
185, Walter et al., Shear induced deformation of microcapsules: shape oscillations and membrane

folding , 123-132, Copyright (2001) with permission from Elsevier.

In the case of rheological experiments®, shown in Figure 2-5, the applied force F is
controlled by the shear rate y and the viscosity # of the sheared liquid. Walter®®

illustrates that the force is expressed by the shear stress o, valid for Newtonian liquids.
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_Av

F— —
J=m=o V=17

The shear rate is controlled via the velocity Av of the two parallel plates and their
separation distance Ax. Rehage and co-workers *® reported on typical shear rates for
swallowing of about 10-100 s, for stirring of about 10 to 1000 s™* and for rubbing of
about 10%-10° s™. The deformation § of the capsules from spherical to an elliptical
shape is monitored optically. To describe the deformation the elliptic form is

analyzed with the major axis | and the minor axis b.

In the range of small shear rates, a simple analytical relation can obtain the 2-
dimensional elastic modulus Es%:
nRc

Brg Y

Es is then proportional to the viscosity 7, the capsule radius Rc, the shear rate y and

the reciprocal of the observed deformation 6.

Recently, microfluidic set-ups were used to study red blood cells % and artificial
capsules 197110 in confined shear flow. Barthés-Biesel and co-workers described the
numerical evaluations and corresponding theoretical models for the description and

interpretation of the microcapsules response towards shear forces, 13111 112
Micropipette Aspiration

Micropipette aspiration is a classic technique for the quantification of mechanical
properties of soft biological (cells, vesicles) and soft artificial microcapsules. In the
1950s Mitchison and Swan determined the mechanical response of a cell monitoring
its deformation during it is sucked by a negative hydrostatic pressure into the mouth

of a micropipette, 113 114

The pressure 4P can be measured and the deformation ¢ is observed with optical
microscopy. The applied force F is then the suction pressure AP times the cross

sectional area of the pipette with a radius Rp 1°:

F = APmR3
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Pressure from 0.1 pN/um? to 96 nN/um? are accessible with micropipette aspiration
corresponding to force ranges of 0.1 pN to 10 uN. The Laplace’s law is used to
quantify from experimental data the 2-dimensional elastic modulus E. *1¢ 17,
AP = 2E ( ! ! )
T \Re Re
Where 4P is the applied pressure, Ec the cortical tension (2d-elastic modulus), Ry is
the radius of the pipette and R the radius of the capsules. To interpret the measured

118 and

force deformation relations in depths mechanical models are necessary. Evans
Skalak ¥ where the first proposing a membrane model which correlated the
deformed shape with general stress and strain laws. Later theoretical variations were
developed to model the elastic, solid like or viscous behavior of different cell types
and vesicles. An overview of cell experiments with the micropipette aspiration
technique and the different theoretical methods can be found in the review of
Hochmuth and co-workers!!® and a comparison with AFM is provided by Dieluweit

and co-workers?,

The limitations for the micropipette aspiration technique are:

e high sensitivity to evaporation and resultant data drifts!®,

e limited force range, which is for synthetic capsules often too small to obtain
bursting forces’. Typically, only soft and large microcapsules are accessible
with this technique.

e quantitative analysis is complicated by plastic deformation of the capsule®.

e friction between the micropipette and the aspirated microcapsule is often

neglected'®® as well as different stress concentration at the pipette edge.

Since these first pioneering contributions the technique has been further improved
and applied to study both biological 114116 121-123 and artificial capsules 2% 124126 gnd
theoretical models have been developed to analyze micropipette aspiration

eXperimentS 118, 119, 121, 127-131

Optical, Magnetic and Electromagnetic Tweezers
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A relative new approach is the application of forces via optical or magnetic trapping.
The advantage of these techniques is an extremely high sensitivity of the applied

forces:

e Optical tweezers can assess a force range of about 0.1 pN to 100pN.

e Magnetic tweezers can assess a force range of about 0.001 pN to 100pN.

e Electromagnetic tweezers can assess a force range of about 0.01 pN to 10*
pN.

For artificial microcapsules these techniques do not play a major role, because
artificial microcapsules are often not soft enough (too hard shells) to be accessible
with these optic techniques. Therefore the interested reader is referred to the review

by Neuman et al **2 and other literature®33-1%¢,
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2.3 Overview-Table - Mechanical Properties of Microcapsules

The following Table 2-2 gives an overview for mechanical properties of typical bulk

materials and microcapsules - E and v values - reported in literature.

Table 2-2: The table indicates the elastic modulus E and Poisson ratio v for bulk materials and the

microcapsule's shell material.

Material E v Method Lit
Steel 190-210 GPa | 0.27-0.3 Tensile test 187
Glass 48-83 GPa | 0.2-0.27 Tensile test 187
Melamine 6-7 GPa | 0.34 Tensile test ESPI 138
formaldehyde

Polystyrene 3-3.5GPa | 0.33-0.34 Tensile test 187
Polylactide 1.4- 2.8 GPa Tensile test 92
Rubber 0.007-0.04 GPa | 0.45-0.49 Tensile test 187
Microcapsules E|v Method Lit
Silica (Stdber) 18 GPa | 0.17 AFM-sharp tip 85
Poly(urea- 3.6 GPa | 0.33 Micromanipulation 68
formaldehyde)

Polylactide 2-18 GPa | 0.42 AFM-tipless 92
Melamine 1-25GPa |05 Micromanipulation 139
Formaldehyde

Virus capsids 1-1.9GPa | 0.4 AFM & others 140
(PSS/PAH)s 1.6 GPa | 0.33-0.66 AFM-colloidal probe | 38
(PSS/PDADMAC)s 420 MPa | 0.5 Osmotic pressure 59
(PSS/PAH)s 15-2.25GPa | 0.5 Osmotic pressure 58
(PSS/PAH)s PSS 60-400 MPa | 0.66 AFM-colloidal probe | g4
(PSS/PAH), 1-100 MPa | - AFM-colloidal probe | 7®
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cells)

Colloidosomes 1-10 MPa Micropipette 35
(60um PS particles)

Silica/Siloxane 200 MPa | 0.3 AFM-sharp tip 86
DPPC Liposomes 110 MPa | 0.5 AFM-sharp tip 89
Vesicle  (PS403-b- 45 MPa | 0.5 AFM-sharp tip 141
PAAG2)

Endothelial cells 0.5 kPa Micropipette 115
Neutrophils (soft 100 Pa Micropipette 115
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2.4 Atomic Force Microscopy - Working Principle

To clarify structure-property-relations of microcapsules on the single-particle-level
AFM combined with optical microscopy proofed suitable. Therefore, some more
details about microcapsule compression using force spectroscopy will be discussed.

After 1986, when Binnig and co-workers'#? introduced the AFM, physical-chemical

properties of surfaces became accessible with nanometer resolution. AFM is used for:

e Imaging of surfaces with a spatial resolution of about 20 nm (standard sharp
tips).

e Force spectroscopy measurements with a force resolution in the range of
pico-Newton. A detailed review about force spectroscopy is provided by Butt

etal’’.

2.4.1 AFM Components

AFM belongs to the family of scanning probe microscopes and thus contains the
following components: a probe (cantilever), a piezo-scanner and a sensor for the
detection of the vertical position of the probe. In Figure 2-6 the set-up used in this

Photodiode
Mirror

Feedback

thesis is depicted.

Piezo

i

Cantilever (Probe)

<

Objective

Figure 2-6 Components in an AFM: The cantilever is the probe interacting with the surface. A piezo-
scanner moves the probe over the surface and controls the distance between probe and sample. The
optical lever principle is used for the detection of the cantilever position. Here the AFM is displayed

in combination with an optical microscope and cantilevers carrying a colloidal probe.
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Probe (Cantilever): Commercial available cantilevers are typically made of silicon
or silicon nitride and can be understood as micro-springs. They are characterized by
the spring constant kc and the resonance frequency vo. Cantilevers can be ordered with
sharp tips or tipless. Further modifications, where a colloidal probe is glued on the
apex of the cantilever are of particular interest for experiments with microcapsules,
because a sphere-sphere-geometry is obtained during compression. In view of the
lateral resolution the probe is the limiting factor. Here the tip radius and the
inclination angle of the cantilever -in general 10° - need to be considered. Thus,

standard cantilevers with a sharp tip allow for a resolution of about 20 nm.

Piezo-Scanner: Control over the vertical movement of the cantilever is obtained via
a piezo element. Thus, the height position Zp of the cantilever is adjusted via the
applied voltage and the piezoelectric translator. When the cantilever is approaching
the surface, local attractive or repulsive forces, are detected, which lead to a bending

of the cantilever.

Optical Lever Technique: The beam of a laser diode is positioned on the end of the
cantilever. To increase the optical path length and allow for the measurement of small
cantilever deflections the beam is then first reflected to a mirror before arriving on a
position sensitive detector PSD system. The majority of instruments is using a four-
quadrant photo diode, which allows the calculation of the vertical and lateral
deflection 4 PSD in Volt by comparing the signal detected on the four segments of
the diode.

(A+B)—(C+D)

APSD = (A+B) + (C +D)

The vertical resolution, the determination of the cantilever position is in the range of
Angstrom. This high resolution becomes accessible through the optical lever
technique. Thus, the thermal or acoustic vibrations of the cantilever limit the vertical
resolution. In practice, AFM imaging resolutions in the range of nm are obtained.
Here often the surface roughness of the scanned material limits the vertical resolution.

For example, the surface of glass substrate has a roughness of about ~4-6 nm.
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2.4.2 Cantilever Calibration

In general, the accuracy of a force spectroscopy measurement depends on the
accuracy of the calibration of the cantilever's spring constant. Cantilever suppliers
estimate the spring constant most often from the cantilever’s geometry’’. E is the
elastic modulus and p the density of the cantilever material; w the width, tc the

thickness and L the length of the cantilever.

E'Wf:C3 tC E
kC = 41+ Vo = 0.1615 L_Z ;

This obtained spring constant value is good for a first estimation and selection of an

adequate cantilever, but is too imprecise for the evaluation of a force-deformation
experiment. Uncertainty is caused because the method assumes a constant cantilever
thickness tc and a homogenous material’’. Both is not realistic because cantilevers
neither are made of homogeneous thickness tc nor are composed of completely
homogeneous material (oxidation layers and coating layers).”” Thus, the calculated

spring constant does not reflect the real spring constant,

Several methods have been developed in the last decades, to calibrate the vertical
spring constant cantilevers in a simple, reproducible and accurate way ’’. In this thesis
the thermal Sader-method*® and the thermal noise method’’ were used for
calibration. Critical unknown parameters, such as thickness, density and E-modulus
are avoided by using the thermal vibration of a cantilever: the resonance frequency
o and the quality factor Q. Further parameter constants which are needed are the
density ps of the fluid (air), the hydrodynamic function 7" and the Reynolds number
Re. From the plane view the dimensions width w and length L are obtained.

ke = 0.1906 p,w2LQT;(Re)wd

Today the thermal noise method is implemented in the majority of instruments and
can be considered as standard calibration method. The method, developed by Hutter
and Bechhofer 144, measures the thermal fluctuations of the cantilever over time. Thus

a frequency power spectrum is obtained, shown in Figure 2-7.144
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Figure 2-7 Thermal noise power spectrum.

Using the model of a harmonic oscillator, the thermal energy absorbed by the
cantilever is obtained by an integration over the whole frequency range. Via the
equipartition theorem, one can calculate from the mean square deflection{(g?), the

temperature T and the Boltzmann constant ky the cantilever spring constant K.

ke = kBT/(CI2>
2.4.3 Colloidal Probe AFM

In the 1990s Ducker et al *° and Butt 1*¢ introduced the colloidal probe technique,
aiming on well-defined contact geometries. Sharp tip-cantilevers and tipless
cantilevers both cannot provide information on the contact between probe and
sample. For force spectroscopy experiments the contact area between support and
sample, and sample and probe are of particular interest. By using colloidal particles -
there is no limitation to the type of colloid probe!#’ - interactions between probe and

sample can thus be measured with the following advantages:

e Well-defined contact area between colloidal probe and sample.””

e Insitu determination of contact area as a function of applied loads with soft
colloidal probes, which offer outstanding sensitivity. 4

e Large deformation of soft materials become accessible, without risking

indentation events.®
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e Theory from parallel plate systems can be used to describe large and small

deformations.®
Various methods are available for the preparation of colloidal probes. /7148149

2.4.4 Force-Distance Curves

A typical force-distance curve recorded in a force spectroscopy experiment is shown
in Figure 2-8. The cantilever deflection measured by the PSD in Volt is plotted versus
the height position of the piezo-translator Zp. The progression of the curve is typical
for any force-distance curve on a hard substrate and should therefore be explained in

few words.
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Figure 2-8 Typical force-distance curve obtained with AFM. The curve is divided in a contact and a

non-contact regime.

A force distance measurements always consist of an approach curve (red) and a
retraction curve (blue). The curve can be sectioned in significant parts and points
illustrated in Figure 2-8. The first important part of the curve is the so-called
“baseline” (A), here the approaching cantilever is not interacting with the sample
surface and no signal change is detected by the PSD (0V). A first interaction between
tip and surface is marked by the “jump-to-contact-point” (B). This is typical for
attractive forces between tip and sample and marks the start of the contact between

the cantilever and the hard substrate. Afterwards a linear increase of the deflection is
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observed corresponding to the bending of the cantilever (C). During the retraction,
the cantilever deflection follows ideally the same curve progression (D). Due to
attractive forces between tip and sample, a sticking of the probe to the sample is
observed leading to a longer contact between probe and sample. When the forces
overcome the adhesive interaction, a “jump-out-off-contact-point” (E) is observed

and the curve returns to the baseline (F).

To obtain a force-deformation curve several transformations are necessary. First, the
y-axis has to be transformed from an electronic signal in Volt to the force applied on
the sample. The slope (C) also referred to as inverse optical lever sensitivity (InvOLS)
or in short form as sensitivity, gives the linear correlation between the deflection
signal and the real movement of the cantilever. Thus, the deflection signal can be
transformed with a known sensitivity in the actual cantilever displacement in
nanometers.

nm
[Zc]=V ; [Zo X InvOLS] = V XT = nm

The force F is then calculated using Hooke’s Law and the spring constant of the

cantilever kc:
F = kczc

Finally, the x-axis has to be converted from the piezo-displacement into the real tip-
sample distance D. Therefore, the measured cantilever deflection has to be subtracted

from the piezo-displacement.

D=—
ke

2.5 Capsule Mechanics — Models & Theory

To further interpret and analyze the results obtained from mechanical characterization
physical models are needed. When the shell material is idealized as a continuum, no
absolute length scale enters the theoretical description and mechanical properties and
the response to applied loads are the same for objects of all length-scales. The basis
to model the response of hollow spherical objects to applied loads are detailed
mathematical descriptions that can be found in shell theory. %5 The broad range

of descriptions available in shell theory was already reviewed in view of
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microcapsule mechanics by Fery and Weinkammer®. Further information on
theoretical models is provided in the article Mechanics of Microcapsules: From

function to stability'®*, chapter 7 of the thesis.

Modeling capsule deformations is challenging compared to deformations of solid
particles made of homogenous elastic material. The reason is the shell that is
introducing a different deformation response. During the deformation of a
microcapsule, a complex response is obtained caused by stretching and bending
forces, which are acting simultaneously on the shell. Although both forces are always
present, the dimension of the deformation has an influence if stretching or bending
forces are dominant. This is useful to simplify the complex mathematical
descriptions. Therefore, in particular the deformation compared to the length scales
of the capsule - capsule radius and shell thickness- need to be considered. Thus, two
type of deformations are distinguished:

¢ small deformations on the order of the shell thickness indicated in Figure 2-9
(left), used to probe the shell's mechanical properties, and

e large deformations on the order of the capsule radius indicated in Figure 2-9
(right), where mechanical failure, in other words burst properties of capsules
can be tested.

2.5.1 Reissner -Thin Shells, Small Deformations

Figure 2-9 Small deformations of microcapsules in the range of the shell thickness. (Left) Non-
deformed spherical microcapsule with radius Rc and shell thickness h. (Right) Small deformation of

a microcapsule.

To simplify the theoretical treatment of shells, the problem is first restricted to thin
shells with a shell thickness h to radius R ratio of less than 1/20.2 In thin shell theory,

the shell material is supposed to be homogeneous and isotropic and to show linear

31



Status of the Field

elastic behavior. By defining, R as the radius of curvature of the middle surface
between the inner and outer surface of the capsule's shell, the 3D-shell-problem is
reduced to a 2D-problem. This is also known as the Kirchhoff-Love assumptions,
original used for thin plate theory.? In case of small deformations, Reissner!>6-1>
was one of the first scientists to present a first-order approximation, revealing a linear
scaling of the applied force F and the resulting deformation 6.

R 3a-v»

Further variables are the radius of curvature R, shell thickness h and the material
elastic constants, elastic modulus E and Poisson’s ratio v. Even though Reissner's
theory was originally developed for point loads, it has been experimentally proved to
be valid also for less concentrated loading situations, as for examples for
deformations with a colloidal probe.® For microcapsules mechanics this result is of
particular interest, because the shells’ elastic modulus becomes directly accessible
from small deformation experiments with parallel plate compression experiments

using texture analyzers, micromanipulation or AFM force spectroscopy.

However, the simple description of microcapsules' response to small deformations
shows constraints. In practice, the microcapsule' shell is an interface and will bring
along surface tension, the shell is also a barrier to regulate permeability and the shell's
surface shows adhesive properties. All these facts can result in pre-tensions - pre-
deformations and pre-inflations - that have to be kept in mind, because they can lead
to a Non-Hookean behavior. Examples for thin-shelled microcapsules where
interfacial tension plays a dominate role are Pickering emulsion droplets®® or
droplets stabilized by clay particles!®l. Ferri and co-workers developed in a
pioneering work, a model accounting for both contributions - surface tension and
mechanical membrane tension - to the overall deformation behavior. Furthermore,

their model considered the capsule's shape changes during compression.
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2.5.2 Pogorelov - Thin Shells, Large Deformations

Figure 2-10 Large deformations can result in a non-linear elastic response or in plastic deformations

which are dominated by buckling.

Pogorelov proposed a theoretical model for large deformations of microcapsules,
assuming an infinite permeability as the simplest case. For a Hookean material under

point load he assumed the following relationship®?:

1.89F h?

F=Ra—w "

In contrast to Reissner’s formula, the force no longer scales linearly but with the
square root of deformation. With this model, the onset of buckling, the formation of
a surface with changed curvature is described. Several studies used Pogorelov's
scaling behavior to estimate from the onset of buckling elastic properties of shells.*6*-
167 Further approaches to treat theoretically large deformations for non-Hookean

models, such as Neo-Hookean or Mooney-Rivlin, can be found in literature®’: 18,

The crux for treating large deformations is obviously the shells permeability, because
during large deformations, permeability is not any more negligible and volume-
constraint contributions become increasingly dominant. Therefore, capsule wall
permeability has to be considered, when large deformations are modeled. In the
following equations the deformation is always indicated as relative deformation,
referring to the height of the deformed capsule (H) in relation to the capsules original
diameter (2Rc), indicated in Figure 2-10:

In the following, we will compare the scaling laws of small compared to large
deformations. While for small deformations, irrespective of permeability, the force F

scales linearly with relative deformation & .6°
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In the case of large deformations and an impermeable shell an additional term
accounting for the stretching of the shell is added. Then the force scales cubically

with the deformation.”

Linear scaling law s
eeee+ Cubical scaling law

Force in nN

0.0 0.5 1.0 1.5 2.0 2.5 3.0
ein %

Figure 2-11 Linear elastic (continuous line) and volume-constraint (dotted line) contributions to
forces F upon capsule deformation (relative deformation &), calculated for a capsule 10 pum in

diameter, shell thickness of 20 nm and Young’s modulus of 1 GPa.

Plotting both scaling laws in a common graph (Figure 2-11) shows clearly that, as
long as we restrict ourselves to small deformations on the order of the shell thickness,
permeability issues are negligible. In this case, additional contributions arise
particularly from edge bending at the sites of high curvature around the dimple and
stretching caused by the rising fluid pressure.t’® Comparing both experimental data
and theoretical calculations for the deformation of an empty and a water-filled
racquetball Taber finds that deformations below 20% are dominated by bending.
Only for larger compression the load-deflection curve of filled shells deviated from
the square root like scaling and compared to the empty shells a stiffening was

observed.1’®
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2.5.3 Burst of Microcapsules

Finally, at very high loads capsule burst can occur. Experimentally, Zhang et al.
found for melamine formaldehyde (MF) microcapsules a clear correlation with both
bursting force and displacement at burst increasing in a linear fashion with capsule
diameter.”* Additionally, it was discovered that burst typically occurs at a critical
relative deformation of 70%, irrespective of capsule size.!”* Mercadé-Prieto et al.
carried out finite element modeling (FEM) to elucidate the failure behavior of MF
microcapsules.}’? The compression behavior between two parallel plates is simulated
up to bursting by applying an elastic-perfectly plastic model with strain hardening
and comparison with experimental data shows very good agreement. Strain at rupture
for this system was found to be approximately 0.48 and a failure stress of around
350 MPa was obtained.

2.6 Objective of the thesis

Concepts for the rational design of microcapsules are of enormous interest in research
and in industry. Rational design is relevant for novel multifunctional microcapsules
as well as for well-established microcapsule systems used in industrial large-scale

processes.

Towards a general approach for the adjustment of mechanical properties, this thesis
aims on developing a characterization concept, which allows for an understanding of
fundamental structure-property-relations in microcapsules. Therefore, parameters
that are critical for the microcapsules” mechanical properties need to be identified
and characterized in a reproducible manner. Even though shell thickness and shell
properties are known to be critical for the mechanical response of microcapsules less
effort is recorded in the quantification of the shell thickness. In particular, a
reproducible and statistical significant characterization method is rare. Therefore, this
thesis aims on a characterization concept that allows for a reproducible and statistical
significant assessment of critical parameters like e.g. shell thickness. By clarifying
structure-property, relations the gaps between synthesis and application can be
closed. To proof the general character of the approach, different microcapsule
systems that aim on specific and different applications will be investigated.
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Overview of the thesis

3. Overview of the thesis

In this cumulative thesis structure-property-relations on the single-particle-level
were studied and used for a rational design of microcapsules. Four manuscripts
have been published in the framework of this thesis, which are presented in the
chapters 4 to 7.

3.1 Mechanics of Microcapsules: From Stability to Function (Chapter 4)

The history of microcapsules is a real success story. After the first industrial
production of carbon less copy paper in the 1950s, microcapsules have established
in all kind of application fields: pharmacy, food industry, agriculture, cosmetics,
textile industry, printing, biosensor engineering, active coatings and construction.
Today innovate microcapsules aim on custom-made and multi-functional
properties. Thus, scientific expertise is needed to understand the fundamental
structure-property-relations of microcapsules and to tailor their mechanical

properties with regard to functional aspects.

Microcapsule preparation methods and their potential to adjust geometrical
features - diameter and shell thickness - are decisive for tuning mechanical
properties. Therefore, different preparation methods are reviewed in this
manuscript, which was structured according to the thesis' chapter 2 Status of the
Field, where the preparation and characterization methods are described in detail.

In brief, preparation methods can be distinguished in:

e Physico-mechanical processes are used for a large-scale production of
encapsulated materials. Easy handling, low costs and a multi-tonne production
brings along a large polydispersity in particle diameter and shell thickness.

e Template-assisted methods offer control over the microcapsule’s diameter.
Hard and soft templates can be distinguished.

e Self-assembly methods with e.g. lipids, blockcopolymers, or colloids offer
very precise control over the shell thickness.

e A combination of both, template-assisted and self-assembly methods, offers

the possibility to produce microcapsule with custom-made dimensions.
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Examples are microcapsules produced via the layer-by-layer deposition

technique or microfluidic approaches.

With an emphasis on the characterization of mechanical properties, ensemble and
single-capsule techniques are discussed in the article. Methods for a
characterization on the single-particle-level are discussed in depth, because they

offer a correlation of morphological and mechanical properties.
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Figure 3-1 Schematic representation of single-capsule measurement techniques, each with

typically available force range. Arrows indicate the directions in which forces are acting.

In detail the following techniques ordered according to their decreasing force

sensitivity (Fig 3-1), are presented:

e Optical, magnetic and electromagnetic tweezers
e Micropipette aspiration

e Shear flow experiments (rheology, microfluidics)
e Force spectroscopy experiments (AFM)

e Micromanipulation techniques and

e Osmotic pressure experiments

Theoretical models are needed for the interpretation of the experimental results,
obtained from static, quasi-static and dynamic characterization methods.
Therefore an overview of the physics of capsule deformation is given, considering

analytical and numerical methods. Of major interest is the thin shell theory, which
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provides a useful approximation for small and large deformation scenarios.
Analytical simple scaling laws from Reissner and Pogorelov are discussed and
their limitations in view of a pre-tension caused by interfacial tension or pre-

inflation of microcapsules.

A systematic design of micromechanical properties carries the potential to turn

microcapsules into multi- functional devices that are of interest for:

e force sensors,

e the tailoring of an increased cellular uptake,

o specified release profiles,

¢ the development of analytical devices for quality control and fractionation
of microcapsule with specific mechanical properties, or

e active motion of microcapsules.

3.2 Polymeric Air-Filled Microbubbles for Theranostic Applications: Burst
Release of Therapeutic Gases (Chapter 5)

Theranostic microbubbles (MB) have a polymeric shell made of poly(vinyl
alcohol) (PVA), which is enveloping a gaseous core. The release of encapsulated
therapeutic gases, e.g. NO, is triggered by a burst of the shell via high intensity
ultrasound. The polymeric microbubbles are synthesized by cross-linking of
telechelic PVA at the air-water interface of air-bubbles produced through vigorous
stirring at room temperature. This reproducible and simple one-pot synthesis

allows for up-scaling and commercialization.

