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Parts of this thesis are based on peer-reviewed research articles. All articles have been drafted
during this work and describe the major findings of the investigation and optimization of
glycolipid synthesis in unconventional media using innovative reactor systems. Chapters
which have been previously published or redacted as drafts are indicated as such at the
beginning of the chapter. The text of these chapters is partly identical to the publication.
Layout, citation style and figures have been modified to match the formatting of this thesis.

Chapter 1 describes the theoretical background and is based on the publication:

Enzymatic Glycolipid Surfactant Synthesis from Renewables

Jens Griininger*, André Delavault®, Katrin Ochsenreither

Process Biochemistry, 2019, 87, 45-54. doi: 10.1016/j.procbio.2019.09.023
*Co-first authorship

Chapter 2 demonstrates the optimization of sorbitol laurate synthesis in a “2-in-1” deep
eutectic system and the scalability of the process. This chapter is based on the publication:

Lipase-Catalyzed Production of Sorbitol Laurate in a “2-in-1” Deep Eutectic System: Factors
Affecting the Synthesis and Scalability

André Delavault, Oleksandra Opochenska, Laura Laneque, Hannah Soergel, Claudia Muhle-
Goll, Katrin Ochsenreither and Christoph Syldatk

Molecules, 2021, 26 (9), 2759. doi: 10.3390/molecules26092759

Chapter 3 outlines the intensification of the production, via lipase-supported biocatalysis, of
sorbitol laurate using microwave irradiation in unconventional media. Our “2-in-1” deep
eutectic system is therein compared to standardly used organic solvents. This chapter is based
on the publication draft:

Intensification of Immobilized Enzyme-Promoted Sugar Alcohol Ester Production in
Heterogenous Unconventional Media Using Microwave Irradiation.

André Delavault, Oleksandra Opochenska, Katrin Ochsenreither and Christoph Syldatk

To be submitted

Chapter 4 encompasses the extraction of lipids from oleaginous yeast Saitozyma podzolica and
the subsequent production of glycolipids using directly the raw oleaginous biomass. Is
highlighted the ultra-fast preparation as well, of several DESs using microwave technology.
This chapter is based on the publication:

Microwave-Assisted One-Pot Lipid Extraction and Glycolipid Production from Oleaginous
Yeast Saitozyma podzolica in Sugar Alcohol-Based Media

André Delavault, Katarina Ochs, Olga Gorte, Erwann Durand, Christoph Syldatk and Katrin
Ochsenreither

Molecules, 2021, 26 (2), 470, doi: 10.3390/molecules26020470
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Chapter 5 concludes on the use of therapeutic Manuka honey to carry the enzymatic glycolipid
synthesis as a DES-like medium. The resulting glycolipid-enriched mixtures have been tested
against several microorganisms and bioactivity has been characterized using an innovative
bio-sensing method.

This chapter is based on the publication draft:

Enhanced Bioactivity of Tailor-Made Glycolipid Enriched Manuka Honey

André Delavault, Ahmed E. Zoheir, Delphine Muller, Kersten S. Rabe, Katrin Ochsenreither,
Jens Rudat and Christoph Syldatk

To be submitted
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Glycolipids are promising nonionic surfactants with a wide range of application. They can be
encountered daily in cleaning agents, pharmaceuticals or even in food. Due to their versatility
and presence in hygiene products, the demand is continuously increasing worldwide. The
established chemical synthesis of glycolipids presents several disadvantages such as lack of
specificity and selectivity. In contrast to the traditional surfactants from fossil origin, they are
not only exhibiting excellent surfactant and emulsifying properties but are also biodegradable
and non-toxic to the environment. Glycolipids can be produced by microbial fermentation, by
chemical or enzymatical synthesis using renewable resources. In the present work, using
lipases, we outline that ester formation can be achieved under mild and nearly water free
conditions, the latter being needed to favor condensation instead of the hydrolysis reaction.
Thus, using solvents of low water activity, enzymatically synthesized sugar alcohol ester,
sorbitol laurate, was used as a model product. Consequently, this dissertation highlights
enzymatic synthesis as a method of choice for the tailor-made production of a potential wide
range of novel surfactants. Biocatalysis enabled an innovative approach, in respect to current
concerns on sustainability, of this topical subject with a multidisciplinary approach.

The solubility of polyols such as sugars or sugar alcohols in organic solvents is rather low. The
enzymatic synthesis of these compounds is however possible in nearly water free media using
inexpensive and renewable building blocks. We propose initially a “2-in-1” system that
overcomes solubility problems, as a Deep Eutectic System (DES) made of sorbitol and choline
chloride replaces an either purely organic or aqueous medium. For the first time, 16
commercially available lipase formulations were compared and factors affecting the
conversion were investigated to optimize this process owing to a newly developed HPLC-
ELSD method for quantification. Thus, using 50 g/L of lipase formulation Novozym 435® at
50°C, the optimized synthesis of sorbitol laurate (SL) allowed to achieve 28% molar conversion
of 0.5 M of vinyl laurate to its sugar alcohol monoester when the DES contained 5 wt.% water.
After 48h, the de novo synthesized glycolipid was separated from the media by liquid-liquid
extraction, purified by flash-chromatography and characterized by one- and two-dimensional
Nuclear Magnetic Resonance (NMR) experiments and Mass Spectrometry (MS). In
completion, we provide an initial proof of scalability for this process. Using a 2.5 L stirred tank
reactor (STR) allowed a batch production reaching 25 g/L in a highly viscous two-phase
system.

Many challenges remain still, and limit expectations of industrial application. Extensive time
of production and relatively low initial reaction velocities are among the barriers that need to
be raised. We focused, in this context, on the intensification of the reaction velocities and
yields, for the production of sorbitol laurate owing to a microwave-assisted method that we,
nonetheless, compared to a conventional heating one. Different solvent systems were also put
in competition, in which 2M2B revealed itself as a more performant solvent system than the
DES. Thus, using 20 g/L of immobilized lipase formulation, 0.75 M of vinyl laurate, 0.25 M of
sorbitol at 50°C in 2M2B allowed to reach 92% of conversion yield which corresponds to a 168
g/L titer production. Use of microwave technology allowed thereafter a 50-fold increase of the
initial reaction rate in the organic solvent at 75°C. Re-use of the biocatalyst was studied as well
in 2M2B and DES, highlighting in the latter a greater destabilization of the enzyme. We bring
thus, nuance to the intense build-up DESs are currently undergoing, in literature, as media for
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biocatalysis. Nevertheless, we indicate encouraging prospects of betterment to make DESs
competitive to standard media for bioconversions. In completion, we investigated the
efficiency of our downstream processing that allows complete recovery of sorbitol laurate after
4 cycles of liquid-liquid extraction.

Existing reports describing integrated processes for glycolipid production from renewables
use many reaction steps, therefore we aimed at simplifying the procedure. By using
microwave dielectric heating, DESs preparation was first accelerated considerably. Our
comparative study revealed a preparation time on average 16-fold faster than the conventional
heating method in an incubator. Furthermore, lipids from robust oleaginous yeast biomass
were successfully extracted up to 70% without using the pretreatment method for cell
disruption, limiting logically the energy input necessary for such process. Acidified DESs
consisting of either xylitol or sorbitol and choline chloride mediated the one-pot process,
allowing subsequent conversion of the lipids into mono-acylated palmitate, oleate, linoleate,
and stearate sugar alcohol esters. Thus, we show strong evidence that addition of immobilized
Candida antarctica Lipase B (Novozym 435®), in acidified DES mixture, enables a simplified
and fast glycolipid synthesis using directly oleaginous yeast biomass.

Finally, we demonstrate that the DES-like Manuka honey can also serve as a medium for
glycolipid synthesis. Indeed, this supersaturated sugar solution can be compared in terms of
physicochemical properties to the sugar based DESs. Honey products being commercially
available for therapeutic applications, it appears interesting to enhance its bioactivity. In the
final chapter of this dissertation, we investigate if enriching medical grade honey with in situ
enzymatically synthetized glycolipids can improve the antimicrobial property of the mixture.
Tested mixtures are composed of Manuka honey enriched with octanoate, decanoate, laurate
and myristate sugar esters respectively dubbed GOH, GDH, GLH and GMH. To characterize
the bioactivity of those mixtures, first a qualitative screening using agar well diffusion assay
has been performed with methicillin-resistant Staphylococcus aureus, Bacillus subtilis, Candida
bombicola, Escherichia coli and Pseudomonas putida which confirmed a considerably enhanced
susceptibility of these micro-organisms to the different glycolipid enriched honey mixtures. A
designed biosensor E. coli strain that displays a stress reporter system consisting of three stress-
specifically inducible, red, green and blue fluorescent proteins which respectively translate
physiological stress, genotoxicity and cytotoxicity was then used. The latter allowing
bioactivity characterization and showed a six-fold enhancement of the physiological stress
caused by GOH compared to regular Manuka honey at 1.6% (v/v) concentration. Antibacterial
agar well diffusion assay with E. coli was then performed and demonstrated an improved
inhibitory potential with GOH upon 20% (v/v) concentration.

viii



Zusammenfassung

Zusammenfassung

Glykolipide sind vielversprechende nichtionische Tenside mit einem breiten
Anwendungsspektrum. Man begegnet ihnen taglich in Reinigungsmitteln, Pharmazeutika
oder auch in Lebensmitteln. Aufgrund ihrer Vielseitigkeit und Prasenz in Hygieneprodukten
steigt die Nachfrage weltweit kontinuierlich an. Die etablierte chemische Synthese von
Glykolipiden weist einige Nachteile wie mangelnde Spezifitdit und Selektivitat auf. Im
Gegensatz zu den traditionellen Tensiden fossilen Ursprungs weisen sie nicht nur
hervorragende Tensid- und Emulgiereigenschaften auf, sondern sind auch biologisch
abbaubar und nicht toxisch fiir die Umwelt. Glykolipide konnen durch mikrobielle
Fermentation, durch chemische oder enzymatische Synthese unter Verwendung erneuerbarer
Ressourcen hergestellt werden. In der vorliegenden Arbeit zeigen wir unter Verwendung von
Lipasen, dass die Esterbildung unter milden und nahezu wasserfreien Bedingungen erreicht
werden kann, wobei letztere erforderlich sind, um die Kondensation anstelle der
Hydrolysereaktion zu beglinstigen. So wurde unter Verwendung von Losungsmitteln mit
geringer Wasseraktivitat der enzymatisch synthetisierte Zuckeralkoholester, Sorbitollaurat,
als Modellprodukt verwendet. Folglich hebt diese Dissertation die enzymatische Synthese als
Methode der Wahl fiir die mafigeschneiderte Herstellung einer potenziell breiten Palette von
neuartigen Tensiden hervor. Die Biokatalyse ermoglichte eine innovative Herangehensweise
an dieses aktuelle Thema mit einem multidisziplindren Ansatz im Hinblick auf die aktuellen
Bedenken zur Nachhaltigkeit.

Die Loslichkeit von Polyolen wie Zuckern oder Zuckeralkoholen in organischen
Losungsmitteln ist eher gering. Die enzymatische Synthese dieser Verbindungen ist jedoch in
nahezu wasserfreien Medien unter Verwendung kostengiinstiger und nachwachsender
Rohstoffe moglich. Mit Hilfe von Lipasen kann die Esterbildung unter milden Bedingungen
erreicht werden. Wir schlagen zunéachst ein "2-in-1"-System vor, das die Loslichkeitsprobleme
iiberwindet, da ein Deep Eutectic System (DES) aus Sorbitol und Cholinchlorid entweder ein
rein organisches oder wiassriges Medium ersetzt. Erstmals wurden 16 kommerziell erhaltliche
Lipase-Formulierungen verglichen und Faktoren, die den Umsatz beeinflussen, untersucht,
um diesen Prozess dank einer neu entwickelten HPLC-ELSD-Methode zur Quantifizierung zu
optimieren. So konnte bei der optimierten Synthese von Sorbitollaurat (SL) unter Verwendung
von 50 g/L der Lipaseformulierung Novozym 435® bei 50°C eine 28%ige molare Umsetzung
von 0,5 M Vinyllaurat zu seinem Zuckeralkoholmonoester erreicht werden, wenn das DES 5
Gew.-% Wasser enthielt. Nach 48h wurde das de novo synthetisierte Glykolipid durch Fliissig-
Fliissig-Extraktion vom Medium abgetrennt, durch Flash-Chromatographie gereinigt und
durch ein- und zweidimensionale Kernspinresonanz (NMR)-Experimente und
Massenspektrometrie (MS) charakterisiert. Abschliefsend erbringen wir einen ersten Nachweis
der Skalierbarkeit fiir diesen Prozess. Die Verwendung eines 2,5-L-Riihrkesselreaktors (STR)
ermdglichte eine Batch-Produktion bis zu 25 g/L in einem hochviskosen Zweiphasensystem.

Dennoch bleiben viele Herausforderungen bestehen und begrenzen die Erwartungen an eine
industrielle =~ Anwendung. Eine lange Produktionszeit und relativ niedrige
Anfangsreaktionsgeschwindigkeiten gehdren zu den Barrieren, die es zu iiberwinden gilt. Wir
konzentrierten uns in diesem Zusammenhang auf die Steigerung der
Reaktionsgeschwindigkeiten und Ausbeuten bei der Herstellung von Sorbitollaurat durch
eine mikrowellenunterstiitzte Methode, die wir jedoch mit einer konventionellen
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Heizmethode verglichen. Es wurden auch verschiedene Losungsmittelsysteme miteinander
konkurriert, wobei sich 2M2B als ein leistungsfahigeres Losungsmittelsystem als das DES
erwies. So erlaubte die Verwendung von 20 g/L immobilisierter Lipaseformulierung, 0,75 M
Vinyllaurat, 0,25 M Sorbitol bei 50°C in 2M2B eine 92%ige Konversionsausbeute zu erreichen,
was einer 168 g/L Titerproduktion entspricht. Der Einsatz der Mikrowellentechnologie
ermoglichte danach eine 50-fache Steigerung der urspriinglichen Reaktionsgeschwindigkeit
im organischen Losungsmittel bei 75°C. Die Wiederverwendung des Biokatalysators wurde
auch in 2M2B und DES untersucht, wobei bei letzterem eine grofiere Destabilisierung des
Enzyms festgestellt wurde. Wir bringen somit eine Nuance in die intensive Entwicklung, die
DESs derzeit in der Literatur als Medium fiir die Biokatalyse erfahren. Nichtsdestotrotz zeigen
wir ermutigende Aussichten auf Verbesserungen, um DESs konkurrenzfahig zu
Standardmedien fiir Biokonversionen zu machen. Abschliefend untersuchten wir die
Effizienz unseres Downstream-Prozesses, der die vollstindige Riickgewinnung von
Sorbitollaurat nach 4 Zyklen der Fliissig-Fliissig-Extraktion ermdoglicht.

Bestehende Berichte, die integrierte Prozesse zur Glykolipidproduktion aus nachwachsenden
Rohstoffen beschreiben, verwenden viele Reaktionsschritte. Daher zielten wir darauf ab, das
Verfahren zu  vereinfachen. Durch die  Verwendung von  dielektrischer
Mikrowellenerwarmung wurde die Herstellung von DESs zunéchst erheblich beschleunigt.
Unsere Vergleichsstudie ergab eine durchschnittlich 16-fach schnellere Vorbereitungszeit als
die konventionelle Erhitzungsmethode in einem Inkubator. Dartiber hinaus konnten Lipide
aus robuster Olhaltiger Hefe-Biomasse erfolgreich bis zu 70% extrahiert werden, ohne die
Vorbehandlungsmethode fiir den Zellaufschluss zu verwenden, wodurch der fiir einen
solchen Prozess notwendigen Energieaufwand begrenzt. Angesauerte DESs, die entweder aus
Xylit oder Sorbit und Cholinchlorid bestanden, vermittelten den Eintopfprozess und
ermoglichten die anschlielende Umwandlung der Lipide in monoacylierte Palmitat-, Oleat-,
Linoleat- und Stearat-Zuckeralkoholester. Somit zeigen wir, dass die Zugabe von
immobilisierter Candida antarctica Lipase B (Novozym 435®) in einer angesduerten DES-
Mischung eine vereinfachte und schnelle Glykolipidsynthese unter Verwendung direkt
Olhaltiger Hefebiomasse ermdglicht.

Schliefslich stellen wir fest, dass der DES-dhnliche Manuka-Honig auch als Medium fiir die
Glykolipidsynthese dienen kann. Diese iibersattigte Zuckerlosung kann in Bezug auf die
physikochemischen Eigenschaften mit den zuckerbasierten DESs verglichen werden. Da
Honigprodukte fiir therapeutische Zwecke kommerziell verfiigbar sind, erscheint es
interessant, ihre Bioaktivitit zu erhohen. Im letzten Kapitel dieser Dissertation wird
untersucht, ob die Anreicherung von medizinischem Honig mit in situ enzymatisch
synthetisierten Glykolipiden die antimikrobielle Eigenschaft der Mischung verbessern kann.
Die getesteten Mischungen bestehen aus Manuka-Honig, der mit Octanoat-, Decanoat-,
Laurat- und Myristat-Zuckerestern angereichert ist, die jeweils als GOH, GDH, GLH und
GMH bezeichnet werden. Um die Bioaktivitat dieser Mischungen zu charakterisieren, wurde
zundchst ein qualitatives Screening mittels Agar-Well-Diffusionstest mit Methicillin-
resistentem Staphylococcus aureus, Bacillus subtilis, Candida bombicola, Escherichia coli und
Pseudomonas putida durchgefithrt, das eine deutlich erhohte Empfindlichkeit dieser
Mikroorganismen gegeniiber den verschiedenen mit Glykolipiden angereicherten
Honigmischungen bestatigte. Dann wurde ein entworfener Biosensor E. coli-Stamm
verwendet, der ein Stressreportersystem aufweist, das aus drei stressspezifisch induzierbaren,
rot, griin und blau fluoreszierenden Proteinen besteht, die jeweils physiologischen Stress,



Zusammenfassung

Genotoxizitat und Zytotoxizitat iibersetzen. Letzteres ermoglichte die Charakterisierung der
Bioaktivitdt und zeigte eine sechsfache Steigerung des physiologischen Stresses durch GOH
im Vergleich zu regulairem Manuka-Honig bei einer Konzentration von 1,6% (v/v). Der
antibakterielle Agar-Well-Diffusionstest mit E. coli wurde dann durchgefiihrt und zeigte ein
verbessertes hemmendes Potential mit GOH bei 20% (v/v) Konzentration.
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Theoretical Background and Research Proposal

SURFace ACTive AgeNTS or SURFACTANTS are amphiphilic molecules able to form micelles
and thereby reduce the surface tension of aqueous media (e.g., air-water), and the interfacial
tension of liquid-liquid (e.g., oil-water or water-oil) or liquid-solid (e.g., wetting phenomena)
systems. Efficient surfactants can lower the surface tension of water from 72 to 30 mN/m and
interfacial tension for water against n-hexadecane from 40 to 1 mN/m [1].

1.1. Surfactants

Surfactants can be found in many products of daily life like household detergents and soaps
[1] and are widely used in industry for agrochemical, food, cosmetic and pharmaceutical
applications assisting the production of foam, emulsions and dispersions [2,3]. Surfactants are
generally composed of a polar hydrophilic head group and a nonpolar hydrophobic tail. Due
to the nature of both groups, they can be classified according to Hoffmann & Ulbricht [4] as
non-ionic, anionic, cationic and amphoteric surfactants. Due to synergistic effects, amphoteric
surfactants are often used together with anionic surfactants in hair shampoos and other
cosmetic products, because the skin compatibility of anionic surfactants is significantly
improved by the addition of amphoteric surfactants. However, most of these compounds are
of synthetic origin, chemically produced from crude oil, are not fully biodegradable and
potentially exhibit environmental problems due to their persistent nature [5]. Most of the
surfactants are removed in sewage treatment plants, but some of them unfortunately still end
up in surface waters, soils, or sediments. Concern about the accumulation of surfactants in the
environment is growing. Acute toxicity has already been reported against some bacterial
species, aquatic plants, invertebrates and vertebrates [6].

Therefore, the trend today is going towards the use of eco-friendly or “green” surfactants
originating from renewable resources (see Chapter 4). A surfactant can be described as
a biosurfactant if it originates from microorganisms and was obtained by a separation process
(extraction, precipitation, or distillation). Glycolipids are the best known group within the
biosurfactants [7]. In principle, it is also possible to manufacture a biobased surfactant by
combining chemical and biotechnological methods consisting of a naturally derived
hydrophobic part, e.g. a long-chain fatty acid, hydroxyl fatty acid or an alpha-alky-B-hydroxy
fatty acid, and a hydrophilic part, e.g. a carbohydrate, an amino acid, a cyclic peptide, a
phosphate, a carboxylic acid or alcohol, etc. [8]. As all glycolipids are of non-ionic nature, the
classification of the chemically produced surfactants is not able to distinguish between the
different glycolipids of biotechnological processes. Therefore, they are usually named after
their polar head group consisting in this case of a varying saccharide.

