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1 Summary/Zusammenfassung

1.1 Summary

Many food and pharmaceutical products are heat-sensitive or perish within a short period.
Therefore, such often highly-valuable products are dried to have a possibility to store or dis-
tribute them without losing too much value or pharmaceutical activity. The most gentle and,
therefore, common drying process for the preservation of biological substances is freeze dry-
ing. However, freeze drying is a highly energy-consuming process. In addition, the process
requires a long drying time, whereby the drying process becomes more and more the bottle-
neck in the production of biological pharmaceuticals. Hence, there is continuous development
in drying technology searching for faster drying processes, which are able to provide high
product quality. A possible alternative for the drying of sensitive biologicals is vacuum drying.
This drying type requires less drying time and can also be applied for freeze-sensitive products,
but the concentration of the product during the drying process can be problematic. However,

it is widely used for bacteria or food, and high-quality samples can be obtained.

Nonetheless, freeze drying and vacuum drying still take several hours or days. This can be
mainly attributed to slow heat conduction within the product because samples can be only
efficiently heated using product shelves at the bottom or top. A possible way to overcome this
problem is the application of microwaves to heat the product. Microwaves, in principle, heat up
the product volumetrically, and therefore, the influence of heat conduction on the drying speed
is low. However, microwaves are not heating the product entirely uniformly, which can be ob-
served by the formation of hot and cold spots. Further, thermal runaway can occur if geomet-
rical or product-based issues are present. Hence, the use of microwave-assisted drying for

heat-sensitive products is challenging.

Therefore, the described issues of microwave-assisted vacuum or freeze drying should be
solved in this work by using an aerated product instead of a highly-dense liquid product struc-
ture. Foams provide a higher surface area, which further accelerates the drying process. Ad-
ditionally, the open-pored system benefits the water vapor transport within the product.
Thereby, the sample structures do not collapse that easily, and the drying process gains on
repeatability. In addition, the grindability and solubility can be improved by using a foamy prod-
uct structure. As a model substance for sensitive biomolecules, B-galactosidase from Kluyve-
romyces lactis was used due to its low denaturation temperature. Thereby, it was assumed to
detect unfavorable conditions during the drying process, even for low or moderate overheating
of the sample. Besides the successful drying of sensitive biomolecules, the study aimed to
understand the influence of the foam matrix on the drying process and determine relevant foam

properties to design suitable formulations regarding microwave-assisted foam vacuum and
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freeze drying. Therefore, this work was split into three sections. The first part corresponds to
the determination of suitable foam matrices and how ingredients influence their suitability for
the investigated drying processes. The second section corresponds to how the foam matrix
influences the drying kinetic and how a good product quality can be obtained. Further, different
process parameters are tested to determine limiting product properties. The last section covers
the upscale the microwave-assisted drying process while maintaining the same product qual-
ity.

In a first step, the influence of saccharides, which are typical excipients in the food and phar-
maceutical industry, on foams, stabilized by nonionic surfactants, was investigated. The hy-
pothesis was that different types of sugars differ in their ability to form hydrogen bonds and
that, thereby, foam properties are influenced. It was shown that depending on the type of sac-
charide, foam properties like drainage and overrun differed. Since this was observed as an
effect not only depending on the bulk viscosity, but also on the concentration of the saccha-
rides, this was attributed to structural differences between saccharide types and macromolec-

ular crowding.

In a second step, the investigated surfactant-stabilized foam matrices utilizing maltodextrin
(MDX) as foam thickener were investigated in their ability to withstand the mechanical and
thermal stress during vacuum drying. It was found that for conventional vacuum drying, only
formulations with 30% MDX were stable throughout the process. In microwave-assisted vac-
uum drying (MWVD), no formulation retained its structure. An explanation for the collapse of
the foam during the conventional vacuum drying was the low elasticity of the air-water inter-
face. Thereby, the foam could collapse due to the foam expansion in the vacuum and the fast
evaporation. Since these effects were even more pronounced in MWVD, the foam could not
be sufficiently stabilized, even at the highest possible MDX concentration of 40%. Another
explanation for the decay during MWVD was the resonant frequency of polysorbate 80 within
the microwave plant's operating frequency. Thereby, a partial overheating of the interface

could occur, which would also explain the observed foam collapse.

This was a problematic aspect due to the fact that the foam stability during the drying process
is essential for the repeatability of the process and the grindability of the final product. Further,
the drying speed decreases significantly because the surface area of the product decreases.
Therefore, foams stabilized with whey protein isolate were investigated regarding their suita-
bility for CVD and MWVD. It was shown that WPI-stabilized foams withstand the harsh condi-
tions during the drying much better, and nearly all investigated formulations showed a foamy
structure throughout the drying process. In contrast to polysorbate 80 stabilized foams, the

surface elasticity of the investigated formulations was much higher, which was attributed to
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more pronounced interactions between proteins at the interface. Further, the dielectric proper-
ties of the investigated formulations were investigated, and an increasing heat conversion po-

tential with increasing saccharides concentration was detected.

As only maltodextrin was investigated as a thickener in the previous two steps, surfactant and
protein-stabilized foams were investigated on their stability utilizing different saccharides. Be-
sides the comparison of interfacial properties, the molecular interactions between foaming
agents and excipients were examined. It was shown that the repulsion between surfactant
micelles was less pronounced than that of proteins in the presence of saccharides. This was
attributed to the preferential exclusion due to the presence of saccharides, which stabilize the
protein in their most favorable conformation. Since the conformation is dependent on whether
it is inside the liquid or at the interface, saccharides showed different abilities to influence the
surface rheology and surface elasticity. However, these interactions were not present to the
same extent for polysorbate stabilized foams. Therefore, most of those foams collapsed during
CVD or MWVD. Nonetheless, the study showed that the interactions between foaming agents
and saccharides have an influence on the dilational surface rheology and, therefore, foam

stability during the drying process.

One question, which arose working with foams in microwave-assisted freeze drying (MWFD),
was how the water vapor leaves the product since the product is frozen. Hence, the freeze
drying process was examined utilizing a freeze drying microscope and the observed drying
compared with the drying kinetics of microwave-assisted freeze drying. One finding from this
study was that dependent on the foam properties, the water vapor pathway and the drying
behavior differed significantly. For foams with an overrun below about 200%, foam acted like
a liquid and showed only a single sublimation front during the drying process, running from the
outside to the inside. In contrast, multiple sublimation fronts were observed for foams with
higher overrun. Those were showing up around the bubbles and merging within the lamellae.
In MWFD, foams with high overrun were much more stable in terms of collapse or melting
compared to foams with low overrun. One explanation for this was that due to the merging
sublimation fronts in high overrun foams, the water vapor could leave the sample much easier
compared to the “liquid-like” drying of foams with low overrun. Therefore, one conclusion of
this study was that in MWFD, foams should be used with an overrun above 200% to accelerate

the process and minimize the damage of heat-sensitive target substances.

Since the investigations in a freeze drying microscope were only performed for a limited
amount of samples and without a sensitive biomolecule, the influence of foam properties and
stabilizing excipients was investigated in MWFD in detail. Glycerin was chosen as a typical

excipient, and its influence on the drying process was investigated. It was observed that due
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to the higher evaporation temperature, glycerin was able to be heated in even water-free sec-
tions of the sample. Thereby, the drying process was accelerated, but a negative impact on
the residual enzyme activity was observed, especially for samples with high overrun. This was
attributed to the delayed temperature measurement because, in microwave-assisted drying,
the only surface temperature can be measured in combination with a turntable system. One
conclusion was, therefore, that for the formulation design in MWFD, excipients that are able to
be dielectrically heated and have higher evaporation temperature than water should be used
in only small amounts or even avoided. Besides the influence of glycerin, the influence of foam
properties on the residual enzyme activity was investigated. It was observed that independent
of the used saccharide or foaming agent, the highest residual enzyme activity was obtained
for high overrun values. Since the overrun is an indication for the thickness of the lamellae,
which has a massive influence on the internal water vapor resistance, one can conclude that
due to even low or moderate pressure differences inside the product, overheating and subse-
guent damage to the enzyme occurs. However, the drying time increases with increasing over-
run, and therefore, there is the need to find the best compromise between product quality and
drying speed in MWFD.

Process parameters and different product sizes were investigated to find the limitations of the
MWFD and MWVD. In MWFD, it was shown that with increasing sample thickness, the over-
heating became more pronounced, cracks and melting occurred. This was also observed for
a power input value above 1.7 W-g-1. As a result of the overheating, significant damage to the
enzyme was observed. Besides, the probability of plasma formation increased, and the pro-
cess became unstable. In MWVD, much higher power input can be applied since plasma for-
mation becomes less probable with higher pressure. Furthermore, the product can boil, result-
ing in less overheating. Best drying results in terms of product quality were obtained at 5.7 W-g-
! since this power input represents the best compromise between the speed of passing unfa-

vorable drying conditions and local overheating.

Finally, upscale experiments were performed. In MWFD, upscale experiments were conducted
utilizing two different strategies. The first strategy should find a way to change the amount of
product without losing product quality to adjust production on demand. It was found that equal
product quality can be achieved by using a negative relationship between microwave power
input and sample weight. The required drying time scaled linearly with the amount of sample
between 80 and 140 g. Above that sample weight, a much higher increase in required drying
time was observed. For the second strategy, the sample structure was changed to spherical
foam droplets to improve the external surface area and minimize the sample's inner water
vapor resistance. It was shown that even non-foamed samples could be quickly and easily

dried in MWFD utilizing this product shape. Further, an amount of 600 g was successfully dried
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within 10 h at only slightly lower residual enzyme activity than that of smaller samples. This
was explained by overdrying, as the required drying time could only be predetermined due to
no connection between the used drum and the plant’s scale. Overall, one conclusion from the
upscaling experiments was that the product as well as the drying plant show limitations. For
samples dried with MWFD, the water vapor transfer resistance was the limiting key factor,
which was improved by using spherical foam droplets. However, if the drying process was
accelerated, the drying plant showed limitations in water transfer between the product and
condenser chamber, which resulted in unstable process conditions. For MWVD, no upscaling
experiments could be carried out since the product chamber was too small for the expanding

volume of the foam.

Overall, it was shown that microwave-assisted vacuum and freeze drying is suited to dry sen-
sitive biomolecules within a short period. Using aerated product matrices significantly de-
creased the water transfer resistance, and thereby, higher microwave power input could be
applied without damaging the product. However, plasma formation during the drying process
still remarks a problem, which could be presumably solved by adjusting the microwave fre-
guency, as applicable in solid-state systems. Furthermore, the use of solid-state microwave
systems would allow to change the microwave field mode, resulting in more uniform heating

of the product.
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1.2 Zusammenfassung

Viele Lebensmittel und pharmazeutische Produkte sind hitzeempfindlich oder verderben in-
nerhalb eines kurzen Zeitraums. Daher werden viele empfindliche und hochwertige Produkte
getrocknet, um sie ohne zu groRen Wert- oder pharmazeutischen Aktivitatsverlust lagern oder
vertreiben zu kénnen. Das schonendste und daher gangigste Trocknungsverfahren zur Kon-
servierung von biologischen Substanzen ist die Gefriertrocknung. Dabei wird Wasser im ge-
frorenen Zustand unter Ausschluss des flissigen Zustands entfernt (Sublimationstrocknung).
Allerdings ist die Gefriertrocknung ein sehr energieaufwandiger Prozess und bendtigt eine
lange Trocknungszeit. Dadurch wird der Trocknungsprozess mehr und mehr zum Engpass bei
der Herstellung von biologischen Arzneimitteln. Daher wird in der Trocknungstechnik kontinu-
ierlich nach schnelleren Trocknungsprozessen gesucht, die eine hohe Produktqualitat gewahr-
leisten. Eine mogliche Alternative flr die Trocknung von sensitiven Biomolekiilen stellt die Va-
kuumtrocknung dar. Diese ermdglicht deutlich kiirzere Trocknungszeiten und ist auch fir Pro-
dukte geeignet, welche empfindlich gegeniiber Gefrierprozessen sind. Daher wird die Vaku-
umtrocknung haufig als Alternative zur Gefriertrocknung beispielsweise zur Trocknung von

Starterkulturen oder hochqualitativen Lebensmitteln verwendet.

Trotz aller Entwicklungen in den letzten Jahren benétigt sowohl die Gefriertrocknung als auch
die Vakuumtrocknung mehrere Stunden oder Tage, bis die Trocknung abgeschlossen ist.
Hauptursache hierfiir ist die geringe Warmeleitfahigkeit innerhalb des Produktes, da dieses in
der Regel auf einer Stellflache erwarmt werden. Somit muss die fir die Sublimation notwen-
dige Energie zunéchst vom Produktboden bis zu der Stelle geleitet werden, an der das Wasser
sublimieren werden soll, was den Prozess verlangsamt. Eine Mdéglichkeit, dieses Problem zu
beheben, ist die Verwendung von Mikrowellen zur Erhitzung des Produkts anstelle der Stell-
flachen. Mit Mikrowellen kann das Produkt volumetrisch erhitzt werden, wodurch die geringe
Warmeleitfahigkeit des gefrorenen Produkts weniger stark ins Gewicht fallt. Allerdings ist die
Erhitzung mit Mikrowellen nicht komplett gleichmafig, wodurch sich Hot- und Coldspots bilden
koénnen. Aufl3erdem kann es zu sehr starken Uberhitzungen kommen, wenn das Produkt auf-
grund seiner Form oder unpassende Inhaltsstoffen nicht zur Trocknung mit Hilfe von Mikro-
wellen geeignet ist. Insgesamt kann es daher leicht zur Uberhitzung des Produkts kommen,
wodurch die Trocknung von hitzesensitiven Stoffen eine grof3e Herausforderung fur den in-

dustriellen Einsatz darstellt.

Um die bei der Verwendung von Mikrowellen entstehenden Probleme zu I6sen, soll in dieser
Arbeit anstelle einer normalen flissigen oder gefrorenen Probe ein geschaumtes Produkt ein-
gesetzt werden. Schdume haben eine grof3e Oberflache, wodurch der Trocknungsprozess
weiter beschleunigt werden kann. Aul3erdem kann der entstehende Wasserdampf das Produkt

besser durch das offenporige System verlassen. Dadurch treten seltener Uberhitzungen auf,
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was wiederum auch den Trocknungsprozess stabilisiert. Des Weiteren kann das pordse End-

produkt einfacher weiterverarbeitet und vermahlen werden.

Um Uberhitzungsphanomene einfach und zuverlassig zu detektieren, wurde ein Modellenzym
eingesetzt. Hierflr wirde das Enzym [B-Galactosidase verwendet, welches sich aufgrund sei-
ner niedrigen Denaturierungstemperatur von etwa 45 °C besonders gut eignete. Durch den
Einsatz der B-Galactosidase sollten daher auch relativ geringe Uberhitzungen detektierbar
sein, welche rein optisch nicht zu analysieren waren. Ein Ziel dieser Studie war es daher, eine
schnelle und zuverlassige Trocknungsmethode zur Konservierung von sensitiven Biomolek-
len zu entwickeln. Zusatzlich war es Ziel der Arbeit, den Einfluss der Schaummatrix auf den
Trocknungsprozess zu ermitteln. Dabei sollten die fur die Trocknung relevanten Schaumei-
genschaften ermittelt und die Mdglichkeit geschaffen werden, Grundeigenschaften fir Pro-
dukte zu definieren, welche fir die Trocknung mittels mikrowellenunterstitzten Verfahren ge-

eignet sind.

Die Arbeit kann in drei Abschnitte untergliedert werden: Im ersten Abschnitt wurden potentiell
geeignete Schaummatrizen untersucht und wie sich deren Eigenschaften mit Hilfe von Sac-
chariden beeinflussen lassen. Der zweite Abschnitt beschaftigte sich mit der der Trocknung
von ausgewahlten Schaummatrizen und versuchte die Schaum- mit den Trocknungseigen-
schaften zu korrelieren. Au3erdem sollten Formulierungen gefunden werden, mit denen sich
das Modelenzym gut konservieren lasst. Diese Formulierungen sollten auf mogliche Ein-
schrankungen seitens Prozess- oder Produktparameter genauer beleuchtet werden. Im letzten
Abschnitt wurde der Upscale der am besten geeignetsten Formulierungen durchgefihrt und

versucht, mehr Produktmenge bei gleichbleibender Qualitat zu trocknen.

Im ersten Schritt wurde der Einfluss von haufig in der Lebensmittel- oder pharmazeutischen
Industrie eingesetzten Hilfsstoffen auf die Eigenschaften von tensidstabilisierten Schaumen
untersucht. Es wurde angenommen, dass die unterschiedlichen Arten von eingesetzten Zu-
ckern auch unterschiedliche Eigenschaften hinsichtlich der Bildung von Wasserstoffbriicken-
bindungen besitzen und dariber Einfluss auf die Eigenschaften von Schaumen ausiiben kon-
nen. Es konnte gezeigt werden, dass Schaumeigenschaften wie der Overrun oder die Drai-
nage Unterschiede aufgrund des Einsatzes verschiedener Zucker aufwiesen. Da der Einfluss
der Viskositat der flissigen Phase des Schaums mitbertcksichtigt wurde, konnte der Schluss
gezogen werden, dass es sich neben dem Einfluss verschiedener Zuckertypen auch um kon-
zentrationsabhangige Unterschiede handelt. Dabei wurde angenommen, dass sowohl beson-
dere strukturelle Unterschiede zwischen den Zuckertypen als auch so genanntes ,macro-
molecular crowding®, welche erst ab einer systemabhangigen Kohlenhydratkonzentration zum

Tragen kommen, fiir die Abweichungen in den Schaumeigenschaften verantwortlich sind.
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AnschlieRend wurde der Einfluss von tensidstabilisierten Schdumen, welche mit Maltodextrin
angedickt wurden, auf ihre Stabilitat wahrend der Vakuumtrocknung untersucht. Dabei wurde
beobachtet, dass nur Formulierungen mit mehr als 30% Maltodextrin wahrend der konventio-
nelle Vakuumtrocknung stabil blieben. Zudem war keine der untersuchen Formulierungen
stabil genug um den mikrowellenunterstitzten Trocknungsprozess zu Uberstehen. Eine Erkla-
rung hierfir war die geringe Oberflachenelastizitat, die die Proben aufwiesen. Dadurch kolla-
bierten Schdume wahrend der des Anlegens des Vakuums aufgrund von mechanischer Be-
anspruchung in Form des expandierenden Volumens. Da die Belastung in mikrowellenunter-
stutzten Prozessen aufgrund der gré3er ausgelegten Pheripherie noch starker ausfallt, wirde
dies auch erklaren, wieso hier keine der untersuchten Formulierungen stabil geblieben ist. Eine
andere Erklarung, wieso wahrend der MWVD keine Probe stabil blieb, waren die dielektrischen
Eigenschaften des Schaumbildners. Die Resonanzfrequenz des Schaumbildners befand sich
innerhalb des Frequenzbandes der Mikrowellenanlage. Daher kbnnte es zu einer Resonanz-
katastrophe an der Grenzflache oder zumindest einer lokalen Uberhitzung dieser gekommen

sein. Auch dies wirde ein Kollabieren der Schaumstruktur erklaren.

Da die Schaumstabilitat fir die Wiederholbarkeit und Produkteigenschaften von essentieller
Bedeutung ist, wurden molkenproteinisolatstabilisierte Schaume, welche auch mit Maltodext-
rin versetzt waren, hinsichtlich ihrer Eignung zur Vakuum- oder mikrowellenunterstitzten Va-
kuumtrocknung untersucht. Es wurde gezeigt, dass die untersuchten Schaume die rauen Be-
dingungen wahrend der Trocknung deutlich besser tberstanden und dass nahezu alle Formu-
lierungen ihre Schaumstruktur behielten. Im Gegensatz zu tensidstabilisierten Schaumen war
die Oberflachenelastizitat deutlich hoher, was den stérker ausgebildeten Interaktionen von
Proteinen an der Grenzflache zugeschrieben wurde. AuRerdem wurden die dielektrischen Ei-
genschaften der Formulierungen untersucht und eine mit zunehmenden Maltodextrinanteil

steigende Effizienz der Warmeumwandlung aus elektromagnetischen Wellen festgestellt.

Nachdem bis jetzt nur Maltodextrin als Kohlenhydrat in den Formulierungen fir die (mikrowel-
lenunterstitzten) Vakuumtrocknungen eingesetzt worden ist, wurden zusatzliche Versuche mit
strukturell anderen Kohlenhydraten (Sorbitol, Saccharose und Maltose) untersucht. Zudem
wurde statt des Molkenproteinisolates reines 3-Lactoglobulin verwendet, um Interaktionen zwi-
schen Schaumbildner und Zucker auf molekularer Ebene untersuchen zu kénnen. Dabei
konnte gezeigt werden, dass in Anwesenheit von Kohlenhydraten die repulsiven Krafte zwi-
schen Tensidmizellen deutlich schwacher waren als die von Proteinen. Erklart wurde dies mit
der ,preferential exclusion®, bei der durch die Anwesenheit von Kohlenhydraten die thermody-
namisch stabilsten Konformationen von Proteinen beginstigt werden. Da es in einem Schaum
sowohl eine fliissige Phase als auch die Luft-Wasser-Grenzschichten oder Oberflachenschich-

ten gibt, in der sich Proteine ansammeln, unterscheiden sich auch die Konformationen, welche
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unterstitzt werden. Es wurde daher angenommen, dass die eingesetzten Zucker auch die
Grenzflache stabilisierten, was sich in einer erhéhten Grenzflachenelastizitat wiederspiegelte.
Allerdings trat dieser Effekt nicht bei tensidstabilisierten Schaumen auf, was durch schwéchere
Interaktionen zwischen den nichtionischen Tensiden an der Grenzflache erklart wurde. Daher
kollabierten die meisten Formulierungen der tensidstabiliserten Schaume sowohl in der kon-
ventionellen als auch in der mikrowellenunterstiitzten Vakuumtrocknung. Bei proteinstabilisier-
ten Schaumen zeigten mit Maltodextrin versetzte Formulierungen die hochste Stabilitat. Daher
konnte mit der Studie gezeigt werden, wie die auftretenden Interaktionen auf molekularer
Ebene Einfluss auf die Grenzflache und somit auf die Stabilitat wahrend der Trocknung ausu-

ben und welche Rolle dabei Zucker einnehmen kdnnen.

Eine Frage, die sich bei der Arbeit mit Schaumen in der mikrowellenunterstiitzten Gefriertrock-
nung stellte, war, wie der Wasserdampf das gefrorene Produkt verlasst. Zu diesem Zweck
wurde der Gefriertrocknungsprozess mit Hilfe eines Gefriertrocknungsmikroskops untersucht
und die Ergebnisse mit der Trocknungskinetik einer mikrowellenunterstiitzten Gefriertrock-
nung verglichen. Eine daraus gewonnene Erkenntnis war, dass sich in Abhangigkeit der
Schaumeigenschaften der Weg des Wasserdampfs und somit das Trocknungsverhalten deut-
lich unterschieden. Bei SchAumen mit einem Overrun unter ca. 200 % verhielt sich der Schaum
eher wie eine gefrorene Flissigkeit und zeigte wahrend des Trocknungsprozesses nur eine
einzige Sublimationsfront auf, die von auf3en nach innen verlief. Im Gegensatz dazu wurden
bei Schaumen mit hdherem Overrun mehrere Sublimationsfronten beobachtet. Diese traten
um die Blasen herum auf und verschmolzen tber den Trocknungsprozess hinweg innerhalb
der Lamellen. In der MWFD waren Schaume mit hohem Overrun im Vergleich zu Schaumen
mit niedrigem Overrun wesentlich stabiler in Bezug auf einen Produktkollaps oder das An-
schmelzen des Produkts. Eine Erklarung dafur war, dass aufgrund der zusammenlaufenden
Sublimationsfronten in Schaumen mit hohem Overrun der Wasserdampf die Probe, verglichen
mit der "flussigkeitsdhnlichen" Trocknung von Schdumen mit niedrigem Overrun, viel leichter
verlassen konnte. Ein Ergebnis dieser Studie war daher die Schlussfolgerung, dass bei der
MWFED ein Schaum mit einem Overrun tUber 200 % verwendet werden sollte, um den Prozess

zu beschleunigen und die Schadigung warmeempfindlicher Zielsubstanzen zu minimieren.

Da die Untersuchungen im Gefriertrocknungsmikroskop nur fir eine begrenzte Menge an Pro-
ben und ohne ein sensitives Biomolekul durchgefiuhrt wurden, wurde der Einfluss von
Schaumeigenschaften und stabilisierenden Hilfsstoffen fir die MWFD untersucht. Als haufig
genutzter und typischer Hilfsstoff wurde Glyzerin gewahlt und dessen Einfluss auf den Trock-
nungsprozess untersucht. Es wurde beobachtet, dass sich Glycerin aufgrund der héheren Ver-
dampfungstemperatur auch in wasserfreien Bereichen der Probe erwé&rmen konnte. Dadurch

wurde der Trocknungsprozess zwar beschleunigt, jedoch wurde ein negativer Einfluss auf die

17



verbleibende Enzymaktivitat beobachtet, insbesondere bei Proben mit hohem Overrun. Dies
wurde auf die verzégerte Temperaturmessung zurtickgefuhrt, da bei Mikrowellen in Kombina-
tion mit einem Drehtischsystem nur die Oberflachentemperatur gemessen werden konnte.
Eine Schlussfolgerung war daher, dass fur die Entwicklung von Formulierungen fur die MWFD,
Hilfsstoffe, die dielektrisch erwarmt werden kénnen und eine héhere Verdampfungstemperatur
als Wasser haben, nur in geringen Mengen verwendet oder sogar vermieden werden sollten.
Neben dem Einfluss von Glycerin wurde auch der Einfluss der Schaumeigenschaften auf die
verbleibende Enzymaktivitat untersucht. Es wurde festgestellt, dass unabhéngig vom verwen-
deten Saccharid oder Schaumbildner die hochste Restenzymaktivitat bei hohen Overrunwer-
ten erreicht wurde. Da der Overrun auch einen Hinweis auf die Lamellendicke gibt, die wiede-
rum den inneren Wasserdampfwiderstand massiv beeinflusst, kann daraus geschlossen wer-
den, dass bereits bei geringen oder moderaten Druckunterschieden im Produktinneren eine
Uberhitzung und damit eine Schadigung des Enzyms auftritt. Die Trocknungszeit verlangerte
sich mit zunehmendem Overrun, so dass bei der MWFD ein Kompromiss zwischen Produkt-

gualitat und Trocknungsgeschwindigkeit gefunden werden muss.

Zusatzlich wurden Prozessparameter und verschiedene ProduktgréRen untersucht, um die
Einschrankungen und Grenzen der MWFD und MWVD zu finden. Bei der MWFD zeigte sich,
dass mit zunehmender Probendicke die Uberhitzung starker ausgepragt war. Dies duRerte
sich zudem durch das Anschmelzen des Produkts sowie das Auftreten von Rissen. Neben
einer zu grofRen Produktdicke wurde dies auch bei einem Leistungseintragswert tiber 1,7 W-g-
! beobachtet. Zudem wurde als Folge der Uberhitzung eine signifikante Schadigung des En-
zyms beobachtet. Aul3erdem stieg die Wahrscheinlichkeit der Plasmabildung, wodurch sowohl
der Trocknungsprozess instabil als auch das Produkt geschadigt wurde. Bei der MWVD konnte
im Vergleich zur MWFD eine hohere Mikrowellenleistung eingesetzt werden, da die Plasmabil-
dung bei hoherem Druck weniger wahrscheinlich wird. Au3erdem kann das Produkt sieden
und sich somit selbst mischen, was zu einer geringeren Uberhitzung fiihrt. Die besten Trock-
nungsergebnisse in Bezug auf die Produktqualitat wurden bei 5,7 W-g* erzielt, da diese Leis-
tungsaufnahme den besten Kompromiss zwischen der Geschwindigkeit des Passierens un-

gunstiger Trocknungsbedingungen und der lokalen Uberhitzung darstellte.

AbschlieRend wurden Upscale Experimente durchgefiihrt. Fir MWVD konnten allerdings keine
Upscale-Experimente durchgefihrt werden, da die Produktkammer zu klein fir das expandie-
rende Volumen des Schaums war. Die Upscale-Experimente fiur MWFD wurden mit zwei ver-
schiedenen Strategien durchgefihrt. In der Ersten sollte ein Weg gefunden werden, die Pro-
duktmenge zu verandern, ohne die Produktqualitat zu verlieren und somit die Produktion an

den Bedarf flexibel nach oben und unten anpassen zu kénnen. Es wurde gezeigt, dass durch
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die Verwendung einer negativen linearen Beziehung zwischen Mikrowelleneintrag und Pro-
bengewicht eine gleiche Produktqualitat erreicht werden kann. Auch die bendétigte Trocknungs-
zeit skalierte linear bei Verwendung einer Probenmenge zwischen 80 und 140 g. Oberhalb
von 140 g wurde ein deutlich hoherer Anstieg der bengtigten Trocknungszeit beobachtet. Bei
der zweiten Strategie wurde die Probenstruktur von einem zylindrischen geschdumten Pro-
duktkuchen in kugelférmige Schaumtropfchen geéndert, um die dul3ere Oberflache zu vergro-
Rern und den Wasserdampfwiderstand innerhalb der Probe durch die Schaumstruktur zu mi-
nimieren. Es wurde gezeigt, dass auch nicht geschaumte Proben mit dieser Produktform er-
folgreich mittels MWFD getrocknet werden kdnnen, was bei der Verwendung eines Probenku-
chens schwierig war. Zudem wurde eine Menge von 600 g innerhalb von 10 h getrocknet, wo-
bei die verbleibende Enzymaktivitat nur geringfligig niedriger war als bei kleineren Proben.
Dies wurde mit einer Ubertrocknung erklart, da die benétigte Trocknungszeit aufgrund der feh-
lenden Verbindung zwischen der verwendeten Trommel und der Waage der Anlage nur ma-
nuell vorgegeben und der Prozess nicht Uber eine Waage gesteuert werden konnte. Eine
Schlussfolgerung aus den Upscaling Versuchen war, dass sowohl beim Produkt als auch bei
der Trocknungsanlage die prozesstechnischen Grenzen der MWFD erreicht wurden. Bei den
mit MWFD getrockneten Proben war der produktinterne Wasserdampfwiderstand der limitie-
rende Faktor fUr den Einsatz von héheren Mikrowellenleistungen und damit schnelleren Trock-
nungsprozessen. Durch den Einsatz von spharischen Schaumtropfen konnte diese Grenze
erfolgreich erweitert und der Prozess beschleunigt werden. Die Beschleunigung des Trock-
nungsprozesses zeigte die Limitierung der Trocknungsanlage in ihrer Mdglichkeit auf, subli-
miertes Wasser aus der Produktkammer in die Kondensatorkammer zu beférdern. Dadurch

verringerte sich die Prozessstabilitat.

Insgesamt konnte gezeigt werden, dass die mikrowellenunterstiitzte Vakuum- und Gefrier-
trocknung fur die Trocknung sensitiver Biomolekile gut geeignet ist. Durch die Verwendung
von Schaummatrizen verringerte sich der innere Wassertransportwiederstand erheblich.
Dadurch war es moglich eine hohere Mikrowellenleistung einzusetzen, ohne das Produkt zu
schadigen. Die Bildung von Plasma wahrend des Trocknungsprozesses stellt jedoch nach wie
vor ein Problem dar. Dieses kénnte durch eine Frequenz- bzw. Modendnderung in einem halb-
leiterbasierten Mikrowellentrockner geldst werden. Auf3erdem konnte das Produkt dadurch

gleichmé&Riger erhitzt werden, als es im hier verwendeten Magnetronsystem der Fall war.
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2 General introduction

2.1 Common drying methods in the food and pharmaceutical industry

To increase the shelf life of heat-sensitive products like biopharmaceuticals, probiotics, or high-
value food components and improve their handling and distribution, they are often preserved
by drying. Secondary targets can be a reduction of weight and volume and hence, minimized
packaging, storage, and transport costs (Falade and Solademi 2010; Fumagalli and Silveira
2005).

Next to the product quality, cost and time effort are important for industrial application (Karim
and Wai 1999). The most expensive and time-consuming drying process is freeze drying if the
costs are defined by the costs per kg evaporated water (Santivarangkna et al. 2007b; Roser
1991). Nevertheless, the higher the product's value, the higher the costs of a particular dam-
aged product, which might be the reason for commonly used freeze drying (Walters et al.
2014). However, the increased demand for freeze drying capacity can result in a bottleneck of

entire production chains in the pharmaceutical industry (Schmitt 2012).

The most commonly used processes are spray drying, vacuum drying, foam-mat drying, or
freeze drying. They differ in their mechanism of dehydration (Fig. 2.1.1), and each drying pro-
cess has specific advantages and disadvantages, well documented in the literature (2014;
Ratti 2008; Sankat and Castaigne 2004). Therefore, for each product, the drying process
should be chosen with care, finding the best match between product and process properties.
However, for biomolecules like proteins or vaccines, freeze drying is the most common drying
technique (Walters et al. 2014; Pikal 1990b).
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Fig. 2.1.1 Phase diagram of water, ice, and vapor in dependency of water vapor pressure and temper-

ature of saturated vapor in relation to important drying processes according to Kessler (2006).
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Vacuum drying, convective drying, or foam-mat drying are more common for food products, as
their costs a lower (Roser 1991). Next to those conventional drying techniques, combinations
of techniques like foam vacuum drying or microwave-supported processes are more and more
used to solve specific disadvantages of single drying techniques and to optimize the product
quality (Ambros et al. 2019b; Ozcelik et al. 2019b; Qadri and Srivastava 2017; Raharitisfa and
Ratti 2010).

Stabilization of proteins during drying processes and storage

The preservation of functional properties of biomolecules or taste of food over a long storage
time is one of the main goals of drying in the food and pharmaceutical industry and can be
improved by the product's formulation due to the addition of excipients like saccharides, poly-
ols, or polymers. Thereby, the stability can be enhanced during the drying process as well as
during storage time through the inhibition of degradation mechanisms. In general, those mech-
anisms can be split into chemical processes, like oxidation, deamination, or Maillard reaction,
and physical processes, like precipitation, crystallization, or non-covalent aggregation (Men-
sink et al. 2017; Kopf and Frie? 2016; Simon et al. 2011).

As the products’ state changes throughout the drying process from liquid to dry and within
freeze drying processes from a frozen state, different preservation mechanisms are important
to stabilize the product. In order to remain within one representative system, the following sta-
bilization mechanisms are described for protein or peptide-based products. Primarily, two sta-
bilization mechanisms are reported in the literature, the glass dynamics or vitrification and the

water replacement theory (Chang and Pikal 2009; Chang et al. 2005).

Most degradation mechanisms can be minimized by the incorporation of functional substances
into a glassy matrix. Glass itself is a highly viscous, amorphous state, which can cover, e.g.,
proteins or probiotics and stabilize them via hydrogen bonds (Carpenter and Crowe 1989).
Thereby, sensitive substances are protected against aggregation or chemical degradation, as

even in the appearance of problematic substances, like oxygen, the diffusion is slowed down.

The ability of excipients to stabilize proteins within a glassy matrix differs strongly. For exam-
ple, the molecular size and the flexibility of sugars can strongly influence the stabilization of
freeze-dried proteins, as shown by Tonnis et al. (2015). The sugar molecules should be able
to fit the substance's surface closely and thus to cover it to obtain the most suitable interactions
(Grasmeijer et al. 2013). With higher molecular weight and lower flexibility of the saccharides,
their ability to interact with the proteins and cover their surface is lower compared to small or
flexible saccharides, resulting in faster degradation of proteins during their storage (Allison et
al. 1999). Therefore, most commonly, small sugars are used like the disaccharides trehalose

or sucrose (Carpenter et al. 1992; Timasheff 1992; Arakawa et al. 1991).
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However, glasses are thermodynamically instable and tend to change to the so-called rubbery
state. The rubbery state is much less viscous than the glassy state, whereby the stabilization
of, e.g. proteins is also less effective. With lower viscosity, glass-forming substances can move
faster, which results in crystallization. As the straightly ordered structure of crystals cannot
closely cover the protein's surface or embed the proteins into an amorphous matrix, the crys-
tallization of drug-containing formulations is unwanted. The temperature at which a system
leaves the glassy state is called glass transition temperature Tg, whereas T¢ corresponds to
the crystallization temperature. As the glass transition temperature is of particular interest for
the drug stability, it should be much higher than the storage temperature (Alhalaweh et al.
2015; Hancock et al. 1995). However, in some cases, physical degradation of pharmaceuticals
of foods was even detected below T (Chung and Lim 2006; Noel et al. 2005; Hancock et al.
1995).

The glass transition is usually not spontaneously happening at a single temperature point. It is
a transition, which consists of on-set, mid-point, and end temperature and therefore occurs
within a specific temperature range, as shown in Fig. 2.1.2 (Thomas 2017). The value of Te
and the temperature range are strongly dependent on the used excipients and the water con-
tent of the formulation (Alvino Granados et al. 2019; Dereymaker and van den Mooter 2015;
Abiad et al. 2009). In the case of different excipients, the glass transition temperature can be
easily influenced by combining substances with different molecular weights (Legucha-Balles-
teros et al. 2002; Yu et al. 1994). Another way to increase Tg is the addition of phosphates,
which are often present in buffer solutions (Ohtake et al. 2004). However, as already dis-
cussed, the glass transition temperature itself is not the only parameter for the stabilization
inside an amorphous matrix. Therefore, interactions between proteins and excipients should

also receive attention.
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Fig. 2.1.2: Typical glass transition of amorphous materials measured with dynamic scanning calorimetry

(DSC), with extrapolated onset, midpoint, and offset temperature according to Thomas (2017).
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The stabilizing interactions between sugars and proteins during dehydration can be explained
best by hydrogen bonds. In liquid phase, the water interacts via hydrogen bonds with proteins
resulting in the solubility of proteins inside the aqueous phase. However, during drying, water
is removed, and the protein would tend to aggregate due to increasing protein concentration
in the residual liquid. As sugars can form H-bonds with the proteins, they can replace the water
molecules at the protein and, therefore, stabilize the native structure. This is mainly referred to
as the “water replacement theory” (Arakawa et al. 1991; Carpenter and Crowe 1989), which is
strongly dependent on the ability of sugars to cover the protein's surface.

Therefore, the stabilization of proteins during drying and storage depends mainly on vitrification
and water replacement. Recently, it was not possible to explain the stabilization of proteins just
by one of those mechanisms, and therefore, both need to be considered during drug develop-
ment (Mensink et al. 2017). However, it was stated that the predominant mechanism is de-
pendent on the storage temperature, as below T¢ the water replacement will be the critical

property, while above Tg the vitrification will be the limiting property (Grasmeijer et al. 2013).

2.1.1 Freeze drying

The most common drying method for the preservation of sensitive material is freeze drying. It
is performed at a pressure below the Triple point (Fig. 2.1.1), and therefore, the water is sub-
limating and not boiling. Thereby, the free water evaporates without being liquid throughout
the drying process, providing several advantages. One of them is that the sample will not con-
centrate during the drying process as it occurs during hot-air drying or vacuum drying. Further,
low pressure during the sublimation phase results in a low presence of oxygen during the
drying, effectively decreasing product oxidation, in combination with low temperatures. Hence,
chemical degradation of products and solubility problems can be avoided by freeze drying,
resulting in the gentlest available drying process for the most sensitive materials (Walters et
al. 2014).

Freeze drying consists of three main steps, freezing(fast or slow), primary drying, the so-called
sublimation phase, and secondary drying, which is also called desorption phase (Kopf and
Friel3 2016).

A simplified sketch of how the freezing rate influences the drying speed and crystal size is
shown in Fig. 2.1.3. During the freezing step, a concentration of ingredients might occur, com-
bined with a pH-shift of buffered solutions, affecting the quality of the product (Kolhe et al.
2010; Gémez et al. 2001). Therefore, the freezing rate is usually as high as possible for the
case of protein drying. However, the higher the freezing rate, the smaller the crystal size. This
results in higher water vapor resistance inside the product and causes slower drying rates
compared to samples with larger ice crystals (Patapoff and Overcashier 2002). Therefore, a

so-called “annealing” step can be performed, where the product temperature is cycled between
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the ice melting temperature and the glass transition temperature of the freeze concentrate
(Searles et al. 2001; Lu and Pikal 2004). Thereby, the product partially crystalizes and the
crystals grow because of "Ostwald ripening” (see section 2.2.), which stabilize the product
against collapse (Wang and Pikal 2012). Thereby, uniformity of ice-crystals and drying speed
can be significantly increased by storing the product for a defined time at temperatures above
the glass transition temperature of the maximally freeze-concentrated amorphous phase, T'g,
as shown by Searles et al. (2001) or Fonte et al. (2016).
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Fig. 2.1.3: Simplified sketch on the influence of freezing rate on the crystal size and enzyme degradation

mechanisms.

However, it should be noted that not all water can be frozen, as some water will be bound by
hydrated molecules and remains, therefore, unfrozen. In Fig. 2.1.4, different possible states of
sample matrices are schematically shown in dependency of temperature and saccharide con-
centration. It is clearly shown that above a certain sugar concentration, a supersaturated solu-
tion will always be present. Furthermore, the dependency of the glassy state on temperature
and sugar concentration is shown. To obtain a glassy product is of particular interest in the
drying technology of enzymes or probiotics, as the products are stabilized via so-called vitrifi-

cation, as already discussed in the previous chapters.

Besides the glass transition temperature, the collapse temperature can be used to estimate
the boundary conditions for the freeze drying process. Above the collapse temperature, which
is usually 1-3 K higher than Tg, the product gets able to flow, and therefore, the product loses
its structure and “pharmaceutical elegance” (Schersch et al. 2010; Nail and Akers 2002; Pikal
1990a). However, the structure loss is not only relevant for the optical acceptance of consum-
ers. A decreased sublimation rate was observed due to the structural collapse and conse-
guently blocking of pores. Furthermore, secondary drying takes longer, as the structure is more
compact, decreasing the effective diffusivity and drying speed (Wang et al. 2004; Carpenter et
al. 1997; Bellows and King 1972). Further, reconstitution time will be longer for products that
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collapsed compared to those of non-collapsed products due to a lower specific surface (Adams
and Irons 1993; Tsourouflis et al. 1976).
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Fig. 2.1.4: State diagram showing different regions and states of sugar at different concentrations with
Tu as eutectic point, T'g as glass transition temperature of the freeze-concentrated amorphous matrix,
and Tgw, the glass transition temperature of water. The shaded area shows the temperature range for
the maximum ice formation at the sugar concentration C’g, while the glass line corresponds to the glass

transition temperature at various sugar concentrations (Santivarangkna et al. 2008).

For the residual activity of the target protein, the reported results differ. Some researchers
reported less activity after drying or consecutive storage as a result of collapsed products (Pas-
sot et al. 2007; Fonseca et al. 2004; Lueckel et al. 1998), whereas other studies showed an
equal or even improved activity directly after drying as long as parts remained amorphous
(Schersch et al. 2012; Schersch et al. 2010; Chatterjee et al. 2005; Wang et al. 2004).

Further, the water distribution in the dried product will vary if the drying process is applied
above the collapse temperature, as a result of promoted crystallization and the fact that crystal
structure remains lower water content compared to amorphous structures (Chatterjee et al.
2005). Furthermore, due to the slower secondary drying, the total water content might be
higher than for non-collapsed samples, resulting in lower product quality (Adams and Irons
1993). Therefore, a collapse of the product structure must not be detrimental for the stability
of protein products and should be investigated case-by-case. Nonetheless, if optimized drying

speed is targeted, the collapse of the glassy matrix should be prevented.
2.1.2 Vacuum drying

Vacuum drying uses low pressure to decrease the evaporation temperature of water. In com-
parison to freeze drying, the applied pressure is above the Triple point, and therefore, the

product remains liquid during the drying process, and the water evaporates, while during freeze
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drying, the water is sublimating. Thereby, due to better heat transfer and water mobility, the
drying speed is higher than that of freeze drying (King and Su 1993). However, the drying times
are still long compared to other drying processes, and therefore, conventional vacuum drying
cannot be stated as a fast process.

