=Pr-L

m Ecole
polytechnique
fédérale
de Lausanne

Thése n°8889

Drops: Controlled crystallization of organic crystals
and their use as matrix materials for encapsulation of
volatiles

Présentée le 30 aolt 2022

Faculté des sciences et techniques de I'ingénieur
Laboratoire de la matiere molle

Programme doctoral en science et génie des matériaux

pour I'obtention du grade de Docteur &s Sciences

par

Aysu Ceren OKUR

Acceptée sur proposition du jury

Dr J. C. Plummer, président du jury
Prof. E. Amstad, directrice de thése
Dr Ph. Erni, rapporteur

Prof. A. Fink, rapporteuse

Dr A. Magrez, rapporteur

2022






[lim ilim bilmektir, ilim kendin bilmektir
Sen kendin bilmezsin, ya nice okumaktir

—Yunus Emre

To my family. ..






Acknowledgements

I would like to express my sincere gratitude to the people who have benevolently
provided their support during this PhD thesis.

First, I would like to thank my supervisor, Esther Amstad for giving me the
opportunity to pursue this thesis, and for introducing me to the amazing field of
bio-inspired materials. Her encouraging attitude led me to discover and pursue
challenging projects, dwell upon new areas of science. She has not only been a
supervisor, but also a role model for me with her kindness, discipline and driven
enthusiasm for science. I am very grateful for her support during rough times of
pandemic which held a big part of the time this thesis being executed. 1 definitely
learned a lot from her, and I am very grateful for this experience.

I would like to thank Philipp Erni, Lahoussine Ouali, Daniel Benczedi for collabo-
rations, fruitful discussions, critical evaluations and technical support in Firmenich.
I also thank Firmenich SA, as the projects in this thesis are funded by them. I
also would like to thank all the jury members for their time, critical evaluations
and positive and constructive feedbacks.

I have spent the majority of this period with my labmates from SMal. group.
Gianluca Etienne and Antoine Vian have become the very first mentors and
transferred their technical know-how to me. I would like to thank them for their
time. I also thank them with former group members Jui-Chia Chang, Bjorn Schulte,
Thomasz Szymborski, Irvine Ong for setting a joyful atmosphere in the group. I
specifically would like to thank Huachuan Du, as he has been very supportive. We
had numerous fruitful discussions on science and philosophy. He has been a person
whom I can talk to anytime I intellectually struggle. I am very grateful for his
presence during this study.

When I look back, I see that I have learnt at least one remarkable thing from
each group member. I am very happy that I met these unique people and they
contributed both this thesis and also my life. I would like to thank Alvaro Charlet for

being very considerate, Michael Kessler for introducing self-respect, Matteo Hirsch



Acknowledgements

for chess sessions, Mathias Steinacher for SAW device setup. I must acknowledge
Chuen-Ru Li for her perseverance, Ran Zhao for her wisdom and maturity, and
Gaia De Angelis for her nurturing nature.

I enjoyed Pauline Pradal’s delightful dark humor and Alexandra Thoma’s kindness,
understanding and open minded nature. I also thank both for awesome french
sessions we have had. Alex has become one of the best office mate I ever had. I
am very grateful for her presence, she brought a very fresh spirit to our office and
the lab and have become a great support.

I also would like to thank recent members of SMal.. I will remember Francesca
Bono with her courage and boldness, Lorenzo Lucherini with his empathy and
sincerity, Tianyu Yuan with her cheerful nature and Eva Baur with her creativity.
I would like to thank our secretary, Mercedes Quintas, as she has always been very
cheerful, helpful, lovely and warm.

In addition, I thank all the students worked with me, namely Luc Monnier, Buse
Tatli, Andrea Calamida, Rodolphe Henri. It has been very joyful experience for
me to teach and collaborate with each of them. Their self-disciplined nature hence
brilliant work helped to advance this thesis.

I also would like to thank several people for technical support. Without their
diligent support to tackle challenges, it would be very difficult to proceed. 1
thank for their supports to David Bi and Arnaud Magrez on crystallographic
characterization, Daniele Laub, Fabienne Bobard, Lucie Navratilova, Gregoire
Baroz on electron microscopy and Jacques Morisod and Yann Lavanchy on IR and
TGA measurements.

This PhD journey introduced fascinating features of nature as well as great friends
to me. I would like to thank my collaborator, yet more than that, a close friend,
Nina Kolln Wittig. Being aside it was a joyful journey to work with her, she
has been an incredible support with her sincerity, cheerful and beautiful spirit. I
feel very lucky to meet her. I would like to send my sincere gratitude for their
presence to Louis Martin-Monier, William Esposito and Sarah Wehrle for board
game parties and gatherings we have. It was very fun to share memories with
them. In addition, I would like to thank my very kind fellows Suiyang Liao and
Francesca Olgiati, they both have been very helpful, kind and altruistic. It was a
real pleasure to meet them.

I would like to especially thank Lukas Riemer for his continuous, unconditional
friendship. He, whom I met as a new PhD like me on a breezy Bern morning and

he, who told me that he knows me because he heard me singing while doing the

vi



Acknowledgements

experiments regularly, has become a very close friend. He was the shoulder across
the corridor whenever I needed. Someone has never let me alone, no matter where
and when. My words are just insufficient when it gets to express my gratitude for
his friendship. I'm greatly indebted to him. As he introduced me to other awesome
people I would like to name some of them as well. Marge, Sergio and Jorge have
been very warm and welcoming people during these years. I truly enjoyed the time
we spent together, and very much appreciated their support and lovely environment
they set.

I would like to thank some of my Turkish friends, which helped me to alleviate the
homesickness especially during difficult covid times. Isinsu Katircioglu and Hande
Kabil have formed cheerful girl band. Being around them has always been fun. I
sincerely thank them. I also thank Merve Demir as we shared the PhD experience
simultaneously but only few thousand miles away.

I also would like to thank Bilal Demir. He has become a second family to me in
Lausanne. We went through good and bad, easy and very difficult times. He has
taken part in most of my memories in Lausanne, and I am deeply grateful that he
provided me a place of trust and full support with his presence. He has been a
teacher to me in the most challenging parts of my PhD and I learned tremendously
from him. I send my sincere thanks to him.

Last but not least I would like to thank my best friends, Ayfer Sarac and Gulay
Kart for their unconditional love and support. They have been with me more than
20 years and I found their support with me under every circumstance. I feel very
blessed to have them in my life. Finally, I would like to thank my family. During
my PhD I understood once more, they have been my real treasure. I have always
felt their heart next to mine and I am so thankful that they now witness of a
long-dreamed achievement of mine. I thank my mom and dad, Nuran and Aykut
Okur and my beloved sister Aysenur Okur, for being my family. And the most, I
am so grateful to almighty Allah, who made it all possible.

Lausanne, April 19, 2022 A.C. O.

vii






Abstract

Nature possesses a fascinating control over the size, structure, and orientation
of crystals such it can form gleaming surfaces with excellent optical properties
and high mechanical strength. This ability is exploited to form strong and tough
skeletons or to enable animals to adapt their properties to their environment. To
form synthetic crystals with similar sets of properties, we must understand the
crystallization in much more detail. One way nature controls the crystal structure
is through confinement. Crystals are formed in designed spaces with well-defined
dimensions or within cells that are specialized solely for crystallization. Inspired
by the techniques nature has, drops have been exploited as confinements. Using
drops, we can investigate how the different crystallization parameters influence the

size and structure of crystals.

This thesis is dedicated to gaining an understanding on the influence of processing
parameters on the structure of a low molecular weight organic compound, succinic
acid, that is used as a matrix to encapsulate volatile substances. To achieve this
goal, I employ emulsion drops and aerosols to study the crystallization kinetics
of succinic acid and other biologically relevant crystals. In the 3rd chapter, I
demonstrate that the structure of succinic acid crystals can conveniently be tuned
with the parameters used to spray dry these particles. For example, the crystal
structure of succinic acid strongly depends on the initial solute concentration and
solvent type used to formulate them from because these two parameters determine
the time crystals have to form while drops dry. In the 4th chapter, I study
how the initial solute concentration and solvent type influence the encapsulation
efficiency of a model volatile, vanillin, and its release kinetics. Succinic acid forms a
polycrystalline matrix that exhibits excellent encapsulation efficiencies for vanillin.
Thereby, I demonstrate that crystalline matrices composed of a low molecular
weight organic compound can successfully retain volatiles and control their release

kinetics, as they exhibit a low permeability towards them.

ix
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Finally, in the 5th chapter, I end my thesis by demonstrating that drops can also
be used to control the formation of other biologically relevant crystals, such as
CaCOs3, guanine and calcium oxalate. Single and double emulsions are employed
as pico-liter sized crystallization vessels that slow down the crystallization kinetics,
and thereby enable studying the formation of these crystals with a higher temporal
and spatial resolution. These findings open new routes to understand and mimic

the formation of biogenic crystals that display remarkable properties.

Keywords: drops, biogenic crystals, spray-drying, surface acoustic wave atomiza-

tion (SAW), microfluidics, volatile encapsulation, crystallization



Résumé

La nature possede un contréle extraordinaire sur la taille, la structure et 1’orien-
tation des cristaux de sorte qu’il lui est possible de former des surfaces brillantes
possédant d’excellentes propriétés optiques et mécaniques. Cette aptitude est no-
tamment exploitée pour former des squelettes extrémement rigides et résistants
ainsi que pour permettre aux animaux une parfaite adaptation a leur environne-
ment. Pour synthétiser de tels cristaux, il est essentiel de comprendre en profondeur
le phénomene de cristallisation. Une des méthodes utilisées par la nature pour
contrdler la structure des cristaux est le confinement. Ces derniers sont en effet
formés soit dans un espace clos prédéfini, soit dans une cellule spécialisée pour la
cristallisation. Basé sur les techniques observées dans la nature, les gouttes ont
été utilisées comme source de confinement. Nous pouvons ainsi étudier comment
les différents parametres de cristallisation influencent la taille et la structure des

cristaux confinés dans une goutte.

Cette these est dédiée a I'approfondissement de la compréhension de I'influence
des parametres sur la structure d’un composé organique de faible masse molaire,
I’acide succinique, utilisé comme matrice pour encapsuler des substances volatiles.
Ainsi, j'utilise des émulsions et aérosols pour d’abord étudier la cinétique de la
cristallisation de ’acide succinique, puis celle d’autres cristaux biologiques. Au
cours du chapitre 3, je démontre que la structure cristalline de ’acide succinique
peut aisément étre modifiée en jouant sur les parametres utilisés lors du séchage par
pulvérisation des particules. En effet, celle-ci dépend fortement de la concentration
initiale du soluté ainsi que du type de solvent utilisé, puisque ces deux parametres
déterminent le temps que les cristaux ont pour se former lors du séchage des gouttes.
Dans le chapitre 4, j'étudie comment la concentration initiale de soluté et le
type de solvent influencent I'efficacité d’encapsulation d’une molécule volatile, la

vanilline, ainsi que sa cinétique de libération. L’acide succinique forme une matrice

pal



Résumé

polycristalline qui présente d’excellente efficacité d’encapsulation de la vanilline.
Ainsi, je démontre que la faible perméabilité des matrices cristallines constituées
de composés organiques de faible masse molaire permet de contenir avec succes

des substances volatiles et de monitorer leur cinétique de libération.

Finalement, au cours du chapitre 5, je finis ma these en démontrant que les gouttes
peuvent aussi étre utilisées pour controler la formation d’autres cristaux biologiques,
tels que le CaCOs, la guanine et 1'oxalate de calcium. Les émulsions simples
et doubles sont employées comme des vaisseaux de cristallisation de 1'ordre du
femtolitre qui ralentissent la cinétique de cristallisation et permettent ainsi I’étude
de la formation de ces cristaux avec une meilleure résolution spatio-temporelle. Ces
découvertes ouvrent de nouvelles portes quant a la compréhension et la reproduction

de cristaux biosynthétiques présentant de remarquables propriétés.

Mots-clefs : gouttes, cristaux biosynthétiques, séchage par pulvérisation, atomi-
sation d’ondes acoustiques de surface (SAW), microfluidique, encapsulation de

substances volatiles, cristallisation.
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I} Introduction

In this chapter, I give an overview of potent applications arising from establishing
kinetic control over the crystal formation, the parameters used to control the crys-
tallization kinetics focusing on relative supersaturation and confinement and finally

the techniques, including drop formation to control aforementioned parameters.
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1.1 Advances and Challenges in Applied Crystals

1.1 Advances and Challenges in Applied Crystals

The structure of crystals strongly influences their properties such as optical appear-
ance [1-3], dissolution kinetics [4-6], or mechanical properties [7-9]. A possibility
to control the structure of crystals is to form them in drops. Indeed, the use of
drops to achieve such control is beneficial for the formulation of drugs and their
delivery. As we discover nature further, it becomes obvious that crystallization
in compartments has a lot more to offer. Nature frequently forms crystals under
confinement and these crystals display astonishing properties such as mechanical
and optical properties. By employing drops, we can mimic the techniques that
nature applies to produce crystals with remarkable properties. Crystallization
studies in drops have the potential to control crystal structure and morphology and
hence properties. Such basis can open up routes to alternative uses of crystals. For
instance, crystals composed of densely packed molecules can be used as a matrix
to encapsulate active ingredients such as volatiles, which requires ultimate control

on permeability.

Within this scope, in this section, the challenges and recent applications on crystal-

lization control in several fields will be discussed.

1.1.1 Volatile Encapsulation

Fragrances are volatile substances that are used as active ingredients in a wide
range of commonly used products including food [10, 11], cleaning products [12, 13],
perfumery and even in fashion [14-16]. Aside from the inherent volatility of
fragrances which makes it difficult to preserve them during storage, they span a large
range of partition coefficients. Thereby, they cover a wide range of hydrophobicity
and hence, tendency to phase separate from the medium they have been dispersed
in. Their inherent volatility and tendency to phase separate limit the shelf-life
of products containing them. To mitigate these limitations, fragrances are often

encapsulated to delay their evaporation and disperse them in water- based products.
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1.1.1.1 Volatile Classifications

Volatile oils are mixtures of hydrocarbon terpenes, sesquiterpenes and polyterpenes
and their oxygenated derivatives obtained from various parts of the plant. Volatile
oils have high vapor pressures such that they evaporate already at room temperature.
From ancient times, they have been considered as medicines and their antibacterial

and antioxidant properties are proven by modern science.

However, it is very rare to find their use in products in unprocessed forms as they
are very fragile. When they are exposed to light, air or heat, they oxidize easily
hence, the odours attributed to their natural chemical structures are compromised.

To prolong their shelf life, they must be encapsulated.
Chemically volatiles can be divided into 8 classes;

(i) Hydrocarbon volatiles,

(ii) Alcohol volatiles,

(iii) Aldehyde volatiles,

(iv) Ketone volatiles,

(v) Phenol volatiles,

(vi) Phenolic ether volatiles,

(vii) Oxide volatiles, and

(viii) Ester volatiles

Except of some aliphatic hydrocarbons and phenolic groups, most of the volatiles
are either sparingly soluble or insoluble in water. They possess good solubility or
miscibility in alcohols and various organic solvents. Their solubility in different

solvents determines their formulation.

Their interaction with fats and proteins makes them suitable to be encapsulated in
solid lipid carriers, yet they require special storage and transportation. Therefore,
more stable, dried formulations are preferred. Carbohydrates and their derivatives

such as maltodextrin are heavily used for their encapsulation. However, the volatile
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substances require an encapsulating matrix that possesses a very small mesh size

to prevent their loss during storage.

1.1.1.2 Conventional Matrices for Volatiles

Natural and synthetic polymers are heavily exploited as matrix materials for
volatile encapsulation. Gum acacia is an attractive natural matrix material that
displays a low permeability towards many volatiles and hence, retains them for
a prolonged time [17-19]. Unfortunately, this material is expensive such that it
is only used in selected products [20]. More price sensitive products frequently
contain capsules made of dextrin derivatives, mainly maltodextrin and cyclodextrin
[20]. Maltodextrin is popular due to its neutral taste and good barrier properties
towards many volatiles. It also results in solutions with a low viscosity if dissolved
below five dextrose equivalency (DE) [21]. This high molecular weight sugar
can thus be readily processed into particles and capsules through spray drying
22, 23]. While 10-20 DE maltodextrin is best suited for encapsulation and exhibits
the best retention, it has a poor emulsifying capacity, making the fabrication of
capsules from emulsion drops difficult [24]. The emulsion drop stability increases if
maltodextrin is mixed with whey protein, sodium caseinate and gum acacia [22, 25].
The variability in their properties between the batches is common to natural
polymers, which makes it difficult to closely control the dimensions, stiffness, and
release profile of volatile substances contained in them. Alternative matrices that
are frequently exploited for the encapsulation of volatiles include proteins and fats.
Sodium caseinate and lactose have been used as good emulsifiers, especially when
fats are used to encapsulate lipophilic volatile compounds [25-27]. Furthermore,
whey protein and pectin are used as wall materials thanks to their flow properties
28, 29]. However, these macromolecular actives can impose some restrictions
on the choice of active ingredients as they may have unwanted interactions with
certain volatiles and their intrinsic nature is vulnerable to create sensitivities such

as allergies and intolerance in their consumers [30-32].