The development of ecological products and solvents is one of the most important research
areas of Green Chemistry. This is a vast challenge with multidisciplinary issues because the
regular use of organic solvents represents most of the waste in syntheses and industrial
processes. In this context, it is essential to find alternatives to non-ecological solvents that will
carry the synthesis of biodegradable products based on renewables. Such problematic refers
directly to several principles of green chemistry and nowadays concerns. To this end, non-
ionic surfactants such as glycolipids are a good example of bio-based and non-persistent
products.
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1.2. Microbial Glycolipids — an Overview

Fatty acid sugar esters also known as glycolipids are a class of surfactants, based on a sugar
moiety and a fatty acid tail. Synthesis of glycolipids can be performed by chemical processes
as well as by microbial or enzymatic conversions [9]. Microbial glycolipids consist of one or
more saccharides as hydrophilic part and different fatty acids as hydrophobic tail. The fatty
acids can be ramified or unramified, the chain length is variable and can contain different
functional groups. This variability leads to a large range of different glycolipids. Microbial
glycolipids have very good surfactant and emulsifier characteristics, are biodegradable and
non-toxic to the environment [9]. Being odor- and tasteless and non-irritant, they are discussed
to be very interesting for applications as emulsifier in food or cosmetic formulations [10,11].
Glycolipids are effective against microbes [12], viruses [13] and fungi [14]. They are also
considered as potential anti-tumour agents [15], so that they may be interesting for the
pharmaceutical industry. Rhamnolipids produced by Pseudomonas aeruginosa are among the
best-known microbial glycolipids. Furthermore, sophorolipids (SL) produced by Candida
bombicola, mannosylerythritollipids (MEL) by Pseudozyma species and cellobioselipids (CL) by
Cryptococcus humicola and Pseudozyma fusiformata [3,16] are well described glycolipids in
literature.

Microbial fermentation processes have been commercialized for the production of RLs, SLs
and MELs leading to highly active and sometimes even bioactive glycolipids exhibiting very
low CMC values. The company Evonik produces SLs in a production plant in Slovakia and
starts the production of RLs, it is also planned to produce the latter via bacterial fermentation
instead of yeasts. The natural diversity of biosurfactants, can be further enhanced by chemical
or enzymatic post-treatment to obtain glycolipid surfactants with modified properties. By
using different enzymes novel structures with different properties can be obtained, which
might have the potential to alter and improve the physico-chemical characteristics of known
glycolipids to better fit any desired application [17,18]. As reported previously, different
degrees and positions of acetylation within MELs play a key role to some physico-chemical
properties of these glycolipids [19], thus being an interesting target for further modification.

The de novo synthesis of glycolipids by microbial fermentation has the advantage that a whole
range of different, renewable substrates or also side- and waste streams from other industries
can be used as substrates which do not have to be components of the end product. Microbial
glycolipids can thereby contain rare or unusual fatty acids or sugars which cannot be obtained
chemically. By using side- or waste-streams overall process economy can be improved, and
production of wastes can be reduced. Microbially produced glycolipids are often mixtures of
different alkyl-chain length or of different branched alkyl chains. As medium composition can
also influence the product spectrum, using non-defined waste substrates of varying
composition, can result in different product mixtures. To obtain a standardized product, a
complex purification step (e.g., by chromatography) must be integrated in the downstream
process. This results in the isolation of a product with comparably well-defined properties but
also increases the price of product due to expensive purification.

1.3. (Bio-)Chemical Production of Glycolipids from Renewables

Monosaccharides and polysaccharides, which are obtained from renewable resources, belong
to a substance class which gains more and more importance as source material for surfactants.
Surfactants based on sugars are long known and were used as emulsifiers in special technical
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laundry detergents. The large-scale production of sugar tensides in the field of laundry- and
cleaning supplies as co-tensides, however, is still a relatively new development. Ethers of
glucose (or other sugars) with a residue (the aglycon) bound to the sugar are described as
glucosides or alkylpolyglucosides (APGs). These APGs find diverse applications in personal
care products, cosmetics, extraction of organic dyes as well as in membrane protein research.
APGs belong to nonionic tensides and are better surfactants than Triton X-100 because of their
excellent behavior at interfaces [20][21], their chemical stability in water and especially under
alkaline conditions and their non-reactivity towards oxygen [22]. The glucoside consists of a
specific sugar which acts as a hydrophilic head consisting mainly of a mono- or disaccharide,
e.g., glucose, galactose, maltose, xylose or rhamnose. The properties of the glucoside depend
on the structure and bond between the oligomeric head groups [23]. The hydrocarbon tail
consists of a primary alcohol of different chain length. It can be either saturated or unsaturated
[22,24-27]. APGs are established surfactants industrially produced by Fischer glycosylation
(direct synthesis or transacetylation) on a large scale, offering good yields at a low price
because the starting materials are cheap to purchase on a large scale. However, chemical
synthesis leads to the formation of a product mixture with very different properties [28].
Further disadvantages of this process are the need of high temperatures, toxic catalysts and
multiple steps of protection, deprotection and activation [29] (for further details see subsection
1.9.).

Although renewable raw materials cover currently only about ten percent of the chemical
industry's raw material requirements, oleochemicals account for a large proportion. Therefore,
most fatty acids are already derived from plant oils since decades. One example is palm oil,
which is rich in palmitic and oleic acid. Other examples are linseed and castor oil, which are
almost exclusively used for industrial processes. Lauric acid obtained from palm kernel and
coconut oil is the most important feedstock to produce surfactants. In addition to lauric and
myristic acid palm kernel and coconut oil additionally contains capric and caprylic acid which
are also used in the chemical industry as alkyl chains for the production of surfactants [30].

In contrast to multi-stage chemical processes in which catalysts often must be added,
regioselective synthesis takes place under very gentle reaction conditions. The direct coupling
between sugar and fatty alcohol enables the production of previously unknown glycolipids.
Therefore, enzymes with hydrolytic properties are used under non-aqueous conditions in
which their hydrolytic activity is reversed to condensation. In addition, high substrate
concentrations are advantageous to shift the reaction equilibrium to the product side. Thus,
glycosidic bonds can be formed. Proof-of-concept studies have been successfully conducted
for enzymes of the lipase and (3-glucosidase classes. These enzymes are discussed in more
detail in subsections 1.7. and 1.8. The theoretical combination of nearly all sugars with all fatty
acid derivatives enables a very large variety of glycolipid surfactants to be formed
enzymatically. Therefore, it is important to understand and investigate enzymatic synthesis
processes, which should ultimately enable the production of tailor-made glycolipids.
Nevertheless, a biotechnological production on a commercial scale has only been realized in
very few cases, and up to now products are only found in niche applications due to their
distinctly higher prices compared to traditional surfactants. Regardless of glycolipids being
produced chemically or enzymatically, it is important to understand in which way hydrophilic
and hydrophobic parts influence their properties to enable a rational design of surfactants.



Theoretical Background and Research Proposal

1.4. Structure-Activity Relationship of Glycolipids

Structure-activity relationship is a key element toward understanding the link between a
chemical structure and its activity, whether it is biological or physical. In the case of glycolipids
the main physico-chemical parameters to measure function/application are the Critical Micelle
Concentration (CMC), surface tension and interfacial tension which are often referenced as
“surfactant activity”, which represent the triumvirate of glycolipid characterization [31].
Hydrophilic-Hydrophobic Balance is also often determined but since its calculation is based
on the molar mass it can only serve as an orientation for glycolipid properties [32].

Structure-activity relationship of a glycolipid is in principle determined by the interplay of
hydrophilic head group, hydrophobic tail and the type of linkage between both parts.
Regarding the hydrophilic head group, major determinants are type and number of
saccharides influencing the size of the hydrophilic part. In case of the hydrophobic tail, the
lengths of the carbon chain, the number of tails and the ramifications on this / these tail/s are
the adjustments of the apolar part that can modify the overall properties. The linker in a
glycolipid can be an ester, ether, thioester, amine or amide function [33]. It seems evident that
the type of linkage is crucial for the stability and indirectly the biodegradability of the
biosurfactant, so that the stability of the chemical function dictates the degradability level of
the surfactant [34]. Although the number of combinations seems endless, only three effects
appear to be major: the alkyl chain length, the number of tails as well as the type of linkage.
According to the literature, the CMC value of a glycolipid in an aqueous solution is mainly
influenced by the length of the alkyl chain and declines as the length of the chain increases
[35,36]. As described by Ferrer et al. as a rule of thumb, CMC values of a glycolipid decrease
by about 1 unit when carbon chain length increases by 6 atoms, regardless of the sugar moiety
present on the structure [37]. Due to its relatively small size compared to the hydrophobic part,
the type of saccharide seems not to exert an significant influence of surface activity [37].
Concerning the number of acylation, experiments showed that a second tail branched to the
sugar tends to decrease the surface activity compared to monoesters. Conjecture is here, that
a higher degree of acylation opens the surfactant structure and therefore leads to less efficient
aggregation at the surface [38,39]. Finally, the type of linkage determines the space between
the hydrophobic and hydrophilic units. As the alkyl chain gets closer to the carbohydrate, the
hydrophobic effect of the tail gets inhibited resulting into a loss of hydrophobicity [40]. A
shorter results therefore in a higher CMC value [34].

1.5. Solvent Systems and Reaction Conditions

Solvents are, by definition, substances in which gases, liquids or solids are dissolved without
taking part in the chemical reaction. Enzyme reactions usually take place in water as a solvent
in which, in addition to the enzymes themselves, salts and organic compounds such as sugars,
organic acids, amino acids, and lipids are homogeneously dissolved. Water is in many enzyme
reactions not only solvent, but it is also reactant and substrate, e.g., in hydrolysis.

In the 1980s, it was proven that many enzymes of the enzyme class EC 3 (hydrolases) which
were present in almost water-free, nonpolar solvents catalyze the reverse hydrolysis reaction,
i.e. condensation instead of the hydrolysis [41,42]. The condensation reaction can be used for
enzymatic glycolipid synthesis. Although the solvent should have low water activity to
prevent hydrolysis, the water layer bound to the enzyme is essential to keep the enzyme in an
active state, therefore, it should not be affected by the solvent [43,44]. An enzymatic synthesis

6



Theoretical Background and Research Proposal

is only possible as soon as a suitable combination of enzyme and solvent and corresponding
water activity is found. Therefore, several experiments have been performed to reduce the
water content and the water activity of the reaction mixture before and during the reaction. In
the study of Chamouleau et al. molecular sieves (4A) were used to remove the water from the
reaction medium resulting in a constantly low water activity during the entire reaction. It is
also possible to adjust the desired water activity of the solvent by pre-incubation with
saturated salt solutions [45]. To avoid the formation of water during the reaction, a
transesterification could be pursued instead of a reversed hydrolysis, using fatty acid esters
instead of free fatty acids. The molar ratio between sugar and fatty acid is another parameter
influencing the enzymatic synthesis of glycolipids. Using fatty acids or fatty alcohols in excess
might influence the reaction rate and the yield of the experiment, since free fatty acids or
alcohols can have an inhibiting effect on the enzyme [45]. Furthermore, solubility of the
reactants in the solvent system must be considered. Regardless of the solvent system, elevated
temperatures improve solubility of reactants, but might impair stability and selectivity of the
enzyme possibly preventing glycolipid production. Thermostable, immobilized lipases are
already available from many suppliers covering a wide temperature range between 20° and
60°C being stable over the entire process. However, depending on the solvent, elevated
temperature might be problematic.

Organic solvents have been frequently used for enzymatic glycolipid synthesis reactions as
they are almost water-free and of low water-activity favoring the condensation reaction.
However, organic solvents display high volatility, which is troublesome for an eco-friendly
process Furthermore, the sugar moiety of a glycolipid surfactant will be highly soluble in
water but a lot less in an organic solvent and the opposite will be observed for the fatty acid
tail. This allows a very large scope to find the optimal conditions for the different glycolipid
syntheses [46,47]. In order to tackle these problematics, ionic liquids (ILs) were used to
overcome the solubility problems inherent to both substrates in either hydrophobic or
hydrophilic media [48]. It has been widely accepted that certain ILs, especially the ones
containing imidazolium anions, enhance the enzymes” activity [49]. However, nowadays Deep
Eutectic Solvents (DES) are often preferred over ILs for reasons that will be discussed further
in the coming section.

Among other alternative solvents, liquid CO: is promising. Indeed, lipase catalyzed acylation
can be greatly optimized in this supercritical fluid [50]. Even more original and innovative, the
combination of ILs and supercritical CO: results in a mixed biphasic system that can be used
for lipase catalyzed synthesis of sugar esters and reaches conversion rates higher than both
technologies taken separately (up to 95.5%) [51]. Biphasic systems can also be adapted to DES
but this kind of combination has been only successfully applied for protein extraction yet [52].
Compared to ILs and supercritical COy, eutectics have not been proven yet to be the most
efficient solvent to carry lipase catalyzed transesterification [53]. However, there is still room
for improvement and innovation in the DES domain. Many of the problems encountered with
DES that are related to physico-chemical barriers can be overcome as the technologies that
comes with it (e.g., stirring systems, heating systems...) are also evolving. Therefore, an
innovative technology such as DES should also be used with innovative reactors and energy
sources.
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1.6. Deep Eutectic Solvents (DES): a Cheap, Biodegradable, and
Uncommon Media Made from Renewables

First described by Abbott et al. in 2002, DESs are a quite new solvent system compared to their
older relatives, ILs [54]. They consist of an ammonium or phosphonium salt and one or a
mixture of hydrogen bond donors (HBD) like alcohols, amines, amides or a carboxylic acid
[55]. When these components, also called DES partners, are mixed and heated in the right
molar ratio, they develop the ability to form a stable liquid phase at room temperature. Inside
the DES on a molecular level the Hydrogen Bond Donors (HBDs) are forming hydrogen bonds
between them but also with the other cationic and anionic species thus creating a
tridimensional network. As a result on the macromolecular level, drastic decreases of the
melting points of the components are observed and a liquid phase stable at room temperature
is obtained [56,57] (Figure 1).

Hydrogen Bond Acceptor Hydrogen Bond Donor Deep Eutectic Solvent
y, o /
. f E y
. o = ol
HO o~ HoN NH A
\ 2! 2 HO™ — ‘,“ - .
Choline Chloride Urea \ \
H-_

molar ratio 1:2 Choline Chloride-Urea

Figure 1. Formation of a Deep Eutectic Solvent (DES) and phase diagram.

In the continuity of these solvents, another term emerged: Natural Deep Eutectic Solvent
(NaDES). More recent, this NaDES term describes a liquid obtained by combining molecules
abundantly present in nature, even though the line between NaDES and DES is still not clearly
drawn [58]. However, either called DES or NaDES, the principle of eutectic media is a
promising alternative to traditional solvents and ILs. Moreover, in addition to being over-
represented in the literature their non-toxicity is very often questioned. Indeed, some ILs seem
to represent a real threat to soils and aquatic environments [59].

In contrast, DESs are generally composed of two or three safe and inexpensive components,
which are involved in hydrogen bond interactions with each other to obtain a eutectic mixture
with a melting point much lower than that of each component species [60]. Since, components
of a standard DES include for example choline chloride (ChCl), urea, glycerol, natural
carboxylic acids, amino acids, carbohydrates, polyalcohols and related carbonated structures
that are ubiquitous in nature, DESs display low toxicity, high thermal stability, high
biodegradability, high recyclability, low inflammability and volatility [54,61]. Their physico-
chemical properties can be modulated by different combinations of molecules and as a result
they can serve diverse and varied applications making them a versatile and interesting media
for biochemistry.

1.7. Lipases in Glycolipids Production

Lipases (water soluble triacylglycerol acylhydrolases, EC 3.1.1.3) have been commonly used
for acylation reactions over decades. Their enantioselective and regioselective nature make
them an important tool that is often applied in modern organic synthesis, for example in
enantiomeric resolutions [62]. These versatile biocatalysts used in different industrial domains
are obtained from plants, animals and wild-type or recombinant microorganisms. They do not
require a cofactor for their catalytic activity and benefit a broad range of substrate spectrum.
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Enzymatic reactions using lipases have been tuned toward industry to produce a variety of
different compounds such as fine medicinal chemicals, polymeric materials and biofuels.
Because of their high stability and activity, lipases are since the 1980’s, a popular tool in the
industry [63].

Lipases have been used extensively for over 30 years for enzymatic synthesis of glycolipids
(Figure 2) due to their advantageous properties and versatility. According to literature, the
first experiment using lipase was reported by Seino et al. [64], followed by Chopineau et al. [65]
and Therisod and Klibanov [66]. The application of a brand-new method was motivated to
overcome coloring of products and solvent toxicity problems in the chemical process for the
industrial sucrose acylation. It was also expected that mono-, di- or triesters could be obtained
selectively if the substrate specificity of the enzyme would be affected on the primary groups
of the sucrose. Such initiative resolved the problems of occurrence of toxic side products and
products coloring but also induce the regioselective acylation of the sugars [64].

Until nowadays, many experiments have been carried out with different conditions such as
other lipases, solvents, sugars, and fatty acids. Despite an extensive utilization of the
enzymatic reaction, a universal reaction system and lipase has not been established for the
synthesis of glycolipid surfactants yet.
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Figure 2. Example of lipase catalyzed reaction for glycolipid production

Among the first enzymes that have been used toward glycolipid synthesis, the PPL (Pancreatic
Porcine Lipase) can be encountered several times [65,66]. Showing good activity and stability
even at high temperatures, it is also one of the cheapest commercially available non-microbial
lipase [67]. Nevertheless, the PPL presents the serious disadvantage to often contain impurities
like esterases, trypsin and other proteases which result in a loss of specificity and occurrence
of side products [68]. Microbial lipases like those from Rhizomucor miehei, Candida rugosa, C.
antartica, Burkholderia sp. or Pseudomonas sp. are nowadays mainly used. In parallel to this,
immobilization of lipases has been an optimized strategy to improve the stability and facilitate
the purification. In the meantime, this strategy also enables the re-utilization of the biocatalyst
[69]. The process of immobilization generally reduces the activity of the enzyme, because of
active site obstruction, introduction of a tremendous amount of non-catalytic ballast in the
reaction, albeit the activity of immobilized CAL-B remains high [70].

Production of fructose and glucose esters of stearic acid was conducted by the use of lipases
from R. miehei in tertiary butyl alcohol with yields between 10% and 24% [71]. Also, Khaled et
al. managed to reach yields up to 83% using a fixed-bed reactor for the synthesis of fructose
oleate in 2-methyl-2-butanol (2m2b) [72]. In 2006 it has been shown that compared to two
immobilized C. antarctica lipases, the immobilized Lipozyme IM from R. miehei had a much
lower conversion rate [73]. Another reported enzyme also often used is the lipase from C.
rugosa. After immobilization, this lipase reached over 70% conversion rate when applied to the
synthesis of lactone caprate in acetone after a 48h reaction time [74].
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However, one of the most used lipases in organic synthesis processes is the lipase from C.
antarctica type B (CAL-B). This enzyme is commercially available in various immobilized
forms but also free from petroleum-derived carrier. The immobilized version, iCAL-B, is
composed of an acrylic resin and sold under the name “Novozym 435”7, but several other
materials for immobilization like silica, chitin, or agarose were used. Pohnlein et al. [75]
compared seven different lipases in six organic solvents. Novozym 435 was the most efficient
lipase and showed transesterification activity in five of the tested organic solvents.
Furthermore, in four of these, it was possible to synthesize glucose octanoate. Table 1 shows
different yields for a wide range of sugar ester syntheses using mostly Novozym 435 in a
variety of media providing a good general overview of the different structures of glycolipids
that can be obtained by lipase-catalyzed reaction.

Table 1. Overview of lipase-catalyzed synthesis of glycolipid surfactants in various solvents.

Yiel
Sugar Fatty acid Lipase Solvent(s) (o;e) d References
Fructose Palmitic acid Novozyme 435 2m2b and THF 66 [76]
Fructose Lauric acid Novozyme 435 Ethyl- 82 [73]
methylketone

Fructose Palmitic acid Novozyme 435 SC CO: Upto74 [77]
Glucose/xylose Vinyl octanoate Novozyme 435 DES 4.8 [78,79]
Glucose Vinyl laurate Novozyme 435 ILs Upto86 [80]
Xylose Caprylic acid Novozyme 435 gfs)O:acetone 64 [81]
Glucose Myristic acid CAL-B 2m2b 43 [82]

Abbreviations: 2m2b, methyl-2-butanol; THF, tetrahydrofuran; SC COz, supercritical carbon dioxide; DES, deep eutectic solvent;
IL, ionic liquid.

Apparently, yields superior to 80% can be achieved in greener organic solvents (e.g. butanone)
[83] and also in ILs [80] but syntheses in DES still result in poor yields not suitable for industrial
application. Despite showing promising developments for a renewable synthesis and low
production costs, biocatalysis in deep eutectic systems will need a lot more research efforts to
be carried out to the industrial scale. However, since DES systems can be already be found in
industry (mostly for metal finishing) [84] and since it is also possible to produce them on the
kilo scale with continuous flow with mechanochemistry techniques [85], industrial glycolipid
synthesis in DES seems to be feasible. Such techniques and technologies, like microwave
reactors as well, might be a key to help biocatalysis in deep eutectic systems to grow in the
industrial world. Although the ways of improvement and the challenges are numerous,
scaling-up lipase-catalyzed synthesis for glycolipids production gives dynamism to
biocatalysis since these target compounds represent a huge turnover for the chemical industry.
This aspect will be further discussed in part 4.