Structure-property relations on the single-particle-level were required for the shell
thickness, shell composition and the mechanical and adhesive properties. For
polymeric gas-filled microbubbles a characterization on the single-particle-level
was successfully established by using the following techniques: atomic force
microscopy (AFM) combined with reflection interference contrast microscopy

(RICM) and scanning transmission X-ray microscopy (STXM).
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With force-spectroscopy experiments the mechanical properties of micron-sized
microbubbles were determined in the small (100 nm) and large (1 pm)

deformation regime as illustrated in Figure 3-2.

The obtained force-deformation curves indicated a microbubble's stiffness of
about 0.1 N/m -0.2 N/m and a critical burst force of about 0.5 puN - 2.5 uN. RICM
proofed suitable to follow the event of burst in situ. RICM images in Figure 3-2
clearly indicate the loss of the gaseous core through a change of the refractive
index ratio between inner and outer medium. The bright spot in the middle
indicating the air/water interface vanishes abrupt during the burst of the MB and
the formation of a water/water interface. RICM and optical microscopy further
revealed that a burst does not lead to a fragmentation of MBs, but turns air-filled
MBs into water-filled MBs.
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Figure 3-2: In this force-deformation graph the deformation of the microbubble under a force
load up to 3 pm is shown. The deformation of the microbubble can be followed with in situ
RICM.

Force-spectroscopy measurements are feasible in air, under physiological
conditions, as well as for a broad range of temperatures. Thus, the impact of an
increased temperature - here the change from room to body temperature- was
found to shift the microbubble's stiffness to values which are of about 10 % smaller
(from 0.115 N/m to 0.098 N/m), as shown in Figure 3-3. In other words,
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microbubbles will become softer and change their deformation behavior when

injected in the human body.
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Figure 3-3: Histograms of MB stiffness at room and body temperature.

Moreover, the impact of aging was investigated. In particular, burst forces of fresh
and one year old samples were compared with each other. The experiments
showed that a storage of the samples at room temperature an increased scattering
of the stiffness values is observed upon aging, indicating a structural change of the
shell material through the aging process. Therefore, the storage under cool and
dark conditions is recommended for the preservation of the MBs' mechanical

properties.

An elegant way to determine adhesive properties of polymeric MBs qualitatively
and quantitatively offers AFM combined with in situ RICM. This combination
benefits on the one hand from the precise determination of the apparent contact
area in situ (RICM) and a high resolution of the corresponding adhesion force in
the range of pN (AFM). The theranostic particles showed burst upon deformations
of about ~70 - 80% of their diameter before burst and weak adhesion with a max.
adhesion force of ~4 nN. Adhesive properties were then used to control and direct
MB adhesion into arrays (see Figure 3-4) by using chemical patterned substrates.

Such arrays are of interest for e.g. serial testing of mechanical properties.
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Figure 3-4: (A) Line pattern transferred with micro-contact printing to a polyelectrolyte

multilayer. (B) Selective adhesion of microbubbles on a patterned substrate.

A novel spectro-microscopic characterization technique, which was developed in
the group of Prof. Rainer Fink from the University of Erlangen, is scanning
transmission X-ray microscopy (STXM). This characterization method allows for
elemental and chemical imaging with a spatial resolution in the sub-40 nm regime
and a spectral resolving power E/AE > 5000 (at the N K-edge, approx. 400 eV). In
environmental studies (here in aqueous solution) structure and composition of MB
and their shell were determined. In particular, the technique allowed for
monitoring the interior of the MB and thus proofed the existence of the gaseous
core as shown in Figure 3-5. Moreover, the obtained 2-D images with a high
spatial resolution provided the basis to determine for the first the shell thickness
(300 nm- 600 nm) of the MB dispersed in water and the chemical composition of
the shell material (20% PV A and 80% water).

A 520 eV

Water .

Air

2pum
Water —

Figure 3-5: STXM transmission images of MBs in water environment recorded at hv = 520 eV

and hv =550 eV (scanned image size: 20 x 20 umg?).
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In conclusion, the presented characterization techniques showed to be suitable for
the characterization of microcapsules on the single particle level. In particular
STXM proofed to be of value for the shell thickness determination, which is for
microcapsules in the range of nanometers and thus often difficult to assess. AFM
and RICM showed to be in combination a powerful tool to study the deformation
behavior and to retrieve reproducible mechanical and adhesive properties of single
microcapsules. Thus, the presented techniques made clear that they play a key role
towards a systematic design of MB by providing the basis for a thorough and
straightforward characterization of structure-property relations of MB, which is

also applicable for other microcapsule systems.

3.3 Hybrid Contrast Agents for Ultrasound and MRI Imaging: Impact of
Nanoparticle Integration on Shell Properties in Low and High Frequency
Mechanics (Chapter 6)

Hybrid contrast agents gained enormous interest since the development of new
hybrid scanners that promise to revolutionize the medical imaging market.
Imaging techniques with new, more precise and complementary information
already arrived in today's clinical routine. In this work hybrid contrast agents
active in ultrasound and magnetic resonance imaging were studied. Polyvinyl-
shelled microbubbles (US active) served as platform for the built-up of the hybrid
contrast agents. Through the integration of super paramagnetic iron oxide
nanoparticles (SPIONs) the microbubbles (ultrasound contrast agents) become
magnetic and thus also active in magnetic resonance imaging. Two different
pathways were tested to yield magnetic microbubbles: a physical approach to
embed SPIONSs inside the polymeric network and a chemical approach to couple

nanoparticles to the shell surface.

For ultrasound contrast agents the mechanical properties of the shell are crucial,
because they determine the performance during imaging. Thus, it is of
fundamental interest to understand how the SPIONS' integration affects the shell's
mechanical properties. The comprehensive study presents a pioneering work that
links the synthesis straightforward to the performance of a US/MRI contrast agent.
The critical parameters -shell thickness and microcapsule diameter- were in this

study independently determined with two different techniques:
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e AFM imaging of flat-folded dried and hydrated MBs.
e Transmission electron microscopy (TEM) imaging of ultrathin sections of
embedded MBs.

AFM allowed to determine with relative high-throughput (compared to STXM and
TEM) a good statistic of both parameters- shell thickness and diameter. In addition
the single particle analysis allowed for a correlation of both parameters with each
other (Figure 3-6). TEM also provided information about the location of integrated
SPIONs and the homogeneity of the shell. However, shell thickness values
measured with TEM need to be corrected from the random slicing process by a
factor of 0.72, which was carried out during the sample preparation. The
morphologic analysis clearly showed that both shell thickness and microbubble
diameter are not affected through the integration of SPIONSs, neither from the

chemical nor from the physical approach (Figure 3-6.
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Figure 3-6 Thickness plotted versus the radius of the MBs imaged with AFM in dried conditions.

However, a change in the mechanical response was determined from force
spectroscopy experiments (Figure 3-7). The quantification of the elastic modulus
showed that properties of the shell material changed. In particular, magnetic MBs
with SPIONs embedded in the polymeric network of the shell showed an increased
elastic modulus (3.2 MPa), while magnetic MBs with SPIONs coupled to the shell
surface showed even a lower elastic modulus (230 kPa) than the PVA shell of the

original ultrasound contrast agents (1.3 MPa).
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Figure 3-7: Scattering plot of the stiffness in N/m versus the inverse of the MB radius.

The reason for the increased elastic modulus is a reinforcement of the shell
material and an increased density of the shell through the embedment of SPIONs.
The reason for the softening observed for MBs treated by the chemical approach
is a result of the shell's exposure to the reaction conditions of a reductive
amination, which was needed to couple SPIONSs to the shell surface.
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Figure 3-8: DSC results for plain MBs before and after chemical treatment without attaching
SPION:S.
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Differential scanning calorimetry showed that a decrease of physical cross-links
(crystalline units) occurs within the PVA network through the chemical treatment
(Figure 3-8).

Moreover, the study built a bridge from the nano/micro-scale to the macro-scale
by showing that the changed properties of the shell material are not only reflected
on the singe-particle-level and for low-frequency experiments, but as well for an
ensemble of MBs tested in the high frequency regime during ultrasound exposure.
Theoretical treatment of the high-frequency results were used to estimate the shear
modulus of the shell during dynamic oscillation, which showed the same trend. In
conclusion, the presented strategy made clear that different structural designs of
hybrid probes are important and can be used for their systematic design and

optimization in view of the ultrasound performance.

3.4 Perfume-filled Aminoplast Microcapsules: Tuning Shell Properties for

Controlled Release of Perfume in Fabric Softeners (Chapter 7)

Perfume-filled aminoplast resin microcapsules represent a classical capsule
systems used world-wide in industrial large scale productions for the
encapsulation of fragrances. The studied aminoplast microcapsules are prepared
by an emulsion-based process. The shell is built-up during a phase separation
polymerization of melamine formaldehyde. The challenge in characterizing
structure-property relations of industrial produced microcapsules is often the
compensation of a size-dispersed system with an adequate number of experiments
on the single-particle level to yield a significant statistic. For the studied
microcapsules a diameter between 10 um to 50 pum and a shell thickness between
50 nm and 200 nm was determined. The shell thickness was determined from
ultrathin sections of embedded microcapsules imaged with TEM (Figure 3-9). The
measured shell thickness was corrected from the random slicing process by a
correction factor of 0.62.
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Figure 3-9: TEM images of embedded microcapsules sectioned with an ultra microtome and the

quantified distribution of the measured shell thickness. The number of analyzed sections n is

indicated along with the used amount of resin in percentage and the average diameter d.
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Figure 3-10: is illustrating the change of the surface area A for emulsions produced from a

constant volume V of the dispersed phase and different radius r of the emulsion droplets.

As key parameter for the control of the shell thickness the amount of employed
pre-polymer per total surface area of the dispersed phase was identified. Generally
industrial processes use a defined amount of pre-polymer for the microcapsule
preparation. In this case, the shell thickness becomes thinner with decreasing
microcapsule diameters, which is reflecting an increased surface area as illustrated

in Figure 3-10.
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Figure 3-11: Summary of the morphological and mechanical characterization.

Within this study, mechanical properties of aminoresin capsules were studied for
the first time in the small deformation regime using colloidal-probe force
spectroscopy. Thus, it was possible to establish a link between the synthesis-
controlled geometrical features and the capsule's mechanical response (Figure
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3-7). With increasing shell thickness the stiffness of the microcapsules increased

from 2 N/m to 30 N/m.

The elastic modulus for the melamine formaldehyde shell was estimated to be in
the range of 1.7 GPa. Thus, thin-shelled microcapsules will reach the critical

deformation for a burst release earlier than thick-shelled microcapsules.

55



Overview of the thesis

3.5 Individual Contributions to Joint Publications

The results of the thesis were obtained in collaboration with others. In the

following, the contribution of the co-authors are specified.

Chapter 4 is a reprint with permission from Elsevier. The manuscript was
published in Advances in Colloid an Interface Science 2014, 207, 65-80, under the
title:

Microcapsule Mechanics: From Stability to Function

Martin Neubauer, Melanie P6hlmann, Andreas Fery

| structured the content of the first three sections of this article and provided the
corresponding literature, which is basically the chapter 2 (Status of the Field) of
this thesis. | was further involved in scientific discussions and the correction of
the manuscript.

Martin Neubauer wrote most of the manuscript and carried out the rest of the
literature research.

Andreas Fery wrote the last section of the article and was involved in scientific

discussions and in the design and correction of the manuscript.

Chapter 5 is reproduced with kind permission from Springer Science and
Business Media, Copyright (2010). The manuscript was written in the framework
of the FP6-IST-033700-project SIGHT-Systems for in-situ theranostics using
micro-particles triggered by ultrasound. The European consortium contained
experts for microbubble synthesis, ultrasound equipment producers, radiologists
and medical engineers. The manuscript was published as a chapter in the book
Ultrasound contrast agents — Targeting and processing methods for theranostics

by the editors Gaio Paradossi, Paolo Pelegretti, Andrea Trucco under the title:

Novel Characterization Techniques of Microballoon
Paulo Fernandes, Melanie Pretzl, Rainer Fink, Georg Tzvetkov, and Andreas

Fery.

I wrote the section on adhesion properties of microbubbles, performed the

corresponding experimental work using AFM and RICM and carried out the
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controlled and directed particle adhesion on patterned substrates, as well as the
production of the corresponding patterned substrates.

Paulo Fernandes wrote most of the manuscript and carried out the AFM
experiments (force spectroscopy experiments).

Georg Tzvetkov wrote the section about STXM and carried out all STXM
experiments. Furthermore, he was involved in scientific discussions and in the
correction of the manuscript.

Rainer Fink supervised Georg Tzvetkov and was involved in scientific discussions
and in the correction of the book chapter.

Andreas Fery supervised the project and was involved in scientific discussions and

in the correction of the manuscript.

Chapter 6 is reprinted from Soft Matter 2014, 10 (1), 214 - 226 with permission
of the Royal Chemical Society. This study was carried out in the framework of the
FP7-NMP-2009-LARGE-245572-project 3MICRON-Three modality contrast
imaging using multi-functionalized microballoons. The European consortium
bundled experts for microbubble synthesis, ultrasound equipment producers,

radiologists and medical engineers. The manuscript was published under the title:

On the interplay of shell structure with low and high frequency mechanics
of multifunctional magnetic microbubbles
Melanie Poehlmann, Dmitry Grishenkov, Satya V.V.N. Kothapalli, Johan
Haermark, Hans Hebert, Alexandra Philipp, Roland Hoeller, Maximilian Seuss,

Christian Kuttner, Silvia Margheritelli, Gaio Paradossi, Andreas Fery

I coordinated the work between the different research groups and wrote the
manuscript. Moreover, | performed all experimental work and the analysis , except
that:

Alexandra Phillip and Maximilian Seuf3 contributed to the manuscript by
investigating a statistical meaningful number of MBs to allow the quantitative
analysis of the MBs dimensions. Both co-authors carried out some of the
mechanical characterization using force-spectroscopy under my supervision in the

framework of their bachelor thesis.
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Roland Héller adopted the protocol provided by Johann Harmark and carried out
the TEM characterization in Bayreuth. His work was performed under my
supervision in the framework of his bachelor thesis.

Dmitry Grishenkov and Satya Kothapalli carried out the acoustic experiments and
were responsible for the modeling of the MBs’ acoustic response towards
ultrasound exposure. In addition, they were writing parts of the acoustic section.
Johann Harmark and Hans Hebert developed the TEM sample preparation for
MBs. Moreover, they contributed with a significant number of TEM images to the
quantitative evaluation of the shell thickness.

Christian Kuttner further modified the model for the correction of the shell
thickness and determined the correction factor for all measured MBs.

Silvia Margheritelli and Gaio Paradossi synthesized the MBs and carried out the
DSC measurements.

Andreas Fery supervised the project at the University of Bayreuth and was

involved in scientific discussions and corrected the manuscript.

Chapter 7 is reprinted with permission from ACS Applied Materials & Interfaces,
2012, 4(6), 2940-2948. Copyright (2012). American Chemical Society. The study
was carried out in cooperation with the R&D division of the company Firmenich

SA (Geneva, Switzerland). This work was published under the title

Formation and Mechanical Characterization of Aminoplast Core/Shell
Microcapsules
Melanie Pretzl, Martin Neubauer, Melanie Tekaat, Carmen Kunert, Christian
Kuttner, Géraldine. Leon, Damien Berthier, Philipp Erni, Lahoussine Ouali and

Andreas Fery

| planned and coordinated the experimental work carried out between the co-
workers in this project and wrote the manuscript. | performed all experimental

work and the corresponding analysis and interpretation of the results, except that:
Martin Neubauer carried out parts of the AFM experiments and the corresponding

data analysis, was involved in scientific discussions and proofreading of the

manuscript.
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Melanie Tekaat participated in AFM experiments and the corresponding data
analysis under my supervision and in the framework of her bachelor thesis
"Characterization of Core/Shell Materials".

Carmen Kunert performed the TEM sample preparation - embedding and
sectioning of microcapsules - and imaging of the thin sections with TEM.
Christian Kuttner applied a model proposed by Smith to correct the error of the
shell thickness obtained through the random slicing process. Furthermore, he was
involved in scientific discussions and proof-reading of the manuscript.

Géraldine Leon and Damien Berthier synthesized the MF microcapsules with
different amount of MF and characterized the size distribution of the
microcapsules. Both were involved in scientific discussions, were writing the
corresponding experimental part in the manuscript and were proof-reading the
manuscript.

Phillip Erni supervised the project at Firmenich SA, was involved in scientific
discussions and corrected the manuscript.

Andreas Fery supervised the project at the University Bayreuth, was involved in
scientific discussions regarding the interpretation of the results and corrected the

manuscript.
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Abstract

Microcapsules are reviewed with special emphasis on the relevance of controlled
mechanical properties for functional aspects. At first, assembly strategies are
presented that allow control over the decisive geometrical parameters, diameter and
wall thickness, which both influence the capsule’s mechanical performance. As one
of the most powerful approaches the layer-by-layer technique is identified.
Subsequently, ensemble and, in particular, single-capsule deformation techniques are
discussed. The latter generally provide more in-depth information and cover the
complete range of applicable forces from smaller than pN to N. In a theory chapter,
we illustrate the physics of capsule deformation. The main focus is on thin shell
theory, which provides a useful approximation for many deformation scenarios.
Finally, we give an overview of applications and future perspectives where the
specific design of mechanical properties turns microcapsules into (multi-)functional

devices, enriching especially life sciences and material sciences.
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4.1 Introduction

Microcapsule-research is a classic example of a field, which has been driven and
fueled by many disciplines ranging from biophysics, via fundamental colloid- and
interface research in physical chemistry and synthesis — both organic and inorganic —
up to applied sciences and engineering. Microcapsules have been an object of
research in these areas for many decades. First studies date back as early as to the
1930s, when Bungenberg de Jong and co-workers investigated coacervates which can
be seen as the first artificial, man-made microcapsules.l’ 2 At the same time Cole
performed the first compression experiments on single microcapsules, i.e. on arbacia
eggs with a diameter around 75 pum.® Especially the development of novel synthesis
strategies, e.g., layer-by-layer assembly, and techniques to characterize capsules on
a single-capsule level has stimulated scientific research in this area within the past
twenty years. At the same time, microcapsules have been increasingly used in
industry. The first large-scale production of microcapsules was established for
carbonless copy paper already in the 1950s.* Today, microcapsules are designed for
and employed in many different fields of application, such as pharmacy °*!, food
industry 1221 agriculture 2%, cosmetics 2% ?', textile industry 283, printing 3,
biosensor engineering 323, active coatings * % and construction 3"*°, For instance,
in food technology active ingredients are protected from decomposition through
environmental impacts or flavors are prevented from premature volatilization.?°
Textiles have been modified with microcapsules for long-term fragrance release, to
introduce fire retardants and even to combat counterfeiting.?® The interest in and the
demand for intelligent, custom-made capsule systems is continuously rising. And
scientific research plays a key role as the understanding of the fundamental properties

of microcapsules is breaking ground for innovation.

4.2 Microcapsules: Definition and Assembly Strateqgies

In view of the broad range of capsule systems and the different context in which they
have been investigated, it is no surprise that there are various, sometimes at least
partially diverging definitions of the term microcapsules and microencapsulation 4%
4 Therefore, let us first clarify the semantics for the purpose of this review:
Generally, microencapsulation is understood as the process by which one material of

microscopic dimensions is entirely coated by another. Hence, a core-shell-composite
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or microcapsule is created where the core can take all aggregate states but the shell is
solid. This fundamental definition already points out the two main components of
microcapsules, core/interior/inner phase and shell/wall/membrane/outer phase,
which can be tuned with respect to materials, permeability, size, shape etc. Out of
this large zoo of possible microcapsules it is indispensable to introduce some further
constraints. In the context of this review article we examine mechanical properties of
microcapsules. These are particularly interesting when dominated by the shell.
Therefore, we limit ourselves to microcapsules being composed of a fluid core
wrapped by a solid shell. In contrast, capsules consisting of a solid core will be
referred to as core/shell particles and will not be in the center of interest. In terms of
the mechanical properties of the shell, we limit ourselves to non-fluid shells. The
broad class of vesicles formed from lipids or in general low-molecular weight species
will thus not be covered. The microcapsules considered in this review will always be
spherical, if not stated differently, and their size will range from several hundreds of
nanometers to some tens (in few cases to some hundreds) of micrometers, with the

restriction that the shell thickness is small as compared to the diameter.

The focus will finally be on artificial microcapsules, which naturally lets us start from
reviewing the various approaches for the formation of microcapsules meeting the
aforesaid definitions. As stated above, microcapsules find already various usages in
industry. The industrially relevant encapsulation techniques are typically based on
physicochemical processes that allow for large scale production. These include spray
drying®, co-extrusion, spinning disk, multiple-nozzle spraying, fluidized-bed coating
and vacuum encapsulation.*® 4 Among the advantages of these methods are the easy
handling, upscalability and low costs. On the other hand, the obtained microcapsules
are often polydisperse in diameter and shell thickness. In other words, current
approaches allow for comparatively little control over the particles morphology and

the possibilities of capsule design are rather restricted.

A far better control over capsule core and shell dimensions and a selective
introduction of functionality is provided by template-assisted and/or self-assembly
approaches. Both soft and hard template-assisted methods offer fine-tuning of the
core size and can be combined with a self-assembly process which allows excellent
control over shell thickness, down to molecular level. Soft template-assisted methods

are mostly emulsion-based, such as microfluidic processes 652, polymerosomes ¢ 5*-
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58 (which are typically nm-sized), colloidosomes °%%!, interfacial polymerization %
65, interfacial assembly ¢, inkjet printing 8" % or phase separation processes % 0. A
special case is the soft colloid templated multilayer assembly which offers control
over all geometric parameters.’* "2 The underlying principle was first exploited using
hard templates, namely the layer-by-layer deposition technique >"8. Combining
templates and self-assembly permits precise adjustment of geometry, diameter ”°,
shell thickness and shell material 8. Furthermore, such methods allow for
introduction of multifunctionality.?® That means, in addition to enclosing their
content until desired delivery, microcapsules are designed which, for example in
medical applications, can be tracked within the human body, directed to a specific
site and, finally, specifically triggered to release their cargo. A schematic overview
of microcapsule designs obtained from template-assisted and self-assembly methods
is given in Figure 4-1. It becomes clear that the synthesis process strongly determines

the choice of core and shell material, and the design possibilities.

Defined shell thickness h
Self-assembly methods:

Defined diameter D

Template assisted methods:
O

- Layer-by-Layer deposition
- Emulsion-based processes
- Microfluidics

- Layer-by-Layer deposition
- Colloidosomes
\ - Polymerosomes

h

Figure 4-1: Template-assisted and self-assembly methods for a controlled capsule design. The
scheme shows typical wall materials (particles, multilayers, homogeneous film) and the crucial

geometric parameters, diameter D and wall thickness h.

4.3 Mechanical Characterization of Microcapsules

Mechanical properties of microcapsules become accessible through a variety of
experimental techniques. These can be divided into two general categories: ensemble
methods and methods on a single-capsule level. Ensemble methods measure a batch
of capsules simultaneously, yielding average values. These measurements can often
be performed in an automated, high-throughput fashion and a large number of
capsules are captured. In contrast, single capsule measurements provide generally
more detailed information on deformation properties, but require a sequential

measurement of capsules.
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One possibility of determining mechanical properties of microcapsule ensembles is
to make use of shear forces. A slurry or suspension of capsules can be measured, for
instance, in a turbine reactor.8! Here, rather high forces are acting provoking breakage
of capsules. Therefore, such a method is mainly relevant for studying large
deformation behavior and release under high stresses. A more sensitive approach is
given by rheological investigations. Drochon et al. measured the viscosity of a diluted
suspension of red blood cells and calculated the shear elastic modulus of the cell
membrane.8? 8 The underlying model has been derived by the same authors and other
groups.8+®" Suspensions of microcapsules under shear have been further studied
experimentally by Bredimas et al. & and theoretically by the groups of Misbah 8%

and Kalluri % %,

Another means to obtain information about mechanical parameters of a multitude of
capsules is to perform osmotic pressure experiments. With the upcoming of
polyelectrolyte multilayer capsules (PEMCs) Gao and co-workers used this method
to extract mechanical data.®® ®” Upon increase of osmotic pressure the capsules started
to deform and assumed a buckled shape. The onset of this buckling was associated
with a critical osmotic pressure which was shown to depend on capsule wall thickness
and elastic modulus as well as on the size of the capsule. The established theoretical
model allows for the calculation of the shells’ elastic modulus from the measured
critical pressure. In a later study Datta et al. examined the buckling behavior of
Pickering emulsion droplets by continuously reducing their volume.®® The results
show that these kinds of capsules undergo similar buckling transitions as known for

typical polymer based thin shell systems.

In the following, single capsule measurement techniques will be presented, ordered
according to increasing force sensitivity. Figure 4-2 gives a schematic overview.
First, we focus on parallel plate compression where the capsule is deformed between
two approaching plates with a typical force range between pN and N. Such studies
date back to the early 1930s when Cole examined surface forces of the arbacia egg
with a flat gold wire.® Starting from the late 1990s well defined compression of
micron scale capsules was introduced. Zhang et al. developed a micromanipulation
technique to measure burst forces of melamine formaldehyde (MF) microcapsules in

a controlled fashion.®®
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Figure 4-2: Schematic representation of single-capsule measurement techniques, each with typically

available force range. Arrows indicate the directions in which forces are acting.