A better reproducibility is achieved if synthetic polymers are employed as matrix
materials. For example, microparticles [33, 34] made of poly(lactic-co-glycolic
acid) (PLGA), and capsules [35-37] made of polycaprolactone (PCL), polyurethane
and polybutylcyanoacrylate (PBCA) are well-suited carriers for volatile substances

because they are biocompatible and the release kinetics can be tuned via crosslinking
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density [38]. If made out of PCL, these capsules slowly degrade, resulting in a
diffusion limited release of reagents that lasts for up to 24 months, rendering them
well-suited for detergent and textile applications [38, 39]. The degradation rate
and hence, release kinetics depends on the crosslinking density and the degree of

crystallinity of these materials, which are strongly related to their processing.

To further slow down the release rate, capsules have been made from inorganic
materials possessing a higher density than polymers, such as SiOy or CaCOs3
and the phosphates [40-42]. The loading efficiency of these inorganic particles is
dependent on pore size and chemical interaction of volatiles with the inorganic
matrix which is typically significantly higher that of polymeric counterparts. The
release kinetics is strongly influenced by the size, type of pores and the density of
the defects; these parameters depend on the processing conditions and templates
hence need to be tailored for each application [43, 44]. To render these capsules

less susceptible to defects, they are often strengthened with polymeric materials.

Overall, the use of high temperatures required to process such macro-molecular
matrices reduces the encapsulation efficiency of volatiles as a significant fraction is
lost during its formulation. Therefore, alternative technologies such as the use of
molecules with higher packing densities, e.g crystals and compounds with lower
molecular weights have been explored [45, 46]. To facilitate the fabrication of
capsules and thereby improve the control over the release kinetics while increasing
the scalability of the process, capsules have been produced from low molecular weight
organic compounds that easily crystallize to minimize their permeability towards
volatiles, such as erythritol [45]. In this case, erythritol is processed through spray
chilling and the release of encapsulants is typically triggered by temperature changes
that melt the capsule material. Low molecular weight compounds such as erythritol
exhibits an appropriate temperature range for processing, unlike previously used
molecules such as sorbitol [47] and mannitol [48, 49]. The encapsulation efficiency
strongly depends on the volatility of the encapsulant, which is influenced by
the processing temperature. Since the processing temperature for spray chilling
is around 130°C, a significant fraction of volatiles is lost during the processing.
Encapsulation efficiencies range from 60% for volatile substances up to 90% for
non-volatile counterparts if loaded in erythritol capsules [45]. Erythtritol rapidly
crystallizes such that it has the potential to encapsulate volatiles within crystalline
domains, thereby demonstrating a good retention control. However, the high

processing temperatures required to melt erythritol limit the use of spray chilling to



1.1 Advances and Challenges in Applied Crystals

formulate these capsules. Liquid volatiles can be trapped within crystal boundaries
yet, a more suited process and processing parameters that offer control over this

encapsulation remain to be discovered.

1.1.2 Pharmaceuticals

Pharmaceuticals are another field where crystallization control gains utmost impor-
tance. Control of polymorphism in drugs is crucial as exemplified by the scandalous
thalidomide use in pregnant women that caused irreversible natal defects over
10000 newborns [50]. The drug had been produced via a route where the two
polymorphs were in a racemic mix, however the 3 form was causing some mutagenic
effects. Nevertheless, the presence of polymorphs in drugs can also be beneficial,
as the conformation can enhance the interaction of drugs with their receptor [51].

Therefore, polymorphism control is an interesting topic in pharmaceuticals.

Aside from molecular aspects of drug crystallization, controlled polymorphism
attracts attention in pharmaceutical industry because it possesses a better com-
pressibility and bioavailability in certain drugs. Amorphisation of the compound
enhances the drug compressibility which is especially important for orally adminis-
tered active compounds. While polymeric excipients are used to ameliorate their
mechanical properties, these additives typically dilute the active compounds and
can cause phase separations. These shortcomings can be overcome if the active
compounds are formulated as amorphous phases because they possess a better

compactability compared to their crystalline counterparts.

An increase in bioavailability is another advantage of introducing polymorphs in
pharmaceuticals. Poor bioavailability is mainly due to the hydrophobic nature
of the drugs. It is known that almost 80% of the drugs are poorly soluble in
water [52]. This renders drug formulation challenging, as almost 70% of the body
is water. Therefore, there is a serious risk for these drugs to precipitate in the
body, causing side effects. In addition, administration of high doses of drugs
to overcome the bioavailability limitation and to fulfill their function can cause
toxicity. The solubility and hence bioavailability of hydrophobic drugs can be
increased with excipients. However, finding suitable excipients that do not cause
unwanted side reactions is laborious. Moreover, the selected excipient should have

adequate miscibility with the bioactive substance to prevent phase separations that
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eventually diminish the efficacy of the drug formulation. Alternatively, hydrophobic
drugs have been formulated as emulsions or vesicles. However, these approaches

only moderately increased the bioavailability of these drugs.

The bioavailability of these drugs can be more efficiently increased through mi-
cronization of the drugs as the precipitation of them is less likely to occur. Moreover,
micronization can result in metastable polymorphs that may exhibit better solubil-
ity profiles. Such micronization can be established via aerosol-based techniques such
as spray-drying. For example, chloramphenicol palmitate that is processed through
spray-drying transformed into particles with small sizes and specific polymorphs
that influence the solubility, dissolution rate, and hence the bioavailability of this
drug [53]. To advance these properties, fundamentals of crystallization should
be studied in-depth, and relevant processing parameters should be identified to

achieve control over the crystallization kinetics.

1.2 Kinetic Control on Crystals

Crystallization is one of the oldest fields in process engineering, which has played an
immense role on the rise of the chemical industry. It allows to purify and separate
compounds that enabled numerous technological advancements in ceramics, semi-
conductors and pharmaceutical applications. Despite the long history, industrial
needs require novel solutions for the control of the crystal structure of certain

materials including drugs, proteins and photonics.

These solutions could be found thanks to technological advancements on microscopy
and spectroscopy techniques. These techniques enabled crystallization studies on
the sub-micron scale, leading to discoveries of many morphologies as well as poly-
morphs of crystals which differ in their magnetic, optical and mechanical properties
[3, 54-57]. Such studies enabled us to understand the formation of crystals as well
as the properties of them in more depth; today critically pertaining to applications
for high-tech materials. For instance, the existence of polymorphs resolves the limi-
tations of hydrophobic drugs since different polymorphs exhibit distinct solubility
and dissolution kinetics. Photonic crystals, if engineered accordingly, could enable
high reflection coatings or mirrors. Hence, control over morphology and crystal

structure has gained high importance over the last few decades.
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In nature there are crystalline structures that show remarkable properties yet
the formation mechanism is still largely unknown. Once such mechanisms are
resolved and can be mimicked, we would get materials that have properties with
potentials that we have not reached yet. Most of these crystals are formed under
non-equilibrium conditions because the metastable crystal forms are kinetically
arrested.

1.2.1 Reaction Parameters and Relative Supersaturation

The kinetic control over the crystallization can be achieved by adjusting the forma-
tion parameters of crystalline compounds. According to the classical nucleation
theory, crystallization starts from nucleation, which is followed by the growth of
nuclei. Under equilibrium conditions, nucleation is a process driven by the chemical
potential difference Ap(Equation (1.1)), that is dictated by temperature T and, if

crystals are formed from solution, the relative supersaturation S.

1 — po = Ap = —kTInS (1.1)

While a low S is more suitable for the thermodynamically controlled crystallization,
a kinetically controlled crystallization usually occurs at high S. S is defined as the
concentration of a solute ¢ divided by its solubility product ks, (Equation (1.2)).
The different polymorphs of crystalline materials can have very different solubilities.
Hence, the crystal structure should be taken into consideration in the determination
of S. The solubility of a compound also depends on the temperature, pressure and
pH of the environment. Hence, these parameters change the relative supersaturation

and ultimately the nucleation rate.

=" (1.2)

Once the supersaturation exceeds 1, the first nuclei can start to form. However,
the formation of a nucleus involves overcoming the energy penalty caused by the
creation of a surface. Once the nuclei reach a critical size, the energy gain from
the formation of a bulk solid overcompensates the surface energy penalty such

that the nuclei become stable. This interplay in volume vs. surface energies is
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expressed in Equation (1.3) where the Gibbs free energy AG relates to the chemical
potential Ap, radius of nuclei r,, volume per molecule V,, and surface energy ~.
The formation of stable nuclei can be accelerated by any impurity that is found
in the system that can act as a heterogeneous nucleation site, which decreases
the energy penalty due to creating additional surface, hence making it easier for
nuclei to form (Equation (1.3)): This is called heterogeneous nucleation. In this
case, the nucleation rate I is controlled by the number of nucleation sites ny,
the critical Gibbs free energy AG*, temperature T and the hopping velocity vy,
(Equation (1.4)). In heterogeneous nucleation nucleation rates are faster and critical
radii are smaller compared to those formed through homogeneous nucleation, where

precipitation occurs in a pure system with no impurity.

4
AG = —37r7‘2.‘/: + 412y (1.3)
AG*
I x ng.exp(— T ).op, (1.4)

The stable nuclei start to grow after the critical threshold value in radius is reached.
Classical nucleation theory assumes that the growth of these nuclei progresses such
that one atom/molecule is incorporated into the nucleus per unit time. Hence,
in this simplistic case, the growth rate u is determined by the rate of atoms or
molecules that attach to and detach from the nuclei, which is governed by the
migration enthalpy as the nuclei are assumed to be spherical. This is shown in
simplified (Equation (1.5)) where AG,, is the migration energy, aq is a prefactor

and v is the attachment frequency.

u = vap[l — exp(—AkC;n)] (1.5)
The initial assumption of the classical nucleation theory was that nucleation is a
one-step process where the initial nuclei display the structure of the final crystal
and kinetic control over the crystallization process was maintained solely by one
free energy barrier. This assumption has been contradicted by many examples in
nature, hence the theory has been extended by the Ostwald’s step rule. According

to this rule, instead of a representative initial crystal structure, there can be many

10



1.2 Kinetic Control on Crystals

metastable structures that have different phases other than the thermodynamically

most stable one, as can be seen in Figure 1.1.

Thermodynamic A

AGyp + AGg()

Solution
(Mzq * Xag) --
Amorphous

Kinetic B

Final mineral (crystalline)

Figure 1.1: Ostwald step rule, adapted with permission from [58].

Over the years many examples of crystals have been reported whose formation path
cannot be explained by the classical nucleation theory [59-61]. The non-classical
theories make the prediction of which phase dominates under which condition
more difficult because each individual system presents a complex energy profile.
Especially in biogenic crystals, such as C'aC'Os, there are multiple short-lived
metastable phases that transform via non-classical pathways as exemplified in
Figure 1.2, yet for many of the pathways, control mechanisms are still unknown.
Nonetheless, factors such as the thermodynamic parameters: temperature, pH,

pressure, and confinement effect are used as tools to control the crystallization.

Environmental factors such as temperature, pH and pressure influence the free
energy profile which determines the most stable polymorph. They also influence
the supersaturation, and hence the chemical potential, opening up possibilities
to control nucleation. For example, temperature is a well-known parameter to
control the size and size distribution of particles. It is used for ceramic processing
to prepare rough ceramics through dynamic ripening which requires grain growth
control that is achieved by temperature programming. Temperature also enables

the selective growth of certain crystals as it may change the Gibbs free energy and
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Figure 1.2: Non-classical nucleation pathways adapted with permission from [62].

hence the most stable phase. Pressure is another factor that is used to control
the growth rate of several high molecular weight crystalline compounds such as
polymers [63] and proteins [64] and for polymorph screenings of pharmaceuticals
[65-67]. Pharmaceutical compounds can also be processed in different polymorphs
via pH modulation, as pH shows the strongest effect on the surface energies of

these compounds and hence their growth kinetics [68].

1.2.2 Confinement

Classical nucleation theory suggests supersaturation as a primary tool to control
crystallization kinetics, and hence to determine the morphology, polymorphs and
their kinetic stability, yet, many examples of biomineralization show that this is
not the only way. The marvelous designs of natural biocrystals such as shells [69],
teeth [70] and bone [71] demonstrate the importance of confinement on the final

morphology and crystal structure.

Confinement is considered to be the environment within which crystallization
occurs with spatial restriction in one or multiple directions. In nature, calcium

phosphate and calcium carbonate are popular examples of confinement controlled

12



1.2 Kinetic Control on Crystals

crystallization in living species. Under these conditions, nucleation rates are
expected to decrease as the probability of nucleation scales with the volume. For
finite volumes, the supersaturation degree will drop over time as the ion species are
depleted. Therefore, nuclei form and grow at much lower rates under confinement

compared to bulk systems [60, 72].
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Figure 1.3: Schematic illustration of two different nucleation models for collagen
mineralization. a) Extrafibrillar nucleation in unconfined space and b) intrafibrillar
nucleation in a confined gap region. ¢) Geometry of confined amorphous calcium
phosphate (ACP) nuclei in the gap region. Adapted with permission from [71]
under the license of CC BY 4.0.

In biology, confinement is caused by the matrix morphology. For instance, hydroxy

13
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apatite crystals are one of the primary constituents of bone and teeth. They are
responsible for the load bearing properties and mechanical strength. Such crystals
are formed within the cylindrical collagen matrix where crystals are nucleated
within pores with diameters between 20-40 nm [71]. In this case, one face is confined
allowing the formation of apatite with a specific orientation, as can be seen in
Figure 1.3. The resulting crystal orientation and morphology are very different
compared to crystals that nucleated in bulk. Hence, confinement yields unique
organization of the crystals that impart the crystals distinct mechanical properties
[7, 73].

Another fascinating confinement example of nature is guanine crystals. These
crystals very efficiently reflect light once produced and arranged in a specific way
and with a specific phase. Accordingly, these crystals give the materials unusual
optical properties allowing several species including deep sea fish and spiders, to
possess remarkable optical properties. Several studies show that those species have
one thing in common: they present in their body anhydrous guanine, which is a
metastable form of guanine that has been impossible to synthetically obtain from
aqueous systems until very recently [74]. Scientists observe similar confinement
effects on ACP in scallop eyes where guanine crystals are limited to layers that
have thicknesses of a few hundred nm, as shown in Figure 1.4 [75]. Spiders and
koi fishes are found to grow these crystals slightly differently than bone. Their
approach to have confinement is established through specific cells that perform
crystallization such that each cell could carry approximately 10 crystals in them,

as shown in Figure 1.5 [75].
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Figure 1.4: Micrographs of scallop eyes where mirrors composed of guanine layers
to maximize and manipulate the light reflection. Adapted with permission from
[76].
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Figure 1.5: (i) koifish (ii) koifish scale and iridophores composed of guanine crystals
from the skin of koifish. Reproduced with permission from [77].

These examples demonstrate the potential of controlling the crystal structures for
a diverse range of applications. Processes that facilitate crystallization opens up
new possibilities to make novel composite materials with distinct properties, such
as good mechanical and optical performances, that so far conventional techniques
can not provide. Indeed, the biomineralization field inspired many researchers to
develop new tools and applications to improve or transform the existing process-
ing techniques accordingly to mimic the strategies of nature to create high-tech
composite materials. Therefore, it is valuable to have a summary on this emerging

technology with a perspective on tools and techniques to achieve such control.
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1.3 Techniques for Crystallization Control

1.3 Techniques for Crystallization Control

Historically, control over crystallization aimed to establish processes that narrow
down the size distribution of particles, as summarized in Figure 1.6. This endeavor
is followed by the demand to precisely control the crystal growth of inorganic
materials to manufacture semiconductor crystals in the 1950s. This milestone
enabled tremendous achievements thanks to tremendous advances in electronics.
Starting from early 2000s, the control over crystal structure gained also importance
in the field of proteins. In addition, nucleation and growth control have required
in-depth understanding of processes, which allow the synthesis of many types of
nanoparticles possessing well-defined structures. The control over the structure
of crystals enabled the control of properties such as optical, electronic, magnetic

properties, chemical stability, and solubility.
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Figure 1.6: Crystallization operation scheme. Adapted with permission from [78].

1.3.1 Bulk Crystallization

Industrial crystallization started with batch crystallization where the prime objec-
tive was the synthesis of pure crystals with a narrow size distribution. This required
a good control over the nucleation. Verneuil is considered to be the founder of
industrial crystallization as, by 1902, he developed the first process named flame

fuston: in this process, the feeding powder is melted upon passing by the flame

17



Chapter 1. Introduction

and delivered onto the surface of the seed crystal to grow bulk crystals, as seen
in Figure 1.7 [79]. Flame fusion is one of the fastest crystal growing techniques,
yet was able to control nucleation to a significant extent. Hence with a pioneering
investment it has been used to grow Al,O3 based bulk crystals for ruby and sapphire
production for artificial gems in Paris, and for watch industry in Switzerland by
Djevahirdjian. However, the products have a large dislocation density, which needs
to be decreased for later advances in semiconductor and nanomaterial synthesis.
The Czochralski method can be used to produce crystals with fewer dislocations,
which are more suitable for semiconductors, and optical applications [54]. Hy-
drothermal synthesis is another method that has been used for bulk crystals and
nanoparticle formation [79-81]. During the following decades, numerous techniques
followed the Verneuil method, as only few of them are mentioned above. Most
of the techniques and famous theories for crystallization by Nernst and Volmer
that are still used today, have been developed before the 1950s and variations of
them have been established for the semiconductor technology. By the year 2000,

approximately 60% of bulk crystals were semiconductors (Figure 1.8).
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Figure 1.7: Verneuil method adapted with permission from [79].