Vacuum drying can be used for heat and freezing-sensitive products and for products that are
sensitive to oxidation. Therefore, vacuum drying seems to be a good alternative for freeze
drying (Bauer et al. 2012; King et al. 1989). However, it should be mentioned that predomi-
nantly liquid products tend to shrink during vacuum drying, which slows down the drying speed
and results in poor grindability and rehydration properties (King and Su 1993). Therefore, it is
often used only for products where the physical structure is not of significant interest, like

pastes or products, which are often post-processed into powders.
2.1.3 Conventional foam-mat drying

Conventional foam-mat drying can be defined as the drying of a liquid or semi-liquid fluid, which
is whipped to a stable foam, spread out as a thin layer, and followed by a dehydration step,
most often via convection and hot air (Karim and Wai 1999; Brygidyr et al. 1977). Nonetheless,
many food systems already contain proteins or surface-active substances, their concentration
is often too low, and therefore, foaming agents have to be added (Sankat and Castaigne 2004).
Foam-mat drying provides the user a possibility to dry heat-sensitive, highly viscous or sticky,
as well as other hard-to-dry products, like tomato juice (Kadam and Balasubramanian 2011;
Brygidyr et al. 1977; Hertzendorf et al. 1970), starfruits (Karim and Wai 1999), passion fruits
(Khamjae and Rojanakorn 2018) or mango pastes (Lobo et al. 2017). Further, the dried prod-
ucts are easier to grind than non-foamed hot-air dried products due to the open-pored struc-
ture. In addition, foam-mat drying can be used to save up to 80% of energy consumption com-
pared to the drying of non-foamed products, as calculated for foamed apple juice by Kudra
and Ratti (2006).

One of the most important advantages of foam-mat drying compared to the drying of non-
foamed samples is the acceleration in drying speed. The acceleration of drying can be at-
tributed to the higher inner surface and the lamellae, which can act as capillaries that pump
the water to the product's surface (Rajkumar et al. 2007). However, the drying process is an
interrelationship between heat transfer and mass transfer, and therefore, the foam does not
provide only advantages. For example, air has a lower ability to conduct heat compared to
liquids. Thus, the heat transfer into the product will be slower than for non-foamed products,
and therefore, the drying rate might decrease with increasing product thickness. A common

way to handle this problem is using products in thin layers (Hertzendorf et al. 1970).
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Non-foamed sample Foamed sample

i Lgas
a Deff, lig.
I-foam Deff, gas
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|-qu.foam
Deff, lig. « Deff, gas

Lfoam = I-qu.foam + Lgas
I-eff = I-qu.fo.':lm « I-foam! I-qu.

Fig. 2.1.5: Comparison of the drying of non-foamed and foamed products with regard to the products’
density, with Liq. as the thickness of the non-foamed product, Dettiiq. as the effective diffusivity of the
liquid, Deftgas as the effective diffusivity of the gas inside the bubbles, Liqfam as the thickness of the

solution inside a foam, Lgas as the thickness of bubbles and Le# as the effective thickness of the foam.

In contrast, the mass transfer rate and effective diffusivity will be enhanced by a less dense
product, e.g., due to higher overrun values (Thuwapanichayanan et al. 2012). In Fig. 2.1.5, the
difference between non-foamed and foamed products concerning the foam density is shown.
While the height of the foamed product Liam is much higher than for the non-foamed sample
Liiq., the effective diffusivity Defgas inside the void is also higher compared to that of the non-
foamed sample Des,iq. Hence, it can be assumed that the effective length, which the water has
to pass Lef is inside the foam predominantly influenced by the length of the liquid Liig foam, Which
has to be passed by the evaporated water. Thereby, the overall effective diffusion of the foam
will be much higher than that of a non-foamed product. Therefore, the interplay between heat

transfer and mass transfer in foam-mat drying plays a significant role in optimizing the process.

Next to the drying characteristics, the foam density has an impact on the product characteris-
tics. Products with lower foam density showed smaller hardness and lower crispiness than
products with high foam density (Thuwapanichayanan et al. 2012). Next to the layer thickness
and the density of the foam, the bubble size influences the foam-mat drying. It appears that
foams are most suitable for foam mat drying if their bubbles are as small as possible and of
uniform size distribution (Ratti and Kudra 2006b). However, due to a high amount of pores

inside the product, the apparent color intensity can be reduced.

As the drying speed depends on the higher inner surface and the lamellae, the foam must be
stable throughout the drying process. Therefore, it is stated in the literature that a foam should
be stable for at least one hour (Ratti and Kudra 2006a; Brygidyr et al. 1977). If the foam col-
lapses during the drying, the drying speed will be reduced, and advantages like good rehydra-
tion, color, texture, or nutritional value might be lost (Ratti and Kudra 2006a; Sankat and
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Castaigne 2004). Hence, most food systems are thickened by an additive or concentrated to

increase their viscosity for a stable foam (Hertzendorf et al. 1970).

Overall, foam mat drying provides a fast process combined with high product quality. However,
it is strongly dependent on the properties of the used foam. Therefore, the most relevant foam
properties and stabilization mechanisms of foams will be shown in the following chapters.

2.2 Characteristics of protein- and surfactant stabilized foams

2.2.1 General characteristics of foams

Foam is known as a dispersion of gas in a liquid and can be divided into “liquid” and “solid”
foams (Weaire and Hutzler 2001; Walstra 1989). Due to the effort of an immiscible two-phase
system to minimize its surface area, foams are thermodynamically unstable. During foam for-
mation, the continuous phase is usually liquid and directly influences the structure of the foam.
After foam formation, the liquid phase can change into a solid phase, e.g., due to gelation, and
the foam turns into a “solid” foam. The volume fraction of gas ® of foam is usually between 0.5
and 0.97, and the shape of bubbles changes with increasing ®: For 0.52 < ® < 0.74, bubbles
exhibit relatively spherical, while for ®>0.74 bubbles are deforming neighbored bubbles into a
polyhedral shape (Walstra 1989). Besides, foams can be characterized by their bubble struc-

ture into “wet” and “dry” foams, as shown in Fig. 2.2.1 (Weaire and Hutzler 2001).

Further, in Fig. 2.2.1, the bubbles are separated by liquid films (or lamellae), which is important
for the stability of foams. Additionally, the areas, at which three liquid films meet are called
plateau border. In the particular case of perfect polyhedral foam, the angle between the con-
nected liquid films will be 120°. Both liquid films and plateau borders have a high impact on

foam decay, which will be discussed in chapter 2.2.2.

" n”

wet Increasing volume fraction ® “dry”

o 0O

o O

o
OO

]

Liquid films

Plateau borders

Fig. 2.2.1: Changes of foam structure in dependency of the gas volume fraction ®. Modified according
to Walstra (1989).

Foams can be characterized by their foaming behavior and the time-dependent change of

foam properties (e.g., foamability, foam capacity, density and overrun, foam stability, foam
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drainage, bubble size distribution). Foam stability is commonly used in terms of the main char-
acteristics like foam volume, density or liquid volume fraction, and bubble size distribution.
Nevertheless, foam stability differs in the literature due to the experimental design of each
study, as not every potential property is investigated, especially since it is difficult to differenti-
ate between destabilization mechanisms in complex systems. Therefore, it is more common
for complex systems to discuss the foam properties in terms of general stabilization than con-

centration on a single parameter.

Therefore, foam stability can be interpreted as overall stability, which is important for the suc-
cessful and repeatable drying of foams, as previously discussed in chapter 2.1. As already
mentioned, the thickness of lamellae or liquid film is crucial for the stability of foams. One
aspect are differences in pressure between the internal pressure of the gas (pq) inside the
bubble and the external pressure, which can be attributed to the continuous phase (p)). This
pressure difference is also known as Laplace pressure, Ap, or capillary pressure, pc, and can
be calculated according to Equation 2.2.1 (Stubenrauch and Klitzing 2003),
Ap=p.=pa—p = 276 (2.2.1)

where o corresponds to the surface tension of the continuous phase and r to the radius of

dispersed bubbles, respectively.

Besides the thickness of liquid films, interactions between converging surface films, also called
disjoining pressure, I, are important for the foams’ stability. Without surface-active sub-
stances, like proteins or surfactants, the disjoining pressure is negligible, and film rupture in-
stantly occurs. The disjoining pressure acts perpendicular to the bubble surface and counter-
acts capillary pressure and thus drainage (Stubenrauch and Klitzing 2003). Further, I stabi-
lizes the thickness of the liquid film and therefore prevents its thinning, which would result in
foam destabilization (Damodaran 2005). The influence of disjoining pressure on foam stability
is dependent on the interactions between surface-active molecules. The disjoining pressure
can be summed up (Equation 2.2.2), based on the most common interactions like longe-range
repulsive electrostatic ([Meiec), short-range repulsive (Mseric), and short-range attractive van der
Waals (MNvaw) (Stubenrauch and Klitzing 2003; Bergeron 1999). It is worth noting that the con-
tribution of van der Waals forces to the disjoining pressure is always negative, while Meec and

Msteric are always positive (Damodaran 2005).

IT = Mejec + Hsteric + Myaw + - (2.2.2)

In addition to the disjoining pressure, the viscoelasticity of surface films is reported to be of
high relevance for the stability of foams. Viscoelastic surfaces can be explained by interactions

between surface-active components, which are promoted by the adsorption at the interface.
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Hence, intermolecular interactions, like ionic interactions or covalent disulfide bonds, resulting
in aggregation or linkage between surface-active molecules (Bos and van Vliet 2001). These
interactions differ based on the used surface-active substance and the environmental condi-
tions, like pH value, salt content, or temperature, which directly influences the mechanical
properties of the formed foam and is more present for proteins than for surfactants (Dom-
browski et al. 2018; Dombrowski et al. 2017; Dickinson 1989). Although all surface-active sub-
stances adsorb at the interface, not all of them can easily detach. For example, pure protein
samples are very unlikely to detach from a surface, while small surfactants are known to detach
very easily (Fainerman and Miller 2005). Besides, proteins can be stretched during a surface
expansion, while surfactants cannot. To prevent gaps in the interface, which can occur during
stretching a surface (e.g., due to drainage), surfactant molecules have to adsorb from bulk
phase or/and via lateral diffusion along with the surface film. Since this is only effective for fast
desorption/adsorption processes, it is commonly discussed in conjunction with surfactants and
is named the “Gibbs-Marangoni” effect (Wilde et al. 2004; Clark et al. 1989).

2.2.2 Foam decay mechanisms

As already mentioned in the previous chapter, foams are thermodynamically unstable. Desta-
bilization mechanisms are occurring simultaneously and may affect each other, which leads to
a reorganization of foam structure and may cause instability of foams (Wilson 1989). However,
disproportionation (Ostwald ripening), coalescence, and foam drainage are separately dis-
cussed as they are the main physical destabilization mechanisms for food- and pharmaceutical

foams.

Disproportionation

———W -

Fig. 2.2.2: Disproportionation or Ostwald ripening of gas bubbles inside a liquid with r as bubble radius

and pq as partial gas pressure inside the bubble.

Disproportionation or “Ostwald ripening” describes the mechanism of diffusional gas transport
through the liquid films according to the Laplace pressure Ap (Equation 2.2.1) and is schemat-
ically shown in Fig. 2.2.2. As Ap is dependent on the radius of the bubbles (the smaller r, the

higher Ap), the gas from smaller bubbles diffuses into bigger ones. Further, gas solubility ¢
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increases with increasing pressure, and therefore, gas will be solved faster near to small than
large bubbles. This induces a gas concentration gradient between the surfaces of the smaller
and larger bubbles. This relationship can be described by Henry's law, where Ky is the Henry
coefficients, which corresponds to the nature of the gas and liquid phase (Equation 2.2.3).

.
Ky

(2.2.3)
Thereby, smaller bubbles shrink through gas diffusion from small to large bubbles until they
are eventually totally dissolved, whereas bigger bubbles grow (Cantat et al. 2013; Damodaran
2005; Wilson 1989). In this context, Lucassen (1981) found that the bubble shrinkage is con-
nected to the interfacial dilatational properties and proposed that disproportionation would not
occur for purely elastic surfaces and higher surface elasticity E’ above the Gibbs stability cri-
terion according to Equation 2.2.4.

E' > (2.2.4)

N Q

However, protein and surfactant stabilized surfaces are viscoelastic, and therefore, dispropor-
tionation cannot be totally prevented. Another possibility to prevent coarsening would be an
ideal monodisperse polyhedral foam. However, for food- and pharmaceutical applications, this

seems neither practical nor achievable.

Foam drainage

The passage of liquid through the foam is commonly called drainage. It can be divided into two
distinct mechanisms: Hydrodynamic drainage, which happens due to gravity in wet foams, and
film drainage, which considers the pressure difference within foam structures in dry foams (Fig.
2.2.3) (Cantat et al. 2013).

Fig. 2.2.3: (A) Gravimetrical drainage inside a foam with spherical bubbles and (B) for liquid drainage
responsible pressure conditions within lamellae, modified according to Walstra (1989) where r1 and r2
represent the radii of curvature, p1, p2, and ps the pressures within the liquid film, the bubble, and the

plateau border, respectively.
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Usually, both drainage mechanisms are present, while at first gravitational drainage occurs
instantaneously after foam formation and as long as the bubbles are spherical. As drainage
progresses, the liquid volume fraction (see chapter 2.2.1) decreases, and bubbles are deform-
ing and consequently getting more and more polyhedral. Thereby, the drainage mechanism
changes towards film drainage, and the capillary pressure becomes relevant. Generally, drain-
age occurs until the hydrostatic pressure is not in equilibrium with the capillary pressure. How-
ever, the foam might be completely collapsed even before getting into a polyhedral bubble
shape.

The film drainage can be expressed by an imbalance between the Laplace pressure and the
pressure induced by gravitation. While the gravitational pressure is independent of the bubble
size and foam structure, the Laplace pressure is dependent on liquid film thickness (see chap-
ter 2.2.1) and the bubble size. Because the pressure inside the liquid film is bigger than in the
plateau border, the liquid flows into the plateau border (Walstra 1989). As a result of antago-
nistic and promoting effects, the drainage becomes very complex. A simple model determining
the rate of film drainage and film thinning is the Reynolds velocity (vre), which can be expressed
by the thickness of lamella (h), the pressure difference between capillary pressure (pc), the
disjoining pressure (1), the dynamic viscosity (nayn) of the bulk phase, and the radius of a
circular horizontal film (Rnor) (Equation 2.2.5) (Cantat et al. 2013):

(pc - H)

VRe = 2h3
¢ 3ndyn Rﬁor

(2.2.5)

However, as the Reynolds viscosity assumes that interfaces are parallel, flat, and horizontal,
this expression can be only used as an approximation to real systems and only valid for high
interfacial mobility and the coupling of liquid flow at the surface and within the liquid film (Cantat
et al. 2013). Nonetheless, Equation 2.2.5 is helpful to understand that because pc is always
bigger than the disjoining pressure, film drainage is generally not preventable. However, it
could be slowed down by increasing the disjoining pressure or the solution's viscosity (Damo-
daran 2005).

Coalescence

Film rupture + merging bubbles

J

~ /]

Fig. 2.2.4: Schematically mechanism of coalescence.
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The merging of bubbles inside a foam is commonly called coalescence (Fig. 2.2.4). Thereby,
the surface film between two bubbles breaks, and two bubbles are connecting into one bigger
bubble, and consequently, the number of bubbles decreases (Hupperts 2010). For coales-
cence, the stability of liquid films between two bubbles is of particular interest, as it needs to
break the liquid film in order to merge two bubbles. Therefore, the interface's chemical compo-
sition and viscoelasticity have a strong influence on the rate of coalescence (Cantat et al. 2013;
Walstra 1989). Further, the distance between two bubbles plays an important role, which will
be promoted by, e.g., drainage. Thereby, film thinning occurs first, followed by film rupture,
which results in bubble fusion (Damodaran 2005). This will be spontaneously and for film thick-
nesses of a few times 10 nm (Walstra 1989). A way to slow down coalescence is to slow down

the drainage, e.g., by increasing the viscosity of the bulk phase.

2.2.3 Foaming agents, foam thickener, and biological marker

In this work, several combinations of foaming agents and thickening agents were used. As
already mentioned in chapter 2.1. the drying performance, as well as the activity of sensitive
molecules, can be improved by the addition of different sugar types or surface-active sub-
stances. Besides, these ingredients may directly or indirectly influence the foam properties due
to interactions between foaming agents and thickening agents and the increase of the solu-

tion’s viscosity.

A brief description of each used substance will be given here, as the specific interactions be-

tween foaming agents and thickeners will be presented in the results and discussion.

Foaming agents

Foaming agents can be divided into two main groups, the non-ionic and the ionic foaming
agents. Besides, they can be distinguished by organic foaming agents like proteins and syn-
thetic ones like surfactants. In the following paragraphs, the foaming agents, which were used

in this study, are introduced.

Whey protein isolate and B-lactoglobulin: The main components of whey protein isolate
(WPI) are B-lactoglobulin, a-lactalbumin, and bovine serum albumin (BSA). Further, some mi-
nor fractions like immunoglobulins are present (Topel 2016). Whey proteins are globular pro-
teins and, in comparison to the used sensitive biological indicators, heat stable. As whey pro-

tein isolate is often used in industry, it is frequently used for foam formation and well-studied.

The biggest fraction of whey protein isolate is p-lactoglobulin (B-lg), with about 50% of whey
protein and 3.2 g kg? in milk (Walstra 1999). Its molecular weight is 18.4 kDa, and several
genetic variants are known, of which variants A and B are the most often (Sawyer et al. 1999).

Further, B-lg is stabilized by hydrophobic and electrostatic interactions, H-bonds, and two in-
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tramolecular disulfide bridges, which in sum results in comparable high heat stability (Dena-
turation temperature Tp above 70 °C) (Loveday 2016). A free cysteine group is buried inside
the tertiary structure of 3-lg and, therefore, not accessible in the native protein state for poten-

tial crosslinking between proteins.

The second considerable fraction of whey proteins is a-lactalbumin (a-la). In milk, the concen-
tration is about 1.2 g kg™ (Walstra 1999). Its molecular size is 14,2 kDa and slightly smaller
than B-lg, and two predominant genetic versions are known (McKenzie 1971). The globular
structure of a-la is stabilized by four disulfide bridges. However, a-la has no free thiol group,

and therefore, structural changes are reported to be reversible (Permyakov et al. 1985).

However, it is worth noting that the foaming properties are strongly dependent on environmen-
tal conditions like pH, ionic strength, and temperature (Permyakov et al. 1985; McKenzie
1970). Therefore, in this work, the environmental conditions for samples and foaming were
kept equal, and whey protein isolate was purchased from one single supplier with a high de-

gree of protein nativity.

Polysorbate 80: Polyoxyethylene sorbitan monooleate, Polysorbate 80, or Tween 80° is a
synthetic and non-ionic surfactant. It is assembled of 20 ethylene oxide units, one sorbitol, and
one oleic acid (Fig. 2.2.5), which results in a molecular weight of 1.31 kDa and critical mi-
celle concentration (CMC) of 12 — 14 mg-I"* (Kerwin 2008; Merck & Co. 1989; Wan and Lee
1974). Its comparatively high monomer solubility results in a fast rate of adsorption to the in-
terface, combined with a good ability to lower the surface tension, results in the formation of
multiple small bubbles or good emulsification properties (Bezelgues et al. 2008). Therefore,
polysorbates are widely used as surfactant and solubilization enhancing agents in the food,
cosmetic, and pharmaceutical industries(Chou et al. 2005; Coors et al. 2005).

w OCH,CH,)*OH
HO(CH,CH,0) (OCH,CH,) MW = 1310 amu

0 (|)H(OCH20H2)YOH 0
I
CH,O(CH,CH,0)?*CH,CH,-0-C-CH,(CH,);CH,CH=CHCH,(CH,),CH,

Polysorbate 80 (Tween 80). polyoxyethylene sorbitan monooleate

Fig. 2.2.5: Chemical structure of polysorbate 80, w+x+y+z represents the total number of oxyethylene
subunits on each surfactant molecule and may not exceed 20 (Kerwin 2008).

Poloxamer: Poloxamers are non-ionic block-copolymers with a lipophilic polypropylene oxide
chain (PPO) in the center and two hydrophilic polyethylene oxide chains (PEO) in the flanks
(Fig. 2.2.6). By changing the ratio between PEO and PPO, the hydrophilia—lipophilia balance

(HLB) can be changed, which provides the opportunity to widely use poloxamers as solving
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agents (Chaudhari and Dugar 2017; Santander-Ortega et al. 2006). For example, the polox-
amer Pluronic F68 consists of 68 PEO units and 30 PPO units, resulting in a molecular weight
of 8.5 kDa (Santander-Ortega et al. 2006).

PEO PPO PEO
CH» (0] CH, CH, (@)
/ Ve
HO \CHZ/ CH "o cHy | H
n|l n
CH;
m

Fig. 2.2.6: Typical chemical structure of a poloxamer, where the central PPO represents the hydrophobic
polypropylene oxide chain, while PEO represents identical hydrophilic polyethylene oxide chains at both

sides.
Saccharides

Saccharides are often added to food or pharmaceutical formulations as a protective or thick-
ening agent. Further, they influence the physical properties of the dried product, as already
mentioned in chapter 2.1, or influence the morphology of foams (chapter 2.2.1 and 2.2.2).
Therefore, the saccharides used in this study are briefly introduced in the following sections.

Sorbitol: Sorbitol is a six-carbon sugar alcohol with a molar mass of 182.2 g-mol? (Fig. 2.2.7).
Besides the natural appearance in plants and fruits (Reif 1934), sorbitol can be synthetized at
high heat from other saccharides or bacterial fermentation (Ortiz et al. 2013). Sorbitol has a
low glycemic index, a reduced caloric value, and a sweetness of about 60% compared to su-
crose (Dash et al. 2019; Grembecka 2018). Further, sorbitol is highly water soluble (2350 g-I
1) and highly hygroscopic (Grembecka 2018). In addition, sorbitol has a cooling effect when
solved in water and is free from any possible carcinogenic effects (Dash et al. 2019; Basedow
et al. 2008). Sorbitol is used in the food and pharmaceutical industry as a sweetener and anti-
crystallization agent (Mortensen 2016). Further, sorbitol is in contrast to sucrose, not cario-
genic, and therefore used in, e.g., toothpaste (Nabors 2001). Furthermore, it is widely used as
stabilizing excipient in liquid or freeze-dried parenteral protein formulations (Bakaltcheva et al.
2007).

OH OH

Fig. 2.2.7: Chemical structure of D-sorbitol.

Sucrose: Sucrose is the most commonly known disaccharide, which is widely occurring in

nature. Itis composed of the two monosaccharides glucose and fructose, which are connected
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by a glycosidic (1->2) linkage (Fig. 2.2.8). Since it does not contain anomeric hydroxyl groups,
sucrose is a non-reducing saccharide. It has a molar mass of 342 g-mol* and is soluble at
room temperature up to 2039 g-I* (Browne 1912).

CH,0OH
CH,OH
O 0
OH HO
OH 0 CH,0H
OH OH

Fig. 2.2.8: Chemical structure of sucrose.

Besides the commonly known use of sucrose in the food industry as a sweetener and thicken-
ing agent, sucrose is widely used in pharmaceutical formulations as an excipient (Yang and
Foegeding 2010; Lee and Timasheff 1981).

Maltose: Maltose is a disaccharide, consisting of two glucose molecules, linked with an a 1->4
glycosidic bond (Fig. 2.2.9). The molar mass weight of maltose is, like for sucrose, 342 g-mol
!, However, the solubility of maltose in water is 1080 g-I* and, therefore, much lower compared
to that of sucrose (Lide et al. 2019). The sweetness of maltose is about 90% compared to
sucrose (BeMiller 2019).

CH,OH CH,OH CH,OH CH,OH

® o @ OH O
OH OH — OH OH
H
OH O OH OH O
OH OH OH OH

Fig. 2.2.9: Chemical structure of maltose in cyclic (left) and open (right) conformation.

Since only one anomeric carbon is involved in the ether bond, maltose can partly convert to

an open-chain form, whereby it is commonly classified as a reducing sugar (Klein 2012).

Maltodextrin: Maltodextrin describes polysaccharides resulting from acid hydrolysis or enzy-
matic digestion of starch and thus contain amylose and branched amylopectin as degradation
products. Thus, maltodextrins are considered as D-glucose polymers in which the individual
units are linked by a 1->4 glycosidic bonds (Fig. 2.2.10). In order to characterize polysaccha-
rides produced from starches, the dextrose equivalent (DE) is used. The DE value represents
the total reducing power of all sugars present relative to glucose as 100 and can be expressed
on a dry mass basis (Chronakis 1998a). Hence, highly degraded starch has high DE values,
while high molecular products have comparable low DE. Maltodextrins are defined as hydro-
lyzed starch with a DE lower than 20, while products with higher DE values are defined as
dextrins (Dokic-Baucal et al. 2004). Besides the DE, the origin of starch impacts the function-

ality of maltodextrin since the ratio between amylose and branched amylopectin is dependent
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on the starch source. This makes it difficult to compare or substitute maltodextrin with the same
DE value, but from different plants (Chronakis 1998a).

CH,OH

o)
OH

OH
a-1,4

n

2<n<20
Fig. 2.2.10: Chemical structure of maltodextrin, with n the number of glucose units.

Maltodextrin with high DE is sweet and well soluble in water. In contrast, maltodextrin with low
DE has nearly no sweetening function but has high water capability and can work well as a
thickening agent. Therefore, they have been used as a constituent for fat in calorie-reduced
food (Chronakis 1998a). Further, maltodextrins have several functions and functional proper-
ties like bulking, gelling, thickening, the promotion of dispersibility, freezing control, crystalliza-
tion prevention, the binding of flavor, pigments, and fat (Blanchard and Katz 2006). Further,
the properties of product structures like foams or emulsions can be effectively influenced by
the addition of maltodextrins (Pycia et al. 2016; Dokic-Baucal et al. 2004).

B-galactosidase as a model for sensitive biomolecule

The enzyme [(B-galactosidase (B-Gal), commonly known as lactase, cleaves the disaccharide
by hydrolysis of lactose into galactose and glucose (Sagib et al. 2017). Further, p-galacto-
sidase can convert lactose into allolactose and other di-and polysaccharides and can therefore
be used for the production of galactooligosaccharides (Fig. 2.2.11) (Juers et al. 2001; Tanaka
et al. 1975). The yield of galactooligosaccharides varies between 1 and 45% and depends on
the source of the enzyme and the total amount and type of saccharides (Juers et al. 2001,
Boon et al. 2000). Besides, B-Gal can be used for the treatment of whey in order to make it
suitable for the production of bioprocess intermediates (Domingues et al. 2005) or substrate
for cell cultivation (Parashar et al. 2016). Further, B-Gal can be utilized to improve the produc-
tion of ethanol or sweet syrup (Saqib et al. 2017). Furthermore, p-Gal is widely used to de-
crease the amount of lactose in food or pharmaceutical products to make it more suitable for
lactose-sensitive or intolerant consumers (Rao and Dutta 1978). In addition, 3-Gal is used in
medicines, which can be consumed before eating milk products (Francesconi et al. 2016). For
this, fungal-derived 3-Gal is often used because it is more stable at low pH and can therefore

allow the proper functioning in the stomach (Francesconi et al. 2016; Panesar et al. 2007).
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Fig. 2.2.11: General scheme for the action of B-galactosidase on lactose with hydrolysis (lower path) or

transglycosylation (upper path) according to Juers et al. (2001).

Structurally, B-Gal is a tetramer with a molecular weight of 464.9 KDa, consisting of four iden-
tical polypeptide chains with a molecular weight of 116.2 kDa (Fowler and Zabin 1977). Each
chain has five domains (Fig. 2.2.12), where the central domain is catalytically active (Saqib et
al. 2017). B-Gal is produced in industrial amounts with bacteria or fungi. Bifidobacterium sp.,
Escherichia sp., Aspergillus sp. and Kluyveromyces sp. are most commonly used to produce
B-Gal (Saqib et al. 2017; Zhou and Chen 2001). Although the physical properties of subunits
depend strongly on the origin, the active side of B-Gal always remains the same (Zhou and
Chen 2001). However, the enzyme activity has, in general, for Aspergillus-derived p-Gal a pH
optimum between 2.5-5.4, whereas it is for yeast-derived (-Gal between 6.0-7.0, respectively
(Panesar et al. 2007; Zhou and Chen 2001; Borglum and Sternberg 1972).

Activating Interface

E580
\ Active Site

Monomer D

Long Interface

Fig. 2.2.12: Tetrameric backbone structure of B-galactosidase consisting of domain 1 (blue), domain 2
(green), domain 3 (yellow), domain 4 (cyan), and domain 5 (red). Lighter and darker shading is used to
differentiate equivalent domains in different subunits. Metal ions are shown as spheres, Na*, green;
Mg** (Juers et al. 2012).
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The denaturation temperature of 3-Gal varies from 39 °C to 63 °C dependent on the source
and can be further improved by the modification of disulfide bonds, the addition of salts, or the
pH-value (Klein et al. 2018; Rico-Diaz et al. 2017; Kishore et al. 2012; Edwards et al. 1990).
Due to the low denaturation temperatures, B-Gal seems suitable for the investigation of thermal
stress during the development of processes, e.g., in the pharmaceutical industry, and is there-
fore also used in this study as a model to study the processing effects on losses of activity.

2.3 Microwave-supported vacuum- and freeze drying

2.3.1 General introduction to microwaves

Microwaves are defined as electromagnetic waves within the frequency f of 300 MHz and
300 GHz, corresponding to a wavelength A from 1 mm to 1 m according to Equation 2.3.1,
where c is the speed of light in a vacuum (Regier et al. 2016).

A=+ (2.3.1)

In order to prevent disturbance of wireless communication, like mobile phones, radar, or tele-
vision, microwave heating applications are only allowed within released frequency bands au-
thorized by the International Telecommunication Unions (ITU). Those frequency bands are
between 13 MHz and 22125 MHz and for industrial, scientific, and medical (ISM) use. For mi-
crowaves, the frequencies are within the ISM at 433, 915, 2450, and 5800 MHz (Regier et al.
2016). Therefore, most microwave ovens are working at 2450 + 50 MHz (worldwide available)
or 915 + 13 MHz (only available in the United Kingdom or the United States of America) (Mullin
1995). However, the responsibility of frequency bands is governed by local administrations like
the Federal Communication Commission (FCC) in the United States of America or the Euro-
pean Telecommunications Standards Institute (ETSI) in Europe.

As microwaves are electromagnetic waves, they are coupled electric and magnetic waves,
whose correlation between electric (E) and magnetic (H) field can be described by the Max-
well’s equations. Microwaves can be reflected, transmitted, or adsorbed by matter. Conductors
like metals almost completely reflect microwaves, whereas insulators like glass, ceramics,
some plastics, or papers transmit microwaves. Polar and ionic materials, like many food sys-
tems, are absorbing microwaves, whereby the amplitude of microwaves decreases by passing
the dielectric (Fig. 2.3.1). (Mullin 1995)
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Fig. 2.3.1: Travelling wave in a lossy dielectric medium (Dibben 2001).
2.3.2 Heating of products with microwave energy

The heating of products due to electromagnetic waves can be explained by two basic molec-
ular mechanisms, dipole rotation and ionic polarization, where the first one contributed to mo-

bile dipoles and the second one to mobile ions (Fig. 2.3.2).
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Fig. 2.3.2: lonic and polar orientation in an alternating electronic field according to Mullin (1995).

However, in both cases, the molecules only interact with the electric field and not with the
magnetic field (Yam and Lai 2004). Wang et al. (2003) described that the influence of ionic
conduction increases with increasing temperature, while the influence of dipole rotation de-
creases (Fig. 2.3.3).

In ionic conduction, charged molecules, like dissociated salts, get accelerated in the opposite
direction to their polarity by the electric field. As the electric field is not static, the movement
occurs for microwaves many million times per second, and the molecules start vibrating (Mullin
1995). The same will appear for polar substances or dipoles like water, and due to collision

with other molecules, the energy will be converted into frictional heat (Ratti 2008).
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Fig. 2.3.3: Influence of temperature and frequency on the dielectric loss of high moisture samples (Tang
et al. 2002).

Despite the heating of products, microwaves belong to non-ionizing radiation and cannot break
up chemical bonds as they contain too little energy (Durance and Yaghmaee 2011). However,
as valid for all heating processes, massive overheating and especially burning of the product
might cause the occurrence of harmful ingredients. Therefore, it is of special interest to prevent

overheating and burnings inside products.

The heating of products can be described by the dielectric properties. The complex dielectric
constant € or permittivity can be described by its real part, termed as dielectric constant £’ and
the imaginary part, termed as the dielectric loss €” (Equation 2.3.2), where j is an imaginary
proportion (v—1). The real part signifies the ability to store electric energy, while the imaginary
part signifies the ability to convert electric energy into heat. (Chandrasekaran et al. 2013; Sosa-
Morales et al. 2010)

e =¢ —je (2.3.2)
Mechanisms, which can contribute to the loss factor are dipole, ionic, electronic, and Maxwell-
Wagner mechanisms (Metaxas and Meredith 1988). However, for radio and microwave fre-
guency, the predominant mechanisms are dipole rotation and ionic conduction, and the loss
factor can be expressed as Equation 2.3.3 (Tang et al. 2002),

e =g +el =g +—, (2.3.3)

£0w

where w contributes to the angular frequency, ¢ to the dielectric loss dependent on dipole
rotation and &/ to the ionic conduction, respectively. g, corresponds to the permittivity of free

space or vacuum (8.854-1012 F-m™),
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The dissipation factor or dielectric loss tangent, tan(d), describes the ability of a material to
convert electromagnetic energy into thermal heat at a given temperature and frequency and
can be expressed by the relation of dielectric loss factor and dielectric constant, Equation 2.3.4
(Bart 2005):
8”
tan(8) = — (2.3.4)
The energy converted into heat inside the product related to the volume, or the volumetric

absorption of microwave energy, P, can be described as Equation 2.3.5 and is dependent on

the electrical field strength E and the frequency f.

P = 2nE?fg,e” (2.3.5)

The penetration depth PD is defined by the distance at which the power density remains 1/e
(Euler's number e=2.718) from its value at the surface. Dp can be expressed (Equation 2.3.6)
as a relationship between the wavelength A and the dielectric properties (¢’ and €”) (Schiffmann
2016; Metaxas and Meredith 1988)

MWe'

PD=— (2.3.6)
2me

Therefore, the penetration depth is about 2.7 times deeper for 915 MHz than for 2450 MHz.
Due to a more uniform heating and a deeper penetration, 915 MHz is often preferred in indus-

trial applications (Scaman et al. 2015).

However, the dielectric properties are related to several factors, like microwave frequency,
temperature, water content, salt content, density, or the phase state of the sample, such as
gaseous, liquid, or solid (Durance and Yaghmaee 2011; Sosa-Morales et al. 2010; Yaghmaee
and Durance 2002; Kaatze 1997).

The influence of water content on the dielectric properties of white bread was investigated by
Liu et al. (Liu et al. 2009) using different temperatures and frequencies. It was shown that the
dielectric constant and loss factor increased with increasing water content and temperature.
Further, it was shown that the higher the frequency, the lower the impact of water content and

temperature on the dielectric properties.

An overview of the different dielectric properties of food systems at different microwave fre-

guencies can be found in a work by Sosa-Molares et al. (2010).

2.3.3 Microwave-assisted drying processes

Due to the combination of microwave and foam drying, it is possible to overcome one of the
biggest disadvantages of foam drying: the low heat conduction through the product. As the

heating of microwaves is volumetric, the heat will be applied throughout the product, and as a
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result, the drying speed is accelerated immensely. Further, this combination suits well for dry-
ing, where vacuum is applied, like vacuum foam drying or freeze drying. Therefore, the follow-
ing paragraphs will be about microwave-assisted vacuum drying (MWVD) and microwave-as-
sisted freeze drying (MWFD).

During the drying process, the heating of water is of great importance. As already discussed
in the previous chapter, the heating properties of products will change throughout the process
due to the high dependency of dielectric properties on temperature, water content, and physi-
cal state of the polar substances. Further, the temperature measurement is challenging, as no
metallic sensor can be used inside the product due to the microwave application. Therefore,
pyrometer or thermographic cameras are often used for process control. However, they are
limited to local temperature measurement or surface temperature measurement. Therefore,
independent of vacuum or freeze drying, further investigations on microwave field distribution,
changes of dielectric properties of the product during the process, and development of easy-
to-apply models are necessary to get microwave-assisted drying technology ready for indus-

trial application (Fan et al. 2019).

Microwave-assisted vacuum drying

The microwave-assisted vacuum drying provides a fast and gentle process for sensitive and
oxygen-sensitive products, like probiotics, enzymes, or fruits. Functional food components like
phenols, antioxidants anthocyanins can be preserved in equal or even better compared to
conventional vacuum drying or even freeze drying (Wojdyto et al. 2014). This has also been
found for the sensory attributes in the case of banana or carrot slices, which was attributed to
the fast, efficient heating and the lack of oxygen during the vacuum drying process (Drouzas
et al. 1999; Lin et al. 1998). The drying speed can be shortened by about 50-90% of the
necessary drying time in conventional drying methods (Mayer-Miebach et al. 2005; Drouzas
and Schubert 1996). In general, the drying speed could be improved by reducing the pressure
in the product chamber and higher applied microwave power values (Song et al. 2009; Hu et
al. 2006; Mayer-Miebach et al. 2005). However, with higher applied microwave power, the
chance for plasma formation or arcing increases, which results in overheating of the product
and off-flavor (Hu et al. 2006). A typical plasma during microwave-assisted vacuum drying is

shown in Fig. 2.3.4.
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Fig. 2.3.4: Plasma formation during microwave-assisted vacuum drying.

Besides the microwave-assisted vacuum drying of fruits, the microwave-assisted drying of
foams was focused the last few years (Qadri and Srivastava 2017; Zhang et al. 2015; Zheng
et al. 2011), only a few studies about microwave-assisted foam vacuum drying are known
(Ambros et al. 2019a, 2019b). Compared to microwave-assisted vacuum drying of liquids, the
MWVD of foams provides advantages of foam structure (chapter 2.1.2) and even a decrease
in required process time (Ambros et al. 2019b). As already discussed, it is necessary to pre-
serve the foamy structure during the drying process to obtain a good product quality. Because
of the harsher drying conditions in microwave-assisted vacuum drying (higher drying rate and
more frequent pressure regulation), foams often collapse during the drying process. However,
the overall stability of foams during microwave-assisted vacuum drying and the key properties
responsible for the foam decay during MWVD are not investigated yet, which represents a

crucial lack of knowledge.

Microwave-assisted freeze drying

Microwave-assisted freeze drying is a suitable way to reduce the necessary drying time, while
the product quality remains equal to that of conventional freeze drying (Duan et al. 2012; Wang
et al. 2009; Duan et al. 2007). This can be attributed to the volumetric heating of the product,
which is much faster compared to the heat transduction through the frozen product (Duan et
al. 2010a; Zhang et al. 2006). However, as already discussed in chapter 2.1, drying processes
are always a combination of mass and heat transfer. Since the mass transfer rate of a frozen
liquid is low, products can be foamed up before the freezing step. Thereby, the advantages of

foam can also be used in MWED.

The heating of frozen products with microwaves might be challenging because the dielectric
properties of ice are low. However, if the product is melting at a single spot, thermal runaway
might occur, as liquids have much higher dielectric loss factors, as already mentioned before.

Thereby, thermal damage and the loss of the original product structure might occur (Jiang et
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al. 2010; Wang et al. 2009). In general, the heating of food or pharmaceutical products is easier
than pure ice because they usually contain saccharides, which have a higher loss factor than
water in a frozen state (Chandrasekaran et al. 2013).
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Fig. 2.3.5: Electric field strength versus pressure profile showing critical values leading to arcs and

plasma formation during different microwave-assisted drying methods (Metaxas and Meredith 1988).

As the microwaves enter the product cavity at so-called ports, the microwave power density is
very high within a small area next to the port. Thereby, cold plasma can be formed, which is
unsuitable for the product quality, as it causes off-taste and burning of the product (Wang et
al. 2009; Metaxas and Meredith 1988). The plasma formation occurs with high probability
within a range of pressure and above a specific field strength (Fig. 2.3.5). Therefore, it can be
controlled by, e.g., cycling the pressure (Chandrasekaran et al. 2013). Another way to prevent
plasma formation is to lower microwave power input in the secondary drying or when the mois-
ture content is low (Duan et al. 2010b). However, together with difficulties in temperature meas-
urement, microwave-assisted freeze drying is a complex control problem, and it is necessary
to investigate particular phenomena such as hotspots, thermal runaway, and plasma discharge

to get from lab-scale into pilot or production scale (Fan et al. 2019; Zhang et al. 2006)

About microwave-assisted freeze drying of foams, only a few publications are known. How-
ever, it was shown that due to the foamy structure, benefits in drying speed, flavor preservation,
or viability of microorganisms are achievable (Ozcelik et al. 2019a; Ozcelik et al. 2019b;
Ambros et al. 2018). Therefore, microwave-assisted freeze drying of foams seems a good way
to overcome problems like slow mass transfer or too high power density inside the products.
However, it is still an open question how frozen foams influence the drying kinetic and which

foam properties fit best in microwave-assisted foam freeze drying.
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3 Objective and outline

As already stated in the previous chapter, the drying process increasingly represents the bot-
tleneck of production of sensitive, biological products as the demand for vaccines and protein-
based pharmaceutical products increases due to the growing world population and its average
age. As a result, products like vaccines or drugs have to be distributed in liquid or frozen state,
which needs high investments in cooling devices and quality control mechanisms. Further, a
well-working infrastructure is necessary for the worldwide distribution and safe application,
which is challenging the handling of worldwide occurring diseases. In addition, new products
or products adapted to new situations are needed within even shorter development times, as
can be well observed with the current pandemic of Covid-19 or the annual influenza protection
vaccination. In view of the global situation, it is therefore essential to improve the downstream
and drying processes in order to be able to distribute life-essential products equally and safely
to the world.

However, the preparation of the products is crucial for the success of the subsequent drying.
To stabilize sensitive biomolecules against the freezing, surface, or thermal stress, excipients
such as saccharides or surfactants are added to the formulation. Further, salts are added to
buffer the liquid solution at a certain pH value. Besides the stabilization of the biomolecules,
these excipients directly influence the morphology of the product, the structural stability of the
product, or the drying performance. In the case of foam drying, the excipients may also affect
the foam properties or the interaction between surface-active components and biomolecules.
Hence, the formulation of products is quite complex when all these potential crosslinks are
mentioned. Furthermore, by introducing microwave technology to the drying process, the die-
lectric properties of the formulation or single components may have an influence on the drying
success and the drug stability. Interestingly, most of the available studies investigate the influ-
ence of sugars and salts on, e.g., the foaming properties of proteins or the thermal stability of
sensitive substances, but not the interactions of commonly used small non-surfactants and
their influence on the foam properties. In addition, interactions between foaming agents and
used excipients are rarely related to the foam drying process. Further, formulations in the food
industry are often very complex, so that the specific investigation of the influence of different
saccharides on foam stability during drying is still missing. In addition, the impact of various
excipients on the stability of foams during microwave-assisted drying processes has not been

investigated, so far, which represents a knowledge gap.

Therefore, this thesis aimed to systematically and comprehensively investigate the impact of
different excipients on foam properties, drying success, and suitability for the preservation of

sensitive biomolecules. To this end, the influence of sugars on the properties of surfactant-
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stabilized foams was investigated. Based on previous findings, it was hypothesized that differ-
ent sugars have different abilities to interact with nonionic foaming agents as well, due to their
varying ability to form H-bridges. This, in addition to the influence of viscosity, would lead to
different foam properties. The information obtained was used for the investigation of water
vapor transport during freeze drying and microwave-assisted freeze drying. For this, different
concentrations of maltodextrin were added to a polysorbate-stabilized foam, and the freeze
drying process was initially investigated using a freeze drying microscope. After that, the re-
sults from freeze drying microscopy were correlated with the drying kinetics and drying behav-
ior of samples processed with microwave-assisted freeze drying. The hypothesis was that the
water vapor pathway changes due to different foam structures, which result in higher or lower
water transfer resistance within the product. Moreover, the influence of interactions between
sugar and foaming agent and their dielectric properties on foam stability during conventional
and microwave-assisted vacuum drying was investigated. It was assumed that the stability of
foams during drying can be related to the different dielectric, bulk and foam properties of the
samples. Therefore, the dielectric constant, the loss factor, and the resonant frequency were
determined. Furthermore, the surface tension and dilatational rheology were measured and

correlated with the foam stability during the drying process.