Figure 4-3 shows pictures from a similar deformation experiment. The immobilized
microcapsule is deformed by the flat end of a cylindrical probe connected to a force
transducer. The optical microscope allows for alignment and observation of the
deformation in situ. As a result of approaching and retracting the probe a force versus
deformation characteristic is obtained. Bursting of the capsule is associated with a
sharp drop in the recorded force. Similar plate compression experiments on MF
microcapsules were conducted by Hu et al.!®, Keller and Sottos investigated
poly(urea-formaldehyde) microcapsules.’®® Theoretical treatment and simulations

can be found in 102104

Figure 4-3: Sequence of images of an alginate capsule under parallel plate compression with a
micromanipulator. Image adapted from 1%. Copyright 2003 Wiley. Used with permission from Carin
et al., Compression of biocompatible liquid-filled HSA-alginate capsules: Determination of the

membrane mechanical properties, Biotechnology & Bioengineering, John Wiley and Sons.
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A technique closely related to plate compression testing is atomic force microscopy
(AFM). Similar to the situation in a micromanipulator uniaxial deformations are
effected, however, the accessible force range is shifted to smaller values (pN to uN)
accompanied with higher resolution.’® Therefore, it is a suitable tool for capsule
systems to study shell mechanical properties in the small deformation regime on the
order of the shell thickness. Often, the colloidal probe setup is used, where a particle
of colloidal dimensions is attached to a tip-less cantilever to achieve well defined
sphere-sphere deformation geometry. In analogy to plate compression AFM can be
combined with optics and measurements in air and in liquid are feasible. Figure 4-4
depicts a typical force vs. deformation characteristic from a colloidal probe AFM
measurement. First studies with this technique to characterize PEMCs were reported
independently from Vinogradova and co-workers %1% and from Fery and co-
workers 110112 The elastic modulus of PSS/PAH multilayer capsules was determined
to be in the low GPa range. It was shown that the shell thickness has a drastic
influence on the mechanical properties. Further, by using an optical microscope in
RICM mode it was possible to reconstruct the actual capsule shape both in
undeformed state and during measurement. Other groups have employed the colloidal
probe technique to study mechanical properties of vesicles '3, MF capsules ** and
biopolymer capsules ¥ or the salt softening of PEMCs !°. Shell mechanical
properties of capsule systems can equally be investigated by AFM when using a
cantilever with a sharp tip at its apex. However, measurements have to be performed
carefully avoiding penetration of the shell. Consequently, the applicable force range
is typically lower than with a colloidal probe. A variety of systems has been tested
with this method, such as vesicles 17118 polymeric capsules 1'°, capsules with a silica
shell 20 viral shells 2% 122 and polymersomes 2. A third option for capsule
deformation with AFM is to employ a tip-less cantilever. Here, the major constraint
arises from the fact that commercially available cantilever holders are tilted by
several degrees; a typical inclination angle is 10°. Therefore, compression will always
be accompanied by some shearing or sliding, which can lead to pushing away the
capsule in extreme cases. Yet, for moderate loads and small capsules (with respect to
cantilever dimensions) these effects should be acceptably low. With this method a

range of microcapsules and —bubbles have been investigated.!24128
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Figure 4-4: Force-deformation characteristic of a polyelectrolyte multilayer microcapsule, 10 um in
radius. Insets show corresponding RICM micrographs. A clear correlation can be observed between
applied loads and apparent contact area.**® Buckling of the shell is evidenced by discontinuities in
the curve and, correspondingly, abrupt changes in contact geometry. With kind permission from
Springer Science and Business Media: Springer, the European Physical Journal E, 12 (2), 2003,
p.215, Elastic properties of polyelectrolyte capsules studied by atomic force microscopy and RICM,
F. Dubreuil, Fig 4.

A conceptually completely different approach is to apply shear stresses. The typical
range of these stresses is from mPa to kPa, i.e. for capsules with a typical radius of
5 um the applied forces can be estimated to be in between 0.1 pN to 0.1 uN. Several
studies have been performed in Couette flow, i.e. the microcapsules are exposed to
shear flow created by two concentric cylinders rotating in opposite direction.'?%-1%3
The outer cylinder of the rheoscope is optically transparent, thus enabling observation
of capsule shape and orientation with a microscope. An example is given in Figure
4-5, where the shear rate has been increased until capsule break. A similar setup is
used for spinning drop experiments.t3+13 Here, the microcapsule is placed within a
liquid filled rotating tube and shape changes are again followed via microscope. In
both methods, the shear modulus is determined, based on the change in capsule shape
as a function of applied shear forces. Theoretical models for different shear and flow
conditions have been developed.'**146 A related method is based on microfluidics.
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The microcapsules mechanical properties are studied by guiding them through
narrow channels and following the change in shape. Such an approach has been
reported both for biological cells 27 and artificial capsules 143-*°, Corresponding
theoretical descriptions have been worked out.>2-1%

: =27s"" b)O ¥ =141s~" ©) Oy'_ls.zs* d) : =19.7s "
240s E: y =350s" &) y =39.55" ‘i_\//\)

i)
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Figure 4-5: Series of images of an initially spherical polysiloxane microcapsule in shear flow at
different shear rates ¥ until break. Reproduced from 3 with permission of The Royal Society of
Chemistry (RSC).

A more sensitive technique is micropipette aspiration. It has originally been
developed by Mitchison and Swann to examine elastic properties of living cells and
the setup was therefore termed “cell elastimeter”.!®® A glass micropipette is
connected to a movable reservoir which effects slight suction when lowered. This
way a single cell can be aspirated, held and depending on the position of the reservoir
suction pressure can be systematically varied and capsules can be released after the
experiments. Normally, applied pressures range between 1 Pa and 1 kPa. This means,
with typical inner diameters of the capillary of 1-5 um, forces in between pN to nN
are exerted. Shape changes of the capsule are followed with an optical microscope
(see Figure 4-6). The observed bulging of the cell membrane is used to extract
information about mechanical properties such as stiffness, Young’s modulus or
internal pressure. Since these first pioneering contributions the technique has been
improved further and applied to study both biological samples 611 and artificial
capsules 7170 Theoretical models have been developed to accurately describe and

evaluate micropipette aspiration experiments, 64 173-177
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Figure 4-6: Micropipette suction experiment with a polymersome. After aspiration (a) and collapse
(b) a positive pressure is applied (c), finally leading to full recovery of the capsule (d). Scale bar is 5

pm. Reproduced from 170 with permission of The Royal Society of Chemistry (RSC).

Finally, a class of methods is discussed which enables the exertion of very low forces
(several tens of fN to some hundreds of pN): optical and magnetic tweezers. Though
mainly used to study biological samples (e.g., cells) we still add this paragraph to
round out the picture concerning single-capsule deformation techniques. Generally,
optical tweezers exploit the forces arising from a light source such that a dielectric
particle can be trapped and manipulated. Detailed information about this technique
and theoretical background can be found in 1882, In a classical experiment two beads
which are attached to opposite sides of a cell are trapped with optical tweezers and
then pulled apart to investigate the cells mechanical properties and determine elastic
parameters such as the shear modulus of the cell membrane.!8-18 An example is
given in Figure 4-7, where the experimental observations are accompanied by
numerical simulations. Non-symmetric systems with only one traceable particle
attached to a cell have been studied by Titushkin et al. ¥ and by Frases and co-
workers 87, Calibration of optical tweezers has been treated in the group of
Nussenzveig.8® 18 A special case of optical tweezers is given in the optical stretcher
where microcapsules can be directly trapped and deformed without additional
particles. This method was introduced by Guck et al. 1%, theoretical considerations
can be found in 1% The working principle of magnetic tweezers is similar to
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optical tweezers. Magnetic beads attached to a cell wall are trapped in a magnetic

field and then moved to perform a microrheology experiment. 19419

maximum principal strain

0% 20% 40% 60% 80% 100% 120%

experiment simulations

145 pN

Figure 4-7: Cell deformation experiments with optical tweezers at increasing loads. Left, optical

micrographs, right, corresponding simulations revealing strain distributions and 3D-shape changes.
197 Reprinted from Acta Materialia, 52, C.T. Lim et al., Large deformation of living cells using laser

traps, Copyright (2004) with permission from Elsevier.

4.4 Modeling — Physics of capsule deformation

As it was shown in the previous part a wide range of techniques has been established
to characterize mechanical properties of capsule systems. There are static, quasi-static
and dynamic methods which all need to be evaluated with a suitable physical model
to extract meaningful quantities out of the obtained data. As compared to the
deformation of massive particles made from an elastically homogenous medium,
modeling capsule deformation is intrinsically more challenging and qualitatively new
features arise, which are often linked to nonlinear effects. In addition, several
qualitatively different deformation regimes are found. Deformations can be on the
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same range or small as compared to the capsules' typical length scales such as wall
thickness or radius, and capsules can be permeable or not, to mention only the most
important aspects. In the following we first focus on the (more general) modeling of
capsule deformation within the framework of shell theory before comparing to

membrane approach and discussing more complex deformation scenarios.

Shell structures are widely and successfully used in nature, architecture and
technology, covering all length scales in-between biological cells and dome
constructions.’® However, the underlying physical concepts to describe their
mechanical properties and to predict response to applied loads are the same. One of
the major advantages of shells is that, despite often being very thin and thereby saving
material, extreme stability and protection of the interior is nevertheless guaranteed.
This brings us to a first important (and for many systems valid) simplification
concerning theoretical treatment: the restriction to thin shells, i.e. structures with a
shell thickness h to radius R ratio of less than 1/20.1%° Here, R corresponds to the
radius of curvature of the middle surface between the inward and outward faces of
the shell. In the course of this section shells will always be considered as thin. Further
assumptions in thin shell theory are linear elasticity of the shell material (which is
supposed to be homogeneous and isotropic), small deformation with respect to the
shell thickness, and the Kirchhoff hypotheses, together known as the Kirchhoff-Love
assumptions. Additionally, the 3D-shell-problem is reduced to a 2D-problem by
focusing on the middle surface of the shell.!*® One of the first scientists to present
such a first-order approximation was Reissner.2%-2% His analysis revealed a linear

scaling of applied force F and resulting deformation d.

h? 4E
F=% J3(—v2) d

Further variables in equation 1 are the radius of curvature R, shell thickness h and the
material elastic constants, Young’s modulus E and Poisson’s ratio v. Originally
developed for point loads, Reissner’s theory has been experimentally proved to be
valid also for less concentrated loading situations, e.g., deformations with a colloidal
probe.2% In the context of microcapsules this simple result is particularly interesting
as the shells’ elasticity modulus becomes directly accessible from small deformation
experiments, e.g., parallel plate compression or AFM force spectroscopy. An

overview over further first- and higher-order approximations is provided in 1*.
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A constraint to the simple description of small deformations can arise from membrane
pre-tensions which become important for very thin shells. In a pioneering work, Ferri
and co-workers tried to separate the contributions of surface tension and mechanical
membrane tension to the overall deformation behavior of Pickering emulsion
droplets.?® A model was developed accounting for both tension contributions and
including the shape changes of the capsule during compression. Based on
experimental data, stress-strain relations are calculated and compared to the
predictions of continuum mechanical shell models. Significant differences are found
which are attributed to strong influence of surface tension effects originating from
the oil-particle-water interface. Tan et al. built up on this work and investigated
mechanical properties of droplets stabilized by clay particles.?%® Predictions from
Ferri’s work are in good agreement with their experiments. As the determined surface
Young’s modulus depends on the applied strain, it is clear that the shells’ elasticity
cannot be described by a pure Hook law. This non-Hookean behavior is, again,

suggested to result from interfacial tensions.

Pre-inflation as it can arise from swelling has been identified as another source of
pre-tension. It has been shown that the shape of capsules in axisymmetric flow is
largely influenced by such additional mechanic tension.*>® A corresponding trend was
found for capsules in shear flow. Here, the deformation characteristic is significantly
altered and, for high pre-stresses, the validity of small deformation theory is

passed.1#

Remaining under thin shell assumptions we now focus on larger deformations. For
the simplest case, a capsule with infinite permeability, Pogorelov proposed the
following relationship for a Hookean material under point load.?%’

1.89Eh?
F = RO vhd

In this scenario, a dimple is forming and, in contrast to Reissner’s formula, the force
no longer scales linearly but with the square root of deformation. Theoretical
solutions of the large deformation problem under assumption of non-Hookean

models, such as Neo-Hookean or Mooney-Rivlin, are presented in 2%8 2%,

Several studies have used the onset of buckling, as described by Pogorelov, as a
means for estimating elastic properties of shells.?9-2* Experimentally, this can be

addressed by using osmotic pressure effects. For instance, Gao and co-workers made
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use of the osmotic pressure to calculate the elastic modulus of PSS/PAH
polyelectrolyte capsules (see also Figure 4-8).% Following earlier argumentations 2>
216 3 model is presented where the critical osmotic pressure is related to the elastic

modulus of the shell.

- s ()
Pe = Baoo) \R
Here, pc is the critical pressure when buckling of the shell starts. This pressure scales
directly with the shell thickness squared and indirectly with the square of radius, or,

in other words, pc scales indirectly with the Féppl-von Karman number 7.

y =12(1 —v?) (%)2

The experimental data clearly confirmed this relation and the determined modulus is
in good agreement with independent measurements.*® Vliegenthart and Gompper
analyzed the problem of capsule buckling under external pressure by means of
simulations.?!” They found that the shape of the capsules in the deformed state is
determined by three variables, deformation rate, reduced volume and, again, the

Foppl-von Karman number y.

The simulations reveal two energy regimes. The first, for small indentations with
circular dimple, follows the classic prediction after Landau and Lifshitz with the
energy scaling like E o y4.2!8 When the shell is deformed to a larger extend leading

to polygonal shape of the dimple, the scaling exponent changes to less than 1/6.
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Figure 4-8: Buckling of polyelectrolyte multilayer capsules induced by osmotic pressure . With
kind permission from Springer Science and Business Media: Springer, the European Physical
Journal E, 5 (1), 2001, p.21, Elasticity of hollow polyelectrolyte capsules prepared by the layer-by-
layer technique, C. Dubreuil, Fig 2b.

Generally, the formation of a dimple or invagination upon large deformation of
capsules has received much attention in the literature. Buckling instabilities have
been observed and described in both experimental and theoretical studies.?%2" A
special case are pressurized shells which show wrinkling under point load
conditions.*® The same group has also studied the mechanical properties of
pressurized shells under point loads.?® In addition to the initial linear regime as
predicted by Reissner for small deformations a second linear regime was found for

large indentations.

It is obvious that for a range of systems, particularly for large deformations,
permeability is not negligible and, therefore, needs to be considered. For small
deformations of a capsule, irrespective of permeability, the force F scales linearly

with relative deformation & (deformation divided by capsule radius R).24
F o ZEh?e

This is the basis for Reissner's reasoning. In the case of an impermeable membrane a
second term has to be considered. This term accounts for the stretching of the shell

while being deformed. Here, the force scales cubically with deformation.'%
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Plotting both scaling laws in a common graph (Figure 4-9) shows clearly that, as long
as we restrict ourselves to small deformations on the order of the shell thickness,
permeability issues are negligible. In contrast, for large deformations volume-
constraint contributions become increasingly dominant. Therefore, capsule wall

permeability has to be considered in modeling of large deformations.

40x107°

F/N

Figure 4-9: Linear elastic (continuous line) and volume-constraint (dotted line) contributions to
forces F upon capsule deformation (relative deformation &), calculated for a capsule 10 pum in

diameter, shell thickness of 20 nm and Young’s modulus of 1 GPa.

In this case, additional contributions arise particularly from edge bending at the sites
of high curvature around the dimple and stretching caused by the rising fluid
pressure.?*! Comparing both experimental data and theoretical calculations for the
deformation of an empty and a water-filled racquetball Taber finds that deformations
below 20% are dominated by bending. Only for larger compression the load-
deflection curve of filled shells deviated from the square root like scaling and

compared to the empty shells a stiffening was observed.?*

Finally, at very high loads capsule burst can occur. Experimentally, Zhang et al.
found for melamine formaldehyde (MF) microcapsules a clear correlation with both
bursting force and displacement at burst increasing in a linear fashion with capsule
diameter.%® Additionally, it was discovered that burst typically occurs at a critical
relative deformation of 70%, irrespective of capsule size.?*? Mercadé-Prieto et al.
carried out finite element modeling (FEM) to elucidate the failure behavior of MF
microcapsules.®® The compression behavior between two parallel plates is simulated

up to bursting by applying an elastic-perfectly plastic model with strain hardening
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and comparison with experimental data shows very good agreement. Strain at rupture
for this system was found to be approximately 0.48 and a failure stress of around
350 MPa was obtained.

After going through thin shell theory it is worth comparing with membrane models.
What is the main difference between these two approaches for describing capsule
systems? Generally, shell structures support externally applied loads in two ways: in-
plane (stretching and shear) and out-of-plane (bending and twisting).1% 1% The much
vaunted stability of many solid shells originates from the high resistance to
bending.'®® Accordingly, thin shells carry axial loads mainly by in-plane action. In
contrast, in the membrane scenario bending and twisting moments are small, i.e. the
main characteristic of a fluid membrane is its flexibility. It supports external loads
only by its tension and deforms in pure bending.!*® 243 Such conditions are often
fulfilled in biological systems. Surely, the prototypes of fluid membranes are cell
membranes or lipid bilayers. The bending resistance of such membranes has been
treated in a range of publications.?*32* The key variable to describe mechanical
properties of membranes is the bending rigidity Keend. It is related to the area elastic

modulus Ka by a simple expression 24> 20;
— 2
kbend - ﬁKAh

Here, £ is a constant and h is again the membrane thickness. However, there is also
a class of membrane-like systems with finite shear modulus, i.e. in-plane elastic
energy has to be considered. In the literature, these are commonly referred to as
tethered or polymerized membranes.?4® 244 247 Here, the shell consists of an
interconnected network instead of a loose assembly of individual molecules. Several
studies described such membrane-like systems including both bending and shear
contributions.?#® 249251 Hence, we see that, when a membrane is “properly” modified
(cross-linked, strengthened), a transition takes place towards more shell-like
mechanical properties. In conclusion, thin shell and membrane approaches are each
special or limiting cases of the comprehensive, general shell theory. Simmonds et al.
suggest in their theoretical analysis that the exact description of a spherical shell
under load is given by the sum of a membrane-like, a shell-like and a slab-like
solution.?? An example of a system that is characterized as being located in-between

the state of fluid membranes and solid shells are polymer vesicles.?
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While mainly axial deformation has been considered so far we now turn to a more
complex scenario, namely capsules in (shear) flow. A recent overview of this topic
can found in 13, In the simplest case, a homogeneous thin elastic shell is modeled
following Hooke’s law for small deformations. It is characterized by its surface shear
modulus Gs and area dilation modulus Ks, with Ks = Gs(1+)/(1-s) and s being
the surface Poisson ratio. The principle tensions T12 and extension ratios A1, are

correlated to give the subsequent equations:

Tl = Gs [/1% - 1 + Vs(){,% - 1)]
1-vg
1-vs

More details on freely suspended microcapsules in simple shear flow can be found in
a range of publications 848 140 covering also tumbling 142 144254 '1arge deformations
87 or the effect of pre-stresses 14°. A closely related topic is the motion of capsules in
channels, e.g., blood cells or delivery vehicles in arteries. Several groups have
addressed this issue.'>>%° When a capsule flows through a constriction it assumes a
certain shape depending on its mechanical properties, flow rate, channel size 1°2 and

geometry 154 1%,

To conclude this section we would like to draw the readers’ attention to some
examples of non-spherical capsules. Delorme and co-workers studied the mechanical
properties of polyhedrons.?®® Both the elastic modulus (Reissner approximation for
thin shells) and bending modulus (membrane theory) were determined and found to
be in a reasonable range compared to independent measurements. Additionally, a
distinct difference in stiffness between facets and vertexes could be shown. The
mechanical properties of ellipsoidal shells are studied in 2° and 2°. It is clearly shown
how geometry, namely the curvature, influences the stiffness of a given shell, e.g.,
that a hen’s egg supports higher loads at its poles than around the equator.

Additionally, the stiffening effect of internal pressure is examined (Figure 4-10).
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Figure 4-10: a) Ellipsoidal shells with different aspect ratios b/a. b) Effect of aspect ratio on force-
deformation characteristic for axial loads on non-pressurized shells. ¢) Effect of internal pressure for
a given aspect ratio (1.5). Pressure ranges from 0-10 kPa. 25¢ Copyright (2012) by the American
Physical Society.

Another class of non-spherical microcontainers, capsids, is investigated in 2%, The
authors present a corresponding elasticity theory and reveal the interrelation between
energy and shape. This finally leads to a shape phase diagram, where the transitions
from spherical to spherocylindrical to icosahedral geometries are given as a function
of the spontaneous curvature and the Foppl-von Karman number. Mechanical
properties of hollow tubes have been characterized and evaluated by Mueller et al.
259 based on a model developed earlier for microtubules %°. The scaling of the tube
wall materials’ stiffness with wall thickness and radius is similar to the Reissner
relation for spherical shells, yet with slightly higher exponents. Anisotropic
microcapsules assuming cubic or pyramidal shapes were constructed via a layer-by-
layer approach by Shchepelina and co-workers.?®* With the help of computer
simulations it is demonstrated that these geometries provide enhanced mechanical
properties compared to spherical capsules. Simulating osmotic pressure, the edges
and corners, i.e. the regions of high curvature, act as a kind of intrinsic frame which
stabilizes the whole structure, whereas the hollow spheres show the typical buckling

instabilities. In a later work, hollow cubic capsules are investigated with regard to
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pH-induced shape changes.?®> While (PMAA)2o capsules show a shape transition to
spherical structures, the (PMAA-PVPON)s capsules retain their morphology. This
difference is attributed to a change in materials’ stiffness. The more rigid composite
better withstands the stresses due to pH triggered swelling, whereas the softer single-

component capsule is subject to bending of its side faces.

Generally, numerical methods such as finite element modeling (FEM) can help to
understand experimental observations and to predict system response, particularly
when more complex morphologies are investigated (e.g., the anisotropic capsules
discussed before) and when deformation regimes beyond linear elasticity are probed
(e.g., capsule burst). In these cases analytical treatment is often not possible. In FEM
simulations the shell is modeled as consisting of a finite number of discrete
elements.?%3-2%% With this approach several capsule systems have been studied, e.g.,
artificial spherical capsules 102-104 266269 gnq jcosahedral viral capsids 27°-273, An
alternative way to reduce complexity is to model the shell structures as spring
networks. Here, the continuous shell is replaced by a grid with a set mesh size where
the links between the nodes represent springs obeying a predefined elasticity law.
This model has been shown to apply well to both icosahedral 232 274276 and spherical
shells 2. A related approach is coarse-grained simulation techniques 2'"-28% and
meso-scale modeling 281282 Instead of considering every single atom or molecule as
in classical molecular dynamics simulations (which is far too time-consuming for
micron-sized systems) several molecules or polymer segments are grouped and
represented by one bead. Neighboring beads are connected by a bond to which a
certain potential is attributed. Several groups employed this technique to examine

mechanical properties of microcapsules 281 283-285 and viral capsids 2 286-288,

4.5 Functionality and Application Perspectives

As has been outlined in the introductory section microencapsulation is already today
an important processing method in industry and bears great potential for a wide range
of applications. Mechanics of microcapsules plays a critical role for the ultimate
purpose of most encapsulation applications: controlling release of the encapsulated
material. Depending on the specific application, desired release scenarios range from
prolonged release by diffusion through the capsule wall to quick burst release. For

the first scenario, mechanical failure of microcapsules will result in premature release
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and has to be avoided by designing microcapsules in a way that they withstand the
wear and tear associated to storage, transport and administration. For the second
scenario, mechanical failure can become a powerful release mechanism, if
mechanical properties can be designed such, that instabilities occur under the desired
conditions. Thus it is no surprise, that recent patent literature puts strong emphasis on

mechanical properties.?8% 2%

In the light of the previous chapters, it is evident that especially controlling
mechanical instabilities requires excellent control over relevant geometrical
parameters of the microcapsules. For spherical systems these are radius and wall
thickness. Therefore, template assisted methods like LbL greatly extend the
possibilities, since the radius can be well adjusted using monodisperse templates and
wall thicknesses can be controlled on the molecular scale. In the following we will
illustrate this using some examples from recent literature focusing on PEMCs without

claiming complete coverage of the broad field of microcapsules.

While mechanical experiments on PEMCs have first focused on estimating the
Young’s modulus and its responsiveness towards external parameters like
temperature 21292 pH 293.2% and salt-concentration 116 2% 29 so far the correlation
between mechanical properties and release of encapsulated material has received
little attention in this field. Fernandes et al. studied the release of a fluorescent dye
from microcapsules as a function of deformation by colloidal probe AFM (Figure
4-11).2% The change of fluorescence intensity within the microcapsule was followed
and a clear correlation between deformation and fluorescence intensity of
encapsulated dye was observed. Interestingly, a sharp drop in intensity occurred at a
relative deformation around 20 %, which could be attributed to a transition from an

elastic to a plastic deformation regime indicating mechanical failure at this point.
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Figure 4-11: Fluorescence intensity as a function of relative deformation e of a microcapsule (filled
symbols) and control experiment (open symbols) with a microcapsule not subjected to deformation.
Insets show corresponding images of a microcapsule at different degrees of deformation as indicated
by arrows. Scale bar is 5 um. Reproduced from 2% with permission of The Royal Society of

Chemistry.