More recently, Siebenhaller ef al. found a new and sustainable reaction system for the lipase
catalyzed synthesis of glycolipids (Figure 2). This process minimizes the usage of hazardous
and environmental harmful organic solvents. This innovative system uses a DES media based
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on choline chloride and a sugar; the latter can also be replaced with a sugar alcohol, which acts
as the hydrogen bond donor [78]. Five sugars, three sugar alcohols and one anhydrosugar in
combination with up to nine different fatty acids were tested, showing the versatility of such
a process. By this means, the tailor-made enzymatic synthesis of a wide variety of glycolipids
can be achieved using a sustainable process and renewable substrates (sugars, choline
chloride, fatty acid...). The key-point of the described DES-based solvent system is that it acts
simultaneously as substrate and solvent for the synthesis of glycolipids and alditollipids. The
versatile biocatalyst iCalB was successfully used to carry this enzymatic conversion. It was
also demonstrated that this immobilized lipase is not specific for one glycolipid product in this
process. Indeed, besides sugar mono-laurates many poly-acylated sugars were formed during
the synthesis.

In addition to these interesting features concerning a sustainable glycolipid production,
renewable resources can also be incorporated to the process. Indeed, the use of lignocellulose,
the most abundant renewable resource of the world, as substrate has been demonstrated [79].
To be processed further, lignocellulose (carbohydrates polymer) has been pretreated to
produce sugar monomers. These sugars from lignocellulose can therefore be used as starting
material for the enzymatic synthesis of surface-active agents. After purification and drying,
the resulting glucose- and xylose-rich fractions were used successfully to create a DES and
subsequently produce glycolipids by the previously described process. Furthermore, forming
a DES with these sugars is an elegant way to overcome the problem of low solubility of sugars
in other water-free solvents. In such eutectic type of solvent, the sugars are easily available for
the reaction in the solvent because they compose most of the latter.

Renewability of the sugar moiety production is a good step toward achieving a sustainable
glycolipid synthesis. However, as described by Siebenhaller et al., an eco-friendly process for
the hydrophobic tail of the surfactant as well is something to be taken care of. In this case, the
hydrophobic tail of a glycolipid ester is a fatty acid [86]. To achieve such aim, the work
described here managed to harness beechwood components in three different ways: as a sugar
component, as part of the DES and finally as carbon source for the microbial production of the
fatty acid component. In the detailed proof of principle, fatty acids were gained from single
cell oil produced by the oleaginous yeast Cryptococus curvatus cultivated with cellulose fiber
hydrolysate as carbon source. The newly bio-synthetized fatty acids are allowed then to
undergo an enzymatic esterification with the also eco-based sugars inside the DES media. Such
successful approach permits a 100% based lignocellulosic biomass sugar ester production.

1.8. B-Glucosidases in Glycolipid Production

Glycolipid synthesis using lipases is widely established and offers undeniable advantages
over chemical synthesis; however, two aspects must be considered: (I) Lipases connect sugar
moiety and alkyl residue by an ester bond. (II) Ester bonds are highly reactive with acids,
bases, active metals, oxidizing agents and reducing agents. Therefore, they are easily
hydrolyzed making them relatively unstable. This can be an advantage in terms of
degradability but might also restrict the application of the glycolipid. In contrast, ether bonds
are less reactive, and therefore, much more stable (Figure 3). As outlined above, lipases
produce regiospecifically a main product, but also non-specifically several other by-products
which is thought to be avoided when choosing enzymatic over chemical synthesis.

11



Theoretical Background and Research Proposal

CH OH

_ . . HO (e}
Hﬁ&&m T ROH =< — H(T&N/O-R + H0
OH OH
D-Glucose Methyl-R3-D-glucopyranoside

HO o - —_— HO (o]
AT on T ROH  <——= HOXT=o-R T HO
OH OH
D-Xylose Methyl-R-D-xylopyranoside

R= methanol or another fatty alcohol: ethanol, propanol, butanal, pentanol, hexanol, heptanol, actanol, nonanol, decanol

Figure 3. Glycolipid formation by almond {3-glucosidases via reverse hydrolysis route

Regarding the enzymatical conversion of glycolipids, B-glucosidases are an alternative to
lipases. [-Glucosidases (E.C.3.2.1.X) are co-factor independent hydrolases which naturally
cleave glycosidic bonds in polysaccharides. Similarly, to lipases, glucosidases can also catalyze
the formation of glycosides and display a broad range of substrates. They operate at pH 7,
50°C, atmospheric pressure and are highly stereo- and regiospecific providing a controlled
stereochemistry toward the anomeric center of the newly formed glycosidic bond [87-90].
Furthermore, numerous and low-priced -glucosidases are available on the market.

Table 2. Synthesis of glycolipids by almond $3-glucosidase via reverse hydrolysis route using different
glycosyl donors and acceptors.

Source of Glycosyl Gylcosyl Product Yield (%) Time (h) Ref
enzyme donor acceptor
Almond B- Xylose Methanol Methyl-R-D- Poor Yields 6 days [26]
glucosidase xylopyranoside
Almond B - Xylose Ethanol Ethyl-R3-D- Poor Yields 6 days [26]
glucosidase xylopyranoside
Almond B - Xylose Propanol Propyl-R-D- Poor Yields 6 days [26]
glucosidase xylopyranoside
Almond B - Xylose Butanol Butyl-R-D- Poor Yields 6 days [26]
glucosidase xylopyranoside
Almond -  Glucose Hexanol Hexyl-B-D- 11 144h [91]
glucosidase glucopyranoside
Almond B - Glucose Methanol Methyl-R-D- 58 54 [92]
glucosidase glucopyranoside
Almond -  Glucose Butanol Butyl-3-D- 30 Not given [93]
glucosidase glucopyranoside
Almond B - Glucose Octanol Octyl-B-D- 20 200 [94]
glucosidase glucopyranoside

Synthesis of APGs by glucosidases can be achieved by two strategies: either by the reverse
hydrolysis pathway (thermodynamically controlled) or by the transglycosylation pathway
(kinetically controlled). In the first pathway (-glucosidase uses a monosaccharide and a fatty
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alcohol to form an APG (Figure 4). Therefore, it is important to shift the reaction equilibrium
towards the synthesis reaction by reducing the water content in the reaction mixture and by
increasing the substrate concentration [95,96]. For the second pathway, activated glycoside
donors are used together with fatty alcohols to form an alkyl glucoside via a glycosidic bond.
In earlier studies, in which [-glucosidase was used as a biocatalyst, it was shown that 3
different ethoxylated glycosides could be produced in supersaturated solutions of glucose or
p-nitrophenyl 3-D-xyloside [97]. Furthermore, it was shown that it is also possible to use 3-
glucosidase in a biphasic system of buffer and n-alcohol [98,99] to produce n-alkylglycosides.
In 1999, Yi and Vulfson demonstrated a new approach in which a -glucosidase, previously
microencapsulated in a polymer, was used in an aqueous-organic two-phase system to
produce alkyl-B-D-glucosides (Table 2) [100].

Using almond (-glucosidase, various sugars were successfully used as substrates for the
synthesis of APGs: fructose, mannose, xylose, rhamnose as well as trehalose and galactose. In
addition, various fatty alcohols such as butanol, hexanol, octanol and decanol as alkyl chain
were accepted by the enzyme (unpublished results).

Especially, the resulting glycolipid from the disaccharide trehalose could have very interesting
properties due to the sugar moiety. Trehalose lipids have been reported to be less toxic than
synthetic surfactants [101] and feature several biological properties like antimicrobial, antiviral
[102], and antitumor activities [101,103,104]. They also can act as therapeutic agents due to
their interaction with cell membranes [102,105]. By using -glucosidase, the reaction hardly
produces any by-products, and the first results indicate a regioselective synthesis, which
results in very pure products (unpublished results).

OH OH
Glycosidase
HO o] HO o
H&h&omw +  R-OH B H&,O—R + R-OH
CH OH
R'-R-D-glucopyranoside R-R-D-glucopyranoside

R= methanol or another fatty alcohol: ethanol, propanol, butanol, pentanol, heptanol, hexanol, octanol, nonanol, decanol

jo 0
-O_N+ \N+o OH
R'= — ) —0 (o}
i) < ; <:> OH H&ﬁ/OH
OH

Phenyl- 2 nitrophenyl- 3-nitrophenyl- Arbutin Cellobiose
R-D-glucopyranoside R-D-glucopyranoside R-D-glucopyranoside

Figure 4. Activated glycoside donors and common n-alcohols (= nucleophilic acceptor) used for enzymatic
synthesis to generate new glycolipids with (3-glucosidases.

1.9. Economical Aspect of Glycolipid Production

In 2011, the chemical industry produced around 14 million tonnes of surfactants with annual
sales of around 23 billion US dollars (Transparency Market Research, 2012). With the
background of uncertainty and variability in oil prices, consumer demand for environmentally
friendly chemicals is increasing and greater attention is being paid to the production and use
of surfactants from biomass. In Europe, for example, the annual growth rate of biobased
surfactants was 3% between 2008 and 2013, with APGs showing the most significant growth.
Global demand for APGs has induced the largest producers of APGs to increase their output
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volumes. A detailed cost analysis (LCA) of the current glycolipid production pathway would
go beyond the scope of a theoretical background [106,107], so this chapter will give a brief
overview of the general process. To compare the different technologies, the disadvantages of
Fischer glycosylation are explained and the possible advantages of synthesis using a
biocatalyst are described.

The production processes for the most relevant glycolipids on the market can be divided into
5 steps: 1. Raw material acquisition, 2. Logistics (2.1 Farm to pellet plant, 2.2 Pellet plant to
refinery, 2.3 product transportation), 3. Feedstock processing, 4. Biorefining: chemical
processing phase and 5. Storage. An exemplary chemical process results in a market price of
$1.60-$3.20 per kg for APGs produced from palm kernel oil and wheat grain. This price is
calculated as follows: the biomass cultivation per kg APG costs 0.06% and labour costs account
for 0.33% per kg glycolipid. Packaging and storage amount to 0.30$ per kg of product, pre-
processing and refining is at 0.71$ per kg (0.64 $ + 0.07 $) and the transportation costs are 0.52$.
Using this calculation total costs of 1.92$ per kg are obtained. The share of pre-processing and
refinery is 0.71$ and thus makes up a large part of the total costs.

On the industrial scale, APGs are produced by Fischer glycosylation, a process which requires
precise parameters and elaborated techniques. The first alkyl glycoside was synthesized from
glucose and identified in the laboratory by Emil Fischer (1893). The common catalysts used for
Fischer glycosylation are sulphuric acid, hydrochloric acid, or phosphoric acid. At the end of
the process, the acid catalyst is neutralized e.g., with sodium hydroxide. APGs produced by
Fischer glycosylation are complex mixtures of a/f3 anomers and pyranoside/furanoside
isomers of glycosides and polyglycosides. The ultimate composition depends on the
saccharide type and results from the competition of many reactions. In addition, two sugar
units can be covalently linked in different ways for APG oligoglycosides. A diglycoside can
therefore have approximately 30 isomeric forms; this number increases to several hundred for
triglycosides and to several thousand for tetraglucosides. Most catalysts lead to the formation
of saccharide polymers (glucose turns into polydextrose), which leads to a high viscosity of
the product mixture, even at low concentrations, resulting in product loss during the
separation and purification steps [108]. Thermodynamically preferred polyglycol formation
can be minimized by using large amounts of alcohol during glycosylation, but this reduces
productivity and increases operational costs. Other disadvantages of the process are the use
of high amounts of corrosive or toxic acidic catalysts and the need of careful control of reaction
pressure to limit the formation of polymerized sugar. The use of high volumes of alcohol (an
economic decision criterion due to increased alcohol costs) and high temperatures is necessary
to reduce the reaction time which finally leads to by-products [109]. Due to the low solubility
of carbohydrates in long fatty alcohols, the reaction requires a complicated intermediate
glycosylation step with an alcohol such as methanol when using long-chain fatty alcohols.
Solvents and the use of ionic liquids have been discussed, but they do not allow cost-effective
surfactant production as the separation of tensides becomes more difficult. The immiscibility
of sugars with fatty alcohols is one of the major obstacles to produce APGs with high yield
and productivity. Compared to the chemical process (described in the previous subsection), a
biotechnological process in DES with a technical enzyme as catalyst would have some
advantages. No acids are needed as catalysts, the process temperature can be reduced from
80°C to 50°C and overpressure is not required. Therefore, less energy would be needed, and
products would not be coloured eliminating a bleaching step after the process. In addition,
less alcohol must be used, which is, as mentioned above, an important issue because fatty
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alcohols are expensive. These advantages might compensate higher costs for enzymes as
catalysts and/or lower yields.

1.10. Conclusions

Glycolipids are a very versatile class of ecological biosurfactants exhibiting excellent foaming
and wetting abilities and show often antimicrobial activity. By using enzymatic synthesis, a
nearly unlimited number of novel glycolipids can be produced far beyond the natural
diversity. In contrast to chemical synthesis, anomerically pure products can be achieved
without the need of using protecting groups. Furthermore, enzymatic synthesis is in
accordance with the principles of green chemistry, especially if the solvent system is chosen
wisely. Lipase-catalyzed syntheses in organic solvents are established processes achieving
high yields. However, to ensure sustainability also other solvents should be explored. Deep
eutectic solvents offer a cheap and eco-friendly alternative, but synthesis yields are still low
and lack economic competitiveness making increased research efforts necessary. In addition,
B-Glucosidases have not been studied much regarding glycolipid synthesis, although they
have two big advantages over lipases: they form highly stable ether bonds and exhibit strict
regioselectivity while also accepting a wide range of sugars and fatty alcohols as substrates,
while being cheap to purchase as they are manufactured on industrial scale. Therefore, 3-
glucosidases can diversify the pool of industrial relevant enzymes beyond Novozym 435.
Synthesis of tailor-made glycolipids is a prerequisite to elucidate structure-activity-
relationships enabling rational design of surfactants. By using enzymes, functional
relationship of the different bond types (ester/ether) can be studied, or double bonds can be
introduced into the alkyl chain to investigate their influence on the CMC value. This would
allow the selection of the best performing structures to improve the surfactants” properties, so
less glycolipid may be needed to obtain formulations of equivalent performances.
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1.11. Research Proposal

As the demand for eco-friendly surface-active agents is increasing worldwide, we aimed at
producing bio-based and biodegradable glycolipids using innovative and integrated
processes. Sorbitol laurate, among other sugar or sugar-alcohol esters, was chosen as model
for the production of potential competitive candidates against non-green and petroleum
derived surfactants. In regard to current concerns about sustainably, the processes are
revolving around heterogenous biocatalysis, designed to be intrinsically benign, through the
use of lipases which are major assets for renewable synthesis. Thus, we used the most
straightforward way to obtain glycolipids via transesterification between a sugar alcohol and,
in a first time, a vinylated fatty acid chain, in low water activity/content media. Moreover, to
follow green chemistry principles one must preclude or at least reduce the use of volatile
solvents. In consequence, usage of Deep Eutectic Solvents (DES), a liquid phase made of
ubiquitous primary metabolites, made sense not only to dissolve lipophilic substrates but also
to facilitate downstream processing, enzyme recovery and waste-management.

In this scope, an elegant and innovative reaction system in which, the sugar alcohol is a
substrate and also a part of the solvent, has been tuned. By modifying different parameters of
this system such as the water content, biocatalyst and substrate concentrations, a first step into
optimization was made .

The screened enzymes, and all the different forms of immobilized enzymes, were
commercially available as a requirement. The efficacies of the different enzymes were
compared according to the yields of glycolipid production as quantifications were owed to a
newly developed HPLC-ELSD analytic method.

In addition, purification and characterization strategy by means of thin-layer chromatography
(TLC), medium pressure preparative liquid chromatography (MPLC), high-performance
chromatography (HPLC), nuclear magnetic resonance (NMR) and mass spectrometry (MS)
were necessary to assess chemical structures in a robust and reliable way.

Different types of reactors have been tested as well such as batch a Stirred Tank Reactors (STR),
proofing the scalability of our process and allowing preparative scale production of
surfactants. Microwave technology was scrutinized as well, and due to its alternative heating
method, the process was intensified in various, quasi water-free, media. The recovery and re-
use of the biocatalyst were investigated alongside the extraction efficiency that is part of the
downstream processing.

Finally, the bioactivity of DES-like honey mixtures enriched with glycolipids synthetized in
situ, were tested and the observed activity was characterized via respectively agar-well assay
and a designed biosensing experiment. We gave thereby, strong evidence of the potential that
sugar-saturated mixtures and glycolipids entail for pharmaceutical applications as well.
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2.1. Introduction

Glycolipids and more generally surfactants are getting an increasing attention and are
currently under scrutiny from the scientific community because of their various fields of
applications [110]. This versatility allows them to fill different functions such as excipient in
drugs, encapsulating agent, lubricants and many more [111]. Such quasi-omnipresence makes
their use valuable in very concrete and industrialized applications such as oil recovery
enhancement or even as dough conditioning [112,113]. Moreover, the recent sanitary crisis,
that resulted into the current global pandemic, is announced to increase further this
production, as surfactants are among the main components present in hygiene products [114].
Thus, the whole chain of production starting from the acquisition of raw materials to the
formulation and storage should be logically stimulated as well. Given the context, it appears
topical to develop processes that enable safe, reliable, and straightforward production of such
compounds. In addition, the processes and the resulting compounds should respond to
present concerns in relation with sustainability, renewability, and biodegradability. Such
problems brought to awareness and theorized by the Green Chemistry field, revolve around
the “benign by design” concept [115]. By definition, it means that chemical products and
processes should be designed to eliminate the generation of hazardous substances [116].
Therefore, it reduces the number of steps necessary for the production, from the synthesis to
the downstream processing (DSP), and simplifies the overall process chain.

Glycolipids such as sugar esters (SEs) are, in this regard, relevant candidates that meet the
requirements, raising in the meantime, several challenges and problems that are tackled in this
work.

The well-established chemical production of SEs presents several disadvantages and
limitations such as low specificity, low selectivity and use of corrosive reactants [117].
Consequently, alternative ways were pursued to prevent the use of organic solvents, as they
represent most of the waste in industrial processes and syntheses [118]. Moreover, they present
undeniable limitations for the solubilization of polyols such as sugars. In this aim, production
of SEs in ionic liquids (ILs) [48] and in Deep Eutectic Systems (DESs) [119] were investigated.
The latter, described first by Abbott et al., represent a cheaper, less toxic, and facile option
among the low-transition temperature mixtures [120]. Additionally, their low water contents
and low water activities lead lipases to reverse their activity and form ester bonds using
relatively mild and harmless conditions [121].

Numerous applications of DESs in environmentally friendly chemical processes have been
made, notably for the production of pharmaceutically relevant building blocks and scaffolds
[122-124]. Moreover, DESs can also be used for the extraction of valuable compounds such as
phenolics contained in olive oil wastes [125], adding them as a sustainable tool for food waste
treatment and re-valorization. In our similar and inherently benign approach, sorbitol is
simultaneously part of the solvent as a DES partner, in combination with choline chloride, and
part of the lipase-catalyzed reaction as a substrate. Intrinsically, this reaction design solves
solubility problems of the polyols while saturating the system with the acyl acceptor. This “2-
in-1” principle described first by Siebenhaller ef al. [126], using notably C4 to C6 sugars in
combination with vinyl fatty esters, presented however exceptionally low yields (~4%) and
lacked proof of scalability [127]. The use of vinyl esters for SE synthesis described by
Bornscheuer et al. is thermodynamically favored as the vinyl adduct is, during the reaction,
converted to the side-product ethenol which itself tautomerizes in the highly volatile
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acetaldehyde [128] (Figure 1). For the first time, we enhanced further the conversion yield of
this advantageous system, using a relatively better acyl acceptor for the reaction [129]. Indeed,
sorbitol and more generally sugar alcohols, showed successful use in prior research as they
are also less sensible to degradation than their actual sugar analogues [130-133]. Moreover,
laurate monoesters are valuable for many recently developed applications such as drug
encapsulation [134].

oH oH Novozym 435 o o

e 2 a
”me‘ . /\O)JW\ _— > "

DES S:CC mR (1:1)
5 wt.% water

i Sorbitol-6-O-laurate
o
H

oH o

Ethenol \_/ Acetaldehyde
/\OH o ﬁo

Tautomerization

oH o

D-Sorbitol Vinyl laurate

Figure 5. Lipase-catalyzed transesterification reaction between D-sorbitol and vinyl laurate.
Evaporation of highly volatile acetaldehyde makes the conversion irreversible. S: Sorbitol; CC:
Choline Chloride; mR: molar Ratio.