In the next step, the results from freeze drying and vacuum drying were used to find suitable
foam matrices for drying of sensitive biomolecules. For this purpose, the model enzyme (3-
galactosidase was used and added to samples with different saccharide types and concentra-
tions, resulting in different foam matrices. The residual activity of the enzyme was studied and
correlated with the previously obtained results. Then, different process parameters such as
microwave power input and surface temperature were varied in order to find suitable process
conditions. Finally, scale-up experiments on microwave-assisted freeze drying were per-
formed. The hypothesis was that the drying rate can be increased by increasing the surface
area and minimizing the effective height of the product. Consequently, more product can be
processed within a batch while maintaining the same product quality. For this, foamed samples
were dripped into liquid nitrogen and compared to the drying behavior of product cakes at
different microwave-power input — sample height combinations. Thereby, product as well as

plant dependent limitations of the drying process should be observable.
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4 Results

The following chapters are combined with published and unpublished results. The chapters
4.2, 4.7, 4.8, and 4.9 are so far unpublished, whereas chapters 4.1, 4.3, 4.4, 4.5, and 4.6 are

based on publications in peer-reviewed journals.

4.1 Interactions of sugar alcohol, di-saccharides and polysaccharides

with polysorbate 80 as surfactant in the stabilization of foams

Summary and contribution of the doctoral candidate

Saccharides are highly used in the food and pharmaceutical industry to sweeten or thicken a
product, as well as excipient during drying processes. Further, they are used for the stabiliza-
tion of foams as a result of increased viscosity. However, saccharides are known to form H-
bonds, which may also impact the surfactant interactions at the air-water interface of foams.
Nevertheless, no study investigated the impact of different types of saccharides like sugar-
alcohols, di-saccharides, and polysaccharides on the foaming properties of surfactants. There-
fore, this study aimed to examine the impact of saccharides on non-ionic surfactants at the air-
water interface and to determine the impact on the macroscopic foam properties like drainage,

overrun, the bubble size distribution of firmness.

This study hypothesized that the interactions of surfactants at the air-water interface are influ-
enced by different strengths due to chemical and structural differences between the saccha-
rides. This means that the foam properties are changing depending on the used saccharide

and not only by the increase in bulks viscosity.

It was shown that the used saccharide has a massive influence on the foam properties de-
pending on the type of sugar. Foam stability was most improved by the addition of maltodextrin,
while sorbitol stabilized the bubble size the best. Further, the results allow choosing the correct
formulation with a different amount of added sugar with regard to the same overrun. Thereby,
it is possible to compare different formulations with equal product density, which is important

for foam-mat drying.

The substantial contribution of the doctoral candidate was the conception and design of the
experiments. Further, he was substantially involved in the performance of experiments, ac-
quired parts of the data for the manuscript, and interpreted the data set. Furthermore, the
critical literature review and writing of the manuscript were done by the candidate. Co-authors
contributed to the discussion of the results and provided input to the drafted manuscript before

and during submission.
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Abstract:

The interaction of different sugars with polysorbate 80 as a surfactant at foam bubble interfaces
was investigated with regard to the creation of stable foams. Sorbitol, maltose, sucrose and
maltodextrin DE6 were applied at concentrations of 10 to 60% w/w. Added sugars generally
resulted in a lower foam overrun, but a narrower bubble size distribution and less drainage,
especially at higher viscosities. The specific overrun, however, was found to strongly depend
on the type of sugar used. Sorbitol enhanced the properties of polysorbate 80 as surfactant in
terms of achievable overrun. Except for sucrose, higher sugar contents close to saturation
were able to minimize detectable drainage after foaming. This effect was found to depend on
interactions between polysorbate 80 as surfactant with sucrose or maltodextrin as viscosity
builder, which could be indirectly assessed by comparing macroscopic foam property data.
Sorbitol and maltodextrin led to the most homogeneous bubble size distribution and thus,
helped to create the most stable foams. According to our findings, the functions of increasing
viscosity by sugars and the interfacial activity of polysorbate 80 seem to overlap or to partially
compete. This knowledge is of relevance for formulating foams with the highest level of robust-
ness, e.g. for drying processes like foam-mat or vacuum drying.

Keywords: Foaming, Surface active substances, Surfactant, Sugars, Excipient, Foam prop-
erties

1 Original publication: Kubbutat, P.; Kulozik, U. (2021) Interactions of sugar alcohol, di-saccharides and
polysaccharides with polysorbate 80 as surfactant in the stabilization of foams. Colloids Surf. A, 616:
126349 https://doi.org/10.1016/j.colsurfa.2021.126349. Adapted original manuscript. Adaptions of the
manuscript refer to enumeration, citation style, spelling, notation of units and format. Permission for
reuse of article is granted by Elsevier Ltd.
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4.1.1 Introduction

Foams are thermodynamically instable and their properties start changing immediately after
foam formation. Depending on the practical application, the required foam stability varies from
seconds to months. The most common way to preserve foam properties is the addition of
thickening agents. Thickening agents such as saccharides or polysaccharides increase the
viscosity of the liquid phase by water binding up to the point of gel formation and stabilize the
foam against foam destabilizing effects like drainage, Ostwald ripening and coalescence, thus
preventing foam destruction in too short time frames (Weaire and Hutzler 2001; Dickinson
1989; Walstra 1989).

While various studies in food research exist on the properties of protein-stabilized foams in
combination with saccharides (Dachmann et al. 2018; Thuwapanichayanan et al. 2012; Sankat
and Castaigne 2004; Bals and Kulozik 2003; Lee and Timasheff 1981; Kinsella 1981), only few
studies are reported combining sugars with small non-ionic surfactants like polysorbate 80, an

often used interfacially-active component in pharmaceutical applications.

The application of foams in the pharmaceutical industry, on the other side, is not as common
as in the food industry, and therefore, less research has been conducted in this area so far.
The specification of the used excipients in the formulation largely differs from components used
in food applications. For instance, protein isolates are mainly used as foaming agents in the
food industry. Through the use of proteins or their peptides in addition of salts and sugars as
well as the shift of pH, the properties of the surface-active components will change significantly
(Manassero et al. 2018; Dombrowski et al. 2018; Sadahira et al. 2018; Karamoko et al. 2013).
However, these complex ingredients are rarely used or even not allowed in pharmaceutical
applications at the same level of purity. According to pharmaceutical handbooks, synthetic,
well defined surfactants like polyoxyethylene sorbitan fatty acid esters or poloxamers are more
common (Rowe et al. 2009). Semenova et al. (2003) investigated the impact of maltodextrin
on the surface activity of three different small molecule surfactants. These authors reported
that hydrophobic interactions as well as hydrogen bonds between maltodextrin in the bulk and
the surfactants have an impact on the surface activity of small molecule surfactants. Based on
these results, it could be expected that other sugars will also interact with small surfactants
and that these interactions will have an impact on the properties of a foam. Surprisingly, how-
ever, no study was found reporting on the interactions of polysorbate 80 and different sugars
related to foam formation and foam properties as applied or required particularly in pharma-

ceutical treatment concepts.

The background of this study is therefore to enhance the manufacture of pharmaceutical prod-
ucts during downstream operations like drying of therapeutic heat-sensitive agents, e.g. by
foam mat drying (Abdul-Fattah et al. 2007a; Abdul-Fattah et al. 2007b). Comparable studies
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on food systems with a similar purpose of preserving quality or function of ingredients or nutri-
ents have been reported (Kardum et al. 2001). Conventional vacuum foam drying (VFD) is
often performed as a combination of steps where foaming naturally results from creating the
vacuum and simultaneous drying. As Walter et al. (2014) state, insufficient efforts are invested
in research on the generation of foams with high process stability, and therefore, some issues
like uncontrolled foaming and rapid foam decay occur, e.g. during vacuum foam drying. This
study is based on the idea to first produce a stable foam from solutions composed such that
pharmaceutical applications of foam drying can be targeted at. At first sight, it might be argued
that under the influence of vacuum during drying foams naturally occur by evaporation of water
and the water vapor creating bubbles in the liquid solution. Most solutions to be dried form in
fact foams under the influence of the vacuum during drying, but they mostly do not have the
necessary composition required for a stable foam. Therefore, the formulation of a composition
comprised of foam-forming and foam-stabilizing agents combined with a dedicated whipping
or foaming process prior to and separately from vacuum drying should yield the desired foam
properties independent from the conditions applied in the drying stage. However, there is a
lack of information about the interactions of protective sugars, especially sorbitol, maltose and
maltodextrin with non-ionic surfactants like polysorbate 80. This would be important knowledge
for the creation of a stable and controllable foam drying process (Ambros et al. 2019a) as well
as for preserving the function of a therapeutic protein. Previous studies show that next to the
viscosity other parameters like interfacial elasticity or surface pressure have an impact on the
properties of the foam system (Lexis and Willenbacher 2014; Yang and Foegeding 2010; Ruiz-
Henestrosa et al. 2008; Lau and Dickinson 2005).

This study, covering a range of different sugar types at concentration levels not investigated
so far in combination with a small non-ionic surfactant that will provide a detailed view on how
sugars can influence the characteristics of foams built by surfactants. In contrast to existing
studies, which investigated single sugar-surfactant combinations on molecular level and low
concentrations in order to determine changes of the critical micelle concentrations (Sharma
and Rakshit 2004), this work will provide information on the macroscopic foam properties with
relatively high sugar concentrations and variable type of sugar. Synergistic and antagonistic
effects might result from these conditions. Examples for these effects are e.g. macromolecular
crowding which describes interactions of molecules at high concentrations (Laurent 1995) or
as results of particle formation, i.e. the well-known Pickering effect (Pickering 1907). Further,
the used sugars differ in their hydrophilic character (Sharma and Rakshit 2004; Galema and
Hoeiland 1991): sorbitol and sucrose are very hydrophilic, whereas maltose and maltodextrin
are comparatively less hydrophilic. This can be attributed to different saccharide structures like
the type of integrated monomers or the conformation of the saccharide (Aumann et al. 2010)

and was also proven by hydrophilic interaction chromatography (Grumbach and Fountain
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2010). The hypothesis is that the foam properties and foam stability will differ in dependence
on the composition of the small surfactant polysorbate 80 and the type of sugar due to different
interactions mechanisms between the different molecules. Of special interest are the high con-
centrations of the sugars close to their solubility limits. Thereby, the possibility of selecting or
creating formulations yielding foams with certain overrun, drainage, firmness and bubble size
distribution will enable the design of the foam drying processes with consciously selected pro-
cessing conditions required to create special target product properties. By closing the
knowledge gap of the interactions between nonionic surfactants and sugars, this study will
provide the basis for further investigations on foam-based drying processes, where the product
to be dried is exposed to high mechanical stress levels.

4.1.2 Materials and methods

4.1.2.1 Materials

Polysorbate 80 as surfactant, the sugar alcohol d-sorbitol (SOB; molecular mass (Mmass) =
182.17 g'mol!) and d-maltose (MTO; Mmass = 342.3 g-mol?) as thickening agents were ob-
tained from Gerbu Biotechnik GmbH (Heidelberg, Germany). Furthermore, two other thicken-
ing agents, sucrose (SUC, Mmass = 342.3 g-mol?t) and maltodextrin DE6 (MDX; Mmass = 2879
g-mol?, calculated by Castro et al. (2016) were purchased from Carl Roth GmbH (Karlsruhe,
Germany) and Nutricia GmbH (Erlangen, Germany), respectively. All reagents were of analyt-

ical grade.

The CMC of polysorbate 80 was given by the manufacturer with 13—-15 mg-I* or 0.012 mM
(20-25 °C) (Merck KGaA 2020) and is therefore much lower than the used concentration within
the paper (3% wiw).

4.1.2.2 Sample preparation

Sample solutions of 200 g each were prepared by mixing and dissolving 3% (w/w) polysorb-
ate 80 with different amounts of carbohydrate (i.e., sucrose 10, 20, 30, 40, 50 and 60% (w/w))
in demineralized water. To ensure full dissolution, the sample solutions were gently stirred by
a magnet stirrer (Maxi Direct, Fisher Scientific GmbH, Schwerte, Germany) at 200 rpm for 12 h
at 4 °C. Prior to the experiments, the sample solutions were tempered at 20 °C inside a water
bath (F3, Fisher Scientific GmbH, Schwerte, Germany). All sugars, even at the highest con-
centration levels, were completely dissolved, no sediment was observed. However, some
cloudiness was observed for maltodextrin solutions, which is not unusual for polysaccharides
(Zeeb et al. 2019).
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4.1.2.3 Determination of solution properties
4.1.2.3.1 Density

Density of the sample solutions was determined with the Density Meter DMA 4100M (Anton
Paar GmbH, Graz, Austria) at 20 °C.

4.1.2.3.2 Solution viscosity

For determination of viscosity of the various solutions, the Modular Compact Rheometer MCR
302 (Anton Paar GmbH, Graz, Austria) was used. Measurements were performed with a con-
centric cylinder (CC27, Anton Paar GmbH, Graz, Austria) at 20 °C and a sample amount of
12 ml. The applied procedure started with a pre-shearing of the sample solutions at 20 s for
30 s, which was followed by a waiting phase of 60 s at shear rate of 0 s. Afterwards, the shear
rate was increased linearly from 0 s to 100 s within 120 s. During the holding phase, it was
kept constant at a shear rate of 100 s for 60 s. Finally, the shear rate was decreased linearly
from 100 s to 0 st within 120 s. The average apparent viscosity was measured at the holding
phase with the shear rate of 100 s™. The obtained data for the investigated solutions are sum-
marized in Supplementary 4.1-1.

4.1.2.3.3 Determination of surface pressure

The surface tension (o) of the investigated sugar solutions without and with polysorbate 80
were measured against air with a drop volume tensiometer Lauda TVT 2 (LAUDA-Scientific
GmbH, Lauda-Kénigshofen, Germany) at 20 °C. The surface pressure (i) was calculated by
the difference of surface tension of the pure sugar solutions (see Supplementary 4.1-2) oo1ent
(sugar solution without surfactant) in equilibrium and the surfactant containing solution, g,

(sugar + surfactant solution) at the time t (Equation 4.1.1):

T[(t) = Osolvent — G(t)s+s (411)

By calculating the surface pressure, changes of the behavior of polysorbate 80 at the air-liquid
interface due to the addition of saccharides were detectable.

4.1.2.4 Foam formation

For foam formation, 150 g of sample solution was whipped with a commercial planetary mixer
(KitchenAid ARTISAN, 5KSM150PS, Whirlpool Corp., Greenville, United States of America)
for 15 min at 220 rpm and 20 °C. The mixer was equipped with a wire whisk geometry
(K45WW, Whirlpool Corp., Greenville, United States of America).
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4.1.2.5 Determination of foam properties

As foams without added saccharide collapsed within the time of analysis, only foams with

added saccharides were investigated according the methods in the following chapters.

4.1.2.5.1 Overrun

The overrun is a parameter, which indicates the samples’ volume increase due to the incorpo-
ration of gas bubbles into the liquid, sometimes in literature also referred to as foamability. In
order to determine the incorporated gas volume of foam, the overrun was measured according
to the method of Kreul et al. (2009) and was calculated using equation (4.1.2) (Phillips et al.
1987):

ion XV, — (m
Overrun, % = (Psotution X Veup) — ( F)><100 (4.1.2)

(mg)

Where psouiion i the density of the investigated solution at a temperature of 20 °C. In addition,

Vcyp is the volume of the used cup and me the mass of the foam in the cup.
4.1.2.5.2 Bubble size distribution

The size of the bubbles in the foam was measured 15 min after foam formation. Foam was
gently spread out across an object slide in a thin layer with a spatula and placed under an
Axiovert 135 microscope, an AxioCam ICc 1 with the AxioVision software (Version 4.8.2.0) (all
from Carl Zeiss AG, Oberkochen, Germany). Photos were taken with a 10-fold magnification.
The bubble size of at least 300 bubbles was taken for each sample. The bubble size distribution
contains the following values relating to the bubble diameter: the 1-, 10-, 25-, 50-, 75-, 90-, and
99-percentiles, where e.g. the 25-percentile dzs represents the diameter of bubbles below
which 25% of all bubbles investigated. In order to better estimate the wideness of each bubble
size distribution, the interquartile range (IQR) was calculated using the following equation
(4.1.3)

IQR, um = d75 - d25 (413)

Where ds is the 75% percentile and das is the 25% percentile. The IQR was chosen, because
it is more robust against outliers compared to SPAN-value or polydispersity index. This seems
to be more suitable to compare foams, of which properties are changing a lot within the inves-

tigated saccharide concentration.

4.1.2.5.3 Firmness of the foam

Two filled cups were used to measure the firmness of the foam with a texture analyzer
(TA.XT.plus, Stable Micro Systems Ltd., Godalming, UK). The test was performed with a foam-

filled cup 20 min after foam formation at 20 °C. The texture of the foam was defined by the
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maximum force, which is necessary to get into the foam with a reticle shaped fixture with a

diameter of 32 mm at a speed of 1 mm-s™ for 10 s.

4.1.2.5.4 Drainage

The drainage relevant masses were measured 45 min after foam formation and computed
according equation (4.1.4).
Mi=omin — Mt=45min

Drainage, % =
Mi=omin — Mempty (4'1'4)

Where, meomin is mass of sample after foam formation, mwasmin is the mass of the cup after

decanting the drained liquid with an age of 45 min, and Mempy is the mass of the empty cup.

4.1.2.6 Statistical analysis

For surface pressure, each formulation was replicated twice and analyzed in triplicate. For
foam properties, each formulation was replicated three times and analyzed twice. Therefore,
in total six values per sample were obtained. Mean values are presented, the error bars indi-

cate the standard deviation and lines are guide to the eye.

4.1.3 Results and discussion

4.1.3.1 Surface pressure of sugar-surfactant solutions

The results of surface pressure of the investigated solutions are shown in Fig. 4.1.1. The plot
of surface pressure at 80 + 9 s over saccharide concentration is shown in Supplementary 4.1-3.
We decided to plot the surface pressure over the time, as the first seconds are the most rele-
vant for the formation of foam (Boos et al. 2013) and equilibrium might be never reached in a
fragile real foam systems. It can be observed that the surface pressure for different solutions
increased sharply due to the adsorption of the surfactant during the first 20 s before the curves
asymptotically levelled off towards an almost constant final value for all investigated sugars
and concentrations. A higher level of surface pressure with higher content of sugar indicates a
higher ability of polysorbate 80 to decrease the surface tension at the air-water interface. A
constant value with different concentrations of sugars shows instead that there is no influence
on the surface tension lowering properties. Furthermore, it can be seen that the different con-
centrations of maltose and sucrose showed nearly no impact on the surface pressure (Fig.
4.1.1a and b), while varying the concentration of sorbitol and maltodextrin (Fig. 4.1.1c and d)
resulted in different levels of surface pressure. However, the error bars for the samples con-
taining 60% of sorbitol were high and therefore these samples were not taken into considera-

tion for the discussion. By comparison with the surfactant-free solution for the calculation of
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the surface pressure, it can be stated that both, sorbitol and maltodextrin, seem to be interact-

ing with polysorbate 80, while sucrose might interact at high concentrations and maltose not

at all, independently of the sugar concentration.
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Fig. 4.1.1: Surface pressure of 3% polysorbate 80 solutions with (a) maltose (MTO), (b) sucrose (SUC),
(c) sorbitol (SOB) and (d) maltodextrin (MDX) at 20 °C.

It was expected that sorbitol would interact with the ethylene oxide groups of the surfactant via
hydrogen bonds. Due to this interaction, the ethylene oxide group will change its conformation
and the sorbitol might extend the surfactant chain length. Strong indications for this interaction
and mechanism were found by Staples et al. (1996), who investigated the influence of sorbitol
on the adsorption of monododecyl hexaethylene glycol, n-dodecyl triethylene glycol and so-
dium dodecyl sulfate at the air-water interface, however, only at one single concentration
(300 g'I'Y). The interaction resulted in a lower surface tension compared to the sorbitol-free

solution. Our results are in accordance with these findings, and we therefore conclude that this
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mechanism seems to be valid for polysorbate 80, too. The interaction between sorbitol and
polysorbate leads to a higher surface pressure, and thus, supports foam formation. We think
that this effect can be attributed to a more concentrated surfactant at the air-water surface.
This phenomenon could also possibly be explained by a chemical potential of the surfactant,
when present in form of micelles. Complementary to the results of Staples et al. (1996) regard-
ing surfactant additive interactions, changes in surfactant surface concentration were pub-
lished by Xu et al. (2013) and Chauhan et al. (2013) for other combinations of surfactants and
additives. This appears to support our argumentation regarding higher surfactant surface con-
centrations induced by the interaction with saccharides. Above a concentration of 50% sorbitol,
however, the properties of polysorbate 80 in lowering the surface tension are negatively af-

fected, which might be due to macromolecular crowding.

The addition of sucrose and maltose has only a slight impact on the surface pressure. While
both molecules are relatively small, we assume that the interactions between the disaccharides
and polysorbate can be explained by the formation of hydrogen bonds between OH-groups of
the saccharides and OH- groups of the ethylene-oxide head of polysorbate. However, there is
a difference between sucrose and maltose. Sucrose shows the higher impact compared to
maltose, especially at high concentrations. This can be attributed to the more hydrophilic char-
acter of sucrose (Galema and Hoeiland 1991), macromolecular crowding (Yadav 2013) and
the related expected change in surface pressure (Claesson et al. 2006). As we used mass
weight based concentration and not molar ratio for the experimental setup, we cannot directly
state that the number of hydrogen bonds per saccharide molecule is the predominant reason
for the observed differences. However, as we observed differences between maltose and su-
crose, where the number of molecules is the same, we assume that the number of hydrogen
bonds per saccharide molecule is not the predominant factor. Nonetheless, it should be men-
tioned that the number of hydrogen bonds is not directly correlating with the number of func-
tional groups, as they can be sterically hindered as a result of size and structure of the inves-
tigated saccharide (Ali et al. 2019).

Next, we compared sorbitol with maltodextrin as an added sugar. Previous studies on the im-
pact of maltodextrin on the surface activity showed that the addition of low concentrations of
maltodextrin (0.5% w/w) results in a higher surface tension than without polysaccharide addi-
tion (Semenova et al. 2003). In the study of Semenova et al. (2003), maltodextrin lowered the
surface activity and increased the surface tension of low concentrated (2 — 6 mg-dm3) sodium
salt of stearol-lactoyl lactic acid (SSL(Na*)) and polyglycerol ester solutions, as well. The au-
thors postulated that strong hydrogen bonds between the sugar and the surfactant lead to an
incorporation into sugar molecules. We prefer to characterize this as adhesion of the surfactant

molecules at the sugar molecule surface, which results in a decrease of effective surfactant
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concentration. In contrast, our study applies significantly higher concentration of surfactant
(3% w/w) and MDX (10-40% w/w) in order to stabilize the foams such that they will be able to
withstand the rough conditions in vacuum drying processes, which are planned to be investi-
gated in continuation of this work. The addition of maltodextrin resulted in a higher surface
pressure, and therefore, in a lower surface tension. Reason for this might be a denser surfac-
tant layer due to size differences between polysorbate 80 and maltodextrin. The polysorbate
covers the surface first, however, leaving gaps between the hydrophilic ethylene oxide head
groups due to steric repulsion. These gaps can be assumed to be filled by sugars associated
with surfactant molecules, having a different hydrophobic and hydrophilic character and which
might work as a co-surfactant. This in turn increases the surfactant concentration at the inter-
face. Comparable synergistic effects were also described for the combination Tween 80 and
Span 20 by Posocco et al. (2016) as a result of different molecular sizes and head group
repulsion. Another possibility to explain how the surface concentration increases would be by
strong hydrogen bonds between sugar and polysorbate, as described previously. The hydro-
gen bonds, interacting directly or mediated by water, are able to increase the packaging den-
sity within the surfactant monolayer as also suggested Claesson et al. (2006). Further to that,
for high concentrations of maltodextrin and surfactant, no negative impact on the surfactant’s
surface properties was detected. Only at a MDX concentration of 40%, the high apparent vis-
cosity of the bulk phase hinders the polysorbate 80 to diffuse to the air-solution interface. Fur-
ther, with high concentrations, the adhesion of polysorbate to maltodextrin can be a limiting

factor for lowering the surface tension.

In addition, the shape of polysorbate 80 micelles might change in presence of co-solvents, as
described in literature e.g. for water—1,4-dioxane mixtures with different concentrations (Ai-
zawa 2009). However, polysorbate 80 forms in water most probably spherical micelles
(Karjiban et al. 2012; Kerwin 2008). As we do not know about the change of micelles morphol-
ogy in presence of sugars, we assume that the micellar shape was spherical throughout the

experiments.
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Fig. 4.1.2: Scheme of different surfactant concentration at the air-water interface as a result of interac-
tions between saccharides and polysorbate 80 with (a) sorbitol, (b) sucrose or maltose and (c) malto-
dextrin.

A scheme of how the authors image the above discussed interactions of saccharides and pol-
ysorbate at the surface is shown in Fig. 4.1.2. Fig. 4.1.2a corresponds to small sugar-alcohols,

Fig. 4.1.2b disaccharides and Fig. 4.1.2c polysaccharides, respectively.

The impact of how the surfactant lowers the surface tension, and therefore, better foamability

was investigated by assessing the overrun in the following chapter.

4.1.3.2 Overrun of sugar containing polysorbate 80 foams

The foam overrun was determined and plotted over the sugar content as displayed in Fig.
4.1.3a. For all types of sugars, a decreasing overrun with increasing sugar concentration can
be observed. Samples with an MDX concentration of 40% had the lowest overrun (41%), while
an overrun of 683% was measured for foams with 50% sucrose. One reason for the differences
in the overrun values at high sugar concentration can obviously be the different viscosities.
The foam overrun plotted against the apparent viscosity is presented in Fig. 4.1.3b. Samples
with 40% maltodextrin exhibited a viscosity of 1.706 Pa-s. Samples with 50% sucrose and 3%
polysorbate 80 remained at a much lower viscosity (0.025 Pa-s). This resulted in a higher over-
run because of the lower resistance of the solution against the incorporation of air. The in-
creasing viscosity of the liquid phase hinders the incorporation of air into the liquid phase, as
well as the diffusion of the surfactants to the air-water interface. Differences in viscosity be-
tween samples with the same mass content of saccharide can be attributed to different number
of H-bridges between sugar and sugar, polysorbate and sugar or sugar and water molecules
as well as different steric hindrance due to differences in molecules sizes as also stated for

viscosity differences between saccharides by Ali et al. (2019).
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Fig. 4.1.3: Overrun of 3% polysorbate 80 foams as function of (a) the sugar concentration with malto-

dextrin, sorbitol, sucrose and maltose and (b) the viscosity of their solutions at 20 °C, respectively.

Furthermore, a clear difference in overrun between the sugar types was observed. Foams,
where sorbitol was added had a much lower overrun than maltose foams, even when the ap-
parent viscosity of sorbitol solutions was lower than for maltose solutions. For example, a sam-
ple with 50% sorbitol and a viscosity of 0.0272 Pa-s yielded an overrun of 500%, while for
samples with 50% maltose and a viscosity of 0.068 Pa-s an overrun of 700% was obtained.

This clearly shows that factors other than viscosity of the solution contribute to foam formation.

A possible explanation for this difference is a competition of the sugars with polysorbate 80 at
the interface of the bubbles. The air bubbles” surfaces obviously interact with both sorbitol and
polysorbate 80 as can be seen in Supplementary 4.1-2. Therefore, polysorbate 80 does not
seem be able to reach the water-air interface as quickly and as completely as without compe-
tition with sorbitol, which results in a lower foamability of the sorbitol solution. According to
Blanchard et al. (1977), the competition between sorbitol and polysorbate 80 in covering hy-
drophilic particles is low. Therefore, we think that we can apply this observation also to hydro-
phobic gas bubble interfaces. The competitive behavior at the water phase between polysorb-
ate 80 and sorbitol could not be considered as factor influencing overrun. In contrast to that, a
study of Staples et al. (1996) on the interfacial behavior of sorbitol combined with different low
concentrated nonionic surfactants (cmax= 10 M) at the air-liquid interface showed that sorbitol
is able to interact with non-ionic surfactants and seems to render it more surface active. This
would lower the surface tension more efficiently, leading to smaller bubbles and a narrower
bubble size distribution, as assumed from Fig. 4.1.1, and as shown later in Fig. 4.1.7d. How-
ever, as described in chapter 4.1.3.1, it is not necessarily given that the decrease of surface

tension results in a higher overrun. This also appears to be dependent on the sugar type.
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When we compare the effects of maltose and sorbitol, it can be observed (Fig. 4.1.3b) that
foams with high maltose content result in high overrun values, whereas samples with sorbitol
showed only low overruns. In order to explain this effect, the differences in hydrophobicity
between maltose and sucrose as a result of slight differences in conformation and chemical
structure can be taken into account. This was also stated by Aumann et al. (2010). Thus, a
less effective decrease of the surface tension due to a competitive surface occupation of malt-
ose and polysorbate 80 may result in a quicker bubble formation, and consequently, in higher
overrun values but in a more brittle foam compared to other sugar-stabilized foams. The sam-
ples containing sucrose display an inverse trend. The reason for this might be an increased
surface tension at the air-liquid interface due to the high sucrose content and the highly hydro-
philic character of sucrose as stated by Aumann et al. (2010) for pure sucrose solution in ad-

dition with macromolecular crowding effects (Yadav 2013).

As can be seen from the results presented above the various sugars have different effects on
the overrun. In comparison to published works, we observe a different behavior and unknown
interactions between polysorbate 80 as surfactant and the sugars, which seems to result from

the high sugar concentrations applied in this study.

In order to understand how the sugars are able to change the solution properties at the air-
liquid interface under the conditions applied in this study, further experiments on liquid loss
from the foam (drainage) and bubble size distribution as relevant macroscopic properties of

the foams were conducted.

Since the surface pressure does not correlate well with the variables chosen, we studied other
macroscopic foam properties to indirectly identify sugar surfactant interactions at or in vicinity

to bubble surfaces to explain the observed differences in foam overrun.

4.1.3.3 Drainage of sugar containing polysorbate 80 foams

The influence of the sugar concentration on the drainage is shown in Fig. 4.1.4a. The drainage
was observed as total liquid loss of the foam within 45 min and presumably mainly driven by
the liquid loss in the center of lamellae. For low sugar contents, the drainage remained at high
levels, and then reached a maximum depending on the type of sugar, before steeply decreas-

ing to very low levels.

This behavior could be observed for all foams, where different sugar were applied. However,
for concentrations of 50% maltose, 60% sorbitol, and 30% maltodextrin no drainage was de-
tectable. Sucrose, in contrast, could not completely prevent drainage within the time frame

investigated.
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Fig. 4.1.4: Drainage of 3% polysorbate 80 foams as function of (a) the sugar concentration with malto-
dextrin, sorbitol, sucrose and maltose and (b) the viscosity of their solutions at 20 °C, respectively.
Even at a sucrose concentration of 50%, a serum loss of 21% was obtained. The correlation
of viscosity and drainage is plotted in Fig. 4.1.4b. The observed trend is similar to the one
shown in Fig. 4.1.4a for the effect of concentration on drainage. The only difference is that
sucrose foams show less drainage at low viscosity compared to maltose or sorbitol foams.
With higher viscosities of sorbitol, maltose and maltodextrin solutions, no observable drainage
within the investigated time scale (45 min) occurred. The foam with the lowest viscosity and
no drainage was best stabilized by sorbitol (0.045 Pa-s), then by maltose at 0.068 Pa-s, and
finally by maltodextrin at 0.416 Pa-s.

We explain the change of the drainage values by the change of the foam structure from a
polyhedral foam to a spherical foam, as shown in Fig. 4.1.5. In polyhedral foams, capillary
effects decrease the drainage value. With increasing viscosity, the bubble size decreases as
later described and discussed in chapter 4.1.3.4. and as long as the viscosity of the bulk phase
is too low to prevent drainage or the separation of bubbles and bulk phase. Beyond this point,
the viscosity of the bulk phase hinders the separation and the drainage is reduced until no
drainage was observable during the time frame of interest. However, it should be mentioned
that the pictures were taken 15 min after foam formation. For samples with low saccharide
content, drainage might have already occurred during the first minutes, influencing shape and
size of bubbles before taking the foam pictures. Nonetheless, the chosen time is a good com-
promise with regard on the ability to use the obtained data it in later industrial applications,

where the foam will be not processed immediately.
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Fig. 4.1.5: Microscopic images of 3% polysorbate 80 foams (10-fold magnification) with (A) 10% MDX,
(B) 20% MDX, (C) 30% MDX and (D) 40% MDX, 15 min after foam formation.

Another effect, which we also considered as an explanation, was that at high viscosity, particle-
like crystals or micellar foaming agent might have been able to block the lamella. This could
be assumed for all sugar types due to the observed higher levels of cloudiness at concentra-
tions near the solubility limit. In case the sugars were not well dissolved, it would be expected
that residues of sugar particles would be observable by light microscopy, comparable to the
crystals observed by Lau et al. (2007) during their study on the effect of crystallized sucrose
on the stability of foams. However, particles smaller than detectable can cause turbidity. Those
small particles might also play a role as surface-stabilizing agents as shown by Pickering
(1907) as one of the first scientists. A particle-supported system may lead to a long-time sta-
bility of the foams, as it would be necessary for further process steps like drying or pumping
the foam. However, particles according to Pickering-theory are mainly hydrophobic or am-
phiphilic, as they tend to adsorb at the air-water surface (Fameau and Salonen 2014), while
saccharides are highly hydrophilic and should therefore stay in the solution. Nonetheless, Ellis
et al. (2017) could reach a shelf-life time of six days due to the addition of agar-gel particles to
Tween 20 foams. This shows that small particles, which are nominally not acting as surfactants
or foaming agents, are a useful tool to decrease drainage and to stabilize the foam. In contrast
to other studies, where added particles were used to create these effects (Ellis et al. 2017;
Guignot et al. 2010), we think that we could achieve this effect just by increasing the sugar
content to near the solubility limit such that local super-saturation leads to a loss in sugar sol-

ubility, followed by formation of microscopic saccharide crystals.

In addition to surface pressure, overrun and drainage, the bubble size distribution can provide
information about the interactions between polysorbate 80 and sugar molecules. It is expected
that sorbitol and maltodextrin formulations result in smaller bubble sizes than sucrose and
maltose due to the increased surface concentration of polysorbate 80 in presence of sorbitol
or maltodextrin. Further, it is expected that interactions in the bulk are strongly dependent on
the concentration of the sugar and will have influence on the coalescence resulting e.g. for

MDX in smaller bubble size and narrower bubble size distribution.
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4.1.3.4 Bubble size distribution

The bubble size distribution for samples with different sugar concentrations is shown in Fig.
4.1.6a — d. For higher concentration of sugar, the bubble size is decreasing. One effect is the
higher viscosity with increasing sugar content and can be observed for all investigated used
sugars. Sorbitol shows good properties to generate a small and narrow bubble size distribution

at high concentrations.

The dsgdecreased from 330 um with 30% to 33 pum at 60% sorbitol. Maltose shows even larger
differences with 421 ym at 20% compared to 11 um at 50% maltose. Maltodextrin shows a

similar behavior like sorbitol.
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Fig. 4.1.6: Bubble size distribution of 3% polysorbate 80 foams with added (a) maltodextrin, (b) maltose,
(c) sucrose and (d) sorbitol.

The impact on the bubble diameter with the addition of sucrose to the foams was much weaker
(dso = 516 um at 10% compared to dso = 117 um at 50% sucrose). As stated by Samanta et al.
(2011), pure polysorbate 80 water solutions at high surfactant concentration even above the

CMC are not able to prevent coalescence over a period of 10 s due to a relative low surface
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concentration. The fast foam decay of foams without added saccharides was also observed in
our study, as already mentioned in "Materials and methods’. With regard to this fast foam
decay of polysorbate 80 foams without sugar, changes in bubbles size distribution are as-
sumed to be directly related to the used concentration and type of sugar. Samples with sorbitol
were able to form the smallest bubbles, which appears to be the increased polysorbate 80

concentration at the interface in presence of sorbitol as discussed in chapter 4.1.3.1.

Apart from that, the presence of very small sugar particles resulting from sugar concentrations
near the supersaturation level might have an impact on the properties of the foam (see chapter
4.1.3.4). Next to the prevention of drainage, interactions between bubbles are sterically hin-
dered, resulting in less coalescence, and therefore, smaller bubbles at the time of interest. This
results in a better stabilization of the bubble size at high sugar concentrations. For maltodex-
trin, the same effect occurs, but the bubbles are larger compared to maltose or sucrose-con-
taining foams. This is attributed to the larger and more inhomogeneous molecular structure of
maltodextrin, which, despite its surface activity, is not able to cover the bubbles with a homo-
geneous layer in comparison to smaller sugars because of its molecular size. In addition,
maltodextrin binds polysorbate, which results in higher surface pressure as discussed in chap-
ter 4.1.3.1. The high sugar concentration results in very high viscosity and possibly very rigid
interface, which upon shear stress induces a lower strain as compared to lower sugar concen-
trations. This induces bubble coalescence and would explain why the bubbles are growing
faster and becoming bigger than in maltose-stabilized foams at low sugar concentrations. In
contrast, the maltodextrin solutions with higher concentration and thus, with high viscosities,
hinder the bubbles to grow, which under these conditions remain as small and stable as ob-

served for other sugar types.

The interquartile range (IQR) of the bubble diameter gives a value for the width of the distribu-
tion and is shown in Fig. 4.1.7a and b and is more robust against outliers compared to SPAN
or PDI value. The smaller the IQR the narrower the distribution, the bigger the IQR the wider,
respectively. With rising sugar concentration as well as rising viscosity, the IQR decreased for
all used sugars. For sorbitol and sucrose-stabilized foams, the IQR was minimized even at low
viscosity (0.025 — 0.045 Pa-s).
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Fig. 4.1.7: Interquartile range of 3% polysorbate 80 foams as a function of (a) the sugar concentration
with maltodextrin, sorbitol, sucrose and maltose and (b) the viscosity of their solutions at 20 °C, respec-

tively.

Maltodextrin-stabilized foams could reach a small IQR, but only for samples with a high vis-
cosity (1.7 Pa-s). Maltose-stabilized foams could not reach an IQR below 172 um, which is a
result of the weak interactions between maltose and polysorbate 80. In other words, retention
of the bubble size is weak and growth of the bubbles occurs due to coalescence. The IQR-
values show that the width of the bubble size distribution is directly dependent on the used

sugar type, which provides an option to formulate the solution in a targeted manner.

Overall, the bubble size distribution results are in accordance with the overrun, drainage and
surface pressure. They show that the addition of sugars not only affects the viscosity of the
continuous phase, but also influence the interactions with the surfactant at the interface. Sug-
ars therefore can affect bubble size by increasing viscosity and by additional effects unrelated
to viscosity. The intermolecular interactions in the bulk and between surfactant and sugar also
seem to have a large effect on the macroscopic behavior of the foam. This was also concluded
by Bricefilo-Ahumada & Langevin (2017) for the influence of surfactant mixtures on the coars-

ening rate of foams.

For vacuum drying, the foam should be firm to withstand the mechanical stress until a certain
level of water removal has been reached to keep the shape of the product. To assess under
which condition this can be achieved, the impact of the different sugar types on the foam firm-

ness will be shown in the next chapter.
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4.1.3.5 Foam firmness

Foam firmness was measured by pushing a reticule into a foam at a known rate and measuring
force (see chapter 4.1.2.5.3). The foam firmness can be influenced by the liquid content, which
also separate the foam into a dry (high yield stress) or wet (low yield stress) state (Marze et al.
2009; Weaire and Hutzler 2001). Therefore, the liquid fraction was calculated by dividing the
mass of a cup filled with foam through the mass of a cup completely filled with sample solution
and plotted versus foam firmness (Supplementary 4.1-4). Thereby, we could prove that all
investigated foams had a liquid content above 5%, which indicates that the foam can be con-
sidered to be wet (Drenckhan and Hutzler 2015), although this value is not a hard figure, but
an established criterion in foam literature. Further, the plot showed comparable trends to that
of the plot versus the viscosity (Fig. 4.1.8b). Bals et al. (2003) stated for protein foams that the
increasing viscosity of the lamellae will increase the foam firmness. This was expected, as the
liquid fraction in this experimental setup is directly linked to the overrun value, which follows
the trend of viscosity.

The influence of the sugar concentration on the foam texture is shown in Fig. 4.1.8a. For su-
crose and maltodextrin samples, a linearly increasing maximum force could be detected with
increasing sugar concentrations. Maltodextrin samples show a little higher maximal firmness
than sucrose foams. For sorbitol and maltose, the influence of the sugar concentration on the
firmness seems to be negligible. The solution properties show more impact on the firmness of
the foam with increasing sugar concentration due to a decreased bubble size, which results
from the higher fluid viscosity. Therefore, it can be stated that maltose and sorbitol do not
embed the bubbles into a firm structure. If mechanical stress pushes the foam, the bubbles
can move independently, if the foams are wet. Therefore, the firmness remains low and seems
to be independent of the bubble size or sugar concentration. Further, this behavior can be an
effect of non-elastic properties of the bubbles. A shear-induced collapse by the probe geometry
during the measurement could lead to a constant and low firmness value while a rising value
due to the higher solution viscosity would be expected. However, both mechanisms, bubble

rearrangement and bubble collapse could explain the low firmness values.
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Fig. 4.1.8: Firmness of 3% polysorbate 80 foams as a function of (a) the sugar concentration with malto-
dextrin, sorbitol, sucrose and maltose and (b) the viscosity of their solutions at 20 °C, respectively.

Sugars in general are known to bind hydrate water, thus increasing viscosity. However, the
firmness increase of the foams produced with the various sugars is quite different (Fig. 4.1.8a).
The different potentials for sugar-sugar interactions are an explanation for the higher firmness
of sucrose and maltodextrin foams. Sucrose molecules can interact with themselves in solution
(Bock and Lemieux 1982). This results in a firmer texture and a higher firmness even at low
viscosity (Fig. 4.1.8b). The higher firmness of maltodextrin-stabilized foams with higher MDX
content can be explained by interactions between maltodextrin molecules themselves, which
lead to higher viscosity of the bulk phase. These interactions can be explained by the interac-
tions of the non-polar glucose units of two maltodextrin molecules as also stated by Duan et
al. (2001). Further, the molecules of incorporated polysorbate 80 and maltodextrin at the inter-
face are sterically hindering the movement of the bubbles and thus, increase the firmness of
the foam. With increasing sugar concentration, both mechanisms become more pronounced

resulting in a higher texture value.

4.1.4 Conclusion

Foams produced with polysorbate 80 as surface-active agent and with different sugar types at
various concentration levels were analyzed. Overruns between 1800% and 41% could be ob-
tained by the use of different sugar concentrations. Maltose can led to foams with high overrun
and low drainage. Foam formulations with sorbitol show a more uniform bubble size distribu-
tion. Maltodextrin can modify foams such that a stable, homogenous and firm matrix is ob-
tained, which should be able to withstand mechanical processing stress conditions. The firm-

ness of the foams was found to be at the highest levels for sucrose and maltodextrin. Maltose
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and sorbitol did not show a dependency of sugar concentration or viscosity on the foam firm-
ness. The usage of sugar concentrations near the solubility limit provides an option to prevent
drainage. The surface pressure results show that sorbitol and maltodextrin improve the sur-
factants properties the most due to interactions with the surfactant, while for sucrose only slight
changes were detectable and maltose did not change the properties of polysorbate 80. We
believe that these findings will be very helpful for the development of vacuum drying processes

using stable foams with targeted properties preserved across the whole processes stage.

It was shown that interactions between components like incorporation of surfactants or inter-
actions between residuals of molecules have a massive impact on the foam properties. Each
studied sugar showed specific behavior due interactions between sugar and polysorbate 80
related to the individual molecular characteristics of maltose and sucrose as short sugars, sor-
bitol as sugar alcohol and maltodextrin as longer sugar chain. The study shows that the type
of sugar has a major influence on the foam properties and foam stability. This could be of
relevance for creating foams, which have to withstand processing stress conditions, e.g. in
foam mat drying processes or during pumping and can be combined with other e.g. the use of

non- or low soluble gas mixtures to prevent foam decay (Bey et al. 2017).

Further, this study shows that interactions of non-ionic surfactants and in pharmaceutical in-
dustry often used excipients occur. This is of special relevance for aerated pharmaceuticals,
which provide advantages as a better skin feeling, easier and more gentle application to injured
areas, less residuals, and better removal compared to conventionally used ointments (Purdon
et al. 2003). However, nonionic surfactants are added in conventional formulations, too, and
therefore the interactions should be taken into consideration for the design of all formulations

using surfactants in combination with saccharides.
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4.1.5 Supplementary

Supplementary 4.1-1: Apparent viscosity of 3% polysorbate 80 solutions with different type and concen-

tration of saccharides at 100 s'1 and 20 °C.