Similar studies were carried out by Palankar et al. who investigated the release of
biodegradable polymer microcapsules upon mechanical deformation ex situ and their
uptake by HeLa cells in vivo.*® The technique opens the possibility to quantify forces
for mechanical failure in a force regime several orders of magnitude below
conventional indentation tests. An example for the relevance of this force regime can
be found in recent studies of cellular uptake of microcapsules: 2%, 2%, The uptake
process is accompanied by forces that are exerted on the microcapsule. If these forces
are high enough to induce mechanical instability, encapsulated material will be
released prematurely and not enter the intracellular area. The authors showed, using
a series of microcapsules with varying deformability, that there is a clear correlation
between microcapsule mechanics and the probability of release during the uptake
process (see Figure 4-12). Apart from the relevance for intra-cellular delivery it was
possible to estimate the forces that the cell wall exerts during incorporation. Thus

mechanically well-defined microcapsules could serve as probes.
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Figure 4-12: Release from microcapsules with different mechanical strength depending on annealing
temperature. (a) Soft capsules release the fluorescently labeled encapsulate prematurely, i.e. outside
the cell. The more rigid capsule is entirely uptaken without rupturing. b) Release as a function of
applied force and deformation from single capsule measurements 2%, Copyright (2010) Wiley. Used
with permission from Delcea et al., Mechanobiology: Correlation Between Mechanical Stability of

Microcapsules Studied by AFM and Impact of Cell-Induced Stresses, Small, John Wiley and Sons.

However, the relevance of deformation properties for cellular uptake goes beyond
these stability considerations. Several studies show that mechanical properties as well
influence the uptake probability significantly; yet, these studies investigated full
instead of hollow spheres. Beningo et al. found that bone-marrow-derived
macrophages from mice preferred harder particles to softer ones.>* Here, the stiffness
of polyacrylamide beads was tuned by changing the amount of crosslinker resulting
in a more than threefold difference in modulus (absolute values were not given). In
contrast, Liu et al. found that HepG2 cells internalized softer particles faster and to a
greater extent than the stiffer ones.® Here, particles consisted of poly(2-
hydroxyethyl methacrylate) (HEMA) and, again, the modulus was tuned by varying
crosslinker content (compressive modulus from 15-156 kPa). Banquy et al.
discovered that the stiffness of particles from the same material and similar modulus
range had an influence on the pathway how they are taken up by murine macrophage
cells.®% In a theoretical study Yi et al. show the wrapping of a vesicle by a cell
membrane.3® It is stated that due to energetical reasons, uptake of stiffer particles is
preferred. While the different findings suggest that there is no simple design criterion
for all cell types, the significance of deformability is central. Generally, the

possibility to now prepare microcapsules with well-defined mechanics, study their
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properties on single particle level and correlate them with cellular uptake should
provide the basis for gaining understanding of this behavior and for examining

mechanical responsiveness for the uptake.

While in the above examples, mechanical instability was due to an external force,
PEMCs have as well been used to show burst release due to internal forces: Since
their shells are semi-permeable, osmotic pressure provides a means for causing
tension and eventually collapse or bursting of microcapsules.®” This has been taken
advantage of for programming the mechanical instability of microcapsules: De Geest
and coworkers deposited a LbL shell onto hydrolyzable hydrogel-cores.3** 3% The
system is designed such, that the shell is impermeable for degradation products of the
dextran-based gels. Thus increasing osmotic pressure can build up in the course of
gel hydrolysis and trigger capsule-burst.3®® Mechanical stability and resistance
toward osmotic pressure can be tuned by adjusting the composition and thickness of
the capsule wall. Thus tailored release can be achieved covering timescales between

seconds and days (see example of fast response in Figure 4-13%7

Figure 4-13: Confocal microscopy images of LbL-coated microgels at different times. At 0 s sodium
hydroxide is added leading to capsule burst and release of fluorescent dye after 10 s. Scale bar unit is
um.%%” Reprinted with permission from the Journal of the American Chemical Society, 130, 14480,
De Geest et.al, Microcapsules ejecting nanosized species into the environment. Copyright (2008)

American Chemical Society.
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This is particularly useful for pharmaceutical applications like vaccination, where a
sustained delivery of vaccines is desired. This can now be realized by a single
vaccination with a cocktail of microcapsules displaying different, temporally tuned
release profiles.3%®® An interesting aspect of the burst release that is visible in Figure
4-14 is its directionality. Membrane failure occurs usually at a single point only, and
the expulsion of the encapsulate is driven by the flows induced by the relaxation of
the pressure difference. Therefore, release is not a diffusion controlled process in this
case. Knowing the weak points of the membrane where mechanical instability occurs,
the location of release can be predetermined; experimentally, defects or destabilizing
elements can be included and addressed externally.3%® Deformation experiments have
been carried out to elucidate the mechanical properties and their relevance for release
for this class of microcapsules.®!° In this context, using non-spherical microcapsules
offers interesting perspectives. As shown by Tsukruk et al., cubic or tetrahedral
microcapsules exhibit “non-trivial rupture spots” at the edges/corners where strains

are localized.?! This opens the way towards directed release applications.

While in the previous examples mechanical stability was investigated in a quasi-static
deformation regime at low frequencies, high frequency mechanics of microcapsules
have also caught much attention recently: Especially Ultrasound (US) is of broad
interest, since ultrasound is widely used in medical diagnostics and therapies. Thus,
microcapsules carrying therapeutic gases could — depending on US intensity — do
both enhance contrast and systematically release of therapeutically active gases. The
applied US intensities strongly determine the microcapsules response. For gas-filled
microcapsules the acoustic response can typically be divided in three regimes: 1)
linear oscillations for low-ultrasound intensities 2) non-linear oscillations also called
harmonics for increased US intensities and 3) the fragmentation of microcapsules
when a certain pressure threshold is reached.®!' Theoretical descriptions of the
dynamic linear and non-linear deformation observed in experiments are discussed
with regard to shell properties and the microcapsule length scales, radius and shell
thickness for example in 312 and 3!3. Recently, we showed for polymeric gas-filled
microcapsules the change of low and high frequency mechanics upon integration of
nanoparticles in the shell.3** Theranostic concepts such as US diagnosis combined
with the release of therapeutic NO gases by high-intensity ultrasound or alternating

magnetic fields were recently reported by different authors.3!®> 3¢ However,
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oscillations of microcapsules during ultrasound exposure is restricted to gas-filled
microcapsules with thin soft shells. For other designs of microcapsules, effects such
as cavitation, the formation of small bubbles in the liquid medium, and thermal
effects can be used to release therapeutics stored in liquid-filled microcapsules.®!’

Shchukin and co-workers were among the first to investigate US-triggered release
from PEMCs.*8 It could be shown that embedding of nanoparticles into the shell
increases the sensitivity towards US. This effect could be attributed to both
nanoparticle induced shell stiffening 3!° raising the brittleness of the material and a
higher density gradient which locally enhances US action. In later studies the
correlation between shell thickness, amount of embedded nanoparticles and
resistance against ultrasonic treatment was elucidated to more detail for PEMCs and
polymer-shelled microcapsules .32-322 |nterestingly, while theory suggests and earlier
studies on PEMCs found an increase of capsule stiffness with shell thickness 110320
Kolesnikova et al. observed a decrease in stiffness and elastic modulus with
increasing shell thickness and amount of included nanoparticles.®?° Obviously, in this
system the introduction of NPs makes the shell fragile, which is reflected by an
increased sensitivity towards US.

The mechanical instability of microcapsules can also be used to induce shape changes
/ break the spherical symmetry of capsules. As has been shown in the previous chapter
capsule deformations are often accompanied by buckling, particularly for large
compressions. Control over this process offers an elegant and simple way for the
production of anisotropic particles with a multiplicity of available geometries. This
is of great interest especially in the field of materials science, e.g., with regard to
plasmonics or meta-materials, when tailored morphology is combined with directed
assembly. Quilliet and co-workers present experimental and theoretical studies on
non-trivial buckling.?® They show that buckling can be easily induced by the removal
of solvent from the capsules’ interior in order to give a variety of anisotropic shapes.
These geometries depend mainly on the shell properties, in particular the Foppl-von-
Karman number. A similar approach was adopted by Datta et al. for particle coated
droplets.® The same group illustrated the drastic influence of in homogeneities on
the buckling process which could provide another means for tuning shapes.??
Combining both buckling and assembly of sub-micron sized polymeric capsules was

described by Yang and co-workers.®?® First, hexagonally packed 2D-arrays were
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created by convective self-assembly and then shape changes were induced via solvent
evaporation. A similar approach has been reported recently by Zhang et al. for core-
shell particles.®?* An interesting advancement for the application of non-spherical
capsules has been published recently by Wilson and co-workers.3?® Bowl-shaped
micro-containers were produced by the controlled buckling of polymer vesicles to
serve as moveable “artificial stomatocytes”. Softer anisotropic capsules were formed
using osmotic pressure induced buckling, and their cavity was filled with catalytically
active platinum nanoparticles turning hydrogen peroxide (which is present in the
medium around the capsules) into oxygen and water. The oxygen produced inside the
cavity escapes through the opening of the stomatocyte and, thereby, creates a pressure

that is sufficient to propel the capsule in the opposite direction (Figure 4-14).
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Figure 4-14: The anisotropic shape of polymer vesicles after a buckling transition is exploited for
forming “artificial stomatocytes” and facilitating active motion on the colloidal scale: Catalytic
platinum nanoparticles are introduced into the cavity and oxygen generated by decomposition of
hydrogen peroxide results in propulsion. Reprinted by permission from Macmillian Publishers Ltd:
Nature Chemistry, 3%, copyright (2012).

Finally, adhesion is a crucial parameter for many applications of capsule systems. In
the biological or medical domain it is important to know, understand, and eventually,
modify or trigger adhesive interactions. For example, the adhesion between a
capsular delivery container and target cells supposed to take up the cargo should be
promoted specifically. On the other hand, adhesion may also not be desired, for
instance, when capsules are intended to circulate for a longer period of time in blood
vessels (e.g., for purposes of imaging or sustained release). Elsner et al. investigated
the influence of shell thickness on adhesion.!'! It turned out that with increasing
number of PE layers (which also means an increase in mechanical stability) adhesion
of the capsules to the substrate decreased as monitored by the contact radius. Two

deformation scenarios were distinguished based on which the scaling of contact
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radius along with shell thickness and radius could be predicted. Hence, tuning of shell
thickness offers one convenient way of adjusting adhesion properties. A more general
theory on the adhesion of vesicles is presented by Seifert and co-workers.3® They
mainly focused on shape/shape changes and transitions from free to bound state. In a
later publication shape equations were solved numerically.®?” An expression for a
critical adhesion energy is derived and theoretical results are compared to the
experimental data obtained from Elsner et al. showing good agreement. Wan and Liu
worked out a model for adhesive contact mechanics of a thin-walled capsule to a flat
substrate within linear elastic theory.3?® It is demonstrated that an increase of osmotic
pressure can reduce contact area and even provoke detachment of the capsule from
the substrate. Nolte and Fery introduced a method to align polyelectrolyte capsules
on patterned substrates making use of electrostatic interactions.®?° This approach has
been developed further to covalently bind the assembled capsules to the substrate.33
By computational modeling, Alexeev et al. examined the fluid driven motion of a
capsule on a substrate.?8! 284 331 They found that besides stiffness and pattern of the
substrate the mechanical properties of the microcapsules play an important role for
the tuning of mutual adhesion. Based on these results concepts are introduced to

selectively trap and burst the capsules®?

as well as to sort and guide them in a
predetermined manner333-3%, This opens an application perspective for, e.g.,
analytical devices for quality control regarding capsule mechanics or for a
fractionation device allowing the extraction of capsules with desired mechanical
properties from a given batch. Lastly, for an in-depth study of shell adhesion, an

exhaustive treatment of the topic can be found in 3%,
4.6 Conclusions

Microcapsule mechanics is a fascinating topic, which has attracted attention from
various scientific communities for many decades. Still, we are currently witnessing
the dawn of a new era: Modern synthetic approaches like the layer-by-layer technique
or other template-assisted self-assembly methods allow unprecedented control over
geometrical parameters of capsules as well as on the composition of wall and interior.
Consequently, mechanical properties like capsule stiffness in the small deformation
range, buckling forces/pressures or burst forces / fracture strength can be adjusted
accurately. This allows not only tailoring mechanical properties such that sufficient

stability to withstand wear and tear in applications is ensured - rather mechanical
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properties and instabilities can be taken advantage of for introducing functionality.
The present review focuses on novel possibilities and illustrates them by some
selected examples from literature, without aiming for completeness of this highly
dynamic field. Gaining control and further understanding of microcapsule mechanics
requires a truly interdisciplinary approach. Therefore, the foundations in terms of
suitable synthesis / assembly are introduced together with theoretical basics of
microcapsules mechanics as well as an overview of experimental characterization
techniques with special emphasis on single microcapsule measurements. Thus, we
hope to provide an entry point for interested researchers into this interdisciplinary
field.
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5.1 Characterization of MBs by AFM

Mechanical properties of microbubbles (MB) are obviously important as they
determine stability. As targeted drug delivery agents triggered by ultrasound the
microbubbles have to possess enough robustness to avoid membrane rupture and
enough elasticity to favor targeted adhesion while still susceptible to ultrasound
induced membrane rupture. There is therefore a complicated interplay of different
interaction processes that closely depend on the mechanical properties of the MBs
and that need to be understood in order to better control their behavior in applications.

Several techniques exist to study mechanical properties of microbubbles®. The atomic
force microscope (AFM) ? offers several advantages as it can apply a wide range of
forces (from tens of pico to microNewtons) and detect deformations smaller than
1 nm on individual microbubbles in solution and at different temperatures. This
renders the technique very attractive to study the mechanical properties of
microbubbles. In addition this technique has been successfully used to study

mechanical properties of polyelectrolyte multilayer capsules (PEM,3®) and vesicles®
10

In this section the mechanical experiments performed on MBs (prepared at room
temperature and pH 5) will be presented. In a first part the AFM force spectroscopy

technique is introduced followed by the most important results obtained.
5.2 Experimental setup

An AFM mounted on an inverted optical microscope was used to probe the
mechanical properties of individual MBs (Figure 5-1). During force spectroscopy
AFM experiments an individual MB is compressed by a cantilever (moving a piezo)
while the deflection of the cantilever is measured by an optical lever (detection of a
laser reflected on the tip of the cantilever). With a calibrated cantilever the deflection
versus piezo displacement data can be transformed into a force versus deformation
curve which gives the mechanical response of the particular MB to the applied force.
Force spectroscopy measurements were carried out under water using commercial
AFM setups: a Nanowizard | (JPK Instruments, Germany) used for the experiments
at body temperature and an MFP 1D (Asylum Research) for most of the experiments

at room temperature. In both setups the AFMs were placed on top of an inverted
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optical microscopes (Zeiss Axiovert 200 for the first and Olympus 1X71 for the
second) to control the alignment and monitor the MBs during the compression. A
colloidal probe ! 12 (glass bead, diameter ~50 um, PolyScience inc.) was glued to a
tipless cantilever (MikroMash, Spain) with two component epoxy glue (UHU Plus
endfest 300, UHU GmbH & Co. KG, Germany) using a micromanipulator (Suttner
Instrument Co.). The spring constants of the cantilevers were determined using the
thermal noise method 2 or the Sader method * (for stiffer cantilevers). To perform a
force spectroscopy measurement the MBs have to be reasonably attached to the
substrate to avoid slippage during compression. To promote this adhesion a droplet
of MBs solution was applied to a PEI coated thin glass slide. The experiments
revealed that slippage can still occur if the MBs and probe are not aligned (this should
be carefully monitored by use of the inverted optical microscope). Typical

compression/retraction cycles were done in 1 second.

Colloidal Probe

Inverted Optical
Microscope

Figure 5-1: Schematic of the AFM setup used with an inverted optical microscope. A colloidal probe

(silica bead) was glued to a tip-less cantilever and the measurements were done under water.

5.3 Bubble bursting

In Figure 5-2 the force-deformation curve obtained for a typical MB is presented (the
force-deformation curves should be read from right to left). The compression curve

(trace, blue) presents a first zone where the force increases with the deformation of
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the sample until a point where there is a peak followed by a decrease in the measured
force. Next the effect of the substrate is observed by an almost vertical increase of
the force. The red retraction curve shows that after such deformation the MB does
not behave elastically, as expected. We interpret the force peak as the bubble bursting.
This scenario is compatible with the optical microscopy images observed (Figure 5-3)
before and after the bursting event: before bursting the air-filled MB has larger index
of refraction gradients (between air and polymer) so it scatters more light (Figure 5-3,
right) than after the bursting where water replaces air and, consequently the water-
filled MB presents smaller index of refraction gradients (only between water and

polymer) so it scatters less light (Figure 5-3, left).
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Figure 5-2: AFM force-deformation curve of a MB (R~2.36 um), where the bubble burst can be

observed.

Figure 5-3: Inverted optical microscope images of a MB, after (left) and before (right) bursting.

Several MBs were analyzed and presented similar bursting profiles, from which a
burst force (peak force in the force-deformation curve) could be measured. In Figure
5-4 a graph of the burst as a function of bubble radius is presented. There is some
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dispersion, as expected, since we are analyzing individual MBs that can present an
important polydispersity in wall thickness and composition, air pressure.
Nevertheless the data seems to indicate an increase of the burst force with bubble
radius. One more point regarding the bursting phenomenon: experiments performed
with slower compression/retraction cycles lower burst forces were observed. This is

also compatible with the bursting scenario due possibly to crack propagation kinetics.
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Figure 5-4: Burst force versus bubble radius at room temperature.

5.4 Bubbles after bursting

An important question regarding the bubble bursting is what happens to the bubble
afterwards? To elucidate this point force spectroscopy measurements
(compression/retraction cycles) were made after the MB bursting was observed. In
Figure 5-5 the force versus piezo displacement curves of a MB during (left) and after
(right) bursting are presented. In the force curve after bursting we can notice that the
force response of the MB starts at approximately the same piezo displacement as in
the bursting curve. This means that the MB does not fragment into pieces after burst
but actually recovers almost completely its previous shape. We note further that the
behavior after burst is reproducible for at least 10 compression/retraction cycles.
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Figure 5-5: AFM force-deformation curve of a MB (R~2.26 um), during (left) and after (right)
bursting.

5.5 Bubbles’ stiffness cycle dependence

AFM force spectroscopy can provide much more information about the sample than
just the burst force. In particular, the linear slope of the force curve at small
deformations can be used as a measure of the stiffness of the MBs wall. By
performing several push-pull cycles on the same MB we observed that its stiffness

changes. Two different typical behaviors were identified:

e For soft cycles (with low applied forces, smaller than 50 nN, corresponding
to small bubble deformations) the bubble wall stiffness increased (Figure 5-6
left).

e For hard cycles (with high applied forces, higher than 1 uN, corresponding to

large bubble deformations) the bubble wall stiffness decreased (Figure 5-6,

right).
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Figure 5-6: Typical stiffness response of MBs versus number of push-pull cycles under low applied

forces (small deformations, left) and high applied forces (large deformations, right).

We note that in both cases the total cycle time was identical (one second). Several
factors can play a role in this phenomenon like water displacement kinetics, visco-
elastic effects, introduction of structural defects. Further experiments will be

performed to understand this interesting and reproducible behavior.
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5.6 Bubbles stiffness

Since the stiffness of the MBs changes with the number of push-pull cycles it has
been subjected to, in order to obtain the stiffness dependence as a function of bubble
radius (Figure 5-7) only the first push-pull cycle was considered. A relatively linear
dependence is observed, the dispersion is quite reasonable taking into account the
polydispersity of the samples (wall thickness, wall composition) and the fact that the
stiffness depends also on the past mechanical history of the bubbles. To determine
the Young’s modulus of the MB wall from these data an appropriate model would
have to be developed, taking into account the wall thickness and composition
gradient. Nevertheless, preliminary estimation can be given by using the Reissner
model > ¢ (applicable for thin shells ', already successfully used to determine the
Young’s modulus of polymeric microcapsules 8. Therefore, by considering an
effective wall thickness of 600 nm the effective Young’s modulus of the wall material

according to the Reissner model is approximately 400 kPa.
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Figure 5-7: Stiffness versus MB radius at room temperature.

5.7 Bubbles temperature dependence

Taking into account the projected application of the MBs it is important to study their
mechanical properties dependence with temperature. To this effect several
compression/retraction cycles were performed on the same air-filled MB at room

temperature and afterward at body temperature. To avoid bursting only small
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deformations were imposed on the MB by using a softer cantilever. Several force-
deformation curves were collected and from each one the stiffness (or slope) of the
curve in the small deformation (linear) regime were determined. The results at room
and body temperature are presented in the histogram of Figure 5-8 and clearly show
that the MBs became softer at body temperature. We remark that, as seen before a
sequence of soft push-pull cycles (as the ones made during this experiment) should
increase the stiffness of the MB. Since we observed a stiffness decrease from room
to body temperature it must be due to the temperature change and not to the push
cycle sequence. The temperature softening effect (of around 10%) might be

underestimated as there is probably some stiffening due to the consecutive push

cycles.
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Figure 5-8: Histograms of MB stiffness at room and body temperature.

In Figure 5-9 we present the burst force versus MB radius at different temperatures.
The dispersion is again expected, but it is interesting to note that the bursting force
seems to be rather independent from temperature. Since a temperature induced
softening of the wall material has been put into evidence (and the softness of the wall
material should influence its bursting point) there might be an interplay of two effects

that cancel each other out.
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Figure 5-9: Burst force versus MB radius at different temperatures.

5.8 Samples age
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Figure 5-10: Stiffness versus MB radius at different temperatures for MB samples older than 1 year.

The stiffness of the MBs was also measured at different temperatures for samples
prepared more than one year before the experiment (Figure 5-10). Instead of a linear
behavior as in Figure 5-7 a more or less random distribution is observed. This result
suggests that the polydispersity is significantly increased with sample age (this is

compatible also with the fact that the stiffness of the bubbles depends on its previous
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history: the older the samples the more history it has and less predictable are the

stiffness values).
5.9 Adhesion forces

In addition to the mechanical properties of the microbubbles it is of course essential
for their application to study the interactions between microbubbles and surfaces.
Their application as theranostics, ultrasound enhanced contrast agents for diagnostic
and drug delivery agents for therapeutic applications, they will be injected into the
human bloodstream. An important task is then to control the interactions between the
MBs and the surrounding tissue. An excellent tool to study adhesion properties
between microbubbles and substrates is the colloidal-probe AFM combined with an
optical microscope * %°, that was already introduced for the measurements of the

mechanical properties (Figure 5-1).

Adhesion No Adhesion

Figure 5-11: (A) Typical RICM result of adhered MBs: Bright spots and Newton fringes

(B) MBs exposed to a repulsive substrate: No adhesion in the RICM visible.

The optical microscope is for these measurements used in the reflection interference
contrast microscopy mode (RICM). This technique developed by Sackmann and co-
workers?® is very useful to investigate adhesion areas of particles based on the
interference of reflected light. Microbubbles that are adhered to a glass substrate
show in the RICM mode typical bright spots surrounded by an interference pattern.
This pattern originates from reflected light from the microbubble shell and the
substrate surface that is interfering constructively or deconstructively. In Figure
5-11 A typical interference pattern of adhered MBs with a size of about 4 pm is

displayed. In this experiment the polymer shell of the microbubbles is modified with
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hyaluronic acid, thus the zeta potential increases to -20 mV + 1.5mV. The negative
charged MBs stick to positive charged substrates and adhesion is observed. If the
same microbubbles are exposed to negative charged substrates (Figure 5-11 B) no

adhesion and no bright spots are visible with RICM.

To quantify adhesion forces with RICM in detail, an apparent contact area between
MB and substrate can be calculated. The contact or adhesion area for MB is
considered as the constant grey region in the RICM images. For the determination of
the area an intensity profile is extracted and the diameter of the contact region can be
determined. The potential of the RICM technique is its combination with colloidal
probe AFM. External forces can be applied onto the MB in liquid environment and
the adhesion forces measured with AFM can be correlated with the change of the

contact area followed by RICM.
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Figure 5-12: (A) The adhesion area of the microbubbles is the bright spot that is surrounded by an

interference pattern (B) Extracted intensity profile of the interference pattern.

With AFM force—distance curves different external force loads between the colloidal
probe and the MB can be measured. When the colloidal probe detaches from the MB
a pull-off force (adhesion force) can be determined, shown Figure 5-13 A. For
increasing external force loads an increase in the observed pull-off forces is displayed

in Figure 5-13 B, due to the enlarged adhesion area.
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Figure 5-13: (A) AFM force-deformation curve, adhesion between probe and MB can be measured,

(B) Adhesion between MB and probe versus applied force

With this technique several individual microbubbles can be tested. The observed
adhesion forces are influenced by the size of the particles, the shell thickness and the
air/water content of the MB. These results show that the MBs adhesion forces can be
measured with the used AFM setup and that it is a very interesting and versatile

technique to probe this system.
5.10 Adhesion arrays

The directed particle adhesion onto patterned substrates is interesting for a wide range
of applications in the field of combinatorial chemistry, the buildup of sensor arrays
or optical materials. The self assembly of MBs on structured substrates is of great
interest, because it is an inexpensive approach to set up controlled arrangements of
MB over a large area that can be used for serial testing of microbubbles or used as
test substrates for cell exposure experiments. The observation and quantification of
microbubbles adhesion to specific substrates allowed us to progress towards this goal.
For the preparation of patterned substrates in addition to lithographic methods there
are also various “soft lithographic” techniques available: micro-contact printing 223

polymer on polymer stamping 24, wrinkling 2> 26, Several studies have been devoted

to the selective deposition of polyelectrolytes?’, cells?®, proteins®® and microcapsules
30-32
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Figure 5-14: Schematic of the micro-contact printing process: (1) incubation of the elastomeric
stamp with an aqueous solution of a fluorescent- labeled polyelectrolyte, (2) after rinsing and drying
a thin monolayer is obtained on the stamp surface. (3) Transfer of the stamp onto a polyelectrolyte

multilayer coated substrate (4) After remove of the stamp a patterned the substrate is obtained.