This has changed during the last few decades. Advances in colloidal science and
biology opened up a new area of crystallization studies as the structure of the

resulting materials, such as proteins, drugs and colloids, are directly related to
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Figure 1.8: Estimated share of the world production of 20000t of bulk crystals
(1999). Adapted with permission from [82].

their performances. To obtain a good control over the size, seeded crystallization is
heavily used to take the system into the metastable zone, where no new nuclei form,
since the surface of the presented seeds lowers the energy barrier for the crystal
growth. Therefore, controlled growth can be achieved on top of the seeds, resulting

in crystals displaying a narrow size distribution, as shown in Figure 1.9 [78].
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Figure 1.9: Schematics of seed crystallization. Two regimes of crystallization
where Profile A shows a poor control over the size distribution and Profile B good
control growth over on the size. Adapted with permission from [78].

In addition to the size and size distribution control, crystal phase control has
been investigated for more intricate and complicated applications. For instance,
depending on their processing, one can influence the phase of superparamagnetic
iron oxide nanoparticles (SPIONs) which can then be used as magnetic resonance

imaging (MRI) agents [81]. Phase-controlled synthesis of metallic nanomaterials
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has a high potential, as it allows to control physicochemical properties such as
chemical stability, optical, electrical and magnetic properties and bandgaps [56].
Hydrothermal synthesis in which high pressure and temperature is applied, is used
as a popular route to achieve control over the crystal structure. It is reported
that experimental conditions such as temperature, pressure, solvent and precursor
concentration are used to fine tune crystal structure of the resulting nanomaterials,

allowing increased performances in various applications [56, 83].

The use of controlled crystallization is not limited to inorganic materials. Controlled
crystallization also accelerated the discovery of new drugs and screening assays
which have transitioned from library-based to structure-based. This brought up the
urge of protein crystallization, as the crystallographic data became a fundamental
part of simulations aimed to identify protein-ligand interactions [84]. The structure

of such macromolecules is tuned by various routes, as demonstrated in Figure 1.10
[85].
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Figure 1.10: Scheme of protein crystallization routes for controlled precipitation
and growth. Adapted with permision of the International Union of Crystallography
from [86].

There is still a large potential in crystal engineering to discover new materials.
However, it would be extremely expensive and hence not competitive, especially
for bio-derived molecules such as proteins, to screen the different crystal structures
through bulk crystallization. Therefore, templated crystallization that uses limited
volumes, for example if liquids are formulated as airborne drops or emulsions, is

attractive for these applications.
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1.3.2 Micron-size Templated Crystallization

1.3.2.1 Microfluidics

Within microfluidic devices, minute amounts of liquids in the range between
nanoliter (nL) and microliter (pL), that can impose confinement on crystallization,
can be manipulated through microchannels with dimensions varying from 1 to
1000 pm. Such systems display low Reynolds numbers, hence allowing controlled
laminar flows that minimize the mixing and hence reduce the reaction rates [87, 88].
Thanks to the low flow rates and low Reynold numbers, controlled flow can be
exploited for many applications including, drop formation [89], reaction kinetics
[90-92], and analytics [93].

Valves and wells have been widely used to screen proteins with microfluidics. The
amount of reagents added and the precipitation speed can be controlled by co-
flowing different fluids, optionally containing different reagents at defined rates,
as shown in Figure 1.11 [91]. Additionally, microwells enable trapping drops such
that reactions occurring within them can be monitored for a prolonged time. One
commercialized example of this technology is known as Slipchip. This system
enables versatile mixing and formation of different conditions simply by attaching
two microfluidic chips filled with different reagents and connected to different wells,
as shown in Figure 1.12 [94]. Thanks to this advancement, screening processes

become less time and resource consuming.

The laminar flow interface dictated by microfluidics also introduces a platform for
nucleation and growth of crystals. Such stable interfaces minimize the probability
of mixing of different reagents such that nucleation and growth is governed by the
diffusion kinetics. In this case, diffusion kinetics is dictated by the initial solute
concentration, flow rate and the dimensions of the microfluidic device [90, 96].
Such continuous crystallization has been used to screen short-lived metastable
phases. If performed via batch crystallization, it is not possible to quench them and
observe such phases due to the fast reaction kinetics. On the contrary, microfluidics
decreases the crystallization rate significantly, as it confines fluids. The control
on mixing and reaction rate microfluidics possesses makes it attractive for such

crystallization studies.

As crystallization can be achieved through many different methods, including the
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Figure 1.11: Optical micrograph of a microfluidic chip capable of mixing lipids
(L) and aqueous protein (Pr) solutions by pneumatic actuation. Adapted with
permission from [95].
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Figure 1.12: Step-by-step 3D schematic drawings with cross-sectional views that
describe the operation of the SlipChip. (a) Off-set view that shows the preloaded
wells of the bottom plate, the ducts of the bottom plate, and the wells of the top
plate. (b) View of the device available to the user, in which the top and bottom
plates are aligned. (c¢) and (d) Loading of a single sample through the overlapping
ducts of the bottom plate and wells of the top plate. (e) Slipping of the top plate
relative to the bottom plate disconnects the sample wells of the top plate from the
ducts of the bottom plate, and then exposes the sample wells to the wells of the
bottom plate containing reagents. (f) The red well schematically shows a reaction
taking place after mixing and incubation. Adapted with permission from [94].
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use of anti-solvents or precipitants, mixing within the microfluidic device plays an
important role for anti-solvent induced precipitation and reactive crystallization.
As a result, the structure of microfluidic channels has a strong influence on the
nucleation and growth. For instance, capillaries are mostly used for spherical
crystallization of proteins yet these structures are not suitable for anti-solvent
crystallization or reactive crystallization as the laminar flow makes mixing very

slow such that very long capillaries are needed to complete the process [93, 97].

Mixing of reactants can be accelerated with Y or T junctions. Zeng et al. used this
technique to study the formation of C'aCOs, as the crystallization time can be tuned
with the capillary length of the outlet channel. They observed several phases from
amorphous calcium carbonate at the proximity of the junction to the most stable
calcite observed at the proximity of the outlet as seen in Figure 1.14. This technique
is handy to observe the morphology and even perform Raman spectroscopy if
coupled to a confocal microscope. However, in-situ structural characterization
requires diligent sample preparation and ez-situ structural characterization is
limited. Most of the time, crystals start to adhere to the microchannel surfaces,
thereby preventing retrieval of crystals for proper analysis [89]. These limitations
can be addressed if emulsion drops are formed within microfluidic devices, as

discussed in the next section.
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Figure 1.13: Design of drop generation structures in microfluidics based on (a)
capillaries; (b) flow-focusing; (c) Y-junctions; and (d) T-junctions. Adapted with
permission from [97].

23



Chapter 1. Introduction

100um

Figure 1.14: Formation of branched ACC at the center of the Y-junction when di-
rectly mixing solutions containing equimolar concentrations of C'aCly; and NayC O3
(20 mM) in microfluidics. Adapted with permission from [88].

1.3.2.2 Drops
1.3.2.2.1 Emulsions

Emulsions are drops dispersed in another immiscible fluid. In the simplest case,
single drops are dispersed in a second fluid. These are called single emulsions. If
small drops are contained in larger drops contained in a third fluid, they are called
double emulsions. The dispersed phase can either be water based or oil based. Most
of the crystallization studies in emulsions are performed in the core of aqueous drops
that are surrounded by a continuous oil phase. In the early 2000’s emulsions were
mainly used to control the crystal size distribution of macromolecules such as fats
and proteins [98, 99]. However, the lack of control on the size of emulsions formed
with bulk techniques, such as shaking, has prevented their further use to screen
crystallization parameters [100]. Additives, such as surfactants and nanoparticles,
needed to stabilize the emulsions, act as heterogeneous nucleation sites and thereby

increase the nucleation rate and limit the growth rate [100, 101].

Drops with a narrow size distribution can be formed in flow focusing microfluidic
devices. These drops are suitable for crystallization screening since they can be
treated as identical crystallization vessels. The low volume needed to perform
drop-based screening assays also enables the screening of expensive substances.
In addition, the large number of drops that can be formed and analyzed allows
for statistical analysis (Figure 1.15) [102]. These advantages allow to screen and

monitor multiple crystallization conditions simultaneously.
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Figure 1.15: (i) Nucleation and growth of a crystal from a protein dense aggregate
at () t =0, (b))t =158, (c)t =45, (d)t =75, (e) t = 120 s, and (f) t
= 300 s. (ii) (a) Drop generation using a co-flow microfluidic device fabricated
using PDMS (b) Detected drops with crystals highlighted in green and without
crystals highlighted in red. Reproduced with permission from [102]. Copyright
2014, American Chemical Society

To monitor crystallization for a prolonged time, trapping devices have been in-
troduced [103, 104]. Drops with diameters larger than the channel height are
squeezed into a channel. The channel contains areas where its height abruptly
increases. When the drops reach such an area, they relax, thereby lowering their
surface area. The energy gain associated with the reduction in surface area is equal
to the trapping energy that immobilizes the drops at these locations [105, 106].
Cavanaugh et al. utilized this system to study CaCOj crystallization as shown in
Figure 1.16. As these devices are made either from polydimethylsiloxane (PDMS)
or glass, they are transparent and permit the in-situ observation and to some extent

characterization of crystallization [90]. The main limitation of these systems is
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the stability of the emulsions during crystal formation. Crystallization conditions
may require changes in pH, osmotic pressure and temperature that diminish the
emulsion stability. Recent studies demonstrated that w/o/w double emulsions
produced with microfluidics can be used for studying protein crystallization with
minimal shape distortion of the emulsions, as demonstrated in Figure 1.17 [101].
Alternatively, separation of drops with air-liquid interfaces through levitating the

drops or aerosol formation can be used to avoid drop coalescence.
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Figure 1.16: (i) (A) Schematic drawing of the trapping device. In the oil channel,
drops display an ellipsoidal shape (B), but can relax on entering the wells (C). (D)
Plot of stoichiometric equivalents of COy and N H3 delivered to the drop versus
time, predicted by finite element modeling. (ii) Observed phase transformations in
the trapping device. Raman spectroscopy demonstrates the potential to observe
multiple short-lived metastable phases. Adapted with permission from [90].
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Figure 1.17: Protein crystallization using the double emulsion-based approach
on various compounds including (a) Lysozyme; (b) Thaumatin; (¢) Trypsin; (d)
Horseradish peroxidase. Scale bars: 300 pm. Adapted with permission from [101].

1.3.2.2.2 Aerosols

One of the main routes to form micrometer-sized crystals is through aerosols. By
controlling the drying time of drops, the crystallization time and hence the crystal
structure can be controlled. The drying time can be controlled through the solvent
choice, drying temperature and the initial size of aerosols. Such control can be

established via several techniques.

1.3.2.2.2.1 Spray Chilling

Spray chilling is a process where molten liquid is atomized into aerosol drops that
are rapidly cooled down to form prills or powders [107]. Such rapid cooling helps
restricting the crystallization time since the mobility of molecules has become
limited within a short period of time. Spray chilling or congealing can otherwise

be used as a technique to form metastable or amorphous particles [108].

The viscosity of liquids to be processed through spray techniques must be low.
This limits the amount of reagents that can be dissolved in the solution. This
limitation can be overcome by spray chilling pure, undiluted materials. However,
the processing temperature should be chosen such that the melt viscosity is in
the range where aerosols can be produced [109]. Therefore, materials suited for
spray chilling are low molecular weight compounds that have relatively low melting
points and exhibit fast crystallization [49, 110, 111]. Aerosols formed through
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spray chilling are used to fabricate amorphous/nanocrystalline metal coatings as
a barrier material against extreme thermal conditions, abrasive wear, and creep
as sprayed drops deposit as particles with controlled crystal structure [112, 113].
Another application is the use of low molecular weight organic crystals, such as
sugars like erythritol and mannitol used to retain volatile fragrances and sensitive
food ingredients. It is possible to produce polycrystalline matrices out of these
materials to encapsulate fragrances, as shown in Figure 1.18, thereby increasing
their storage and release control [45, 46, 49]. However, the use of high temperatures

to formulate volatiles is not desired due to a high loss of volatiles during processing.

Figure 1.18: Fine crystalline particles formed by spraying (A) pure erythritol
and (B) an erythritol/limonene emulsion as imaged by slightly uncrossed (75°)
polarized light. While several gas bubbles are seen within one of the particles of A,
particles in B also contain a multitude of fine oil droplets dispersed throughout the
structure. Adapted with permission from [45].

1.3.2.2.2.2 Electrospraying

Electrospraying is a promising technique to fabricate aerosols with small sizes
that can be translated into small particles [114-116]. In electrospraying, a high
voltage is applied to a metal nozzle where the conductive solution is delivered
with a controlled flow rate by a syringe pump. At the nozzle, the liquid is broken
into drops that are collected on a grounded substrate, as shown in Figure 1.19
[117]. Due to the high voltage applied on the conductive solution, a Taylor cone
is formed, which then transformed into a jet with high charge density. If high
molecular weight polymers are included in the solution, the jet is able to carry a
high tension. This tension distorts the jet into a spindle form, creating nano or
micronscale polymeric fibers that reach the collector. If the electrospray setup is

used for the formulation of pharmaceuticals, the aim is to form tiny drops that

28



1.3 Techniques for Crystallization Control

can be collected as nano or micron sized particles on the collector. The size of the
drops depends on the flow rate, the applied voltage, electrical conductivity of the

solution and its dielectric constant [118].

Jet = Evaporation

Nozzle

\ Coulomb
/ & e fission
Droplets e W

Taylor- \©
AU cone /
Crystals

Figure 1.19: Schematics of electrospray process, adapted with permission from
[117].

Since with electrospraying, drops with diameters on the order of micrometers can be
produced, this technique can be used to form small drops. Rapid drying may also
allow kinetic quenching of metastable structures if the drying time is shorter than
the time needed to form the most stable crystal phase. Hence this technique is used
to formulate amorphous active pharmaceutical ingredients (API) [114, 116, 119].
It has the advantage that substances can easily be produced at room temperature.
However, compounds that are sensitive to high electric fields and accumulated
charge density in the drops cannot be processed through electrospraying. Moreover,
during the powder processing, evaporation of drops increases the charge density to a
point, where Rayleigh disintegration can occur. Above this limit, the accumulated
charge repulsion overcomes the surface tension, so that the drop emits highly
charged offspring droplets that stay separated. Such a system naturally forms
a bimodal distribution of droplet sizes and nanoparticles thereby, comprising
the control on the crystal structure. Therefore, nebulization with a better size

distribution such as spray drying can be used to study crystallization.

1.3.2.2.2.3 Spray Drying

Spray-drying is a technique that has mainly been exploited in food industry to
formulate capsules for flavors [47, 120], fragrances [16, 121], food compounds
[122, 123] and many more [124-126]. In addition, in pharmaceutical industry it is

used to produce drugs [127] and to embed them in a matrix [128] or an excipient
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[129] to ameliorate their delivery and bioavailability [51, 130]. It is a technique
used to process solutions into drops and, subsequently dries them during their flight
within a temperature controlled chamber. The resulting particles are collected

within a separate collection chamber [131, 132].

The conventional setup mainly consists of an atomizer that forms aerosols, a drying
chamber where drops are dried through the temperature-controlled gas flow to
form solidified particles, and a cyclone that neutralizes the particles and separates
them into another chamber called collector, as shown in Figure 1.20. The most
common nozzle type is a two nozzle system, however, nozzles can be varied to
specific applications that require high viscosity and low shear, high temperatures

and pressures and so on.

Auto Deblock =====5 Peristaltic Pump

Two-fluid nozzle ------- =y Working Indicator

_J Power Switch

7 eieiale Touch Screen
Atomizing dry eeece-aaad

chamber e PT-100 Aviation

Interface
____________ Glass Elbow
uuuuuuuuuuuuuuu Cyclone
Collection bottle ======-==
separator

e . TR e Collection bottle
Power connection ------- -

Figure 1.20: The photo of a spraydryer.

Spray-drying is a very powerful technique, because it is a flexible, one-step process to
directly transform liquids into solid particles with a high scalability and versatility.
The technique demonstrates ease of processing, simplicity and low operating
costs [133]. Compared to its competitors, it is also energy efficient [134]. As
a result, spray-drying has become the dominating approach to form powder at
high throughputs in many areas, especially in food industry, where spray-drying
accounts for almost 80% of the flavor encapsulation (Figure 1.21) [135].
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Figure 1.21: Statistics demonstrating the processes of flavor encapsulation, adapted
with permission from [135].