Apparent viscosity, Pa-s

Concentration, % w/w  Sorbitol Sucrose Maltose Maltodextrin

10 0.0017 0.0037
20 0.0025 0.0027 0.0163
30 0.0039 0.0042 0.0045 0.1177
40 0.0085 0.0086 0.0111 1.7067
50 0.0272 0.0253 0.0682

60 0.0454

Supplementary 4.1-2: Surface tension of sugar solutions without surfactant at 20 °C.

Surface tension, mN-m*

Concentration, % w/w Sorbitol Sucrose Maltose Maltodextrin

10 72.1 72.2
20 73.4 73.5 72.5
30 69.5 73.4 74.0 72.5
40 75.8 73.6 74.9 71.2
50 76.8 75.3 74.9

60 78.4
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4.2 Thermal and mechanical stability of dialyzed B-galactosidase from

Kluyveromyces lactis

4.2.1 Introduction

In order to investigate the influence of process conditions and different product matrices on the
product quality after microwave-assisted vacuum and freeze drying, B-galactosidase (B-Gal)
from Kluyveromyces lactis in liquid formulation (Opti-lactase LX2, Optiferm GmbH, Oy-Mittel-
berg, Germany) was used as a biological marker. However, one open question was if the bio-
logical marker, change its activity during the sample preparation, since this would make the
evaluation of the obtained data very difficult. The hypothesis therefore was that B-Gal retain its
enzymatic conversion rate due to its flexible tertiary structure and that no side-effects occur.
Therefore, the stability of 3-Gal against whipping, freezing, and long-term stirring was exam-
ined, which was essential to exclude side-effects during sample preparation.

Besides the aqueous buffer solution and 3-Gal, glycerin was used to stabilize the formulation.
However, the evaporation temperature of glycerin is much higher than that of water, which may
cause problems during the drying process and reduce the residual activity of B-Gal as a result
of overheating. Therefore, samples with and without glycerin were investigated to examine, if

glycerin is required to prevent side-effects during the sample preparation.

4.2.2 Methods

4.2.2.1 Dialysis of B-galactosidase

A dialysis step was performed to decrease the liquid formulation's glycerin content and ex-
change it with formulation buffer. For dialysis, 20 ml of glycerin containing -Gal solution was
transferred into dialysis tubes (Art. Nr. 2-9025, MWCO: 12-14 kDa, neoLab GmbH, Heidel-
berg, Germany) with a length of 16 cm and put into a beaker with 5| phosphate buffer (pH
7.5). Thereafter, the sample was stirred at 100 rpm at 4 °C. For investigating the dialysis ki-
netic, the dialysis was stopped at 1, 2, 4, 6, 8, 14, 16, 24, and 48 h. For each investigated time,
three independent runs were performed, and the concentration of glycerin and B-Gal, as well

as the denaturation temperature of -Gal, determined.

4.2.2.2 Determination of protein content, glycerin content, and enzyme activity of

dialyzed samples

The concentration of 3-Gal and glycerin was measured using high-pressure liquid chromatog-
raphy (HPLC, Agilent 1100 Series, Agilent Technologies Inc., Santa Clara, USA). For the de-
termination of glycerin, a PLRP-S 8 1 300 A column (Agilent Technologies Inc.; Santa Clara,
USA) was used, whereas for the determination of 3-Gal concentration, a Bio-Rad Aminex HPX-
87H 300 x 7,8 mm (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) was used.
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The total protein content was measured with a VarioMaxCube (Elementar Analysensysteme
GmbH, Langenselbold, Germany), which measures the nitrogen content in a sample with ther-
mal combustion according to the method of Dumas (1831). The protein content was calculated
by the correlation of nitrogen content and the use of a protein-specific conversion factor (B-Gal
= 6.045). For calculating the conversion factor, the protein sequence (Uniprot 2021) was used.
The weight of amino acids was divided through the weight of amino acid nitrogen (Owusu-
Apenten 2002; Sosulski and Imafidon 1990; Boisen et al. 1987).

The denaturation temperature was measured using two methods: The first method used a
modulated dynamic scanning calorimetry, mDSC, (Q1000, TA Instruments Inc., New Castle,
USA). For this, a temperature modulation of 0.5°C-min? and a temperature slope of

2.0 °C-min’t was used to examine the melting temperature of the dialyzed samples.

Further, the denaturation temperature was determined by a photometric enzyme assay. The
assay uses the lactose analog o-nitrophenyl-B-D-galactopyranosid (ONPG), which is cleaved
by B-Gal into B-D-Galactose and o-nitrophenol. The o-nitrophenol is yellow and can be meas-
ured at 420 nm, whereby the enzyme activity can be measured by the change of absorption
over reaction time. Before starting the test, the temperature of the solutions was adjusted to
24 °C. The reaction was started by mixing 2.5 ml ONPG solution with 0.1 ml in phosphate
buffer solved sample inside a cuvette. Directly after, the cuvette was transferred into a pho-
tometer (T80 UV/VIS Spectrometer, PG Instruments Ltd., Leicestershire, UK), and the meas-
urement started. The absorption A was recorded with a time resolution of 2 s. For the calcula-
tion of enzyme activity, the slope of the first 5-30 s after mixing was chosen to be in the linear
region of reaction. Samples were analyzed in duplicate, and three individual runs of each test

were performed. Therefore, six values for each sample were obtained.

4.2.3 Results

4.2.3.1 Influence of dialysis on the glycerin and enzyme content of B-Gal and

examination of change in denaturation temperature

In Fig. 4.2.1A, the decreasing concentration of B-Gal and glycerin over the dialysis time is
shown. It can be observed that within 8 h, an equilibrium was reached at about 15 mg-ml* B-
Gal and a glycerin content <1%. The low glycerin concentration in the dialyzed B-Gal solution
seemed suitable for microwave-assisted drying. Therefore, a dialysis time between 8 and 16 h
was chosen for the subsequent preparation of drying samples. Further, the change in dena-
turation temperature, measured with mDSC, is shown in Fig. 4.2.1B. The denaturation tem-
perature decreased with increasing dialysis time, which shows how effective the glycerin was

in stabilizing B-Gal.
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Fig. 4.2.1: Time-dependent concentration of 3-galactosidase (A ) and glycerin (o) during dialysis of -

galactosidase raw solution (A) and resulting denaturation temperature, measured with mDSC (B).

The decreasing concentration of $-Gal during the dialysis can be explained by the diffusion of
water into the dialysis tubes, which resulted in a dilution. This was optically validated because
the dialysis tube was tighter and thicker after the dialysis than before. The lower glycerin con-
tent can explain the decrease in denaturation temperature. Glycerin, as a polyol, is known to
stabilize proteins very effectively by the preservation of the hydration shell of the protein (pref-
erential hydration) or direct replacement of water in the hydration shell (neutral solvation) (Hirai
et al. 2018; Gekko and Timasheff 1981). Both mechanisms are strongly dependent on the
glycerin concentration. It was found that preferential exclusion occurs below a concentration
of 40% glycerin, whereas above 50% partial replacement by glycerin proceeds within the
framework of the neutral solvation model (Hirai et al. 2018). However, the final denaturation
temperature of about 50-55 °C appears slightly higher than comparable temperatures from
literature, which is about 45-50 °C (Zhou and Chen 2001). This was attributed to the different
methods of measuring the denaturation temperature. In the study of Zhou and Chen, the de-
naturation temperature was measured by an OPNG enzyme assay, whereas in this study,
mDSC was used. In mDSC, the melting point is used as denaturation temperature. This melt-
ing point is strongly affected by the slope of increasing temperature, which affects that with
fast temperature ramps, the melting point will be at a higher temperature detected as it would
be suspected. Therefore, a second test was performed, using the ONPG enzyme assay and
5 min temperature holding time, which resulted in a denaturation temperature of about 40—
45 °C (Fig. 4.2.2). This seems to agree with the determined denaturation temperatures of Zhou
and Chen (2001). Therefore, it can be now assumed that at least 40 °C was reached within a

sample if denaturation of enzymes is recorded after the drying process.

75



100 ~ [ s

D N o ©
o O O O
1 1 1 1
-
1 1 1 1

Residual enzyme acitivty, %
= N W H O
o O O O o
S

o
.

T T T T T T

25 30 35 40 45 50
Temperature, °C

N
o

Fig. 4.2.2: Residual enzyme activity of 3-galactosidase after 5 min holding time at a different tempera-
ture, measured with ONPG enzyme assay at 24 °C.

4.2.3.2 Influence of freezing, whipping and drying on the activity of B-galactosidase in a
maltodextrin formulation

The influence of sample preparation, e.g., whipping, stirring overnight at 4 °C, foaming agent,
and freezing was examined to exclude uncontrollable effects on the enzyme activity before
starting the drying process. It was expected that the freezing and the whipping would damage
the enzyme due to mechanical stress and surface denaturation because B-Gal has a high
molecular weight and is only functional within its native tetrameric structure (Juers et al. 2012;
Manning et al. 2010).

In Fig. 4.2.3A, the influence of stirring, freezing, and whipping on the enzyme activity is shown.
It is clearly observable that neither stirring nor freezing or whipping influenced the activity of 3-
Gal. This can be explained by the ingredients of the formulation, which protect the enzyme
against surface denaturation and concentration during freezing. Firstly, the phosphate buffer
can stabilize B-Gal during freeze-thawing cycles due to preferential exclusion comparable to
the explanation of Timasheff (1992) for the protective properties of saccharides in protein so-
lutions. This was also assumed by Jiang and Nail (1998) in a study about the influence of
process conditions on the residual activity of enzymes. Further, the small and non-ionic sur-
factant polysorbate 80 is highly surface-active and might have prevented 3-Gal from reaching
the surface. Polysorbates are widely used in the pharmaceutical industry as a protective agent
against surface degradation (Manning et al. 2010; Charman et al. 1993). Besides the formation
of air-water interfaces during the whipping, the surface area, which is formed during the freez-

ing process in the form of ice crystals, correlates with the extent of protein damage (Hillgren et
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al. 2002). We assume, therefore, that the used amount of PS80 was able to protect proteins

also during the freezing process.
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Fig. 4.2.3: (A) Influence of stirring, whipping, or freezing on the change of absorbance due to cleavage
of ONPG by B-gal with 30%MDX, 3% PS80 in comparison to an untreated enzyme in buffer solution,
and (B) absorbance of samples over time for B-galactosidase containing samples with 2.5% WPI and
40%MDX (A ), 3% PS80 and 30% MDX (e) and B-galactosidase in phosphate buffer (m) at 24 °C.

The influence of different formulations is shown in Fig. 4.2.3B. It can be observed that the slope
is equal for the investigated samples, while the initial absorbance differed. This can be ex-
plained by formulation-dependent turbidity, which was higher at 40% MDX compared to sam-
ples with 30% MDX concentration. This effect was also determined for other sample formula-
tions containing WPI, maltose, sorbitol, or sucrose (data not shown). However, this was de-

clared not to be a problem since no differences in slope were observable.

4.2.4 Conclusion

Overall, in chapter 4.2.3.2 it was shown that the investigated B-galactosidase formulations
were stable during the preparation steps before the conventional or microwave-assisted drying
process. Therefore, no degradation of B-Gal due to the sample preparation is expected, and
hence, denaturation effects can be attributed to the drying process. Further, the different foam-
ing agents and sugar types did not influence the enzyme activity of p-Gal, even at high con-
centrations. Furthermore, it was shown that the denaturation temperature of dialyzed B-Gal is
between 40 and 50 °C. However, it is worth to note that for subsequent drying experiments,
different saccharide types are investigated. Concerning Timasheff's (1992) results, it can be
assumed that the improvement of thermal stability due to the addition of saccharides will also
be dependent on the type of saccharide. Nonetheless, the used saccharide concentrations are
generally high (>10%), and therefore, the set-up should be suitable to compare results within

one saccharide type.
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4.3 Water vapor pathways during freeze drying of foamed product

matrices stabilized by maltodextrin at different concentrations

Summary and contribution of the doctoral candidate

An open question for the freeze drying of foamed matrices was why foamed matrices are drying
faster compared to non-foamed samples. Further, different behavior of drying kinetics between
different foamed products was reported by other research groups but just explained and not

investigated in detail.

Therefore, this study was based on the hypothesizes that the different drying behavior can be
attributed to the foam properties and that due to a change of foam properties, the drying be-
havior can be changed from a “non-foamed-like” to a “foamed-like” drying behavior. It was
assumed that this effect would appear due to the change of internal mass transfer or water-
vapor transfer. Therefore, the water vapor pathway was investigated during freeze drying and
correlated with the conditions during microwave-assisted freeze drying of foams. For this, the
drying process was investigated inside a freeze drying microscope for samples with different
bubble-size distribution, overrun, and concentration of thickening agent (maltodextrin). The
findings from the microscope were correlated with the drying results from microwave-assisted
freeze drying. An important aspect was that the heating of the sample was volumetric during
the microscope as well as during the drying experiments. Thereby, it was expected that a good

correlation between microscopic and macroscopic experiments would be achievable.

It was shown that foams with high overrun have higher water diffusion coefficients compared
to high-density foams. However, the drying time of high-density samples was shorter, as the
total amount of water to sublimate was less compared to low-density samples. Further, it was
observed that samples with low density sublimate throughout the product, whereas products
with high density form a single drying front. This results in a more “liquid-like” drying behavior
compared to low-density foams. Hence, it was assumed that the change in drying behavior
has only an impact on the quality of the dried product, as foam drying provides several ad-

vantages compared to the drying of non-foamed materials.

The substantial contribution of the doctoral candidate was the conception and design of the
experiments. Further, he was substantially involved in the performance of experiments, ac-
quired parts of the data for the manuscript, and interpreted the data set. Furthermore, the
critical literature review and chiefly writing of the manuscript were done by the candidate. Co-
authors contributed to the experimental part and/or in the discussion of the results and pro-

vided input to the drafted manuscript prior to and during submission.
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Abstract:

This study aimed to identify the water-vapor transport mechanisms through an aerated matrix
during microwave freeze drying. Due to the larger surface area and lower water vapor transport
resistance of an aerated product compared to the solution, foam structures dry faster. Different
foam structures were produced with different maltodextrin (MDX) concentrations (10-40%) as
a foam-stabilizing agent. Depending on the initial viscosity of the solution prior to foaming, the
samples differed in overrun (41-1671%) and pore size (dso = 58-553 um). Experiments were
partially performed in a freeze drying chamber of a light microscope to visualize structural
changes in-situ. Different mechanisms were identified explaining the accelerated drying of
foams, depending on the MDX concentration, above or below 30%. At lower MDX concentra-
tion, high overruns could be produced prior to freezing with big bubbles and thin lamellae with
short diffusion pathway length. At 40% MDX concentration, the viscosity was too high to inte-
grate much air into the product. Therefore, the foam overrun was low and the bubble size
small. Under these conditions, the water vapor generates high pressure, resulting in the for-
mation of channels between bubbles, thus creating the pathways with low resistance for a very
fast water vapor mass transfer. In addition, microwave freeze drying experiments using a pilot
plant unit were conducted to validate the findings of the freeze drying microscope. A reduction
of the drying time from 150 min (10% MDX) to 78 min (40% MDX) was achieved.

Keywords: foam drying; freeze drying; channel formation; maltodextrin; process acceleration;
cracks

2 Original publication: Kubbutat, P.; Tauchnitz, A.; Kulozik, U. (2021) Water Vapor Pathways during
Freeze-Drying of Foamed Product Matrices Stabilized by Maltodextrin at Different Concentrations,
Processes, 8, 1463. https://doi.org/10.3390/pr8111463 Adapted original manuscript. Adaptions of the
manuscript refer to enumeration, citation style, spelling, notation of units and format. Permission for
reuse of article is granted by MDPI and authors.
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4.3.1 Introduction

To increase the shelf life of biogenic substances of relevance in the food and pharmaceutical
industries such as proteins, antibodies, immunoglobulins or microorganisms and to improve
their handling, biomolecules are often preserved by freeze drying (FD), which mainly uses
sugar as protectants (Pikal 1990a, 1990b). FD has been well established as a very gentle
process, which maintains high physiological activity of the substrates (Flickinger 2013). How-
ever, FD is a highly time- and energy-consuming process, and thus often presents the main
capacity bottleneck in the entire production chain for biotechnological applications (Schmitt
2012).

To accelerate the drying process, energy can be introduced using microwave technology,
which allows a more effective and more uniform volumetric energy input (Ambros et al. 2019b),
and by foaming the product before drying. This will increase the surface area of the product
and lower the water vapor transfer resistance (Huang et al. 2015). Several studies have shown
that foam drying results in high-quality products and shorter drying processes (Ozcelik et al.
2019a; Thuwapanichayanan et al. 2012; Hajare et al. 2006; Ratti and Kudra 2006b). In addi-
tion, foam drying can possibly be used to process products that are difficult to dry, such as
sticky tomato (Kadam and Balasubramanian 2011; Ratti and Kudra 2006a), raspberry (Ozcelik
et al. 2019b) or mango pastes (Lobo et al. 2017).

One advantage of drying liquid foam is that the lamellae act as capillaries, pumping water to
the surface (Rajkumar et al. 2007). This accelerates the drying process, whereas the lower
heat-transfer rate appears to be non-dominant (Ratti and Kudra 2006a). However, because of
the natural instability of foam, it tends to collapse before being dried (Walters et al. 2014). To
stabilize the foam, sugar and other polymers are used to increase the viscosity of the bulk
phase before the drying starts. Thus, producing kinetically stable foam becomes possible,
which allows it to withstand foam decay until stabilization due to solidification when subjected
to the drying process (Ambros et al. 2019b).

Freezing of foam yields another possibility of preserving the foam characteristics over the en-
tire drying process, which enables the development of drying models similar to that used by
Sochanski et al. (1990) for the microwave-supported freeze drying (MWFD) of aerated milk.
These authors stated that the water vapor leaves the frozen foam through air voids, creating
an open porous structure where gas can pass through the structure without resistance. In their
study, they concluded that their model appeared to be valid, however the water vapor pathway
has yet to be identified by further experiments. As shown in a study by Wang et al. (Wang et
al. 2015), who investigated the foam freeze drying of a mannitol, skim milk and sodium car-
boxymethylcellulose containing formulation the drying speed and vapor transport can be pos-
itively influenced by the use of initially foamed samples. Further, they assumed that the drying

will take place throughout the sample. Nonetheless, they assumed this only by temperature
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measurement inside their sample mold, but did not validate this experimentally by microscopic
analysis. While the background of foam freeze drying has not yet been fully understood, in-
dustry is already using this technology, e.g., for pharmaceutical forms of delivery (Davies), the
drying of coffee (Wertheim and Mishkin), apple juice (Raharitisfa and Ratti 2010) or egg white
concentrates (Muthukumaran et al. 2008).

The approach in the present study was therefore the investigation of the drying behavior of
foam with different properties to identify the not fully understood drying mechanisms of frozen
foam. Different concentrations of the polysaccharide maltodextrin were used in combination
with surfactant polysorbate 80. This process resulted in different foam properties such as vol-
ume increase (overrun) and bubble size and gave the possibility of examining the water vapor
pathway of different product structures. Regarding freeze drying of bulk solid materials, some
studies investigated the effect of pore size on the drying kinetics. While small pores (<20 um)
resulted in a single, sharp sublimation front starting from the top (Liapis and Bruttini 2009),
particles of a few hundred micrometers dry with two sublimation fronts starting from the bottom
and the top simultaneously (Chitu et al. 2015). For particles of several millimeters in size, the
sublimation was reported to start from the surface of the single individual particles throughout
the product (Trelea et al. 2009). Studies by Foerst et al. (2020) looked at the whole range of
pore size on frozen bulky solids on freeze drying and confirmed the findings of these earlier
studies regarding the effect of pore size as a significant impact on the drying kinetics (Liapis
and Bruttini 2009). Even though the freeze drying of bulky solids with outer pores does not
seem to be directly comparable with the freeze drying of foams, where pores are inside the
product, the influence of the pore size can be an indication also for the behavior of foam drying.
Therefore, the purpose of this study was to identify and assess how water vapor transport
occurs through porous, i.e., foamed and highly viscous or solid frozen matrices, which is of
equal interest for conventional and microwave-supported drying processes. The hypothesis of
this study therefore was that different carbohydrate concentrations have a structural impact on
the foamability and, thus, on the drying behavior of the foam. By changing the drying behavior,
it can be assumed that the water vapor pathway itself will change because of the differences
in lamellae thickness and inner surface area.

The drying process was observed using a freeze drying microscope, which allowed online
observations of the whole freeze drying process inline, including freezing of the liquid foam
and the consequent drying process. The results were compared with those of the pilot-plant

experiments to validate the findings from the microstructural analysis of freeze drying.
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4.3.2 Materials and methods

4.3.2.1. Materials

Polysorbate 80, which was used as foaming agent, was obtained from Sigma-Aldrich Co. LLC.,
(St. Louis, Missouri, USA). Maltodextrin DE6 (MDX) was purchased from Nutricia GmbH (Er-

langen, Germany). All reagents were of analytical grade.

4.3.2.2. Sample preparation

Sample solutions of 200 g each were prepared by mixing and dissolving 3% (w/w) polysorbate
80 with different amounts of maltodextrin DE6 (0% to 40% in steps of 5% (w/w)) in demineral-
ized water. The application of different maltodextrin concentrations provided the opportunity to
create foam with a broad range of bubble sizes and different foam volumes, i.e., overruns. To
ensure full hydration, the sample solutions were gently stirred using a magnet stirrer (Maxi
Direct, Fisher Scientific GmbH, Schwerte, Germany) at 200 rpm for 12 h at 4 °C. Prior to the
experiments, the sample solutions were tempered at 20 °C in a water bath (F3, Fisher Scien-

tific GmbH, Schwerte, Germany).

4.3.2.3. Measurement of dielectric constant

The dielectric constant was measured with a dielectric kit for vials (uWWaveAnalyser, Pischner
GmbH & Co. KG, Schwanewede, Germany) inside a -20 °C chamber following in principle the
method of Péres-Campos et al. (2020). One milliliter of sample solution was transferred into a
glass vial (1IMLFBG, 40 x 8 mm, VWR International GmbH, Darmstadt, Germany) and tem-
pered at -20 °C for at least 8 h to ensure that the temperature is in equilibrium. Thereafter, the
dielectric constant was measured at 2450 MHz and calculated by the software pWaveAnalyser

(Version 3.2.0, Puschner GmbH & Co. KG, Schwanewede, Germany).
4.3.2.4. Foam preparation
A total of 150 g of the sample solution was whipped using a commercial planetary mixer (AR-

TISAN 5KSM150PS, KitchenAid, St. Joseph, MI, USA) for 15 min at 220 rpm and 20 °C. The
mixer had a wire-whisk geometry (K45WW, KitchenAid, St. Joseph, MI, USA).

4.3.2.5. Determination of bubble size distribution and overrun
The overrun is defined as the percentage increase in volume of the foamed sample greater
than the volume of the original sample, which is in our case the volume of the solution. It was

determined as described by Kreuf3 et al. (2009) and calculated according to Equation (4.3.1),

where ms is the mass of the sample solution and me is the mass of the foam.

mg — Mg

Overrun (%) = - 100 (4.3.2)

mg
The bubble size distribution was determined using an optical microscope (Axiovert 135, Carl

Zeiss AG, Oberkochen, Germany) with 10-fold magnification. The foam samples were gently
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transferred to a microscope slide 15 min after the foam formation. Photographs were taken
across the foam. A number of at least 300 bubbles per sample were analyzed and the dso value
was calculated using the software AxioVision (Version 4.8.2.0, Carl Zeiss AG, Oberkochen,
Germany).

4.3.2.6. Examination of freeze drying behavior using a freeze drying microscope

Observation of the freeze drying process was made possible using a freeze drying microscope
(Olympus BX51, Olympus Europa SE & Co. KG, Hamburg, Germany). Here, a single foam
drop was placed on the microscope slide. A spacer between the microscope slide and cover
glass prevented foam deformation. The freezing and drying processes were documented using
a FireWire camera PL-A662 (PixeLINK®, Navitar Inc., New York, USA). Next to the picture,
pressure, temperature and cooling rate were documented. The pressure was set using a vac-
uum pump (E2M1.5, Edwards Germany GmbH, Munich, Germany) that was connected to the
microscope software Linksys 32 (Linkam Scientific Instruments Ltd, Surrey, UK) and controlled
by the active pirani gauge APG-L-NW16i (Edwards Germany GmbH, Munich, Germany). To
observe the drying process, reflected and transmitted lights were used. For tempering, the
stage was equipped with a Peltier element for heating and cooling (Fig. 4.3.1). In order to
achieve fast cooling rates, a liquid nitrogen vessel was connected to the stage. Due to the thin
layer of sample, it was assumed that the heating of the freeze drying microscope is comparable

with the volumetric heating of the microwave drier.

Cover glass Sample
Spacer th
Heating/cooling 4
N2-ir‘|-"'E 111%1119/3.\

N,-out
Fig. 4.3.1: Vertical cut of the heating/cooling unit inside the freeze drying microscope.

The temperature was set at a rate of -5 °C-min~" to 0 °C. Subsequently, the temperature was
set to -45 °C at a sample dependent freezing rate. In order to be able to compare microwave-
assisted drying and freeze drying microscope, the freezing rates of 120 g foam samples were
measured inside the -80 °C freezer. The temperature sensors were placed at the half thickness
of sample and located at both relevant sides (towards the door of the freezer and in direction
of the freezers cavity) and the center of the sample. The freezing rate was calculated by the
mean of the temperature slopes until nucleation occurred and used for the setup in the freeze
drying microscope (Table 4.3-1). During the freezing step, the pressure was set to 0.1 mbar.
After the sample reached -45 °C, the sample was equilibrated for 5 min. Thereafter, the tem-
perature was increased by 2 °C-min™! up to -25 °C and held for 90 min, while the pressure was
kept constant at 0.1 mbar. Thereafter, the temperature was set at a rate of 10 °C-min* at 20 °C.

Then, the pressure was also set to ambient conditions.
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Pictures were captured using reflected light and transmitted light during the cooling, freezing
and drying steps. After the drying process and pressure release, a picture of the final product
was taken.

Table 4.3-1: Calculated freezing rates and product thickness, L, for 120 g of foamed sample at the

-80 °C freezer.

Concentration Maltodextrin, % Freezing Rate, °C-min~* Thickness of Samples, L, cm

10 - 4.90
20 2.5 2.16
25 2.5 1.37
30 3.5 0.85
35 6.0 0.60
40 7.0 0.34

4.3.2.7. Microwave-supported freeze drying

For the microwave-supported freeze drying process, a tVac0150fd microwave dryer was used.
For the process control, the drying plant was connected to a computer and software
pWaveCAT (the hardware and software were both from PlUschner GmbH & Co. KG,
Schwanewede, Germany). We transferred 120 g foam into a 230 mm diameter sample glass
and gently flattened it. The sample was frozen overnight at a -80 °C freezer (BF-U538, Buchner
Labortechnik, Germany) before the drying process was started. The drying of samples was
performed at 0.1 mbar and a microwave power input of 200 W. The surface temperature was
measured using a pyrometer (Heitronics Infrarot Messtechnik GmbH, Wiesbaden, Germany)
and set to a maximum temperature of 20 °C. The weight of the sample was recorded during
the process with a scale, which was connected to the turntable. The drying process was
stopped when no mass loss occurred during 10 consecutive minutes. The drying time was
estimated after the drying process as the time difference between the start of the drying and
0.5% of the residual moisture. This value has been chosen because of the accuracy of the
scale for low water evaporation rates. Finally, all drying runs resulted in the same residual

water content of 4.5% and water activity of 0.05.

4.3.2.8. Determination of the residual water content

The initial moisture content was gravimetrically measured using Smart Turbo 6 (CEM Corp.,
Germany). For the determination of the water content of the dried samples, the Karl Fischer
titration method (Fischer 1935) was used (Schott AG, Mainz, Germany). The analysis was
conducted using automatic titrator Titro Line KF (Schott AG, Mainz, Germany). A 0.1 g dried
sample was used for each measurement. All reagents used for the analysis were purchased

from Sigma-Aldrich Inc. (Steinheim, Germany).
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4.3.2.9. Determination of water activity

The water activity of the dried sample powder was determined at 25 °C using water-activity
meter AW Sprint (Novasina AG, Lachen, Switzerland) with a sensitivity of 0.001 following prac-
tical hints described by Bell & Labuza (2000), with modifications. Standard salt solutions (No-
vasina AG, Lachen, Switzerland) of known water activity were used for sensor calibration at

the measurement temperature.

4.3.2.10. Determination of the diffusion coefficient

In addition to the measured water activity and water content, the effective diffusion coefficient
Derr Was calculated. The effective diffusion coefficient describes the intrinsic mass transfer
property of moisture as described by Karathanos et al. (1990). It can be calculated using Fick’s
second law (Equation (4.3.2)), where ¢ corresponds to the moisture content (kg water per kg
dry solids) and the length of diffusion path x.

ac d%c

5= Deffﬁ (4.3.2)

The equation was simplified for uniform initial moisture distribution (Equation (4.3.3)) and slab
geometries (Equation (4.3.4)) by Crank (1975)

VR(e) < MCx ~ MCe
o= MC, — MC, (4.3.3)
8w 1 , T Diget
MR = ?z mexp[—(Zn - 1) 4-]_.2 ] (434)
n=1

where MR(t) is the moisture ratio at any drying time, MCx is the mean moisture content at the
time t, MCe is the equilibrium moisture content, MCy is the initial moisture content, Des iS the
effective diffusivity and L the thickness of the sample. The calculated thickness of the samples
can be found in Table 4.3-1. For long drying processes, Equation (4.3.4) can be simplified by
only using the first term in the series equation and taking the natural log, which results in Equa-
tion (4.3.5) (Tutuncu and Labuza 1996).

8 ‘l'lf2 Defft

InMR = ln; T (4.3.5)

With this, a plot of INMR with respect to the time gives a straight line with a slope, which can
be used to determine D¢ (Equation (4.3.6)) (Salahi et al. 2015).

2
_ T Degy

== (4.3.6)

where K is the slope of the logarithmic moisture ratio as a function of time. It was assumed
that the drying of the sample occurs from both sides simultaneously. Therefore, the thickness

L was divided by two (Karathanos et al. 1990). As the microwave-supported freeze drying has
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two drying sections, an average value was calculated out of the slopes of primary and second-
ary drying section. This was done in order to receive a value for the ability of water to leave
the different product matrices with regard to the different product thicknesses and water con-
tents. The primary drying sections refers mostly to sublimation, while in the secondary drying
section, desorption and diffusion are limiting.

4.3.2.11. Statistical analysis

For solution and foam characterization, three batches of each sample formulation were pre-
pared and each sample was analyzed in duplicate. Thus, a six-fold determination was carried
out. Two samples of each formulation were investigated using the freeze drying microscope
and microwave-assisted freeze drying. The mean values were plotted in the diagrams and
error bars indicated the standard deviation.

4.3.3 Results and discussion

4.3.3.1. Microwave-supported freeze drying

Fig. 4.3.2 shows that the required drying time decreased from 2.5 h with 10% maltodextrin
(MDX) content to 1.3 h for samples with 30% MDX content. The dashed line is guide to the
eyes and shows how the speed of drying changed with different carbohydrate content. The
addition of more than 30% MDX to the sample did not result in further acceleration of the drying
process because a longer secondary drying stage due to the thicker lamellae of highly carbo-
hydrate-concentrated samples was expected. Further, melting and macroscopic cracks oc-
curred sometimes for carbohydrate concentrations above 30% MDX content (data not shown),
which indicated local overpressure and overheating during the drying process. It was assumed
that the dielectric properties were not the reason for the crack formation, because the dielectric
constant of frozen solutions (-20 °C, 2450 MHz) were generally very similar (10% MDX 3.75
0.43; 20% MDX 3.64 + 0.05; 30% MDX 4.08 + 0.13 and 40% MDX 4.22 + 0.03). With regard
on high penetration depth of microwaves into ice, it should be mentioned that the microwaves
are able to pass the sample several times and thus, the dielectric constant provided no expla-

nation for the differences in the heating kinetics or required drying time.
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Fig. 4.3.2: Drying time of polysorbate 80 foams as a function of the maltodextrin content.

A shorter drying time resulting from the MDX addition was also reported by Ozcelik et al.
(2019a) in microwave processing of raspberry foams. Similar to Ozcelik et al., a lower MDX
content was expected to exhibit higher overrun due to the lower viscosity, which was expected
to yield higher diffusion coefficients because of lower mass transfer resistance. This can be
explained by a more efficient water pathway due to the lower effective thickness of samples
with high overrun. Fig. 4.3.3 shows the apparent diffusion coefficient and the slope of the pri-
mary drying section as a function of the MDX content.
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Fig. 4.3.3: Effective diffusion coefficient (m) and slope of the primary drying section (A) as a function of
the maltodextrin concentration of microwave-supported freeze drying (MWFD) dried samples.

We could observe that the effective diffusion decreased with increasing MDX content from
2.11 x 107 to 1.14 x 10° m?-s’, which is in accordance with results reported in the literature

(Salahi et al. 2015). We assumed that the decrease in the water diffusion was a result of the
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thicker lamellae. Further, the slope of the primary drying section significantly increased above
MDX contents of more than 25%. This result could be due to the thinner product cake at lower
overruns (Table 4.3-2), as well as the formation of cracks, which would be in accordance with
the macroscopically observed cracks at the surface of the product cake. In order to be able to
clarify which of these explanations apply, we will present results obtained by a freeze drying
microscope in chapter 4.3.3.2. A decrease in the effective diffusion with decreasing overrun
was also reported by other researchers. Kadam and Balasubramian (2011) and Thuwapani-
chayanan et al. (2012) investigated the influence of different foaming agents on the drying
behavior and obtained a high effect of the overrun on the texture and required drying time. In
contrast to our study, in both aforementioned studies the lamellae remained still liquid, and
therefore, an even higher effect of overrun on the diffusivity was expected. If one compares
Fig. 4.3.2 and Fig. 4.3.3, the results appear as contradictive at first sight. However, this can be
explained by the fact that smaller amounts of water have to be sublimated at higher the dry
matter content (maltodextrin level). This results in a decreasing drying time, which here indi-
cates that the total water content exerted a greater effect on the drying time than the water
diffusion during the secondary drying stage. This can be also observed from the plot dm/dt
over the drying process (see Supplementary 4.3-1): While samples with 10% MDX showed
slow but constant sublimation rate during the drying, samples with 40% MDX first had a higher
rate of sublimation but remained longer in a slower sublimation stage.

The temperature and moisture ratio of the samples are shown in Fig. 4.3.4. Generally, the
temperature overshot of approximately 5 to 10 °C at the end of the drying process. While for
samples with 10%-30% MDX content, the temperature increased evenly during the drying
process, the temperature of the samples with 40% MDX content sample did not. Instead, the
temperature largely increased in the middle of the drying process. Further, the surface tem-
perature of the sample strongly varied, which can be observed by a higher amplitude. Both
could be explained by the non-uniform heat distribution inside the sample and thus cracks
appeared. These cracks made it possible to measure the hot temperature inside the sample
and whereas the top of the sample surface remained comparably cold, the temperature
changed with high frequency. For MDX contents below 30%, this non-uniform temperature
distribution was not detected, as confirmed by optical analysis of the samples. None of the
samples with MDX content below 30% exhibited non-uniform structural changes. With regards
to the moisture, samples with 10%—-30% MDX content exhibited more uniform drying behavior
than those with 40% MDX content. Further, we could observe that in this example, the drying

time was as long as for the sample with 30% MDX content.
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Fig. 4.3.4: Relative moisture ratio (decreasing curves) and temperature (increasing curves)

during microwave-supported freeze drying of polysorbate 80 foam with different maltodextrin

contents.
This result could be explained by a certain overheating of the sample. The overheating oc-
curred randomly and within single spots, which are a so-called hotspots. While the power has
to be reduced to prevent further product damage, other parts of the sample remained at low
temperature. Therefore, the drying speed greatly decreased in the end of the drying as clearly
shown in Fig. 4.3.3, and the final drying time was about the same as for 30% MDX concentra-
tion, which explains the larger standard deviation for MDX = 40% in Fig. 4.3.2. Samples below
40% MDX content might also form hotspots, but with non-observable intensity.
The reasons for the acceleration of the drying process between the samples with 10% and
30% MDX contents and the constant drying time for samples with MDX concentrations be-
tween 30% and 40% were investigated using a microscope that was operated under freeze
drying conditions.
4.3.3.2. Freeze drying microscope results
The observation of the freeze drying process inside the freeze drying microscope was divided
into five different sections: liquid foam, frozen foam, initial drying phase, mid of drying time and
end of drying. Subsequent to the end of drying, the microscope was set back to ambient con-
ditions and pictures of the final product were made. For each section, an out of single snap-
shots assembled picture of the transverse section was taken. In Fig. 4.3.5, liquid foams are
shown using transmitted-light microscopy. As a result of the different amounts of MDX in the
formulation, the viscosity varied, and thus, the bubble size varied from big bubbles at low car-
bohydrate concentration to small bubbles at high carbohydrate concentration. Bubble size dso
and the overrun value are listed in Table 4.3-2. A large reduction of bubble size and overrun

could be observed with increasing MDX content.
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Table 4.3-2: Bubble size dso and overrun of polysorbate 80 foam at different maltodextrin concentrations.

Maltodextrin content, % 10 20 30 40
Bubble size, dso, um 553 +51 202+29 102+14 58+10
Overrun, % 1671 +251 715+71 233+7 41+3

We could clearly observe that the bubble size decreased less with increasing MDX concentra-
tion than the overrun did, which could be explained by the reduced number of bubbles in the
highly viscous samples at high MDX concentrations. Samples with 41% overrun are commonly
not defined as real foam because their gas volume fraction is below 0.5 (Wilson 1989). There-
fore, these samples can be identified as bubbles in liquid, and we expect that their behavior is
more similar to that of a liquid instead of that of a foam.

Further, the lamellae were shown to be thicker with increasing carbohydrate concentration,
which also resulted in a darker appearance of photographs shown in Fig. 4.3.5 from left to right
because the light transmission was reduced with higher MDX concentration. Less, but larger
bubbles can be seen in Fig. 4.3.5A, while bubble numbers go up and bubble sizes decrease
from Fig. 4.3.5A—-E.

Fig. 4.3.5: Liquid polysorbate 80 foam with maltodextrin concentrations of (A) 20, (B) 25, (C) 30,

(D) 35 and (E) 40% using transmitted light. The scale bar in (A) can also be applied to (B)—(E).

Fig. 4.3.6 shows the different freeze drying steps using transmitted-light microscopy. During
the initial phase of drying, each bubble had its own drying front (Fig. 4.3.6C), which can be
observed by the dark color around the single bubbles. However, because of its dependency
on the carbohydrate concentration, these fronts appeared to very slowly progress. Therefore,
the pressure inside the small bubbles increases due to the sublimation of water (Fig. 4.3.6C),
until critical pressure that formed cracks was reached (Fig. 4.3.6D,E). The reason for the in-
crease in pressure was that because of the lack of free volume, no flow pathway existed for
the sublimated water. Finally, the main drying front, directed from outside to inside the sample
reached the high pressure areas and, together with the cracks and formed pores inside the

lamellae, allowed the sublimated gas to leave the product.
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Fig. 4.3.6: Drying of a polysorbate 80 foam with 40% MDX at different stages of the drying process:

(A) liquid, (B) frozen, (C) early drying, (D) mid drying, (E) final drying. The scale bar in (A) can also

be applied to (B)—(E).

This showed that the drying did not take place similar to that in a loosely structured porous
bulk as described by Sochanski et al. (1990), where the water was free to leave the product
using the voids as channel. The issue then was how the water release happened in case of
low carbohydrate concentration. Fig. 4.3.7 shows a situation during the initial drying step that
compared foam containing 20% and a 40% MDX. By using reflected light, the already dried
areas had a bright color, whereas the dark color indicated that the sample still contained water.
We could clearly observe that for the lower MDX content the water is primarily sublimated into
the bubbles (Fig. 4.3.7A), whereas for 40% MDX content an additional clearly separated drying
front moved from outside to the center of the foam (Fig. 4.3.7B). This drying from outside in is
more typical for the drying of solutions, as, e.g., observed by Yang et al. (2010) and supported

our prediction for low overrun foam systems.

Fig. 4.3.7: Different drying mechanisms of foams with (A) 20% and (B) 40% maltodextrin (MDX) content,
respectively, in the freeze drying microscope during the first drying stage.

For low carbohydrate concentrations of 10% and 20%, which resulted in more accessible vol-
ume inside the product, we expected that the drying fronts of the bubbles will combine (red
arrow in Fig. 4.3.7A), providing the water vapor a channel to leave the product. This is more
comparable with the expected model from Sochanski et al. (1990). Further, in the secondary
drying, we required that the structure, which remained after the drying in the lamellae, must
contain open pores with a low water transfer resistance. If the structure is too dense, water
might slowly diffuse out of the lamellae, which could lead to a longer drying duration. The foams
that were stabilized by low carbohydrate content uniformly and simultaneously became dry
across the whole product because of thin lamellae and big bubbles. In contrast, the foam with
the high-MDX-content behaved similar to a frozen liquid because of the thick lamellae, which
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remained closed and solid during the beginning of the drying process. This condition prevented
a fast transfer of water vapor through the lamellae, resulting in overpressure and crack for-
mation. Therefore, the pathway for the water vapor transfer varied according to the carbohy-
drate content or the foam properties. Wang et al. (2015) investigated the foam-freeze drying
of complex mannitol samples with a moderate solid content. They assumed that the drying
front has to proceed throughout the product due to similar temperatures inside the sample at
different positions during the first drying step. With our study, we are in agreement with this
hypothesis for samples with 10-30% MDX content. Nonetheless, the microscopically detected
changes of drying behavior within our samples” range show that further investigations of foam
properties are necessary in order to identify the limitations of foam-freeze drying.

The final structures of the samples with 20% and 40% MDX content are shown in Fig. 4.3.8,
which were assessed using transmitted-light microscopy. As a result of the dried MDX, the
lamellae displayed a dark color, whereas the cracks and air voids exhibited brighter colored
parts of the product. Other researchers also observed indications of liquid-like behavior in their
raspberry foam with low overrun samples (Thuwapanichayanan et al. 2012), which indicated

that the results were also valid for more complex systems.
ok 7":‘.

Fig. 4.3.8: Dried polysorbate 80 foam with (A) 20% and (B) 40% maltodextrin contents.

We could observe that the lamellae were intact for the samples with 20% MDX content,
whereas at c(MDX) = 40% cracks occurred. This result indicated that the water vapor pathway
at low concentrations occurred through the lamellae, whereas for high MDX concentration
(40%), a higher pressure build-up must have occurred, because of the lower overrun and lower
porosity, respectively (Fig. 4.3.9). Thus, less volume is available to take up the water vapor
and cracks were created as additional pathways for the water vapor. This agrees well with the
results presented in chapter 4.3.3.1. Generally, we observed that below a 25% MDX content,
no cracks occurred during the first drying stage. At 30% MDX content, a few cracks were ob-

served, and over 30% MDX content, the samples exhibited massive crack formation.
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Fig. 4.3.9: Schematic pathway of water during the drying of samples with high and low overrun values.
4.3.4 Conclusion

Our study results show the cause of acceleration of the drying process due to the use of foam.
For low carbohydrate concentration, a different pathway for the water vapor was found com-
pared with that of the foam with high carbohydrate concentration was found. For low carbohy-
drate concentration, a simultaneous and uniform drying starting from the surfaces of the indi-
vidual gas bubbles was observed across the whole product without any macroscopic channel
or crack formation. The water vapor transfer occurred through the highly porous structure of
dried lamellae. For high carbohydrate concentration, the thicker and denser lamellae resulted
in higher water vapor transfer resistance. From this, it can be concluded that this results in a
higher inner bubble pressure and bubble sublimation temperature. Crack formation therefore
occurs when the inner pressure becomes too high. The cracks acted similar to channels and
enabled water transfer out of the product. These new insights provide a better scientific under-
standing of freeze drying processes, which so far have only been phenomenologically ob-
served. This is of relevance for a better process understanding of freeze drying and product
design in food and pharmaceutical applications and can be further used for process accelera-
tion to allow for shorter drying processes. In future studies, the effect of other sugar types on
the quality of sensitive ingredients that result in a change in physiological activity or storage
stability will be investigated.