To direct the adhesion of negative charged MB (modified with hyaluronic acid) a
patterned substrate with different charge densities can be used. In Figure 5-15 A line
pattern was transferred via micro-contact printing (Figure 5-14) onto a multilayer
coated glass substrate. This process is relatively easy to use, reproducible and allows

the production of very well defined and broad range of patterns.

The bright lines in Figure 5-15 A are positively charged, while the dark background
exhibits a negative charge. Negative charged MB adhere preferential to the line
pattern (Figure 5-15 B). Due to the used polyelectrolyte a strong or weak adhesion of

the MB onto the pattern can be controlled.

Figure 5-15: (A) Line pattern transferred with micro-contact printing to a polyelectrolyte multilayer.

(B) Selective adhesion of microbubbles on patterned substrate.

5.11 Conclusion and perspectives

The AFM setup used allows not only the observation (through force curves
corroborated with optical microscopy images) of individual MBs bursting but also
and quite interestingly the quantification of the burst force. Both wall stiffness and
burst force seem to depend linearly on the MB radius. Measurements at both room
and body temperature revealed that the MBs became softer at body temperature but
the burst force is relatively temperature independent. A significant increase in the

wall stiffness polydispersity with samples age was put into evidence.
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The presented set up, colloidal probe AFM and an optical microscope in RICM mode,
offers a versatile technique to study adhesion forces on different substrates and under
external forces. Adhesion forces increase with increasing external applied forces and
the dependence on the deformation of the soft particles and the resulting change of
the contact area can be studied with the set up in detail. The adhesion forces are
influenced by various parameters like the size of the MB, the shell thickness and the
MB air/water content. The quantification of adhesion energies between MB and
different substrates was crucial for the set-up of MB arrays. These arrays are
interesting substrates for the serial testing of microbubbles and cell exposure

experiments.
5.12 Characterization of MBs with STXM

Zone-plate based scanning transmission soft X-ray microspectroscopy (STXM) is a
rapidly developing analysis technique which makes use of the advantages of high
brilliance synchrotron radiation *3-%.1n STXM synchrotron X-ray radiation is focused
by a Fresnel zone plate and the sample is raster-scanned through the focal point while
recording the intensity of transmitted X-rays. Thus, a 2D image is formed like in other
scanning probe techniques.

A schematic of the STXM set-up is shown in Figure 5-16. The Fresnel zone plate
(FZP) serves as demagnifying/focusing diffractive element. FZP is a circular
diffraction grating of alternate transparent and opaque zones. Higher diffraction order
beams are blocked by a pinhole, which serves as order-sorting aperture (OSA). Based
on the near-edge X-ray absorption fine structure (NEXAFS) contrast STXM can be
used for elemental and chemical imaging to determine the molecular composition in
the sample. Thus, by measuring the energy dependent transmission in the focus of
the X-ray beam the experiment provides chemical and sub-40 nm structural data
which can be directly correlated. Furthermore, by operating in the ‘‘water window”’
spectral region between the carbon and oxygen K-edge absorption edges (about
285 eV to 535 eV), one can study samples in up to 10 mm of water or ice. STXM
provides higher spatial resolution than the confocal laser scanning microscope
(CLSM), at present a widely used technique for the investigation of microcapsule
systems, which makes the X-ray microscopy very advantageous for obtaining new

insights into the nanoscale assemblage of such materials. Besides, additional sample
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preparation like, e.g., fluorescence labeling, is not used in STXM, since it utilizes the

spectroscopic contrast which allows for quantitative chemical analysis.

X-rays Zone plate OSA Wetcell Detector

el B

Figure 5-16: Scheme of a scanning transmission X-ray microscope (STXM) showing Fresnel zone

plate (FZP) producing a diffraction limited focus, order selecting aperture (OSA) selecting only the

first order focus, the wet cell and the detector measuring the transmitted intensity.

Figure 5-17: Photographs of the PolLux-STXM at beamline X07DA at the Swiss Light Source: (a)

microscope chamber in the experimental hutch and (b) main elements of the set-up®'.

For STXM measurements we used the so-called "wet cells" where approximately
1 uL of well homogenized microbubbles (MBs) water suspension was sandwiched
between two 100 nm thick SisNs membranes (Silson Ltd, UK), which were then
sealed with silicone high-vacuum grease to maintain the water environment during
the experiment. The MBs were imaged in transmission mode in helium atmosphere
using the PolLux-STXM microscope at the Swiss Light Source (SLS), Paul Scherrer
Institute (Figure 5-17). The transmitted photon flux was measured using a
photomultiplier tube (Hamamatsu 647P). SLS storage ring runs at 2.4 GeV and "top-
up" operation mode which guarantees a constant electron beam current of 400 +
1.5 mA. The PolLux-STXM uses linearly polarized x-rays from a bending magnet in
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the photon energy range between 200 eV and 1200 eV and it provides a spatial
resolution better than 40 nm and spectral resolving power E/AE > 5000 (at the N K-
edge, approx. 400 eV) %', Images were recorded at selected energies through the O 1s
region (510-560 eV). Oxygen K-edge NEXAFS spectra were acquired in the so-
called line-scan mode, i.e. the transmitted intensity signal was recorded while a line
trajectory was scanned across a part of the sample for each photon energy through
the spectrum. The line scans were performed with 0.1 eV energy steps from 520 eV
to 560 eV and the NEXAFS spectra were normalized to unity at 560 eV.

So far, we have concentrated on two aspects: first, STXM was used to monitor the
interior of the microbubbles, since the absorption contrast close to the O K-edge is
superior to distinguish between air and water-filled MBs. The second aspect is
concerned with the stabilizing shell of the MBs: from the 2D projection of spherical
MBs the thickness profile of the shell can be quantitatively estimated.

Two STXM transmission images of three PVA-based microbubbles in water
environment recorded at 520 eV and 550 eV (i.e. below and above the 1s absorption
threshold of oxygen) are presented in Figure 5-18. STXM microscopy is based on the
contrast given by the absorption coefficients of the species; the transmitted photon
intensity through the material depends on the thickness, density and atomic number
of each component according to Lambert-Beer's law. Taking into account the
calculated transmission curves in the oxygen K-edge region of water, PVA and air
components 8, it becomes clear that the STXM image at hv = 520 eV shows the PVA
shells of the MBs while the water and air absorption is weak compared to the
carbonaceous material. Above the oxygen K-edge (hv = 550 eV) water environment
and PVA strongly absorb the x-rays while air shows approximately one order of
magnitude higher transmission of the x-rays. Consequently the gas-filled cores of the
particles appear brighter due to detector intensity. Additionally, the core of the MB
B shows essentially no contrast compared to the water background. This
unambiguously suggests that air was released through the membrane and the particle
is water-filled. Thus, the contrast variations in the STXM transmission images below

and above the O K-edge provide a direct evidence of the MB gas interior.
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Figure 5-18: STXM transmission images of MBs in water environment recorded at hv = 520 eV and

hv =550 eV (scanned image size: 20 x 20 um?).

In order to gain insight into the chemical composition of the interior of the MBs,
oxygen K-edge NEXAFS spectroscopy was applied. Absorption spectra extracted
from line-scans across the inner part of the particles A and B are compared in Figure
5-19. A NEXAFS spectrum taken from a water reference is also shown in Figure
5-19. A reference spectrum of the "water-free” polymeric shell was also obtained
after drying the wet cell in the STXM chamber overnight. The oxygen K-edge
NEXAFS spectrum taken from a microbubble-free volume of the sample exhibits the
typical absorption features of liquid water. The water spectrum starts at 535.4 eV
followed by the characteristic two-peak broad structure in the energy range of 537—
543 eV, The presence of a small feature at about 532 eV is most probably due to
some organic contamination in the water (see below). The O K-edge spectrum from
MB B shows essentially the same resonances as the water spectrum except a small
intensity decrease of the feature at 535.4 eV and an intensity increase of the peak at
532.1 eV. This result unambiguously underlines the presence of water inside particle
B. In contrast to the spectra of water and particle B, the NEXAFS spectrum of
microbubble A demonstrates a line shape which is very similar to the one of a particle
in a dry state (see Figure 5-19). The latter two spectra show a strong resonance at
532.1 eV which is assigned to the Ols—n*c=0) transition originating from the
carbonyl groups of the telechelic PVA shell. Furthermore, the water peak at 535.4 eV
is absent in these spectra while the main Ols—c* resonance appears at around
537 eV. Hence, the NEXAFS spectrum of MB A shows only the resonances typical
for the telechelic PVA shell. This result strongly suggests that MB A is air-filled. The
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STXM images presented in Figure 5-18 corroborate this conclusion. The air in the
microbubbles appears much lighter than the water background in the STXM image

at 550 eV while the water-filled particle B is indistinguishable at this energy.

O K-edge NEXAFS

Intensity [a.u.]

microballoon A

525 530 535 540 545 550 555
Photon energy [eV]

Figure 5-19: Oxygen K-edge NEXAFS spectra of the surrounding water, the interior parts of MBs A
and B (Figure 5-18), and of another MB analyzed in the completely dehydrated state.

Figure 5-20: STXM transmission image at hv = 282 eV of the freeze-dried MBs.

Very recently, a quantitative analysis of the STXM transmittance profiles of the MBs
where the X-ray beam resolution and a third order polynomial radial membrane
absorption function were taken into account, was reported“’. In summary, the model
is based on the Lambert-Beer expression for the transmitted monochromatic X-rays
through a three-component system (encapsulated air, PVA-based shell and the

surrounding water in the wet cell) and extents the previous quantitative studies of
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water-filled polymeric microcapsules using full-field transmission X-ray microscopy
(TXM) 442 From the proposed fitting procedure the MBs’ physical parameters like
radius, wall thickness and wall absorption can be determined with unprecedented
high resolution. This analytical model opens new applications for quantitative

characterization of multicomponent microcapsule materials by means of STXM.

STXM transmission image at 282 eV of freeze-dried PVA-based MBs deposited onto
a SisNis membrane is depicted in Figure 5-20. At this photon energy (below the C1s
absorption edge) the contrast in the image originates from the topographical
(thickness) differences in the microcapsules. As one see, the image clearly shows the
deformed polymeric shells of the dry particles. The MBs were
spectromicroscopically characterized after suspending the freeze-dried material in
water. STXM images taken at 520 eV and 550 eV of the MBs suspension in a wet
cell are shown in Figure 5-21. The changes in the freeze-dried MBs morphology are
noticeable as one can see in the image at 520 eV. Furthermore, the contrast variations
in the STXM images below and above the O K-edge (Figure 5-21) explicitly
demonstrates the gas interior of the MBs. There are also several broken shells present
(indicated with arrows in Figure 5-21) which are indistinguishable from the water
medium in the STXM image at 550 eV.

Figure 5-21: STXM transmission images recorded at hv = 520 eV and hv = 550 eV of freeze-dried
MBs suspended in water. The statistical analysis has shown that approx. 80 % of the MBs in the wet

cells are air-filled.

The present examples demonstrate the potential of the STXM technique for
characterization of microbubble and microcapsule systems. STXM imaging below
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and above the oxygen K-edge (520 eV and 550 eV) and NEXAFS spectroscopy can
provide unique information on the composition of the MBs in water. Furthermore,
with STXM it is possible to gain more detailed information on the variations in
chemical structure of MBs subjected to external stimuli like temperature, mechanical
forces or light irradiation. Thus, the analytical X-ray microscopy might be vital for
the development of modern biochemical devices and applications in drug delivery
and as ultrasound contrast agents. These first results will be extended to different

types of hollow and solvent-filled therapeutic microcapsules.
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Abstract

Polymer-shelled magnetic microbubbles have great potential as hybrid contrast
agents for ultrasound and magnetic resonance imaging. In this work, we studied
US/MRI contrast agents based on air-filled poly(vinyl alcohol)-shelled microbubbles
combined with superparamagnetic iron oxide nanoparticles (SPIONs). The SPIONs
are integrated either physically or chemically into the polymeric shell of the
microbubbles (MBs). As a result, two different designs of a hybrid contrast agent are
obtained. With the physical approach, SPIONs are embedded inside the polymeric
shell and with the chemical approach SPIONs are covalently linked to the shell
surface. The structural design of hybrid probes is important, because it strongly
determines the contrast agent's response in the considered imaging methods. In
particular, we were interested how structural differences affect the shell’s mechanical
properties, which play a key role for the MBs' US imaging performance. Therefore,
we thoroughly characterized the MBs' geometric features and investigated low-
frequency mechanics by using atomic force microscopy (AFM) and high-frequency
mechanics by using acoustic tests. Thus, we were able to quantify the impact of the
used SPIONSs integration method on the shell’s elastic modulus, shear modulus and
shear viscosity. In summary, the suggested approach contributes to an improved
understanding of structure—property relations in US-active hybrid contrast agents and
thus provides the basis for their sustainable development and optimization.
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6.1 Introduction

Hybrid imaging offers new diagnostic and therapeutic procedures and pushes the
development of novel multifunctional contrast agents.'™® The successive use of
ultrasound (US) and magnetic resonance imaging (MRI) is standard in today’s
clinical routine, because they show complementary information and operate without
ionizing radiation. Hence, it is not surprising that a combination of both modalities

for hybrid imaging is in sight.!14

There exist difficult and specific imaging situations where conventional US and/or
MRI imaging is limited and enhanced contrast is required.’® Therefore, contrast
agents are used such as gas-filled microbubbles (MBs) to enhance the US signal**>/
and paramagnetic complexes or superparamagnetic nanoparticles to enhance the MRI
signal*®2, Novel emerging diagnostics and therapies plus well-established imaging
procedures give good reasons for the growing interest in producing adequate hybrid
contrast agents visible in both modalities.?**® The major challenges in developing
new US/MRI contrast agents are the different functional requirements that hybrid
probes need to match. For US/MRI imaging hybrid probes need a sufficient stability
during the circulation in the cardiovascular system?’, an adequate US echo signal?®
and a reasonable reduced relaxation time of nearby located protons?. All these
requirements have a direct impact on the structural design of the probes. For example,
the upper size is limited to about 7 um?’, because the contrast agent needs to pass
capillary beds within the cardiovascular system. As lower size limit 100 nm are
recommended to avoid any leakage through the endothelium and a response from the
immune system.3%-23 However, the particle diameter or more precise the gas volume
trapped inside the particles also matters for the acoustic response. 2’ For basic
applications like Doppler imaging a backscatter signal value of about 20 dB is
needed.>* Moreover, the contrast agent requires enough stability to cross the
pulmonary capillary bed and facilitate adequate imaging times. A common solution
to increase the MBs’ stability is the use of water-low-soluble gases that are
encapsulated by shells made of lipids, proteins or polymers.®®3” On the one hand, the
shell provides the platform for further functionalizations of ultrasound responsive
MBs to hybrid probes and thus is a crucial design element. For US/MRI contrast, the
shell is used for the integration of magnetic complexes or nanoparticles.'% 263839 On

the other hand, the shell is also a well-known drawback for the acoustic response,
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because it decreases of the backscatter signal, depending on the shell material and
shell thickness.?® 40 With regard to the final imaging performance of multimodal
contrast agents all these different structural elements need to be considered and
adjusted during the production of the probes. Therefore, we believe that a
straightforward analysis of structure-property relations is essential when hybrid

contrast agents are developed or optimized

In the focus of this study are recently presented?® US/MRI contrast agents, which
have as common feature a 3 pm sized air-bubble stabilized by a shell made of
poly(vinyl alcohol) (PVA).*: 42 In this article a microbubble without any magnetic

nanoparticles is referred to as plain MB as sketched in Figure 6-1.

plain MBs

* SPIONs
— silane linker APTMS

Figure 6-1: Schematic of plain MBs (MBs without SPIONs), MBs—chem with SPIONs covalently
attached to the shell surface and MBs-phys with SPIONs physically embedded inside the shell.

Plain MBs are already well characterized regarding the option to carry therapeutic
gases*? 43 and the possibility to introduce molecules relevant for targeting or drug
delivery*. Moreover, for plain MBs the echogenity*>“®, the biocompatibility*® and
cytotoxicity®® were studied. Magnetic MBs were obtained either by physical or
chemical integration of superparamagnetic iron oxide nanoparticles (SPIONSs) to the
plain MBs. The physical method®! yields MBs with SPIONs embedded inside the
shell, which are referred in this work as MBs-phys. The chemical approach? yields
MBs with SPIONs attached covalently to the shell surface, referred to as MBs-chem.
Recently, we reported on the synthesis process, weight percent of integrated SPIONs
and US- and MR-imaging properties of these particles.?® The magnetic properties of
the particles were studied in vitro using a SQUID system showing a higher net
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magnetization for MBs-phys compared to MBs-chem. The change in magnetization
was attributed to different aggregation states of the SPIONs in the two samples. In
vivo, magnetic properties were tested in rats for proof of concept by using clinical
MRI equipment. These experiments were analyzed regarding spin-spin relaxation

times and rates for different tissues.

This work focuses on mechanical properties of the MBs, which play a key role for
their final performance in ultrasound imaging. In particular, we were interested if the
SPIONs-integration method has an impact on the MB’s low and high frequency
mechanics. To bridge the gap between the contrast agents’ synthesis and its final
performance, a straightforward analysis of structure-property relations is crucial.
Therefore, we first studied the influence of the methods on basic geometric
properties, such as MB diameter and shell thickness. In the next step, the mechanical
properties in the low and high frequency regime (low:2 Hz, high: 2-14 MHz) were
studied. Low frequency experiments were performed with quasi-static force
measurements of single microbubbles using atomic force microscopy (AFM). Shoros
and co-workers>2*° already showed that AFM is a useful tool to study the mechanical
properties of hard-shelled ultrasound contrast with a bilayer shell made of albumin
and polylactide. Recently, AFM force spectroscopy experiments were successfully
used for the characterization of phospholipids-shelled MBs.***® High frequency
mechanics of the US/MRI contrast agent were investigated by exposure of an
ensemble of MBs to an acoustic field.>® ®© As a results we obtained the elastic
modulus of the shell materials from low frequency mechanics and the shear modulus
of the shell material from high frequency mechanics. This straightforward
characterization of ultrasound contrast agents contributes to an improved
understanding of structure/property relations and offers the possibility for a

sustainable design of hybrid contrast agents.
6.2 Materials and methods

Materials. Iron chloride hexahydrate (FeCls-6H20, purity>99%), iron chloride
tetrahydrate (FeCl2-4H20, purity>99%), rhodamine B isothiocyanate (RBITC), (3-
aminopropyl) trimethoxysilane (APTMS), sodium cyanoborohydride (NaBH3CN),
and sodium (meta)periodate (NalOa4) were products from Sigma Aldrich, Milan, Italy.

Low molecular weight chitosan (CHIT), with a Brookfield viscosity of 20,000 cP,
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number-average molecular weight of 50,000 + 5,000 g/mol, and poly(vinyl alcohol)
(PVA) with a number-average molecular weight of 30,000 + 5,000 g/mol determined
by membrane osmometry and mass-average molecular weight of 70,000 +
10,000 g/mol determined by static light scattering, were purchased from Sigma-
Aldrich, Milan, Italy. An acetylation degree of chitosan of 15% (mol/mole repeating
units) was determined by 'H NMR at 300 MHz (Bruker Advance, Germany).
Inorganic acids and bases were reagent grade products from Carlo Erba, Milan, Italy.
Milli-Q water with purity grade 18.2 MQ/cm was produced with a deionization

apparatus (PureLab, Steroglass, PG, Italy).

Synthesis of SPIONs. SPIONSs (FesO4) with an average particle diameter of 8-10 nm
were prepared using controlled co-precipitation described previously.? Briefly, 5 ml
of an aqueous solution of 1 M FeClz-6H20, 0.5 M FeCl,-4H20, and 0.4 M HCI were
added under vigorous mechanical stirring (2,000 rpm) to 50 ml of 0.5 M NaOH. After
heating the alkaline solution to 80°C, the reaction was carried out for 30 min under
N2 atmosphere to prevent oxidation. The particles were collected by sedimentation
with the help of a large magnetic stirring bar, washed with degassed water and
ethanol, and dried in vacuum. For the coupling of SPIONs with non-reacted aldehyde
groups available on the MB surface, amino groups were introduced to the SPIONs’
surface via silanization. Therefore, 100 mg of SPIONs were washed with methanol
(20 ml), then with a mixture of methanol and toluene (20 ml; 1:1, v/v), and finally
with toluene alone (20 ml). SPIONs were then dispersed into 20 ml toluene. APTMS
[0.5 ml, 3 mM, in a methanol/toluene (1:1, v/v) mixture] was added to the SPION
suspension, followed by a further reflux of the suspension at 110°C for 24 h under a
N2 flow and vigorous stirring. The modified particles were magnetically collected,

washed three times with methanol and vacuum dried.

Synthesis of plain MBs. The synthesis was already previously reported by Cavalieri
et al.*! Briefly, sodium metaperiodate was added to an aqueous PVA solution (2%
w/v) to selectively split vicinal hydroxyl groups. Shorter chains of PVA with
aldehydes as terminal groups were obtained. An acetalization reaction between
aldehyde and hydroxyl groups present in the PVVA chains was carried out at a pH of
5.5 and room temperature under high shear stirring, using an Ultra-Turrax T-25 (IKA,
Germany) equipped with a Teflon tip, at 8,000 rpm for 2 hours. Master concentration

received for evaluation is 1.4 x 108 MB/mL.
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Synthesis of magnetic MBs-chem. For the coupling of SPIONs to the plain MBs’
shell typically a weight ratio between plain MBs and silanized SPIONs of 1:2 (w/w)
was used. First SPIONs were sonicated for 90 min in an US bath (“Ultrasound
cleaner”, CP104, CEIA, Italy). Then 20 mg/ml SPIONs were added to 10 mg of plain
MBs. The reductive amination was carried out at a pH of 5.0 with NaBH3CN. The
suspension was gently shaken for five days and washed with Milli-Q water. Chitosan
oxidation was carried out by dissolving the polymer in water at a concentration of
1% (w/v) at pH 5.5, oxidizing the C2 and C3 carbons of the chitosan-repeating unit
for 1 day with NalO4 (feed molar ratio GIcN/NalO4 1:0.5, where GIcN indicates the
glucosamine-repeating unit in the chitosan chain). Following conjugation with
silanized SPIONSs, the oxidized-repeating units of chitosan are coupled to hydroxyl
groups of the PVA shells by mixing a dispersion of 5 mg of MBs with 13 mL of the
chitosan solution. Master concentration received for evaluation is 1.75 x 108 MB/ml.
The amount of SPIONs was analyzed with thermogravimetric analysis (TGA) and
found to be 29 w/w% for MBs-chem.?

Synthesis of magnetic MBs-phys. Unmodified SPIONs were physically embedded
in the shell by exploiting the favorable interaction between iron oxide nanoparticles
and PVA.>! Briefly, SPIONs were suspended in water at a concentration of 5 mg/ml
and sonicated 90 min in an ultrasonic bath (see above). 20 mg/ml SPIONs were added
during the PVA shell formation. The rest of the synthesis is according the synthesis
of plain MBs. Master concentration received for evaluation is 4 x 108 MB/ml. The
amount of SPIONs was analyzed with TGA and found to be 15 w/w% for MBs-
phys.2

Optical Microscopy. A sample of MBs was inserted in a Neubauer Chamber
improved from Carl Roth, Germany. Images of the floating MBs were obtained under
Koehler illumination with an Axiovert 200 (Plan Neofluar Objective, 20x/0,50 Ph2)
using high-resolution monochrome camera (AxioCam HRm) from Carl Zeiss AG,
Germany. The resolution of the pictures was 1300 x 1030 pixels. To determine the
size distribution the images were further analyzed with ImageJ software®®. First, the
brightness and contrast of the images were automatically corrected and then a binary
with automated threshold was made. To analyze the particle distribution without
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particles and to neglect bigger PVA residuals from the synthesis, for the analysis of
particles a diameter range between 0.5 pum and 8 um was chosen for the further

evaluation.

Transmission Electron Microscopy. With TEM (CEM 902, Carl Zeiss AG,
Germany) thin sections of about 50 nm to 60 nm, produced by an ultracut microtome
(EM UC7, Leica Mikrosysteme Vertrieb GmbH, Germany), were imaged at 80 kV.
The shell thickness was obtained from TEM images by extracting cross-sectional
gray value profiles that were analyzed with ImageJ software®l. The start/end of the
shell was determined at 50% decrease/increase of the gray value intensity. TEM
samples were prepared by mixing the capsule solution in a 1:1 ratio with 2% aqueous
solution of agar (Agar Noble, Difco, USA). After curing, the flexible gel was cut with
a scalpel into small cubes. Next, the agar-embedded capsules were solidified by one
hour incubation with a 2% glutaraldehyde solution (Serva Electrophoresis GmbH,
Germany) in phosphate buffer (0.05 M phophate buffer, pH 7.4 Merck KGaA,
Germany). Afterwards three washing steps with phosphate buffer were used to
remove the excess of glutaraldehyde. Then the samples were dehydrated in ethanol-
water mixtures with increasing ethanol content (30%/ 50%/ 70%/ 95%) and three
times to plain ethanol (VWR International GmbH, Germany). The dehydration
exposure time was 15 minutes for each step. The dried samples were then mixed with
Epon 812 (Serva Electrophoresis GmbH, Germany): Epon 812/ethanol mixture (1:1)
for 12 hours, followed by an Epon 812/ethanol mixture (3:1) for 3-4 hours and
finished with three immersion steps (3-4 hours) in 100% Epon 812.