We initiated, herein, the optimization of the “2-in-1” process by selecting Novozym 435® as a
suitable biocatalyst among various commercially available lipase formulations and sought,
specifically to our system, its optimal performing parameters. We varied parameters (One-
Factor-at-a-Time, OFaaT) one at a time, such as biocatalyst concentration, time of reaction,
substrate concentration and water content. The optimal temperature for the use of this specific
lipase has been extensively studied in literature. Moreover, previous work from Siebenhaller
et al. [135] and Hollenbach et al. [136] presented concomitantly, that in the range of 50-60°C the
enzyme meets its optimal activation energy

In addition, we present robust purification and identification strategies promoted by suitable
analytical but also flash-chromatography methods for the quantification and preparative scale
(>500 g) production of sorbitol-6-O-laurate using a batch stirred tank reactor (STR). The
successful investigation was insured using relevant Evaporative Light Scattering Detection
(ELSD) combined with HPLC and flash-chromatography. Thus, the production of pure
standards enabled the establishment of the calibration curve and the 1D-, 2D-Nuclear
Magnetic Resonance (NMR) and Mass Spectrometry (MS) characterization of selectively-
acylated sorbitol monolaurate.

2.2. Materials and Methods

2.2.1. Materials

Vinyl laurate was purchased from Tokyo Chemical Industry Co., Ltd. (TCI Europe, Belgium).
Lipase formulations: Novozym 435®, Lipozyme 435® and Novozym NS 81356 were given by
Novozymes (Denmark). CalB Immo Plus® was given by c-Lecta (Germany). CalA Immo 150,
Lipase TL CLEA, Lipase CA CLEA and all other chemicals were purchased from either Carl
Roth GbmH & Co. KG (Karlsruhe, Germany) or Sigma Aldrich Chemie GmbH (Taufkirchen,
Germany) if not stated otherwise. The other 9 lipase formulations were acquired in the
Novozymes Lipase Screening Kit purchased from Strem Chemicals (Newburyport, MA, USA).

2.2.2. DES Preparation and Standard SL Synthesis for Enzyme Formulation Screening

The sorbitol and choline chloride-based DES, dubbed “Sorbit DES”, was prepared and
validated according to the procedure described by Dai et al. and Hayyan et al. [137,138]. The
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water content was varied (1.25, 2.5, 5, 7.5 and 10 wt.%) then controlled according to method
described in subsection 2.2.6.

In a 5 mL Eppendorf tube, were introduced subsequently 1.5 mL of warm Sorbit DES, vinyl
laurate (195 pL, 170 mg, 0.75 mmol, 0.5 M) and 30 mg of enzyme formulation (20 g/L) (Table
1). The tubes containing the reaction mixture were agitated in a rotator and vortex mixer
(program U2) from neoLab (Heidelberg, Germany) at 90 rpm and 50°C. To get a triplicate for
each measure, three tubes were collected for each time point at : 0.5h, 4h, 8h, 24h , 28h, 32h,
48h, 72h and 96h. The latter were then processed for further analysis as described in subsection
2.2.8., the conversion yields were calculated as the percentage of molar ratio of sorbitol
monoester produced to the total amount of vinyl laurate added to the reaction system.

2.2.3. Enzyme Formulations Screening

To compare the lipase formulations (Table 4) between them, an identical concentration of the
latter was used each time (20 g/L) and same substrate concentration (0.5 M vinyl laurate) was
provided to the media at 50°C. For this comparison, the reaction was stopped after 48h.

2.2.4. Influence of Enzyme Concentration

To examine the optimal concentration of lipase formulation, different concentration of
Novozym 435® (10, 20, 30, 40, 50 and 60 g/L) were tested without varying any other reaction
parameter.

2.2.5. Optimization of Vinyl Laurate Amount

To address the optimal vinyl fatty ester concentration for the reaction, different vinyl laurate
concentrations (0.25, 0.5, 0.75, 1 and 1.25 M) were tested. All other reaction conditions were
kept constant.

2.2.6. Water Content, Viscosity and Water Activity Analysis

The water content was assessed with Karl-Fischer titration using a TritoLine 7500 KF trace
from SI Analytics (Mainz, Germany) at 20°C in combination with Aquastar CombiCoulomat
fritless (Merck Millipore, Darmstadt, Germany) as analyte. Water standards of 0.1% and 1% in
xylene from Merck Millipore (Darmstadt, Germany) were used to test titrator’s accuracy
before the measurements.

The viscosity was measured at 50°C with a viscosimeter MCR 501 using a CC10 concentric
cylinder (Anton-Paar, Graz, Austria) with about 1 mL of liquid for each water content for the
Sorbit DES.

The water activity was measured at 50°C with a LabMaster-aw neo Awmeter (Novasina,
Lachen, Switzerland) using 3 mL of liquid for each water content for the Sorbit DES.

2.2.7. Scale-up Procedure and Downstream Processing for Standard and Bulk SL Production

In a 2.5 L Minifors bioreactor (Infors HT, Bottmingen, Switzerland) were introduced 500 mL
of warm Sorbit DES, prepared as described in subsection 2.2.2. Medium temperature was first
equilibrated to 50°C then subsequently were introduced 25 g of Novozym 435® (50 g/L) and
vinyl laurate (65 mL, 56.62 g, 0.25 mol, 0.5 M). The reaction mixture was stirred at 300 rpm
with a single three-bladed spiral propeller (D = 54 x 12 mm) (Infors HT, Bottmingen,
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Switzerland). After 48h, the reaction was stopped, the media diluted with 500 mL of double-
distilled water and filtrated through a Biichner funnel. 200 mL of brine were incorporated to
the aqueous phase that was then extracted 6 times with a 1:1 volume ratio of ethyl acetate. The
organic phases were gathered and chemically dried over MgSOx before being dry evaporated
with a rotative evaporator.

For the purification of SL standard that was used for the calibration curve, 2 g of the crude
paste was re-dissolved in chloroform to be adsorbed over 4 g of Celite 545 for flash
chromatography purification using the solid loading method. To purify this crude, a Reveleris
PREP purification system equipped with a 12 g Chromabond® Flash RS 15 Sphere SiOH
column (Macherey-Nagel, Diiren, Germany) was used. Elution solvents were chloroform and
methanol with a gradient such as: 2" solvent percentage started at 0% for 1.5 min, 7% for 9.5
min, 15% for 3 min, and finally 100% for 3 min. The second fraction, containing SL, was
collected at 7.5 min. The latter was dry evaporated on a rotary evaporator for further use and
analysis. ~0.75 g of dried, white powder. (Appendix: Figure A1)

For bulk production of SL, the entire crude (~25 g) was re-dissolved in the necessary minimal
volume of ethyl acetate (~400 mL) and washed with 1 x 400 mL of brine then 3 x 400 mL of
double distilled water to remove unreacted sorbitol. The organic phase was dried over MgSOx
and dry evaporated on a rotary evaporator. ~10g of dried, white powder. (Appendix: Figure
A2)

2.2.8. Sample Preparation and HPLC-ELSD Quantification Method

Tubes produced by the methods described in 2.2.2.—2.2.5. were prepared and analyzed as
follows. For extraction of the glycolipid and its quantification with HPLC-ELSD the following
procedure was applied. 1 mL of double distilled water was added to the tube containing the
reaction mixture and vortexed for 45 s. 2.5 mL of ethyl acetate were then added to the warm
solubilized DES, subsequently the extraction took place at 50°C for 20 minutes with use of the
orbital shaker set on program U2 and 90 rpm (neoLab, Heidelberg, Germany). 1 mL of the
upper phase was then aliquoted and dried on a centrifugal evaporator, to be resolubilized in
1 mL of chloroform/methanol (75:25 v/v) and 100 uL were placed into a HPLC vial for further
quantification.

The method described by Hollenbach et al. [136,139] was used with slight modifications as
follows. Kinetex EVO C18 (2.6 mm, 250 mm x 4.6 mm) column from Phenomenex
(Aschaffenburg, Germany) with an accompanying guard column (4 mm x 3.0 mm ID) of the
same phase, using an Agilent 1260 series liquid chromatograph (Waldbronn, Germany)
equipped with a quaternary pump, an autosampler and a column oven. An evaporative light
scattering detector (ELSD) from BUCHI Labortechnik (Essen, Germany) was used for
detection. The mobile phase, solvent A, was water and solvent B was acetonitrile. The flow
rate was 1 mL/min, and a gradient was used for separation of product and substrates: starting
from 40% A-60% B, then 0-10 min a linear gradient up to 35% A-65% B, followed by another
linear gradient from 10 to 15 min up to 25% A-75% B. This gradient was held for 5 min,
followed by a reconditioning step of the column with 40% A-60% B for 5 min. The injection
volume was set to 10 pL. The column was operated at 50°C. The detector was operated at 38°C
with a gas flow (air) of 1.5 mL/min. The gain was set to 1. The retention times were 2.1 min for
sorbitol and 3.5 min for SL and ~9.5 min for lauric acid. (Appendix: Figure A3)
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2.2.9. Spectroscopic and Spectrometric Methods for Structural Elucidation of SL

For nuclear magnetic resonance (NMR) spectroscopy, 10 mg of purified SL was dissolved in
0.6 ml CD:Cl>/d6-acetone (4:1, by vol.). 1D 'H NMR spectroscopy and 2D 'H-'H correlation
spectroscopy (COSY), 'H-'H total correlation spectroscopy (TOCSY), 'H-"*C heteronuclear
single-quantum correlation (HSQC) spectroscopy and 'H-3C heteronuclear multiple-bond
correlation (HMBC) spectroscopy were performed on a Bruker AVANCE III 600 MHz
spectrometer (Bruker BioSpin, Rheinstetten, Germany) equipped with a TCI cryoprobe at a
temperature of 27 °C. Spectra were processed and analyzed using Topspin 4.0.1 (Bruker
BioSpin) and MestReNova 14.2.0 (Mestrelab Research S.L., Santiago de Compostela, Spain).
Chemical shifts were referenced to the 'H and '*C resonance of tetramethylsilane (TMS).

The mass spectrometry (MS) for mass identifications was performed with electrospray
ionization (ESI) on a quadrupole Q Exactive Plus (ThermoFisher Scientific GmbH, Kandel,
Germany) and recorded in positive mode, raw spectrometric data was treated using
MestReNova Suite 2020 [version 14.2.0] (Mestrelab Research S.L., Santiago de Compostela,
Spain).

2.2.10. Data Treatment and Statistical Analysis

OriginPro software 9.7 [version 2020] (OriginLab Corporation, Northampton, MA, USA) was
used for raw data treatment and statistical analysis. Results are presented as mean + standard
deviation (n = 3). Statistical analysis was performed by one-way ANOVA and Tukey test,
results were considered significant if p-value was <0.05 if not stated otherwise.

2.3. Results

In the following sections we report the investigation of commercially available lipase
formulations to produce SL alongside a newly developed quantification method that allowed
the investigation of the impact of several synthesis factors. Following the product formation
over time also allowed optimization of reaction time, enzyme, and substrate concentration and
subsequently, water content of the DES. Finally, the titer of the optimized process as well as a
proof of scalability and technical notes for the use of a batch STR followed by the DSP
procedure are presented.

2.3.1. Sorbitol Monolaurate (SL) Quantification

We herein successfully separated and quantified SL using a newly developed analytical
HPLC-ESLD method which allowed the differentiation of the products and substrates
(Appendix: Figure A3). Sorbitol had a retention time of 2.1 min, 3.1 min for SL and ~9.5 min
for lauric acid (not integrated). Due to the low baseline noise and suitable peak resolution
(Table 3), it was possible to quantify SL in a range between 0.75 g/L and 30 g/L with use of
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two linear ranges of calibration as ELSD does not provide a linear response when analyte
concentration increased.

Table 3. Chromatographic and analytical characteristics of SL analysis using HPLC-ESLD.

Retention time (SL)* 3.55 — 3.59 min
Peak width** 0.060 — 0.091 min
Resolutionsoritol — st (1 = 3) 17.5
Resolutionst. — tauricacid (11 = 3) 7.6
Baseline noise (1 =3) 0.22 +0.07 mV
Limit of detection (signal/noise = 3) <0.04 g/L
Limit of quantification (signal/noise = 10) 0.04 g/L

1t range of linear calibration

Correlation coefficient (R2, n = 3) 0.9967
Equation of linear calibration y =0.001x + 0.988
Linear range of calibration 0.75 — 15 g/L

2nd range of linear calibration

Correlation coefficient (R2, n = 3) 0.9993
Equation of linear calibration y =0.002x - 21.639
Linear range of calibration 20 — 30 g/L

Note. *Inter-day variance of retention time measured at 3 different days. ** Concentration 0.75 — 30 g/L.

2.3.2. Commercially Available Formulations Screening

Figure 6 shows that highest yields of vinyl laurate conversion into SL were obtained by Lipase
B from Candida antarctica (CA) formulations such as Novozym 435®, Lipozyme 435® and
Lipozyme CALB L (liquid formulation). Regardless of the applied form, all of them seem to
reach statistically equivalent results of ~20% under non-optimized reaction conditions.
However, it is important to note that liquid formulations potentially contain more catalytic
material than the immobilized ones, showing the limitations of our comparison.
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Figure 6. Comparison of SL conversion yields calculated from 0.5 M vinyl laurate. A triplicate was
done for each screened commercially available formulation after 48 h at 50°C. a, b, ¢, d, e and f show
statistically significant differences (p<0.05).

As we compare these lipase formulations based on applied concentrations (20 g/L), the
quantity of actual enzyme present in the reaction most likely differs, moreover, very little data
on the matter are made available by the producers. The quantity of enzyme is however directly
linked to the amount of formulation used, thus when comparing immobilized enzyme this
variable is intrinsically highlighted. As a result, we are, among other factors, comparing
qualitatively the immobilization efficiency of the various formulations tested. In this aim and
in our system, either using the food grade formulation (Lipozyme 435®) or the technical grade
one (Novozym 435®) did not lead to significant differences in titer after 48 hours of reaction
(Table 4). Interestingly the Cross-Linked Enzyme Aggregate (CLEA) from CA seemed to reach
statistically similar levels of performance. Therefore, in the following sections, we chose to
report the influence of several factors affecting our system. For this purpose, we used
Novozym 435® as the archetype of the commercially available lipase formulation for SE
synthesis. As a first step, we decided to investigate the evolution of SL titer over time.
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Table 4. Titer (g/L) of SL obtained after 48 hours with commercially available enzyme formulations.

Reported optimal

Formulation name I::E:::;S Forn:;;:tion temperature Titer (g/L)**
range (°C)*

CalA Immo 150 500 U/g Immobilized N.C. 23+09
CalB Immo Plus >9000 PLU/g Immobilized 60-80 13.3+£3.0
Lipase CA CLEA >1.5U/mg Cross-linked >40 382+3.8
Lipase TL CLEA 225 U/mg Cross-linked 40-60 92+27
Lipozym 435 9000 PLU/g Immobilized N.C. 38.2+3.8
Lipozyme CALB L 5000 LU/g Liquid 30-60 382+38
Lipozyme RM IM 275I1UN/g Immobilized 30-50 13.2+2.7
Lipozyme TL 100L 100 KLU/g Liquid 20-50 33+1.2
Lipozyme TL IM 250 IUN/g Immobilized 50-75 13+1.0
NovoCor AD L 6000 LU/g Liquid 30-60 33+12
Novozym 40086 2751UN/g Immobilized 30-50 22+11
Novozym 435 10000 PLU/g Immobilized 30-60 38.2+3.8
Novozym 51032 15 KLU/g Liquid 35-70 44+13
Novozym NS 81356 N.C. Immobilized N.C. 106+1.4
Palatase 20000 L 20000 LU/g Liquid 30-50 10.0+2.1
Resinase HT 50 KLU/g Liquid <90 73+13

Note. N.C.: Not Communicated. * Reported data are provided by the producers and are available online. **
Experiments were performed as triplicates under identical conditions: 0.5 M of vinyl laurate, 20 mg of formulation
in 1.5 mL of Sorbit DES (sorbitol/choline chloride, 1:1, mR, 5 wt.% water) after 48h at 50°C and data is presented as

mean values + standard deviations (n = 3, p-value < 0.05).

2.3.3. Product Formation Quver Time

To determine the optimal reaction time to produce the maximum amount of SL, concentration
of produced glycolipid was recorded over 96 h. Thus, we reached a saturation of product after
48 h with apparently no significant changes in concentration, even up to 96 h of reaction as
shown in Figure 7.
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Figure 7. Time course of the reaction under unoptimized conditions: 0.5 M of vinyl laurate, 20 mg of
Novozym 435®, and 1.5 mL of Sorbit DES as solvent (sorbitol/choline chloride, 1:1, mR, 5 wt.% water)
at 50°C.

Under these unoptimized conditions using Novozym 435®, a concentration of 95 + 2.5 mM of
product was obtained after 48 h of reaction, which translates to a specific productivity of 100
umol/h/g. Until now, no data has been reported regarding the use of a “2-in-1” DES system
for lipase-catalyzed transesterification between a vinyl laurate and sorbitol to synthetize such
monoacylated sugar alcohol ester.

2.3.4. Effect of Enzyme, Substrate and Water

Herein, Novozym 435® was used as the biocatalyst for the reaction that was carried out in the
“2-in-1” Sorbit DES. Factors impacting the reaction (i.e., enzyme concentration, enzyme dosage
and water content in the media) have been investigated to find the optimal parameters for
each condition. From Figure 8, it can be discerned that the optimal values were 50 g/L enzyme,
0.5 M vinyl laurate and 5 wt.% water.

Table 5. Averaged values of viscosity and water activity of the Sorbit DES under various water contents

at 50°C.
Water content 1.25 25 5 7.5 10
(wt. %)
Viscosity (Pa.s™) 1.55 1.07 0.56 0.35 0.27
Wate(r: C)thlty 0.024 0.045 0.077 0.12 0.16

Statistical analysis of the different titers reached after 48 h in relation to enzyme concentration
revealed significant differences when the amount of enzyme was at least doubled from the 20
g/L starting point (Figure 8A). Drastic differences are to be observed in Figure 8B as 0.5 M of
vinyl laurate induces a two-fold increase in titer compared to 0.25 M and 0.75 M. This safely
suggests that upon a range of concentration > 0.5 M, there was potentially an inhibition of the
biocatalyst due to substrate saturation. Above this concentration and despite the statistical
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analysis, comparisons are rendered ambiguous considering the lack of trend and should be
interpreted with a certain distance.

30

40 a A
a = ]
i :
? 8 20 I
30 4 [ .
—
) | ! o b be
~ c -~ T T
ks 1 g ¢
= 20 4 = T l
@ ® i
10 d
i
10 d
0 - - - r v r 0 T T T T T T T T T
0 20 40 60 0.25 05 0.75 1 1.25
Enzyme concentration / g/L Vinyl laurate concentration / M
40
7 C
ab
30 ab
: i
o I
)
@ 20
= c
7]
10
0 T d T T T d T T T
1.25 25 5 75 10

Water content / wt.%

Figure 8. Novozym 435®-catalyzed transesterification of sorbitol and vinyl laurate in “2-in-1” Sorbit deep
eutectic system: Effect of enzyme dosage (A); vinyl laurate concentration (B); and water content in the
media (C) on the titer after 48 h. a, b, c and d show statistically significant differences, at a 0.05 significance
level, of the mean values obtained from three independent experiments ran under each condition.

The results displayed in Figure 8C are rather more ambiguous as well, concerning the water
content. Indeed, above 5 wt.% water, it seems that an optimal range of water content was
reached. Overall, the results tend to indicate that enzyme and substrate concentrations were
predominant factors compared to the water content, to some extent, as the Sorbit DES with a
2.5 wt.% water content ultimately limits the conversion most probably due its measured 2-fold
higher viscosity (Table 5). It also seems that the Sorbit DES with 5 wt.% water provides the
optimal Aw for the enzymatic activity (~0.08). Thus, a compromise has been found on the water
content of the Sorbit DES, giving a good balance between viscosity and water activity for an
optimal substrate conversion. In the following section we display the structural elucidation of
the product and the impact of the optimized combined factors on our process.
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2.3.5. Structural elucidation Using Spetroscopic and Spectrometric Methods

Here, we report one of the most extensive structural characterization of SL. '"H and *C-Nuclear
Magnetic Resonance (NMR) Spectroscopy and Mass Spectrometry (MS) were performed on
the purified compound. Additional '"H-'H COSY and 'H-'H TOCSY, 'H-*C HSQC and 'H-1*C
HMBC (Appendix: Figures A4, A5, A6 and A7, respectively) combined with MS results,
confirmed that only one acyl group (laurate adduct) was bound to a primary hydroxyl group
of sorbitol. From the 1D- and 2D-NMR experiments, the chemical shifts and their assignments
are fully detailed in Table 6.

Table 6. 'H- and *C-NMR chemical shifts of sorbitol-6-O-laurate (SL) with their molecular assignments.