Supplementary materials: The following are available online at https://www.mdpi.com/2227-
9717/8/11/1463/s1, Supplementary 4.3-1: Sublimation rate of foams with MDX content be-
tween 10-40%.
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4.4 Foam structure preservation during microwave-assisted vacuum
drying: Significance of interfacial and dielectric properties of the

bulk phase of foams from polysorbate 80-maltodextrin dispersions

Summary and contribution of the doctoral candidate

For foam mat drying, the stability of the foam throughout the process is a mandatory parameter
since the drying speed and the product quality decrease in case of foam collapse. Therefore,
the foam must be able to withstand the mechanical and thermal stress during the drying pro-
cess. From the previous study, shown in chapter 4.1, it was known that sugars could influence
the foam properties by the promotion of H-bonds between surfactants at the interface or the
formation of H-bonds between surfactant and saccharide. Therefore, this study hypothesized
that by influencing intermolecular interactions, the addition of maltodextrin in different amounts
would also influence the surface rheological properties and the surface elasticity. As a result,
the overall foam stability would be influenced by the addition of maltodextrin. Besides, the
dielectric properties of the investigated formulations were investigated to gain information
about their heating properties. Finally, the investigated formulations were dried with conven-
tional and microwave-assisted vacuum drying to find differences and to relate the findings from
interfacial properties to the foam decay behavior of the samples.

It was shown that the surface elasticity was strongly dependent on the used concentration of
maltodextrin. Further, it was found that surface elasticity was an important property for the
stabilization of foams during the drying process. Samples with a tan(¢)<0.2 seemed suitable
for both, conventional and microwave-assisted vacuum drying. However, for MWVD, an indi-
cation was found that the dielectric properties of the foaming agents were important for the
foam stability during the drying process. In contrast, the dielectric properties of the formulation
were of minor importance. Overall, an influence of maltodextrin content on foam stability during

vacuum drying processes was found.

The substantial contribution of the doctoral candidate was the conception and design of the
experiments. Further, he was substantially involved in the performance of experiments and
acquired parts of the data for the manuscript, and interpreted the data set. Furthermore, the
critical literature review and chiefly writing of the manuscript were done by the candidate. Co-
authors contributed to the experimental part and/or in the discussion of the results and pro-

vided input to the drafted manuscript prior to and during submission.
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Abstract:

This study aimed at examining the cause of differences in the structure preservation of
polysorbate 80-maltodextrin foams during microwave-assisted vacuum drying (MWVD)
versus conventional vacuum drying (CVD). Aqueous dispersions of 3% polysorbate 80 and 0—
40% maltodextrin were characterized for their dielectric and interfacial properties, and results
were related to their drying performance in a foamed state. Surface tension and surface
dilatational properties as well as dielectric properties clearly responded to the variation in the
maltodextrin content. Likewise, the foam structure preservation during CVD was linked to the
maltodextrin concentration. Regarding MWVD, however, foams collapsed at all conditions
tested. Nevertheless, if the structure during MWVD remained stable, the drying time was
significantly reduced. Eventually, this finding could be linked to the dielectric properties of
polysorbate 80 rather than its adsorption kinetics and surface film viscoelasticity as its resonant
frequency fell within the working frequency of the microwave drying plant.

Keywords: vacuum drying; surfactant; polysaccharide; foam decay; resonant frequency
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441 Introduction

For the preservation of heat-sensitive biological material (e.g., bacterial cultures (Ambros et al.
2018; Bauer et al. 2012) enzymes (Jesus and Filho 2011) or pharmaceutical ingredients
(McLoughlin et al. 2003)), vacuum drying has evolved into a promising alternative to time- and
energy-intensive freeze drying. Besides advantages in the specific energy demand (Gehrmann
et al. 2009) and drying time (Santivarangkna et al. 2007a), vacuum drying was shown to yield
products of increased storage stability as compared to freeze drying. The increased storage
stability was linked to product shrinkage during dehydration (Foerst et al. 2012), which,
however, entails a prolongation of the third drying stage. In addition, due to the compactness
of the dried product structure, its grindability is impaired. In this context, Ambros et al. (2019b)
reported that microwave assistance can reduce the vacuum drying time by about 95%. This
significant effect was related to the volumetric energy input of the microwaves allowing for a
high mass transfer over all drying stages. Furthermore, controlled product aeration (i.e.,
foaming) prior to microwave-assisted vacuum drying (MWVD) was proposed to tackle the
drawback of conventional vacuum drying (CVD) in terms of poor product grindability (Ambros
et al. 2019a). Additionally, the drying process can be accelerated by means of foaming. This
can be attributed to the higher specific surface of an aerated versus a non-aerated product as
well as the presence of lamellae, which act as capillaries during the drying process,
transporting the water to the product’s surface (Rajkumar et al. 2007).

Overall, MWVD of foamed materials was shown to display a promising concept. However, it is
important to note that product formulation (e.g., foaming agent, protectant, carrier) and
characteristics (e.g., foam characteristics) as well as process conditions (e.g., pressure level,
microwave power level, drying protocol) need to be well adapted and controlled (Ratti and
Kudra 2006a). Therewith, foam structure stability and thus product quality, besides process
efficiency, are ensured. In order to avoid detrimental foam collapse during drying and further
optimize MWVD in terms of the drying time and resulting product quality, a more in-depth
understanding of the interdependency of the above-mentioned influencing factors is required
(Sankat and Castaigne 2004). It was assumed that interfacial and/or dielectric properties of
the material to be dried would play a key role. Thereby, the former allow for conclusions
regarding adsorption kinetics and the stability of the interfacial film against mechanical stress
(e.g., stretching) and are associated with foamability and foam stability (Georgieva et al. 2009;
Rodriguez Patino et al. 2008). The latter provide insights into the interaction of the material to
be dried with the electromagnetic field of the microwave and are key for process understanding
(Guo and Zhu 2014). To the authors’ best knowledge, neither interfacial characteristics nor
dielectric properties of surfactant—polysaccharide or protein—polysaccharide dispersions have

been investigated in the context of microwave-assisted vacuum drying, thus far. Therefore, the
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objective of the present study was to evaluate these characteristics (i.e., surface tension and
surface dilatational rheology, dielectric constant and loss factor, resonant frequency and
quality factor) for polysorbate 80—maltodextrin dispersions and to correlate them with the
samples’ drying performance in terms of foam structure preservation during MWVD versus
CVD. In this model system, the non-ionic surfactant polysorbate 80 served as a foaming agent,
whereas the polysaccharide maltodextrin was used to enhance foam stability by means of
increasing the bulk viscosity. In addition, maltodextrin is widely applied as a protectant or
carrier for sensitive biological material during drying (Ambros et al. 2019b; Jaya et al. 2006;
Jaya and Das 2004). The behavior of whey protein—maltodextrin-based matrices was
examined in a further study (Kubbutat et al. 2021b).

4.4.2 Materials and methods

4.4.2.1. Materials and preparation of sample dispersions

Sample dispersions of 200 g each were prepared by blending 3.0% w/w polysorbate 80
(Tween 80; Gerbu Biotechnik GmbH, Heidelberg, Germany) with different amounts (i.e., 0.0—
40.0% w/w) of maltodextrin DE6 (MDX; Nutricia GmbH, Erlangen, Germany) and dissolving
the dry mix in deionized water (Milli-Q Integral 3, Merck KGaG, Darmstadt, Germany). To
ensure full hydration, the sample dispersions were gently stirred using a magnet stirrer (Maxi
Direct, Fisher Scientific GmbH, Schwerte, Germany) at 200 rpm for 12 h at 4 °C. Prior to the
experiments, the sample dispersions were tempered at 20 °C with a water bath (F3, Fisher

Scientific GmbH, Schwerte, Germany).

Unless mentioned otherwise, measurements were performed at 20 °C and at least in triplicate
using independent batches of sample dispersions. Error bars represent the calculated

standard deviation.

4.4.2.2. Surface tension and surface dilatational properties of the bulk phase

Time-dependent evolution of surface tension o was determined by the pendant drop method
using the DSA100R (Kriiss GmbH, Hamburg, Germany). A drop of 12 pl was formed at the tip
of a capillary (di = 1.81 mm, Kriiss GmbH, Hamburg, Germany) and its contour was monitored
for 120 min. Extraction of surface tension was conducted by drop shape analysis using the

software Advance (Kriss GmbH, Hamburg, Germany).

Upon reaching quasi-equilibrium surface tension, surface dilatational properties were
determined by the oscillating drop method. For this, the pendant drop at a drop age of 60 min
was exposed to a sinusoidal oscillation with a frequency of 0.1 Hz for a duration of 100 s. The
amplitude was set to 200-800%o in order to achieve a change in surface area by 2.5-3.5%.
Data fitting according to Lucasson and van den Tempel (1972) allowed for the estimation of
surface dilatational elasticity E’ and surface dilatational viscosity E” (Equation 4.4.1 — 4.4.3):
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Ao

B = A/ (4.4.1)
E' = |E|cos(¢) (4.4.2)
E"” = |E|sin(¢) (4.4.3)

where E is the complex viscoelastic modulus, AA/AO is the amplitude of the surface area
oscillation and ¢ is the phase angle between surface tension oscillation and surface area
oscillation. The tangent ¢ was calculated by dividing E”/E’ according to Conde et al. (2005).

4.4.2.3. Dielectric properties of the bulk phase

Dielectric properties of the sample dispersions were measured with the pwWaveAnalyser
(Pischner GmbH & Co. KG, Schwanewede, Germany) over a broad temperature range from
—40 to +40 °C. For this, 300 ul of sample dispersion was filled into a 1 ml glass vial, which was
then sealed with a lock (IMLFBG, VWR International GmbH, Darmstadt, Germany). For each
measurement point, the filled vial and the pWaveAnalyser were tempered at the respective
target temperature within a climate chamber. After an equilibration time of 6 h, measurements
were performed at a frequency between 2400 and 2500 MHz against an empty vial. Based on
the response of the sample dispersion towards the emitted frequency, the software
pWaveAnalyser Version 3.2.0 (Puschner GmbH & Co. KG, Schwanewede, Germany)
calculates the dielectric constant €’, the dielectric loss €”, the resonant frequency fres and the
quality factor Q (Pueschner GmbH & Co. KG 2008). The dielectric constant is a measure of
the polarizability of a material, whereas the dielectric loss is a parameter for the physical
conversion of electromagnetic radiation into heat. In addition, the loss factor tan(d) describes
the ability of the sample dispersion to take up energy from the electromagnetic field and is
defined by the ratio of loss factor and dielectric constant (Equation, 4.4.4) (Bart 2005):

n

tan(6) = 88— (4.4.4)

Further, the penetration depth PD can be calculated according to Equation (4.4.5) (Radon and
Wiodarczyk 2019):

PD = }L24—50MHZ E (445)

2T g’

The penetration depth describes the depth until the power density has decreased to 1/e of its
initial value and depends on the wavelength A. In this study, the wavelength was assumed with
2450 MHz.
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4.4.2.4. Foam preparation

Foams were prepared by means of whipping with a commercial planetary mixer (KitchenAid
ARTISAN 5KSM105PS, Whirlpool Corp., Greenville, United States of America) equipped with
a wire whisk geometry (K45WW, Whirlpool Corp., Greenville, United States of America). Per
foam, 150 g of sample dispersion was whipped for 15 min at 220 rpm. Immediately after foam
formation, 15 g of foamed sample was gently transferred to a cylindrical crystallization glass
with a diameter of 200 nm (VWR International GmbH, Darmstadt, Germany) and dried as
described in chapter 4.4.2.5. The resulting foam properties and viscosity values of the
investigated sample dispersions are published in a previous study (Kubbutat and Kulozik
2021b).

4.4.2.5. Foam drying and product characterization

Foams were dried by means of two different techniques: conventional vacuum drying (CVD)
and microwave-assisted vacuum drying (MWVD). For CVD, a pilot freeze dryer (Delta 1-
24L.SC; Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) was
operated at a chamber pressure of 15 mbar and a shelf temperature of 20 °C. The foams were
dried for 16 h. In case of foam collapse, drying was stopped 10 min after the collapse occurred.
For MWVD, the microwave drying plant unVac0150fd (Pischner GmbH & Co. KG, Schwane-
wede, Germany) was used. Process control was conducted with the software pWaveCAT
(Puschner GmbH & Co. KG, Schwanewede, Germany). A typical MWVD process is shown in
Fig. 4.4.1. Similar to CVD, MWVD was performed at 15 mbar. The maximum temperature was
limited to 20 °C, and a microwave power input of 80 W was set. The drying process was
stopped 10 min after foam collapse or when no mass loss was detected during 10 consecutive
minutes. For successfully dried samples, the drying time was between 45 and 90 min. The

appearance of the resulting product structures was optically described.
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Fig. 4.4.1: Exemplary microwave-assisted foam vacuum drying process at 15 mbar, 80 W microwave

power input and a sample temperature of 20 °C.
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4.4.3 Results and discussion

4.4.3.1. Foam drying

For the investigation of the interrelation between foam structure and drying behavior as a
function of the heating technique, foams were prepared from polysorbate 80 at 3.0% w/w in
combination with 10-40% w/w maltodextrin (MDX). Thereby, an increase in the MDX
concentration led to an increase in the sample dispersion viscosity, which in turn resulted in a
decrease in the overrun as well as the bubble size of the formed foams (results not shown). In
terms of heating method, the foams were either subjected to conventional vacuum drying
(CVD) or microwave-assisted vacuum drying (MWVD). For both drying processes, a maximum
product temperature of 20 °C was set. Overall, this approach gave the opportunity to
distinguish heating method-specific effects and to identify relevant product properties for a

successful drying process.

Fig. 4.4.2 shows the different product structures obtained after either CvD or MWVD as a
function of the MDX concentration. Overall, both drying techniques, as well as MDX content,
had a clear impact on the appearance of the resulting product structures. For both drying
techniques, foam structure preservation increased with increasing MDX concentration, though
CVD was clearly superior to MWVD. In the latter case, all samples collapsed during the drying
process, yielding highly viscous liquids at the bottom of the sample containers. By contrast, by
CVD, a foam-like structure was observed for samples containing 30 or 40% MDX, whereas for
10 and 20% MDX, foam collapse occurred during the first 30 min of drying. A better foam
preservation during vacuum drying as a result of saccharide addition was also observed by
Jangle and Pisal (2012) investigating the impact of sucrose and mannitol on the vacuum foam
drying of bovine serum albumin. The necessary amount of saccharide to obtain a foamy
structure after the drying was comparable (>20% w/v). This is interesting because the viscosity
of a 20% sucrose dispersion is expected to be lower than a 20% maltodextrin dispersion, and
the viscosity should preserve the foam structure (Ambros et al. 2019a). A reason for this
difference might be that in the recent study, foam formation was conducted before the drying
process was started. Thereby, the foam was destabilized while the pressure was decreased,
whereas, in the study of Jangle and Pisal, the vacuum step was necessary to form the foam.
Hence, in our study, the foam expanded even before it got heated, which resulted in higher

mechanical stress.
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Fig. 4.4.2: Impact of maltodextrin (MDX) concentration and drying method on the appearance of the
resulting product structures.

Overall, the results show that CVD was better suited to preserve foam structures from
polysorbate 80 in combination with MDX than MWVD. This raised the question of the specific
relationship between the type of energy input and the surface properties of polysorbate 80 with
MDX. In this context, this study aimed at distinguishing properties being relevant for structure
preservation and successful drying. In order to close this knowledge gap, surface tension and
surface dilatational properties, as well as dielectric properties of the sample dispersions, were

determined.

4.4.3.2. Surface tension and surface dilatational properties of the bulk phase

Firstly, the evolution of surface tension of the different sample dispersions (i.e., polysorbate 80
with 0-40% MDX) was measured for a period of 7200 s. The obtained results are displayed in
Fig. 4.4.3. The surface activity refers to the rate of initial surface tension decrease (Marinova
et al. 2009), which was calculated from the slope of the surface tension within the first 5 s. In
general, all sample dispersions exhibited a relatively high surface activity, which is
characterized by the fact that quasi-equilibrium surface tension was almost reached within the
first few seconds. The slight further decrease in surface tension over time was considered

rather insignificant as compared to the very initial decrease.
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Fig. 4.4.3: Impact of maltodextrin concentration on the time-dependent surface tension of polysorbate
80: (-) 0% MDX, (- -) 10% MDX, (-+) 20% MDX, (--) 30% MDX, (---) 40% MDX.

It was observed that samples with MDX showed higher surface activity and lower surface
tension than the reference sample dispersion without MDX. The surface activity increased from
-6.0 at 0% MDX to -7.4 mN-m*-s with 30% MDX. The 40% MDX samples showed a slightly
lower value of -6.8 mN-m™*-s. Quasi-equilibrium surface tension of samples containing MDX
was around 33 mN-m*, whereas for 0% MDX, a value of 37 mN-m™ was obtained. A possible
explanation for this behavior could stem from the presence of surface-active molecules such
as native starch lipids and proteins, originating from the maltodextrin manufacturing process
(Pycia et al. 2017; Shogren and Biresaw 2007). However, the surface tension of MDX
dispersions with an MDX content between 10 and 40% and without polysorbate 80 was
reported to be in equilibrium between 71.2 and 72.5 mN-m* (Kubbutat and Kulozik 2021b).
Hence, the contamination of MDX with surface-active components seems not to be the reason
for the observed differences in surface tension. Therefore, we assume that the high viscosity
of 40% MDX samples inhibited the polysorbate to move to the new surface and was therefore
the reason for the slightly lower surface activity. Further, strong hydrogen bonds and
hydrophobic interactions between polysorbate 80 and MDX may change the surface activity of
polysorbate 80 as also suggested by Semenova et al. (2003). Thereby, the surfactant might
be modified via non-covalent interaction by extending the ethylene oxide group of polysorbate.
Consequently, polysorbate 80—-MDX mixtures could lower the surface tension more than
samples which contain only polysorbate 80. On the other hand, this might also be the reason
for the slower adsorption of samples with 40% MDX, as the interactions might result in a steric

repulsion at the surface in the presence of high carbohydrate concentrations.
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The lowest surface tension was obtained for sample dispersions containing 10 or 20% MDX,
whereas the surface tension was slightly higher for sample dispersions with 30 and 40% MDX.
This could be due to the increasing viscosity of the investigated sample dispersions with
increasing MDX concentration. Thereby, diffusion and adsorption of the surface-active
molecules at the air/water interface might be hindered, resulting in a higher surface tension
within the time frame investigated. Nevertheless, MDX had an enhancing effect on surface

activity and surface tension as compared to the reference sample dispersion without MDX.

Overall, the results show that surface activity and surface tension are not indicative for
structure preservation during drying (Fig. 4.4.2).

Besides surface tension, the different sample dispersions were also characterized in terms of
their surface dilatational properties. Surface dilatational properties are deemed indicative of
surface film stability, which was assumed to be of importance in view of gas expansion under
vacuum as well as bubble deformation during drying. The results on surface dilatational elasti-
city E’ and surface dilatational viscosity E” are shown in Fig. 4.4.4 as a function of the MDX
concentration. In terms of E”, no clear dependence on the MDX concentration could be
observed, though values slightly increased with increasing MDX concentration from about 3.5
to 5.8 mN-m™. Nonetheless, the very slight increase in E” could be due to the increased total
solids content of the sample dispersions with increasing MDX concentration, which in turn
showed a positive effect during drying. Unlike surface tension, surface dilatational properties
and especially E’ strongly depended on the MDX content. By comparison, results on E’
followed a “u” shape with a minimum at 25% MDX. Thereby, the relative change in surface
dilatational elasticity as a function of the MDX concentration was quite high, with absolute
values starting at 20.1 mN-m?* at 0% MDX, decreasing to 7.5 mN-m?* at 25% MDX and
increasing again towards 21.7 mN-m™* at 40% MDX. This can also be described by tan(y),
where 0 represents a perfect elastic behavior of the film (Table 4.4-1) (Baeza et al. 2006;
Conde and Rodriguez Patino 2005). The surface showed most elastic behavior at low (tan(®)
= 0.2-0.24 at 0-5% MDX) and high MDX (tan(¢) = 0.28 at 40% MDX), while for 20% MDX, the
surface exhibited the lowest elasticity (tan(@) = 0.53). However, in comparison with protein-
stabilized systems, the obtained tan(¢) for our system is quite high. For example, Beaza et al.
(2006) investigated the influence of different additives to B-lactoglobulin and obtained tan(o)
values of < 0.2. An explanation for this difference might be protein network formation by means
of intermolecular interactions between protein molecules such as electrostatic interactions or
hydrogen bonds. By contrast, small non-ionic surfactants such as polysorbate 80 are mainly

interacting via hydrogen bonds.
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Fig. 4.4.4: Impact of MDX concentration on surface dilatational properties of polysorbate 80: (o) surface

dilatational elasticity E’; (A ) surface dilatational viscosity E” at an amplitude of 500%o.

Table 4.4-1: Calculated tan(g) of samples with 3% polysorbate 80 and an MDX content between 0 and
40% at 20 °C and an amplitude of 500%o.

c(MDX),% O 5 10 15 20 25 30 35 40
tan(p),- 020 024 045 046 053 050 048 0.40 0.28

Overall, the surface of polysorbate-stabilized foams showed low elastic behavior, which could

be problematic regarding the high mechanical stress during the drying process.

However, no clear correlation could be resolved between drying performance in terms of
structure preservation and surface dilatational elasticity.

The effect of better stability at higher total solid content could be explained as such that the
high viscosity of the bulk phase prevents the bubbles to expand too quickly. During drying, the
lamellae become very thin, and the surface area increases. This in turn might result in the
occurrence of holes in the surface films whereby foam collapse is triggered, eventually. The
higher MDX content could slow this down and enable the foaming agent to cover the surface
quickly enough to prevent foam collapse. In terms of conventional vacuum drying, an MDX
concentration of =2 30% seemed favorable in terms of formation of elastic surface films,

resulting in structure preservation during drying.

However, the results do not explain the observed differences between CVD and MWVD
processes. Therefore, it was considered necessary to investigate in more depth the

microwave-specific properties of the different sample dispersions. Therewith, it was aimed to
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better understand the underlying mechanisms allowing for specific conclusions regarding
future product design.

4.4.3.3. Dielectric properties of the bulk phase

The dielectric properties of polysorbate 80 dispersions with various contents of MDX are shown
in Fig. 4.4.5. The dielectric constant decreased with increasing sugar concentration, while the
dielectric loss factor slightly increased. A comparable trend for increasing carbohydrate
concentration was also observed by Roebuck et al. (1972) during their investigation of
dielectric properties of carbohydrates using a microwave frequency of 3 GHz. They stated that
the reason for the decrease in the dielectric constant was due to fewer polarizable dipole
moments due to less free water in the samples. The increase in the dielectric loss factor with
increasing carbohydrate content can be explained by a better stabilization of hydrogen bonds
in the presence of carbohydrates. Haggis et al. (1952) stated that due to better stabilized
hydrogen bonds in the presence of organic molecules, the relaxation frequency of water is
lowered, whereby the dielectric loss increases. Therefore, our findings are in accordance with
our expectations and findings from the literature.
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Fig. 4.4.5: Impact of MDX concentration on the dielectric properties of dispersions with 3% polysorbate
80. Symbols: (o) dielectric constant €', (m) dielectric loss €”.

As aresult of the increasing dielectric loss and decreasing dielectric constant, the value for tan
(8), which is a parameter for the ability of the material to converse radiation power into heat,
increased (Table 4.4-2). Therefore, the samples were heated more efficiently with the higher
sugar content. However, this might be problematic for the uniformity of the heating process:
the more efficient the heating, the lower the penetration depth according to Equation (4.4.5).

For the investigated samples, the penetration depth of the bulk decreased from 7.67 at 0%
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MDX to 3.84 cm at 40% MDX. Therefore, the characteristics of the heating are less volumetric
with increasing MDX because more energy is converted into heat within a shorter distance. As
a result, the probability of hot and cold spot formation is increased. The bubbles are assumed
to not be heated extensively because the bulk phase converts the energy much more efficiently
than the air inside the bubbles. Consequently, the penetration depth into the foam will increase
with higher overrun values, which means that the differences in the heating pattern are
expected to be even higher. However, no differences in hot spot formation were detected,

which was contributed to the foam expansion during the drying process.

Table 4.4-2: Calculated tan(d) for dispersions with 3% polysorbate 80 and an MDX content between 0
and 40% at 20 °C.

c(MDX), % 0 5 10 15 20 25 30 35 40
tan(o), - 0.12 0.13 0.14 0.16 0.17 0.20 0.22 0.23 0.26

In Fig. 4.4.6, the resonant frequency of polysorbate 80 dispersions with an MDX content
between 0 and 40% is shown. It was observed that with increasing sugar content, the resonant
frequency shifted from 1951.3 + 5.7 to 2039.2 + 5.6 MHz. This seems to be plausible, as the

addition of organic molecules increases the resonant frequency of water (Zhang et al. 2019).
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Fig. 4.4.6: Impact of MDX concentration on the resonant frequency of dispersions with 3% polysorb-
ate 80.

Summing up the results on the dielectric properties of the dispersion, the samples were able
to convert radiation more efficiently into heat at higher sugar contents. The faster and
concentrated heating resulted in harsher heating conditions. Nevertheless, we observed better
preservation of shape and structure at higher MDX contents. Hence, the dielectric properties

of the complex dispersion do not explain the collapse of the foam during the MWVD process.
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In order to more deeply address this question, different concentrations of MDX without a
foaming agent (i.e., polysorbate 80) were tested (data not shown), but they did not give a hint
for the drying behavior of the samples. Hence, a dispersion of 100% foaming agent was
examined in view of its dielectric properties. In Fig. 4.4.7, the complex reflection coefficient Si1
depending on the frequency is shown. This value represents the interactions of a material with
the electromagnetic wave fif it is impinged with a certain frequency. The frequency where the
interactions are the strongest is called resonant frequency, which is at 2445 MHz for the pure
surfactant. This matches the frequency band which the microwave drying plant emits to apply
power to the sample (i.e., 2450 + 50 MHz). Therefore, it appears that a so-called frequency
catastrophe happened at the air/water interface, as schematically shown in Fig. 4.4.8. Due to
the overlapping microwave and resonant frequencies, the ethylene group of the surfactant is
polarized very efficiently and at a high frequency. Further, interactions between water and the
ethylene groups of polysorbate might be affected by the radiation (Epstein et al. 1983), which
might result in lower interface stability. Due to the high applied power, the movement of the
surfactant caused hole formation within the surfactant layer. This in turn resulted in a collapse

of the foam structure during microwave application.
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Fig. 4.4.7: Complex reflection coefficient Si1 of pure polysorbate 80.

For high sugar concentrations and, consequently, thick lamellae, this effect can be suppressed
by the high viscosity of the bulk phase. However, due to the quick expansion of the air bubbles
during the vacuum and heating process, it could be that the counteracting forces become too
weak. In a first step, the air bubbles would show coalescence with other bubbles until the
necessary amount of surfactant to stabilize the interface is too low. Then, the bubble and the

foam would collapse.
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Fig. 4.4.8: Schematic representation of the behavior of polysorbate 80 at the air/water interface during
foam drying.

Observations during the drying process showed that the foam started to collapse when the
microwave power was on and stopped decaying right after turning the microwave power off
(Fig. 4.4.1). This indicates strongly that the resonant frequency of the foaming agent had a
strong impact on the foam decay and not the overall dielectric properties of the bulk phase.
Finally, the dielectric properties of polysorbate 80 seem to be one of the main reasons for the

foam decay during MWVD.

4.4.4 Conclusions

In this study, the behavior of polysorbate 80—maltodextrin foams during vacuum drying
processes with different heating methods was investigated. It was shown that there is not one
single parameter that is overall important to achieve a successful drying process.
Nevertheless, surface dilatational rheology seems an important parameter because a certain
elasticity (tan(¢) < 0.4) of the surface is mandatory to withstand the mechanic stress during
the evacuation of the drying plant. For the case of MWVD, it was not clear if just the dielectric
properties of the surfactant had this massive impact on foam stability during the drying process.
However, the results indicate that the dielectric properties of the foaming agent and the surface
dilatational rheology of the complex system are responsible for its behavior during microwave-
assisted processes, which is a new insight related to microwave-assisted drying. Further, a
certain ratio of E”/E’ expressed as tan(¢p) < 0.2 was shown to be necessary for successful
drying with MWVD, and the resonant frequency of the foaming agent should not match the
working frequency of the microwave drying plant (2450 + 50 MHz). As the dielectric properties
change with the temperature, it would be interesting to investigate these parameters at

different, commonly used temperatures for vacuum drying. Further, it would be of interest to
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determine the importance of effects at the molecular level to better understand the behavior of
foam during the drying process. Besides surfactants, proteins are commonly used as foaming
agents, which is why we investigated the behavior of protein samples during MWVD in a
second study. Further, it would be of interest to use other microwave sources to determine the

specific effect of the microwave frequency.
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4.5 Influence of interfacial characteristics and dielectric properties on
foam structure preservation during microwave-assisted vacuum

drying of whey protein isolate-maltodextrin dispersions

Summary and contribution of the doctoral candidate

The study aimed at investigating surface tension, surface dilatational characteristics, and die-
lectric properties for whey protein isolate-maltodextrin dispersions and correlating them with

the samples’ performance during MWVD and CVD.

It was hypothesized that surface activity and surface dilatational properties of the main product
constituents would indicate foam structural stability during drying. This assumption was based
on the fact that foams are exposed to thermal stress and mechanical stress (e.g., bubble ex-
pansion, oscillation, rupture, and regeneration). Besides, the dielectric properties of the prod-
uct dispersion were supposed to allow for a better understanding of its interaction with the
electromagnetic field during MWVD.

It was shown that the surface tension decreased with increasing MDX content while the surface
activity index increased. One explanation for this was the interactions between MDX and whey
proteins based on hydrogen bonds and steric hindrance. However, no linkage between foam
decay during drying and surface tension or surface activity index was possible. The surface
dilatational properties were considered as key properties for successful foam drying. A further
key finding was that tan(®) increased with increasing MDX content, reflecting a faster heating
of the product. However, concerning foam stability, the dielectric properties were of minor im-

portance.

The substantial contribution of the doctoral candidate was the conception and design of the
experiments. Further, he was substantially involved in the performance of experiments and
acquired parts of the data for the manuscript, and interpreted the data set. Furthermore, the
critical literature review and chiefly writing of the manuscript were done by the candidate. Co-
authors contributed to the experimental part and/or in the discussion of the results and pro-

vided input to the drafted manuscript prior to and during submission.
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latational elasticity. Thereby, all samples remained stable throughout the drying process. Com-
pared to CVD, MWVD required 220% MDX to avoid foam collapse. In addition, MWVD-dried
samples exhibited larger bubble sizes, which was linked to the volumetric heating and higher
mechanical stress as compared to CVD. Overall, high surface dilatational elasticity and bulk
viscosity were identified as key parameters to ensure foam structure preservation during vac-
uum drying.
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45.1 Introduction

During the last few decades, vacuum drying has turned into an interesting alternative to freeze
drying. This is not only attributable to advantages in specific energy demand (Gehrmann et al.
2009) and drying time (Santivarangkna et al. 2007a), but also to a relatively low thermal stress
allowing for the preservation of heat- and freeze-sensitive biological materials (Ambros et al.
2016; Bauer et al. 2012; Jesus and Filho 2011; Hajare et al. 2006; McLoughlin et al. 2003).
Furthermore, vacuum dried products were reported to exhibit an enhanced storage stability as
compared to freeze-dried materials, which was mainly related to product shrinkage during de-
hydration (Foerst et al. 2012). Unfortunately, compaction of the product structure during drying
entails a prolonged third drying stage. In addition, grindability of the final product is mostly
impaired. Recent approaches to tackle these drawbacks include the combination of vacuum
and microwave drying (i.e., microwave-assisted vacuum drying (MWVD)) as well as a con-
trolled product aeration (i.e., foaming) prior to drying (Ambros et al. 2019a). According to
Ambros et al. (2019b), MWVD allowed for a reduction of drying time by about 95% as com-
pared to conventional vacuum drying (CVD). Foaming prior to MWVD entailed an even further
acceleration of the process besides its positive effect on product grindability. On the one hand,
this can be explained by the volumetric energy input of microwaves enabling a high mass
transfer over all drying stages. On the other hand, foaming increases the product's specific
surface area, while lamellae between bubbles act as capillaries through which water can be

transported to the product's surface during drying (Rajkumar et al. 2007).

In this regard it is important to note that the beneficial effect of microwaves and foaming on
process efficiency and product quality only applies if the foam structure does not collapse dur-
ing drying. Here, it may not be neglected that foams are thermodynamically instable and there-
fore continuously undergo structural changes in terms of foam volume, liquid content and bub-
ble size distribution (Damodaran 2005). Hence, in order to ensure a successful and efficient
drying, not only the process conditions (e.g., pressure level, microwave power level, drying
protocol), but also foam characteristics via the product formulation (e.g., foaming agent, pro-
tectant, carrier) and aeration method (e.g., whipping, decompression) need to be well con-
trolled (Ambros et al. 2019a; Ratti and Kudra 2006a).

In view of product formulation, it was hypothesized that surface activity and surface dilatational
properties of the main product constituents would be indicative of foam structural stability dur-
ing drying. This assumption was based on the fact that foams are not only exposed to thermal
stress, but also to significant mechanical stress (e.g., bubble expansion, oscillation, rupture
and regeneration). Besides, dielectric properties of the product dispersion were supposed to
allow for a better understanding of its interaction with the electromagnetic field of the micro-
wave during MWVD (Guo and Zhu 2014).
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In general, foam formation and stabilization requires the presence of surface-active molecules
such as surfactants or proteins. In terms of foam formation, surfactants often outclass proteins
due to their higher surface activity resulting from their lower molecular weight and higher struc-
tural flexibility. However, in terms of foam stability, proteins are usually superior to surfactants
(Saint-Jalmes et al. 2005) as they are able to strongly interact intermolecularly at the air/water
interface allowing for the formation of viscoelastic films (Georgieva et al. 2009; Rodriguez
Patino et al. 2008).

Based on this, the question arose of whether surfactants or proteins are better suited to ensure
foam structural stability during vacuum drying processes (i.e., CVD or MWVD). To the authors’
best knowledge, neither interfacial characteristics nor dielectric properties of surfactant-poly-
saccharide or protein-polysaccharide dispersions have been investigated in the context of
MWVD, so far.

Therefore, this study aimed at investigating surface tension, surface dilatational characteris-
tics, dielectric constant and loss factor, resonant frequency and quality factor for whey protein
isolate-maltodextrin dispersions and correlating them with the samples’ performance during
MWVD versus CVD. In this model system, whey protein isolate served as foaming agent,
whereas the polysaccharide maltodextrin was used to enhance foam stability by means of
increasing bulk viscosity. The behavior of polysorbate 80-maltodextrin-based matrices was

examined in a separate study (Kubbutat and Kulozik 2021a).

45.2 Methods

4.5.2.1. Materials and preparation of sample solutions

Whey protein isolate (WPI), which was used as foaming agent, was obtained from Davisco
Foods International Inc. (Bipro®, Eden Prairie, MN, USA). Maltodextrin DE6 (MDX) served as
thickening agent and was purchased from Nutricia GmbH (Erlangen, Germany).

Sample dispersions of 200 g each were prepared by mixing and dissolving 3% (w/w) WPI and
different amounts of MDX (0—40% (w/w) in demineralized water. To ensure full hydration, the
dispersions were gently mixed for 12 h at 4 °C using a magnetic stirrer. Prior to the experi-

ments, the sample dispersions were tempered at 20 °C in a water bath.

4.5.2.2. Determination of surface tension

The time-dependent evolution of surface tension o was determined by the pendant drop
method using the DSA100 (Kriss GmbH, Hamburg, Germany). A drop of 12 pl was formed at
the tip of a needle (NE 95, @ = 1.81 mm, Kruss GmbH, Hamburg, Germany) and the drop
shape was recorded with a high-speed camera (UI-3060CP R2, IDS Imaging Development
Systems GmbH, Obersulm, Germany) for a period of 120 min (frame rate: 10 fps for t < 30 s

and 1 fps for t > 30 s). For data analysis, the software ADVANCE was used (Kriss GmbH,
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Hamburg, Germany). Reported values on quasi-equilibrium surface tension refer to the aver-
age of data points acquired within the last 30 s of each measurement. All measurements were
performed at 20 °C.

The surface activity index was calculated according to Marinova et al. (2009), based on the
initial decrease of surface tension (i.e., t = 5 s). As initial state, the surface tension of water at
20 °C (72.8 mN'm* (Pallas and Harrison 1990)) was used.

4.5.2.3. Determination of surface dilatational properties

The surface dilatational properties were determined subsequent to surface tension using the
same equipment and software (chapter 4.5.2.2). The pendant drop in quasi-equilibrium condi-
tions, i.e., after 120 min, was subjected to sinusoidal oscillation at 0.1 Hz for 100 s. The ampli-

tude was set to 200—800%. to induce a change of surface area by 2.5-3.5%.

Based on the obtained data on the changes of surface tension Ac and drop surface area AA/A,
the complex viscoelastic modulus |E| was calculated ((Equation 4.5.1), Lucassen and van den
Tempel (1972)) with @, the phase angle between surface tension oscillation and surface area
oscillation, the surface dilatational elasticity E' and the surface dilatational viscosity E" were
determined (Equation 4.5.2 and 4.5.3)

E=20 = |Ele% = B 4 iE"
=7a = [Ele® = E'+i (4.5.1)
A
E' = |E|cos(®) (4.5.2)
E" = |E|sin(¢) (4.5.3)

4.5.2.4. Dielectric properties of the bulk phase

Dielectric properties of the bulk phase were determined with the yWaveAnalyser (Plschner
GmbH & Co. KG, Schwanewede, Germany) within a frequency band of 2400 and 2500 MHz
in 1 MHz steps. For this, 300 pl of sample dispersion were filled into 1 ml glass vials (1IMLFBG,
VWR International GmbH, Darmstadt, Germany) and sealed. Vials and device were tempered
in a climate chamber to the measurement temperature, i.e., 4, 10, 20, 30, or 40 °C. As refer-
ence, an empty vial was used. For each temperature step, a new sample was used to prevent
temperature-dependent changes of the sample dispersions due to prior heating or cooling. The
dielectric constant ¢, dielectric loss €, resonant frequency fes as well as the quality factor Q
were calculated using the software yWaveAnalyser Version 3.2.0 (Plischner GmbH & Co. KG,
Schwanewede, Germany). Further, tan(d) was calculated, which describes the samples’ ability
to absorb energy from the electromagnetic field (Equation 4.5.4) (Bart 2005).
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n

tan(8) = i—, (4.5.4)

In addition, the penetration depth (PD) was determined according to Equation 4.5.5.:

mg — Mg

Overrun (%) = -100 (4.5.5)

mg

The penetration depth describes the depth up to which the power density has decreased to
1/e of its initial value and depends on the wavelength A, the dielectric constant, and the dielec-

tric loss. In this study, the wavelength was assumed with 2450 MHz.

4.5.2.5. Foam preparation

150 g of sample dispersion were whipped for 15 min at 220 rpm and 20 °C with a commercial
planetary mixer (KitchenAid ARTISAN 5KSM150PS, Whirlpool Corp., Greenville, United
States of America), equipped with a wire whisk geometry (K45WW, Whirlpool Corp., Green-
ville, United States of America). After foam formation, 15 g of sample were gently transferred
into a cylindrical crystallization glass with a diameter of 200 mm (VWR International GmbH,

Darmstadt, Germany).

4.5.2.6. Drying process
The foamed samples were dried by means of conventional vacuum drying (CVD) and micro-

wave-assisted vacuum drying (MWVD).

For CVD, a pilot freeze dryer model Delta 1-24LSC (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) was used. The pressure during the main drying step
was set to 15 mbar, the shelf temperature to 20 °C. The foams were dried for 16 h, except for
those that collapsed. In case of irreversible foam collapse, the drying process was stopped

10 min after it occurred.

For MWVD, the pilot plant unit pVac0150fd (Fig. 4.5.1, Puschner GmbH & Co. KG,
Schwanewede, Germany) was used. For process control, the drying plant was connected to a
computer using the software yWaveCAT (PUschner GmbH & Co. KG, Schwanewede, Ger-
many). Like CVD, the pressure was set to 15 mbar and the maximum temperature to 20 °C.
The microwave power input was set to 80 W, which was the lowest adjustable power input.
The mass loss was measured by a scale connected to the turntable. The drying process was

stopped 10 min after foam collapse, or if no mass loss occurred during 10 consecutive minutes.
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Fig. 4.5.1: Microwave drying plant yVac0150fd with turntable and sample glass (1: Drying chamber; 2:

Microwave generator with hollow guide; 3: Vacuum pump; 4: Condenser; 5: Cooling device).

A scheme of a typical MWVD process is shown in Fig. 4.5.2. The microwave power is applied

only for a short period at the beginning of the drying process and was turned off as soon as

the set temperature is reached. Therewith, overheating shall be prevented. Nonetheless, a

consecutive increase in temperature occurs, which is a result of partial overheating (i.e.,

hotspot formation) due to the heat conduction-related delay of hot area detection inside the

product. It is to note that on the process side there is no possibility to actively cool the product.

In consequence, an overheating by up to 10 °C can be observed in case of an advanced pro-

cess duration. Overall, this partial overheating did not show a negative impact on foam stability

during the drying process as the samples were already largely dehydrated at this stage.
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After the drying process, the foams were optically analyzed and evaluated. Because collapsed
foams imply various disadvantages like reduced product quality or impaired further processing
properties (Sankat and Castaigne 2004), a successfully dried product was defined by an aer-

ated structure without collapse during drying.

4.5.2.7. Statistics

All experiments were performed at least in triplicate using independent batches of sample dis-
persions. Error bars represent the standard deviation of samples.

4.5.3 Results and discussion

4.5.3.1. Conventional versus microwave-assisted vacuum foam drying

The combination of vacuum and microwaves for the drying of foams is a promising hybrid for
fast and high-quality processing of foods and pharmaceuticals (Walters et al. 2014; Ratti and
Kudra 2006a). However, both processes differ in terms of heating and drying speed, which
implies different requirements for the samples’ foam properties. In order to specify these dif-
ferences, dispersions of 3% WPI with 10-40% MDX were foamed and then subjected to con-
ventional (CVD) or microwave-assisted vacuum drying (MWVD). While WPI served as a foam-
ing agent, MDX at different concentration levels was used to modify bulk viscosity. Thereby,

the gradual increase in MDX led to a decrease of overrun and bubble size.

Due to the volumetric heating, it was expected that MWVD would be faster than CVD. Further-
more, a shorter drying time in combination with an increased evaporation area (Sangamithra

et al. 2015) was assumed to reduce foam decay as compared to CVD.

Product structures resulting from CVD and MWVD are shown in Fig. 4.5.3. During CVD, it was
observed that all samples retained their foam structure. Although certain foam collapse oc-
curred for 10 and 20% MDX, the foam structures were preserved for the most part. By com-
parison, for samples with 30 and 40% MDX, the foams remained stable until the end of the
drying process. For MWVD, samples with 20, 30, and 40% MDX were stable throughout the
process and resulted in aerated products. Only for samples with 10% MDX complete foam
collapse occurred as shown in Fig. 4.5.3. Overall, foam decay during drying was more pro-
nounced for MWVD than for CVD. This observation could be related to differences in the ca-
pacity of the respective vacuum pumps installed in the two drying plants. For MWVD, pressure
decrease happened faster than for CVD, which in turn was assumed to imply higher mechan-
ical stress, potentially triggering foam collapse. However, monitoring of the initial phase of the
MWVD process revealed that vacuum creation as such did not induce foam collapse, it actually
happened after a few minutes of microwave power input. In this regard, (Ratti and Kudra

2006a) stated that foams need to be stable for at least 1 h in order to withstand vacuum drying
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conditions. Findings from a preliminary study on the foaming properties of WPI-MDX disper-
sions (2.5% w/w WPI with 1-10% w/w MDX; results not shown) suggested that 10% MDX
might not have been enough to appropriately prevent foam structure destabilization, as drain-
age rate at ambient pressure was still relatively high. Presumably, foam structures from sample
dispersions with 10% MDX were too fragile to withstand MWVD conditions.

MD, % 10 20 30 40

CVD

MWVD

Fig. 4.5.3: Product structure of foams from 3% WPI with 10, 20, 30, or 40% MDX after drying.

Besides the differences in foam collapse during CVD and MWVD as a function of MDX content,
the resulting structures also exhibited different bubble sizes. As appears from Fig. 4.5.3, the
bubble size of MWVD-dried foams was higher as for CVD. This could be explained by the
highly efficient and volumetric heating of microwaves, resulting in very fast bubble expansion,
which in turn triggers film rupture and bubble coalescence. In contrast, it was supposed that
higher evaporation rates would keep bubbles separated (Sangamithra et al. 2015) and would
promote the formation of finer pores and new bubbles (Sankat and Castaigne 2004), which in
turn would result in a better preservation of aerated structures during drying. It seems logical
that a formation of new bubbles could also occur during MWVD and CVD as a result of boiling.
However, this finding by Sankat and Castaigne (2004) refers to hot air drying of foamed banana
puree with relatively low overrun. In addition, no vacuum was applied. Therefore, the process
can be considered gentler in terms of mechanical stress as compared to CvVD and MWVD, and

thus result in better bubble preservation.