Conventional spray dryers form drops with diameters of 10 to couple of hundreds
of micrometers [131]. Their size inversely scales with the nozzle pressure [136, 137].
While commercial spray driers can process solutions up to 10L/hour, spray-dryers
that are used for scientific purposes, named mini spray-driers exhibit feed rates
of a few liters per hour. Temperature is an important parameter that determines
the drying rate of the solution and the amount of solvent residues in the spray
dried particles. The latter is especially important, since the amount of solvent that
remains in the powder dictates the shelf life of the final product. Industrial scale
spray-dryers dry drops at temperatures up to 500 °C, while the ones that are used
for scientific purposes can increase the temperature up to 250 °C [138]|. The drops
produced by regular spray-dryers are completely dried within 1s. However, an early
skin formation due to primary drying on the surface of the drop can occur within
10 ms, as demonstrated in Figure 1.22. Whether such a crust forms is determined
by the Peclet number (Pe). The value of Pe indicates whether the evaporation
rate is faster compared to the diffusion of the solutes. The interplay between
solute diffusion and evaporation rate influences the final particle morphology. By
tuning Pe, the processing parameters can be tuned in a way that encapsulants

are homogeneously distributed within matrix or core-shell structures are obtained
[139].

As the Pe number depends on the drop size, nanospray-drying received high visibility

to improve this parameter by decreasing the drop size, especially in the last decade.
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Figure 1.22: Schematics of drying process demonstrating the main processing
parameters and time scale of drying, adapted with permission from [139].

While the working principle is fundamentally similar to conventional spray-dryers,
there are some essential differences. To produce particles in the nano regime, the
drops must be smaller compared to drops produced by conventional spray-dryers.
Assuming one drop forms one particle, with the average solid concentration C in
the order of 0.1 to 0.01 g/mL and a density p around 0.9 to 1.5 g/cm? nanometer
sized particles can only be produced if the drop diameter dp is below 10 pm as
determined with Equation (1.6), where d,, is the particle diameter. Drops with
such small sizes cannot be obtained with the two nozzle system where the drop
size is determined by the gas pressure. In this case, by increasing the gas pressure
the drop size can be reduced down to 10-20 pm [140]. To form smaller drops,

nanospray-dryers use a different atomizer called vibration mesh technology.

-

dp:dD‘( )

Os
" (1.6)

This new droplet generator uses an electronically driven piezoelectric actuator that
vibrates the thin spray mesh, as shown in Figure 1.23. The mesh contains 1000-2000
laser drilled micron-sized holes with conical shapes for fluid supply [141, 142]. The
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ultrasonic vibration frequency ranges between 80 to 140 kHz. The vibrating mesh
breaks the fluid into drops that fly into the drying chamber. With this method,
droplets with a very narrow size distribution can be produced. Approximately 100
million precisely dimensioned droplets are produced per second, given the average
feed rate is 10 mL/h, the vibration frequency is 100 kHz and 1000 active holes are
found in the spray mesh [140]. The uniformity of the droplet size is mainly defined
by the uniformity of the holes. The droplet size depends on the mesh size and
the physicochemical properties of the fluid, such as viscosity and surface tension
[140]. The diameter of droplets produced through these holes varies between 5-10
nm [143]. The droplets are dried within a laminar flow of gas to prevent that they
merge such that the droplets are transformed into nanoparticles once completely
dried. The residence time for these droplets is 3-6 s in the short setup and 7 to 15
s in the tall setup [140]. However, collecting nanoparticles is more difficult then
collecting microparticles as their impact on the substrate can easily be hindered by
the gas flow. Yet, with more advanced filters and more effective collecting units,

particles with controlled sizes and structures can be obtained and collected.

spray head
piezoelectric hole
actuator
spray cap
high frequency droplet
push vibration puII
/ / ‘“l‘
00000

spray mesh droplets aerosol

Figure 1.23: Schematics of drying process demonstrating the main processing
parameters and time scale of drying, adapted with permission from [126].

To achieve control over the size and crystal structure, there are several processing
parameters that can be explored and tuned, as shown in Figure 1.24 and Table 1.1.
One of the main parameters to control the structure is the drying time. As the
size of the drops gets smaller, the time required to dry them is reduced. This may
limit the time for molecules to arrange into the most stable phase. Therefore, these
dryers are well-suited to formulate pharmaceutical, biomedical and food related

compounds as for example, metastable or amorphous phases. The drying time can
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be controlled with the drop size, which is governed by the spray mesh size and

vibration frequency, temperature, as it influences the evaporation rate, and solvent

type, since the evaporation rate is intrinsically determined by the vapor pressure of

the solvent.
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Figure 1.24: Process parameters and formulation variables for the production of
bioactive food-loaded nanoparticles by nano spray drying, adapted with permission

from [141].
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Spray drying has been applied to many food and pharmaceutical compounds where
crystal structure determines their performance. For instance, chitosan which is used
as wall material for encapsulation is formulated as amorphous phase via nanospray-
drying to encapsulate and better embed levofloxacin, a respiratory system drug
[144]. Moreover, crystalline compounds such as acidifiers like potassium bitartrate
and colorants such as sodium sulfite are processed to demonstrate the advantages
of their amorphous structures [141]. In addition, many pharmaceutical compounds
and excipients such as succinic acid have been formulated as amorphous phases
to increase their bioavailability and dissolution rate [145]. Despite the many
advantages, the risk of clogging of spray meshes limits the use of this technique.
This can be resolved with a nozzle-free production of aerosols via techniques such

as surface acoustic wave atomization.

1.3.2.2.2.4 Surface Acoustic Wave Atomization

Another way to form aerosols with small diameters is through the use of Surface
Acoustic Wave (SAW) atomization. SAWs are sound waves that travel parallel to
the surface of piezoelectric materials, with decaying amplitude into the piezoelectric
material, in a way that the waves are kept confined to the surface (approximately
one wavelength) [146]. SAWs can be generated on the piezoelectric material with
an alternating voltage that is applied onto an interdigitating transducer (IDT), as
shown in Figure 1.25. The pitch of this IDT determines the wavelength of the
SAW.

The SAW can interact with liquid and transport it on the piezoelectric chip surface.
If focused on a specific point on the chip, it can cause capillary waves through
streaming, which eventually creates a Rayleigh instability and forms droplets. The
diameter of the droplet can only be as large as the capillary wavelength \. The
capillary wavelength and the size of the droplets are determined by the frequency
of capillary wave f., surface tension 7 and density p of the liquid as shown in
Equation (1.7) [148]. In case of continuous liquid delivery with a flow rate that
is similar to the atomization rate, a continuous formation of droplets is achieved.
Upon drying of these droplets, a continuous formation of nanoparticles is possible.
With such a system, drops with diameters up to 10 pm can be produced; these
droplets dry within a few hundred ms. The applicability of this technique for the

formation of particles with controlled crystal structures has been demonstrated
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with some organic salts and hydrophobic drugs [149]. Because this atomizer does
not possess any nozzle, it does not risk clogging, thereby increasing its operation

robustness.

21y
A p—
( pIZ

Microfluidics based SAW spray-drying can open up new routes to produce novel

)3 (1.7)

materials with controlled microstructure, thanks to their production of kinetically
controlled nano-sized powders. This feature can be used in pharmaceutical pro-
cessing, as the bioavailability and solubility of these compounds strongly depends
on their crystal structure. In addition, compactability of these compounds is
a critical parameter to form pellets for orally administered drugs and it is also
influenced by the crystal structure of the compound. Such control in bulk methods
is challenging, due to the difficulty to achieve control over the nucleation in large
volumes, as it requires compatible additives and laborious processes to achieve
ultimate pharmaceutical product. However, through the use of microfluidic SAW
device, it is possible to limit the crystallization volume into micron sized airborne
drops enabling control over the crystal structure thus, physicochemical and me-
chanical properties of the pharmaceuticals. It is also possible to control phase
separation and tailor the resulting particles as matrix systems for volatiles. Unlike
conventional encapsulation systems where high molecular weight compounds are
spray-dried with elevated temperatures that are detrimental for volatile compounds,
microfluidic spray dryer has the advantage of rapid drying of tiny drops, quickly
arresting volatile substances within low molecular weight matrix compounds in
milder temperature conditions. Such control can be achieved through the control
of processing parameters such as drying time and supersaturation of solutions such
that volatile substances can be kinetically trapped within matrices composed of
low molecular weight compounds. While conventional matrix materials with high
molecular weight and relatively large mesh sizes lack control over volatile release,
with this technique low molecular weight crystalline compounds can be processed
to form low mesh size matrix with controlled phase separation hence, presenting

control over volatile release.
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Figure 1.25: SAW propagation along a piezoelectric substrate. (a) Configuration of
the SAW device and the IDT electrode deposited on the piezoelectric substrate to
generate the SAW. (b) Interaction of the SAW with a fluid causes drop deformation
through acoustic streaming. The SAW amplitude is reduced by the interaction with
the drop due to viscous dissipation. (¢) Schematic representation of atomization
occurring from the free surface of the drop. Adapted with permission from [147].
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Materials & Methods

In this chapter, I present the experimental methods used in the projects. I elaborate
on the fabrication of SAW and microfluidic PDMS devices, the production of

emulsions and characterization tools.
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2.1 SAW Atomization

2.1.1 SAW Device Microfabrication

The surface acoustic wave (SAW) device is composed of a piezoelectric LiNbO3
chip onto which an interdigitating transducer (IDT) pattern is printed. To deliver
fluid to the right location, I employ PDMS-based microfluidic channels. The device
is fabricated in the clean room facility (Center MicroNanotechnology (CMi)) at
EPFL. A clean lithium niobate LiNbO3 wafer with a YX cut at 128° (Roditi) is

used as a piezoelectric substrate [150].

The lift-off process is used to form IDT patterns on piezoelectric substrates [149].
First, negative photoresist AZ nlof 2020 (Merck) is deposited onto the wafer through
spin coating by automated resist processing (EVG 150) to form a layer with the
thickness of 2 um. This is followed by a soft-baking step at 110 °C for 75 seconds.
The wafer is than exposed to a laser with 335 nm and a dose of 21.6 m.J/cm? by a
direct laser writer (VPG 200, Heidelberg Instruments). The equipment illuminated
the wafer with a write head of 10 mm focal length according to the desired design
of IDT. Upon 75 seconds of development, the wafer is washed with AZ 726 MIF
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2.1 SAW Atomization

(MicroChemicals) and rinsed with water to strip the regions, resulting in IDT

patterns surrounded by unexposed photoresist.

Conductive metal deposition is performed via electron beam evaporation (EVA 760,
Alliance-Concept) to complete the IDT patterning. A titanium layer with 5 nm
thickness is deposited as an adhesion layer, followed by the deposition of 200 nm of
aluminum layer. Finally, the remaining photoresist is removed through incubation
of the wafer in Remover 1165 for 12 h and subsequent rinse with isopropanol and
DI water. The dried wafers are diced into chips of 2 cm x 3 em such that each chip
has one IDT pattern. This is performed by an automated dicing saw (DAD321,
Disco).

To control the amount and location of fluid supplied to the SAW chip, I attach
poly-(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning) based microfluidic
channels that are 40 pm tall and 50 pm wide are produced using soft lithography;,
as detailed in Section 2.2. To form the outlet, the channel is cut on one side
and bonded on a LiNbOj chip using an oxygen plasma (PlasmaPrep 2, Gala
Instrumente) such that the channel outlet is aligned with the focal point of the

SAW to maximize the atomization throughput.

2.1.2 Operation of the SAW Device

To operate the SAW device, the fabricated chip containing the IDT is interconnected
via Printed Circuit Board (PCB) to the SAW Generator BSG (Belektronig), which
provides AC voltage. The SAW Generator is a specific device designed to produce
SAWs. It acts as a network analyzer to determine the SAW resonance frequency of
the IDT pattern, and an AC function generator with a radio frequency amplifier
to provide AC waves with the determined resonance frequency of the chip to form
SAWs. The chips used for the studies presented in the thesis have resonance
frequencies around 32.5 MHz and 64.5 MHz. I used 64.5 MHz to produce SAWs
and the output power has been set to 4W, which can create atomization. In the
meantime, liquid to be atomized is delivered through the microfluidic PDMS inlet
at a flow rate of 1.5 mL/hr, controlled by a syringe pump (Cronus Sigma 1000,
Labhut).
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2.2 Microfluidic PDMS Device

2.2.1 PDMS Device Fabrication

The master wafer that is used to produce PDMS microfluidic devices is fabricated
using soft lithography [151] in the clean room facility (Center MicroNanotechnology
(CMi)) at EPFL. The negative photoresist SU-8 (Series 3000, Microchem, USA) is
spin coated onto a silicon wafer. The wafer coated with photoresist is pre-baked
on a hotplate at 95°C. The photomask (OutputCity, USA) with the print of the
targetted channel layout constructed by AutoCAD is placed onto the wafer and
exposed to UV-light. The transparent parts of the photomask allow the exposure
of certain parts that are thereby crosslinked. After exposure to UV light, the wafer
is post-baked on a hotplate at 95°C. For double emulsion devices, two additional
layers are spin coated onto the wafer. In between each step, the photomask is
aligned using a mask aligner (Suss MJB4). Once all layers are completed, unreacted
photoresist is dissolved by propylene glycol methyl ether acetate (PGMEA, Sigma-
Aldrich). The master wafer is dried and treated with a solution of 2 wt% of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, USA) dissolved in
HFE-7500 for 2 minutes. This is important to facilitate the PDMS removal from

the wafer.

To produce PDMS devices from this master wafer, uncured PDMS and a crosslinker
(Sylgard 184 silicone elastomer kit, Dow Corning) are mixed in a 10:1 ratio, and
poured onto the wafer. The wafer containing the PDMS and crosslinker was
degassed for several minutes and placed in an oven at 70°C overnight. Upon
completion of curing, PDMS pieces with the desired microfluidic geometry on their
surface were cut and peeled off. Holes are punched to be used as inlets and the
outlet using a 1 mm hole puncher. Finally, the PDMS surfaces with the pattern is
activated using oxygen plasma (GaLa Instrumente) for 45 s to bond to them either
a glass slide or another PDMS piece. In case of flow focusing devices that are used
for double emulsion production, PDMS pieces are bonded to each other to be used

as 3D-microfluidic device.
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2.2.2 Surface Treatment

To form drops in microfluidic devices, channels must be non-wetting to the inner
phase. To form w/o single emulsions, the channel walls are made fluorophilic by
injecting an HFE-7500-based solution containing 2 wt% of trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (Sigma-Aldrich, USA) for 10 min.

To produce double emulsions, the channels that polyvinyl alcohol (PVA) is delivered
through are treated to be hydrophilic, while the channels designed to transport
HFE-7500 with the surfactants through should be rendered fluorophilic to prevent
wetting of the inner phase on the PDMS walls. To achieve this, first, all the channels
are activated through filling them with 1M NaOH solution. After 10 minutes of
incubation, NaOH is rinsed with DI water and channels are dried with compressed
air. To render the main channel downstream the 3D junction hydrophilic, I
treat it with an aqueous solution containing 2 wt% polydiallyldimethylammonium
chloride (Sigma-Aldrich, USA). Subsequently, I render the middle phase channels
fluorophilic, as I treat them with an HFE-based solution containing 2% (v/v) of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, USA). The solutions
are kept in the channels for 30 min and the channels were dried with compressed

air.

2.3 Characterization Tools

2.3.1 Scanning Electron Microscopy (SEM)

To characterize the size and morphology of particles, they are imaged with a
scanning electron microscope (Zeiss Merlin field emission SEM) that is operated
at an acceleration voltage of 2 kV and 100 pA using an in-lens detector. Particles
are collected on a one-side polished silicon wafer. To avoid charging effects, the

samples are coated with a 4 nm thick iridium film (Quorum Q 150).

2.3.2 X-Ray Diffraction (XRD)

The structure and the structural stability of spray dried particles are characterized
as a function of time using powder X-ray diffraction (pXRD). To maximize the

signal-to-noise ratio, the grazing incident configuration is used with an angle of 1°
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over 26 ranging from 10-30°. Particles are collected on a one-side polished single
crystal silicon wafer that does not yield any 26 peak in the region of interest and
stored under ambient conditions. They are characterized with an Empyrean X-ray
diffractometer (PANalytical) with PIXcel-1D detector using a Cu Ka source with
a wavelength of 1.5405 A°.

2.3.3 Thermogravimetric Analysis (TGA)

The amount of vanillin contained in particles is quantified using thermogravimetry
analysis (TGA 4000 from Perkin Elmer). The sample is heated from 30 to 250
°C at a rate of 1 °C/min before the temperature is maintained for 2 min. To
determine the release kinetics of vanillin, I perform isothermal TGA measurements.
The samples are heated from 30 to 65 °C at 35°C/min and maintained at this
temperature for 300 min. To ensure all vanillin is released and to quantify the
amount of capsules contained in the crucible, I subsequently heat the sample from
65° to 250° at 1°C/min.
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Template

In this chapter, I describe the influence of microfluidic spray dryer processing
parameters on crystalline succinic acid nanoparticles. I demonstrate that the solute
concentration and the solvent type strongly influence the crystal structure and

crystal structure stability.