Molecular group 13C shift (ppm) 'H Shift (ppm) Multiplicity Coupling (Hz)
Sorbitol

-CH,-O-* 66.66 4.35,4.18 dd, dd 3.0,11.5,6.3
-C2H- 70.69 3.91 m -
-C3H- 73.24 3.68 dd 5.28,7.37
-C*H- 70.27 3.93 t 4.84
-C%H- 74.32 3.83 m -
OH-C®H,- 64.25 3.71 m -
Laurate

O=CL-OH* 174.46

-C2H,-* 34.64 2.33 t 7.6
-C3H,- 25.46 1.61 m -
-C*H,- 29.72 1.32 m -
-C%H,- 30.12 1.28 m -
-C8H,- 30.12 1.28 m -
-C’H,- 30.12 1.28 m -
-C3H,- 30.12 1.28 m -
-C%H,- 30.12 1.28 m -
-C1°H,- 30.12 1.28 m -
-CYH,- 23.22 1.29 m -
-C12H,4 14.35 0.88 t 7.00

Note. * Acylation site; d = doublet; t = triplet; m = multiplet.

To determine which primary carbon of the meso and pseudo-asymmetric polyol is bound to
laurate, we measured a 'H-*C HSQC with high resolution in the direct dimension and no
decoupling. Extraction of 1D slices along the respective carbon frequency allowed estimation
of vicinal MH] couplings.
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Figure 9. Extracted NMR signals of (A) C*H and (B) C°H of the sorbitol.

Figure 9 shows the signals that belong to C*H and C°H of the sorbitol. C*H is a triplet with
coupling constants of 4.8 Hz, indicating that both vicinal protons to this group are in cis
position. C*H on the other hand displayed a doublet of doublets with two different coupling
constants of 5.3 Hz and 7.4 Hz, thus here the vicinal protons are different, best explained by
one in cis and the other in trans position. This proves that the laurate adduct is connected via
the ester function to the C'H end of the polyol.

MS was performed with ElectroSpray Ionization (ESI) (Appendix: Figure AS8). The
spectrometric analysis of the synthesized SL is shown below in Table 7. In the latter, 5 clear
adducts of SL have been observed and correlated to possible adducts.

Table 7. Adducts determined from the observed m/z obtained via ElectroSpray Ionization-Quadrupole
(ESI-Q) experiment for the purified Sorbitol-6-O-Laurate (SL).

Observed m/z value Corresponding adduct Relative abundance (%)*
329.232 [Mst+H]*-2H20 7.27
347.243 [Msi+H]-Hz0 100
365.253 [Msi+H]* 34.05
382.280 [Mst+NH:]* 0.92
387.235 [Msi+Nal* 18.57

Note. *Calculated from the abundance of the ionic fragments, on the y-axis, that were produced by in source
fragmentation.
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2.3.6. Optimized Tube Scale Production and Scalability

Combining the optimized factors allowed a product concentration of up to 50 g/L of SL at the
tube scale to be reached. Interestingly, to demonstrate scalability of the production in a batch
STR, we ended up with a ~2-fold decrease of both titer and yield as shown in Table 8,
suggesting that the reaction is sensitive to the effect of reactor. Presumably, the chosen
parameters such as stirring speed and stirring did not match the performance of orbital
shaking and resulted in lower performance. Albeit we demonstrated in the present work the
scalability of our process. More investigation specific on this reactor system that would focus
on these parameters is needed.

Table 8. Impact of optimized factors on SL titer after 48 h in Sorbit DES with 5 wt.% water, using
Novozym 435® at tube and stirred-tank scales. Reaction conditions: 0.5 M vinyl laurate, 50°C, 50 g/L
enzyme formulation.

Specific reaction velocity***

Scale/Stirring Titer (g/L)  Yield*** (%) (umol/h/g)
4h 24h 48h
Tube/Orbital Shaking 50 + 3* 28 +2* 151 +13* 91 + 4* 54 + 5*
Stirred-Tank/ 3-bladed
X% 3% *3% % 3%
spiral propeller 25+8 14+4 134+10 40+8 29 +4

Note. *n =3, p-value < 0.05. ** n = 2, p-value < 0.1. *** Calculated from equations (1) and (2).

In Figure 10, we observe directly this blatant two-fold decrease in titer. However, it is
interesting to notice an equivalent titer in the early stage of reaction being reached in the STR
and the orbitally shaken tubes with comparable initial velocities. After 24 h, the difference in
titer increases drastically while the specific productivity dropped in both reactors with a 1:2.5
ratio between the two systems. Finally, at 48 h, reaction velocities decreased again by roughly
2-fold conserving a similar ratio as previous. Thus, it is suspected that comparatively, enzyme
was inhibited due to mass transfer limitations in the STR.
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Figure 10. Time course of SL production (g/L): STR with 3-bladed spiral propeller versus tube in orbital
shaking.

We propose thereafter a discussion making a parallel between our results and pre-existing
ones in literature. Allowing us to give a broader aspect of the role of immobilized enzymes,
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DESs, and reactor technologies in sustainable processes such as, but not only limited to, sugar
ester synthesis.

2.4. Discussion

2.4.1 Immobilized Lipases and Media Tailoring for Sustainable Biocatalyzed Esterifications

To enhance the performance of the biocatalyst, immobilization of enzymes and more
specifically lipases are of high industrial interest and it has become a requirement [140].
Indeed, it was shown in numerous reports that through e.g., adsorption or covalent binding
with a solid carrier, some acyltransferases, such as the lipase B from Candida antarctica (CaLB)
could display improved activity, stability, and reusability [141-143]. This phenomenon can be
understood inter alia as a gain of rigidity for the enzyme’s tertiary structure which limits
protein unfolding and thus denaturation of the biocatalyst [144]. This is in practice true in the
case of the Novozym 435® formulation that was recently qualified as the “perfect immobilized
biocatalyst” in a review from Ortiz et al. [145]. In parallel, the native CaLB has been
demonstrated to be among the most stable commercially available lipases [146,147]. By
binding it to a macroporous acrylic polymer resin (Lewatit VP OC 16000), resulting in the now
highly reported Novozym 435®, it increased drastically the performances of the biocatalyst
[148].

In the current work, it might appear shocking that we use 50 g/L of enzyme to reach the same
value in titer of product. At least on the tube scale, it is likely that in the case of Novozym 435®
the costs associated with the immobilization might be fully compensated [149-159]. Indeed,
the formulation can be recycled, using filtration, for sometimes up to 10 cycles as a report from
Liu et al. demonstrates [160]. It is also important to remember that in such bead-adsorbed
enzyme formulation, the non-catalytic ballast of the carrier represents a tremendous portion
of the biocatalyst’s mass (90 to >99 wt.%) [148,161]. Thus, it is remarkable that in our work, the
immobilized versions of CaLB such as Lipozyme 435® or Novozym 435®, rivalized with the
buffered formulations as they should normally contain a higher enzyme concentration.

Interestingly, CLEA CA was in our case, comparable to the other CaLB formulations. The
Cross-Linked Enzyme Aggregates (CLEAs) first introduced by Sheldon et al. [162], but also the
Cross-Linked Enzyme Crystals (CLECs) [163] represent very interesting and more elegant
alternatives to the petrol-based polymer carriers. CLEAs are a result of firsthand the
precipitation and physical aggregation of the enzymes then secondhand the cross-linking of
these aggregates with a cross linking agent which can be typically glutaraldehyde. This gives
several advantages to CLEAs over their non-covalently immobilized analogues, such as the
quasi-nonexistent leaching of enzyme even under reportedly harsh conditions [164]. Due to
the covalent inter-molecular binding, CLEAs and CLECs afford complete removal of the
carriers thus resulting into carrier-free immobilized enzymes. However, they also present
limitations and challenges for their industrial scale production, notably for the control of the
enzyme's aggregation that can result in less active enzyme dimers [165], thus they are, to this
day, rather rarely produced in bulk. On a side note, it is important to mention that standard
acrylic-bead-immobilized enzymes were easier to handle, throughout the tube-scale synthesis
and downstream processing than their CLEA analogues.

Herein, we reached an optimal titer after 48 hours of reaction which is, like other reports
dealing with enzymatic production of sugar esters in DESs [119], but much shorter than
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microbial fermentation to produce glycolipids. Indeed, as an example, to produce
Mannosylerythritol Lipids (MELSs), the average harvesting time is between 7 to 10 days for a
titer ranging from 15 g/L to 165 g/L to obtain, in the case of the highest yields, complex
mixtures of MELs [166-169]. Additionally, and as we demonstrated, fewer factors must be
investigated when selectively producing tailor-made glycolipids using either free or
immobilized enzymes. On the other hand, microorganisms, such as yeasts or fungi, exhibit
much more complex behaviors that require acute control of the reaction conditions. In this
specific case, and despite MELs being well established on the market, mixtures of products are
often obtained, thus adding a degree of complexity to the DSP. Our process using a “2-in-1"
DES as media is rather more straightforward comparatively, but more time and investigation
are needed to overcome challenges to make it as relevant for industrial production. . In regard
to DSP, it has been shown in several studies that DESs can be recycled as well [170-172]. In
our case and for an efficient liquid-liquid extraction, the “2-in-1” DES was broken via aqueous
solvation. It could be thus foreseeable, that choline chloride-rich wastes generated by such
DES mediated process, could be re-valorized in feed additives [173] or as agrochemical active
ingredients [174]. Unlike organic solvent, DESs do not have to undergo incineration thus their
release in nature can be considered [175].

Analogously, a eutectic mixture using organic solvents (NaOH/DMSO/2M2B) was
investigated, for the synthesis of SL using lauric acid, by Kim et al. reaching exceptionally high
yields (97%) using ~500 g/L of enzyme [131]. Despite this remarkable achievement, we propose
in contrast a method using a deep eutectic system made of ubiquitous, renewable, and
inexpensive compounds such as choline chloride and sorbitol using 10 times less biocatalyst.
Concomitantly, they also reported an adverse effect of highly viscous mixtures on the reaction
which correlates to the decreased titer we obtained when the reaction’s water content was set
to 2.5 wt.%. Overall, this might also explain our comparatively inferior conversion yields as it
seems that deep eutectic systems present challenges in terms of mass transfer limitations,
meaning that our substrate hardly moves to the enzyme’s active site. Zhao et al. reported a
bisolvent system containing either ILs or DESs in combination with 2M2B for glucose-based
fatty acid esters. Similar factors were investigated and gave results equivalent to ours such as
an optimal enzyme content of 20 g/L. of Novozym 435® at 60°C to reach 46 % conversion yield
from the 0.3 M of vinyl ester used [53].

The ever-growing knowledge on enzyme immobilization and media-tailoring technologies
have shown to be crucial tools to reach sustainability in biocatalysis. They are also of active
interest for various industrial domains to develop greener and sustainable processes [126,176—
179]. Regarding this aim and as performance is of keen interest for industrial application,
reactor technology and scalability represent two important pillars as well.

2.4.2. Reactor Technology: Toward Scaling-Up Lipase-Catalyzed Reactions

The development of suitable reactors and technologies that support lipase-catalyzed reactions
is a topical subject for both academia and industry. Some parameters inherent to reactors have
been shown to be of high importance for the performance of the process. For example, the
speed of stirring can drastically influence the initial velocity of reaction and the conversion
yield. This was clearly demonstrated in a research article from Korupp et al. dealing with the
enzymatic production of glycerol adipate using Novozym 435® [180]. In the latter, they
observed highest conversion rates at 100 rpm. The type of stirrer did not significantly influence
the reaction; however, it was observed that only a helicon ribbon stirrer gave a uniform
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convection of both substrate and catalyst. Similar observation was made in our case using a 3-
bladed spiral propeller instead of a 4-bladed flat turbine (unpublished data), suggesting that
homogeneity of highly viscous mixtures can be reached optimally in an STR with stirrers that
induce vertical convection due to a rather axial flow. Indeed, studies from Wiemann et al. and
Ansorge-Schumacher et al. are suggesting that viscous mixtures requiring high energy input
might have deleterious effect on the physical and mechanical properties of immobilized
formulations [181,182]. To corroborate these affirmations, a study from Keng et al. used a
Rushton turbine impeller providing this time a radial flow that was seemingly more adapted
to the relatively lower viscosities of their n-hexane-based mixture [183]. In their report dealing
with the Lipozyme RM IM-catalyzed palm esters synthesis, it was clearly concluded as well,
that shear effect of high impeller speed on the enzyme particles caused adverse effect on
reaction performances. Thus, potentially explaining our significant loss of titer (~2-fold
decrease) and lower reaction velocity when scaling up from the tube to the STR (Table 5 and
Figure 5). Altogether it seems that a compromise needs to be found on the stirrer type and its
speed, to conserve the integrity of the biocatalyst. In this regard, more stable lipase
formulations are commercialized to respond to this problem. A good example is the recently
co-developed and industrially produced CalB immo Plus® from c-Lecta and Purolite
companies (www.c-lecta.com/www.purolite.com). The highly hydrophobic carrier
ECR1030M (DVB/acrylate copolymer) exhibits enhanced mechanical stability and offers
controlled size of spherical beads.

As a matter of fact, we mostly demonstrate what conditions were the most intrinsically
influential on the reaction, but further studies would be needed to optimize the process at an
even bigger scale. We essentially brought in the current work, a proof of the scalability of our
process and more generally the scalability of the, scarcely represented in the literature, DES-
mediated biocatalysis [184]. Despite a lack of in-depth understanding on how mechanistically
DESs can activate and stabilize lipases, the room for improvement of this topic toward
industrial application is rather wide. However, we were able to demonstrate that preparative
scale is reachable using a facile and straightforward method, that requires the minimum
necessary equipment as shown in the flowsheet of Figure 11. We removed therein the need for
continuous pH and gas composition assessment that are standardly used in microbial
fermentation, among other measurements that require probes combined to their respective
computer software.

Stirrer

L]

Axial flow

Thermostat
]

Figure 11. Flowsheet and picture illustrating the visibly homogenized lipase-catalyzed production of
sugar alcohol monoesters using a stirred-tank reactor.
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Although our discussion mainly revolved around the use of rather conventional reactors, such
as STRs for batch heterogenous biocatalysis, innovative and commercially available
alternatives have risen on the market. The Rotating Bed Reactors (RBRs), notably
commercialized by the SpinChem company (www.spinchem.com), have proven to be
promising alternatives to STRs and have shown good results when used for immobilized
enzymatic reactions [185]. Furthermore, their cooperation with Purolite (www.purolite.com)
gave light to immobilized lipase cartridges, theoretically forming a rotating packed bed
reactor, that removes the need for filtration during the DSP and simplifies the recovery of the
biocatalyst. Remarkably, packed bed reactors have also been combined with DESs for lipase-
catalyzed esterifications. In a relatively recent study from Guajardo et al., they managed the
transition from a batch, to a fed-batch and continuous process, enhancing simultaneously
conversion yield and productivity thus seemingly resolving the encountered issue of mass
transfer limitations and biocatalyst inhibition [186].

Recently as well, our research group published a proof of concept for the simultaneous
extraction of lipids from yeast and the subsequent ester production in a “2-in-1” Sorbit DES,
using microwave heating as an alternative to thermal heating [133]. This simplified and fast
method is only an example of the vast possibilities that DESs, immobilized enzymes and
innovative reactor systems can offer not only to the field of biocatalysis but also to
biotechnology in a broader scope.

2.5. Conclusions

In this chapter, we presented the screening of 16 commercially available lipase formulations
for the DES mediated and lipase-catalyzed production of glycolipid sorbitol-6-O-laurate. We
determined the influence of several factors such as time of reaction, enzyme dosage, substrate
concentration and water content when using Novozym 435® as biocatalyst owing to our
newly HPLC-ELSD quantification method. We therein elucidated and identified, with
complete spectroscopy and spectrometry analysis, the structure of the targeted compound. To
finalize our report, we brought evidence of the possible scalability of such process and its
importance for sustainable biocatalysis by highlighting analogous knowledge and facts from
the literature. Overall, we show that despite many challenges and limitations, DESs
demonstrate factually potential for mediating bioprocesses. Thus, it is foreseeable that more
and more concrete applications will emerge concerning this specific topic.

35



Intensification of Immobilized Enzyme-Promoted Sugar Alcohol Ester Production in Heterogenous Unconventional Media
Using Microwave Irradiation

3. Intensification of Immobilized Enzyme-Promoted
Sugar Alcohol Ester Production in Heterogenous

Unconventional Media Using Microwave Irradiation

This chapter is partly based on the publication draft:

Intensification of Immobilized Enzyme-Promoted Sugar Alcohol Ester Production in
Heterogenous Unconventional Media Using Microwave Irradiation

André Delavault, Oleksandra Opochenska, Katrin Ochsenreither and Christoph Syldatk

To be submitted

36



Intensification of Immobilized Enzyme-Promoted Sugar Alcohol Ester Production in Heterogenous Unconventional Media
Using Microwave Irradiation

Authors Contribution:

André Delavault: conceptualization, methodology, formal analysis, investigation, writing of
the original draft, writing of the reviews, and editing

Oleksandra Opochenska: methodology, formal analysis, investigation, writing of the original
draft, writing of the reviews, and editing

Katrin Ochsenreither: methodology, formal analysis, investigation, writing of the original
draft, writing of the reviews, editing and supervision

Christoph Syldatk: supervision and funding acquisition

37



Intensification of Immobilized Enzyme-Promoted Sugar Alcohol Ester Production in Heterogenous Unconventional Media
Using Microwave Irradiation

3.1. Introduction

Previous chapter demonstrated that enzymatic production of sorbitol laurate was rendered
possible in a so called “2-in-1” Deep Eutectic Systems (DES), made notably of choline chloride
in combination with sorbitol, implicated in the bioconversion as well. This principle was first
reported by Siebenhaller et al. [127] and thereafter reviewed in an article from Patzold et al.
[126]. However, the performances of this specific proof of concept, using mainly glucose as
acyl acceptor, were exceptionally poor (~4% yield). Recently, we managed to increase the
conversion yield of this process by a 7-fold factor, compared to the original proof of concept
by using a better acyl acceptor (sugar alcohol) and optimizing the synthesis factors. Scalability
of the process was demonstrated as well but, in the meantime, mass transfer was inter alia
highlighted as a potential limitation to the performance of the process during the scale-up to
a batch stirred tank reactor. Indeed, not only an overall 2-fold loss of titer but also a drastic
loss of specific reaction rate were observed after only 4 hours of reaction ending up in a rather
slow reaction [187]. Thus, as a follow-up study, and in an aim of further intensification, we
investigate herein the use of both microwave irradiation and organic solvents to increase the
performance of glycolipid production. Comparisons between the different solvent systems
and heating methods in overall yields and productivities are bringing thus nuance to the
promotion of DES as green media for biocatalysis. Nonetheless, it is crucial to remember the
intrinsic advantages of these low transition mixtures such as their formation, use, price and
harmlessness [121,188-190]. Therefore, it is of interest to pursue efforts in making these
innovative and sustainable media competitive to standard organic solvent in order to gain
applicability and industrial interest [191].

Microwave heating is being under scrutiny as well, as it enhanced performances of numerous
chemical reactions, extractions and biomass valorization processes [192]. However, it is rather
scarcely represented in literature and it is still a niche topic for sugar esters production
specifically [193]. It is a highly promising tool to intensify biocatalysed reactions as previous
reports outline synergistic effect between the resulting dielectric heating and biocatalysts [194].
Indeed, it has proven to increase tremendously the reaction rates and overall yields of rather
slow enzyme-catalyzed reactions [195-198]. We aimed at intensifying the lipase-catalyzed
production of sorbitol laurate in different media following this principle. The synergism
highlighted herein allowed superior results not only in our case but also in similar studies
dealing with esterification and transesterification [199]. This phenomenon could be interpreted
as a higher collision frequency between molecules, favorized intrinsically by localized
superheating [200-202]. In the monomode reactor used in this study, the microwave radiations
are typically guided through a rectangular wave guide towards the reaction container which
is located at an interval from the magnetron that creates this standing wave (see Figure 12).
As a result, an elevated microwave field density is created, causing extremely fast heating
rates. Due to a uniform microwave field, no hot or cold spot is formed [193]. Similar study
have shown that monomode reactors have been successful used for the synthesis of isoamyl
myristate motivating thus our investigations [203].
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Figure 12. Principle of microwave radiation in monomode reactors and heat distribution of conventional
heating vs microwave irradiation.

Conventional heating, in the other hand, transports the energy into the reaction via
thermal conductivity of the reaction medium. Consequently, higher heating of the reactor
than the reaction itself can be caused which is in opposition to microwave technology that
allows an effective and internalized heating [204]. To complete our work the enzyme’s
recycling as well as the efficiency of the liquid-liquid extraction using ethyl acetate was
investigated.

3.2. Materials and Methods

3.2.1. Materials

Vinyl laurate was purchased from Tokyo Chemical Industry Co., Ltd. (TCI Europe, Belgium).
Lipase formulation Novozym 435® was given by Novozymes (Denmark). All other chemicals
and more notably solvents were purchased from either Carl Roth GbmH & Co. KG (Karlsruhe,
Germany) or Sigma Aldrich Chemie GmbH (Taufkirchen, Germany) if not stated otherwise.
In addition, all solvents were dried over MgSOx for 72h and stored with ~100 g/L of molecular
sieves (3 A) prior to use.