Referring to the results displayed in Fig. 4.5.3, for MWVD, the rate of new bubble formation
might have been lower than the rate of bubble collapse, which would explain the observed
foam collapse. However, foam collapse always happened within a few seconds, whereas a
foam collapse due to too slow reformation of bubbles was expected to occur over the whole

drying process. Further, when the foam collapsed completely, no reformation of bubbles was
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observed. This might be due to a too high viscosity of the remaining liquid, which hindered the

formation of new bubbles.

Further, the evaporation of water resulted in a concentration of MDX and protein, which influ-
enced, on the one hand, the viscosity but also might have influenced the interfacial elasticity
and thereby overall foam stability (Maldonado-Valderrama and Patino 2010). However, higher
foaming agent concentrations do not necessarily need to have a significant impact on the in-
terfacial elasticity as shown by Wang and Narsimhan (2005) for B-lactoglobulin concentrations
between 0.01 and 0.5%. Therefore, due to concentration, the interfacial elasticity might have
increased. However, the different formulations with an MDX content between 10 and 40% had
probably a higher impact on the foam stability than the concentration of foaming agent through-

out the drying process.

Overall, the comparison of both drying techniques clearly showed that foam structure preser-
vation and therewith, drying performance is a fragile interplay between process conditions and
foam properties. In order to better understand the differences between the samples as a func-
tion of MDX content as well as the specificity of the microwave drying process, interfacial char-
acteristics and dielectric properties of the sample dispersions were investigated.

4.5.3.2. Surface tension

Fig. 4.5.4 displays the time-dependent evolution of surface tension of WPI as a function of
MDX content in the range of 0—40%. It appears that increasing the MDX content from 0% to
30% resulted in a clear enhancement of surface activity when referring to the respective sur-
face tensions at 120 min. This might be explainable by the presence of surface-active residuals
from the manufacturing process of MDX (Pycia et al. 2017; Shogren and Biresaw 2007). How-
ever, as discussed in chapter 4.5.3.3., this might also be due to interactions between WPI and

MDX based on hydrogen bonds and steric hindrance.

It is to note that for samples with 40% MDX, the surface tension appeared to increase during
the first seconds of the measurement (Fig. 4.5.4). This displays an artefact and is attributed to
both the method and the high viscosity of the dispersion. Furthermore, it is to mention that a
guasi-equilibrium state was not reached within the 2 h of measurement. This can also be re-
duced to the viscosity and applied to all sample dispersions investigated. In consequence of
the relatively high viscosity, protein molecule mobility and ability to rearrange at the interface
might have been impaired, thus leading to a deceleration of adsorption (Baeza et al. 2006;
Baeza et al. 2005).

120



[o2]
(=]

|E |
= 55
p
=
C— ]
FES
72}
c
O 4
-
% 45,
‘= J
3
W 404
0 10 20 3000 4000 5000 6000 7000
Time, s

Fig. 4.5.4: Surface tension of 3% WPI dispersions with 0 [-], 10 [—], 20 [- -], 30 [~ :] or 40% [---] MDX
at 20 °C.

Nonetheless, the obtained data was considered suitable to reflect the changes occurring dur-
ing foam drying. This assumption is based on the fact that surface age of the prepared foams

was only about 30—60 min at the time of drying and thus would not reach an equilibrium state.

Overall, the effect was most pronounced at 40% MDX as viscosity at this condition was highest.
As appears from Fig. 4.5.4, the surface tension of this sample at 2 h was even higher as for
the sample dispersions with 20 and 30% MDX. However, it was assumed that the surface

tension would further decrease and finally reach an even lower level.

As proposed by Marinova et al. (2009), surface tension data was used to estimate a surface
activity index based on the initial decrease of surface tension (i.e., t = 5 s). It was observed
that the surface activity index increased from -3.43 mN m*.s* at 0% MDX to -4.05 mN m*.s
at 40% MDX. Furthermore, the obtained data shows that the MDX-related viscosity increase

(data not shown) did not impair the initial surface adsorption of WPI.

Apart from its effect on bulk viscosity, the increase in surface activity index with increasing
MDX content could serve as an explanation for the higher structural stability of the respective
foams during drying. Both pressure decrease and heating induce bubble expansion and thus,
increase the surface area. In order to prevent bubble rupture, the newly formed air/water inter-
face needs to be quickly stabilized by surface-active components. Hence, high surface activity
is key to counteract foam destabilization in a highly dynamic situation such as during vacuum

drying.
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4.5.3.3. Surface dilatational properties

Surface dilatational characteristics are often used as an indicator of foam stability as they are
supposed to reflect intermolecular interactions (e.g., protein-protein interactions) within the
surface film. In this regard, Fig. 4.5.4 shows the impact of MDX concentration on the surface
dilatational elasticity (E') and surface dilatational viscosity (E") of WPI. Overall, results for E'
and E" are in a typical range for protein-stabilized air/water interfaces (Dombrowski et al. 2017)
and indicate viscoelastic behavior.
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Fig. 4.5.5: Impact of MDX concentration on surface dilatational properties of WPI: (o) surface dilatational
elasticity E', (A ) surface dilatational viscosity E" at an amplitude of 500%o.

Regarding the effect of MDX content, no clear trend could be observed. Nonetheless, E'
seemed to slightly decrease with increasing MDX content until 35% (58 mN-m™), whereas at
40% MDX (76 mN-m™), E' was significantly increased as compared to 0% MDX (67 mN-m).
One explanation for this increase at high concentrations might be macromolecular crowding,
resulting in a change of protein-protein interactions (Yadav 2013; Laurent 1995). In conse-
qguence, interactions between WPI and MDX could were reinforced, resulting in higher E’. By

comparison, E" remained at a relatively constant level of about 15 mN-m.

Besides, tan(@) was used to more clearly emphasize the elastic contribution to surface film
viscoelasticity. The respective data are summarized in Table 4.5-1, where a value of zero
would indicate a perfectly elastic system (Baeza et al. 2006; Conde and Rodriguez Patino
2005). The most elastic samples were found for MDX concentrations above 30%. Therefore,
it was expected that the mechanical stress occurring during drying and affecting foam struc-
tural stability would be lowest for those samples. This is based on the assumption that surface

elasticity imparts bubble stability.

122



Table 4.5-1: Tan(g) of WPI dispersions as a function of MDX content.

c(MDX), % 0 5 10 15 20 25 30 35 40

tan(o), - 0.27+ 0.27+ 0.24+ 0.27+ 0.28+ 0.24+ 0.29+ 0.21+ 0.18%
0.01 0.04 0.02 0.01 0.00 0.01 0.03 0.01 0.01

The decrease of tan(@) for MDX > 30% could be explained by interactions between whey pro-
teins and MDX. As MDX is an uncharged molecule, these interactions should be of hydrophilic
and/or hydrophobic nature (Semenova et al. 2003), rather than electrostatic. In this regard, it
could be possible that WPI components and MDX form surface-active complexes, which are
interfering with the interface — a mechanism that is often described in literature (Wangsakan
et al. 2004; Dickinson 2003). Besides, a certain thermodynamic incompatibility of the polysac-
charide/protein system could have promoted protein-protein interactions at the air/water inter-
face (Baeza et al. 2006). In contrast to our findings, Baeza et al. (2006) observed a decrease
of surface elasticity for B-lg-polysaccharide mixtures (A-carrageenan, propylene glycol algi-
nates) due to reduced protein-protein interactions. One reason for this different observation
could be the lower applied foaming agent concentration (0.1% w/w) in comparison to our study
(3% wiw), whereby few interactions between polysaccharide and foaming agent have higher
impact on the elastic behavior of the film. Further to that, the polysaccharides investigated by
Baeza et al. (2006) were ionic and therefore, different interactions like electrostatic interactions
between polysaccharide and protein are expected compared to the non-ionic maltodextrin in
our study. Furthermore, for MDX concentrations above 30%, the protein molecules might have
been concentrated at the air/water interface as a result of excluded volume (Baeza et al. 2006;
Carp et al. 1999). Thereby, as indicated above, a strengthening of protein-protein interactions
might have been the reason for the increased surface elasticity. Similar observations were
reported by Tsapkina et al. (1992), who investigated the behavior of aqueous 11S-globulin-
dextran mixtures at an n-decane interface. According to their findings, the interfacial protein

concentration was increased due to excluded volume.

Furthermore, as whey proteins carry a strongly negative surface charge at neutral pH, certain
gaps in between adsorbed protein molecules might allow for a co-adsorption of MDX as pro-
posed for other polysaccharides in protein systems (Bouyer et al. 2012; Baeza et al. 2005).
This co-adsorption might influence surface dilatational properties as suggested by
Sangamithra et al. (2015). However, in our study, higher protein concentrations were used and
therefore it was assumed that the surface was completely covered and hence, this effect was

considered less likely.

Besides the changes in surface elasticity, interactions between maltodextrin molecules might

have influenced the foam decay during the drying, as they influenced the firmness of the foam
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as a result of interactions between non-polar glucose units among two maltodextrin molecules
as also stated by Duan et al. (2001). Thereby, the foam structure was preserved and stabilized

during the second half of the drying process.

Despite the observation of an MDX concentration-dependent change of surface elasticity, the
overall surface elasticity of all investigated dispersions was high (tan(@) < 0.3). Therefore, the
overall stability was high enough to withstand the drying conditions independently of the drying
process technology, whereas the size of the bubbles increased more at microwave-assisted

processed compared to CVD (Fig. 4.5.3).

However, neither surface tension nor surface rheology was dependent on the used drying
technique and could therefore not explain the differences between conventionally and micro-
wave processed samples. In order to explain the observed differences, the heating properties
of the solutions inside a microwave were investigated. In addition to the impact of MDX content,

the influence of the temperature was examined.

4.5.3.4. Dielectric properties of the bulk phase

The dielectric properties of WPI dispersions with varying MDX content are shown in Fig.
4.5.6A. The dielectric constant linearly decreased with increasing MDX content from 76 at 0%
MDX to 41 at 40% MDX. A reason for this could be that the molecule rotation in the alternating
microwave field was limited by the molecule size due to the binding of free water to the poly-
saccharide. For comparison, the dielectric constant of pure water is about 80 (Archer and
Wang 1990; Haggis et al. 1952).
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Fig. 4.5.6: (A) Dielectric constant ¢ (o), dielectric loss €’ (o) and resonant frequency (A) of 3% WPI
dispersions in dependence of MDX content at 20 °C and (B) dielectric constant €’ (o), dielectric loss €”

(o) and resonant frequency (A) of 3% WPI-40% MDX dispersions as a function of temperature.

In a study about the dielectric properties of potato starch and other carbohydrates, Roebuck

et al. (1972) stated that adsorbed water is not or only slightly polarizable by microwaves. As a
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result, the dielectric constant decreased with increasing carbohydrate content. This would be
following our results on MDX. However, it is worth to note that the influence of adsorbed water
on the dielectric properties strongly depends on the applied microwave frequency and that for
lower frequencies the adsorbed water has a significant impact on the dielectric properties
(Radon and Wtodarczyk 2019). In contrast to the dielectric constant, the dielectric loss factor
slightly increased with increasing MDX content (i.e., from about 9 at 0% MDX content to 13 at
40%). This might be a result of the stabilizing interactions between OH-groups and the alter-
nating microwave field (Tulasidas et al. 1995; Roebuck et al. 1972). Further, the resonant fre-
guency increased from 1945 MHz without MDX to 2080 MHz for samples with 40% MDX con-
tent. Similar findings have been reported for the evolution of the dielectric properties of carbo-
hydrate solutions (e.g., potato starch, glucose, or sucrose) in dependence on their total solids
content (Liao et al. 2001; Roebuck et al. 1972).

In Fig. 4.5.6B, the dielectric constant, dielectric loss factor, and the resonant frequency of 40%
MDX samples are shown for temperatures between 4 and 40 °C. This temperature range was
expected to occur during the vacuum drying process, low temperatures due to high evapora-
tion rates, and the high temperatures due to hotspot formation. It was observed that the die-
lectric constant increased with temperature, while resonant frequency and loss factor de-

creased.

A second-order polynomial fit of the resonant frequency in dependency of MDX content (data
not shown) revealed that the resonant frequency reached above around 80% MDX the ISM
bandwidth (2400 MHz), which would result in very efficient heating of the product. Reaching
this MDX content during the drying process seems likely, as the residual water content of the
samples was around 5%. Hence, one could expect that the foam would collapse due to high
thermal stress at the end of the drying due to better absorption of microwave energy. However,
against this expectation, the foam remained stable. One explanation for this could be the tem-
perature dependency of the resonant frequency as shown in Fig. 4.5.6B. Therefore, it can be
stated that the MDX content would have to be much higher than 80% MDX, as the resonant
frequency decreased with the increasing temperature of the product. Even for the unlikely
event that the resonant frequency was within the working frequency of the microwave, the thick
lamellae and the high viscosity of the bulk phase might have suppressed the expansion of the
bubbles and the collapse of the foam (Ambros et al. 2019a). Furthermore, parts of the sample
might have already been dry and solid, which could have resulted in a good stabilization of the
wet residual sections inside the foam cake. Hence, it seems meaningful that the resonant fre-
guency of a formulation matches the working frequency of the microwave as long as the inter-

face is elastic and the viscosity of the bulk phase is high enough.
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Table 4.5-2 Tan(d) and penetration depth (PD) for WPI dispersions as a function of MDX content at 20
°C.

c(MDX), % 0 5 10 15 20 25 30 35 40
tan(d), - 012 013 014 0.6 017 020 022 023 0.26
PD, cm 860 7.33 658 593 512 448 413 374 3.01

In addition to the different overall foam decay behavior of CVD and MWVD treated samples,
larger bubbles were obtained for microwave-assisted dried samples, as shown in chapter
4.5.3.1. Those can be explained by the specific heating of polar substances like water due to
the application of microwaves (Radon and Wtodarczyk 2019). The liquid lamellae are heating
the gas inside the bubbles, which expands and increases the size of the bubbles. Due to higher
tan(d) the energy will be converted more efficiently into heat. Furthermore, the heating will be
less volumetric due to a lower penetration depth (Table 4.5-2). However, the harsher heating
was more concise for higher moisture samples as compared to samples with higher solid con-
tent. This can be explained by longer heating periods of the product, which in combination with
a delayed temperature measurement due to higher overrun, resulted in a higher thermal stress.
This might be an additional explanation, why foams with lower MDX content were not stable
throughout the drying process. Therefore, we assumed that the combination of specific heating
and high mechanical stress, as already discussed in chapter 4.5.3.1, was the reason for the
different bubble sizes of MWVD and CVD samples.

4.5.4 Conclusion

In this study, the behavior of pre-foamed WPI-MDX samples was investigated during CVD and
MWVD. It was shown that for CVD, all examined samples remained stable throughout the
process, while during the mechanically and thermally more challenging MWVD foams with less
than 20% MDX collapsed. To find a correlation between foam collapse occurring during the
drying process and the dispersions’ properties, their surface activity, surface dilatational prop-

erties, and dielectric properties were investigated.

The surface tension decreased with increasing MDX content, while the surface activity index
increased. This was attributed to the interaction between MDX and whey proteins based on
hydrogen bonds and steric hindrance. However, foam decay during drying could not be linked
to surface tension or surface activity index. The surface elasticity was already relatively high
at MDX concentrations between 0 and 30% and even further increased for MDX > 30%. This
was attributed to the excluded volume due to the hydration of the polysaccharide as well as
steric hindrance. Overall, surface dilatational properties were considered key for successful
foam drying. A key finding was that tan(®) increased with increasing MDX content, which re-
flects a faster heating of the product. However, concerning foam stability, the dielectric prop-

erties were of minor importance, especially for samples with high MDX content. Nonetheless,
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the change of dielectric properties with increasing MDX content as well as temperature shows
the complexity of defining or adapting product formulation and process conditions for MWVD.
Therefore, it is recommended to measure those properties for samples, which are intended to
be dried with MWVD.

Nevertheless, surface activity, surface dilatational properties, and dielectric properties are
known to change with biopolymer type and concentration, viscosity, and temperature. There-
fore, and to be able to draw more generalized conclusions, further surface-active molecules
(e.g. ionic surfactants or plant proteins) also in combination with other commonly used poly-
saccharides (e.g., pectin or xanthan) would need to be investigated in terms of their foam

structural stability during vacuum drying.
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4.6 Stability of foams in vacuum drying processes. Effects of inter-
actions between sugars, proteins, and surfactants on foam stability

and dried foam properties

The aim of the study was to investigate the influence of different sugar types and concentra-
tions on the foam decay behavior in vacuum and microwave-assisted vacuum drying of poly-
sorbate 80 and B-lactoglobulin stabilized foams on a molecular, surface, and macroscopic
level. Regarding the molecular interaction level, the second virial coefficient, A2, was deter-
mined to measure the impact of saccharide addition on intermolecular attraction or repulsion
of surfactants or proteins as foaming agents. Further, the surface tension, surface activity, and
the surface dilatational properties of the samples were determined. In addition, samples were
dried in vacuum and microwave-assisted vacuum drying, and the foam decay behavior during

the drying process related to the properties of the solutions.

It was found that the repulsion between surfactant micelles was not significantly influenced by
the added saccharides. In contrast, the repulsion of proteins was significantly lowered in the
presence of saccharides and strongly dependent on the used type of saccharide. The surface
tension and surface activity were influenced for all investigated systems and independent on
the used foaming agent. However, no correlation between surface tension or surface activity
and the foam decay during the drying process was obtained. The surface dilatational properties
were massively influenced by the type and concentration of saccharides. Surfactant stabilized
foams became more brittle with higher saccharide concentration. This was attributed to the
easy detachment and attachment of surfactants at the air-water interface. While surfactants
usually cover the surface fastly, the reattachment might be hindered due to interactions with
saccharides. In contrast, protein stabilized foams became more elastic, which was attributed
to the preferential exclusion effect. Most foams utilizing polysorbate 80 collapsed during VD or
MWYVD, while nearly all investigated foams using B-lg remained stable. It was found that a
good prediction of the foam decay during the drying process can be made using a combination
of E’ and tan(¢). Samples with high E’ and low tan(¢) were most suited for the drying with VD
or MWVD.

The substantial contribution of the doctoral candidate was the conception and design of the
experiments. Further, he was substantially involved in the performance of experiments and
acquired parts of the data for the manuscript, and interpreted the data set. Furthermore, the
critical literature review and chiefly writing of the manuscript were done by the candidate. Co-
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vided input to the drafted manuscript prior to and during submission.
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Abstract:

The hypothesis was that saccharides mediate interactions between surface-active compo-
nents and that this will have an impact on foam decay during the drying process. Static light
scattering was performed to determine changes in interactions between the foam stabilizer on
a molecular level. Further, pendant drop and oscillating drop measurements were performed
to examine the surface tension and surface rheology. Foams were dried in conventional as
well as microwave-supported vacuum dryers. Final foam properties were determined. It was
shown that the addition of sugars, often added as protective substances for sensitive organic
molecules, resulted in lower repulsion between different types of surface-active components,
namely poly-sorbate 80 and B-lactoglobulin (3-lg). Differences in impact of the types of sugars
and between different types of surfactant, protein, and small molecules were observed influ-
encing the foam decay behavior. The interfacial properties of polysorbate 80 and B3-Ig were
influenced by the type of the used sugars. The surface elasticity of protein stabilized surfaces
was higher compared to that of polysorbate stabilized systems. Protein stabilized systems re-
mained more stable compared to polysorbate systems, which was also affected by the used
saccharide. Overall, a correlation between molecular interactions and foam decay behavior
was found.

Keywords: Foam; Saccharides; Static light scattering; Molecular interactions; Surface tension;

Surface rheology; Vacuum drying; Microwave drying
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4.6.1 Introduction

In order to preserve sensitive, high-value food or pharmaceuticals components, products are
stored refrigerated or even frozen. Another option is to dry products to prolong shelf life.
(Heldman et al. 2019)

One way to remove water from products containing components sensitive to heat or oxidation
is vacuum drying, which avoids excessive thermal stress by lower boiling point temperatures
(Walters et al. 2014, Santivarangkna et al. 2007b) as applied to oxygen-sensitive materials like
fruits or proteins (Bhandari et al. 2013). Sugars are often added as protective substances to
prevent or mitigate structural changes and related losses in activity of organic material like
enzymes or microorganisms. However, vacuum drying is limited in production capacity due to
batch operation in most cases and the small size of vacuum chambers and long required drying
times. Furthermore, the shrinkage of vacuum-dried products is higher compared to — e.g.,
freeze drying — but lower than hot-air dried products (Balzarini et al. 2018; Jaya and Das 2003).
Moreover, vacuum dried products are elastic and, therefore difficult to mill to obtain powders

and they are slow in rehydration due to their compact structure.

One way to overcome most of these problems is to aerate the product before or at the begin-
ning of the drying process (Huang et al. 2015; Ratti and Kudra 2006a). Thereby, the surface
area increases and the lamellae act as capillaries, transferring the water to the product's sur-
face, which results in faster drying (Rajkumar et al. 2007) and a porous structure of the dried
product (Huang et al. 2015; Sangamithra et al. 2015; Kadam et al. 2012). However, the heat
transfer into the product is lower, as the height of the product increases and the air voids inside

the foam are acting as an insulator.

As the water transport occurs through the lamellae, the foam must be structurally stable, even
drying processes imposing harsh conditions (Ambros et al. 2019b; Ratti and Kudra 2006a).
The main factors affecting liquid foam stability are disjoining pressure, viscoelasticity of the
surfactant film, and interfacial tension. These factors are directly correlated with the leading
causes of foam instability, namely liquid drainage, gas disproportionation, and bubble coales-
cence, all of which result in liquid film thinning and rupture (Georgieva et al. 2009; Damodaran
2005). Therefore, knowledge about the interactions between foaming agents, foam stabilizing
additives, and foam stability under processing stress is of great importance, as these factors
influence the foaming capacity of the starting solution and the resulting foam stability (Davis
and Foegeding 2007).

In order to improve the heat transfer into foams, microwave technology can be applied instead
of heat conduction by heated shelves (Foerst et al. 2012; Kardum et al. 2001). Microwaves are

principally able to volumetrically heat the product across the entire product to the point of the
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moving drying front. As a result, the drying speed increases immensely (Kardum et al. 2001).
Therefore, different researchers reported that the combination of foaming and vacuum drying
is beneficial to increase the drying speed and to improve the structure of the dried product
(Ambros et al. 2019b; Ambros et al. 2016). However, most of these studies are investigating
protein stabilized and complex systems like fruits foams or bacteria suspensions (Kadam et al.
2012; Foerst et al. 2012; Bauer et al. 2012). In conjunction with added sugars, complex situa-
tions occur, which have not been intensely studied so far. Sugars might have an additional role
in this regard, next to their protective effect against thermal and dehydration stress on sensitive

organic molecules.

Few studies used small surfactants or stabilizing foaming agent-sugar combinations when
studying foam stability during vacuum drying (Jangle and Pisal 2012; Ohtake et al. 2011,
Abdul-Fattah et al. 2007a). To the best of our knowledge, studies investigating the impact of
surfactant-stabilized foams in accelerated microwave-assisted vacuum drying are lacking. In-
teractions of polysorbate 80 and various sugars, also added as protective agents of sensitive
organic material like therapeutic proteins, enzymes, or microorganisms, and their impact on
the foam properties was investigated in a previous study (Kubbutat and Kulozik 2021b).
Therein, it was shown that sugars influence the interaction of surfactants at the air-water inter-
face and change foam properties, mainly bubble size, firmness, or stability, depending on the
used type of saccharide. However, surface rheology was not investigated, which is essential
for the characterization of mechanical foam stability (Davis and Foegeding 2007). Hence, the
impact of saccharides on different foam stabilizer systems regarding foam stability during vac-

uum and microwave-assisted vacuum drying is still largely unknown.

Therefore, the aim of the study was to investigate the influence of different sugar types and
concentrations on the foam decay behaviour during vacuum, and microwave-assisted vacuum
drying of polysorbate and B-lactoglobulin (B-lg) stabilized foams. Sorbitol, maltose, sucrose,
and maltodextrin were added to polysorbate 80 and B-lg solutions, and those complex solu-
tions were investigated on a molecular, surface, and macroscopic level. Regarding the molec-
ular interaction level, the second virial coefficient, A, was determined to measure the impact
of saccharide addition on intermolecular attraction or repulsion of surfactants or proteins as
foaming agents. In order to be able to determine molecular interactions, 3-lg was used instead
of whey protein isolate. The results were used to explain differences in surface tension and
surface rheology. Finally, it was aimed at finding a correlation between molecular interactions,
interface properties, and dried foam properties. The hypothesis was that the sugars are inter-
acting differently with proteins and surfactants due to H-bonds or conformational differences
of the saccharide structure, which directly influence the interfacial properties and, therefore,

the foam preservation in vacuum drying of foams. Further, it was expected to gain relevant

131



insights from comparing vacuum drying (VD) and microwave-assisted vacuum drying (MWVD)

since different formulations will influence the heating properties during MWVD.

4.6.2 Materials and methods

4.6.2.1 Materials

As foaming agent, polysorbate 80 (average molecular weight (My) 1310 g-mol* (Merck KGaA
2020), PS80, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and isolated 3-lactoglo-
bulin (Mw = 18.4 kg-mol?, B-lg, in house production, purity >98%; method of production de-
scribed by Toro-Sierra et al. (2013) were used. The total protein content was measured with a
VarioMaxCube (Elementar Analysensysteme GmbH, Langenselbold, Germany), which
measures the nitrogen content in a sample with thermal combustion according to the method
of Dumas (Dumas 1831). The saccharides D-sorbitol (Mw = 182.2 g-mol?, SOB, Gerbu Bio-
technik GmbH, Heidelberg, Germany), D-maltose (Mw = 342.3 g-mol?, MTO, Gerbu Biotechnik
GmbH, Heidelberg, Germany), sucrose (Mw = 342.3 g-mol?, SUC, Carl Roth GmbH, Karls-
ruhe, Germany) and maltodextrin DE6 (Mw = 2880 g-mol* (Castro et al. 2016), MDX, Nutricia
GmbH, Erlangen, Germany) were used as thickening agents. MilliQ-Water was used to pre-
pare the solutions. Toluene was sourced from Merck (KGaA, Darmstadt, Germany).

Sample dispersions of 200 g each were prepared by mixing and dissolving 3% (w/w) 3-lg or
polysorbate 80 and different amounts of saccharide (i.e., 10%, 20%, 30%, 35% or 40% (w/w))
in demineralized water. Sample solutions were dissolved at 20 °C and stirred at 200 rpm for
12 h in a 4 °C chamber to ensure complete dissolution of the added sugars. Before use, the
samples were tempered at 20 °C in a water bath (F3, Fisher Scientific GmbH, Schwerte, Ger-
many) and stirred using a magnetic stirrer (Maxi Direct, Fisher Scientific GmbH, Schwerte,

Germany) at 200 rpm.

The critical micelle concentration (CMC) of PS80 in water was provided by the manufacturer
with 13-15 mg-I* or 0.012 mM at 20-25 °C (Merck KGaA 2020).

4.6.2.2 Static light scattering measurements

In order to determine the second virial coefficient A,, angular and concentration-dependent
static light scattering measurements were performed using an ALV/CGS-3 goniometer system
(ALV-Laser Vertriebsgesellschaft mbH, Langen, Germany). The goniometer was equipped
with a 22 mW HeNe laser, providing coherent and monochromatic light with a wavelength of
632.8 nm at 20 °C. The experimental design was based on that of Antipova and Semenova
(21997), which were using static light scattering at for the investigation of surface activity of 11S
globulin. For the measurement, angles between 30° < 8 < 150° were utilized with 10° incre-
ments. Three consecutive individual runs with a data collection time of 10 s were averaged for

each angle observation. Data was rejected, and runs were repeated if the intensity fluctuation
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was higher than 10%. The refractive indices n of all solvents and toluene were measured using

the refractometer 74268 (Carl Zeiss AG, Oberkochen, Germany).

Samples with 1% (w/w) B-Ig or 3% (w/w) polysorbate 80 in combination with different malto-
dextrin (0-2.5% (w/w)), maltose, sucrose, sorbitol (1-7.5% (w/w)) concentrations, regarded as
solvents, were investigated against toluene. For data analysis (i.e., static Berry plot analysis
(Berry 1966)), the ALV Correlator Software Version 3.0 (ALV-Laser Vertriebsgesellschaft mbH,
Langen, Germany) was used to determine the second osmotic virial coefficient A.. Thereby,
extrapolation of the scattering vector g as well as the protein concentration c towards zero was
done by applying a linear regression model, respectively, according to the method also de-
scribed by Dombrowski et al. (2017).

4.6.2.3 Pendent drop and oscillating drop measurement

Surface tension and surface rheology of polysorbate 80 (3% w/w), as well as B-lactoglobulin
(3% wiw) at different concentrations of sorbitol, maltose, sucrose and maltodextrin (0—40%
w/w), were measured using a DSA100 (Kriss GmbH, Hamburg, Germany) at 20 °C. For the
analysis, the samples were transferred into a syringe, and a drop of 12 ul was pressed out of
a stainless steel needle with a diameter of 1.81 mm. The ADVANCE software (Kriiss GmbH,
Hamburg, Germany) was used for data analysis and processing, which allowed the determi-

nation in the water-air phase of drop surface tension and rheology.

For pendent drop measurement, the picture analysis was done for the first 30 s with 10 frames
per second (fps), thereafter for 1000 s with 2.5 fps and finally for 6170 s with 0.25 fps. There-
fore, the evaluation of surface tension was monitored for a duration of 7200 s in total for each
drop. The surface tension was computed by the software using Young-Laplace formula. The
initial slope of surface tension over time (e.g., do/dt=10s) was used to determine the surface

activity according to the description of Marinova et al. (2009).

For the determination of the surface rheology, the surface of the formed drop was firstly brought
into quasi-equilibrium, which for polysorbate samples was after 30 min and for 3-lg samples
was 60 min. Thereafter, the drop was subjected to a sinusoidal oscillation for 100 s with a
frequency of 0.1 Hz at an amplitude of 400%.. The oscillatory deformation of the drop surface
was ~3.2-5%, which was proved to be in the linear viscoelastic region (data not shown). Three
consecutive individual runs were performed for each drop. The complex viscoelastic (E), elas-
tic (storage modulus, E’), and viscous (loss modulus, E”) moduli were calculated by the soft-
ware using data fitting according to Lucassen and Van den Tempel (1972). The tan(¢) was
calculated according to Conde and Rodriguez Patino (2005) (Equation 4.6.1):

n

tan(g) = a (4.6.1)
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4.6.2.4 Foam formation and vacuum drying

In order to produce foams under comparable conditions, 200 g solutions were prepared for
each sample. After sample preparation, as described in chapter 4.6.2.1, 150 g of solution was
stirred with a planetary rotor-stator mixer (KitchenAid ARTISAN 5KSM150PS, Whirlpool Corp.,
Greenville, Ohio, USA) with a wire wisp geometry at 220 rpm and 20 °C for 15 min. Directly
after that, 15 g of foam was gently transferred into a cylindrical crystallization glass with
d=200 mm (VWR International GmbH, Darmstadt, Germany). Afterwards, the sample was im-
mediately transferred into the drying plant.

For conventional vacuum drying, a freeze-dryer model Delta 1-24LSC (Martin Christ Ge-
friertrocknungsanlagen GmbH, Osterode am Harz, Germany) was used. The shelf temperature
was set to 20 °C and the pressure was reduced to 15 mbar. The foams were dried for 16 h,
except for the foams that completely collapsed. For the latter, the drying process was stopped
30 min after the collapse occurred because no further re-formation of foamy structures was

expected 30 min after foam collapse.

The microwave-supported vacuum drying processes were performed using a microwave dryer
model yvac0150fd (Puschner Microwave Power Systems GmbH & Co. KG, Schwanewede,
Germany). The microwave drying plant was controlled by the software yWaveCAT (PUschner
Microwave Power Systems GmbH & Co.KG, Schwanewede, Germany) and allowed process
monitoring by the measured weight, temperature, or pressure. The sample weight was meas-
ured by an inline scale, which was connected to the turntable, and the product temperature
was assessed by a pyrometer. A detailed description of the drying plant can be found in Am-
bros et al. (2016). The drying process was performed at 15 mbar, 80 W microwave power
input, and 20 °C max. product temperature. The process was stopped after no mass loss oc-

curred during 10 consecutive minutes or when the foam collapsed during the drying process.
At least two dryings for each formulation were performed.

4.6.2.5 Analysis of dried samples

Samples, which did not collapse during the drying process were characterized by the residual
water content and water activity. In addition, the shape of the solidified pores and the overall
foam structure were investigated. For the evaluation of water content and water activity, the
dried samples were ground inside an electric coffee mill (PC-KSW 1021, Muhle Clatronic In-

ternational GmbH, Kempen, Germany) for 15 s in order to obtain a homogeneous powder.
The residual water content was measured using Karl-Fischer titration. The analysis

was conducted using a volumetric compact titrator V20S (Mettler-Toledo GmbH, Giel3en, Ger-
many). After a pre-titration period of 300 seconds, about 0.05 g sample was added and dis-

solved for 300 s in a 1:1 (v/v) mixture of Hydranal®-Formamid (Fisher Scientific GmbH,
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Schwerte, Germany) dry and Hydranal®-Methanol Rapid (Fisher Scientific GmbH, Schwerte,
Germany). After dissolution, the titration with iodine started immediately. A two-fold determi-
nation of the moisture content was done, which considering duplicate dried foams, resulted in

a four-fold determination of moisture content.

The water activity was conducted in a HygroLab (Rotronic AG, Bassersdorf, Germany) at
25 °C. The measurement was stopped automatically after the value was in equilibrium. A two-
fold determination of the water activity was done, which, considering duplicate dried foams,
resulted in a four-fold determination of the water activity.

4.6.2.6 Statistical analysis

Error bars represent the standard deviation of samples. Lines are guide to the eye. Statistical
significance of mean values was evaluated using OriginPro software (Originlab Corp., North-

ampton, Massachusetts, USA).

4.6.3 Results and discussion

4.6.3.1 Influence of the type of sugar on the interactions between surface-active
components
In order to assess the molecular interactions and behavior of the different foaming agent-sugar
systems, A, was obtained through the employment of the Berry’s method (Berry 1966) to
measured SLS data. Briefly, the A, value indicates the direction and magnitude of overall in-
termolecular forces between two particles in solution by its charge and value, respectively.
Positive A; values correspond to net repulsive forces (where protein-solvent interactions are
favored over protein-protein interactions), whereas negative values represent net attractive

forces (George et al. 1997).

The second virial coefficient, Az, of polysorbate and B-lactoglobulin in the presence of sorbitol,
sucrose, maltose, and maltodextrin is shown in Table 4.6-1. The values indicate a trend of
repulsive or attractive interactions due to the addition of the investigated saccharides at high

sugar concentrations.

Table 4.6-1: Second virial coefficient Az of polysorbate 80 and 3-lactoglobulin solutions in the appear-

ance of different saccharides at 20 °C.

Foaming agent Saccharide Az (107, mol-dm?3.g?)
Sorbitol 1.38 £ 0.36%
Sucrose 1.08 + 0.332
Polysorbate 80 Maltose 1.18 + 0.22°
Maltodextrin 1.20 + 0.202
Sorbitol 11.30 + 2.61°
B-lactoglobulin Sucrose 14.17 + 7.86°
Maltose 6.80 + 1.73°
Maltodextrin 0.58 + 3.39°

a.b Means in the same column with different letters indicate significant differences (P<0.05)

135



For polysorbate samples, the interactions are between 1.38-107 for sorbitol and 1.08-107
mol-dm3.g? for sucrose, respectively. For B-lg, the value for sucrose (14.2:107 mol-dm?3.g?)
was the highest, while maltose showed the lowest value (6.8-10 mol-dm?3.g). In other words,
the values were much lower for polysorbate samples compared to 3-Ig samples. However, all
samples showed positive A, values, thus indicating that the molecules of the foaming agent
repulsed each other in the presence of saccharides and that the tendency for aggregation was

lowered as well.

Since for polysorbate samples, the used concentration was much higher than the CMC (Merck
KGaA 2020), it can be assumed that the molecules were associated with forming spherical
micelles (Karjiban et al. 2012; Kerwin 2008). As PS80 is a non-ionic surfactant and the sugars
are neutrally charged, electrostatic interactions between polysorbate and saccharides were
not likely to play a role. This would also be an explanation for the differences in A, between
PS80 and B-lg samples. Due to the lack of electrostatic interactions, H-bonds must have been
the major interaction type, as already discussed in a previous study about the foaming proper-
ties of PS80 foams in the presence of saccharides (Kubbutat and Kulozik 2021b). However,
effects like molecular crowding or the incorporation of PS80 into maltodextrin were not ob-
served in the obtained data. This might be due to concentration differences between the pre-

vious (up to 60% saccharide concentration) and the actual study (up to 7.5%).

For all investigated saccharides, the A, values were 1.3 + 0.1-107 mol-dm?3.g™. This is remark-
ably similar to the A, values, found by Richtering et al. (1988) for octa(ethylene glycol) n-
tetradecylether (C14E8) in water at 20 °C (1.1-10" mol-dm3-g). No significant differences be-
tween sugar types were detected. This was unexpected, as the investigated sugar types were
assumed to have a different ability to form H-bonds due to a different number of potential H-
bonding groups and structural differences. Comparable effects were also described by Ali et
al. (2019) during their investigation of different types of sugars in aqueous glycine solutions.
Further, the modification of hydrophobic interactions between non-ionic surfactants resulting
from added saccharides, as described by Claesson et al. (2006) was not detectable. Therefore,
it appears likely that the concentration of polysorbate was too high or the concentration of

saccharides was too low to detect differences.

In comparison, differences between sugar types in protein samples were more pronounced.
All B-lg samples showed a high positive A; indicating a higher repulsive character than in the
samples containing PS80. One explanation for the high virial coefficient would be that 3-Ig has
a highly negative zeta-potential at neutral pH (Engelhardt et al. 2013), resulting in strong re-
pulsive forces between single molecules. However, the obtained A, values were lower than
the reported A; value for B-lg in pure water by Dombrowski et al. (2018), which was about

15-107 mol-dm3.g2. Hence, it seems that the saccharides shielded the surface charge and
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lowered the repulsive forces down to nearly a third of the value of that of no added saccharide.
This could be explained by the preferential exclusion mechanism as reported by Timasheff and
Lee (Timasheff 1993; Lee and Timasheff 1981). Due to the higher affinity of the used saccha-
rides for water compared to the affinity of 3-lg, water migrated from the protein surface to the
bulk solution, leaving the protein preferentially hydrated. Further, the saccharide, now occupy-
ing layers adjacent to the hydration layer that surrounds the protein, can act as shielding mat-
ter. Thereby, it reduced the charge interactions between 3-Ig molecules and excluded volume
between the proteins in the solution. In total, the repulsive character decreased with the in-
creasing ability of preferential exclusion. Comparable observations were also made by An-
tipova and Semenova (1997) during their investigation of the influence of dextran and malto-
dextrin on the surface activity of 11S globulin at the air-water interface. Furthermore, malto-
dextrin could also sterically hinder interactions between protein molecules due to its molecular
size and potentially form clusters, resulting in an effective decrease of A, towards zero. None-
theless, it should be mentioned that maltodextrin consists of saccharides with different chain
lengths (Pycia et al. 2017; Shogren and Biresaw 2007; Chronakis 1998b). Therefore, the data

correspond to a saccharide mixture, which might influence the value obtained.

Therefore, differences between the sugar types can be attributed to the different structural and
chemical properties of the saccharides. Various sugars have different abilities to form H-bonds
(Lerbret et al. 2005; Engelsen and Monteiro 2001) and/or to sterically disturb interactions be-
tween proteins due to structural differences (Ali et al. 2019).

4.6.3.2. Impact of sugar type and concentration on the surface tension and surface
activity of polysorbate and B-lactoglobulin stabilized foams

Besides the second virial coefficient, the surface tension and the surface activity were deter-

mined. It was expected that the observed differences in higher A; influence the surface activity

of foaming agents, as also observed for 11S globulin in the presence of different saccharides

(Antipova and Semenova 1997). Surface tension values of sugar dispersions without surfac-

tant are published in Kubbutat and Kulozik (2021b) and showed only a slight decrease in sur-

face tension with increasing saccharide concentration.

The impact of sugar concentration on the surface tension is shown in Fig. 4.6.1. It is clearly
observable that the final surface tension of B-lg samples was almost independent of the used
sugar and higher compared to polysorbate samples. Further, with the addition of saccharides,
B-lg showed slightly higher surface tensions than the control. In contrast, for polysorbate sam-

ples, it was found that the higher the saccharide content, the lower the surface tension.

With regard to chapter 4.6.3.1, polysorbate 80 has a lower A, value compared to B-lg. Thereby,

the polysorbate molecules do not repel as strongly as proteins, and the resulting concentration
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at the surface is higher. In addition, all sugars seem to moderate the interaction between pol-
ysorbate 80 and air, as the surface tension lowers with saccharide concentration. This is in
accordance with a previous study on the influence of sugars on the foam properties of poly-
sorbate 80 foams (Kubbutat and Kulozik 2021b) and can be explained by strong hydrogen
bonds between sugar and polysorbate as well as between sugar and water. Further, Staples
et al. (1996) stated that sorbitol is able to interact with the ethylene-oxide groups of polysorbate
and adsorb at its hydrophilic head group, resulting in lower surface tension. The formation of
H-bonds can also be observed by the decrease of CMC of non-ionic surfactants in the pres-

ence of saccharides, as found by Acharya et al. (1999).
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Fig. 4.6.1: Surface tension of polysorbate 80 (empty symbols) and B-lactoglobulin (filled symbols) with
different concentrations of added sugar after an equilibrium time of 7200 s at 20 °C, where (m) corre-

sponds to maltodextrin, (e) to maltose, () to sucrose and (A) to sorbitol, respectively.

The authors stated that the reduction in CMC was a result of water-carbohydrate interactions,
which were lowering the monomer-stabilizing so-called “iceberg formation” around non-polar
tails of surfactants (Shinoda et al. 1987). The ' iceberg formation ' became less pronounced
through the strong H-bonds between water and sugar, resulting in the destabilization of the
surfactants monomer state followed by a faster formation of micelles and, therefore, a lower
CMC (Acharya et al. 1999). As this effect seemed to appear for all investigated saccharides,

the surface tension lowered with increasing sugar content.

The high repulsion can explain the higher surface tension of protein samples between the
protein molecules described and discussed in chapter 4.6.3.1. As shown in Fig. 4.6.1, there
was no constant trend for surface tension in dependency of the sugar concentration observa-
ble. However, as A, decreased due to the addition of sugar, the surface tension should do so,

too, like molecules at the air-water interface repelled each other less. However, this was not
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observed. A possible explanation might be that the A; value was obtained from different sugar
concentrations, and therefore, an overall trend was described. This might also be the reason
for the high standard deviation of As.

However, the increasing surface tension might also be a result of two contradictive mecha-
nisms. On one side, the sugars are shielding the charges of the proteins resulting in higher
surface concentration, but on the other side, they are stabilizing the natural conformation of
the protein, which made the protein interaction with the surface unfavorable. Antipova and
Semenova (1997) found during their study of 11S globulin in the presence of sucrose and
glucose that proteins have an increased affinity to the aqueous phase with added saccharides
and contributed this to strong hydrogen bonds resulting in excluding volume. Even though the
concentrations used in our study were much higher, we also detected concentration-depend-
ent changes. One explanation for this could be solvophobic effects, which might have occurred
due to strong hydrogen bonds between sugar and water. Thus, the water is less accessible for
the protein, whereby the protein gains an increased affinity to move to the hydrophobic air
bubble surface. Nevertheless, even though the saccharide concentration was higher than in
the study of Antipova and Semenova (1997), the mechanisms leading to the shift of surface
tension seem to be comparable. An increasing surface tension was also found for the addition
of erythritol or sucrose to WPI dispersions in studies of Nastaj et al. (2021; 2020). The increas-
ing surface tension was explained by less adsorption of proteins at the air-water interface due
to the high viscosity of the bulk phase (Nastaj et al. 2021) or differences in protein concentra-
tions (Nastaj et al. 2020).