This chapter is adapted from the paper in preparation entitled “Controlling the
Crystal Structure of Spray-dried Succinic Acid Particles” authored by Aysu Ceren
Okur, Philipp Erni, Lahoussine Ouali, Daniel Benczedi, and Esther Amstad. A.
Okur performed all the experiments. A. Okur and E. Amstad analyzed all data

and wrote the manuscript.
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3.1 Abstract

Many properties of materials, including their dissolution kinetics, hardness, and
optical appearance, depend on their structure. Unfortunately, it is often difficult to
control the structure of low molecular weight organic compounds that have a high
propensity to crystallize if they are formulated from solutions where they have a
high mobility. This limitation can be overcome by formulating these compounds
within small airborne drops that rapidly dry, thereby limiting the time molecules
have to arrange into the thermodynamically most stable phase. Such drops can be
formed with a surface acoustic wave (SAW)-based spray-drier. In this chapter, I
demonstrate that the structure of a benign, pharmaceutically relevant low molecular

weight compound, succinic acid, can be readily controlled with the time these
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molecules have to solidify during the drying of the drop. Succinic acid particles
preserve the metastable structure over at least 3 months if the initial succinic acid
concentration is below 2% of its saturation concentration. I demonstrate that also
the stability of the metastable phases against their transformation into the most
stable phase increases with decreasing initial solute concentration of the spray-dried
solution. These results open up new opportunities to control the crystal structure
and therefore properties of low molecular weight compounds that have a high

propensity to crystallize.

3.2 Introduction

Many physicochemical properties of materials, such as their color [152-154], con-
ductivity [155], density [156] and solubility [5, 51] depend on their structure. For
example, the dissolution kinetics and hence bioavailability of many poorly soluble
drugs increases if formulated as a metastable phase. The structure of materials is
often controlled with additives. However, these additives typically increase product

cost and reduce the efficiency of active ingredients because they dilute them.

The structure of materials can also be controlled through their processing. For
example, active pharmaceutical ingredients (APIs) have been processed into amor-
phous particles through ball milling [157-159] or freeze drying [160]. However,
these techniques are time consuming and hence costly. A cheap, high throughput
method that offers some control over the structure of the resulting particles is bulk
recrystallization. This technique was used, for example, to formulate carbamazepine
(CBZ) as a metastable phase [4]. However, even if formulated as a metastable

phase, its dissolution kinetics is slow such that its bioavailability is compromised.

This shortcoming can be addressed by co-crystallizing the active ingredient with
more soluble low molecular weight excipients such as succinic acid. Unfortunately,
the high propensity of low molecular weight excipients to crystallize risks phase
separations and ultimately disproportionation which makes bulk processing time
consuming, and costly. A means to overcome this limitation is spray drying
(161, 162].

Indeed, many active ingredients including carbamazepine [163, 164], nicotinamide

[164, 165] and salbutamol sulfate [166, 167] are co-spray dried with low molecular
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weight additives such as succinic acid [163] and some excipients such as lactose
[166, 168] and mannitol [169-172]. The structure of these compounds can be tuned
with the processing temperature, initial solute concentration, solvent evaporation
rate, and solvent quality [27, 103, 173].

The structure of active ingredients is often controlled to tune their dissolution
kinetics. By contrast, the structure of the carrier matrix strongly influences the
compressibility of the formulation that is directly related to its disintegration
kinetics if put into aqueous solutions, a parameter that is of particular importance
for tableted drugs. This parameter is frequently tuned through the addition of low
molecular weight substances that are co-spray dried with the active ingredients
[168, 172]. The structure of these low molecular weight additives depends on their
initial concentration, the drying rate of the drops, as well as the inlet temperature.
However, systematic studies on the influence of the spray drying conditions on
the structure of low molecular weight matrix materials and their storage stability

remain to be shown.

In this chapter, I investigate the influence of the spray-drying conditions on the
structure of a model low molecular weight matrix material, succinic acid. Succinic
acid is a dicarboxylic acid that has three polymorphs. It is a well-suited matrix
material for the encapsulation of volatile compounds, and co-crystallization of
pharmaceuticals [129, 174]. Here, I demonstrate that the structure of succinic acid
and its stability against crystallization during storage under ambient conditions
can readily be controlled with the time it has to solidify if formulated through
spray-drying. The solidification time can conveniently be tuned with the initial
solute concentration and the type of solvent used to formulate the particles. This
finding might open up new avenues for the formulation of carrier particles that
efficiently retain low molecular weight substances, including volatiles, without the

need for costly additives or time-consuming processes.

3.3 Experimental Section

3.3.1 Solution Preparation

All reagents are used as received. Vanillin, maltol, acetone (technical grade), and

ethanol (absolute grade) are purchased from Sigma Aldrich, succinic acid from
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Merck. I employ deionized water from Direct-Q Merck Millipore 25°C, 0.05 pS/cm.
Succinic acid-based particles are formulated from acetone, ethanol or deionized
water (DI)-based solutions containing 10 -100 mM succinic acid. To test the
influence of active ingredients on the morphology of succinic acid particles, an
ethanol-based solution containing various amounts of vanillin and maltol and 100
mM of succinic acid is co-spray dried. To test the influence of active ingredients on
the structural stability, ethanol-based solutions containing 100 mM succinic acid

and either 20-60 mM vanillin or 60 mM maltol is spray dried.

3.3.2 Particle Formation

Particles are produced through spray-drying using a surface acoustic wave (SAW)
based microfluidic device [149]. The SAW-based microfluidic device is composed
of a piezoelectric LiNbO5 wafer (Roditi) onto which an interdigitating transducer
(IDT) pattern is printed. Unidirectional IDT with a focused eccentricity of 30°
is patterned on a LiNbOs3 wafer by vapor depositing a 5 nm thick titanium and
200 nm thick aluminum layer. The produced wafer is diced into 2 x 3 cm? pieces
[149]. The chip is connected to a Power SAW Generator that is operated at 3.3 W
(Belektronig GmbH) via a printed circuit board (PCB). To guide the solution to
the appropriate location on the SAW, I employ a microfluidic channel composed
of PDMS that is bonded onto the piezoelectric wafer using oxygen plasma (Gal.a
Instrumente). The solution is injected into the device at a flow rate of 1.5 mL/h
using a syringe pump (Cronus Sigma 1000, Labhut). The particles are dried in a
stream of co-flowing room temperature air that is introduced into the drying unit
at 4 bar before they are collected on a one-side polished silicon wafer that is placed
close to the top end of the drying tube [149].

3.3.3 Characterization

3.3.3.1 Scanning Electron Microscopy (SEM)

Samples are imaged with a scanning electron microscope (Zeiss Merlin field emission
SEM) that is operated at an acceleration voltage of 2 kV and 100 pA using an
in-lens detector. To avoid charging effects, the samples are coated with 4 nm thick
iridium film (Quorum Q 150).
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3.3.3.2 X-Ray Diffraction (XRD)

The structural stability of spray dried particles is characterized as a function of
time using powder X-ray diffraction (pXRD). Particles are collected on a one-side
polished single crystal silicon wafer that does not yield any 26 peak in the region of
interest (10-30 degree) and stored under ambient conditions. They are characterized
with an Empyrean X-ray diffractometer (PANalytical) with PIXcel-1D detector
using a Cu Ka source with a wavelength of 1.5405 A°.

3.4 Results & Discussion

3.4.1 Spray Drying of Succinic Acid Nanoparticles

To control the formation time of particles, they are formulated with a surface
acoustic wave (SAW)-based spray-drier. The SAW device produces airborne drops
with diameters between 1 and 10 pm that dry within a few hundred ms [96], if
operated at a frequency of 64.5 MHz [149]. These drops are guided into a drying
unit within which room temperature air co-flows with the drops before the dry
particles are collected on a silicon wafer that is placed close to the top end of the

drying tube within few seconds [149].

The time needed for low molecular weight solutes to diffuse the length of the initial
radius of the drop is similar to the time needed to dry it. Hence, I approximate
the solute concentration within the drop to be constant such that I expect to
obtain solid spray-dried particles. Under these conditions, solutes start to solidify
when their overall concentration exceeds their saturation concentration and their

formation is arrested when the drop is dried [175].

3.4.2 Influence of Solute Concentration and Solvent on

Morphology & Crystal Structure

The time when the saturation concentration is reached within the drying drop
depends on the solubility of the solute and its initial concentration. To test the
influence of the formation time on the structure of low molecular weight organic

matrix materials, I employ succinic acid as a model substance. Succinic acid has
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Figure 3.1: Schematic illustration of succinic acid particles spray dried from
solvents with different vapor pressures that result in particles displaying different
crystal structures. Solvent delivered onto the SAW device is broken into (1) aerosols
(2) that are guided into the drying unit (3) where solutes start to solidify to form
spray-dried particles that are deposited on a substrate (4).

three polymorphs, the metastable o and v and the stable 5 polymorph [104, 176].

I dissolve succinic acid in ethanol and vary its initial concentration from 10 mM
to 100 mM, corresponding to 2-20% of its saturation concentration. This solution
is injected into a poly(dimethyl siloxane) (PDMS)-based channel that guides it
onto a SAW-based spray-drier at a rate of 1.5 mL/h. The SAW device breaks the

solution into airborne drops that dry within a few hundred ms.

The resulting spray dried particles are rather spherical, independent of the initial
solute concentration, as shown in the scanning electron micrograph in Figure 3.2A
and Figure 3.2B. Because each drop forms exactly one particle, the size of these
particles scales with the initial solute concentration: Particles produced from
solutions containing 10 mM succinic acid have an average diameter of 150 nm
whereas those produced from solutions containing 100 mM succinic acid have
an average diameter of 250 nm. The good correlation between the initial solute

concentration and the size of spray-dried particles confirms that these particles are
solid.
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Figure 3.2: Structure and morphology of succinic acid particles. SEM image of
succinic acid particles produced from ethanol-based solutions initially containing
(A) 10 mM and (B) 100 mM succinic acid. (C) Crystal structure of spray-dried
particles produced from solutions initially containing (1) 10 mM and (2) 100 mM
succinic acid.
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]
100 nm
Figure 3.3: (A-C and D-F) Morphology of spray-dried succinic acid particles

produced from (A, D) DI water, (B, E) ethanol, and (C, F) acetone. The initial
succinic acid concentration is (A-C) 10 mM and (E-G) 100 mM.
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To test the influence of the initial solute concentration on the structure of the
resulting particles, I perform XRD analysis. Particles produced from 10 mM
succinic acid containing solutions predominantly display the metastable a phase, as
demonstrated by the diffraction peak at 20 = 22°. By contrast, particles formulated
from 100 mM succinic acid containing solutions display predominantly the stable
[ phase, as shown by the diffraction peak at 20 = 20° in Figure 3.2C [176]. If
the crystals are precipitated from 10 mM succinic acid containing solutions under
ambient conditions instead of spray drying, they mainly form [ phase as shown
in Figure 3.4. These results indicate that the structure of spray-dried succinic
acid particles depends on their formation time which can be tuned with the initial

solute concentration.

Intensity

15 16 17 18 19 20 21 22 23 24 25
2 theta

Figure 3.4: XRD of crystals that is precipitated under ambient conditions from
ethanol solution containing 10 mM succinic acid.

Our results suggest that the structure of succinic acid particles depends on their
formation time. This parameter is closely related to the drying time of the drops

that is directly linked to the vapor pressure of the solvent they are made of. To
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test if the structure of spray-dried succinic acid particles indeed depends on the
drying time of the drops, I formulate them from solvents that have different vapor
pressures, namely deionized water, ethanol and acetone. All spray-dried particles

are spherical, as shown in Figure 3.3.
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Figure 3.5: XRD traces of succinic acid particles spray-dried from (1) acetone, (2)
ethanol and (3) DI water with initial succinic acid concentrations of (A) 10 mM
and (B) 100 mM

Particles produced from solutions initially containing 10 mM succinic acid are
predominantly metastable, independent of the solvent used, as shown in Figure 3.5A.
The initial succinic acid concentration corresponds to 1.5 — 4% of its saturation
concentration. If formulated from such diluted solutions, succinic acid has very little
time to solidify during the final stages of the drop drying such that the formation of
the stable 8 phase is kinetically prevented even if solvents with high vapor pressures
are used. If I increase the initial solute concentration to 100 mM, particles are still

predominantly metastable if formulated from ethanol-based solutions.

The initial succinic acid concentration in ethanol corresponds to 20% of its satu-
ration concentration such that the time it can solidify within the drying drops is
still very limited. By contrast, if formulated from acetone-based solutions, where
the initial succinic acid concentration corresponds to 40% of its saturation con-
centration, a significant fraction of the particles displays the stable 8 phase. The
fraction of stable particles is even higher if formulated from aqueous solutions,
where the initial concentration corresponds to 15% of its saturation concentration,

as shown in Figure 3.5B3. I assign this difference in structure to the different
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drying rates of the solvents: water has a lower vapor pressure of 3.16 kPa at room
temperature [177], compared to ethanol, whose vapor pressure is 7.87 kPa [178],
such that aqueous drops dry much slower. The slower drying leaves more time for
succinic acid molecules to arrange into the stable phase, such that the fraction
of stable particles is much larger than if formulated from ethanol-based solutions
even if particles start precipitating later during the drop drying process. It is
important to note that, if particles are produced from acetone-based solutions with
100 mM succinic acid, a mixture of metastable and stable phase is observed, as
shown in Figure 3.5B1. This is attributed to increased supersaturation of succinic
acid due to significantly decreased solubility of succinic acid in acetone. In this
case, the effect of increase in vapor pressure and increase in supersaturation on

crystallization time counterbalances each other.

3.4.3 Stability of Crystal Structure During Storage

Metastable structures typically tend to transform into the stable phase over time.
The rate at which this phase transformation occurs depends on the mobility of
the molecules within the metastable phase. In addition, it depends on the density
and size of nuclei possessing the stable phase that might be present within the
metastable matrix but are invisible with XRD because their size or density is below

its detection limit.

I expect the density of nuclei possessing the stable phase to increase with increas-
ing time the molecules have to solidify and hence, with increasing initial solute
concentration. To test this expectation, I compare the stability of succinic acid
particles spray-dried from ethanol-based solutions initially containing 10 and 100
mM succinic acid. Indeed, particles produced from solutions initially containing 10
mM succinic acid preserve their metastable structure for more than three months
if stored at 25°C and 40% humidity. By contrast, if sprayed from solutions initially
containing 100 mM succinic acid, the majority of particles transforms from the
metastable to the stable phase within 20 h if stored under identical conditions,
as shown in Figure 3.6B. These results indicate that metastable particles, that
have been formulated from concentrated solutions, encompass nuclei possessing
the stable phase that are not detectable with XRD if analyzed within a few hours

after production.
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Figure 3.6: Influence of initial solute concentration on structural stability of
spray-dried particles. XRD traces of particles spray-dried from solutions initially
containing (A) 10 mM and (B) 100 mM succinic acid. Particles produced from 10
mM succinic acid containing solutions have been characterized at (1) t=0 (2) t= 2
weeks (3) t= 1 month (4) t= 3 months. Those produced from solutions initially
containing 100 mM succinic acid have been characterized after (1) t=0, (2) t=5
h, (3) t=10 h, (4) t= 15 h and (5) t= 20 h. (C) Overview of the evolution of the
structure of particles produced from ethanol-based solutions initially containing (®)
= 100 mM, (m) = 75 mM, (#) = 50 mM and (@) =10 mM succinic acid if stored at

ambient conditions.

To quantify the influence of the initial solute concentration on the structural
stability, I monitor the ratio of the intensities of the diffraction peaks at 260=20°:
20=22°, corresponding to the stable and metastable phase, respectively. Indeed, the
rate of phase transformation increases with increasing initial solute concentration,
as shown in Figure 3.6C. These results suggest that with increasing initial saturation
concentration, the density of nuclei possessing the stable § phase, present within

the predominantly metastable matrix, increases. These nuclei grow over time at

57



Chapter 3. Use of Aerosols as Crystallization Template

the expense of the metastable phase, until the vast majority of the particles possess
the stable § phase.

3.4.4 Influence of Additives on Crystal Structure of Suc-
cinic Acid

A key advantage of the spray-drying process is the ability to load matrix materials
with well-defined amounts of active ingredients because each drop forms exactly
one particle such that the particle composition corresponds to that of the solute
concentration [96, 149, 179].

The structure of spray-dried particles often depends on additives present during
their formulation [180]. To check if active ingredients also influence the structure
of spray-dried succinic acid, I employ vanillin, a volatile low molecular weight
compound, as a model encapsulant. If spray-dried from an ethanol-based solution
containing 60 mM vanillin and 100 mM succinic acid, I obtain highly irregular
particles. Particles made from ethanol-based solutions initially containing 100 mM
succinic acid display needle-like structures if stored under ambient conditions for
24 hours.