3.2.2. DES Preparation

The sorbitol and choline chloride based DES, dubbed “Sorbit DES”, was prepared and
validated according to the procedure described by Dai et al. and Hayyan et al. [137,138]. The
water content was fixed at 5 wt.%

3.2.3. Solvent Systems Screening: SL Synthesis using Conventional Heating

In a 5 mL Eppendorf tube, were introduced subsequently:

For the organic solvent-mediated synthesis: 1.5 mL of warm Sorbit DES, vinyl laurate (195 uL,
170 mg, 0.75 mmol, 0.5 M) and 30 mg of enzyme formulation (20 g/L). The tubes containing
the reaction mixture were agitated in a rotator and vortex mixer (program U2) from neoLab
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(Heidelberg, Germany) at 90 rpm and 50°C. To get a triplicate for each measure, three tubes
were collected for each time point at : 0.5h, 4h, 8h, 24h, 28h, 32h, 48h.

For the DES-mediated process: : 1.5 mL of warm Sorbit DES, vinyl laurate (195 uL, 170 mg,
0.75 mmol, 0.5 M) and 30 mg of enzyme formulation (20 g/L). The tubes containing the reaction
mixture were agitated in a rotator and vortex mixer (program U2) from neoLab (Heidelberg,
Germany) at 90 rpm and 50°C. To get a triplicate for each measure, three tubes were collected
for each time point at : 0.5h, 4h, 8h, 24h , 28h, 32h, 48h.

All tubes were then processed for further analysis as described in subsection 3.2.8.

3.2.4. Influence of Biocatalyst, Sorbitol and Vinyl Laurate Concentrations in 2M2B

To examine the optimal concentration of lipase formulation, different concentration of
Novozym 435® (10, 20, 30, 40, 50 and 60 g/L) were tested without varying any other reaction
parameter.

To address the optimal substrates concentrations for the reaction, different vinyl laurate and
sorbitol concentrations (0.25, 0.5, 0.75, 1 and 1.25 M) were tested independently from each
other while all other reaction conditions were kept constant.

3.2.5. Intensification Using Microwave Irradiation and Influence of Temperature

In a 10 mL Microwave G6 tube, were introduced subsequently 3 mL of warm DES, vinyl
laurate (390uL, 340mg, 1.5mmol, 0.5M) and 150 mg of Novozym 435® (50g/L). The tubes
containing the reaction mixture were placed in the Monowave 400 (Anton Paar, Ostfildern,
Germany) and incubated at 350 rpm and at temperatures of 50°C, 75°C and 100°C.

In a 10 mL Microwave G6 tube, were introduced subsequently 3 mL of 2M2B, vinyl laurate
(585uL, 510mg, 2.25mmol, 0.75M), sorbitol (273.2mg, 1.5mmol, 0.5M) and 60 mg of Novozym
435® (20g/L). The tubes containing the reaction mixture were placed in the Monowave 400
(Anton Paar, Ostfildern, Germany) and incubated at 600 rpm and at temperatures of 50°C,
75°C and 100°C.

3.2.6. Enzyme Recycling

Reusability of Novozym 435® was tested in DES as well as in 2M2B. For both DES and 2M2B
the reactions were performed under optimized conditions respectively. After 48h synthesis,
the mixture was filtered using a Biichner funnel. The enzyme was washed with 4 x 20 mL
distilled water, to dissolve the remaining sugar, and 4 x 20 mL of ethyl acetate to get rid of
remaining DES. Then the enzyme was dried overnight in a desiccator provided with a drying
agent. Afterward, the re-conditioned enzyme was reused for two more synthesis cycles with
the same washing protocol in between. The residual activity in the following cycles was
calculated as percentage of the conversion obtained in the first cycle.

3.2.7. Extraction Efficiency using Ethyl Acetate

To evaluate the extraction performances, 40 mg of sorbitol laurate was incubated in 1 mL of
Sorbit DES for at least 1 h and afterward extracted and analyzed by HPLC-ELSD. The
extraction efficiency was calculated as follows:
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Extraction efficiency [%] = % x 100% 3)
added

c : concentration

3.2.8. Sample Preparation and HPLC-ELSD Quantification Method

Tubes containing organic solvents were, post-reaction, subsequently dry-evaporated on a
SpeedVac centrifugal evaporator (H. Saur Laborbedarf, Reutlingen, Germany) and re-
suspended in 1 mL of chloroform:methanol (75:25 v/v), the other tubes containing DES were
prepared and analyzed via HPLC-ELSD as described by Delavault et al [187].

3.2.9. Data Treatment and Statistical Analysis

OriginPro software 9.7 [version 2020] (OriginLab Corporation, Northampton, MA, USA) was
used for raw data treatment and statistical analysis. Results are presented as mean + standard
deviation (n = 3). Statistical analysis was performed by one-way ANOVA and Tukey test,
results were considered significant if p-value was <0.05 if not stated otherwise.

3.3. Results

In the following sections, we report the investigation of several solvent systems under
conventional heating to produce SL alongside the investigation of the impact of several
synthesis factors in 2M2B. Following the product formation over time also allowed
optimization of reaction time, enzyme, and substrates concentrations. Then, we optimized
further the process using microwave irradiation and compared the initial specific reaction
velocities, at different temperatures, to those obtained with conventional heating. Finally, we
studied the efficiency of our DSP over several cycles of liquid-liquid extraction using ethyl
acetate and the effect of re-use of the biocatalyst in 2M2B and DES.

3.3.1. Comparing Solvent Systems for Lipase Catalyzed Production of SL

Figure 13 shows that the highest titers of SL were obtained in 2M2B using Lipase B from
Candida antarctica (CA) formulation: Novozym 435®. Without optimization, the latter reaches
almost ~100 g/L which corresponds to a relatively high specific productivity, at the tube scale,
of 287 umol/g/h. In comparison, the DES system shows lower performance but displays a
quasi-inexistent volatility.
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Figure 13. Comparison of SL titers calculated from 0.5 M vinyl laurate using Novozym 435°®. A triplicate
was done for each screened commercially available formulation after 48h at 50°C. a—e show statistically
significant differences (p < 0.05).
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Acetone allowed to reach an honorable 60 g/L titer which is significantly higher than other
recent and green solvents such as ethyl-L-lactate, EthylMethylKetone (EMK) and sometimes
forgotten as such, ethanol. Paradoxically, both alcohol solvents employed here showed drastic
differences as 2M2B, a tertiary alcohol, is about 10 times as more effective as ethanol, a primary
alcohol, to mediate the biocatalysis. The latter gave lowest titer in SL which could be attributed
to a greater destabilization of the enzyme's tertiary structure or a disruption of the enzyme’s
essential water shell as ethanol is highly hydrophilic and water miscible. As 2M2B seemed a
very promising option, we deemed necessary to look for the optimal reaction time, biocatalyst
dosage and substrates molar ratio.

3.3.2. Factors Affecting the Synthesis in 2M2B and Optimized Process Performance with
Conventional Heating

Herein, Novozym 435® was used as the biocatalyst for the reaction that was carried out in
2M2B. Factors impacting the reaction (i.e., time of reaction, substrates concentrations and
enzyme dosage) have been investigated to find the optimal parameters for each condition.
From Figure 14, it can be discerned that the optimal values were 8h, 20 g/L enzyme, 0.75 M
vinyl laurate and 0.25 M of sorbitol.
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Figure 14. Novozym 435%-catalyzed transesterification of sorbitol and vinyl laurate in 2M2B: Production
time course (A); Effect of enzyme dosage (B); vinyl laurate concentration (C); sorbitol concentration (D)
on the titer after 8 h. a—d show statistically significant differences, at a 0.05 significance level, of the mean
values obtained from three independent experiments ran under each condition.

Statistical analysis of the different titers reached after 8 h (Figure 14A) in relation to enzyme
concentration revealed significant differences when the amount of enzyme was kept at the 20
g/L starting point (Figure 14B). Drastic differences can be observed as well, in Figure 14C, as
0.75 M of vinyl laurate induces a 1.5-fold increase in titer compared to 0.25 M and a 10-fold
increase in comparison to 1.25 M. This safely suggests that upon a range of concentration >0.75
M, there was potentially an inhibition of the biocatalyst due to substrate saturation. The results
displayed in Figure 14D are rather more ambiguous, and suggests that using 0.25 M sorbitol
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induces higher titer of SL. Thus a 1:3 molar ratio of sorbitol to vinyl laurate seems overall more
performant.

Combining the optimized factors allowed a product concentration of up to 168 g/L of SL at the
tube scale to be reached in only 8 hours of reaction. Interestingly, when all conditions have
been optimized for each solvent, this titer corresponds to a 3-fold increase in performance
compared, regarding only overall yields, to acetone and DES as shown in Table 9, suggesting
that the reaction is highly sensitive to the effect of the solvent. In consequence we end up with
a dramatically superior specific productivity of 4.4 mmol/h/g.

Table 9. Impact of optimized factors on SL titer in 2M2B, acetone and DES after their respective optimal
reaction times, using Novozym 435® at tube scale.

Optimal reaction time Productivity

Solvent system (h) (g/L/h)** Yield (%)***
2M2B 8 21 + 2% 92 + 4%
Acetone 48 1.25+0.02* 33 +5%
“2-in-1” Sorbit DES 48 1.1+0.1* 28 £ 2%

*n =3, p-value < 0.05. ** Based on optimal reaction time.*** Calculated from Equation (1).

Thus, the optimization of the factors affecting the synthesis and reaction time has boosted the
performance of the process by 15-fold compared to the starting point using 2M2B that
corresponds to a >90% conversion yield with conventional heating. Thereafter we investigated
the use of innovative microwave technology to bring even further up the initial velocity of our
reaction.

3.3.3. Intensification of the Process via Microwave Irradiation and Influence of Temperature

As outlines the Figure 15 microwave technology allowed a tremendous increase in initial
velocity of the reaction. However, this effect is only observed in 2M2B as seemingly the
performance in DES suffers from a poor observed mixing. Thus, intensification using
microwave technology is rather more suitable for reactions mediated by low viscosity solvents
or adjuvants, unless a method to overcome poor mixing in DES is found.
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Figure 15. Initial reaction velocity in relation to the heating method and solvent system.

It also appears that in microwave, the enzyme meets its optimal activation energy at 75°C
which allows an initial reaction velocity of 2.38 + 0.26 mol/h/g (Table 10). As matter of fact,
process intensification using microwave allowed a reaction 50 times faster in half the time
needed to reach optimal speed using conventional heating with quasi-total conversion yields.
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Performance in DES was slightly enhanced using higher temperature as it should logically
decrease viscosity and enhance the reaction’s stirring but it is, in comparison, very minor to
the observation made for 2M2B.

Table 10. Impact of temperature with microwave heating on initial (4 h) reaction velocity in 2M2B and
DES.

Initial Reaction Velocity (mol/h/g)**
Solvent system

50 °C 75°C 100°C
2M2B 2.12 £ 0.56* 2.38 £ 0.26* 2.07 £0.37*
“2-in-1" Sorbit DES 0.09 £ 0.01* 0.05+0.01* 0.04 +£0.01*

*n =3, p-value < 0.05. ** Calculated from Equation (2).

To conclude the results presented in this study, we also investigated the extraction efficiency

using liquid-liquid extraction. Also, we highlighted the effect 2M2B and DES on the reusability
of the biocatalyst.

3.3.4. Extraction Efficiency and Enyzme Reusability

To demonstrate the efficiency and the reliability of our extraction method, we used ethyl
acetate, another green solvent alternative, over six extraction cycles to recover solubilized SL
in the DES system (Figure 16A). Doing so, a two-phase system was formed that consisted of a
DES-containing aqueous phase and an organic phase containing the studied glycolipid. After
the first extraction, 70% of the product was recovered, however three additional cycles were
needed to extract the quasi-totality of the remaining sorbitol monolaurate. Thus, an extraction
yield >99% was reached after 4 steps. In comparison, the workup of the reaction in 2M2B only
needed evaporation and re-solubilization
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Figure 16. Extraction yield, over several extraction steps, of SL in diluted DES-ethyl acetate two phase
system (A); residual activity of the enzyme in relation to the reaction cycle. Yield of reaction after 1%
cycle was set to 100% (B).

Additionally, Novozym 435® was re-used for three cycles in both 2M2B and DES, each cycle
with a total duration of 48h. Post reaction, filtration washing and desiccator drying of the
enzyme allowed recovery of the bead-immobilized lipase. Consequently, we can compare the
influence of both media on the biocatalyst using conventional heating (Figure 16B). After three
cycles of effective use, 144 h in total, it seems that the biocatalyst retained most of its activity
in 2M2B, which is greatly valuable for industrial application as it can drastically increase cost-
effectiveness of the process. However, it seems that DES has a rather deleterious impact on the
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enzyme’s stability as it loses about % of its performance in each cycle. This could be either
explained by a greater leaking of enzyme in DES or a greater destabilization of the enzyme
structure such as protein unfolding or tertiary structure modification. Further studies,
specifically in this system would be needed to clarify these hypotheses.

3.4. Discussion

3.4.1. Biocatalysis in Unconventional Media: A Gateway to Sustainability

As partly demonstrated in the current work, biocatalysis offers both economic and
environmental advantages over chemocatalytic methods. Advantages that can be even further
strengthen vig immobilization and re-use strategy of the biocatalyst [145]. Indeed, enzymes are
produced from inexpensive renewable resources and are biodegradable thus respecting
intrinsically fundamental principles of green chemistry and sustainable developments [116].
In opposition to organo-metallic catalysts which demand metals like thodium for asymmetric
transformations in chemical synthesis which is one of the scarcest metals on earth [205]. Thus,
in comparison, synthesis using instead enzymes is generally cheaper, facile and amenable.

Organic solvents have been used as reaction media for the synthesis of sugar alcohol esters in
several studies. For example, sugar monoesters have been successfully produced from solid
carbohydrates and vinylated fatty acids with high selectivity and high yield, in solvents such
as acetonitrile, acetone, hexane and 2-methyl-2-butanol [206]. It was also reported, that 2M2B,
as a solvent, is rather compatible with food and pharmaceutical applications, for the
preparation of monoesters from different sugars and sugar alcohols [207].

One of the main issues in the enzymatic reaction is for solvent to show solubility for both
substrates and retain the enzyme activity. Sorbitol solubility is very high in water and in many
alcohol solvents due to formation of hydrogen bonds [130], but it is insoluble in most non-
polar and aprotic solvents. Vinyl laurate is slightly soluble in water, 1 g/L at 20 °C, and well
soluble in most alcohols. The log P parameter describes hydrophobicity of the solvent, which
explains its tendency to partition between phases with different polarities. 2M2B is considered
a polar solvent with log P value of 1.3, ethanol, acetone, acetonitrile and ethyl-L-lactate are
also all polar with log P values of (-0.31), (-0.16), (-0.334) and (-0.18) respectively. EMK has the
log P value of 3.9. It was shown that the active site of the C. antarctica lipase stays stable in non-
polar solvents (log P > 4), while polar solvents (log P < 2) can interact with the active site and
break the hydrogen bond between the amino acid residues important for lipase activity [208].
Solvents having non-polar nature (log P> 4) show improved effect as compared to the polar
solvents (log P<2) on the performance of enzyme. As in our case, polar solvents such as Sorbit
DES and 2M2B displayed fitting characteristics for the intensification using microwaves,
further investigation was focused on them as nonpolar solvents have fewer interactions with
dielectric heating.

The results presented in his work show very high conversion yield and initial velocity even
for the unoptimized transesterification reaction of sorbitol and vinyl laurate in 2M2B. Both
substrates are soluble in the solvent, indicating comparatively lesser mass transfer limitations,
which can be attributed to its lower viscosity (3.79 mPa-s at 25°C). The high conversion yield
was also reached in shorter time (8 h) compared to the reaction in DES. This also correlates to
a report by Marathe et al. in which reaction equilibrium was reached in 4 h [209]. However, in
our study, prolonged incubation time seem to lead to product degradation as titer decreased
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after the 8h benchmark. Despite all the aforementioned advantages of 2M2B over DES, it is
important to consider its physical properties, such as flammability and irritancy. Considering
the biocompatibility as well as the sustainability of natural DESs, they represent a compelling
alternative reaction media for production of biomolecules making them worth further research
aiming at industrialized applications [210,211].

3.4.2. Intensification of Biocatalysed Processes Using Microwave Technology

Microwave technology is gaining popularity in the chemical industry due to its ability to allow
high rates of conversion and space-time yields. Moreover, when compared to conventional
heating, enzymes like Candida antarctica lipase B show improved stability under microwave
irradiation [212,213]. When using conventional heating methods, transesterification reaction
requires comparatively much longer reaction time, often even up to several hours, and higher
temperature because of the lower thermal transmission efficiency. However, microwave
coupled to ultrasound irradiation have potential to enhance transesterification and complete
the reaction within shorter time span [214]. Compared to conventional heating method,
microwave irradiation is efficient, fast, convenient and energy-saving [215].

To successfully apply microwave technology to a chemical process, solvents with strong
microwave absorption properties are necessary. The two main solvent properties accountable
for the microwave dielectric heating response are the intrinsic polarity and the ionic behaviour.
Additional desirable physico-chemical properties are high thermal stability and low vapor
pressure of the media. Microwave-assisted processes using DESs as solvent media can offer
several advantages such as low energy consumption, fast processing times and high dissolving
properties [216]. Thus, in our case, both Sorbit DES and 2M2B were suitable for the application
of microwave irradiation as they respond to these requirements.

DESs also have other advantageous properties in relation with microwave requirements, such
as high thermal and chemical stabilities, low vapor pressure, low flammability, and high
solvation capacity [217]. In addition, they have many advantages over ILs and organic solvents
such as low price, high biodegradability and low toxicity.

As mentioned earlier, there is a direct absorption of energy by the functional groups having
ionic conductivity or dipole rotational effect under microwave irradiation. This absorption
increases the reactivity of the chemical functions with surrounding reactants compared to
convective incubation at the same temperature [218]. Also, as there is always trace of residual
water in immobilized enzyme beads, which gets rapidly heated due to thermal effects (dipolar
and charge polarization) and specific effects (purely non-thermal), it ends up in an improved
enzyme activity [219].

As we presented in the result section, initial velocity of transesterification reaction in DES is
20% higher under microwave irradiation compared to conventional heating. This increase is
not dramatic; however, it might be due to poor mixing properties of the magnetic stirrer in the
microwave in comparison to the orbital shaking. Seeing, as the initial reaction velocity in 2M2B
increased 16-fold under microwave irradiation in comparison to conventional heating, the
issue seems to revolve around mass transfer limitations rather than enzyme degradation. On
the contrary as report from Naushad et al. shows, DESs have the ability to keep the enzyme
from irreversible aggregation at high temperatures and thus increase its thermal stability [220].
Compared to polar organic solvents, which potentially can disrupt the 3D structure of the
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enzyme [208], the hydrogen bonding in DESs helps to preserve it at high temperatures.
Furthermore, by absorbing the heat from the reaction medium, it helps maintaining the
integrity of the native conformation of the enzyme and preventing the collapse of the enzyme
tertiary structure a higher temperature [221]. Thus, it is assumed that ensuring proper
homogenization of reaction media would enhance the conversion rate and concentration of
produced glycolipid.

When we raised the reaction temperature up to 75°C, the initial velocity of the SL synthesis in
2M2B increased ~1.5-fold, which indicates elevated activity and expanded thermal stability of
the enzyme. However, further increase of the temperature up to 100°C resulted in lower titer.
As the reported optimal temperature range of Novozym 435 lies between 30°C and 80°C, the
decrease in titer can be explained with denaturation of the biocatalyst.

In the case of transesterification reaction in DES at higher temperatures, the initial velocity
decreased. It is believed that the trend of deactivation determined in this work might be due
to the destabilization of reaction intermediate complexes such as the enzyme-substrate one
[216]. However, weak motion in the mixtures could potentially lead to formation of uneven
heating spots and temperature gradients, which results in enzyme denaturation. Heat
provided by the microwave irradiation induced potential disruption and breakdown of weak
ionic and hydrogen bonds. Report provided by Elgharbawy et al. suggests, that the presence
of natural sugar-based DESs is preventing the enzyme solution from rapid dehydration at
elevated temperatures [222]. Moreover, the natural sugar-based DESs also create a cohesive
coating for the protein molecules that maintain the heat associated with the rapidly hydrating
sample. It is possible that addition of a polymeric coating to enzyme formulations enhances
enzyme stability by preventing/reducing protein-surface interactions. This also has been
detected for protein formulations when adding low molecular weight surfactants, e.g.,
polyoxyethylene sorbitan esters [223].

Liu et al reported, that Novozym 435® can be recycled, using filtration [160], which was also
demonstrated up to three cycles in this work. The catalytic activity of the enzyme in the 2M2B
remained high with rising number of cycles, however this was not the case with the reaction
in the DES. The residual activity achieved during the third cycle indicates a ~75% loss of
performance from the biocatalyst. This have been caused potential by insufficient enzyme
washing and removal of residual DES inside the porous carrier. If parts of unbroken DES or
sugar remained on the enzyme carrier, this may strongly hinder its catalytic activity as it could
obstruct the access to the activity pocket for substrates.