Table 4.6-2: Calculated surface activity of samples with polysorbate 80 and B-lactoglobulin in the pres-

ence of added saccharides with content between 0 and 30% at 20 °C.

B-lactoglobulin, mN-m*.s* Polysorbate 80, mN-m.s1

c(Saccharide, %) Sorbitol  Sucrose Maltose Maltodextrin | Sorbitol Sucrose Maltose  Maltodextrin
0 085 w03 sosw  LE203 | LRl U0 Leas 125304
10 20 s0a1e  soam L4030 | DG TGR gm ddosleo
20 w20 w04 sote 238068 | Fno TNl pog  LO70a2
30 Dl eae  sone  2asoss | 2 S8 S0 L67:038

a,b.¢c Means in the same column with different letters indicate significant differences (P<0.05)

The surface activity, calculated by the method of Marinova et al. (2009), is shown in Table
4.6-2. For B-Ig samples, it can be observed that the surface activity for sucrose and maltodex-
trin was increasing with increasing saccharide concentration, while for sorbitol and maltose,
the value was slightly decreasing. Polysorbate samples were showing stable or slightly in-
creasing surface activities up to a saccharide concentration of 30%. Only for MDX-PS80 sam-

ples, the surface activity was steadily decreasing. If the surface activity had an influence on
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the foam decay during the drying process, it would be expected that for samples with higher
surface activity, the foams remain most stable. The reason is that the foam expands during the
drying due to evaporation, heating, and low pressure, whereby the surface area increases,
which has to be newly covered by foaming agents.

The A; values for all PS80-carbohydrate mixtures were similar, which was unexpected. How-
ever, the explanation might be that the carbohydrates moderated the interactions of PS80 via
their H-bonds and the formation of clusters, as discussed above. Thereby, the surface activity
increased. At high sugar concentrations, the viscosity of the samples increased so much that
the mobility of the PS80 molecules was decreased, resulting in slower surface adsorption. In
addition, the formation of sugar clusters, which could integrate PS80, would lower the surface
activity (Dickinson 1998). Consequently, at a particular saccharide concentration (here, 30%

w/w), the surface activity would significantly decrease.

For maltodextrin, a different behavior was observed as the surface activity decreased steadily.
An explanation for this might be that maltodextrin can interact and form complexes with sur-
factants, as reported by several researchers (Wangsakan et al. 2004; Semenova et al. 2003).
Semenova et al. (2003) reported that maltodextrin was able to integrate PS80 into the structure
of MDX due to H-bonds between the polyethylene-head of PS80 and the OH-groups of MDX.
In addition, Wangsakan et al. (2004) explained that complexes between MDX and surfactants
might have a different impact on the surface tension depending on the surface-active compo-
nent resulting from the promotion of the formation of 3D maltodextrin structures. Further, malto-
dextrin might be able to sterically hinder the surfactant from moving to the surface (Dickinson
1998), which should also be dependent on the size and structure of the foaming agent. This
might also be an explanation for the detection of a different trend for 3-lg compared to PS80.

The increasing surface activity of B-Ig samples can be explained by the excluded volume, as
described above (Antipova and Semenova 1997). However, sorbitol and maltose showed de-
creasing trends. As carbohydrates can form H-bonds in different numbers and strengths (Ali
et al. 2019), it seems logical that the carbohydrates differ in their behavior. The high ability to
moderate hydrophobic interactions of sorbitol might explain the observed decreasing sur-face
activity. As sorbitol stabilized the native structure of the proteins (Fuijita et al. 1982), this effect
might be strengthened by higher concentration, and the affinity of 3-lg to the aqueous phase

might be higher, thus decreasing the surface activity (Antipova and Semenova 1997).

In summary, a correlation between the second virial coefficient and the surface tension was
identified. However, differences in carbohydrates do not seem to be directly in accordance with
this, which can be attributed to a too-generous statement and experimental design of the A..
In order to gain more detailed information about the influence of molecular interactions be-

tween the foaming agents and sugars, it would be helpful to study concentration-dependent
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values for A, additionally. Regarding the previously discussed data, it was expected that the
surface rheology would be significantly influenced by the sugars, as their presence affects the
surface activity of the foaming agents (Matysa et al. 1991).

4.6.3.3 Impact of the sugar type and concentration on the surface rheology of poly-
sorbate and B-lactoglobulin stabilized foams
The influence of sugar type on the surface rheology is shown in Fig. 4.6.2. It can be clearly
observed that the elastic moduli of polysorbate 80 samples were much lower than of protein
systems. Furthermore, apparent differences between the investigated sugar types were de-
tectable. The elastic modulus E’ of 3% B-lg without saccharide was around 60 mN-m, which
seems comparable to the obtained E’ values reported by Lexis and Willenbacher (2014) for
1% B-lg solutions. The high elastic moduli of protein samples can be explained by a structural
rearrangement of proteins at the air-water interface. Thereby, proteins were interacting with
each other via hydrophobic interactions or aggregation and ionic interactions at the hydrophilic

parts of the proteins, which prevent detachment from the surface.
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Fig. 4.6.2: Influence of sugar type on the elastic (E’, squares) and viscoelastic (E”, triangles) moduli of
polysorbate (empty symbols) and B-lactoglobulin (filled symbols) samples pure or with a saccharide

concentration of 20%.

The added saccharides promoted those interactions by H-bond formation in the presence of
saccharides. Thereby, the proteins at the surface connect with each other, and a high viscoe-
lastic behavior can be observed, as shown by other research groups (Dombrowski et al. 2018;
Braunschweig et al. 2016; Engelhardt et al. 2013). In addition, the increase of E’ due to the
addition of saccharides can be attributed to preferential exclusion, as discussed in the previous
sections. Further, due to lowering repulsive forces (see chapter 4.6.3.1), the interactions be-

tween proteins are stronger, resulting in a more elastic behavior, as also was observed and
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described for the addition of ions by Dombrowski et al. (2018). As already discussed, the major
interactions between saccharides and polysorbate are H-bonds. As the interactions between
polysorbate molecules at the interface were expected to be much lower when compared to
those of proteins, it was assumed that they would easily detach and attach at the surface, as
well as move along the surface layer to compensate gaps of lack of surfactant in the interface
(Damodaran 2005; Wilde et al. 2004). In the presence of saccharides, this would be even
easier, as the CMC is decreasing with increasing sugar content (Sharma and Rakshit 2004;

Staples et al. 1996). However, for disaccharides, only a small increase in E’ was observable.

Table 4.6-3: Calculated tan(®), - for samples with polysorbate 80 or 3-lactoglobulin at a saccharide con-
centration of 20% at 20 °C.

Foaming agent Maltodextrin Maltose Sucrose Sorbitol
Polysorbate 80 0.21+0.03?2 0.54+0.02° 0.28+0.02° 0.22+0.022  0.31+0.01°¢
B-lactoglobulin  0.23+0.012 0.18+0.01° 0.22+0.012¢  0.25+0.022¢ 0.21+0.012¢

a.b.c.d Means in the same column with different letters indicate significant differences (P<0.05)

In Table 4.6-3, the calculated tan(¢) for samples with 20% saccharide content is shown. A
tan(¢) of zero would represent a perfect elastic behavior of the film (Baeza et al. 2006; Conde
and Rodriguez Patino 2005). The highest difference between the protein and surfactant sam-
ples was detected for maltodextrin (B-Ig = 0.18 £ 0.01, PS80 = 0.54 + 0.01). For maltose and
sorbitol, surfactant samples had about a 40-50% higher tan(p) value, which is following the
already discussed behavior of PS80 at the surface. For 20% sucrose, no clear difference was
obtained in comparison to the foaming agent. This was attributed to the low concentration since

tan(¢) was influenced at higher sucrose concentrations.
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Fig. 4.6.3: Schematic differences at the air-water interface between f3-lactoglobulin (A) and polysorbate

80 (B) samples during oscillation.
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A much lower tan(¢) was also observed by Davis and Foegeding (2007) during their investi-
gation of the impact of sucrose on the rheological properties of different proteins. However,
Davis and Foegeding (2007) did not find a specific explanation but highlighted the importance
of knowledge about the properties of the solutions to understand the interfaces' rheological
properties. Nonetheless, with increasing concentration, sucrose followed a clear trend as visi-
bly observable in Fig. 4.6.3. Therefore, it was postulated that the change in tan(¢) required a
higher concentration than 20%.

The influence of sugar concentration on the tan(¢) will be discussed, considering the different
foaming agents. Samples with polysorbate are shown in Fig. 4.6.4A. It was clearly observable
that with increasing saccharide concentration, the tan(g) also increased. Therefore, it was as-

sumed that this was linked to the higher viscosity of the bulk phase near the interface.
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Fig. 4.6.4: Influence of different saccharide concentrations on the calculated tan(¢) of polysorbate 80
(A) and B-lactoglobulin (B) samples at the air-water interface, with sorbitol (A), sucrose (%), maltose
(@) and maltodextrin (m).

As we think that polysorbate had a high ability to attach and detach from the surface (Fig.
4.6.3), the reattachment during oscillation might have been hindered due to the high viscosity
of the solution or by steric hindrance of saccharide molecules and H-bonds between polysorb-
ate and saccharides. Thereby, the surface became more brittle, as the newly formed surface
during expansion was not immediately covered by polysorbate and the tan(¢) consequently
increased. This would also agree with the obtained data of surface activity, which decreased
sharply as discussed in chapter 4.6.3.2. One exception was again maltodextrin, which had the
most significant changes within the investigated range of saccharide concentration and de-
creased clearly between a concentration of 20 and 40%. While the increase of tan(p) can also

be explained by the increase of viscosity and the hindrance of reattachment of the surfactant,

143



the decrease of tan(¢g) must have a different origin. As this behavior only occurred with malto-
dextrin and polysorbate, it was assumed that the interactions between polysorbate and malto-
dextrin must be responsible for that behavior. Since maltodextrin can incorporate polysorbate
molecules (Semenova et al. 2003), those complexes might be located around the interface.
Thereby, the MDX integrated polysorbate molecules could stabilize the surface during oscilla-
tion as MDX decreases their mobility, and thus, the detachment process would be less likely.
However, this effect can only appear if other MDX molecules hinder the MDX-PS80 complexes
from moving, as it is assumed to occur at high polysaccharide concentrations (Dickinson 1998).

In contrast, samples with 3-Ig showed decreasing tan(¢) with increasing sugar concentration.
This can be attributed to the stabilization of the surface by the formation of H-bonds that mod-
erate the interactions between proteins. Due to the addition of sugars, A, decreased, promoting
the intermolecular interactions between proteins. Furthermore, the sugars can be preferentially
excluded and hence can form a shell around the protein layer at the surface. Thereby, the
surface stability and consequently elasticity increased with increasing sugar concentration.
Therefore, the observed behavior was in accordance with the obtained results from SLS and
PDM. A scheme of how the authors imagine that sugar concentration influenced the surface

rheology is shown in Fig. 4.6.5.

Fig. 4.6.5: Schematic comparison of the impact of low (a, c) and high (b, d) sugar concentrations on the

behavior of surfactants (a, b) and proteins (c, d) at the air-water interface.

Taking chapters 4.6.3.1-4.6.3.3 into consideration, it was expected that foams stabilized with
B-lg would show less decay over time than those stabilized with polysorbate. The reason for
this statement is the increasing elastic behavior of the surface with added sugar and the in-

creased stability of the interface due to H-bonding between sugars and proteins. Since the
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surface activity of surfactant-saccharide formulations decreased sharply with high sugar con-
tent, it was expected that the advantage of small surfactants (e.g. the fast adsorption at the
interface) would be neglected, resulting in a higher chance of foam collapse.

4.6.3.4 Drying behavior of with sugar thickened foam matrices

On the basis of the observed differences in molecular interactions and surface properties of
different saccharide-foaming agent mixtures as discussed above, their influence on the struc-
tural stabilization of foams during vacuum drying, different vacuum drying experiments were
assessed to correlate sample properties and drying results. As the molecular interactions and
surface rheology discussed in the previous chapters are still present within the different formu-
lations, but sample and not process-related, the discussion about the aforementioned will be

brief. Nonetheless, the relevant sample properties show great influence, as shown below.

The residual water content (10 + 2%) and the water activity (0.35 + 0.1) for all investigated
samples were independent of the used formulation. At the same time, the drying time for CVD
was constantly set to 16 h, and the MWVD needed between 1.3 and 2 h until the drying was

finished (data not shown).

In Fig. 4.6.6, the structure of the vacuum-dried B-lactoglobulin and polysorbate 80 stabilized
foams are shown. It can be clearly observed that most PS80 stabilized foams collapsed during
the first 15 min of the drying process. Only samples with maltodextrin remained stable until the
end of the process. In contrast, protein samples remained stable independently of the used
sugar. Here, maltose and maltodextrin showed the best results as their foam structure was
preserved the best. The foams with added sucrose or sorbitol showed better foam structure
but were more compact than maltose and maltodextrin. However, it was shown that the com-
bination of surfactant and additives results in different foam stabilities, best observable for pol-

ysorbate stabilized foams.

No apparent influence of A, on the drying behavior was observed for polysorbate, as the A
value was similar between all investigated sugars. While all investigated sugars improved the
surface properties of polysorbate due to H-bonds, the surface was getting less elastic with
increasing saccharide concentration. However, interactions between polysorbate and malto-
dextrin, as suggested in the literature (Semenova et al. 2003; Antipova and Semenova 1997),
might be the reason for the high viscosity of the solution and moreover, for the prevention of
foam decay during the drying process. Those interactions were only found for MDX and not
for the other investigated saccharides. Further, polysaccharides were able to block the lamel-
lae at high concentrations by their high water binding capacity and steric stabilization
(Dickinson 1998), preventing drainage and consequently foam decay, while disaccharides and
sorbitol seemed not to be able to do so. However, all samples stabilized with proteins remained

stable, indicating that the sugar type was not the only reason for the decay. Therefore, complex
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interactions between the foaming agent and the saccharide were assumed, keeping the water
inside the lamellae before drainage occurs, so that the interface remains stable until solidifica-
tion.

In contrast, B-lg samples showed for all in this study investigated property an improvement
with the addition of sugar. On a molecular level, the charges got shielded, reducing the A,, and
promoting the interactions between attached protein molecules. This resulted in the high elas-
tic behavior of the interface, consequently leading to stabilization of the foam during the drying
process. In contrast, higher surface tension in equilibrium did not result in worse preservation
of foam. This result was also obtained for the surface activity, which was low compared to that
of surfactant mixtures. One explanation for this might be that the interface was already formed,
and therefore, high concentrations of foaming agents were already present at the air-water
interface. Thereby, the differences between protein and surfactant samples would be lower,
as the velocity of surface attachment would be negligible. In summary, all investigated combi-

nations of B-lg and saccharide were dried successfully.

Sorbitol, 40% Sucrose, 35% Malt 35% Maltodextn, 40%

Polysorbate 80
stabilized foams

B-lactoglobulin
stabilized foams

No collapse No collapse No collapse No collapse

Fig. 4.6.6: Impact of sugar types on the foam decay in conventional vacuum drying with regard to the
used foaming agents and saccharides.

As samples containing maltodextrin remained the most stable for both foaming agent systems,
those were selected for assessing the influence of sugar concentration on foam decay during
drying. As observable in Fig. 4.6.7, the addition of MDX with 30 and 40% content resulted in a
stable product for PS80 foams, whereas foams with 10 and 20% MDX content collapsed. One
reason for this might be the higher viscosity of high carbohydrate samples. The higher viscosity
of the liquid phase improves the stability of foams, as proven in several studies about foam
properties (Ambros et al. 2019b; Lazidis et al. 2016; Pisal et al. 2006; Damodaran 2005).
Therefore, it is evident that a foam structure with a high viscosity is more easily stabilized
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against decay when compared to foams with a low viscosity. However, as (B-lg samples re-
mained stable and assuming that the viscosity between PS80 samples and B-lg samples did
not differ greatly, this is less likely to be the explanation for the observed differences. Here, it
was interestingly found that the tan(¢) of maltodextrin samples correlated with the result of a
successful drying process as observable for PS80-MDX mixtures between 20 and 40%. This
was attributed to the interactions between maltodextrin and polysorbate, promoting a stabili-
zation of the interface while it was mechanically treated (chapter 4.6.3.2). Therefore, the ob-
tained results from samples with different polysaccharide content support this explanation.
Further, this would also explain why the other investigated saccharides were not able to pre-
vent foam decay during the drying process, since for the other saccharides, the tan(g) in-
creased with increasing sugar content. However, regarding the tan(¢) and the saccharide con-
centration, two contrasting effects were observed for PS80: on the one hand, the higher the
saccharide concentration, the higher tan(¢), which indicates a less elastic surface. On the other
hand, the higher the saccharide concentration, the higher the viscosity of the solution, lowering
the drainage speed and stabilizing the foam. Therefore, it is assumed that each mixture of
saccharide and foaming agent has an optimum, resulting in overall best foam preservation

properties during the drying process.
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Fig. 4.6.7: Foam structure after conventional vacuum drying for polysorbate 80 and B-lactoglobulin foam
with a maltodextrin concentration between 10 and 40%.

Furthermore, the specific interactions between foaming agent and thickener would result in a

for each formulation unique foam structure in the end of the drying process.

Besides the investigation of samples in CVD, microwave-assisted vacuum drying was per-
formed. Differences between CVD and MWVD were assumed because components added to
stabilize organic material or to increase foam stability by increased viscosity could affect
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MWVD due to their dielectric properties, whereas VD would only be affected by the molecular
interfacial behavior of foam stabilizing substances. The obtained water activity and residual
moisture content of microwave-processed samples were slightly higher compared to that of
CVD samples (10-12% instead of 8-10%). But it should be mentioned that no drying-kinetic
was assessed for the CVD samples, and therefore, the results cannot be directly compared.
However, the potential in decreasing drying time due to the use of microwaves for heating
could be clearly demonstrated. Further, it was assumed that due to higher evaporation rates
during MWVD, the bubbles are better separated from each other (Sangamithra et al. 2015)
and that the formation of new bubbles and finer pores are promoted (Sankat and Castaigne
2004), whereby the aerated structure would be stabilized against foam decay. However, the
influence of these mechanisms on the overall foam preservation is dependent on the process
conditions, drying stage and product formulation. Therefore it can not be stated which one

dominates on the foam preservation during the drying process.

In Fig. 4.6.8, the obtained structures for MDX concentration between 10 and 40% for both
foaming systems are shown. The obtained results were clearly different compared to those of
CVD: For PS80 stabilized systems, no foam remained stable during drying. The reason for this
might be the too low surface elasticity of PS80 samples, as well as the dielectric properties of
the solution as suggested in a previous study (Kubbutat et al. 2021a). Herein, it was stated
that the used microwave frequency matched with the resonance frequency of the foaming
agent, which resulted in a decay of the foam. As it was found in this work that the elasticity of
the surface was increasing with high saccharide concentration, the evidence here supports
this theory. Besides, the re-formation of foam due to high evaporation rates during MWVD did
not result in better preservation of the foamy structure in comparison to samples dried with VD
(Fig. 4.6.7). In contrast to Sankat and Castaigne (2004), the samples were dried using a vac-
uum, which resulted in less thermal stress but higher mechanical stress. Thereby, the bubbles
collapsed faster than new foam was generated due to the evaporation resulting in an overall

foam collapse.

B-lg preserved the foam structure much better. However, the size of the obtained solidified
bubbles was bigger, and the structure was coarser compared to the results of CVD. This might
be due to the volumetric heating and faster drying. Thereby, the bubbles might have expanded
more compared to CVD dryings before they solidified. Nonetheless, even for these harsh con-
ditions, B-lg samples remained stable throughout the drying process. This was also proven for

the other sugar-B-lg matrices (data not shown).
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Fig. 4.6.8: Obtained foam structure after microwave-assisted vacuum drying of polysorbate 80 and (3-

lactoglobulin foams with a maltodextrin content between 10 and 40%.

4.6.4 Conclusions

The obtained data demonstrate the importance of gaining knowledge about the solutions’
properties to understand the foam decay behavior during vacuum and microwave vacuum dry-
ing. Significant differences between surfactant and proteins systems were found as well as
between the impact of different types of saccharides on foam stability. Further, the obtained
data indicated that all investigated saccharides promoted H-bonds and, therefore, indirectly or
directly influenced the interactions between surface-active components. A decrease of repul-
sion between proteins was observed, which was correlated to the shielding effect by the added
saccharides. However, the interactions within the different saccharide-foaming agent systems
differed strongly, and therefore, general assumptions regarding the success of foam drying are

difficult to make.

On a molecular level, the addition of saccharides had nearly no influence on the interactions
between surfactants. However, if the surfactant forms complexes with the used saccharide,
this statement loses its ground, as observed for maltodextrin. If it is assumed that those com-
plexes are predominantly formed by polymers and not by small sugar alcohols or disaccha-
rides, this effect would not be expected for most of the added excipients in the pharmaceutical
industry. However, the addition of polysaccharides as thickening agents is quite common in
the food industry and should be considered for other areas, too.

The addition of saccharides to B-lactoglobulin solutions improved the surface properties of the
system. Repulsion between B-lg molecules was lowered, and the intermolecular interactions
at the interface were promoted. Thereby, the surface tension was slightly lowered. However,

no correlation between surface tension, surface activity, and foam decay during drying was
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found. In contrast, the obtained results of surface rheology were well correlating with the ob-
tained drying results. All B-lg samples showed high elastic behavior at the interface and pre-
served the foam structure during the drying. Nevertheless, polysorbate samples were also
showing high elastic surfaces (low tan(¢)) for some saccharide concentrations, and therefore
the tan(p) can not be used as an overall explanation. However, a good prediction of foam
decay during the drying process can be made using a combination of E’ and tan(¢). Therefore,
it is recommended to test formulations, which should be vacuum foam dried, for their surface

rheological properties.

The obtained microwave processed samples always showed more indications for foam decay
compared to CVD samples. This was attributed to the harsher drying conditions as a result of
faster evaporation and more efficient heating. However, B-lactoglobulin stabilized samples
were robust enough to withstand those conditions. Investigations about the dielectric proper-
ties of the solutions might also be relevant to go deeper into the drying technology and the
optimization of drying parameters, such as microwave power input, vacuum pressure, and
drying temperature. With regard to the foam preservation, a formulation of 3% B-lg and 40%

MD was best suited.

Overall, a correlation between molecular and interfacial properties and the drying results in
terms of maintaining stable foams was established. This could be used for an upfront charac-
terization of solutions to predict the drying behavior. Further, it can be estimated that samples
using whey protein isolate instead of B-lg result in comparable product characteristics as

shown in a previous study (Kubbutat et al. 2021b).
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4.7 Influence foam properties and excipients on the residual stability of

B-galactosidase after microwave-assisted freeze drying
4.7.1 Introduction

Using foamed matrices offers several advantages in drying processes compared to the use of
non-foamed products (Ratti and Kudra 2006b). However, foams differ in their properties and
bulk phase, whereby the drying process can be influenced. Of particular interest is to preserve
the foamy matrix throughout the drying process (Ratti and Kudra 2006a), which is obviously
more challenging if the bulk phase is liquid and vacuum is applied compared to a solid foam
during, e.g., freeze drying. However, there is a lack of information about the influence of foam
properties on the product quality of freeze-dried samples. It seems clear that changes in water-
vapor transport (chapter 4.3) impacts drying performance and product quality. Therefore, this
study aimed to investigate the influence of foam properties on the residual enzyme activity of
B-galactosidase for microwave-assisted freeze drying. The hypothesis was that by changing
the foam structure, the product quality or residual enzyme activity of B-galactosidase is influ-
enced as a result of differences in the water vapor pathway. A drying, which occurs throughout
the product, was expected to be most gentle while drying with single drying fronts as observed
for solutions, or high-density foams, was expected to damage the enzyme activity due to local

overheating and higher internal pressure.

Further, it was examined if other foam thickeners than maltodextrin show comparable influence
on the drying process. In case of similar behavior, it should be possible to point out for the
product quality relevant foam properties, which can be used independently on the used type
of saccharides. Besides applying other saccharides, the influence of the commonly used ex-

cipient glycerin on the product quality was investigated and related to different foam properties.
4.7.2 Results and discussion

In order to investigate the influence of excipients and foam properties on the residual enzyme
activity after MWFD, different foam formulations with 3% polysorbate 80, maltodextrin (0—40%
w/w) or maltose (0-50%), and the equivalent amount of 5% B-Gal raw solution were used. The
dispersions were whipped according to the method described in chapter 4.1. 120 g of foamed
sample were dried with microwave-assisted freeze drying at 200 W, 20 °C product tempera-
ture, and 0.1 mbar and compared with the drying results from conventionally freeze-dried sam-
ples (24 h, 20 °C shelf temperature, 0.1 mbar). Details for foam formation and microwave-as-
sisted freeze drying can be found in chapter 4.3. No significant differences in foam properties
were found between samples without 3-Gal, raw B-Gal, and dialyzed 3-Gal at equivalent malto-

dextrin content (data not shown).
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In a first step, the influence of maltodextrin content in the formulations was investigated. There-
fore, samples with 10-40% MDX were prepared according to the method described in chapter
4.1 and 4.2. The whipped and frozen samples were dried with microwave-assisted freeze dry-
ing at 0.1 mbar, and a power input of 200 W. Besides, experiments with non-dialyzed B-Gal
were investigated to prove the estimated problems, which may occur due to the higher evap-
oration temperature of glycerin.
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Fig. 4.7.1: Required drying time for samples with MDX content between 10 and 40% with the addition
of dialyzed (A) and non-dialyzed (m) B-galactosidase at 200 W and 0.1 mbar.

The drying time of samples with variable MDX content and added non-dialyzed or dialyzed 3-
Gal is shown in Fig. 4.7.1. For all samples, the necessary drying time decreased with increas-
ing MDX concentration up to 30% MDX. Above 30% MDX content, the drying time remained
equal to samples with 30% MDX or even increased. The decreasing drying times are contra-
dictory to the results from the literature, where a higher overrun resulted in faster drying of the
samples due to higher effective diffusion (Thuwapanichayanan et al. 2012; Kadam and
Balasubramanian 2011). However, the experiments in literature were performed with samples
that had the same volume. In contrast to this, the samples in this study had the same initial
mass. Thereby, the sample height varied for different formulations (higher overrun at low MDX
content, see Table 4.7-1). Therefore, the product height had a higher impact on the drying
behavior than the change in effective diffusion, which has also been found for samples without
added B-Gal (Kubbutat et al. 2020) and for the MWFD of raspberry foams (Ozcelik et al.
2019a). Further, the drying rate did not increase about an MDX content above 30%, which can
be attributed to overheating of the high-density samples (Kubbutat et al. 2020). Thereby, longer
and more frequent cooling periods were necessary to process the samples at a maximum

surface temperature of 20 °C, which extended the drying time.
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Fig. 4.7.2: Temperature and relative moisture content during the microwave-assisted freeze drying pro-
cess of samples with 10 or 30% MDX and added B-Gal at 0.1 mbar and 200 W.

Samples with glycerin generally dried faster than samples without glycerin, especially at MDX
concentrations between 10 and 25%. At higher MDX concentrations, the necessary drying time
was more or less the same. The rise of temperature during MWFD for samples of 10 and 30%
MDX with added non-dialyzed and dialyzed (3-Gal is shown in Fig. 4.7.2. The maximally
reached temperature seems comparable and independent of the used formulation. However,
glycerin-containing samples heated more efficiently, as clearly observable for both shown for-
mulations. This observation explains why samples with non-dialyzed -Gal dried faster com-
pared to their dialyzed equivalents. This can be explained by the slightly higher tan(d) for dia-
lyzed (0.12) and non-dialyzed B-Gal (0.15), which results in more efficient heating of the sam-
ple. However, those values were measured at room temperature, and the freeze drying pro-
cess was running at much lower pressure and temperature. Nonetheless, glycerin has a much
higher boiling point than water, and therefore, heating occurred in even water-free regions
(Glycerine Producers' Association 1963). Thereby, the product was heated more efficiently
compared to samples with dialyzed p-Gal. Hence, the question raised now was if the non-

specific heating of water damaged the enzyme during the drying process.

The residual enzyme activity in dependency of the maltodextrin content is shown in Fig. 4.7.3.
Samples prepared with non-dialyzed B-Gal showed an increasing residual enzyme activity with
increasing MDX content between 10 and 20% MDX, followed by a plateau phase at about 80—
90% enzyme activity. For MDX concentrations above 30% MDX, decreasing residual enzyme
activity was observed. For samples containing dialyzed 3-Gal, a slightly decreasing trend be-

tween 10 and 30% MDX is observable. A more pronounced decreasing trend was observed
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for increasing MDX concentrations above 30%. Hence, samples with or without glycerin dif-
fered more clearly for low MDX concentrations, whereas no difference was further detectable
at MDX content above 30%.
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Fig. 4.7.3: Enzyme activity of B-galactosidase after microwave-assisted freeze drying for samples with
MDX content between 10 and 40% with (A) dialyzed 3-galactosidase and (m) non-dialyzed 3-galacto-
sidase.

The decreasing trend at high MDX concentrations can be explained by the strong overheating
of the samples, which was also detectable by the necessary drying time. Thereby, the enzyme
got thermally damaged and lost its enzymatic activity. However, it is worth noting that the high-
est measured temperature was about 30 °C for nearly finished samples. As no damaging effect
of sample preparation was found, it was assumed that the temperature inside the sample was
higher than 40-50 °C (see chapter 4.2). However, the overheating due to a too dense product
structure would not explain the differences for samples with an MDX content between 10 and
20%. One explanation could be differences in dielectric properties and the presence of non-
evaporating glycerin. When the glycerin is not evaporated, it concentrates within the drying
process. Thereby, the heating of the product gets more intensive within the progressing drying
process, which can result in local overheating of the product and consequently damage of the
enzyme. This would be less problematic if the temperature can be measured with low latency,
as it is assumed for thin layered products. In the case of voluminous samples, due to heat
transduction delayed temperature measurement is problematic. Even though this was a prob-
lem for both sample types, the glycerin itself intensified the problem. Therefore, the residual

enzyme activity was lower for samples with glycerin compared to those without glycerin.

Besides, the influence of foam characteristics on product quality was investigated. Only results

for dialyzed samples are shown to determine just the effect of foam properties and not mixing
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it up with the effects of up-concentrating glycerin. Some foam properties of MWFD dried sam-
ples are shown in Table 4.7-1. The discussion of how differently sugars interact with polysorb-
ate 80 and how they influence foam properties can be found in chapter 4.1.

Table 4.7-1: Properties of foams with 3% polysorbate 80 and added maltose (MTO) and maltodextrin
(MDX).

Formulation Overrun Drainage Firmness Bubble size, dso IQR
% wiw  Type % % mNm pum pum
10 MDX  1671+251 66.1+6.1 15.5+3.9 553+51 616+60
15 MDX 1108+62 70.0+0.9 22.0+2.0 300+10 471+29
20 MDX 715470 69.5+1.5 28.2+2.8 202+28 235184
25 MDX 459+34 31.8+5.8 26.9+1.5 118+14 110418
30 MDX 234+7 17.7+9.7 32.7+2.1 102+14 63+0
35 MDX 144+16 0.0+0.0 34.7+1.8 64+3 41+7
40 MDX 41+3 0.0+0.0 41.3+6.5 59+10 2649
20 MTO  1578+128 59.7+3.8 22.3+0.7 422422 406122
30 MTO 1429457 66.1+3.8 24.7+1.0 300+38 455+44
40 MTO 1058+13 54.9+10.5 23.1+1.9 201+47 291+39
50 MTO 701+13 1.2+2.1 24.5+1.8 102+12 174415

The drainage of foams seemed not to be relevant for the product quality of MWFD treated
samples because the foams were frozen within a short period, and no drainage during the
freezing process was detected. This was also assumed for the measured firmness of the foams
because the frozen foams were solid and not deformable. In addition, the bubble size and the

interquartile range were measured.

The plot of drying time as function of overrun is shown in Fig. 4.7.4A. One can observe that
the drying time decreases with decreasing overrun. This is also valid for the investigated malt-
ose samples, which shows that the linear correlation between drying time and overrun is inde-
pendent of the used saccharide. However, for overrun values above 1600% and below 140%,
this statement does not necessarily become true as a result of overheating due to delayed
heat measurement or too dense product structures. Further, if one compares the mean bubble
size of MTO and MDX containing foams (Table 4.7-1), one would assume that due to higher
specific surface, foams with added maltose would dry faster than formulations with added
maltodextrin. However, this was not the case (Fig. 4.7.4A), which indicates that the size of the
bubbles needs to be related to the number of bubbles and that differences in bubble size or
bubble size distribution do not necessarily result in different drying behavior. Therefore, the

overrun value seems to be the foam properties, which is best suited to predict the drying time.
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Fig. 4.7.4: (A) Required drying time and (B) residual enzyme activity of B-galactosidase for microwave-

assisted freeze-dried samples with 3% polysorbate 80 and maltodextrin (m) or maltose (%).

In Fig. 4.7.4B, the residual enzyme activity after MWFD in relation to the foams overrun is
shown. It was observed that with increasing overrun, the residual enzyme activity increased.
As for the drying time, this was independent of the used saccharide. However, formulations
with maltose showed generally higher overrun values and, therefore, higher residual enzymatic
activity. The relation between residual enzyme activity and overrun could indicate a too high
volumetric power density during the drying process, which would result in high temperature
inside the lamellae. This is more present for samples with low overrun because their lamellae
are thicker and their structure is denser compared to that of foams with high overrun (Fig.
4.7.5). The detection by temperature measurement might have failed due to a too fast pro-
gressing drying and due to low heat conduction, as already discussed. However, the observed

decreasing enzyme activity strongly indicates the local overheating.
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Fig. 4.7.5: Scanning electron microscope pictures of microwave-assisted freeze-dried polysorbate 80
foams with B-galactosidase and (A) 10% MDX, (B), 20% MDX, (C) 30% MDX, and (D) 40% MDX.

4.7.3 Conclusion

The impact of saccharide concentration on the drying behavior of foams during microwave-
assisted freeze drying was investigated. Further, the influence of excipients like glycerin on the
drying speed and the residual enzyme activity was determined. The drying speed was in-
creased due to the heating of concentrated glycerin. However, the high evaporation rates were
challenging due to high water vapor transfer resistance and which could cause overheating.
Therefore, good product quality was only obtained within the optimum product properties and
process conditions. Therefore, the addition of a microwave-absorber or microwave-reflecting
plates, which are suggested to be added in order to increase the drying speed during micro-
wave-assisted freeze drying (Wang et al. 2020; i¢6z et al. 2004), seem to be unnecessary or
even counter-productive for the drying of heat-sensitive substances. Foam properties like
drainage, firmness, bubble size, and bubble size distribution showed no clear influence on the
drying speed or the product quality. Further, it was shown that the drying speed can be directly
affected by the overrun. Furthermore, it was shown that very high or low overrun values cause
problems due to overheating, which can lower the quality of the product. Best product quality
was achieved for foams with high overrun, independent of the used saccharide, which can be
used to design other formulations. This additionally indicates that the volumetric power input

157



plays a major role in the preservation of biological substances during microwave-assisted

freeze drying.
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4.8 Influence of microwave power input and product temperature on the
residual activity of B-galactosidase in microwave-assisted vacuum

and freeze drying
4.8.1 Introduction

In literature, microwave power input and maximum product temperature are mentioned as im-
portant process parameters for the product quality of microwave-processed samples (Ambros
et al. 2016; Duan et al. 2007; Hu et al. 2006). In general, it was shown that with higher product
temperature, the product quality decreased, which was attributed to the denaturation of en-
zymes or the thermal degradation of the product. Further, with higher microwave power input,
the product quality decreased, which was due to too high temperature or the formation of hot-
and coldspots. However, the absolute power input should have theoretically no influence on
the microwave-field distribution, which needs to be further investigated. Further, no investiga-
tion of heat-sensitive materials during microwave-assisted foam freeze drying was found.
Therefore, the hypothesis was that the MWFD of foamy structures will result in high drying
speed and product quality even at high microwave power input levels. The formation of hot-
spots should be reduced since the foam matrix decreases the heating stress and offers simul-
taneous drying throughout the product, as theoretically shown by Sochanski et al. (1990) and
the previous study about water vapor pathways during MWFD (chapter 4.3). Microwave-as-
sisted foam vacuum drying of sensitive biologicals was only found for microorganisms but not
for proteins or enzymes (Ambros et al. 2019b). It was expected that the used enzyme was
even more sensitive to heat and dehydration stress than microorganisms. Hence, it was man-
datory to use combinations of lower pressure and product temperature. Further, the influence
of process parameters for microwave-assisted drying of foamed matrices on the product qual-

ity of B-galactosidase was investigated.
4.8.2 Results and discussion

Besides the influence of foam properties, the influence of microwave power input and the
height of the sample on the product quality were investigated. For this, samples with 30% MDX,
3% polysorbate 80, and 5% B-galactosidase were dried with a microwave power input between
120 and 240 W. Besides, the influence of the set maximum temperature (20, 25, and 30 °C
and sample height (0.85 and 1.71 cm) were investigated. The hypothesis was that with in-
creasing microwave power input, the drying time decreases and that with increasing product

height, the drying rate decreases.

The required drying time and the residual enzyme activity of B-galactosidase of samples pre-
pared with polysorbate 80 and 30% MDX are shown in Fig. 4.8.1. One can see that the drying

time decreases with increasing microwave power input until a power input of about 1.8 W-g.
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Dehydration occurred faster as the difference between inside and outside the product in-
creased with increasing microwave power input, as Abbasi and Azari (2009) stated for the
microwave-freeze drying of onion slices or by Feng et al. (2001) for sliced apples. Above, the
required drying time reached a plateau. This can be explained by plasma formation, which
mainly occurred in the second half of the drying process. The formation of plasma during the
drying process is generally unacceptable because the product and the drying plant can be
damaged (Duan et al. 2010b). However, for the case of plasma formation within this experi-
mental setup, the drying plant stopped the process, and the user restarted the process manu-
ally. Interestingly, and for most of the time, no second appearance of plasma was detected,
and the process could continue without further interruptions. Plasma discharge was also ob-
served by Ambros et al. (2018) during the MWFD of lactobacilli above a microwave power
input of 2 W-g%, which is slightly higher than the first occurrence in this study. This difference
can be explained by a different load (100 g) and pressure (0.6 mbar). Because the probability
of corona discharge is strongly related to the chamber pressure (Metaxas and Meredith 1988),
the pressure was always set to the minimal possible value, which the plant could provide
(0.1 mbar). Furthermore, it is known that increasing the pressure destabilizes the product as a
result of higher sublimation temperature (Ambros et al. 2018), and thereby the collapse tem-
perature can be reached easier. However, the influence on the drying rate differs for conven-
tional and microwave-assisted freeze drying: In conventional freeze drying, an increased pres-
sure or a collapsed structure results in lower drying rates (Pikal and Shah 1990), while in
MWFD, the collapse of a structure leads to an increase of dielectric properties, which result in
even higher drying rates (Ambros et al. 2018).

Besides, Fig. 4.8.1 shows that the drying process resulted in more damage of -Gal with a
microwave input power above 1.8 W-g. On the one hand, the corona discharge might have
damaged the enzyme. On the other hand, it was not clear if the plasma occurrence resulted in
the additional damage of B-Gal or the thermal stress, which could be attributed to the higher
microwave power. In Fig. 4.8.2, the obtained product structure after the MWFD at different
microwave power inputs is shown. The cakes remained stable for power input values between
1.0 and 1.7 W-g*. However, occasionally cracks occurred (Fig. 4.8.2B or C), which were as-
sumed to be unproblematic, because no other optical or enzymatic damage was observed. In
contrast to this, the cake was destroyed for power input values with high probability above
1.7 W-g! (Fig. 4.8.2D). This can be explained by a too high energy absorption, which resulted
in higher sublimation rates at the same internal product resistance, as has been already dis-

cussed in chapter 4.3.
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Fig. 4.8.1: Residual enzyme activity and necessary drying time of polysorbate 80 foams with a malto-
dextrin content of 30% and added -galactosidase, dried with microwave-assisted freeze drying at a
microwave input power of 1.0-2.0 W-g* at 0.1 mbar.

Thereby, the internal pressure increased until the product was melting. With the change from
solid to liquid state, the firmness of the product was lost, and the pressure was released within
an explosion of the product cake. Further, the change from frozen to the liquid state increased
the dielectric properties (Regier et al. 2016), which resulted in the formation of hotspots. Prod-
uct collapse was also found in studies investigating the influence on process conditions on the

drying of raspberry foams (Ozcelik et al. 2019b) or the drying of bacteria (Ambros et al. 2018).

Fig. 4.8.2: Samples with 30% maltodextrin, 3% polysorbate 80 and 5% {3-gal after microwave-assisted
freeze drying using a power input of (A) 1.0 W-g, (B) 1.5 W-g?1, (C) 1.7 W-g*t,and (D) 2.0 W-g*

Different maximal temperatures and product heights were used to investigate the formation of
hotspots and the influence of delayed temperature measurement on the residual enzyme ac-
tivity. In Fig. 4.8.3, the maximum residual enzyme activity for products with a height of 0.85
and 1.71 cm in dependency on the set maximum temperature is shown. One can see that for

a set maximal temperature of 20 °C, no differences were obtained for the different product's
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height. However, the standard deviation was slightly higher for samples with 1 cm. Nonethe-
less, this indicates that at a surface temperature of 20 °C, the process was stable and control-
lable. In contrast to this finding, samples processed with a maximum temperature of 25 or
30 °C showed a massive loss of enzyme activity compared to samples processed at 20 °C.

Further, the loss of enzyme activity was higher for thicker samples compared to thin ones.
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Fig. 4.8.3: Influence of product height (A—C and full symbols: 0.86 cm, D-F and empty symbols:
1.71 cm) and maximal set surface temperature on the required drying time and residual enzyme activity
of B-galactosidase for microwave-assisted freeze drying of polysorbate 80 foams with 30% MDX content
at 1.7 W-g* and a maximum temperature of 20 °C (m), 25 °C (A) and 30 °C (e).

In Fig. 4.8.4, the surface temperature and the relative moisture content during the drying pro-
cess are shown. If one compares the temperature for the different samples, one can see that
the maximum temperature was reached at about 10-20% residual moisture content for sam-
ples with 1.71 cm height and below 10% moisture content for samples with a height of 0.86 cm.
One explanation for the high loss of enzyme activity was that the residual moisture was dis-
tributed non-uniformly within the product cake. Thereby massive overheating occurred, as a
high amount of microwave energy coupled into the product within a small volume. Thereby, a
loss of enzyme activity was observed, which appear to take place even for products with low

moisture content.

This explanation was also supported by photographs of the dried products (Fig. 4.8.3A—F).
Samples, dried at 20 °C, remained stable during the drying process, and no color change oc-
curred. For samples dried at 25-30 °C, intense browning occurred at the corner of the sample,
which can be an indication of edging effects (Fig. 4.8.3). The heating of corners was also the-
oretically predicted by Brodie (2008) for the microwave-heating of cylindrical agar gels and is
strongly dependent on the used diameter of the cylinder (Romano et al. 2005). However, the
effect of excessive corner heating was unexpected because a flattening of this temperature

distribution was expected as a result of the low dielectric properties during freeze drying.
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Fig. 4.8.4: Product temperature and relative moisture content within the drying process for microwave-
assisted freeze drying of polysorbate 80 foams with 30% MDX content at 1.7 W-g! and a maximum set
temperature of 20 °C, 25 °C, and 30 °C.

One explanation would be the low thermal conductivity of foams due to the incorporated air.
Thereby, temperature differences would be pronounced, which was also stated for liquid sam-
ples by Van Remmen et al. (1996). Besides, the most intense browning occurred for thick
samples at 30 °C temperature, which indicates the overheating, as mentioned above. The
dark-brown or black color clearly shows that the temperature inside must have been much
higher than the measured surface temperature of 30 °C and supports the findings from chapter
4.7 as well as the decreased residual enzyme activity.

Besides microwave-assisted freeze drying, microwave-assisted vacuum drying was per-
formed. As already discussed in chapters 4.4—4.6, only a few formulations retain their foam
structure throughout the drying process. Best results were obtained using a whey protein iso-
late-maltodextrin formulation, and therefore, the following results are about the influence of
process conditions on the residual enzyme activity of B-Gal of foams with 40% maltodextrin

and 2.5% whey protein isolate.