Noteworthy, particles encompassing vanillin have a higher density of needles than
those without vanillin, as shown in Figure 3.7B, suggesting that vanillin acts as
a heterogeneous nucleation site. In this case, the needle-like structures must be
based on succinic acid. Indeed, if succinic acid is slowly dried at room temperature,
I obtain the § phase that exhibits needle-like structures, as shown in Figure 3.8.
These results suggest that vanillin acts as heterogeneous nucleation sites for succinic
acid crystals. By contrast, spray-dried pure vanillin particles are spherical, as
shown in Figure 3.9. These results indicate that by controlling the time of the
solidification of succinic acid, for example by tuning the spray-drying conditions, I

can control the crystal structure and particle morphology.
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Figure 3.7: SEM image of succinic acid particles spray dried (A) in the absence of
vanillin, with 60 mM (B) vanillin and (C) maltol.
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Figure 3.8: SEM images of particles with vanillin after storage at A) 65°C for 10
h and B) ambient conditions for 48h. Particles are produced from ethanol-based
solutions containing 80 mM succinic acid and 40 mM vanillin.

Figure 3.9: SEM image of vanillin nanoparticle sprayed from an ethanol-based
solution containing 20 mM vanillin.
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The heterogeneous morphology of succinic acid-based particles that have been
co-spray dried with vanillin suggests that these two compounds phase separate while
the drops dry. I expect this phase separation to only occur if the vanillin to succinic
acid concentration exceeds a threshold value. To test this expectation, I vary the
initial vanillin concentration from 10 mM to 60 mM, corresponding to a saturation
concentration of 3 to 20% while keeping the initial succinic acid concentration
constant at 100 mM, corresponding to a supersaturation concentration of 20%. To
monitor the phase separation, I perform XRD analysis on the spray-dried samples. I
observe a diffraction peak at 20=13°, characteristic for vanillin, if the initial vanillin
concentration exceeds 15 mM, suggesting that macroscopic phase separations start
to occur at this concentration. Note that the rate of phase transformation of the
metastable a into the stable 5 phase increases with increasing amount of vanillin
present in these particles, as shown in Figure 3.10B. These results confirm that
vanillin acts as heterogeneous nucleation sites, thereby promoting the formation of

succinic acid nuclei possessing the stable phase.

A B
1 2 =" ]
(6] H @ 0
o kel
E 9 .
OH v v
8 [
| WER:
_cH; Qoiq ¥
0 o © t
& !
OH Y
0,01 T T T
10 100 1000
Time (h)

Figure 3.10: A) Molecular structures of 1) vanillin 2) maltol. (B) Evolution of the
crystal structure of vanillin loaded succinic acid particles initially containing 100
mM succinic acid and (+) 60 mM, (@) 20 mM, (m) 0 mM of vanillin and (v) 60 mM
of maltol.

Phase separations are typically system specific such that they must be assessed
case-by-case. However, to demonstrate that SAW-based spray-drying is a suitable

technique to formulate volatile-loaded succinic acid, I co-spray dry succinic acid
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with another volatile, maltol. Remarkably, by contrast to vanillin, maltol increases
the stability of the metastable o phase of succinic acid such that it remains in
this form for at least one week if produced from ethanol-based solutions initially
containing 60 mM maltol and 100 mM succinic acid, as shown in Figure 3.10B.
These results indicate that SAW-based spray-drying enables the formulation of
succinic acid-based particles that can efficiently be loaded with different types of

volatiles.

3.5 Conclusion

I demonstrate that the structure and the structural stability during storage of a
model low molecular weight organic matrix material, succinic acid, strongly depends
on its processing conditions. SAW-based spray-drying enables the formulation of
succinic acid into the metastable o phase without the need for any crystallization
inhibiting additives. This is achieved by minimizing the time during which succinic
acid can solidify within the drying drops. These findings open up new possibilities
to tune the dissolution kinetics of matrix materials composed of low molecular
weight organic compounds that efficiently retain volatile substances and thereby

their release kinetics by adjusting spray-drying conditions.
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in Crystalline Particles

In this chapter, I evaluate the influence of the microfluidic spray dry processing
parameters on retention of volatile vanillin within crystalline succinic acid nanopar-
ticles. I demonstrate that vanillin can controllably be retained within crystalline
succinic acid particles with a high loading efficiency and I can control the release

kinetics by controlling the initial solute concentration.

This chapter is adapted from the paper entitled “Succinic acid-based particles as
carriers of volatile substances” accepted in ACS Sustainable Chemistry € Engi-
neering and authored by Aysu Ceren Okur, Philipp Erni, Lahoussine Ouali, Daniel
Benczedi, and Esther Amstad. A. Okur performed all the experiments. A. Okur

and E. Amstad analyzed all data and wrote the manuscript.
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4.1 Abstract

Volatile substances are in high demand especially in cosmetic and pharmaceutical
applications. To prolong their shelf-life and prevent their degradation if exposed to
air, they are often encapsulated. Most frequently, matrix materials are composed
of high molecular weight polymers because some of them can efficiently retain
volatiles and meet the safety requirements these applications impose. However, these
substances must be processed at high concentrations, resulting in viscous solutions

that are difficult to spray or emulsify. To address this shortcoming, I employ a
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low molecular weight substance, succinic acid, as matrix material to encapsulate a
model volatile, vanillin. To facilitate the encapsulation of low molecular weight
substances, such as volatiles, I produce these particles through surface acoustic
wave (SAW) based microfluidic spray drying. This technique forms drops with
diameters as small as 1-10 pm that dry within a few hundred ms. Thereby, I
can kinetically arrest or even suppress phase separations. I demonstrate that
vanillin is most efficiently encapsulated and retained over a longer time if succinic
acid is formulated from solutions initially containing succinic acid concentrations
exceeding 10% of its saturation concentration. If appropriately formulated, these
succinic acid-based particles retain volatiles longer than the much more commonly
employed high molecular weight dextrin. These results open up a new avenue to
encapsulate volatiles in low molecular weight compounds that pack more densely
than high molecular weight counterparts and therefore can retain volatiles for a

prolonged time.

4.2 Introduction

Fragrances are volatile substances that are used as active ingredients in many food
commodities [10, 181], detergents [12, 13], and some textiles [14-16]. The volatility
of fragrances makes it difficult to preserve them during storage, thereby limiting the
shelf life of products that contain them. To mitigate this limitation, fragrances are
often encapsulated within polymeric matrices such as the nature-derived polymer
gum acacia [17-19]. However, the cost of this material limits its use to selected
high value products. Cheaper more commonly used alternatives include dextrin
derivatives such as maltodextrin and cyclodextrin.[20] Maltodextrin is especially
attractive because it possesses a neutral taste, has good barrier properties towards
many volatiles, and if dissolved at high concentrations in aqueous solutions only
moderately increases their viscosity to values between 40 and 100 mPa.s [21]. This
low viscosity facilitates the processing of the solutions into drops that serve as

templates for particles.

Solutions can be broken into airborne drops through electro-spraying yet, at a
limited throughput and under high electric fields. Hence, electro spraying is limited
to the formulation of substances that are insensitive to high electric fields and
only needed in small quantities [182, 183]. Solutions can also be processed into

airborne drops through spray-drying, which is a high throughput, cost-effective

65



Chapter 4. Implementation of Crystallization Control: Vanillin
Encapsulation in Crystalline Particles

process that is often used in industry [22, 23]. However, the release profile of the
encapsulated volatiles is difficult to control because it strongly depends on the
dimensions of the capsules, a parameter that cannot readily be tuned if produced
through conventional spray-drying. Moreover, the permeability of the resulting
capsules depends on the molecular weight of the polymer which for nature derived

polymers varies from batch to batch.

The properties of capsules can be more closely controlled if they are made from
synthetic polymers. For example, volatiles can be loaded into microparticles
[33, 34] made of poly(lactic-co-glycolic acid) (PLGA), and capsules [35-37, 184]
made of polycaprolactone (PCL), polyurethane and polybutylcyanoacrylate (PBCA)
[38]. However, these systems generally use harmful solvents and volatiles tend to
diffuse through these amorphous matrices, again limiting the shelf life of these
materials. The permeability of capsules towards volatiles typically decreases with
increasing density of the matrix material. However, if capsules are made of inorganic
nanoparticles such as Si0O,, CaC' O3 or phosphate particles, that are much denser
than polymers, volatiles diffuse through the pores that form between adjacent
particles, again compromising their shelf life [40-42, 185], even if they interact more
strongly with inorganic particles than they typically do with polymers [43, 44].
To reduce the porosity of particle-based capsules, they can be strengthened with
polymers such as cyclodextrins [186] and derivatives thereof [121], that act as
fillers. However, depending on the processing conditions these fillers partially
crystallize into phases which have different barrier properties thereby preventing a

good control over the permeability of these capsules [121, 187].

The addition of polymers increases the viscosity of the dispersion, thereby compro-
mising its processability. Processing of reagent-containing solutions is facilitated
if low molecular weight compounds that only moderately increase the solution
viscosity are employed. For example, erythritol was spray chilled to form limonene-
containing microparticles, demonstrating the potential of low molecular weight
substances to act as matrix material for the encapsulation of volatiles [45]. However,
this process involves elevated temperatures that limit the encapsulation efficiency,
which is the percentage of encapsulants contained within spray-dried particles with
respect to those added to the feed solution, because a significant fraction of the
volatiles evaporates during processing. In addition, the influence of the processing
parameters on the matrix material and its permeability remains unknown. Capsules

composed of benign materials compatible with cosmetic and food applications
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that are easy to be processed and possess a low permeability towards volatile

encapsulants remain to be established.

In this chapter, I demonstrate that a model low molecular weight organic compound
that has a high propensity to crystallize, succinic acid, can efficiently retain volatiles
if appropriately formulated. To control the structure and morphology of succinic
acid-based particles, I formulate them with a surface acoustic wave (SAW)-based
microfluidic spray dryer that forms small drops with diameters of order 1 pm. These
drops rapidly dry even at room temperature, thereby offering an encapsulation
efficiency that can reach up to 95%. I demonstrate that the amount of fragrances
contained in the resulting particles and their release kinetics strongly depend on
the initial solute concentration, a parameter that can conveniently be tuned. These
findings open up new possibilities to tune the release kinetics of low molecular
weight substances not only through the choice of the matrix material but also

through their processing.

4.3 Experimental Section

4.3.1 Solution Preparation

All reagents are used as received. Vanillin, acetone (technical grade), and ethanol

(absolute grade) are purchased from Sigma Aldrich, succinic acid from Merck.

4.3.2 Particle Formation

Particles are produced with microfluidic spray dryer as detailed in Section 3.3.2.

4.3.3 Characterization

4.3.3.1 Scanning Electron Microscopy (SEM)

To characterize the size and morphology of particles, they are collected on a one-side
polished silicon wafer. To prevent charging effects during the imaging, samples
are coated with a 4 nm thick iridium film (Quorum @ 150). Samples are imaged

with the scanning electron microscope (Zeiss Merlin field emission SEM) that is
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Figure 4.1: (A) Schematic illustration of the microfluidic spray-dryer composed of
(1) a SAW generator connected to (2) an IDT pattern on a piezoelectric chip onto
which liquid is delivered through a PDMS-based channel (3) before it is atomized
into airborne drops that (4) dry within a dedicated drying unit (5). (B) Schematic
illustration of the formation of succinic acid particles that are loaded with vanillin
within drying drops. The solidification time of reagents contained in the drop is
dictated by its drying rate.

operated at an acceleration voltage of 2 kV and 100 pA using an in-lens detector.
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4.3.3.2 X-Ray Diffraction (XRD)

XRD analysis is performed on an Empyrean X-ray diffractometer (PANalytical)
with a PIXcel-1D detector using a Cu Ka source with a wavelength of 1.5405 A°.
The measurement is performed with a 1° grazing incident angle configuration over

20 between 10-30° with a scanning rate of 0.1 degree/sec.

4.3.3.3 Thermogravimetric Analysis (TGA)

The amount of vanillin contained in particles is quantified using thermogravimetry
analysis (TGA 4000 from Perkin Elmer). The sample is heated from 30 to 250 °C
at a rate of 1 °C/min before it is maintained at this temperature for 2 min. To
determine the release kinetics of vanillin, I perform isothermal TGA measurements.
The sample is heated from 30 to 65 °C at 35°C/ min and maintained at this
temperature for 300 min. To ensure all vanillin is released and to quantify the
amount of capsules contained in the crucible, I subsequently heat the sample from
65° to 250° at 1°C/ min.

4.4 Results & Discussion

4.4.1 Influence of Solute Concentration on

Size & Morphology

An efficient loading and predictable release of fragrances requires a good control
over the particle composition. This parameter can readily be adjusted if particles
are produced with the SAW-based spray-dryer because each drop forms exactly one
particle. Therefore, the overall composition of spray-dried particles corresponds
to that of the solutes contained in the initial drop [149]. I leverage this feature
to produce succinic acid-based particles that are loaded with a model volatile
substance, vanillin, by spray-drying an ethanol-based solution containing succinic

acid and vanillin.

The solute-containing ethanol solution is broken into small drops using SAWs that
are excited at a frequency of 64.5 MHz. Ethanol-based drops produced under these
conditions have diameters between 1-10 pm, as is shown in Figure 4.2D, well in

agreement with previous reports [149]. These drops are dried by co-flowing air. The
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speed of the drops within the drying unit is close to that of the co-flowing air, such
that the surrounding air does not significantly accelerate the solvent evaporation.
I hence neglect evaporative cooling effects. Under these conditions, ethanol drops
with diameters between 1-10 pm dry within a few hundred ms and deposit within

2 seconds on the collecting substrate as has previously been shown [96, 149, 179].

10 mM Succinic Acid
100 mM Succinic Acid

10 mM Succinic Acid
100 mM Succinic Acid

Counts (-)
Counts (-)

50 100 150 200 250 300 350 400 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Diameter (nm) Diameter (um)

Figure 4.2: Morphology of succinic acid particles. SEM image of succinic acid
particles spray-dried from ethanol-based solutions containing (A) 10 mM and (B)
100 mM succinic acid. (C) Size distribution of particles sprayed from solutions
containing 10 mM (orange) and 100 mM (blue) succinic acid. (D) The initial size
distribution of the corresponding ethanol-based drops initially containing 10 mM
(orange) and 100 mM (blue) succinic acid.

This fast drying allows to kinetically arrest phase separations and crystallization
reactions on a time scale of milliseconds. To leverage this feature, I produce succinic

acid particles from an ethanol-based solution containing 10 mM of succinic acid,
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which corresponds to 2% of its saturation concentration. The resulting succinic
acid particles have an average diameter of 240 nm, as shown in the SEM images
in Figure 4.2. The time required for low molecular weight substances to diffuse
the length of the radius of the initial drop is similar to the time required to dry
the drop. Hence, I approximate the solute concentration within the drops to be

homogeneous such that I expect the resulting spray-dried particles to be solid.

In this case, the size of spray-dried particles should increase with increasing initial
succinic acid concentration. To test this expectation, I increase the initial succinic
acid concentration ten-fold to 100 mM. Indeed, this increase in initial solute
concentration increases the average particle diameter from 240 nm to 450 nm,
as shown in Figure 4.2C. To test if the size of the initial drops depends on the
initial solute concentration, I calculate the drop size from the measured particle
size and the known initial solute concentration, assuming a succinic acid density

3. Indeed, the calculated initial drop size is within experimental

of 1.56 g em’
error independent of the initial solute concentration (Figure 4.2D). This finding
demonstrates that I can neglect mass transport limitations within the drying drops
such that the size of spray-dried particles can conveniently be tuned with the
initial solute concentration. This behaviour is well in agreement with reports
on the size-dependence of other types of particles produced with the SAW-based

spray-dryer [149].
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4.4.2 Influence of Solute Concentration on

Phase Separation

Succinic acid is a biocompatible low molecular weight substance that easily crys-
tallizes such that I expect it to efficiently retain volatiles contained in it. To assess
this potential, I dissolve 100 mM succinic acid and different amounts of vanillin
in ethanol before spray-drying this solution. The addition of vanillin introduces

surface pores into the spray-dried particles, as shown in SEM images in Figure 4.3.

To investigate the influence of the initial succinic acid concentration on the degree
of macroscopic surface pores, I fix the vanillin concentration to 30 mM and vary
the succinic acid concentration from 50 mM to 80 mM. The degree of surface pores
decreases with increasing initial succinic acid concentration, as shown in Figure 4.4.
I assign this observation to the change of the onset of solidification of succinic
acid in the drying drop: With increasing initial succinic acid concentration, the
degree of supersaturation at the point where a significant amount of succinic acid
solidifies increases, resulting in the formation of more but smaller succinic acid
crystallites. Our images hint at an increase in surface pores with increasing vanillin
concentration and decreasing succinic acid concentration, as shown in Figure 4.3

and Figure 4.4.

Vanillin contained within pores that are in proximity to the particle surface can
readily evaporate such that it is rapidly lost. To test if I can reduce the surface
pores and thereby improve the vanillin retention of succinic acid-based particles, 1
lower the initial vanillin concentration to 10 mM while keeping the succinic acid
concentration constant at 100 mM. Remarkably, these particles possess much fewer

surface pores, as visualized with SEM in Figure 4.3A.