Still in an aim towards industrialization, Morschhéuser et al. demonstrated the first general
purpose industrial scale continuous flow microwave reactor which allowed the safe and
highly energy efficient processing of organic reaction or solvent-free mixtures under high
temperature/high pressure conditions. The authors noted that reactor can also be used at
moderate temperatures that are relevant for the synthesis of pharmaceutical intermediates
[224] which could transferable to biocatalysis.

3.5. Conclusions

The results of lipase-catalyzed synthesis of SL in DES were compared to the one carried out in
organic solvents which were more profitable in terms of production yields and reaction time.
Thus, not only limitations were highlighted but also research axis for a further intensification
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of enzymatic processing in DES were highlighted. Both solvent systems were put to the test
using this time, microwave irradiation alongside temperature variation to investigate the
influence of heating method on the glycolipid production. The results presented in this chapter
only apply to 10 mL batch but scale up of this process could potentially open new horizons for
industrial biocatalysis.

Overall, use of DESs as a reaction media comes with many challenges and limitations. This
work demonstrates that performing lipase-catalyzed glycolipid synthesis in organic solvent
can be more profitable not only due to higher yields but also to shorter reaction time and
simplified downstream processing. DESs demonstrate nonetheless, through an ever-
expanding literature, their genuine potential for mediating sustainable bioprocesses and
reduce waste management strategies. Thus, further investigation and development are
necessary to overcome hindrances intrinsic to DESs.
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4.1. Introduction

Surfactants are chemicals that are in an ever growing and worldwide demand in various fields
of application like pharmaceutics, cosmetics, cleaning agents, or even the petroleum industry
[114]. It is also reasonable to think that the recent Covid-19 crisis might boost this demand
because of the use of such compounds in washing and more generally in hygiene products
[225]. Such context makes it crucial to design processes in agreement with green chemistry
principles that aim to synthetize amphiphilic molecules that are not only bio-sourced, but also
biodegradable, using innovative and low energy input methods [226]. Glycolipids are in this
regard an interesting class of surfactants since they are obtained via chemical or bio-chemical
combination of a sugar, or sugar alcohol moiety, and a hydrophobic tail which can be a fatty
acid, or a fatty alcohol. They are viable allies for greener surfactant production as the chemical
functions that link the polar head and apolar tail are inherently biodegradable [227,228].
Indeed, in the chemical function bonding, those two components can be an ester when a lipase
is supplied with a fatty acid playing the substrate role. Certain lipases, or acyltransferases,
present the advantage to be useable in mild conditions and allow sugar ester synthesis when
placed in water free conditions. We present here a potentially low energy input and simple
process combined with a fast microwave-assisted preparation of low water content Deep
Eutectic Systems (DESs) that uses constant and accurate control of the temperature coupled
with an efficient diffusion of heat. Microwave-assisted chemistry is an environmentally
friendly approach that can overcome limitations such as uneven heating, poor mixing, thermal
stability of reagents, and high viscosity [216]. Such technology can be considered as a
powerful, versatile, and flexible tool for chemical reactions, biomass treatment, and
biocatalysis, which match with deep eutectic systems [229].

DESs were first proposed by Abbott ef al. as alternative solvents to ionic liquids (ILs) [230]. At
a certain molar ratio of the components, there is a significant lowering of the melting point,
which results in the formation of a liquid at room temperature [61]. Our one-pot process used
an acidified DES made of choline chloride and sugar alcohols, such as xylitol and sorbitol, to
extract lipids from oleaginous biomass (S. podzolica (Saitozyma podzolica) DSM 27192).
Subsequently, sugar alcohol esters were produced through lipase-catalyzed reaction.
Palmitate, stearate, oleate, and linoleate monoesters were identified by spectrometric and
spectroscopic methods. The overall strategy of our method is shown in the flowchart of Figure
17. A similar process was demonstrated by Siebenhaller et al., in which sugar esters were
synthesized using a DES based on renewables. However, such integrated production required
many steps like any other “Stop-and-go” process [135]. Parallelly, lipid extraction of
oleaginous yeast cells is mostly carried out by a combination of cell disruption and extraction
processes [231]. Mechanical, physical, chemical, and enzymatic methods have been used for
cell disruption [232]. The most common methods for extraction are solvent system-based using
chloroform-methanol [233] or ethanol-hexane [234]. It appeared therefore logical to look
alternatively for greener and more innovative systems.
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Figure 17. Flowchart of this study. Freeze-dried oleaginous biomass from S. podzolica was used in a one-
pot microwave-assisted process that extracted fatty acids and subsequently produced a purifiable quantity
of glycolipids when lipase and acidified Deep Eutectic System (DES) were jointly used.

Previous work from Gorte et al. demonstrated, in this aim, the use of several methods for the
pre-treatment of the biomass produced by S. podzolica, including multi-step use of mechanical
techniques such as ball milling, ultra-sonication, and high—pressure homogenization [231]. In
the present work, we shortened the biomass treatment process through a single step approach,
after freeze-drying the biomass, removing therefore the cell disruption step. We introduced
the media, the biomass, and the enzyme, all together in one reactor vessel assisted by
microwave irradiation. Thus, we reduced the number of steps, and allowed both the lipid
extraction and the production of sugar alcohol esters without stopping the reaction or
changing the apparatus. The extraction efficiency was compared to a standard Folch
extraction, and the amounts, along with the profile of extracted lipids, were investigated.

It was originally expected that enzymatic or auto-catalytic acylation reaction between sugar
alcohols composing the DESs and fatty acids of the biomass would have happened without
prior modification of the components. Acidified DES (AcDES) showed, compared to a
standard DES, an improved lipid extraction alongside a clear formation of several components
that were identified as being primarily mono-acylated sugar esters. The following results show
the enhancement of DESs made of sugar alcohols and choline chloride for the lipid extraction
from S. podzolica biomass and subsequent sugar alcohol ester formation when supplementing
acid and Novozym 435® as biocatalyst in the system. The presented process can be carried
under classical heating conditions; however, the microwave reactor provides accelerated
media preparation alongside controlled heating and cooling conditions that end up in an eased
handling of the viscous mixtures.
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4.2. Materials and Methods

4.2.1. Materials

Lipase formulation Novozym 435® was given by Novozymes (Denmark). Lipid-containing
yeast biomass was produced by fermentation as described below. All other chemicals were
purchased either from Car Roth GmbH & Co. KG (Karlsruhe, Germany) or Sigma Aldrich
Chemie GmbH (Taufkirchen, Germany) if not stated otherwise.

4.2.2. Microorganisms

The oleaginous basidiomycete used in this study was screened and deposited at the DSMZ
culture collection (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Brunswick,
Germany) as Cryptococcus podzolicus DSM 27,192 by Schulze et al. [235]. After genome
sequencing and annotation, the latter was phylogenetically reclassified to Saitozyma podzolica
DSM 27192 by Aliyu et al. [236].

4.2.3. DES Preparation with Microwave Dielectric Heating and Conventional Convective
Heating

Formation of DESs was validated as reported by Dai et al. [137] and Hayyan et al. [138]. In a
G30 Anton-Paar microwave vessel, DESs compounds were introduced according to the
quantities in Table 11. The resulting mixture was manually homogenized with a spatula, then
placed into the microwave synthesizer (Monowave 400, Anton-Paar, Ostfildern, Germany)
where it was heated to 95 °C with slow heating mode for DESs made of actual sugars and
rapid heating mode for the others (850 W, stirrer speed 600 rpm) with IR thermometer.

In a 50 mL Schott flask, DESs components were introduced according to Table 11. The
resulting mixture was manually homogenized with a spatula, then placed into a Thermotron
incubator (Infors HT, Bottmingen, Swittzerland) where it was heated to 95 °C at 300 rpm
orbital shaking.

When clear homogenous phases were obtained, shaking and heating were stopped as the time
was either given by the microwave software or simply noted from incubator’s timer.

4.2.4. Production of Single Cell Oil in Bioreactors

S. podzolica was cultivated in a 2.5 L Minifors bioreactor (Infors HT, Bottmingen, Switzerland)
as described by Schulze et al. [235].

4.2.5. Microwave Processing of the Oleaginous Biomass

In an Anton-Paar G30 microwave vessel, were simultaneously introduced 10 mL of 5% 2M
HCI (0.1 M) or 5% deionized water sugar alcohol-based DES with or without 200 mg of
Novozym 435® (Novozymes, Bagsveerd, Denmark) and 400 mg of lyophilized yeast powder.
The reaction was then heated at 60 °C as fast as possible for 72 h with the Anton-Paar Ruby
Thermometer (Anton-Paar, Ostfildern, Germany) (850 W, stirrer speed 600 rpm until
temperature was reached, then 300 rpm). As a control, fatty acid methyl esters (FAMEs) were
used as lipid source for the glycolipid production as described by Siebenhaller et al. [135].

53



Microwave-Assisted One Pot Lipid Extraction and Glycolipid Production from Oleaginous Yeast Saitozyma podzolica in
Sugar Alcohol-Based Media

4.2.6. DownStreamProcessing (DSP) and Flash Chromatography Purification of the
Reaction’s crude

Once the reaction finished, the resulting mixture was dissolved in 10 mL of deionized water.
The mixture was filtered with a Buchner funnel and the solid was washed with 3 x 5 mL water
and with 3 x 5 mL of ethyl acetate. Then, 10 mL of brine was added, the aqueous phase was
extracted with 6 x 25 mL of ethyl acetate in a separatory funnel, the organic phases were then
gathered and dried over MgSOsfor 15 min. The solid chemical dryer was filtered-off with filter
paper and the solvent was evaporated with a rotary evaporator to obtain a brownish paste.

The crude paste obtained was re-dissolved in chloroform to be adsorbed over 4 g of silica
(Kieselgel 60) for flash chromatography purification using the solid loading method. To purify
this crude, a Reveleris PREP purification system equipped with a 4 g Flash Pure spherical
column was used. Elution solvents were chloroform and methanol with a gradient such as:
2nd solvent percentage started at 0% for 1.5 min, 7% for 9.5 min, 15% for 3 min, and finally
100% for 3 min. The first fraction was fatty acids collected at 3 min. The second fraction was
glycolipids collected at 4.5 min. The collected fractions were gathered and dry evaporated on
a rotary evaporator for further analysis.

The total lipids per cell dry weight (CDW) were then calculated using the following formula:

. _ Lipid extracted [mg]
%Lipids per Weight (CDW)[%] = Weight CDW [mg] X 100%. 4)

4.2.7. Folch Extraction and Direct Acidic Transestrification of the Biomass

To establish a base of comparison between methods for the extraction of lipids from oleaginous
biomass, a Folch extraction was performed as follows. First, 400 mg of freeze-dried yeast
biomass was homogenized by 45 sec vortexing with 8 mL of chloroform/methanol (2/1) in a 15
mL Falcon tube. After dispersion, the whole mixture was agitated during 20 min in an orbital
shaker at room temperature. The homogenate was filtrated with a funnel provided with filter
paper. After centrifugation and siphoning of the upper phase, the lower chloroform phase
containing lipids was dry evaporated under vacuum in a rotary evaporator to be analyzed and
profiled using GC analysis.

As a reference for the lipid content comparison, direct acidic transesterification of the biomass
was done, as described by Gorte et al. [231].

4.2.8. Acidic Transesterification to Fatty Acid Methyl Esters (FAMEs) of the Lipid Fraction

The dried lipid fraction purified by the flash chromatography was dissolved in 1.5 mL of
hexane. The solution was transferred to a glass tube and 0.5 mL of the internal standard (2
mg/mL heptadecanoic acid) and 2.0 mL of 15% H250s in methanol were added. In addition, a
blank was prepared in a glass tube consisting of 1.5 mL hexane, 0.5 mL internal standard, and
2.0 mL 15% s H2SOs4 in methanol. The glass tubes were then incubated for 2 h at 100 °C and
1000 rpm in a thermal shaker. In between, the samples were homogenized by hand at intervals
of about 30 min. After incubation, the glass tubes were cooled on ice for at least 5 min. Then,
1 mL of MilliQ water was added to the glass tubes and centrifuged at 2500 rpm for 5 min.
Finally, 1 mL from the upper phase was transferred to a GC vial.

54



Microwave-Assisted One Pot Lipid Extraction and Glycolipid Production from Oleaginous Yeast Saitozyma podzolica in
Sugar Alcohol-Based Media

4.2.9. GC Analysis of Fatty Acid Methyl Esters (FAMEs)

The quantitative and qualitative analyses of the transesterified FAMEs were performed gas-
chromatographically using the 6890 N Network GC-System (Agilent Technologies
Deutschland GmbH, Waldbronn, Germany). The device was coupled with a DB-Wax column
(122-7032;1: 30 m d: 0.25 mm, Agilent Technologies Deutschland GmbH, Boblingen, Germany)
and the detection was performed with an FID under 1.083 bar working pressure. Then, 1 mL
of sample was injected at the initial temperature of 40 °C. The separation of the FAMEs was
achieved by a temperature gradient from 40 to 250 °C with a rate of 8 °C/min and was kept for
10 min at 250 °C. To identify and quantify the FAMEs, the RM3 FAME Mix standard (07256-
1AMP; Sigma Aldrich, Taufkirchen, Germany) was used. Chromatogram and integration of
the main signals are given in Appendix: Figure A9.

The yield of FAMEs and the FAMEs per CDW [%] were then calculated using the following
formulae:

FAMEs [mg] = extracted whole lipids [mg] x

FAMEs per whole lipid [%], ()
FAMES per CDW [%] = - omiEs 8] ) 00, 6
s per ol =pw fmg] 0. (6)

4.2.10. Thin Layer Chromatography (TLC) Analysis of Reaction Mixtures

After the DSP of the resulting mixtures, 10 mg of each reaction’s crude was dissolved in 1 mL
of chloroform/methanol (75/25) and further used for TLC analysis as follows. First, 10 uL of
the previously extracted organic phase was spotted onto a silica plate (Alugram SIL G, 60 A,
Macherey-Nagel GmbH & Co. KG, Diiren, Germany). The eluent consisted of chloroform:
methanol: acetic acid (65:15:2 v/v) [119]. After elution, TLC plate was dived into anisaldehyde:
sulfuric acid: acetic acid (0.5:1:100 v/v) dying solution and subsequently revealed with a heat
gun.

4.2.11. Spectroscopic and Spectrometric Methods for Structural Elucidation of Glycolipids

The nuclear magnetic resonance (NMR) spectroscopy spectra were measured in
dichloromethane-d: (CD2Cl> purchased from Eurisotop, Saarbriicken, Germany) on a Avance
400 NMR instrument (Bruker Biospin GmbH, Rheinstetten, Germany), with 400 MHz for 'H.
The chemical shifts are expressed in 0 (ppm) versus tetramethylsilane (TMS) = 0. The mass
spectrometry (MS) for mass identifications was performed with electrospray ionization (ESI)
on a quadrupole Q Exactive Plus (ThermoFisher Scientific GmbH, Kandel, Germany) and
recorded in positive mode. Raw data from MS and NMR was treated using MestReNova Suite
2020 [version 14.2.0].

4.2.12. Statistical Analysis

OriginPro software 9.7 [version 2020] (OriginLab Corporation, Northampton, MA, USA) was
used for raw data treatment and statistical analysis. One-way ANOVA followed by post hoc
test Tukey were performed using p-value <0.05.
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4.3. Results

The present work investigates and compares the preparation of several DESs
(Table 11) obtained with a microwave dielectric heating versus a conventional convective
thermal heating method. The extraction efficiency was investigated by the calculation of Fatty
Acid Methyl Esters (FAMEs) and whole lipid per Cell Dry Weight (whole lipid/CDW),
alongside the profiling of the lipids. Finally, structures of produced mono-acylated sugar
alcohol esters were assessed using spectrometric and spectroscopic methods.

Table 11. Composition of common and sugar alcohol-based DESs studied.

DES Number/Name HBD mR musp [g] HBA mR musa [g]mR [mol] muwater [g] Wt% Water
[mol] [mol]
1 Arabinose 1 6.45 ChCl 1 6.00 0.8 0.62 5
2 Glucose 1 5.00 ChcCl 2 9.69 2.50 1.25 9
3 Glycerol 2 7.86 Betaine 1 5.00 1.00 0.77 6
4 Urea 2 4.30 ChcCl 1 5.00 - - -
5 Glycerol 2 6.60 ChCl 1 5.00 - - -
6 1,2-Propanediol 1 2.54 ChCl 1 4.65 1.00 0.60 8
7 1,4-Butanediol 4 6.15 Betaine 1 2.00 1.00 0.31 4
8 Saccharose 1 5.00 ChCl 4 8.16 4.00 1.05 8
Xylit Xylitol 1 5.45 ChcCl 1 5.00 0.8 0.52 5
Sorbit Sorbitol 1 6.53 ChcCl 1 5.00 0.9 0.58 5

Note. Final volume of DES results in 10 + 1 mL, HBA: hydrogen bond acceptor, HBD: hydrogen bond

donor, mR: mole ratio.

4.3.1. Comparative Study on the Production Time of Common and Sugar-Alcohol Based
DESs

Figure 18 shows that formation of a DES with microwave heating was in all cases much faster
than the thermal convective heating. Thus, the formation of a DES in the microwave can save
considerable time, at least in such a scale. Considering the extremely short preparation times
in the microwave, that were on average 16 times faster than in the incubator, it is reasonable
to think that the energy input could be lower. Furthermore, choline chloride-based DESs were
prepared on average 38% faster than betaine containing ones, regardless of the method.
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Figure 18. Preparation times of common and sugar-alcohol DESs with microwave heating and thermal
heating, mean standard deviation indicates significant differences (p <0.05).

Sugar-based DESs (1, 2, and 8) displayed overall longer preparation times, with either thermal
or microwave heating. Such DESs are known to be difficult to prepare with conventional
thermal heating and had to be produced with an adapted microwave method, since rapid
heating was not possible. Adjusting the method automatically resulted in longer times to form
such sensible DESs. Xylit DES and Sorbit DES, made with sugar alcohol, show drastically
reduced formation times compared to the thermal heating method. Interestingly, sugar
alcohol-based DESs were prepared faster than the non-reduced sugars, and observation
tended to show that they were less susceptible to degradation.

Xylit DES and Sorbit DES were used to mediate the one-pot process, the sugar alcohols
composing them also took part in the production of sugar alcohol esters. Next, we detail how
the reaction’s crude was characterized and profiled post-reaction.

4.3.2. Post-Reaction Thin Layer Chromatography (TLC) of Glycolipids- and Non Glycolipids-
Containing Mixtures

The TLC of Sorbit DES was presented in Figure 19. Similar profiles were obtained regardless
of the DES. With a standard DES, with or without lipase, only a single spot could be identified
(Rf =0.08), corresponding to the sugar alcohol. In contrast, two spots with (Rf =0.08 and 0.34)
were found in an acidified DES without lipase. In the acidified DES with lipase, the same
profile was obtained, but with higher intensity of the stain corresponding to the glycolipid (Rf
= 0.34). A control reaction with an acidified DES with lipase, and fatty acid methyl esters
(FAMESs) from single cell oil extraction, was performed for confirmation.
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Figure 19. Thin layer chromatography of the reactions processed with microwave irradiation including a
control using directly Fatty Acid Methyl Esters (FAMEs) from yeast biomass. AcDES: acidified DES; DES:
standard DES.

Chromatography purification performed thereafter allowed us to isolate each fraction
containing either lipids or glycolipids.

4.3.3. Comparison of Extracted Whole Cell Lipid and Esterified Fatty Acids

To be quantified, the extracted fats have been esterified into methyl esters (FAMEs), and then,
injected in a gas chromatography apparatus. The mean value of lipid content for all conditions
carried out on the biomass in Sorbit DES or Xylit DES was calculated.

The amounts of FAMEs, whole lipids, and glycolipids per reaction were determined and are
shown in Table 12. The highest amount of FAMEs and whole lipids was obtained by
microwave DES preparation with acidified DES, followed by the similar condition with lipase
addition. In addition, the sugar alcohol in the DES did not significantly affect the lipid, and
the glycolipid, yields. In comparison, lipid extraction according to Folch (FE) and standard
DES, with or without lipase, were far less efficient in this regard.

Table 12. Amounts of extracted whole lipids, FAMEs, and glycolipids per 10 mL of reaction.