Atomic Force Microscopy-imaging. Gas-filled polymer MBs was imaged with an
AFM Nanowizard | (JPK Instruments AG, Germany) mounted on a transmission
microscope (Axiovert 200, Carl Zeiss AG, Germany). Prior to the measurement MBs
were exposed 20 min to an ultrasonic bath at room temperature. This treatment leads
to a replacement of the gas-filled core by the surrounding water. Water-filled particles
will fold flat upon drying on a substrate. MBs were dried for 15 minutes in vacuum
at 60°C. After the sample preparation, MBs were directly imaged with AFM. Dried
MBs were imaged in intermittent modus with rectangular cantilevers purchased from
Atomic Force, Germany (Olympus, OMCL-AC160TS (OTESPA), f=300 kHz,
k=42 N/m). To determine the shell thickness of hydrated MBs, the dried and imaged

MBs were immersed for 30 minutes in purified water (Millipore Advantage, Merck
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AG, Germany). 30 min were enough to ensure a hydration state that did not affect
any more the measured height of the MBs. Hydrated MBs were imaged in aqueous
solution and in contact mode (CSC17, Mikromasch, Estonia, f= 12 kHz, k=
0,15 N/m). The height images were used to extract four cross section profiles by a
standardized analysis with the commercial available AFM software JPK Data

Processing.

Atomic Force Microscopy-Force Spectroscopy. The deformation behaviour of
MBs was measured in force spectroscopy experiments with the same AFM used for
imaging (Nanowizard I, JPK Instruments AG, Germany). Prior to calibration tipless
cantilevers (CSC12, MikroMasch, Estonia, f = 75 kHz, k = 0.60 N/m) were cleaned
in air plasma (5 min, Mini Flecto, Plasma Technology GmbH, Germany). Then the
inverse optical lever sensitivity (InvOLS) was determined on a hard substrate at least
at three different spots with a reasonable displacement of the cantilever (~1 um),
which is needed to fit the linear regime and read out the InvOLS in V/nm. With
thermal noise®? the spring constant of the cantilevers were determined. Colloidal
probes®® (~40 um, glass beads, Polyscience Europe GmbH, Germany) were attached
with the help of a micromanipulator (MP-285, Sutter Instrument Co., CA, USA) to
the cantilever tip with an epoxy glue (UHU plus endfest 300, UHU GmbH & Co KG,
Germany). Prior to the MB deformation experiments, the colloidal probe cantilevers

were cleaned for 5 minutes in air-plasma.

Acoustic characterization. The experimental setup used to assess the acoustic
properties of the MBs suspension was already described elsewhere®. In brief, a flat
transducer with nominal frequency f =10 MHz and -20 dB bandwidth ranges between
2.55 MHz and 14.5 MHz is used. An aluminium block, which is positioned 1 cm after
the sample container, is used as a reflector. Within the near-field length
(D?/(42)=280 mm, where D is the diameter of the transducer crystal, and / is the
ultrasound wavelength in the medium of propagation), this transducer produced a
pressure field with a peak negative pressure not larger than 20 kPa. The peak negative
pressure was assessed by PVVdF 75 um needle hydrophone (Precision Acoustics Ltd.,
Dorchester, Dorset, UK). More information on the determination of the attenuation

coefficient can be found in the supplementary information.
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Microbubble concentration. It was previously reported? that acoustic efficiency,
i.e. backscattered power, is proportional to the number of scatterers (here MBs) in the
suspension if the excitation is performed below the resonance frequency and multiple
scattering is disregarded. As a result, we propose to evaluate all types of MBs at three
different concentrations: low, intermediate and high concentration. For plain MBs the
concentrations were 1.75 x 10° MB/ml, 8.75 x 10° MB/ml and 1.75 x 10°® MB/ml.
For MBs MBs-chem concentrations of 4.37 x 10° MB/ml, 8.75 x 10° MB/ml and
1.75 x 10° MB/ml were used. And for MBs Type B concentrations of 5 x 10° MB/mll,
1 x 106 MB/ml, 2 x 10% MB/ml were considered. Minor discrepancies between the
number of bubbles taken for each investigation is attributed to the fact that dilution
rate was kept constant among all tests while the master solution arrived at different

initial concentrations.

Differential scanning calorimetry. The crystallinity of PVA was investigated using
a TAQ200 (Waters, Milan, Italy) differential scanning calorimeter (DSC). A known
amount of 2-3 mg of lyophilized MBs was sealed in an aluminum pan. The scans
were performed from 50 °C to 250 °C at heating and cooling rates of 10 °C/min under
a flux of 50 mL/min of dry N». Data were collected after the first reference thermal

cycle.
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6.3 Results and Discussion

6.3.1 Geometrical dimensions of magnetic MBs

PVA-shelled MBs have a diameter of about 3 um as shown in the optical micrograph
and the corresponding size distribution in Figure 6-2. Optical micrographs are useful
for quality control and to estimate roughly the average diameter of the MBs.
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Figure 6-2: Optical micrograph of US/MRI contrast agent (MBs-phys) dispersed in water with the corresponding
size distribution.

However, the obtained size distributions do not only represent the MBs’ size
dispersity but as well include the deviation caused by the error of the method. In the
case of gas-filled MBs, the particles are floating at the water-air interface and can
move in X, y and z-direction. Thus, the obtained standard deviation broadens due to
MBs that appear smaller by moving out of the focusing plane or appear bigger by
overlapping with other MBs in different planes.

To model low- and high-frequency mechanics the MBs’ diameter, shell thickness and
the corresponding standard deviations are of paramount importance. Therefore, a
method is required that enables precise information about the dispersity of both
parameters. With AFM imaging the simultaneous characterization of diameter and
shell thickness is possible, with a sufficient high resolution in the relevant micrometer

and nanometer range.
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Figure 6-3: AFM height images of magnetic MBs with the corresponding extracted height profiles:
(left) MBs-chem with SPIONSs on the shell surface and (right) MBs-phys with SPIONSs inside the
shell.

In Figure 6-3 typical AFM height images of dried magnetic MBs are shown.
Important for the determination of the shell thickness is a flat folded topography of
the MB. This is realized by removal of the gas-core through a vacuum drying process,
which is described in detail in the experimental part. For flat folded MBs we expect
the shell thickness h to refer to half of the measured height y, as depicted in the cross
sectional profiles in Fig 6-3. The diameter ds of the spherical MBs was estimated
from the surface area Ar of the flat folded MBs by assuming that the surface area of
the spherical MB As is approximately twice the surface area of the flat folded MB At

and twice the area of the folds Asolg.

2A¢ + ZAfold
As = 245+ 2 Agoig; ds = /fT

In Figure 6-4 the shell thickness of the individual studied MBs is plotted against their
corresponding diameter. The scatter plot illustrates that the thickness does not depend
on the MB diameter. The obtained shell thicknesses scatter around a mean value.
Based on this result we conclude that the geometric dimensions of the magnetic MBs

140



Magnetic Microbubbles -Hybrid Contrast Agents

did not change through the modification with magnetic nanoparticles and are the

same for all three samples.
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Figure 6-4: Thickness plotted versus the radius of the MBs imaged with AFM in dried conditions.

Thus, plain MBs, MBs-chem and MBs-phys were summarized for the statistical
analysis of the shell thickness and the diameter, shown in the histogram in Figure 6-5
The average diameter of the MBs is of about 3.5 um % 0.8 um and the average shell
thickness of about 150 nm + 60 nm for the dried shell. Detailed values for the
statistical median and the peak value of the gauss distribution with their
corresponding standard deviations are given in Table 6-1. An important result from
the analysis of the geometrical parameters is that both shell thickness and diameter
have a certain polydispersity. To interpret realistically force spectroscopy results and
minimize uncertainties during analysis the in situ determination of the MBs on the
single particle with optical microscopy during force spectroscopy experiments is
essential. However, the shell thickness is not accessible in situ and an average value

needs to be considered.

In addition to geometric parameters, the AFM images contain information about the
MBs’ surface structure. The inset in Figure 6-3 indicates an increased roughness of
the shell surface for MBs-chem compared to MBs-phys, caused by the SPIONs and
SPIONSs aggregates on the shell surface.
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Figure 6-5: Diameter and shell thickness distribution of plain, MBs-chem and MBs-phys

Shells made of telechelic PVA are known to be responsive towards water and are
described as hydrogel-like material. Previous studies with Scanning Transmission X-
ray Microscopy (STXM) indicate a shell composition of 20% PVA and 80% water.
64,65 STXM images were also used to estimate the shell thicknesses of three individual
MBs in water. As a result, the authors found thickness values of 380 nm, 560 nm and
630 nm.® ®7 Tzvetkov et al®® showed that the both thickness and shell composition
were maintained after the MBs experienced a drying step. In this study, we analyzed
the change of the MBs’ shell thickness from dried to hydrated condition. Therefore,
dried MBs were exposed to aqueous solution and subsequent imaged with AFM in
solution as described in the experimental part. A percental increase of the shell
thickness Hincrease Of about 45% was observed, which refers to a shell thickness of
about 250 nm + 127 nm calculated with the Equation 2:

(H —Hgrie )
Hincrease = 100 —H22—dried- (2)

Hyzo

This result is in very good agreement with reported STXM® and cryo-TEM®8
results. A summary of diameter and shell thickness values measured with different

methods in this study and in previous work is reported in Table 6-1

142



Magnetic Microbubbles -Hybrid Contrast Agents

Table 6-1: Diameter and shell thickness values determined with different methods.

Method (diameter) AFM Optical Confocal

dried-state (um) 35+11 - -

in solution (um) 36+13 32+17 4.1 +0.6*
Method(shell thickness) | AFM STXM®? Cryo-TEM TEM
Dried-state (nm) 152+90 - - -

In solution (nm) 215+ 133 523 +128 20068, 400 206

Because the shell thickness is a very important parameter for the MBs’ mechanical
properties and the acoustic behavior, we used TEM as a complementary method to
validate the results obtained from AFM. In our previous paper?® TEM was
successfully used to localize the SPIONs within the thin sections of magnetic MBs.
SPIONs can be easily recognized as dark spots in the TEM images, because iron
atoms have a high electron density. In Figure 6-6, SPIONs are located around the
shell surface of MBs-chem and inside the polymer shell for MBs-phys. In addition,
the spherical PVA shell can be clearly differentiated from the surrounding resinous
matrix (EPON) in which MBs were embedded.

From contrast-corrected images, as described in Figure 6-13, cross sectional radial
profiles of the gray value intensity were used to determine the shell thickness (see
Figure 6-6). The edges of the shell are assumed to be at +50% change of the gray
scale value of the PVA/EPON interface. However, the random slicing process will
affect the measured shell thickness h; and the measured radii ri. Hence sections, which
are derived from an increasing distance from the MB’s center, will provide larger
shell thicknesses and smaller radii compared to the true values. A model based on
Smith’s correction approach’® was used to derive a correction factor for the measured

shell thickness. The correction considers the diameter and thickness distributions
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obtained from the TEM images and the probability of the slicing angle. Further details

can be found in the Supporting Information.
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Figure 6-6: Ultrathin sections of magnetic MBs MBs-chem and MBs-phys imaged with TEM and

the corresponding radial profiles of the gray value intensity.

MBs with a plain PVA shell indicated a mean thickness of about 300 nm. For the
magnetic MBs very similar thickness distributions were obtained that did not
significantly differ from plain MBs. As correction factor, we calculated a value of
0.72for the investigated samples. Based on the found correction factor the true shell
thickness is expected to be about 190 nm to 230 nm, which is in good accordance
with the results obtained in the AFM experiments and the results reported in

literature.

In conclusion, we know that the shell thickness ranges between 120 nm and 380 nm

and that we have to expect a certain dispersity in the shell thickness.

6.3.2 Mechanical characterization with AFM

Sboros and co-workers®?*® already made clear that the geometric dimensions and
mechanical properties of MBs are crucial for the prediction of the MBs’ acoustic

behaviour, and that AFM is a useful tool to study the mechanical properties of
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ultrasound contrast agents (UCAs) in force-deformation experiments. Their focus
was mainly on hard-shelled UCAs with a shell made of a bilayer of albumin and
polylactide. Recently, AFM force spectroscopy experiments were successfully used
for the characterization of phospholipids-shelled MBs.>®*8 One distinctive feature
compared to previous mechanical studies on UCAs is the detailed characterization of
our investigated system regarding the mechanical key parameters: diameter, shell
thickness, and size dispersity. Furthermore, the probe used for the quasi-static
deformation of UCAs in the low frequency regime differs. Instead of a sharp tip we
used a colloidal probe setup®®, which is well established for mechanical tests on
artificial microcapsules’*"4. One practical advantage of a colloidal probe setup for
mechanical tests of core/shell particles is an easy and optimal alignment of probe and
sample. In addition, a defined contact area is obtained and local probing or
indentation is avoided. In Figure 6-7, the inset sketches the used setup. The colloidal
probe’ diameter is about 30 um and thus about one magnitude larger than the
investigated MBs. To test the mechanical response of the MB’s shell material we
carried out small deformations on the order of the hydrated shell thickness, referring
to deformations smaller than 250 nm. For larger deformations, we expect a stretching
and thinning of the shell due to an increasing gas volume within the gas-tight MBs,

which will lead to additional restoring forces.’>
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Figure 6-7: Force-deformation curves of plain MBs, MBs-chem, and MBs-phys.

To identify the relative deformation &, where volume forces start to dominate the MBs
deformation behavior Fery et al.”? suggested a simple scaling argument for capsules

that considers the shell thickness h and the radius r:

’h £

For the investigated MBs with a radius of ~1.75 um and an average hydrated shell
thickness of 215 nm, we expect the crossover of these two regimes for a deformation
D of about 350 nm. Figure 6-7 shows typical force deformation curves of plain MBs,
MBs-chem and MBs-phys. The maximum applied force load was 50 nN that resulted
in deformations up to 250 nm. The curve progression is very similar for all three
samples and shows after a small non-linear onset a characteristic linear elastic
deformation behavior. We believe that the onset observed in the force deformation
curves is caused by various surface interactions such as steric repulsion of the PVA
chains. The interface between gas core and the aqueous solution is the PVA shell,
which is described as a hydrogel-like material of 20% polymer and 80% water. From

previous published freeze fracture images®® we distinguish the shell in a polymer rich
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zone around the core and a polymer poor zone close to the aqueous phase, where
PVA chains can also penetrate the aqueous phase. Differences of the MBs’
deformation behavior are observed when we compare the force loads needed for a
deformation of 200 nm. MBs with a comparable diameter were chosen for this graph
to exclude size effects. The force load needed for a 200 nm deformation of MBs-
chem was with 26 nN much lower compared to a force of 41 nN needed for MBs-
phys. The corresponding stiffness F/D of the MBs is given in N/m, shown as red

linear fit in the force-deformation curve.

The used AFM is combined with an optical microscope, thus the diameter is obtained
for each deformed MB. In Figure 6-8, the statistical analysis of the observed diameter
and the stiffness of the studied particles are displayed. All MBs had a diameter
betweenl pum and 3 pum. MBs-chem showed average stiffness values of about
0.03 N/m which were smaller than the stiffness values of 0.08 N/m for plain MBs.
Much larger stiffness values with much broader distributions were observed for MBs-
phys with an average stiffness value of about 0.26 N/m. Thus we can conclude that

MBs-chem are much softer than MBs-phys.

If the observed change in the stiffness is a result of changed material properties of the
shell was further analyzed with a model proposed by Reissner 77, With this model
the deformation behavior of single MBs can be related to their geometry properties
and the shell’s material properties can be estimated. The stiffness F/D depends on

shell thickness h' radius R, elastic modulus E and the Poisson’s ratio v as described

in Equation 4:
F h? 4E
D R J31vD) ()

As expected from the Reissner model we observe an increase of the measured
stiffness values for MBs with smaller radius as shown in Figure 6-9. The scattering
of the stiffness around the proposed linear trend can be attributed to the dispersity
that we expect for the shell thickness. MBs-chem are softer compared to plain MBs
and surface-modified MBs-phys. To estimate the elastic modulus of the shell’s
material, we used an approximated average shell thickness of 249 nm for the hydrated

state.

147



Magnetic Microbubbles -Hybrid Contrast Agents

14 = B plain MBs [
#2 MBs-chem

N

7’ IZ] ) }\./IBs-phys -
2 -
5’ ]
6 o -
Al -
Pl -
0 |
0 1 2 3 4 3
Particle Diameter in um
L l l L
= o~ [ plain MBs
<« #Z MBs-chem
10 : 21 MBs-phys -
2
O

0.0 0.1 0.2 0.3 0.4 0.5
Stiffness in N/m

Figure 6-8: Histogram of the MBs stiffness and the particle diameter of the measured MBs.

The Poisson’s ratio ranges for materials between 0.49 for rubber-like materials and
0.33 for solid materials. For the calculation of the elastic modulus of the rather soft
polymer shell, we used a reasonable Poisson’s ratio of 0.49. As a result, we obtained
a elastic modulus of 230 kPa for MBs-chem, 1.3 MPa for plain MBs and about
3.2 MPa for MBs-phys. These results clearly indicate that the material properties have
changed through the modification by SPIONs. As shown by the Equation 4 the value
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of the Poisson ratio has a minor effect on the elastic modulus compared to the direct
measured parameters such as the shell thickness and the radius. Here the change of
the stiffness results in an increase of the elastic modulus. The reinforcement of the
polymeric shell observed for MBs-phys is based on an higher density of the shell
material. This has been already observed for other core/shell systems where

nanoparticles were integrated into the shell.’® "

For MBs-chem the decrease of the elastic modulus is based on a reduced number of
cross-links within the shell’s PVA network. The original shell, the polymeric shell of
plain MBs, is stabilized by chemical and physical cross-links. Both cross-links are
relevant for the mechanical stability of the shell and contribute to its stiffness. The
chemical cross-links originate from the acetalization reaction carried out during the
MBs synthesis, where telechelic PVA chains react with hydroxyl groups of the PVA
chains. Non-covalent or physical cross-links refer to crystalline domains within the
polymeric network, which are typical for PVA. The amount of crystalline units in the
polymeric network is quantified by DSC measurements 21, According to DSC, plain
MBs, not exposed to a chemical treatment, retain about 50 % of the crystalline
domains of the starting PVA material, used for their fabrication as shown in Figure
6-10. For MBs-chem the crystalline regions are lost after the post-production
treatment, which was performed to couple SPIONSs to the shell surface. Consequently,
MBs chem are softer than plain MBs, because the number of physical cross-links has
decreased compared to plain MBs.
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Figure 6-9: Scattering plot of the stiffness in N/m versus the inverse of the MB radius.

6.3.3 Internal Shell Structure

For the MBs’ mechanical properties, the shell’s structure and in particular the density
of crosslinks inside the polymeric network are crucial. Both types of crosslinks -
chemical and physical - need to be considered for a shell made of poly(vinyl
alcohol).2% For the MBs’ polymeric shell, chemical crosslinks originate from the
acetalization reaction carried out during the MBs synthesis, where aldehyde groups
of the telechelic PVA react with hydroxyl groups. Non-covalent or physical cross-
links refer to crystalline domains within the polymeric network, which are typical for

the semicrystalline polymer PVA 8% &
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Figure 6-10: Differential scanning calorimetry of plain MBs (full line), MB-chem (dashed black line)
and MB-phys (dashed blue line). Diagram adapted with permission from Brismar et al., Magnetic
Nanoparticles can be coupled to Support Multimodal Imaging, Biomacromolecules 13(5), 1390.

Copyright (2012) American Chemical Society.

The degree of crystallinity, referring to the crystalline domains present in the
polymeric network, was determined with differential scanning calorimetry (DSC).
Endothermic and exothermic peaks in the DSC diagram refer to the melting and
recrystallization of the crystalline domains in the polymeric network. Thus, the
degree of crystallinity is accessible, which is an indicator for the number of physical
crosslinks inside the PVA shell. Recently,?® we observed differences in the degree of
crystallinity between plain MBs, MBs-chem, and MBs-phys as shown in Figure 6-10,
adapted from Brismar et al.?® Plain MBs showed the highest degree of crystallinity
with typical endothermic and exothermic peaks. A major change of the number of
physical crosslinks was found for SPIONs conjugated to the shell surface (MBs-
chem). The typical peak profile is lost indicating the absence of crystalline domains
in the PVA network and a complete loss of the physical crosslinks, which is reducing
the overall crosslinking density. In contrast, the embedding of SPIONs (MB-phys)
resulted in slight changes of the shell structure. Here, a decrease of peak signals was
observed, referring to a lower degree of crystallinity and a reduced number of

physical crosslinks.
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Further experiments were performed in this study to understand the reason for the
change of the shell structure and the MBs’ mechanical stability. Therefore, we
analyzed the degree of crystallinity of plain MBs before and after the chemical
treatment. SPIONs were excluded from the chemical treatment, in other words, MBs
were solely exposed to the corresponding chemicals and reaction conditions without
using any nanoparticles. As Figure 6-11 shows, plain MBs indicate the typical peaks
referring the crystalline domains in the network. After exposing the MBs to the
reaction conditions and corresponding chemicals the peaks (crystalline domains) are
lost. Plain MBs with APTMS attached to the surface show the same internal shell
structure as MBs-chem. Thus, we can conclude from these experiments that the

chemical treatment is the crucial factor for changes in the internal shell structural.
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Figure 6-11: DSC results for plain MBs before and after chemical treatment without attaching SPIONs.

In view of the mechanical properties of MBs_chem, the reduced number of physical
crosslinks in the PVA shell is an explanation for the reduced elastic modulus of the
shell.® However, the DSC result for MBs-phys, indicating a reduced amount of
physical crosslinks, cannot explain the shell’s increased elastic modulus. MBs-phys
showed the highest elastic modulus of all three MB types. Here, the impact of
nanoparticle embedment inside a polymeric network needs to be considered as well.

For polymeric nanocomposites, reinforcement upon nanoparticles integration is well-
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known. 83848586 Eor PV/A hydrogels reinforcement was observed for the addition of
graphene,®” silvernanoparticles®’ and silicaparticles,® which all resulted in an
increase of the elastic modulus. For other capsule systems, the reinforcement of e.g.
polyelectrolyte multilayer shells after incorporated of gold nanoparticles’ or yttrium

fluoride’ nanoparticles was reported.
6.3.4 Acoustical characterization — experiments and modeling.

The acoustical characterization of MBs in vitro is crucial to bridge the gap between
structure-property relations obtained from AFM studies and the application-relevant
performance of the MBs during ultrasound imaging. While we concentrated in the
AFM experiments on low-frequency mechanics of single MBs, we refocused in the
acoustic tests on high-frequency mechanics of an ensemble of MBs. In particular, we
were interested if the MB’s mechanical properties observed during quasi-static AFM
deformation experiments set the trend for the MB’s dynamic oscillation during
ultrasound exposure. As already previously reported on plain MBs*® and magnetic
MBs?, both demonstrate a backscatter enhancement of about 20 dB at concentrations
approved for commercial available UCAS®. An interesting outcome of this previous
study was the finding that MBs-chem reach the 20 dB backscatter enhancement
already for a lower concentration (4.4x10° MB/mI) compared to MBs-phys
(2x10° MB/ml). Moreover, the attenuation coefficient was smaller for MBs-chem
than for MBs-phys. Based on the results of the structural characterization and low-
frequency mechanics, we expect that the different mechanical properties of the shell
are decisive for the changes in the MBs’ acoustic behaviour. In other words, we think
that the different SPIONSs integration methods used for the production of MBs-chem

and MBs-phys alter shell mechanics and the corresponding acoustic behaviour.
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Figure 6-12: Attenuation coefficient versus frequency for three types of MBs: (a) plain, (b) MBs-

chem and (c) MBs-phys; at three different concentrations. Solid lines in each plot indicate the

experimental data, while dotted lines shows the theoretical predictions a
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To understand the impact of the low frequency mechanics on the MBs
behaviour in the high frequency regime we performed further acoustic studies.
Moreover, we used the acoustic experiments to estimate the viscoelastic properties
of the polymeric shell. In particular, we were interested in the shell’s shear modulus
Geq and the shear viscosity plo. The ultrasound experiments were carried out in-vitro

and under controlled conditions as explained in the experimental section.

First, we measured the frequency dependence of the attenuation coefficient Figure
6-12 a, b and ¢ show the observed results for plain, MBs-chem and MBs- phys. For
each MB sample, we acquired data from a low, intermediate and high MB
concentration. As expected the attenuation coefficient shifts to higher values with an
increasing MB concentration, because the number of scatterers is increased in the
suspension. 234 In general, a monotonically increase of the attenuation coefficient is
expected when the frequency is raised from 3 to 14 MHz. We identified the following
changes in the curve progression with regard to the slope and the maximum absolute

value of the attenuation coefficient.

Plain MBs show an almost linear frequency dependency of the attenuation coefficient
for all studied concentrations. The incremental growth is about 4 dB/cm at 10 MHz
and we observe a maximum value of about 12 dB/cm for the highest MB
concentration. MBs-chem show a sigmoid-like frequency dependency of the
attenuation coefficient, with an incremental growth of about 6 dB/cm to 12 dB/cm at
10 MHz. The highest absolute value for MBs-chem was about 22 dB/cm for the
highest MB concentration. On the contrary, MBs-phys show an exponential-growth-
like frequency dependency of the attenuation coefficient. The incremental growth is
about 1 dB/cm to 2 dB/cm at 10 MHz and the MBs -phys lowest absolute value was
of about 6 dB/cm. Based on this results we expect the lowest resonance frequency for

MBs-chem and the highest value for the resonance frequency for MBs—phys.