I assign the formation of these pores to macroscopic phase separations that occur
during the drying of the drop: With increasing initial concentration of vanillin, its
saturation concentration is reached earlier during the drop drying process such that
the time it has to solidify and phase separate increases [179]. If vanillin-rich phases
are located in proximity to the surface, vanillin readily evaporates especially if
particles are exposed to low pressures, which is the case during their visualization

with SEM, resulting in surface pores.
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Intensity (a.u)
[ N

Figure 4.3: SEM image of spray-dried particles composed of a mixture of succinic
acid (S) and vanillin (V) produced from solutions initially containing 100 mM
succinic acid and (A) 10 mM (B) 15 mM, (C) 20 mM, and (D) 60 mM vanillin. (E)
XRD traces of vanillin loaded succinic acid particles spray-dried from a solution
initially containing (1) 10 mM, (2) 15 mM, (3) 20 mM, and (4) 60 mM vanillin.
The succinic acid concentration is kept constant at 100 mM.
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Figure 4.4: SEM image of spray-dried particles composed of a mixture of succinic
acid (S) and vanillin (V) produced from solutions initially containing (A) 10 mM
S, 10mM V (B) 50 mM S, 30 mM V (C) 80 mM S and 30 mM V.

Our results suggest that vanillin and succinic acid phase separate within drops if
the vanillin to succinic acid molar ratio exceeds a threshold value. In this case,
I expect vanillin and succinic acid to crystallize within different areas. To test
this expectation, I assess the crystallinity of vanillin and succinic acid within
particles produced from an ethanol-based solution containing 100 mM succinic acid
as a function of the vanillin concentration using X-ray diffraction (XRD). I do not
measure any clear diffraction peak of vanillin if its concentration is below 15 mM. By
contrast, a clear peak at 20 = 13° can be seen if the vanillin concentration exceeds
15 mM (Figure 4.3E). The full width of half maximum (FWHM) of the diffraction
peak increases with increasing vanillin concentration suggesting that the size of
vanillin crystallites decreases. For example, an increase of the vanillin concentration
from 20 to 60 mM results in a decrease in the average vanillin crystallite diameter
from 35 4+ 6 nm to 26+ 4 nm. These results support our expectation that with

increasing vanilin concentration, I create more but smaller vanillin crystals. Trend
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of decrease in crystallite size is also deduced from the increased FWHM for succinic
acid crystallites with increasing vanillin concentrations. Moreover, if the vanillin
concentration exceeds a threshold value of 15 mol%, corresponding to 16 wt%, I

obtain macroscopic phase separations.

4.4.3 Vanillin Retention in Crystalline Particles

4.4.3.1 Vanillin Loading in Succinic Acid and Tartaric Acid Particles

An important parameter that determines the suitability of spray-dried succinic acid
particles as carriers of volatile substances is their encapsulation efficiency, defined
as the percentage of encapsulants that are contained within spray-dried particles
with respect to those added to the feed solution. I quantify this parameter using

thermogravimetric analysis (TGA).

I expect the amount of vanillin that is lost during the spray-drying process to
depend on the time when succinic acid and vanillin precipitate during the drying of
the drops. To test this expectation, I dissolve vanillin and succinic acid at the same
relative saturation concentrations and vary their absolute concentrations. Indeed,
the vanillin encapsulation efficiency increases with increasing vanillin concentration
present in the initial solution: It is approximately 70% if the vanillin concentration
is 50 mM, corresponding to a relative supersaturation of 0.16 and increases to
almost 100% if I increase the vanillin concentration to 60 mM (Figure 4.5A). Hence,
the highest encapsulation efficiency is observed for solutions containing 60 mM
vanillin and the highest processable succinic acid concentration, 100 mM. Note that
particles produced with the SAW based microfluidic spray-drier do not encompass
significant amounts of solvent, as indicated by TGA results, although I cannot

exclude that traces of solvents are trapped within them.

Our results suggest that the initial concentration of vanillin influences its encapsula-
tion efficiency. To test if this is indeed the case, I fix the succinic acid concentration
to 80 mM and vary the vanillin concentration. Indeed, the encapsulation effi-
ciency increases with increasing vanillin concentration, reaching 80% for an initial
vanillin concentration of 80 mM. Independent of the initial vanillin concentration,
approximately 15 mM vanillin is lost during the spray-drying process, as exem-
plified for particles sprayed from a solution initially containing 80 mM succinic

acid (Figure 4.5B). This is much less than what has been previously reported
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for vanillin spray drying [188, 189]. Note, that if the same solution is processed
with a commercial spray-drier where drops are dried at elevated temperatures,
approximately 90% of vanillin is lost (Figure 4.6). Vanillin degradation in the
particles sprayed from commercial spray-dryer is observed at lower temperatures
compared to vanillin reference. This result might indicate that vanillin has been
partially thermally degraded or oxidated if processed with commercial spray dryers

at elevated temperatures.
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Figure 4.5: Vanillin encapsulation efficiency. (A, B) Encapsulation efficiency of
vanillin as a function of its concentration (A) for a constant molar ratio of succinic
acid: vanillin of 5:3 and (B) constant succinic acid concentration of 80 mM. (C)
Encapsulation efficiency of vanillin within tartaric acid-based particles as a function
of the vanillin concentration. The tartaric concentration is kept constant at 15
mM.
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Figure 4.6: TGA of 1) control bulk vanillin, (2,3) particles sprayed from DI water
containing 100 mM succinic acid and 60 mM vanillin with a 2) commercial spray
dryer and 3) microfluidic spray dryer. 4) Control of bulk succinic acid.

To test the generality of our approach of using low molecular weight organic
substances as matrix materials for the encapsulation of volatile substances, I form
particles from tartaric acid, another low molecular weight substance that has a
high propensity to crystallize. The encapsulation efficiency of vanillin is also high
if contained in tartaric acid particles formed from solutions containing high vanillin
concentrations: The encapsulation efficiency is 99% if particles are produced from
an ethanol-based solution containing 15 mM tartaric acid and 240 mM vanillin
(Figure 4.5C). This result demonstrates that our findings are not limited to succinic
acid but apply to other low molecular weight organic compounds that possess a
high propensity to crystallize.
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4.4.3.2 Release Kinetics

Smaller polydisperse, or more spherical crystallites typically pack more densely than
larger, anisotropic, counterparts formed from more dilute solutions. Hence, I expect
particles made from more concentrated solutions where more but smaller crystallites
form to retain volatiles more efficiently. To test this expectation, I quantify the
amount of released vanillin as a function of the initial vanillin concentration.
To accelerate the vanillin release, I heat the samples to 65°C and monitor their
release for 7 h. Indeed, the vanillin release rate decreases with increasing initial
vanillin concentration and hence, decreasing crystallite size (Figure 4.7A-C), in

good agreement with our expectation.

These results demonstrate the potential of crystalline low molecular weight sub-
stances as matrix materials for the encapsulation of volatile substances. Note that,
while I exclusively test solid volatiles, this method is not limited to them but can
also be expanded to liquid volatiles, if process parameters are adjusted, as has been

shown with conventional spraying methods [45].
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Figure 4.7: Vanillin release kinetics. Weight percentage of vanillin released if
particles are stored at 65 °C as a function of the vanillin concentration contained
in the initial solution if (A) the molar ratio of succinic acid to vanillin is kept
constant at 5:3 and (B) the succinic acid concentration is fixed at 80 mM. (C)
Release kinetics of vanillin from succinic acid particles as a function of the vanillin
concentration if the succinic acid concentration is kept constant at 80 mM.
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4.5 Conclusion

Low molecular weight substances that have a high propensity to crystallize such
as succinic acid are well-suited matrix materials for volatiles as they are typically
composed of densely packed molecules that have a low permeability towards volatile
substances such that they retain them for a prolonged time. Low molecular weight
substances add an additional advantage: They do not significantly increase the
viscosity of the solvent they are dissolved in, even if added at high concentrations,
thereby facilitating the processing of this solution for example through spray-drying.
Note that the concept presented here is not limited to succinic acid but can be
expanded to other organic low molecular weight substances such as tartaric acid
or even liquid volatiles. These findings open up new possibilities to tune the
encapsulation efficiency and release kinetics of volatile substances not only through

the composition of the matrix material but also through its processing.
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5] Emulsion Templated Crystalliza-

tion

In this chapter, I present the feasibility of various microfluidic techniques to achieve
control over crystallization of biogenic crystals. I show that the single and double
emulsions produced by microfluidics allow to grow biogenic crystals if pH or the

salt concentrations are changed.

This chapter is formed with the collaboration of Luc Monnier for crystal formation
in single emulsions under supervision of Esther Amstad and of Nina Wittig for

crystal formation in trapping devices under the supervision of Henrik Birkedal and
Esther Amstad.
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5.1 Abstract

Crystals found in nature, whose formation conditions are usually well-defined,
exhibit unique and extraordinary material properties and performance. A tight
structural control is often achieved through crystallization in small volumes which
is very difficult to achieve via bulk crystallization techniques. Crystallization
can be achieved under confined conditions, however, to simultaneously control all
crystallization parameters is challenging. To address this challenge, microfluidic
tools that present or form picoliter-sized vessels can be used to study the formation

of biogenic crystals. Miniaturization of the volume limits the impurities, and
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decreases the crystallization rate such that it opens up room to observe short-lived
metastable phases and analyze influences of process parameters on crystal size,
morphology and structure. In this chapter, I present the use of single and double
emulsions to study biogenic crystal formation. These emulsions can be formed
with microfluidic devices that also allow monitoring the crystallization in them.
I use microfluidics to screen the influence of many processing parameters such
as pH, stoichiometric ratio, initial solute concentration, crystallization vessel size
and additives. In addition, double emulsions are shown to be suitable for reaction
induced crystallization as they are selectively permeable to certain reactants. These
results open up new routes to use emulsions as micro compartments to study,

control and initiate reactions in picoliter-sized cell-mimetic compartments.

5.2 Introduction

Nature produces crystals in living objects with very intricate morphologies [190, 191],
well defined arrangement and orientation [76, 192, 193] that constitute materials
displaying extraordinary properties such as photonic crystals with excellent optical
properties [1, 2, 194], composites with superior mechanical properties towards high
load bearing applications [8, 73, 195], and toughness [196, 197]. These crystals are
formed via templates of controlled sizes and dimensions, which helps to determine
the crystal orientation, structure and size. For example, amorphous calcium
phosphate is an important part of bones where its crystallization is templated
through collagen molecules forming gaps with sizes of several tens of nanometers
whose crystals can form. The ACP crystals that form within these gaps are oriented
apatite structures that display a fibrillary phase, which contributes to the excellent
mechanical properties of bone [9, 195, 198]. Similar models are also observed
in other crystals such as CaC'O3 and guanine, as cells are used to control the
crystallization [77, 199-201]. Tt is still not fully understood how living organisms
achieve such tight control over crystallization. While it is necessary to have in-depth
understanding to obtain high performance materials through biomimetics, such
information can also be used in therapeutics. For instance, calcium oxalate is
the main constituent of kidney stones, which require painful and costly invasive
treatments [202, 203]. To formulate drugs or other non-invasive techniques, one
useful way is to prevent its crystallization by preventing nucleation or delaying the

growth. However, calcium oxalate is an organic crystal that presents multiple short-
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lived metastable phases with different hydration levels and many morphologies
[203, 204]. Hence, in depth systematic studies on what parameters influence the

formation and structure of the crystals are difficult to design.

The level of control nature possesses is today not possible to obtain in synthetic
systems through bulk crystallization techniques. To gain a better control over the
morphology and structure of forming crystals, methods that allow to closely control
the crystallization reactions and thereby to systematically and independently vary

different crystallization parameters are warranted.

Microfluidic tools are well suited to study reactions in small volumes. For example,
the crystallization of proteins has been studied in picoliter-sized drops [101, 102].
To advance drug design, crystallization of proteins that display the appropriate
conformation has to be achieved. However, proteins that display the desired
functionalities do not always exhibit the most stable phases that can readily be
obtained via bulk methods. Moreover, phase diagrams that present a roadmap
for the synthesis of the desired form are missing for many proteins. Hence, to
formulate proteins that are arranged into the desired structure often involves
screening of crystallization parameters as well as means to observe and analyze
metastable phases. Drops formed with microfluidics have been used to address
these limitations, as they enable the formation of crystals in small volumes such
that risks for impurities are lower and the crystallization kinetics is slowed down.
Hence, these tools have been used to crystallize proteins, and thanks to the high
throughput production of emulsions, they have been used for high throughput

screening assays.

In this chapter, I demonstrate that biogenic crystals can controllably be grown
within single and double emulsions with picoliter-sized volumes. Drops of controlled
sizes can be formed with microfluidics. These calibrated drops can be trapped
in microfluidic devices to monitor crystallization reactions. Unfortunately, harsh
crystallization conditions can compromise the stability of single emulsions. This
shortcoming can be overcome if double emulsions that are more stable than single
emulsions are used. I show that the size and morphology of various biogenic
crystals can be directed with the size of emulsions, stoichiometric ratio of reactants
and pH. These results suggest new strategies to gain in-depth understanding on
crystallization parameters that enable tuning the structure and morphology of
crystals that might enable novel applications.
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5.3 Experimental Section

5.3.1 Materials

All chemical reagents were used as received. Oxalic acid (> 99%), guanine (99%),
triethylamine (TEA, > 99.5%), ethanol (absolute alcohol, without additive), poly
vinyl alcohol (PVA, M.W. 13 23 kDa, 87% —-89% hydrolyzed) were purchased from
Sigma—Aldrich. D (+) saccharose (sucrose, > 99.7%), sodium hydroxide (NaOH,
> 99%), poly (ethylene glycol) (PEG, M.W. 5-7 kDa), Calcium chloride (CaCl,,
> 98%), hydrochloric acid (HC1 37%) were purchased from Carl Roth. DL tartaric
acid (99%) was purchased from Alfa Aesar. Deionized water (18.2 M 2 cm) was
collected from Direct @), Merck Millipore system.

5.3.2 Methods

5.3.2.1 Single Emulsion Production via Tip Sonication

Varying concentrations of CaCly are dissolved in EtOH (filtered with <0.45 pm
pore size) and then mixed with 6.33 L of oleic acid and 1 mL of citral. 30 mM
NaHCO3 was dissolved in 5 mL of DI water and injected into a citral solution via
a syringe pump (Cronus Sigma 1000, Labhut) at a flow rate of 166.67 L s~! while
the solution was tip-sonicated with alternate 1s ON/OFF pulses for 30s.

5.3.2.2 Production of Single Emulsions and Their Trapping

Single emulsion drops were formed with a microfluidic flow focusing device and
trapped with a microfluidic device containing surface energy wells. The inner
phase containing 0.1 M HCl and 0.3 mg/mL guanine was injected through the
innermost inlet at a rate of 300 pL/h, while a continuous phase of HFE-7500
containing 1% (w/w) surfactant (diFSH-PEG600) was injected through a second
inlet at a rate of 2000 pL/h. After formation and trapping, the inner phase was
pulled back slightly to stop inflow and then continuously retracted at —20uL/h.
The surfactant-containing phase was used to carefully push out untrapped drops,
and its injection was discontinued when all untrapped drops were removed. This
method resulted in reproducible formation and trapping of single emulsion drops

with a uniform size distribution [105].
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5.3.2.3 Microfluidic Device Production for Double Emulsions

Double emulsions were produced using 3D microfluidic flow focusing devices, as
schematically illustrated in Figure 5.1, and described in further detail in section 2.
These devices were fabricated from poly(dimethyl siloxane) using soft lithography
[151, 205]. To ensure a stable operation of the microfluidic device, the surface of
the first junction was modified to be hydrophobic and the second junction to be hy-
drophilic. To achieve this, the first junction was treated with a HFE 7500-based solu-
tion containing 1% (v/v) perfluorinated trichlorosilane and the second junction with
an aqueous solution containing 1% (v/v) poly(diallyldimethylammonium chloride)
(400-500 kDa) and 2 M NaCl as described in previously reported protocols[205].

Middle oil phase
perfluorinated oil

Figure 5.1: Image of flow focusing microfluidic device forming double emulsions.

5.3.2.4 Double Emulsion Production

Inner phase that composes the core of the DEs is based on an aqueous solution
of either oxalic acid, tartaric acid or PEG and delivered from the #1 inlet as
shown in Figure 5.1. The middle phase is delivered from microchannels labeled as
#2. This phase is the fluorinated oil, HFE 7500, that contains 1 x 1073 M of a
functionalized surfactant (diFSH-PEG900) that forms the shell of double emulsions.
Finally, the continuous phase, an aqueous solution containing 10% (w/w) PVA
(M.W. 13-23 kDa) was delivered from the horizontal channels, labelled as #3. The
flow is controlled by syringe pumps (Cronus Sigma 1000, Labhut).

To avoid osmotic pressure gradients, that would result in a change in the dimensions
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of the double emulsions, the osmolarity of the inner and outer phase is matched
using D(+)-saccharose (Carl Roth, Germany); the osmolarity of the solutions is

quantified with an osmometer (Advanced Instruments, Fiske 210).