In Fig. 4.8.5A, the required drying time and the residual enzyme activity of B-Gal after MWVD
of WPI foams with an MDX content of 40% are shown. Because of the volume expansion
during the evacuation of the process chamber and the heating during the drying process, a
maximal sample size of 70 g could be processed. In contrast to freeze drying, the required
drying time was not correlating with the microwave power input, and the end of the drying
process was reached within about 1 h. The residual enzyme activity was slightly lower com-
pared to that of MWFD (Fig. 4.8.1) except for samples processed at 5.7 W-g. This can be
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explained as follows: During vacuum drying, the formulation concentrates due to the evapora-
tion of water. On the one hand, this generates a harmful environment for the enzyme, which
was also found for conventional vacuum drying (Fig. 4.4.5B). On the other hand, electromag-
netic energy is more efficiently converted into heat, as discussed in chapter 4.4.
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Fig. 4.8.5: (A) Required drying time (A) and residual enzyme activity of 3-galactosidase (m) after micro-
wave-assisted vacuum drying at microwave power input between 3.6 and 8.6 W-g1, and (B) residual
enzyme activity of B-galactosidase (m) and water content (e) of foam samples containing polysorbate

80 and 40% maltodextrin during conventional vacuum drying.

Therefore, the drying has to proceed as fast as possible to solidify the product, which will also
reduce the dielectric heat conversion. The slight increase in residual enzyme activity for micro-
wave power input between 3.6 and 5.0 W-g! indicates that those harmful conditions were
overcome faster, resulting in an optimum process condition at 5.7 W-g*. However, for higher
microwave input power, the sample overheated, whereby cooling steps were necessary before
the solidification occurred. Thereby, the enzyme remained longer at unfavorable conditions,
and the residual enzyme activity was low. Comparable behavior was also found for the vacuum
drying of lactobacilli for relative water loss of 60—80% and a water activity of 0.4-0.6 (Ambros
et al. 2019b; Ambros et al. 2018; Foerst and Kulozik 2012). All studies refer to the observed
higher inactivation rate of the bacillus to the unfavorable environmental conditions and con-
clude that those conditions should be as short as possible to retain the product's quality. Fur-
ther, a moisture content-dependent change of residual activity of 3-Gal during freeze drying
was reported by Jiang and Nail (1998). However, no explanation for the observed relationship
between moisture content and residual enzyme activity was given. Further, these authors ob-
served over-drying for B-Gal for a residual moisture content below 10%, but their formulations
did not contain any lyoprotectant, whereby over-drying can be reached easier (Jiang and Nail

1998). In contrast, no over-drying was observed during conventional and microwave-assisted
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vacuum drying. Even though the drying of microorganisms or the freeze drying of enzymes
cannot be directly compared to the vacuum drying of proteins and enzymes, this explanation
for the decrease in enzyme activity seems to be also applicable here.

4.8.3 Conclusion

Microwave power input and sample height were investigated to detect limitations in heat con-
duction or sublimation. It was shown that due to overly high power input, the quality of the
sample can get lowered and that the probability of plasma occurring increased. Further, brown-
ing and loss of quality can be attributed to too retarded temperature detection. Further, it is
worth noting that the temperature was only measured in a single spot and that, therefore, a
thermographic temperature detection would be a better tool compared to the used pyrometer
to prevent hotspots and thermal runaway. Furthermore, even for thin samples, a loss of en-
zyme activity was obtained if the maximal temperature was set to a higher temperature than
20 °C. Because the temperature measurement is much more reliable for thin products, the
degradation of enzymes can also be an indication of a too high water vapor resistance, which
would cause thermal runaway, as already discussed in chapter 4.7 and 4.3. Overall, thin layer
products seem to be better suited for drying in microwave-assisted drying plants than thick
samples, which can mainly be attributed to problems in temperature measurement and inner

product resistance.

165



4.9 Up-Scaling of microwave-assisted freeze drying by generating small

spherical foamy samples
4.9.1 Introduction

The upscaling of a microwave-assisted process is often challenging due to the requirement of
a uniform microwave field distribution or economic reasons (Regier et al. 2016; Benaskar et
al. 2011; Heindl and Mdiller 2007; Datta 2001). Since the microwave field distribution is never
entirely even, the upscaling of plants just by increasing their size and periphery seems not to
be practical. Instead, only a specific area inside the product cavity, where the field distribution
is relatively uniform, is suited for the microwave processing (Regier et al. 2016). In addition to
the limitation of the drying plant, the products need to be suited for higher absolute microwave
power input as they can start to deteriorate due to overheating in case of mass-dependent
microwave power input. Hence, the success of an upscaling depends on both product and
plant properties.

This study aimed to determine the best ways to upscale microwave-assisted freeze drying of
sensitive biomolecules. In previous chapters, the advantages of the use of foam matrices were
described. Further, in chapter 4.8, the influence of process parameters was investigated, and
it was found that above a power input of 1.8 W-g?, the probability of plasma formation in-

creases.

Two different strategies were examined: The first strategy was to determine the maximal pos-
sible water transfer rate, where the product and the drying process remained stable. For this,
a linear and a quadratic relation between sample weight and power input to larger amounts of

product was applied.

For the second strategy, the foam was frozen as small spheres in liquid nitrogen. Thereby, the
product’s surface was increased compared to the use of foam cakes, as used in the previous
chapters. The hypothesis was that due to the higher surface area and smaller thickness of
spheres, the required drying time would decrease due to higher water transfer rates. Further-
more, it was assumed that a larger amount of product can be dried without structural collapse
because the internal resistance within the bulk of spheres was lower than that of a compact
foam cake. Hence, by using spherical foam drops, the drying speed and the processable

amount of product would be improved.

49.2 Results and discussion

Upscaling using most suitable combinations of process conditions and sample size
In Fig. 4.9.1, the water loss coefficient for different power input levels for foams with 30% MDX
content is shown. With increasing microwave power input, the effective diffusion coefficient

increases until a power input of 1.83 W-g. One explanation for this would be that the plant
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was limited to this sublimation rate due to too small diameters of pipes between the product
chamber and the condenser, which would also explain the found plateau between 1.83 W-g*
and 2.0 W-g*. Further, the higher difference in effective diffusion coefficient between 1.7 and
1.83 W-g? can be explained by cracks, which occurred during the drying at high drying rates
(chapter 4.8). Besides, higher pressure inside the product chamber or directly above the prod-
uct can cause problems like melting or plasma formation. With increasing power input, the
electrical field strength increases, and with increasing pressure (<0.1 mbar), the probability of
plasma formation increases, as described by Metaxas and Meredith (1988). Thereby, the prod-
uct, as well as the process stability, decrease, as already discussed in the previous chapter.

As a result, the most promising compromise between drying speed and process stability

(1.7 W-g*) provided an effective diffusion coefficient of about 2.0-107 m2-s™,
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Fig. 4.9.1: Calculated effective diffusion coefficients for 120 samples of polysorbate 80 foams with 30%
MDX and a microwave power input between 1.0 and 2.0 W-g.

In a second step, the combination of power input and product mass was adjusted to other
combinations of power and mass. With increasing product mass, the samples were getting
thicker, and the power had to be reduced to remain a stable product. Therefore, a negative
linear and exponential relation between power and product weight was assumed. The aim of
this experiment was to obtain the same product quality for different combinations of product
weight and microwave power input. The investigated combinations of microwave-power input
and product mass are shown in Table 4.9-1. Plasma occurred and reignited throughout the
process for 80 g samples, processed at 440 W, and was therefore not further mentioned for

the discussion because the process was not stable and the product collapsed.
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Table 4.9-1: Investigated combinations of microwave power input and sample weight using negative

linear or exponential relationship between sample weight and microwave power input.

Sample weight, g 60 80 100 120 140 160 180
Linear, W - 240 220 200 180 160 -
Exponential, W 800 450 288 200 147 113 89

Interestingly, plasma did not occur for samples processed at 800 W, if during the secondary
drying, the power input was reduced to 200 W. In Fig. 4.9.2A, the effective diffusion coefficient
Derr for different power input levels and product weights is shown. One can see that using a
linear relationship between power input level and product weight resulted in values closer to
the target value of 2.05 m#s*. Besides, the required drying time for the drying of different
sample weights is shown in Fig. 4.9.2.
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Fig. 4.9.2: Effective diffusion coefficients for different microwave-power input—sample weight combina-
tions (A) and the required drying time over the sample weigh (B) using a linear (m) or exponential (A)
power to weight adjustment.

Using a negative exponential relation between microwave power input and product weight re-
sulted in slightly higher drying times for thick samples compared to the use of a linear relation.
In contrast, for thin samples, an exponential relation was equal to the use of a linear relation-
ship. For linear relationship, the drying time increased slightly and linearly between 80 and
140 g. For samples with higher mass, the required drying time increased more. This indicates
that with a certain thickness of the foam, the inner resistance decreases the efficiency of the
drying process or that the power input was too slow for an efficient drying process. This clearly
shows that for more mass, the strategy has to be changed. One way would be to increase the

shelf area by, e.g., using a sample glass with a larger diameter while remaining the same
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product thickness. However, microwaves facilities are designed to heat a product within a spe-
cific area, and outside this area, the microwave field is usually distributed very randomly.
Therefore, processing a product outside the specific area would increase the probability of
obtaining hot- and cold spots inside the product. Besides, by increasing the shelf size, the
turntable would not work anymore. Therefore, it was not possible to increase the shelf size

inside the microwave cavity.

Besides the differences in diffusion coefficients, the product stability was investigated. Both,
linear and exponential correlation resulted in only slight cracking, but nearly no melting or burn-
ing, except samples with 100 g. Even with linear correlation, burning occurred, which clearly
shows the impact of slight differences in power-mass ratio. The residual enzyme activity after
the drying process is shown in Fig. 4.9.3. Interestingly, the residual enzyme activity was higher
for exponential power input and high product weight. One explanation is that the volumetric
power input was the lowest for high mass and low power input. Thereby, the product was
heated more uniformly. Further, local overheating was minimized, and thereby, the residual
enzyme activity was higher compared to a moderate combination of power input and product
weight. This shows that much lower microwave power input has to be used to prevent damage

from the target substance, especially for higher product thickness.

Summing up, using a negative linear relationship between power input and sample weight was
suitable to dry different sample sizes within a comparable time and quality. The obtained drying
time scaled linearly with dried sample weight, and the residual enzyme activity remained at the
same level. However, the experiments showed that the volumetric power input, which was
chosen for 120 g and 200 W, was slightly too high and that by a decrease of the volumetric
power input, the product quality was improved.
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Fig. 4.9.3: Comparison of residual enzyme activity of B-galactosidase for samples with negative linear

(m) and exponential (A) adjustment of microwave power input and sample weight.
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Upscaling using foam droplets

_ — v | _ Because the inner resistance of the product was the main chal-
lenging property for the up-scale, samples were frozen as drops

% in liquid nitrogen to obtain a higher specific surface and to mini-
mize the specific thickness. A scheme of the developed device

for the reproducible production of spherical foam droplets is

shown in Fig. 4.9.4. After the foam formation, the foam is gently

c;%og :% 3@9":‘2 8;’% transferred into ten syringes and mounted into the device. After

0 that, a speed-controlled engine pushes a plate on the stamp of

the syringes. The shape of the droplets and the rate of droplet

® o
l l aggregation during the freezing process can be controlled by the

«— @1
“— @1

engine speed. A mounted stirrer prevented by separation the

1<

lg. N, freezing of liquid droplets on still frozen ones (not shown in the

scheme). The hypothesis was that the higher specific surface

Fig. 4.9.4: Simplified scheme due to faster freezing and the smaller specific thickness (i.e., the

of the plant for the production  diameter of drops) results in faster drying and easier upscaling
of spherical foam drops us- ) )
ing liquid nitrogen. compared to the processing of product cakes. Experiments were

performed with solution droplets and foam droplets.

In Fig. 4.9.5, the required drying time and the residual enzyme activity after MWFD is shown.
One can see that the residual enzyme activity of solution droplets is slightly higher than for
foamed droplets for 160 g samples. However, for other sample sizes, no significant difference
in residual enzyme activity could be observed, and therefore, it was assumed that this has
been an outlier. Besides, the residual enzyme activity of dried droplets was equal or even a bit
higher compared to the residual enzyme activity of dried cakes. This was attributed to the
smaller effective thickness of the samples, whereby the water vapor could easily leave the
product. However, cakes dried equal or even faster than droplets. This is at first sight contra-
dictory, because of the higher specific surface of the foam droplets. However, the higher spe-
cific surface led to faster drying, mainly during the primary drying section, whereas the sec-
ondary drying was slower for foam droplets. The reason for this is the open structure of foam
cakes (Fig. 4.7.5), while foam droplets are much more compact, as a result of smaller ice-

crystals and better preservation of bubble size due to the faster freezing process.
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Fig. 4.9.5: Residual enzyme activity of B-gal after microwave-assisted freeze drying at 200 W and re-

quired drying time for solution droplets (and foam droplets with a sample weight between 80 and 180 g.

This argumentation is also supported by the drying rates (data not shown) and the SEM pic-
tures of solution droplets, foam droplets, and foam cake after microwave-assisted freeze drying
(Fig. 4.9.6). Residuals of lamellae are much more porous for foam cakes than foam droplets,
resulting in lower residual water content and faster secondary drying. Besides, the residual
water content of solution droplets was about 30% higher (5.73 £ 0.99%) compared to that of
dried foam droplets (4.05 £ 0.32%). Therefore, it can be concluded that besides the internal
surface area, their accessibility is of significant importance for the drying speed. In another
experiment, the influence of different freezing rates on the drying time of foams using polox-
amer F-108 combined with 30% maltodextrin and 5% [(-galactosidase was investigated. The
drying time of foam droplets was 2.73 = 0.53 h, while in liquid nitrogen frozen foam cakes
needed 3.02 = 0.51 h, and foam cakes, frozen in a -80 °C freezer required 2.15 + 0.45 h, re-
spectively. Therefore, it was assumed that the unexpected shorter drying of polysorbate and
maltodextrin-containing foam cakes and droplets can be mainly attributed to the different freez-
ing rates. Therefore, the order of drying speed of the investigated product structures can be

simplified as followed: foam droplets>foam cake>solution droplets>solution cake.

Further, the influence of different microwave power inputs on the residual enzyme activity of
B-galactosidase for the MWFD of 120 g foam droplets was investigated (Fig. 4.9.7). One can
see that the residual enzyme activity decreased between 160 and 180 W and then reached a
plateau at about 80% residual enzyme activity. This is different from the drying of product
cakes because, at a microwave power input above 1.6 W-g?, the enzyme was damaged by

overheating and plasma occurrence. This was obviously not the case for the drying of foam
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droplets, which indicates that due to the use of droplets, a higher gravimetrical power input can

be applied to the product.

SED 8.0kV W
Sample

SED 8.0kV WD14mmP. HV  x200 100pm
Sample Oct 02, 2018

Fig. 4.9.6: Scanning electron microscope pictures of solution droplets (A, 30-fold); A', 200-fold), foam
droplets (B, 50-fold; B', 200-fold), and product cake (C, 50-fold; C', 200-fold) after microwave-assisted
freeze drying.

However, for samples with a power input of 240 W, slight and local browning at the surface of
the center bulk was observed, which was assumed to occur due to a focus of the microwave
field and inefficient rotation of the turntable. However, the area where browning occurred was
small and did not influence the average residual enzyme activity of the sample (Fig. 4.9.7).
Further, the drying time was significantly higher compared to samples processed with 220 W
microwave energy input. This can be explained by a hon-stable process due to an increase in
operating pressure. Due to the comparable high microwave-power input and a too-small diam-
eter of the connecting pipes between the product chamber and condenser, the pressure inside
the drying chamber increased up to 0.32 mbar. This is over three times higher than the set
pressure of 0.1 mbar and resulted in lower efficiency of the drying process because cooling
cycles were more frequently needed. In literature, higher pressure during freeze drying pro-
cesses is also known to increase the drying rate up to a pressure of 1.3 mbar due to easier
convection and heating in between samples on a drying shelf (Pikal 1990a). However, in mi-
crowave-assisted drying, the products are heated volumetrically, and therefore, heat convec-
tion or conduction has a much lower influence on the drying speed. Furthermore, high pressure
can destabilize the product due to too high sublimation temperature and the collapse of the
product (Pikal 1990b; Pikal and Shah 1990).
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Fig. 4.9.7: Residual enzyme activity of B-gal (m) and required drying time (o) for 120 g of foam droplets
dried at a microwave power input of 160-240 W and residual enzyme activity of 600 g foam droplets (e)
dried at 220 W.

Suppose one assumes more efficient heating of larger samples during upscale as a result of
better absorption and less microwave reflection. In that case, this problem might be even more
pronounced with larger samples. Therefore, the microwave power input was not further scaled
to the sample size, and samples for a 600 g upscale were processed with 220 W to prevent
the melting or collapse of the product. Further, the upscale samples were dried inside a poly-

propylene drum instead of a sample glass (Fig. 4.9.8).

A‘\‘

Fig. 4.9.8: Microwave drying plant equipped with drum(A) and dried foam drops after MWFD inside the

polypropylene drum (B).

Thereby, the product layer did not get too thick, and due to a rotation of the drum with changing
direction (£ 80°), the samples were mixed during the drying process. However, the drum was

not connected to the scale, and therefore, the end of the drying could not be determined online.
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Because it was expected that the drying time does not linearly scale with the sample weight,
a drying time of 10 h was predetermined. The residual enzyme activity for the upscale experi-
ment was 73.0 + 16.7% and was therefore slightly lower compared to the 120 g samples at
220 W (80.7 = 10.1%). This was unexpected, because the volumetric power input was much
lower for the 600 g samples compared to samples with 120 g. One possible explanation could
be the over-drying of the upscaled samples (Severo et al. 2017; Breen et al. 2001; Pikal and
Shah 1997). Due to the missing connection to the scale, the necessary drying time was only
presumed. However, the analysis of the temperature data (data not shown) hinted that the
drying process was nearly finished within 6—7 h because the temperature was stable and only
slightly increasing due to passive heating by the chamber wall. Thereby, the average residual
water content inside the samples was 2.75 + 0.34%, much lower compared to the samples
with 220 W and 120 g sample weight, where the end of the drying was controlled by a scale
(3.56 + 0.08%).

4.9.3 Conclusion

Different investigations on the up- or downscale of microwave-assisted freeze drying were
performed, and limitations of product and drying plant were shown. By using a negative linear
relationship between product weight and microwave power input up- and downscale of product
mass can be done. However, upscaling is strongly limited by the internal water vapor re-
sistance and the uniformity of the products’ heating. Further, the water vapor has to be trans-
ferred towards the condenser to keep the drying process stable. This might be challenging,
because the volume of vapor is immense due to the low pressure during freeze drying. There-
fore, the upscale within an existing microwave-drying plant is difficult. Nonetheless, a success-
ful upscale concept was shown within a feasibility study, using a drying drum and spherical
foam drops. A five times higher sample weight was successfully dried and showed comparable
residual enzyme activity to smaller batches. The end of the drying process was assumed to
scale with the sample weight linearly. However, the process control was limited, and therefore,
further experiments are required to find optimal conditions. Further, one limitation might be the
use of super-cool liquids to retain the spherical shape of the drops during freezing. The use of
freezing protection agents seems to be mandatory for freeze-sensitive substances, and due to
the high freezing rate, annealing is recommended in order to increase the drying speed. Be-
sides, an easy way to upscale and dry solutions instead of foams was found, which is new for

microwave-assisted freeze drying of biological substances.

By using a bulk of droplets, high amounts of samples can be dried within one batch without
having problems with too high water vapor transport resistance inside the product. Therefore,
foamed sensitive substances in droplet form might be best suited for the gentle preservation
using MWFD.
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5 Overall discussion and main findings

5.1 Influence of saccharides on the properties of surfactant or protein

stabilized foams

Saccharides are frequently used in the pharmaceutical industry as freezing or lyoprotectants.
Besides, by the addition of saccharides, the viscosity of a product can be adjusted, which
affects the foam properties (Wilson 1989). This increase in viscosity was always declared as
the property influencing aspect for the formation of foams. However, in biotechnology, saccha-
rides are known to interact and to stabilize proteins due to their hydrogen bonds, preferential
exclusion, or preferential hydration. Moreover, the modulation of interactions between surfac-
tants and proteins in the presence of saccharides showed that even non-ionic surfactants can
be influenced by saccharides. Therefore, it was hypothesized that in addition to the increase
in viscosity, foam properties would also be affected by the saccharide type and concentration-
dependent interactions between foam forming and foam stabilizing components. For this pur-
pose, the properties of foams using four different saccharides (sorbitol, sucrose, maltose, and
maltodextrin) at different concentrations in combination with polysorbate 80 were investigated.
It was found that the foam properties were influenced by the viscosity of the solution. In addi-
tion, a significant influence of concentration and type of saccharides was obtained. This was
attributed to hydrogen bonds between surfactant and saccharide, which influenced the foaming
properties of polysorbate 80. Comparable observations were made by Staples et al. (1996) in
their study on the influence of sorbitol on the adsorption behavior of surfactants at the air-water
interface. Further to that, the incorporation of surfactants in polysaccharides, as also assumed
by Semenova et al. (2003) for small nonionic surfactants in the presence of maltodextrin, may
have an influence on the surface properties of the surfactant. Therefore, differences in surface
properties were expected as a result of changes in the number and strength of H-bonds in the
presence of saccharides. The type of saccharides had a strong influence on the foam proper-
ties. However, the differences between maltose and sucrose were small. Nevertheless, the
results clearly showed that not only the viscosity influences the foam properties. However, only
surfactant-stabilized foams were investigated so far, where major interactions are of hydro-
philic or hydrophobic character. It is expected that for protein stabilized foams the influence of
saccharides is much more complex and stronger, since ionic interactions are present and
changes in tertiary structures have been reported in the literature (Arakawa and Timasheff
1982; Lee and Timasheff 1981). Therefore, the knowledge of interactions between saccharides
and foaming agents is critical to the design of foamed products, and it is expected that those

interactions have an influence on foam stability during vacuum drying processes.
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5.2 Foam stability during microwave-assisted vacuum drying

The stability of foams throughout the drying process is a mandatory criterion for a successful
drying process and high product quality (Ratti and Kudra 2006a; Sankat and Castaigne 2004).
Therefore, investigations on foam decay behavior during vacuum and microwave-assisted vac-

uum drying were carried out using different foaming agents and thickeners.

The hypothesis was that due to interactions between saccharides and surfactant or other sur-
face-active substances, foam stability is affected during conventional or microwave-assisted
vacuum drying. To this end, three different studies were conducted to investigate on a mul-
tiscale level the behavior of polysorbate 80 (chapter 4.4), whey protein isolate (chapter 4.5),
and B-lactoglobulin stabilized foams (chapter 4.6) during vacuum drying. It was assumed that
the use of different foaming agents in combination with various types and concentrations of
disaccharides or polysaccharides would exhibit differences in molecular interactions, leading
to different surface dilatational properties and thus varying foam stability during the drying pro-
cess. The dielectric properties of formulations with different saccharides and saccharide con-
centrations were investigated. Furthermore, the influence of the change in dielectric properties
during the drying process was investigated.

In the first part, the influence of different maltodextrin contents in polysorbate 80 foams on
foam decay during vacuum and microwave-assisted vacuum drying was investigated. The hy-
pothesis was that with increasing maltodextrin content, the interactions between surfactant and
polysaccharide become more pronounced, resulting in differences in foam decay. Foam sta-
bility increased with increasing maltodextrin content, and foams were produced at MDX con-

centrations above 30% that were stable throughout the vacuum drying process.

In contrast, all formulations collapsed for microwave-assisted vacuum drying during the drying
process. No correlation was found between the surface activity or surface tension and the foam

decay during the drying process.

It was assumed that due to the high surfactant concentration and the overall high surface ten-
sion decrease rates, the influence of different maltodextrin contents was negligible. However,
at an 40% MDX content, a slight decrease in surface activity was observed, attributed to the
bulk's increased viscosity. Further, it was found that with increasing maltodextrin content, the
surface dilatational rheology was affected. The highest surface dilatational elasticity was found
for MDX concentrations between 10 and 35% MDX. This was hypothesized to be due to hy-
drophobic interactions between MDX molecules and the formation of hydrogen bonds between
surfactant and polysaccharides, as also suggested by Semenova et al. (2003) for the interac-
tion between small non-ionic surfactants and maltodextrin. Further, the dielectric properties of

the bulk were investigated. It was found that with increasing maltodextrin content, dielectric
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heat conversion became more efficient. In addition, the resonant frequency of polysorbate 80
was within the operating frequency of the microwave system. Therefore, one assumption was
that a high power conversion at the air-liquid interface resulted in a structural collapse during
microwave-assisted drying, whereas in conventional vacuum drying, this effect was absent,
and the foam structure remained stable. However, this study could not fully clarify whether the
dielectric properties were of major importance. Nevertheless, the study has initiated a discus-
sion on the suitability of excipients for the purpose of microwave-assisted vacuum drying and
highlighted the fragile relationship between foam properties, process conditions and drying

success of products processed with microwave-assisted vacuum drying.

In a second part, studies were conducted on whey protein isolate-stabilized foams during mi-
crowave-assisted vacuum drying with different maltodextrin concentrations. The hypothesis
was that due to interactions between proteins and maltodextrin, such as hydrogen bonding,
the foam decay could be affected during the drying process. These should be different com-
pared to nonionic surfactant-stabilized systems because proteins are charged and thus, ionic
and electrostatic interactions affect the overall interactions. Furthermore, it was assumed that
maltodextrin influences the interaction between protein molecules, and therefore, influences
the surface dilatational rheology. It was shown that with a higher concentration of maltodextrin,
the surface tension decreased, while the surface elasticity of the air-water interfaces increased.
The surface elasticity was significantly higher compared to surfactant-stabilized surfaces,
which was explained by the stronger intermolecular interactions between proteins compared
to non-ionic small surfactants. The dielectric properties showed that with increasing MDX con-
centration, the dielectric heat conversion efficiency increases. In comparison to the drying of
surfactant foams, all foams were structurally stable throughout the conventional vacuum dry-
ing. For MWVD, samples with a maltodextrin content above 10% remained stable throughout
the drying process. Therefore, this study provided an indication that the surface dilatational
rheology was of major importance to stabilize the structure of aerated products during CVD
and MDVD. It was further shown that with increasing saccharide concentration, the products

are heated more efficiently in MWVD.

Since in the two previously discussed studies the thickening agent was maltodextrin, the influ-
ence of different saccharides in combination with surfactants or proteins was investigated in a
third study (chapter 4.6). Polysorbate 80 was used as a surfactant in combination with sucrose,
sorbitol, maltose, and maltodextrin as thickening agents. Furthermore, B-lactoglobulin was uti-
lized as a protein-based foaming agent instead of WPI to be able to investigate the intermo-
lecular interactions between proteins in the presence of saccharides on a molecular level uti-
lizing static light scattering. Repulsive and attractive interactions were expressed by the sec-

ond virial coefficient A;, as was done for other protein-saccharide mixtures by Antipova and
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Semenova (1997). The hypothesis was that different saccharides influence the molecular in-
teractions individually and that thereby the surface dilatational rheology of the air-water inter-
face is changed. Surface dilatation rheology was hypothesized in Sections 4.4 and 4.5 to be
one of the most important properties for stabilizing foams during vacuum drying. Therefore, it
was assumed that the investigated saccharides differ in their ability to stabilize foams during

(microwave-assisted) vacuum drying.

Polysorbate samples were found to have significantly lower A, compared to B-Ig samples,
which was attributed to their non-ionic nature. As a result, repulsion was lower than that of
protein samples, and it was assumed that the surface concentration at the air-water interface
of the surfactant was higher than that of B-lg. This was also related to the lower surface tension
of surfactant-stabilized samples. For polysorbate 80 samples, no significant difference was
found for different sugars, while samples with B-lg showed higher A for sucrose and sorbitol
compared to maltose or maltodextrin. This was attributed to preferential exclusion mecha-
nisms, whereby the proteins were stabilized by saccharides, resulting in higher repulsion and
lower aggregation rate, supporting the native structure of the proteins (Timasheff 1992). Be-
sides, the surface activity of surfactant-containing systems was much higher compared to pro-
tein-containing systems. However, with increasing saccharide concentration, the surface ac-
tivity decreased, which could be attributed to the higher viscosity of the system. Anyway, as
already discussed in the previous studies, the surface activity was not expected to have an
effect on the foam stability during vacuum drying since the foam was already formed and the
concentration of surface-active components was high. In addition, surface dilatation rheology
was investigated, and various saccharides were found to affect the surface elasticity of poly-
sorbate 80-stabilized systems. This was attributed to the formation of H-bonds between poly-
sorbate and saccharides, which affected the speed of reattachment on the interface. Since
proteins are known to not detach from the air-water interface once they have been attached
(Dorfler 2002), the surface elasticity of B-Ig stabilized systems was not significantly influenced.
However, it was assumed that due to preferential exclusion, proteins were stabilized by sac-
charides in the solved and attached state, as both states are the thermodynamically most sta-
ble conformation in the liquid or interface region. This would also explain why the surface elas-
ticity was more elastic with increasing saccharide concentration, which was a big contrast to
the polysorbate 80 stabilized foams. The CVD experiments showed that the above differences
had a significant effect on the foam stability during vacuum drying. While all formulations with
polysorbate 80, except those with maltodextrin, collapsed during the drying process, all formu-
lations using B-lg were stable enough to withstand the process conditions. On explanation for
this was the high viscosity of the bulk phase. However, samples with the same viscosity but
other thickening agent collapsed. This indicated that besides the bulk's viscosity, the surface

elasticity had an influence on the foam stability. However, no successful drying was achieved
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for microwave-assisted vacuum drying of polysorbate 80-maltodextrin formulations, as already
discussed in the previous studies. It was found that the collapse time does not correlate with
the viscosity. This shows that the foam decay cannot only be attributed to a viscosity increase
and that interfacial and foam properties play a major role in the stabilization of foams during
the drying process. In contrast, all B-Ig stabilized samples showed foamy structures after the
MWYVD process and remained therefore structurally stable. Overall, a correlation between mo-
lecular and surface dilatory properties was established and their influence on the drying suc-
cess of foamy structures in conventional and microwave-assisted vacuum drying processes

was demonstrated.

Therefore, two properties seem most important for the vacuum or microwave-assisted vacuum
drying of foams: The surface elasticity and the dielectric properties of the foaming agent. In
terms of the foam properties, smaller bubbles sizes are preferred, because their expansion
during the drying process is less than that of initially large bubbles. Further, the viscosity of the
bulk phase should be high enough to prevent the foam from collapsing due to the additional

thinning of the lamellae.

5.3 Influence of foam structures on the microwave-assisted freeze drying

process

The influence of aerated structures on the drying behavior during conventional and microwave-
assisted freeze drying was investigated. The hypothesis was that aerated structures dry sim-
ultaneously throughout the product and not like a liquid with a clear drying front. It was shown
that the drying time was significantly decreased by using aerated matrices, and that micro-
wave-assisted freeze drying resulted in high-quality samples. However, significant differences
were observed for the water vapor release and the drying behavior dependent on the used
overrun of the sample. Foams with moderate and high overrun dried evenly throughout the
product. Similar findings were reported by Sochanski et al. (1990) for the drying of foamed
milk. However, for foams with an overrun below 100%, a clear sublimation front was observed.
Therefore, one finding was that frozen foams behave differently during freeze drying pro-
cesses. If one compares the results from chapters 4.3 and 4.7., one can see that this change
in water vapor transport has a strong impact on the drying behavior and product quality. The
reason for this is that due to the higher water vapor resistance inside the products, the tem-
perature and the pressure increased. As temperature control in microwave-drying can be only
done by single spots (glass fiber optic) or surface temperature measurement (pyrometer, ther-
mographic camera), the time delay between overheating and detection of too high tempera-
tures can result in product instabilities. If the water transport resistance is low due to thin la-

mellae and a high specific surface, the probability of local overheating decreases significantly.

179



In addition, the volumetric power input is much lower for samples with high overrun, as the
microwaves are mainly absorbed within the lamellae. Even if overheating and overpressure
occur, thin lamellae are forming cracks easier, and thereby overheating by a too high sublima-
tion rate becomes less likely. However, with increasing overrun, the required drying time in-
creased, as also shown for foamed raspberry pulp during MWFD (Ozcelik et al. 2019a), which
can be attributed to a higher water content in the samples and recondensation effects (Wang
and Shi 1998).

Overall, it was found that foams positively influence the drying behavior during microwave-
assisted freeze drying in different ways: Aerated structures lower the volumetric power input,
increase the internal and external surface area, decrease the water vapor transfer resistance,

and thereby counteract overheating effects during microwave-assisted heating.

5.4 Influence of process parameters on the product quality of microwave-

assisted vacuum and freeze drying of aerated product matrices

Different combinations of microwave-power input and sample size were examined to find sta-
ble process conditions and produce high-quality products. The hypothesis was that by using
an aerated matrix, high microwave power input can be used and that the drying time linearly
decreases with increasing applied power. It was shown that the drying time could be reduced
linearly with increasing power input. However, for power input above 1.8 W-g?, overheating
and plasma occurred. Thereby, the drying process became unstable, and the product quality
decreased. Further, the problem of overheating was highlighted by the use of different product
heights and demonstrated how important the inner water vapor resistance is for the product
guality during microwave-assisted freeze drying. By increasing the product height, the inner
water vapor resistance increases, and thereby, the inner pressure and temperature. As a re-
sult, the product is damaged even at moderate microwave power input. This effect was also
found for the microwave-assisted vacuum drying of porous media by Péré and Rodier (2002).
Since their study was about vacuum drying, where samples are still liquid, this effect was as-
sumed to be even more pronounced for frozen products in MWFD. A way to solve this problem
could be the use of a formulation yielding higher overruns, because then the lamellae are
getting thinner, and consequently, the water vapor transfer resistance decreases due to the
shorter distance the water vapor has to travel through the solid material. However, if the area
where the microwave field seems suitable for the drying process is too small or space is limited,
this is not always possible. Therefore, it is recommended to use only moderate microwave
power input with about 0.8—-2.5 W-g* even at higher loads to prevent plasma formation and
product collapse. Besides, it was shown that with higher surface temperature, hot-spots were

more pronounced and the probability of product instabilities increased. This was attributed to
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the difficult temperature measurement of the foamed systems, since only the surface temper-
ature can be measured. Thereby, heat conduction, which is bad for foams, comes into play for
the detection of hot spots. Therefore, the maximum temperature should be chosen with care
and low enough to be able to find hot spots before damage occurred to the product.

5.5 Up-scaling of microwave-assisted drying processes

The results from chapter 4.9 show clearly that the upscaling of microwave-assisted drying pro-
cesses is challenging. No upscale experiments could be performed for microwave-assisted
vacuum drying because the space within the product cavity was limited. Hence, the upscale of
microwave-assisted vacuum drying requires other drying plant dimensions or a mechanical
solution to keep the volume under a certain level. However, no suitable solution was found for

the existing plant.

For microwave-assisted freeze drying, the area does not necessarily increase that much with
the product load, since the product does not expand during the process. Nonetheless, issues
due to changes in microwave field distribution and occurring hot- and coldspots are expected
if the diameter of the sample is increased. Two different strategies were examined. One was
to find a relation between product size and microwave power input to decrease the drying
speed in order to increase the throughput of different products or batches. A second strategy
was to utilize spherical foam drops in order to increase the surface area and decrease internal

water vapor transport resistance.

It was found that a comparable product quality for different product mass can be achieved by
using a negative linear relationship between microwave power input and sample weight. The
reason for this was that by increasing the sample weight, the product height necessarily in-
creases. Thereby, the water vapor resistance increased, and less power can be used to dry
the product. As a result, the required drying time increased. Further, plasma formation became
a problem when high microwave power input was used for small product weights (above
1.8 W-g1). Thereby, the product can be damaged, and the process gets unstable. Therefore,
the first strategy was highly limited to the product's dimensions and the gravimetrical power

input.

The use of foam drops instead of a single cake was promising for large amounts of product.
The foam drops could be dried faster than product cakes, which were frozen with the same
freezing rate, and no differences in product quality were observed. Furthermore, no product
collapse or melting was observed, even at high power input values, which showed that the
formation of drops was a suitable way to increase the mass transfer out of the sample. Samples
of 80 up to 600 g were successfully dried, resulting in comparable product quality in compari-

son to conventional freeze drying processes. In addition, by using foam drops, a positive linear
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relationship between microwave power input and sample weight might be possible because
the water vapor transport resistance should be equal for every single drop. However, the prob-
ability of plasma formation was still a problem, especially at high drying rates and a high prod-
uct load. Therefore, one assumption was that due to high sublimation rates, a comparable high
pressure close to the sample's surface might cause plasma formation. One possible way to
prevent plasma formation due to too high sublimation rates would be to decrease the overall
pressure and the temperature of the condenser. Thereby, the suction of water vapor due to
pressure differences between condenser and product chamber would be more efficient. How-
ever, lower pressure also requires a larger diameter of the pipes connecting the condenser
and product chamber. Therefore, this connection could be the limitation in the upscale-pro-
cess, as found for the drying of foam drops combined with high microwave power input. Be-
cause the connection between those two chambers cannot be modified easily, it is recom-
mended to oversize this critical part of the drying plant when microwave-drying plants are de-

veloped to gain flexibility in process control and sample size.

5.6 Overall conclusion and perspectives

Microwave-assisted vacuum drying and microwave-assisted freeze drying are suited for the
drying of sensitive biomolecules. A further acceleration and better product quality can be
achieved by using a foamed product matrix. Thereby, the inner water vapor resistance of prod-
ucts decreases, and the heating of the product is more volumetric und uniform compared to

the drying of solutions.

Generally, it was shown that for the use of non-frozen formulations in VD or MWVD, different
sugars show a strong influence on the drying success and product quality. This was attributed
to interactions between surface-active components and saccharides, which influenced the
foam properties, heating, and consequently the evaporation during the drying process. The
initial foam properties had a significant influence on the foam decay during vacuum drying.
Despite of high microwave power input, there was no browning observed for all investigated
formulation in VD or MWVD. It was assumed that due to boiling, which results in a mixing of
the sample, the overheating was less pronounced than in MWFD. In MWFD, single compo-
nents or sugars showed no significant influence on the drying process. However, the structure
of the frozen foam had a massive influence on water vapor transport resistance. For unfavor-
able formulations and processing conditions, massive overheating was observed. Besides,
excipients with lower freezing temperature or higher sublimation temperature than water like,
e.g., glycerin can cause overheating due to more efficient energy conversion. Further, in the
case of higher sublimation temperatures than that of water, even water-free samples can be
heated in the presence of other microwave absorbers. This can cause damage to the amor-

phous structure or the target substance. Hence, formulations need to be designed regarding
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the initial foam properties and physical properties for MWFD, while for MWVD, the initial foam
properties and the molecular interactions in bulk phase and interface are of higher relevance.

The foam structure had a significant impact on the quality of the product and the required
drying time. As an overview, the different bulk and foam properties and their importance for
MWFD and MWVD are listed in Table 5.6-1.

Table 5.6-1: Importance of different foam properties for successfully drying with microwave-assisted

vacuum or freeze drying.

Bubble Bubble size  Drainage  Overrun  Firmness Surface Surface Dielectric
size distribution activity elasticity  properties
MWFD + 0 0 ++ - - - 0
MWVD + ++ + + 0 0 ++ ++

For MWVD, the initial bubble size should be small and the bubble size distribution as narrow
as possible to obtain uniform expansion during the pressure release and the heating of the
product. Thereby, the probability of a foam collapse decreases. Best results in terms of foam
stability and process stability were obtained for protein-stabilized foams, whereas surfactant-
stabilized foams collapsed during the drying process. However, with a collapsed product struc-
ture, the sample required much longer drying times, and due to shrinkage, the grindability was
poor. Therefore, the stability of a foam throughout the drying is essential for the product quality
(Ratti and Kudra 2006a; Sankat and Castaigne 2004). However, foams stability during MWVD
is highly challenging. High surface elasticity is necessary to maintain the integrity of bubbles,
which can easily collapse due to mechanical stress. This stress was mainly attributed to the
expansion in a vacuum and the high evaporation rate. A further challenge is that the dielectric
properties are changing throughout the drying process, whereby also the evaporation and
heating properties of the samples are permanently changing. The most efficient heat conver-
sion of microwaves is expected within the second half of the drying when the concentration of
the bulk phase is prior to solidification. However, for MWVD, the dielectric properties of the
foaming agent might have a significant impact on the foam stability during the drying process
and should have its resonant frequency outside the operating range of the microwave drying
plant. Further, the expansion of the product during the pressure release and the heating pre-
sents a limitation for the development of formulations and the upscaling of the process. The
drying time can be drastically decreased in comparison to conventional vacuum drying due to
the volumetric heating of the samples. The product quality in terms of residual enzyme activity
is strongly dependent on the microwave power input, and therefore, is evaporation rate de-
pendent. However, at suitable conditions, the residual enzyme activity of microwave-assisted
vacuum drying can be higher compared to conventional vacuum drying. This is due to the
faster passing of harmful conditions (e.g., unfavorable pH-value), which occur because of con-

centration during the drying process. Further, samples processed with microwave-assisted
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vacuum drying have comparable product quality to freeze-dried samples. A comparison of
conventional and microwave-assisted vacuum- and freeze drying of foamed samples is shown
in Fig. 5.6.1, and MWVD seems suitable for the drying of sensitive biomolecules like enzymes,

immunoglobulins, and proteins.

14 _ Drying time Residual enzyme activity [ 100

Drying time, h

Residual activity p—galactosidase, %

© 0 @\N?O R \N\‘O

Fig. 5.6.1: Comparison of required drying time and residual enzyme activity of foam matrices using
freeze drying (FD), vacuum drying (VD), microwave-assisted freeze drying (MWFD), and microwave-

assisted vacuum drying (MVVD).

In MWFD, the initial foam properties strongly influenced the drying behavior. During the freez-
ing step, drainage may occur and should be prevented as much as possible to obtain a uniform,
frozen sample. Further, the fastest dryings were obtained for samples with an overrun value
of about 150%, whereas high enzyme activity was obtained at much higher overrun values.
This indicates that the water vapor transfer resistance within the foam results in damage to the
enzyme due to partial overheating. Another explanation for the lower product quality might be
the recondensing of water vapor within the foam structure due to pressure and, consequently,
temperature differences. These are more pronounced for porous media in combination with
microwave-drying than for conventional freeze drying, as also mentioned by Wang and Shi
(1998). The reason is the circulation of vapor inside and between voids as well as the volu-
metric heating character of microwaves. However, due to recondensation, thermal and me-
chanical stress could also occur at already dried areas, which could result in lower residual
enzyme activity. Since this phenomenon is strongly dependent on the voids’ properties and
the volumetric heating, the combination of overrun, bubble size, and bubble size distribution
seem to be most relevant for a successful microwave-assisted freeze drying process. The

dielectric properties of the samples were, in general, low because of the frozen state, and
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therefore, differences in between formulations seem negligible. However, it should be men-
tioned that all ingredients should be in a solid-state, because the ability of heat conversion from

microwave significantly increases if the ingredient is liquid and not frozen.

The formation of plasma is a problem, which is still a challenge in microwave-assisted freeze
drying. High sublimation rates in combination with unsuitable plant design can cause corona
discharge, which results in damage to the product or drying plant. One solution would be to
decrease the pressure to a minimum. However, it has to be considered the dimensions of the
plant regarding water vapor transport from product to condenser chamber. Further, for prod-
ucts with a big volume, the dielectric field distribution must be considered and optimized to
prevent hot spots and cold spots, because practical applications like a turntable are not suita-
ble for pilot-scale. One way to solve this problem would be the use of semiconductors, where
the frequency can be varied within a certain bandwidth, resulting in different microwave modes.

This would distribute the power input into the product and could prevent local hot- or cold spots.

However, the development of a control logarithm might be challenging and highly specific for
single products. Further, the temperature measurement during microwave-assisted drying is
generally problematic, as it is only a surface measurement or a very small local spot. Therefore,
it would be of interest to develop a method where the temperature of the product can be de-

termined better to be able to react immediately to local overheating.

Overall, a compromise needs to be found between an acceleration of the drying process and
the resulting product quality for each single target biomolecule. The easiest way to do so is the
adjustment of the foams’ overrun. Therefore, microwave-assisted freeze drying is a promising
approach to reduce the required drying time while the product quality is the same as for con-
ventional freeze drying. Due to the efficient heating of microwaves, the product's inner water
vapor transfer resistance is an important property. Low microwave-power input is important to
prevent the product from damage. By using an aerated matrix with an overrun above 50%, the
water vapor transfer resistance can be decreased significantly. Further, samples begin to dry
simultaneously throughout the product, and thereby, volumetric heating becomes much more
suitable for the drying process. Hence, the use of aerated matrices is highly recommended for

the microwave-assisted freeze drying of sensitive biomolecules.
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