By using a mathematical description, which not only considers size distribution and
density but also the viscoelastic properties of the shell material we were able to model
the MBs response in the high frequency regime. The acoustic tests are performed in
MHz frequency range where MBs are exposed to a dynamic load. Thus, the
viscoelastic material properties should be seen as dynamic or time dependant

characteristics.?® In general, the mechanism of the MB oscillation during ultrasound
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exposure is described by a nonlinear Rayleigh-Plesset-like equation.>® 809193 At Jow

incident pressure, typically below 100kPa, the equation is simplified to the

description of a harmonic oscillator (Equation 5) with a resonance frequency wo (®)

and a damping factor 6(w), which depends on the viscoelastic properties of the MBs

shell. All parameters used in the following equations are explained in Table 6-2.

Table 6-2 Explanation of nomenclature used in Equations 5 to 8.

radial displacement

Ro1

internal shell radius

Ro2

external shell radius

HL

viscosity of the surrounding liquid

Ps

density of the shell

pPL

density of surrounding liquid

polytropic exponent of a gas

PG,eq

equilibrium pressure gas in the MB

core

Po(t)

equilibrium pressure far from the

bubble surface

G(t)

relaxation function

G'(w)

storage modulus

Gll(w)

loss modulus

o

1 +( pi-ps) Ro1/ psRo2

Vs

3 3
Roz - Ro1

i 4 HRorkr oy 1 (BKPG'eqx + Ys f_too Gt —1)x (1) dr) =

2 2
apsRyz apsRy1

1
wo (w) = Rox
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4
apsR§1 RS,

5(w) = G”(w))

w

(RSML + Vs @

The total loss of energy, including absorption and scattering, from the acoustic wave
propagating through the suspension of the MBs can be assessed using the extinction

cross section, e given in Eq. 8. %% 9!

R T —) 8
Oe = *MRo1 70221 (05)2 8¢ 8)

where 2 = ‘l’/w0 is the normalized frequency and ¢ is the total damping, which is

the sum of the following four terms:

2R . A .
5. = % damping from radiation resistance, 5% %

3
o, = %, damping from viscosity in the embedding liquid *°
@pgho1fioz

3P, 1 i 60,91
Orp = v Im ((p), thermal damping
5 = —¥s_ & @ qamping from the shell*6

2 2
apgRy Ry, W

Two extra terms, namely damping from radiation resistance and thermal damping,
are added to the Church model to its original formulation in Equation 7. The
attenuation coefficient, a (w) in dB/unit length can now be recalculated from the

extinction cross section:

a(w) = 10 (loge) J;” e (Ro1, @)f (Ro1)dRo1  (9)

where f(Ry;)dRy; is the number of MBs in unit volume having radius between Roz

and Ro1dRo1. Using the following expressions for the storage and loss moduli®®:
G' () = Geg + G/ (10)

G" (w) = w(yy — o) (11)

Additional parameters used for the modelling are the speed of sound in pure water at
24 °C, ¢ = 1493 m/s; the viscosity of the surrounding liquid, p. =1x102 Pas; the
density of the surrounding liquid p. = 1000 kg/m3and the atmospheric pressure Po =
10° Pa.
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With the above-described modified Church model that accommodates the frequency
dependence of the dynamic viscoelastic module, we were able to fit the experimental
data of the frequency-dependant attenuation coefficient. Dotted lines in Figure 6-12
demonstrate the results of the theoretical modelling for each type of MBs.

Table 6-3: Parameters used for modelling the frequency dependent attenuation coefficient.

Plain Type A Type B
c, X108
0.2;0.9:11.8| 0.4 0.9 2 0.5:1;2
[MB/ml]
Geq
10.5 4.0 3.8 4.0 28.0
[MPa]
G1
55 10.7 4.2 0.1 10.0
[Pa/ (rad/s)®4]
Ho
0.6 0.3 0.2 0.2 0.7
[Pa-s]
p1 x 10°°
3.2 0.01 0.9 2.0 2.0
[Pas?/rad]
Fresonance
12-14 11-16 | 10-12 | 9-10 | 18-20
[MHZz]

The main idea of the fitting procedure, is the variation of four coefficients: the storage
G’(w) and loss module G’’(w), the resonance frequency and the damping of the
harmonic oscillator. As a result, the extinction cross section ce for each bubble will
alter. Taking into account the distribution and concentration of the bubbles in a
suspension one obtains the attenuation profile with respect to the driving frequency.
Based on the diameter and shell thickness that were determined in the MBs’ structural
characterization in the first part of this paper, we were able to reconstruct the
viscoelastic modulus of the shell. In Table 6-3 the four coefficients are indicated,
which were used to determine the storage G'(w) and loss modulus G '(w). A
comparison between the two magnetic MBs shows that lower values for the static

terms of both viscoelastic moduli, Geq and Mo, were observed for MBs-chem. In
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addition, MBs-chem have a lower resonance frequency of about 10 MHz than MBs
phys with a resonance frequency of about 25 MHz. From these results, we conclude
that MBs-chem are less rigid, are driven easier to oscillation and are more echogenic
than MBs-phys. Thus, the trend observed for the mechanical shell properties in the
high frequency regime, the acoustic tests, are in agreement with the shells’
mechanical properties measured in the low-frequency regime. For both frequency

regimes, MBs-chem showed a significant lower stiffness than MBs-phys.
6.4 Conclusion

In this interdisciplinary work, we presented strategies for a rational design of
multimodality contrast agents. In particular, we provided a quantitative
characterization of polymeric US/MRI contrast agents and their mechanical
properties in the low and high frequency regime. The presented hybrid probes were
produced with two different manufacturing processes leading to structural different
magnetic MBs. The first process, a one-pot synthesis, SPIONs were physically
embedded inside the polymeric network of the PVA shell (MBs-phys). In the second
process, a 2-step synthesis, SPIONs were covalently attached to the shell surface
(MBs-chem). Both SPIONs integration methods did not alter diameter or shell
thickness of the magnetic MBs compared to plain MBs. However, we observed
significant differences in the mechanical properties of the polymeric shell. The elastic
modulus of MBs-chem, studied with quasi-static force measurements, was reduced
from 1.3MPa (plain MBs) to 0.23MPa (MBs-chem). For plain MBs the polymeric
shell is stabilized by chemical and physical cross-links within the PVA network.
Through the chemical treatment physical cross-links are lost, which leads to a
softening of the shell. In particular, crystalline domains in the PVA shell that serve
as physical cross-links were lost by the postproduction treatment as demonstrated by
DSC measurements. For MBs-phys that contain SPIONs embedded inside the
polymer shell, we observed a reinforcement of the PVA shell. This is reflected in an
increase of the elastic modulus from 1.3MPa (plain MBs) to 3.2 MPa (MBs-phys).
Further acoustic experiments showed that the mechanical properties characterized in
the quasi-static deformations experiments (AFM) set the trend for the MBs behaviour
during ultrasound exposure. In the acoustic experiments, the frequency-dependency
of the attenuation coefficient was analyzed with Church’s modified model, which not

only considers size distribution and density but also the viscoelastic properties of the
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shell’s material. Thus, we were able to reconstruct the dynamic viscoelastic modulus
of the PVA shell. The trend of the results is in agreement with the AFM experiments
and provided evidence that the shell of MBs-chem are characterized by a much softer
shell compared to MBs-phys. Thus, we can conclude that shell properties analyzed
on the single particle level, were crucial to understand the more complex behaviour
of an ensemble of MBs exposed to an acoustic field. In summary, the presented work
contributes to understand structure property relations relevant for the performance of
UCA and provides an approach for the sustainable design and optimization of
US/MRI contrast agents
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6.6 Electronic Supplementary Information
6.6.1 Determination of the attenuation coefficient:

The attenuation coefficient of the ultrasound wave propagating through the MBs
suspension is determined using a two-time.-domain signals. The first signal is
acquired from the ultrasound pulse propagating through the cell filled with pure
water. The second signal is collected from the cell filled with the suspension of the
MBs. The Fourier analysis reveals the harmonic decomposition of the time-domain

signals to be equal:
1 0 . .
fref(t) = o f_oo|Fref(a))|e JRetZ g—jot 4, 0

Where |F..s (w)| and k.;z are modulus and phase of the spectra acquired from pure

water. If the dissipation of energy is added, due to wave propagation through the MBs

suspension, the only effect it cause is that the wave vector k becomes complex, i.e.
kyp(w)= kq(w) - jky(w). Thus, the spectrum of the signal from MBs can be

rewritten as:
=51 w)|e™ e Jldy =
fuvs () 217_[ f_OOIFMB( )| e~ Jhmp(@)z o-jwtg
= if_"zommf(wﬂ o2 (@) = jky )]z p=jwt g, "

Where k,(w) should be seen as attenuation coefficient a(w), and wave number
ki (w) represents the phase shift. Taking into account the “round-trip” propagation
of the beam through the cell of length L, the harmonic decomposition of the signal

from MBs on its final form is:

fus () = i 7 |Freg(w)] e~lat@) - jia (@2t g=jot g 3)

Substituting the scale from Np to dB, the attenuation coefficient a(w), can be

calculated from:

20 (|FMB(CO)|
2L

= 2 dB
a(w) = log |Fref(w)|) /unitlength (4)
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6.6.2 Atomic force microscopy - Characterization of diameter and shell

thickness

Table 6-4: Summary of the results from the statistical analysis of the AFM height images: diameter

d, shell thickness H with the corresponding standard deviation (SD), and half-width at half

maximum (HWHM).

Parameter n Median + SD | Gauss + HWHM | SD Gauss = HWHM/vV2
darmdry (pm) | 203 | 3.7+0.9 3.5+1.12 0.8
Harm,gry (nm) | 158 | 171 + 68 152 +90 63
Harmwater (nm) | 36 | 249 + 127 215+ 133 94

6.6.3 Transmission electron microscopy - characterization of shell thickness
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Figure 6-13 For the cross-sectional profiles an enhanced contrast was needed to evaluate the images

with an standardized protocol using ImageJ®*. Protocol: Filter Minimum (2 pixels + adjust

B&C);enhance contrast 0.35 + adjust B&C; Filter Maximum (2 pixels + adjust B&C); enhance

contrast 0.35 + adjust B&C, repeat this procedure and plot a profile from the lower left to upper right
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corner. Thus, we were able to identify the PVA/EPON interface at £50% change of the gray scale

value.

6.6.4 Mathematical procedure of random slicing correction

True thickness H of the capsule wall is given by the difference of the true outer R and
inner radius r at the equatorial plane (see Figure 6-14). All measured sizes are
indicated by an index i and are affected by the position, where the capsule is sectioned
for TEM. For random slicing, the both radii are underestimated ((R;) < R,(r;) <)
and the wall thickness is overestimated ((H;) = (R;—1;) = H). In the following,
radii are always considered as pairs (Ng, = N,.), since these values are correlated.
The angle of the outer radius @ is limited between [—® |imit, +P 1imic] With @ 1jmic =
sin"!((R — H)/R) = /2 — sin"*(—H/R), where the angle of the inner radius ¢ is
not limited ([—m/2, +1/2]).

H
--r-sin¢

R

Ti Hi;

Figure 6-14: Definition of geometry of a sphere of uniform thickness used in the mathematical

analysis that corrects for random slicing along the y-axis during TEM sample preparation.?

The assumption is that if we have good statistical data, we can apply a mathematical
correction introduced by Smith et al. to calculate the true values.*® This approach is
based on a geometrical function H(R;, H;, ®) and ¢ = ¢ — .

= ()~ )+ 2n ()

)

The mean corrected thickness (H) is then given by a triple integral:
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(Hy = [*oumic pHimax (Rimax i (p. g @) fo (Ry) fy (Hp) fo (®) dR; dH; dD

—®@ limit “Himin “Rimin

(6)

The functions fz, fy, and fq are the normalized probability density functions of R;,
H;, and @, respectively. If fz and f,; (obtained from the statistics of the image analysis
data) are normally distributed then they can be described by Gaussian distributions

(mean and standard deviation).

Smith et al. assumed that if there is an equal probability of slicing at any angle @ then
fo,smith (@) = 1/m.%° Mercade-Prieto et al. reported that this assumption is incorrect
since this would mean, that there is an equal probability to cut from 0° to 45° and
from 45° to 90°.% They suggested that the distance from the equator (r sin(¢)
or R sin(®)) should be the parameter of equal probability. Therefore we introduced
a new probability density function fg ey = 0.5cos(®). Table 6-5 compares the old

and new function f5.

Table 6-5 Comparison of the angular probability density function and integrations for different

angular ranges

Angular range -90° to 90° 0° to 45° 45°to 90°
Integration +n/2 +n/4 +1/2
f fo d® f fo dO fo dO
-n/2 0 +n/4
fo,smith(®) = 1/xn 1 0.25 0.25
f<D,new = 0.5cos(®) 1 0.35 0.15

The corrected inner radius r is given by:
(ri) = J, .1 £ () fo(9) dr do (7)

The measured radius r; can be substituted by r cos(¢). If r and ¢ are independent, the integrals can
be separated. Using fy and integrating over ¢ and r yields the correction factor of the inner radius.

T

2

(r) = [ cos(¢) f(@) dp [[ 7 f.(r) dr )

() =Z(r) 9)
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The mean corrected outer radius (R) can be calculated from the following equation:
(R) = = (Ry) - (Hy)) + (H) (10)

Since solid disks (slicing inside of the capsule wall) were excluded from the statistical
analysis, the integration of @ is limited. This limit is given by

. —1 ((R)—(H)
i = sin~* (F) (1)

Solution procedure: 2

Determine mean and standard deviation for R; and H; from the TEM data. Only

include data pairs of R; and r;. Exclude solid discs.

Guess Djimit-

Solve for (H) by integration within +4 standard deviation of R; and H;.
Solve for (R) .

Check whether @y;,i:((R), (H)) is satisfied. If not, repeat from step 3-5 using new

Dyimit-
6.6.5 Acoustic Modeling

As Table 6-4 indicates, the concentration is less important for plain MBs and MBs-
phys than for MBs-chem. MBs-chem appear to be more sensitive to the variation of
the concentration. Even though the static terms of both viscoelastic moduli, Geq and
Mo, seems to be consistent among all concentration values the dynamic terms, Gz and
M1, are different. For instance, at low concentration p: is approaching zero, while at
high concentration G can be neglected. The possible explanation of this phenomenon
might be found in the experimental set-up itself. In particular, for assessment of the
attenuation coefficient the ultrasound probe at a central frequency of 10 MHz was
employed. The frequency of the probe matches the resonance frequency of the MBs-
chem. As a result, maximum radial expansion of the bubble occurs; scattering
intensity of the wave is increased by several folds compare to the one predicted by
Rayleigh scattering model®” at high concentration (typically above 106 MB/mL)

multiple scattering and reradiation of the waves might occur in the suspension®. In
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addition, it was reported by de Jong et al.,*® that MBs driven within 10% of their
resonance frequency generate strong nonlinear harmonic response. Keeping in mind
that linearized theoretical model accounts only for small oscillations around
equilibrium, and consider only fundamental response, the frequency dependent or
dynamic terms probably are not correctly assessed, while frequency independent or
static terms are still possible to recover. This is in line with the fact that de Jong and
Hoff'® manage to predict sharp resonance peak for thin shelled Albunex® or
Sonazoid® bubble using frequency independent shear modulus G, and viscosity o at
about 2 and 4 MHz respectively. Worth to be noted is that plain MBs and MBs-phys
oscillate far from their resonance and modified theoretical model manages to predict
the attenuation profile with one set of coefficients for all concentrations. Worth
noting that dynamic storage and loss modulus are characteristics of the shell material
itself, but not the suspension of the MBs in general. As a result dynamic viscoelastic
moduli should be independent on the microbubble concentration if multiple
reradiation of energy, multiple scattering, interaction between the MBs and resonance

are disregarded.
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Abstract

This work aims at establishing a link between process conditions and resulting
micromechanical properties for aminoplast core/shell microcapsules. The
investigated capsules were produced by the in situ polymerization of melamine
formaldehyde resins, which represents a widely used and industrially relevant
approach in the field of microencapsulation. Within our study, we present a
quantitative morphological analysis of the capsules’ size and shell thickness. The
diameter of the investigated capsules ranged from 10 to 50 um and the shell thickness
was found in a range between 50 and 200 nm. As key parameter for the control of the
shell thickness, we identified the amount of amino resin per total surface area of the
dispersed phase. Mechanical properties were investigated using small deformations
on the order of the shell thickness by atomic force microscopy with a colloidal probe
setup. The obtained capsule stiffness increased with an increasing shell thickness
from 2 to 30 N/m and thus showed the same trend on the process parameters as the
shell thickness. A simple analytical model was adopted to explain the relation
between capsules’ geometry and mechanics and to estimate the elastic modulus of the
shell about 1.7 GPa. Thus, this work provides strategies for a rational design of

microcapsule mechanics.
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7.1 Introduction

Microcapsules are of broad interest not only in fundamental science® 2, but as well in
a wide range of applications. Whenever the functionality of an active substance needs
to be protected and/or a controlled release is demanded, microencapsulation is a
frequently used solution.®2° Industrial relevant wall materials are amino resins, like
melamine formaldehyde (MF), because this class of resins is produced from cheap
raw materials, widely applicable, and economical to use.*® In particular, aminoplast
core/shell microcapsules are suitable for the encapsulation of pressure sensitive
recording materials®®, perfume fragrances'® 12, phase change materials!® 14, self
healing composites*> ¢, agrochemicals'’ or analytes in biosensors®®. All these
applications require a particular mechanical stability, compliance, release, shelf life,
and adhesion of the microcapsules.’® 2° Therefore, a rational process design of
microcapsules is desired to individually tailor their mechanical properties?®. In order
to establish correlations between process parameters and the resulting capsule
mechanics, methods are favored that allow an investigation of microcapsule

mechanics on the single-particle level.?

So far, reported mechanical characterizations on aminoplast microcapsules were
focused on compression experiments with the single capsule compression apparatus
described by Keller and Sottos?? and the micromanipulation technique described by
Zhang and co-workers?®. With both setups, individual microcapsules were deformed
in the range of micrometers under applied force loads of millinewtons. Thus, the
authors were able to access a deformation regime where rupture forces and the failure
of microcapsules can be successfully determined.?*?® To understand how our
approach differs from the ones used in previous studies, the definition of the terms
small deformation and large deformation is crucial. In general, the mechanical
response of a material can be elastic or plastic. In brief, an elastic response is
characterized by a full recovery of the material's original shape while a plastic
response is accompanied by a permanent change of the material's shape (e.g. buckling
or capsule failure). In material sciences, small deformations are often referred to
compression tests carried out in the elastic regime. We would like to stress that for
our approach the critical parameter used for the definition of small and large
deformations is the microcapsule’s shell thickness and not the yield point, which

describes the transition between the elastic and plastic regime. Hence, small
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deformations are understood in this publication as compressions below or on the
order of the shell thickness and large deformations as compressions larger than the
shell thickness. There is one pioneering paper by Mercadé-Prieto?® where finite
element modeling has been used to estimate the wall thickness to radius ratio and the
elastic modulus of individual capsules from compression experiments in the elastic
regime. We appreciate the approach of the authors because it offers the possibility to
estimate the critical mechanical parameters for individual capsules. However, also
for this publication the included experimental data concentrates on fractional
deformations between small deformations on the order of the shell thickness and very

high deformations.?®

In contrast to previous studies, our interest is concentrated on the mechanical
response of capsules in the small deformation regime, which refers to a compression
of the capsule on the order of the shell thickness. This regime has not yet been
explored for aminoplast microcapsules, which is unfortunate, because it offers the
possibility to link the capsules’ mechanical response to its geometric design. For
polyelectrolyte multilayer capsules it has been shown® that this regime is also
relevant for adhesion properties. Atomic force microscopy (AFM) is an ideal tool to
carry out deformations of capsules on the order of the shell thickness, because it offers
a displacement resolution of nanometers and a force resolution of piconewtons. The
compression apparatuses used in previous studies show with a resolution of a few
hundred nanonewtons a sufficient resolution to investigate the elastic response of
many capsule systems. Indeed the limiting factor for small deformation experiments

is also often not the force resolution but the resolution of the induced deformation.

Several strategies exist for the synthesis of aminoplast core/shell microcapsules®® 3!,
but the most applied and industrially relevant is the in situ polymerization®? 3, which
sometimes is also referred to as phase separation method?. In this emulsion-
templated process, the hydrophobic core material is dispersed in form of small oil
droplets in the aqueous continuous phase, where the MF prepolymer is dissolved. The
polycondensation of the prepolymers starts under acidic conditions and elevated
temperatures. Formed oligomers are deposited at the oil/water interface, where they
polymerize to a three -dimensional shell around the oil droplet™® 3*. To control
capsule mechanics process parameters are interesting that affect size, shell thickness

and the elastic modulus of the wall material. Typically, a polydispersity in size is
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observed for capsules manufactured with the in situ polymerization. These size
distributions are determined by the produced emulsion droplets, which serve as soft
templates for the buildup of the shell. Key parameters for the adjustment of the
emulsion droplet size are the interfacial tension between core and continuous phase
and the energy dissipation of the stirrer'® 2’. In general, the in situ polymerization
yields aminoplast microcapsules between 5 and 50 micrometers®’, where smaller
capsules show narrower size distributions than larger capsules®. The shell thickness
is expected to be between 30 and 300 nanometers® and can be adjusted by the ratio
of melamine to formaldehyde!?, the reaction time?*, pH3, and the core to shell mass
ratio per created surface area of the emulsion droplets®3. The elastic modulus of the
shell depends on the used wall material®® and can be changed through chemical
modifications and/or the cross linking density.

In this paper, we investigate aminoplast core/shell microcapsules and strategies to
rationally design their mechanical properties. The motivation to focus on aminoplast
core/shell microcapsules is based on their regular application in different industrial
fields> 1. Challenging for the presented work was the polydispersity of the studied
capsules that is very well reflecting the actual industrial situation for amino resin
microcapsules produced by an emulsion-templated in situ polymerization. Structure
property relations are often not efficiently resolved by standard methods employed
during industrial quality assurance. Therefore, the characterization on the single
particle level is crucial for such size-dispersed systems. For this reason, we have
chosen methods that are able to resolve and quantify the geometry and mechanics of
single microcapsules. In particular, we used transmission electron microscopy (TEM)
to determine the shell thickness from ultrathin sections of epon-embedded
microcapsules. With AFM and a colloidal probe setup we studied the mechanical
response of single capsules in the small deformation regime, which refers to a capsule
compressions on the order of the shell thickness. Subsequently, we correlated the
obtained shell thickness with the process parameters and then via a simple analytical
model with the resulting capsule mechanics. The full correlation between process
parameters and resulting mechanical properties suggests strategies to rationally tailor

microcapsules produced by an industrial relevant process.
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7.2 Experimental

Materials. The key ingredients for the microcapsules synthesis are the melamine-
formaldehyde resin  (Urecoll SMV, BASF); a colloidal stabilizer
(Poly(acrylamide 20%, acrylic acid 80%) sodium salt, Sigma Aldrich); a
formaldehyde scavenger (ethylene urea, Fluka); acetic acid and sodium hydroxide for
pH adjustments. The core liquid is a mixture of a 5-‘model’ fragrance compound, as
described previously®: hexyl salicylate 20% w/w, (+-)-methyl 2,2-dimethyl-6-
methylene-1-cyclohexanecarboxylate  20%  w/w  (Romascone),  3-(4-tert-
butylphenyl)-2-methylpropanal 20% w/w (Lilial), cis/trans-4-tert-butyl-1-cyclohexyl
acetate 20% w/w (Vertenex) and (+-)-2-tert-butyl-1-cyclohexyl acetate 20% w/w)

(Verdox). As dispersant we used demineralized water.

Synthesis of microcapsules. Standard core/shell capsules were synthesized
according to protocols described previously.*? 32 3 The specified amounts of the
resin, colloidal stabilizer, and water were introduced into a 250 ml reactor at room
temperature (pH = 7.50). The reaction mixture was sheared at 800 rpm with an anchor
stirrer. A resin to oil mass ratio of 0.149 g/g was chosen for the standard core/shell
capsules. Then acetic acid (0.78 g) was added for the adjustment of the pH
(pH = 5.14). The perfume oil (95.00 g) containing Rhodamine (0.1% wi/w, Fluka)
was added, and the reaction mixture was warmed up to 40°C and stirred for 1 hour.
Afterwards the reaction mixture was stirred at 55°C for 3 hours. Finally, ethylene
urea (50% in water w/w, 16.00 g) was added, and the reaction mixture was stirred at
60°C for 1 hour. Then, the mixture was cooled down to room temperature (pH = 5.65)
and neutralized with NaOH (30% in water w/w, 0.92 g) to give a final pH of 6.57 in

the aqueous dispersion.