5.4 Results & Discussion

5.4.1 Crystal Formation in Single Emulsions

Single emulsions can be used as crystallization templates since they constitute
picoliter-sized reaction vessels that minimize the risk for having impurities that act
as heterogeneous nucleation sites. One route to trigger crystallization is to use the
oil/water interface in emulsions as a platform for heterogeneous crystal nucleation.
To leverage this potential, we studied the formation of C'aC'Oj3 as a well-established
model system within single emulsion drops. To form the C'aCOj3 crystals we
dissolved 200 mM C'aC'ly into ethanol which is miscible in the citral-based oil phase,
and dissolved 30 mM NaHCOj; into the aqueous phase. The two phases were tip
sonicated for 30 seconds to form micron size droplets as shown in Figure 5.2C.
To ensure the formation of stable emulsions within 30 s, 0.6% (v/v) oleic acid is
added to the citral phase. To test the influence of the stoichiometric ratio on the
crystallite size, we varied the ratio of C'a : HCO3 between 1:5 to 1:10. Indeed, we
observe the formation of crystals within the emulsion drops. The crystals found
within the drops displayed similar sizes even if formed with different stoichiometric
ratios, indicating that the amount of carbonate ions present in the system, that
remains constant in this experimental series, determines the size of the resulting
crystals, as seen in Figure 5.2A-B. However, the drops were polydisperse, such that

we could not systematically study the influence of the drop size on the crystal size.
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Figure 5.2: SEM image of CaCO3 formed in single emulsions containing stoichio-
metric ratios of A) Ca™®: HCOs3 B) Ca*?*:2 HCO3 C) Schematic illustration of
C'aCOj3 formation on the oil/water interface.

5.4.2 Crystal Formation in Trapping Device

Biogenic guanine crystals that exhibit distinct phases and hence optical properties
are difficult to obtain with conventional techniques, complicating the studies on
their formation. To gain in-depth understanding of their formation, the use of
emulsion drops that can slow down the crystallization due to confinement effects is

attractive.

To study the guanine crystallization, we dissolved 0.3 mg/mL guanine in 0.1
M HCI which was injected through the innermost inlet at a rate of 300 uL/h,
while a continuous phase of HFE-7500 containing 1% (w/w) surfactant (diFSH-
PEG600) was injected through the second inlet at a rate of 2000 pL/h. To induce
crystallization, TEA is used to increase the pH; an increase in pH decreases the
solubility of guanine such that it starts to nucleate once its concentration exceeds
its saturation concentration. However, under such basic conditions, the single
emulsions are not sufficiently stable to visualize the crystallization for several days.
To prevent coalescence of emulsion drops, we spatially separated them using the

microfluidic trapping device.

To test the influence of the nucleation rate of guanine on the formation of crystals
within drops, we varied the TEA concentration within the oil phase. We trapped
guanine loaded emulsions and injected the oil, HFE-7500, under constant flow into
the trapping device. We varied the TEA concentration contained in the oil between
0-1 wt% and let the experiment run over 4 days. As expected, the rate of crystal

growth increases with the amount of TEA contained in the oil, as can be seen in
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5.4 Results & Discussion

Figure 5.3: Optical microscopy images taken (A-C) without and (E-H) with
crossed polars revealing guanine crystals formed in trapped single emulsion drops.
HFE-7500 was constantly injected during incubation for A,D) a few minutes with
no TEA (B,E) for 16 hours containing 0.5% (v/v) TEA (C,F) for 5 hours containing
1% (v/v) TEA.

Figure 5.3. These results demonstrated that the nucleation rate is pH dependent

and can hence conveniently be tuned with the TEA concentration.

5.4.3 Crystal Formation in Double Emulsions

Harsh crystallization conditions can compromise the stability of single emulsions.
To address this limitation, I formed double emulsions that are more stable, especially
if stored at extreme pHs or high ion concentrations [206, 207]. Double emulsions
(DEs), where each one was composed of an acidic aqueous core that is surrounded
by a shell composed of HFE-7500 containing 1 wt% Di-FSH-PEG600 surfactants
were dispersed in an aqueous continuous phase containing 10% PVA. These double
emulsions were stable over a week even if incubated in solutions containing high
salt concentrations which are known to be destabilizing emulsions stabilized with
most polymeric surfactants. I use this feature to produce organic salt crystals,
calcium oxalate, to test the potential to controllably grow them within the small

reaction vessels.
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@ Ca*?

chloride

CaCl, +C4HgO4+3H,0 - CaC4H404 - 3H,0+2HCI

Figure 5.4: Schematic illustration of the formation of calcium oxalate crystals
within double emulsions.

The emulsions are formed within a flow focusing microfluidic device, where the
inner, middle and outer phases are delivered with flow rates of 1000 uL/h,500
pL/hr, 3400 pL/h respectively. The size of these emulsions is dictated by the
outlet channel width which is 100 pm. Upon collection, the DEs are transferred
into isolated and closed wells that contain an aqueous solution containing C'aC'ly
to observe the crystal formation over 24h. Because there is a chemical gradient
between the inner core of the DE and the outer environment which is an aqueous
CaCly containing solution, Ca™? ions are expected to diffuse into the core, even if
the osmolarity of the cores of DEs and the incubation solution is balanced through
the addition of sucrose, and react with oxalate ions to form calcium oxalate, as
shown in Figure 5.4. Once the calcium oxalate reaches a critical concentration, it

is expected to nucleate and grow to yield micron size crystals.

‘b@é 20
?( o @o@?,?
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Figure 5.5: Formation of calcium oxalate crystals in double emulsions containing
250 mM oxalic acid within their cores upon incubation in an aqueous solution
containing 325 mM CaCly over the timeframe of A) t =0 B) t = 5h C) ¢t = 20h.
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The diffusion of ions is expected to start almost immediately due to the chemical
potential difference between the two aqueous phases. While Ca*? ions were
transferred into the core of DEs, water can also be transported out of DEs if
they are subjected to an osmotic pressure difference such that it should change
the size of the emulsion. To test this expectation, the DEs with a diameter of
100 pm, containing 250 mM oxalic acid in their aqueous core are incubated in
DI water containing 325 mM C'aCl,. DEs shrunk during incubation such that
the core is contracted and the shell thickness increased. Eventually the aqueous
cores are sufficiently densified to observe the onset of crystal formation, as seen in
Figure 5.5A-C.

5.4.4 Influence of Reactant Concentration on

Morphology & Size

Figure 5.6: Morphology of calcium oxalate crystals formed in double emulsions
containing A) 250 mM, B) 100 mM oxalic acid in their cores. C[CaCly] = 325
mM.

The reactant concentrations and their stoichiometric ratio determine the reaction
rate and hence the calcium oxalate concentration over time. A change in ion
concentrations reflects on the evolution of the supersaturation and hence, the rate
of nucleation and growth of calcium oxalate crystals. To investigate the influence
of the reactant concentration on the crystal size and morphology, I fixed the CaCl,
concentration in the incubation solution to 325 mM, and varied the oxalic acid
concentration. Incubated DEs possessing aqueous cores containing oxalic acid with
concentrations varying from 50 to 250 mM are observed with optical microscopy

over 20 h. The size of the crystals formed in DEs decreased with increasing
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Figure 5.7: Morphology of calcium oxalate crystals formed in double emulsions
containing A) 250 mM, B) 100 mM. and C)50 mM oxalic acid in their cores upon
incubation in DI water containing 325 mM of C'aCly over 20h.

concentration of oxalic acid as seen in Figure 5.7. This observation suggests that at
higher oxalic acid concentrations more but smaller calcium oxalate crystals form. I
found 250 mM oxalic acid containing DEs to be the optimum system for further
analysis. If I kept the oxalic acid concentration constant and varied the calcium
concentration such that oxalic acid was in excess, I did not observe significant
differences in morphology or size of the crystals as shown in Figure 5.8 A-C. These
results suggest that the crystal size and morphology is mainly dependent on the

concentration of oxalic acid.

The observed decrease in core size upon crystal formation can be due to a decreased
ion density occurring after crystals formed, which would reduce the osmolarity
of the DE core and cause water to diffuse out of the double emulsions. To test
if the reaction has an impact on the size of double emulsion cores, I incubated
DEs whose cores contain 250 mM oxalic acid within aqueous solutions containing
CaC'ly concentrations varying between 32 to 325 mM. I fixed the osmotic pressure
by adjusting it with sucrose such that in all sets, the osmotic pressure difference
between the aqueous core and outer phase is 660 mOsm/kg. Under these conditions,
I obtained crystals with diameters of approximately 15 pm displaying an atypical
morphology that is similar to that of reported kidney stone crystals [202, 203] at the
end of a 20h incubation (Figure 5.8A-C). The core size has reduced to approximately
50% of the DE’s initial core, independent of the calcium concentration (Figure

7D). To test if calcium ions are transported into the aqueous core, I incubated
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Figure 5.8: Influence of C'aCl, concentration on the core size change and crystal
morphology. 250 mM oxalic acid containing double emulsions incubated in DI
water containing A) 325 mM, B) 135 mM, C) 32 mM CaCly. Ap is kept constant
at 660mOsm/kg D) Core size change of double emulsions containing 250 mM
oxalic acid or 10 wt% PEG as a function of the C'aCly concentration.

DEs containing 10 wt% PEG in the cores in an aqueous solution containing
CaCly concentrations varying between 32 to 325 mM with a fixed osmotic pressure
difference between the cores of DEs and the outer phase to 880 mOsm/kg. By
analogy to DEs loaded with oxalic acid, those loaded with PEG also shrank upon
incubation in aqueous solutions containing different amounts of C'aCl,. Indeed, the
size of the cores of DEs loaded with oxalic acid and PEG was within experimental
error the same after they have been incubated in a respective aqueous solution
(Figure 5.9 D). These results indicate that the shrinkage of emulsions is not
considerably influenced by the formation of calcium oxalate crystals but is related
to the osmotic pressure difference.
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Figure 5.9: Influence of the osmotic pressure on the change of the core size of DEs.
DEs containing 250 mM oxalic acid in their cores are incubated over 20h in DI
water containing 325 mM CaCl2 where the osmotic pressure has been adjusted
with sucrose to A) Ap =200 mOsm/kg B) Ap =p=100 mOsm/kg, C) Ap =0
mOsm/kg D) Core size change of double emulsions containing 250 mM oxalic acid
or 10 wt% PEG that have been incubated in aqueous solutions possessing varying
osmolarities.

5.4.5 Influence of Osmotic Pressure on DE Core Size &

Morphology of the Particles

The presence of ions in the incubation solution exerts an osmotic pressure on the DEs
resulting in a reduction of their core size. To test the effect of the osmotic pressure
on the shrinkage of the DE cores, I fixed the oxalic acid and C'aC'l, concentrations
and varied the osmolality of the incubation solution. DEs containing 250 mM
oxalic acid in their cores are incubated in a solution containing 325 mM CaCl,
possessing different osmolarities. I added sucrose to controllably vary the osmolality
between 900-1200 mOsm /kg. DEs shrunk by approximately 40% at the end of a
20 h incubation independent of the osmotic pressure difference (Figure 8D). The
up-concentration of the reagents contained in their cores results in the formation

of crystals that display atypical morphologies of aggregates (Figure 5.9 A-C).
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Figure 5.10: Morphology of calcium oxalate crystals when co-precipitated with
vanillin. Crystals were formed in double emulsions initially containing 250 mM
oxalic acid and 13 mM vanillin in their cores upon their incubation in an aqueous
solution containing A) 325 mM B) 250 mM C)100 mM CaCly over 20h.

This result indicates that oxalic acid is not leaking from the emulsions hence its

contribution to the osmotic pressure does not change over time.

Additives can influence the crystallization rates significantly. To test if I can
monitor the effect of additives, I co-precipitated calcium oxalate with vanillin within
DEs. DEs loaded with 13 mM vanillin and 250 mM oxalic acid are incubated in
aqueous solutions containing C'aCly with concentrations varying between 100 —325
mM. Note that emulsions with higher vanillin concentrations were also produced
yet, their stability is compromised upon incubation. Dendritic calcium oxalate
crystals formed within DEs that were incubated in aqueous solutions containing
325 mM CaCl, for 20 h. By contrast, lower calcium concentrations resulted in the
formation of single monoclinic prismatic crystals with sizes around 5 pm. This
difference in morphology could be attributed to the presence of vanillin that acts
as crystallization inhibitor and hence, decreases the nucleation or growth rate.
The optical images strongly suggest that both dendritic and monoclinic prismatic
crystals are composed of calcium oxalate monohydrate [202], yet the structure of

these crystals has to be confirmed with scattering experiments.
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5.5 Conclusion

Organic and inorganic crystals can be produced controllably in emulsion drops.
Drops with a narrow size distribution formed with microfluidics present a confined
environment that enables a controllable formation of crystals. Double emulsions
are more stable than single emulsions such that they offer more flexibility in tuning
the crystallization conditions. However, the amount of crystals formed within

emulsions is small, thereby making the characterization of these crystals tedious.
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Conclusion

Drop-templated crystallization can be a powerful technique to mimic the confine-
ment under which many biogenic crystals and biominerals form. In particular,
drops enable to systematically vary individual crystallization parameters and study
their effect on the crystallization. In this thesis, I used drops to study the for-
mation of micro- and nanoparticles that can be used as matrix materials for the

encapsulation of volatile actives.

The crystallization within picoliter-sized drops is slower than in the bulk due to
the confinement effect and the reduced risk for impurities that can influence the
crystallization. Therefore, drops allow monitoring the early crystallization stages,
which are very challenging to access through bulk crystallization. Depending on
the fabrication method, the produced drops show variable size distributions. If
drops can rapidly be dried, they can be used to control crystallization of the
solutes within them. The time crystals have to form within drying drops can be
tuned with the drop size, initial solute concentration and choice of solvent. In
this thesis, I use a microfluidic SAW-based spray-dryer to produce tiny airborne
drops with diameters of only a few micrometers out of solutions containing reagents
that form crystalline nanoparticles once the solvent is evaporated. Through this
technique I demonstrate that the structure and the structural stability during
storage of a model low molecular weight organic matrix material, succinic acid,
strongly depends on its processing conditions. SAW-based spray-drying enables
the formulation of succinic acid into the metastable phase without the need for
any crystallization inhibiting additives. These findings open up new possibilities to
tune the dissolution kinetics of matrix materials composed of low molecular weight

organic compounds.
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Chapter 6. Conclusion

Once the important processing parameters are determined, they can be applied to
formulate novel materials such as high density matrices that have the potential to
possess a low permeability even towards volatile substances. Organic crystals that
have a high propensity to crystallize such as succinic acid are well-suited matrix
materials for volatiles as they are typically composed of densely packed molecules
that have a low permeability towards volatile substances such that they retain
them for a prolonged time. This concept is not limited to succinic acid but can
be expanded to other organic low molecular weight substances such as tartaric
acid and liquid volatiles. These findings open up new possibilities to tune the
encapsulation efficiency and release kinetics of volatile substances not only through

the composition of the matrix material but also through its processing.

In summary, microfluidic spray-drying is a tool that can be used to formulate
crystals possessing well-defined and tunable structures that might enable new
applications. I showed the feasibility to use succinic acid as a matrix material for
the encapsulation of vanillin, a model volatile substance. However, I deem my
system to be much more generally applicable. For example, I consider it to be
well suited to study the drug polymorphism, and overcome the pharmaceutical
challenges such as phase separation of drugs and excipients. Compared to the other
encapsulants, volatiles are difficult to retain, hence, I foresee crystalline capsules
composed of low molecular weight substances to be well suited encapsulation

materials for such compounds.

The studies in this thesis can be further advanced if the present technical challenges
are addressed. For instance, the collection of nanoparticles requires an advanced
collection system, since the nanoparticle impaction to any substrate is very limiting,
making their characterization challenging. Obviously, this issue does not apply
to industrial scale applications, as such collectors are already present. Therefore,
the coupling of the SAW-based nebulization to nanospray-drying systems could
increase the collection yield and thereby enable us to deepen our understanding on
the influence of processing parameters on the structure of spray dried particles and
screen further parameters such as temperature or even pressure. Another challenge
is the characterization of porosity in these particles. The porosity of succinic acid
particles containing vanillin must be further characterized. The characterization of
phase separation on particles via imaging techniques such as TEM were challenging
due to the sensitivity of organic crystals to the electron beam and the low contrast

between organic crystals and volatile moieties. Therefore, with more advanced
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characterization tools, crystallization mechanisms could be further elucidated for
example using the platform I employed, which eventually could open up new
possibilities to produce materials that display a performance that is similar to

natural counterparts.

A different approach to use of drops to control the crystallization of solutes
within them is to confine crystallization within emulsions. If microfluidics is used,
monodisperse emulsions with diameters of 100 pm can be formed. Within these
drops, I produced crystals with sizes up to 20 pm. Single emulsion water in oil
drops have a limited stability especially if the aqueous phase contains a high
concentration of ions or extreme pHs, conditions which are frequently met during
crystallization. To overcome this limitation, I employed double emulsions that are
more stable than single emulsions. However, the amount of crystals formed within

emulsions is small, thereby making the characterization of these crystals tedious.
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