Morphological Characterization. Size distributions were determined with a Flow
Particle Image Analyzer FPIA (Sysmex FPIA-300, Malvern Instruments). Zeta
potential measurements (Zetasizer, Malvern) of the diluted capsule slurries yielded
negative values, which typically range from -30 to -50 mV (see Table 7-1). With TEM
( Zeiss CEM 902) thin sections of about 50 nm to 60 nm, produced by an ultracut
microtome (Leica EM UC7), were imaged at 80 eV. The shell thickness was obtained
from TEM images by extracting cross-sectional gray value profiles that were
analyzed with ImageJ software. The start/end of the shell was determined at 50%
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decrease/increase of the gray value intensity. TEM samples were prepared by mixing
the capsule solution in a 1:1 ratio with 2% aqueous solution of agar (Agar Noble,
Difco). After curing, the flexible gel was cut with a scalpel into small cubes. Next,
the agar-embedded capsules were solidified by one hour incubation with a 2%
glutaraldehyde solution (Serva Electrophoresis GmbH) in phosphate buffer (0.05 M
Phophate Buffer, pH 7.4 Merck). Afterwards three washing steps with phosphate
buffer (0.05 M, pH 7.4, Merck) were used to remove the excess of glutaraldehyde.
Then the samples were dehydrated in ethanol-water mixtures with increasing ethanol
content (30% / 50% / 70%/ 95%) and three times to pure ethanol (VWR
International). The dehydration exposure time was 15 minutes for each step. Then the
dried samples were mixed with Epon 812 (Serva Electrophoresis GmbH):
Epon 812/ethanol mixture (1:1) for 12 hours, followed by an Epon 812/ethanol
mixture (3:1) for 3-4 hours and finished with three immersion steps (3-4 hours) in
100% Epon 812.

Mechanical Characterization. Force spectroscopy experiments were performed in
aqueous environment with a commercial AFM setup: Nanowizard (JPK Instruments,
Germany) combined with an inverted optical microscope Axiovert 200 (Zeiss,
Germany). The optical microscope was used to determine the size of the
microcapsule before the deformation experiment and to align the cantilever probe
with the center of the immobilized microcapsule. During the capsules’ compression
we used the microinterferometry®” mode of the microscope to follow in situ the
change of the apparent contact area between microcapsule and substrate. Only elastic
and uniform capsule deformations were used for evaluation. The deformations were
performed using the colloidal probe technique®:*°, in which silica particles (diameter
30-40 um; Polysciences Inc., USA) were attached to tipless silicon cantilevers (ACT-
TL, ke = 25-75 N/m, fc = 200-400 kHz, AppNano). The colloids were attached using
a micromanipulator (MP-285; Sutter Instruments) and two-component epoxy glue
(UHU Plus Endfest 300, UHU GmbH & Co. KG, Germany). After attachment, the
colloidal probe cantilevers were cleaned by exposure to atmospheric plasma (5 min,
high intensity, Plasma Technology). Spring constants of the cantilevers were
determined with the thermal noise method*® %!, which is implemented in the
commercial JPK software. Only cantilevers were used that were in accordance with

the frequency and spring constant range reported by the manufacturer. The
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experiments in aqueous solution were carried out in liquid cells, made of a plastic
ring (diameter 24 mm, height 5 mm) and a cover slip (diameter 24 mm, thickness
0.13-0.16 mm, Menzel). The liquid cells were cleaned with an
isopropanol/ethanol/water mixture (1:1:1) and through exposure to an atmospheric
plasma (5 min, high intensity, Plasma Technology). To keep the negatively charged
microcapsules immobilized in the liquid cell we used branched polyethyleneimine
(PEI, My 25.000 g/mol, 1g/L aqueous solution, Sigma Aldrich) as surface coating.
To obtain individual and separated microcapsules for force spectroscopy experiments
and to remove non-immobilized capsules the sample was washed several times with
purified water (Millipore Advantage) in the liquid cell. Reference curves on hard
substrates were obtained before and after each capsule deformation to ensure a
constant optical lever sensitivity, which is necessary for reliable and comparable

force deformation curves*2.
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7.3 Result and Discussion
7.3.1 Morphology of Aminoplast Core/Shell Microcapsules.

As mentioned in the introduction the size, shell thickness and the used wall material
are important parameters for the mechanics of microcapsules. A possible parameter
to adjust the shell thickness of aminoplast microcapsules is the resin concentration®?,
For the microcapsules production the fragrance oil is dispersed by emulsification in
the continuous aqueous phase. The melamine formaldehyde prepolymer, which is
dissolved in the continuous phase, will start to form oligomers under acidic
conditions and elevated temperatures. These oligomers then deposit at the oil/water
interface of the emulsified droplets and form under further condensation an
impermeable shell around the fragrant oil. The typical amount of melamine
formaldehyde resin'! used for this encapsulation is here referred to as 100% or
standard amount. The resin amount was decreased from 100% to 75% to 50% and
25% to obtain microcapsules with thinner shells. All other process parameters were

kept constant.

The dispersity in size of the studied microcapsules is typical for an emulsion droplet
based in situ polymerization. Microcapsules with smaller average diameters show a
narrower size distribution than capsules with larger average diameters*> 44, Figure
7-1 presents the optical micrographs and size distributions of the produced capsules
with a corresponding average diameter d for each sample size distribution
summarized in Table 7-1. The size distributions of two additional samples produced
from 100% and 50% amount of amino resin are indicated in the Table 7-1, but not
shown in Figure 7-1. In particular, we observed for the produced capsules a mean
diameter dmean Of about 30 micrometers. Samples that significantly deviated from this
mean diameter were microcapsules produced from 75% and 25% amino resin with
an average diameter of 18 um and 43 pum respectively. Such variations in size as well
as the dispersity of the microcapsules are well known and reflect the actual situation
for their industrial production, which already has been reported previously.'® 4 The
success and/or failure of the encapsulation process are clearly indicated in the optical

micrographs in Figure 7-1.

181



Aminoplast Core/Shell Microcapsules

100% amino resin

. Frequency %
Cumulative %

75% amino resin

. ¢ & vo
h,"; ‘? ®

X
o o ’ ( » X
A= s
o =
.. . ° OQO & k)
."0.00 2 =

o .

© >4 eA50um' . 8

50% amino resin

p® el
) PN |
Vo 3 .?,‘ é'tro ° ©
@ _reor Y i 2
o A e Ll 5
0.'_.“0 Q S | E,' g
°o° SRR m— 3
25% amino resin
_ .0c
OB - ¥ aii :
¥ % S 1 =
b Wi ‘ v Q ‘: 2y BEY 9
B 5 | F
k =3 - -
G2l ’ﬂt 2 :
- L& . L R IRE Ly ok B 3
f ‘- " ‘Q 50pm. = - & P

- . 1 10 100

Figure 7-1: Optical micrographs and size distributions of the produced aminoplast core/shell
microcapsules. For a 25% level of amino resin, the encapsulation process failed and microcapsules
with a deformed capsule shape were produced that were not able to form a stable shell around the
dispersed oil droplets.

Spherical-shaped capsules with an amino resin level of 100%, 75% and 50% indicate
a successful encapsulation of the oil phase. The shape of the microcapsules produced

from a 25% level of amino resin was in contrast to the other batches strongly
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deformed as illustrated by the optical micrographs in Figure 7-1. Here the
encapsulation process was not successful, and the formed shell was not stable enough

to encapsulate the oil phase.

To access the shell thickness of the microcapsules we used ultrathin sections of epon-
embedded microcapsules, which we analyzed with TEM. In Figure 7-2 examples of
such sections are shown for capsules produced from different amount of amino resin.
For all investigated samples, we observed a smooth shell with uniform density and
rather uniform thickness. For microcapsules produced from 25% amino resin we were
not able to obtain any ultrathin sections of the embedded capsules. The measured
shell thickness of one section is denoted h; and refers to an average of six analyzed
cross-sections, which were extracted from one TEM image. With this method, we
were able to determine the shell thickness hi with an accuracy of 12%. For each
microcapsule batch, we used n number of sections to quantify the shell thickness
indicated in the histograms displayed in Figure 7-2. All samples showed a normal
distribution of h; and allowed us to determine a mean measured shell thickness h;

from the maximum of the gauss fit.

In general, we observed a decrease of the mean measured shell thickness h; from
285 nm to 103 nm when we reduced the amount of amino resin from 100% to 50%.
The observed mean shell thickness can be found in Table 7-1. In Figure 7-2, we
grouped our results according to the employed amount of amino resin and the average
capsule diameter. The size distribution of the produced capsules is as important as
the resin concentration for the final shell thickness of the capsules. If the volume of
the dispersed phase and the resin concentration were constant, thinner shells would
be expected for batches with smaller capsules compared to those with larger
capsules.'® The change in thickness is caused by the change in the total surface area
of the dispersed phase available during the polymerization reaction, which will be
larger for smaller emulsion droplets than for larger droplets. We observed this trend
as well for the two samples produced from 100% amino resin, where the mean shell
thickness was reduced from 285 nm to 215 nm, when the average diameter of the
capsules decreased from 34 um to 31 um, as indicated in Figure 7-2. For both samples
the average diameter was reproduced, as for capsules made of 50% amino resin and

average diameter of 28 um, no significant difference in the shell thickness was
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observed. Therefore, we combined h; values of both samples in one diagram, shown

in Figure 7-2.
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Figure 7-2: TEM images of embedded microcapsules sectioned with an ultra microtome and the
quantified distribution of the measured shell thickness. The number of analyzed sections n is

indicated along with the used amount of resin in percentage and the average diameter d.

When spherical particles are sectioned at random distance from the center, the
measured diameter ri will be smaller than the true diameter r and the measured
thickness hi will be larger than the true thickness h. On average, we obtained a
standard deviation of the mean measured shell thickness of about 26%. This deviation

is higher than the accuracy of the method of 12% and reflects the uncertainty of the
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random sectioning process. Smith and co-workers® introduced a correction factor
accounting for the thickness artifacts produced by the random slicing process. The
shell thickness h can be described as a function of the slicing angle, the measured
radius, and the measured shell thickness. With an estimated limit for the slicing angle
about 80°, we determined the correction factor f to be about 0.62. The obtained
correction factor for each batch and the corresponding corrected shell thickness h can

be found in Table 7-1.

Table 7-1: Microcapsules prepared with different amounts of resin and the obtained results from the

morphological and mechanical characterization: average diameter d, zeta potential {, measured shell

thickness hj, correction factor f, corrected shell thickness h and capsule stiffness F/D:

Amino resin | Perfume d 4 hi (nm)* f h F/ID

(%) (%) (Hm)  (mV) (hm)  (N/m)

100 43.5 34 -48 285 £ 0.64 182 29+ 11
71

100 45.3 31 -50 214 £+ 057 122 197
61

75 43.5 18 -48 122+ 0.63 77 52+20
16

50 44.8 28 -46 103 + 0.63 65 1.7+3
38

50 46.4 28 -56 103 + 0.63 65 1.7+3
38

25 47.9 43 -28 - - - -

* The standard deviation o of the thickness distribution refers to the fit coefficient

width w by the following relation o = w/(2%2).

To estimate the available mean total surface area we used for calculation a mean

diameter of 30 um, mean mass of 95 g and a density of 0.96 g/mL for the used
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fragrance composition. For a constant volume of the dispersed phase, the total surface
area of the emulsion droplets will decrease with increasing particle radius. In
equation 1, the change of the total surface area Atotal OFf microcapsules is shown when
their radius is changed from ritoro. The index 1 refers to capsules characterized by
the radius r1 and index 2 to the capsule characterized by the radius ra. Acwta Of the
dispersed phase can be described by the surface area A; of the individual oil droplets
multiplied by the number n of droplets. The number n of particles is obtained by the
volume of the dispersed phase V divided by the volume of the dispersed particles V.
With regard to the application the volume of the dispersed phase V can be easily
controlled at the start of the synthesis and the mean radius of micrometer-sized
capsules that is determined by the emulsion droplet size can be assessed by standard
techniques for quality assurance. As equation 1 shows, the ratio of the total surface
area for microcapsules with different diameters is the same like the ratio between the

two capsule radii when the volume of the dispersed phase is constant:
At tota/ Az, total = (N1AL/N2A2) = (VIV1)AL(VIV2)A2 = 12/ (1)

with Vi = Vo = V: Vi = 43wr®; and A = 4ari? it follows for
AilVi = (4nrid)/(4/3nrid) = 3/

For the production of the studied capsules, the volume of the dispersed phase was
constant for the different amounts of amino resin. For microcapsules that showed a
deviation from the expected mean radius of 30 um the average total surface area could
be corrected by the ratio of the capsule radii, where r1 refers to the expected mean
capsule radius and r2 to the radius of the actual produced microcapsules. Figure
7-3describes the shell thickness as a function of the amount of amino resin per total
surface area. Both results of the measured and the corrected shell thickness are
displayed. As trend, we can observe an increase of the shell thickness with an increase
of the MF amount per total surface area, which was already reported for MF
microcapsules by Sgraia et al*3. In view of the complex nature of the manufacturing
process inherent to the application-oriented study and the characterization method,
the observed error margins are to be expected. We are confident that our analysis of
a relatively large number of sections and the performed correction of the random
sectioning process takes these variations into account. The morphological

characterization and the correlation to simple and accessible process parameters
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showed that it is possible to adjust and predict the thickness for the investigated
process. Both analysis and correlation provide strategies to realize an adjustment of
the shell thickness for microcapsules produced by in situ polymerization.

I | l | | | | | I | |
4001 @ mean measured shell thickness h,

71 O corrected shell thickness h B

T | | | | | | | I I !
o 1 2 3 4 5 6 7 8 9404107
MF% /Atotal (ri/rmean)

Figure 7-3: Shell thickness is a function of the ratio of resin amount (MF%) per total surface area of

the dispersed phase. The lines were added as a guide to the eye.

7.3.2 Mechanical Properties.

The mechanical response of immobilized microcapsules was studied by force-
deformation experiments with atomic force microscopy (AFM). We used cantilevers
modified with a colloidal probe to ensure an axisymmetric and uniform compression
of the microcapsules. An AFM mounted on an optical microscope ensures optical
control over the alignment of probe and sample. Immobilized capsules were
recognized by the presence of an apparent contact area, which was observed with the
microscope in microinterferometry mode®’. In Figure 7-4 the typical change of the
apparent contact area for an elastic response of the microcapsule is shown. The time
in seconds displayed on the x-axis corresponds to the length of the video that can be
found in the Supporting Information. The apparent contact area refers to the dark spot
in the middle of the interference pattern, shown in the insets in Figure 7-4. During
the first five seconds there is no compression of the capsule and the contact area
shows the immobilized capsule in uncompressed state. After five seconds the
cantilever reaches the capsule and the contact area linearly increases with further
compression until the maximum deformation is reached. The cantilever retraction

ends the deformation cycle and indicates the same curve progression as for the
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compression. The apparent contact area returns to its initial state before it is deformed
again. The constant and periodic change of the apparent contact area during the
presented three consecutive load-unload cycles clearly indicates a uniform and elastic
compression of the capsule and the recovery of its original contact area and shape.
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Figure 7-4: Uniform and elastic deformation of a microcapsule observed with an optical microscope
using microinterferometry (corresponds to the video in the Supporting Information file). The
investigated capsule with a diameter of 30 um was deformed by 870 nm, corresponding to a relative
deformation of 2.91%.

To assess the mechanical properties of the microcapsule shell we performed all
deformation experiments in the small deformation regime. For our approach as
already highlighted in the introduction, the critical parameter to distinguish between
small and large deformations is the shell thickness. In Figure 7-5 (A) the deformation
process of a thick-shelled and a thin-shelled microcapsule is illustrated. As expected
for capsules with comparable size, the thin-shelled capsule deforms stronger than the
thick-shelled capsule under the same force load. In this example, the thick-shelled
capsules synthesized from the standard amount of amino resin show a mean shell
thickness about 185 nm. The thin-shelled microcapsules were produced from MF
50% and refer to a thin shell with about 65 nm. The capsule with the thick shell
deforms less than 10 nm while the capsule with a thin shell deforms by 50 nm. In
both cases, we observe a linear increase of the deformation with increasing load force,
which represents a typical scaling behavior for a capsule deformation in the small

deformation regime*.
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Figure 7-5 (A) Compression of capsules under the same force will yield larger deformations for thin-
shelled capsules compared with thick-shelled capsules. (B) Microcapsules compression is elastic and

the stiffness is constant over thirty load—unload cycles.

The slope of the force-deformation curves reflects the compression of the capsule
under the applied force load, referred to as the capsule’s stiffness in units of N/m. In
Figure 7-5 (B), thirty repeated force deformation cycles of the thin- and thick-shelled
capsules are shown. The observed stiffness values are constant for both capsules
throughout the repeated compression, illustrating that no altering of the capsules’
stiffness is obtained through consecutive deformation. We also investigated the
influence of fast and slow deformation rate on the microcapsules’ stiffness. The used
deformation rates of 10 pum/s and 0.625 pm/s did not significantly affect the
mechanical response of thick-shelled microcapsules. For thin-shelled capsules, we

observed an increase of the stiffness about 12% for fast deformation rates.

To quantify the stiffness of the capsules produced from different amount of amino
resin, we measured a representative number n of aminoplast microcapsules with a
slow deformation rate of 0.5 um/s. In Figure 7-6, the distributions of the measured
stiffness values present a decrease of the mean stiffness from about 30 N/m to 2 N/m
for a change of the shells thickness from 285 nm to 103 nm respectively. The
capsules’ stiffness strongly depends on the capsules’ diameter. Hence, smaller
microcapsules will be stiffer than larger capsules, if they were produced from the
same batch and have the same shell thickness. For example, standard core/shell
microcapsules with a mean shell thickness of 214 nm showed an increase in the
capsule stiffness from 14 N/m to 35 N/m when the diameter of the capsule was
decreased from 30 um to 14 um. Therefore, the width of the stiffness histograms is

also reflecting the size distribution of the capsules within one batch. The mean

189



Aminoplast Core/Shell Microcapsules

stiffness value determined from the histogram for each capsule batch can be found in

Table 7-1.
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Figure 7-6: Capsules become softer with thinner shells, shown by the decrease of the mean stiffness

for capsules with reduced shell thickness.

In Figure 7-7 all results obtained from the morphological and mechanical
characterization of the aminoplast capsules are displayed in relation to the used
process parameters. Both shell thickness and capsule stiffness increase with the
amount of amino resin per total surface area. It already has been shown® that
properties determined in the small deformation regime play an important role for
macroscopic properties such as the capsule’s adhesion. In the case of melamine-
formaldehyde-shelled microcapsules, with a uniform, closed, and rather strong shell,
it would be interesting to link the results gained from the small deformation regime

with the already well investigated rupture force of aminoplast microcapsules®? 23,

Zhang and co-workers? 2° showed that the deformation at burst is one of the key
parameters for the rupture of aminoplast microcapsules. As discussed before the
deformation behavior of microcapsules is strongly linked to the thickness of their
shell, as shown in Figure 7-5 (A), where thin-shelled capsules deform much more
under an applied load than thick-shelled capsules. Microcapsules burst when a critical
compression is reached, which was for melamine formaldehyde capsules reported by

Zhang about 68% relative deformation at burst. The force loads needed for a burst
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will be reached for smaller force loads in the case of thin-shelled capsules compared
with thick-shelled capsules. Therefore, the observed correlations present a potential
strategy to be further linked with the reported macroscopic rupture forces. Such a
relation would be beneficial for the tailoring of aminoplast microcapsule mechanics

used in various applications with very different requirements.
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Figure 7-7: Summary of the morphological and mechanical characterization

The tendency observed in Figure 7-7 can be further analyzed to understand how the
shell thickness influences the microcapsule mechanics. The mechanical response
obtained from the small deformation regime can be used to understand structure
property relations, because the mechanical response can be linked to the capsule’s
geometry and the shell’s material properties. 2° According to Reissner the measured
stiffness F/D is a function of the capsules geometric parameters, radius R and the
shell thickness h and the properties of the shell material, elastic modulus E and

Poisson ratio v:
FD? = (WshenR ™) (E(3(1-v?)/4) 22 (2)

As described in a previous study*® the regime valid for Reissner’s prediction®” %8 of
a linear scaling behavior of the applied force F with the resulting deformation D can

be easily estimated based on the shell thickness h and the radius r of the capsule:

Ecrossover ~ (h/ (47[[‘))1/2 (3)
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A critical relative deformation ¢ is obtained that refers to the crossover of the linear
deformation regime with the deformation caused by volume forces, which scales
proportional to D®. Thus, the morphological characterization can be used to estimate

the deformation regime where Reissner’s prediction is valid.
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Figure 7-8 (A) Stiffness displayed in relation to the reciprocal radius clearly indicates an increase in
the stiffness for capsules with thicker shell and comparable radius. (B) Linear relationship displayed
in this graph can be correlated to the material constants of the shell material and an elastic modulus

of 1.7 GPa can be estimated.

In Figure 7-8 (A) the measured stiffness is displayed in relation to the capsule radius.
All samples show an increase in the stiffness with decreasing capsule diameter, which
is in accordance with Reissner’s model. The linear relation is then described by the
proportionality factor, which is the square of the shell thickness and the material
constants E and v. The stiffness of microcapsules with comparable diameters
increases with increasing shell thickness as Figure 7-8 (A) clearly indicates. The
stiffness normalized by the size plotted versus the shell thickness shows a linear
relation that can be used to estimate Young’s modulus of the microcapsules’ shell
Figure 7-8 (B).*'%°. The Poisson ratio v is expected to be between 0.33 for a solid-
like material and 0.5 for rubber-like materials. Equation 2 describes the impact of
Poisson’s ratio on the resulting elastic modulus. In order to make the impact of v
transparent, we calculated the elastic modulus for both extremes. From Figure 7-8
(B) we are able to estimate the elastic modulus of the shell material of about 1.7 GPa
for a Poisson ratio of 0.5, which is in good agreement with the elastic modulus
reported recently by Mercadé-Prieto et al.?°, and for a Poisson ratio 0.33 of about 2.2
GPa. However, as Figure 7-8 displays a certain spread of the individual data remains

even after the normalization of the data by size and shell thickness. One reason for
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this spread can be due to differences in the shell density caused by kinetic differences
during the shell formation. Salaun and co-workers® showed that different surface
morphologies of the capsules shell are dependent on the formation of the melamine
formaldehyde precondensate. They concluded that a rather rapid shell formation will
yield higher oligomers or even small melamine formaldehyde particles in the
continuous phase, which will be deposited at the oil/water interface> 0. The
melamine to formaldehyde ratio, pH and temperature were identified as important
parameters to affect the kinetics of the precondensate formation. Based on the formed
oligomers, which represent the building blocks of the shell, a rougher or smoother
capsule shell is obtained'?. From this perspective and based on the results of our
mechanical characterization we think that the size of the formed oligomers and their
assembly to a shell is an important aspect for shell mechanics that would be of interest

for further studies.
7.4 Conclusion

In conclusion, we showed how mechanical properties of aminoplast microcapsules
correlate with process parameters for an industrially relevant microencapsulation
process, the in situ polymerization of amino resins. With the help of a thorough
morphological analysis we were able to determine the microcapsule’s geometric
parameters, radius and shell thickness. The mechanical response of the microcapsules
was investigated in form of small deformations on the order of the shell thickness,
using an AFM and the colloidal probe technique. Both results, from geometrical and
micromechanical characterization, were explained in the framework of a simple
analytical model for microcapsule deformation, the Reissner shell theory. Based on
the results, we identified the ratio of amino resin to total emulsion surface area as key
parameter for controlling the microcapsules geometry and mechanical properties.
Thus, a rational design of mechanical properties of aminoplast microcapsules is in
reach.
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Ec
Es

Ka
AFM
&n
Evend

kbend.

ks

Eb

Ob

pf
DSC

Ks

Al

I1,2

FEM

Zp

InvOLS

2 dimensional elastic modulus// cortical tension
2-dimensional elastic modulus
Area

Area Elastic Modulus

Atomic Force Microscopy
Axial Strain

Bending Energy

Bending Rigidity

Bending Stiffness

Boltzmann Constant

Bulk Modulus

Bulk Strain

Bulk Stress

Capsule Radius

Correction Factor

Critical Osmotic Pressure
Deflection

Deformation

Density of Fluid

Differential Scanning Calorimetry
Dilation Modulus

Elastic Modulus, Young's Modulus
Elasticity Modulus

Elongation

Extension Ratios

Extensional Stiffness

Finite Element Modeling
Foppl-von Karman Number
Force

Height

Height Position of the Piezo
Hydrodynamic Function

Inverted Optical Lever Sensitvity
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K Compression Modulus

& Lateral Strain

LbL Layer - by - Layer

L Length

MRI Magnetic Resonance Imaging

I Major Axis

MBs-chem MBs with SPIONs chemically attached
MBs-phys MBs with SPIONs physically embedded
Omean Mean Diameter

hi Measured Shell Thickness

MF Melamine Formaldehyde

MB Microbubble

b Minor Axis

N Newton

Fn Normal Force

En Normal Strain

On Normal Stress

n Number

Pa Pascal

v Poisson Ratio

PVA Poly(vinyl alcohol)

PAH Polyallylaminhydrochlorid

PDADMAC Polydiallyldimethylammoniumchlorid
PEM Polyelectrolyt Mulitlayer

PEMC Polyelectrolyt Mulitlayer Capsules
PSS Polystyrenesulfonate

PSD Position Sensitive Detector

AP Pressure

T1,2 Principle Tension

Q Quality Factor

R Radius

R Radius of Curvature

Ry Radius of Pipette

RICM Reflection Interference Contrast Microscopy
A Relative Deformation

wo Resonance Frequency

Re Reynold's Number

SNOM Scanning Near Field Optical Microscopy
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Kshelr Spring Constant of the Shell

m? Square Meters

o Standard Deviation

F/D Stiffness

o Stress

Estretch Stretching Energy

SPIONs Super-Paramagnetic Nanoparticles
Asurface Surface Area

Us Surface Poisson Ratio

Fe Tangential Force

T Temperature

o Density

tc Thickness of Cantilever

U Total Deformation Energy

TEM Transmission Electron Microscopy
us Ultrasound

Av Velocity

n Viscosity

% Volume

w Width

13 Zeta-Potential
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