Condition DES AcDES DES + Lipase AcDES + Lipase FE DT
Sugar Alchohol Sorbitol Xylitol Sorbitol Xylitol Sorbitol Xylitol Sorbitol Xylitol - -

Extracted whole lipids ** (total amount (mg)) 32+1 50+2 90+1 105+15 35+1 25+1 63+1 68+3343+1 -
Extracted FAMEs ** (total amount (mg)) 14+1 10+2 45+3 68+3 24+0.1 10+1 40+1 35+1 27+15+1*
Glycolipid quantity (total amount (mg)) - - T* T* - - ~15 ~20 - -

Note. *T stands for Traces meaning observation of glycolipid production could be made on TLC, but the
amount was too low for chromatography purification. ** All values are given as the mean * standard
deviation of at least three independent experiments using each 400 mg of freeze-dried biomass that
showed statistically significant differences, p-value was <0.05. *** Direct transeterification was done with
20 mg of freeze-dried biomass and only produced FAMEs.
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The FAMEs and whole lipids obtained per CDW are shown in Figure 20. A comparison of the
different lipid extraction methods showed that direct transesterification of the oleaginous
biomass to fatty acid methyl esters gave the highest FAMEs yield per CDW. Extraction
according to Folch was less efficient in regard of the FAMEs and whole lipids contents. In
comparison to DT, acidified Xylit DES extracted up to an honorable 70% FAMEs from robust
yeast cells of S.podzolica. Intrinsically, our DESs were not the best extraction method reported
however, the subsequent interesterification of those lipids for sugar alcohol ester production
made the use of these unconventional media relevant.
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Figure 20. Fatty Acid Methyl Esters per Cell Dry Weight (FAMES / CDW) [%] for the microwave extraction
of fatty acids under different reaction conditions, the Folch extraction process (FE), and the direct
transesterification of the oily biomass to FAMEs (DT). Mean standard deviation indicates significant
differences (p < 0.05).

Quantification of the various extracted fatty acids allowed then profiling of the lipid fraction.

4.3.4. Profiling of Extracted and Esterified Lipids

Lipid profiles were determined for each condition to assess if the fatty acid composition is
influenced by the extraction method (Figure 21). When comparing the various fatty acid
extraction methods, no significant differences in fatty acid profile were observed. In
percentage terms, oleic acid (C18:1) with an average of 24.2% is the most common of all
extraction methods, followed by palmitic acid (C16:0) with 9.0%, linoleic acid (C18:2) with
4.1%, and stearic acid (C18:0) with 2.8%.
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Figure 21. Distribution of fatty acids for the extraction carried out by microwave with different sugar
alcohol-based DES conditions, the Folch extraction process (FE), and the direct transesterification (DT) on
the oily biomass.

Nonetheless, profiling helped rationalizing and elucidating the structure of the formed sugar
alcohol esters. Indeed, the most occurring lipids were more likely to react and form the
targeted compounds.

4.3.5. Structural Elucidation Using Spectroscopic and Spectrometric Methods

To analyze the structure of synthesized glycolipids, '"H-Nuclear Magnetic Resonance (NMR)
and Mass Spectrometry (MS) were performed on the isolated glycolipid fractions. Chemical
H-NMR shifts of sugar moiety (~4.11-3.51 ppm) and fatty acid chains (~2.25-0.80 ppm) were
identified. MS performed additionally allowed clear structural identification of the mono-
acylated sugar alcohols. The chemical shifts were as follows:

Glycolipid fraction with Xylit DES: 'H NMR (400 MHz, CD:Cl:) 0 4.17 (dd, ] =4.2, 2.0 Hz, 2H),
4.14 (dd, J=3.8, 1.7 Hz, 3H), 4.15-4.08 (m, 3H), 4.12-4.06 (m, 2H), 4.02-3.92 (m, 2H), 3.90 (dd, J
=13.9, 3.5 Hz, 2H), 3.64 (dd, ] =9.6, 1.9 Hz, 1H), 2.24 (dq, ] = 14.3 Hz, 4H), 1.97-1.89 (m, 2H),
1.26-1.19 (m, 38H), 0.80 (m, 9H). (Appendix: Figure 10).

Glycolipid fraction with Sorbit DES: "H NMR (400 MHz, CD:Cl2) d 4.05 (dd, ] = 12.4, 5.4 Hz,
1H), 3.75 (d, ] = 6.6 Hz, 1H), 3.63-3.39 (m, 4H), 2.25 (t, ] =7.5, 2H), 1.95 (dq, ] =12.4, 6.2 Hz, 4H),
1.26-1.16 (m, 27H), 0.80 (m, 6H). (Appendix: Figure 11).

MS was performed with ElectroSpray Ionization (ESI) (Appendix: Figure 12). The results of
the spectrometric analysis for the synthesis in the Xylit DES and Sorbit DES are shown in Table
13. Fourteen glycolipid fragments have been detected for the sorbitol-based DES. Thereof, 4
sorbitol palmitate, 4 sorbitol linoleate, 3 sorbitol stearate, and 3 sorbitol oleate. Twelve
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glycolipid fragments for the xylitol-based DES were detected. Thereof, 2 xylitol palmitate, 4
xylitol linoleate, 2 xylitol stearate, and 4 xylitol oleate.

Table 13. Adducts obtained from the ElectronSpray Ionization-Quadrupole (ESI-Q) experiment for each
isolated glycolipid fractions.

Xylitol-based DES Process

Molecule mlz Adducts
. . 391.284 [XP+H]*
Xylitol palmitate (XP) 409,439 [XP+NH.J*
399.346 [XO+H]*-H20
) 417.321 [XO+H]*
Xylitol oleate (XO) 43433 [XO+NHi
439.450 [XO+Nal*
396.427 [XL+H]*-H20
. . 414.962 [XL+H]*
Xylitol Linoleate (XL) 430.976 [XL+NHiJ*
. 4
437.434 [XL+Na]*
401.341 XS+H]*-H20
Sorbitol-based DES process
Molecule m/z Adducts
387.235 [SP+H]*-H20
. . 421.204 [SP+H]*
Sorbitol palmitate (SP) 443930 (SP+Na]
. al*
437.235 [SP+NHa]*
393.209 [SO+H]*-3H20
Sorbitol oleate (SO) 447.292 [SO+H]*
465.230 [SO+NHa4]*
391.283 [SL+H]*-3H20
o 409.183 [SL+H]*-2H20
Sorbitol linoleate (SL) 445276 [SL+H]"
462.275 [SL+NHa]*
431.261 [SS+H]*-H20
Sorbitol stearate (SS) 449.271 [SS+H]*
473.344 [SS+Na]*

4.4. Discussion

4.4.1. Microwave and DES Technologies: An Optimal Match?

In the present work, comparing the times required to produce common DESs with microwave
and thermal heating, the efficiency of using a microwave to form these liquid mixtures was
demonstrated. In theory, our approach could also significantly reduce processing time, energy
costs, and equipment size compared to conventional convective or conductive thermal heating
methods, but deeper investigations should be carried out to verify these claims [237-239].
Microwave assisted chemical processing requires the use of strong microwave absorbing
solvents. Since the ability of some solvents, such as water, to interact in the electromagnetic
field decreases sharply as temperatures rise, solvents with high thermal stability and low
vapor pressure are inherently optimal [216]. DESs meet those requirements due to their polar
nature and their outstanding number of hydrogen bonds. Indeed, as described by Nie et al.,
they are an ideal match for ionic conduction and dipole rotation occurring during heating. As
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a result, the energy emitted by the magnetron of the microwave can be absorbed optimally by
the polar and ion-containing DESs [239,240]. Thus, we conjecture that a combined effect of
both greater dipole rotation and ionic conduction allowed the ultra-fast preparation of the
DESs presented in our study. Within the specific framework presented in this work, one-pot
microwave treatment of oleaginous biomass could then represent a more economical
substitute to pre-existing, notably mechanical, preparation procedures. Finally, and according
to the literature, we did not expect thermal effects to have a significant role in the acceleration
of DESs preparation or in the process itself [202,241]. However, in our case, further enzymatic
kinetic studies comparing, for example, the influence of classical heating and microwaves,
would be needed to fully prove this last claim as the matter remains controversial and unclear
[242,243].

Microwave power input is however mainly limited by thermal decomposition of the DESs
components [216]. Indeed, in high temperature treatments, sugar degradation may occur
through a complex series of reactions known as the Maillard reaction or caramelization.
During the latter, sugar molecules are broken down, and the reaction intermediates and
reactants are then polymerized [244,245]. Thus, our method used 60 °C for 72 h, mostly in
opposition to the literature that reports shorter reaction times but with temperatures reaching
up to 150 °C.

In general, sugar based DESs exhibit high viscosity, density, and surface tension at room
temperature. Thus, it is recommended to heat these DESs for processing, to ease their
handling, since viscosity decreases when temperature increases [138]. Similarly, DESs
containing betaine, instead of choline chloride, also tended to show higher times and difficulty
to be formed. The addition of water to promote their formation was often required, as reported
for betaine mixtures with glucose, urea, and small polyol molecules [246]. Microwave heating
represents therefore a viable alternative to thermal heating for an efficient and scaled-up
preparation for such mixtures. Sugars, such as glucose, sucrose, and arabinose could have been
also tested for the glycolipids production, but the sugar alcohols were preferred because they
were less represented in the literature. Moreover, we demonstrated that in combination with
choline chloride, they were among the simplest and fastest DESs to prepare using microwave
irradiation. Indeed, the presence of the hydroxyl function instead of an aldehyde decreases
their reactivity for polymerization. In addition, Xu et al. could not detect any linearity between
extraction yield and polarity for the extraction of flavonoids in a DES based on sugars.
However, linearity could be found with DES made of sugar alcohols [247]. Reactivity of their
primary alcohols was, because of the steric hindering, similar, thus hardly influenced the
results. The use of DES media for extraction is then particularly worthwhile when at least one
of its component undergoes conversion, thus creating a “2-in-1” system [126].

4.4.2. Unconventional Media for Lipid Extraction and Subsequent Production of Glycolipids

In this work, lipid extraction was achieved by treating the biomass with a combination of
microwave, DES, and enzyme technologies that were individually reported as possible cell
disruption methods [232]. Our designed one-pot extraction of lipids and production of mono-
acylated sugar alcohol esters drastically reduced steps number. However, pretreatment of
biomass by freeze-drying was still necessary, because moisture considerably reduced the yield
of transesterification [248,249]. Indeed, moisture content of oleaginous microorganisms was
over 80% [250]. In this work, highest lipid content could be measured with use of an acidified
DES, followed by an acidified DES with addition of lipase. Since glycolipids were
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predominantly formed in an acidified DES with lipase, slightly less lipids have been measured
as FAMEs. According to Gorte et al., it has been shown that by using acid instead of base,
significantly more fatty acids could be obtained in the direct transesterification of the biomass.
Yeast cell wall structure usually consists of two layers, including an inner layer with
polysaccharides and an outer layer with glycoproteins covalently bound to the inner layer
[251]. Thus, S. podzolica cells were very robust and needed harsh conditions for lipid extraction.
That is why, in previous reports, mechanical methods such as high-pressure homogenizer and
ball milling could recover higher yields of lipid per CDW and appeared more efficient that
physical digestion with acidified DES.

Khoomrung et al. demonstrated the potential of a microwave-assisted technique for the rapid
lipid extraction from yeast cells [252]. In addition, it has been shown that microwave
pretreatment was one the most efficient methods among sonication, bead milling, and osmotic
shock to extract lipids from oleaginous biomasses such as algae [253]. Carboxylic acid-based
DESs seemed more suitable for the lipid extraction of oleaginous biomass, in comparison to
sugar or polyol-based DESs [254]. This could be correlated to our results, which highlights that
the sugar alcohol-based DES extracted significantly more lipids when acidified.

Lipase did not significantly influence the lipid extraction efficiency, since almost identical
amounts of lipid contents were obtained in a standard DES, with or without lipase. However,
lipase seemed to promote the glycolipid synthesis (Figure 19). An interesting aspect was the
positive influence of HCl on the enzyme activity. It is known that Novozym 435® is stable over
a relatively wide pH range, especially in the alkaline one. Here, we demonstrated that
glycolipids could be formed in an acidified DES with lipase. Thus, we speculated that
inactivation of the lipase was limited in the presence of 0.1 M of HCl in DES, since it was shown
that Novozym 435° retained activity up to 0.3 M of acetic acid [255]. We conjecture that due to
the high viscosity and low water activity/content of DESs [256], lipase activity was
predominant as only a limited quantity of media could accumulate inside the porous acrylic
carrier (Lewatit 1600) of Novozym 435®. Thus, the inactivation of the biocatalyst was rather
minimal [145]. The conversion could partly occur due to acid or auto-catalysis, but based on
our results, it is considered negligible [257-259]. ILs showed great efficiency toward lipid
extraction as well, but imidazolium-based ones inhibited lipase activity [260,261]. Therefore,
DESs represent a greener and simpler alternative in which biocatalysis can be performed
[262,263]. Their association with microwave irradiation appeared interesting to form an
effective duo using relatively mild conditions with overall low energy consumption [264].

During the flash chromatography purification, the glycolipid peak was only observed in the
acidified DES with lipase, most likely because its concentration was too low to be detected by
the light scattering detector (Appendix: Figure 13). Glycolipids were therefore obtained in
quantities that allow flash chromatography purification when both acidification and the
enzyme were combined.

Based on our “2-in-1” deep eutectic system [126], with the microwave-assisted procedure,
glycolipids can be tailor-made based on any sugar- (or polyol)-based DES with any lipid-
containing biomass [265]. The current work using S. podzolica biomass made it possible to
obtain long-chain glycolipids with no prior modification of the lipids (e.g., ethylation,
methylation, or vinylation) [128]. These sugar esters find application in various fields, such as
in the cosmetics industry (e.g., rhamnolipids, sophorolipids, and mannosylerythritol lipids)
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and in the pharmaceutical industry (e.g., mannosylerythritol lipids) [7]. Insects such as
Hermetia illucens also represent an interesting source of oleaginous biomass as they are more
susceptible to provide short-chain lipids, notably lauric acid, and myristic acid [266,267]. Thus,
by using such a biomass, short-chained glycolipids could be formed. The production of laurate
sugar esters raises interest, especially in the pharmaceutical industry where they are notably
used to form drug delivery systems [134,268]. The properties of the glycolipids can be
influenced not only by chain length but also by the ramifications and degree of unsaturation
[269,270]. Furthermore, use of oleaginous biomass allows esterification of branched and
unbranched fatty acids, that have different chain lengths and contain one or several alkene
groups that represent gateways for further chemoenzymatic reactions [117].

4.5. Conclusions

In this chapter, we demonstrated a proof of concept of the lipid extraction from oleaginous
biomass and the subsequent glycolipids formation using lipase-catalyzed reaction with
microwave-assisted processing in acidified DES. The medium made of choline chloride and
sugar alcohols was prepared, among other more common DESs, in a matter of seconds using
microwave technology, highlighting a technological match. In such “2-in-1” system, any
combination of sugars and lipids is virtually possible to prepare tailor-made glycolipids.
Indeed, other oleaginous biomasses for the synthesis of glycolipids could be considered. With
the help of the developed robust reaction system combined with a proper identification
strategy, compounds were isolated and characterized. In addition, screening for potential
bioactivity of the DES containing mixtures or isolated compounds would be an interesting
follow-up.

However, only a limited amount of glycolipid was obtained making optimization required. It
is therefore important to investigate higher temperatures, different lipase formulations, and
develop kinetic determination methods to allow an optimized scale-up of our process. In
addition, chloroform and methanol were used as solvents for the purification of the glycolipids
by flash chromatography. The replacement of the Ilatter by halogen-free, more
environmentally friendly solvents, such as hexane and ethyl acetate, or developing alternative
methods to get rid of chromatographic purification should be considered.

The acidification of DESs to promote the lipase-catalyzed reaction must be understood in the
future. Finding how much glycolipid can be produced by the specific activity of the lipase and
how these conditions affect the overall activity and stability of the lipase formulation, as well
as the recyclability of the biocatalyst, should all be investigated.
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5.1. Introduction

Since thousands of years, honey has been employed for its medicinal properties, notably as a
wound dressing [271]. From a physico-chemical point of view, it is a viscous, supersaturated
sugar solution derived from the nectar, gathered and modified by the honeybee and it is
possibly one of the few natural Deep Eutectic Solvent (NADES) [256]. This term describes a
liquid phase obtained by combining Hydrogen Bond Donors (HBDs) with high melting points,
which are abundant in nature such as carboxylic acids, sugars and amides. Their high
biodegradability and high recyclability combined with a fairly low water content make them
a powerful tool for biocatalysis [121]. As a result, honey is a media that presents interesting
properties for chemical and biological purposes.

When pasture honeys are diluted down to 25% of the original volume concentration, they tend
to lose their antibacterial activity, most probably due to dilution of the active compounds such
as flavonoids, neutralization of pH and decrease of osmolarity [272,273]. In a practical case,
dilution of honey, e.g., used as wound gel, can occur when the wound exudates. The “ideal
medical honey” would have a relatively strong and rapid bactericidal effect compared to
standard honeys. [274]. In other terms, the antibacterial efficacy would rely on compounds
that are effective even upon dilution. In this aim a good candidate arises: the standardized
medical-grade Manuka honey (MH) which exhibits high levels of MGO (Methylglyoxal) and
shows intrinsic antibacterial activity up to 30% dilution [275]. However, MGO belong to the
a-ketoaldehyde family, a special class of 1,2-dicarbonyl compound, which is highly reactive
and as a result non-stable [276,277]. The aim is to strengthen and extend in time the overall
antibacterial effect by enriching the media with more stable bioactive compounds that are also
effective upon dilution.

Using surfactants for this purpose seems promising, Kwakman et al. tried this principle and
obtained convincing results [278]. Indeed, their strategy allowed a more rapid bactericidal
effect against antibiotic resistant pathogens (~2 hours) compared to honey alone. However,
they tested two surface-active peptides consisting of long amino acid chains (BP2 and LL37,
respectively 19-mer and 37-mer) which were synthetized using solid phase and
protection/deprotection technique. Either sequential or convergent, this synthesis method is
time costly and expensive, making it less relevant for a larger scale process as honey and lipase
formulations are produced on a multi-ton scale at food grade. Péhnlein ef al. demonstrated the
enzymatic synthesis of glycolipids, a class of surfactants, with DES acting as solvent and
substrate at the same time [119]. More recently, Siebenhaller et al. successfully applied this
approach using honey as a solvent and its components, essentially fructose and glucose, as
substrates [279]. This synthesis relies on the use of the immobilized lipase from C. antarctica
(iCalB or Novozym 435®) for the transesterification between vinyl esters and sugars naturally
present in honey. Vinyl esters are substrates of choice for enzymatic transesterifications thanks
to the vinylic function representing an electrophilic site that offers irreversible and
enantioselective acylation of primary hydroxyl groups [128]. The resulting vinyl alcohol as a
side product undergoes tautomerization that produces acetaldehyde, a volatile compound
that evaporates and thus, shifts the reaction equilibrium toward ester formation as depicted in
the Figure 22 [280].
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Figure 22. Immobilized lipase catalyzed transesterification between primary alcohol from honey sugars
(R= glucose, fructose) and vinyl esters leads to newly formed esters (n=6,7,9,11,13).

Products of this synthesis, such as fructose laurate, are known to possess antibacterial effects
[281]. But other derivatives such as octanoate, decanoate, laurate and myristate sugar esters
have not yet been tested for bioactivity in combination with honey. Herein, these reactions are
carried out in one of the most efficient honey against pathogens according to literature: MH
from New-Zealand derived from the Manuka tree (Leptospermum scoparium) [282]. Honey as
pasture or wound gel might be a promising alternative strategy to treat surficial wound
infections by antibiotic-resistant pathogens [283], since the resistance is increasing worldwide
[284] and very few new antibiotics are being developed [285].

In this study, a first qualitative screening with different microorganisms was performed to
determine which kinds of bacteria or yeasts were susceptible to honey mixtures enriched with
different sugar esters. Those microorganisms which are MRSA, Bacillus subtilis, Candida
bombicola, Escherichia coli and Pseudomonas putida represent a versatile testing pool with yeast,
Gram- and Gram+ microorganisms to determine what could be the targets of such mixtures
from a pharmaceutical point of view.

Recently, Zoheir et al. [286] developed a new biosensor system for multiple stress sensing
which allows monitoring of internal and external stresses in E. coli cells by using a three-
colored fluorescent protein combination. These proteins function throughout three principal
stress response mechanisms that are the RpoS pathway (starvation) [287], RpoH (heat-shock)
[288] and SOS (DNA-damage) [289], all of which are controlled by specific promoters. This
system called RGB-S reporter allows a real time and simultaneous analysis of the stress
responses in E. coli by microplate reading equipped with fluorescence detection. This
biosensor system has been used in the current work to characterize the bioactivity of the
glycolipid enriched honey mixtures. Thus, giving a deeper insight on how a pathogen such as
E. coli is affected by enriched honey mixtures. Quantitative agar well diffusion experiments
also permitted to link measurable inhibition of biofilms on agar plates and multi-stress
biosensing. In the end, the most efficient of these mixtures containing octanoate sugar esters
(GOH) was compared to the non-enhanced honey to determine upon which concentration
glycolipids permit enhancement of the bioactivity on agar plate.
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5.2. Materials and Methods

5.2.1. Chemicals

Lipase B from Candida antarctica immobilized on acrylic resin (Novozym 435®), Mueller
Hinton Broth, kanamycin and LB broth were purchased from Merck (Germany).
Commercially available Manuka Honey MGO 550+ (MH, Manuka Health, New Zealand) was
purchased from Real GmbH (Germany) and used as substrate. All fatty acid vinyl esters were
acquired from Tokyo Chemical Industry Co., Ltd. (TCI-Europe, Belgium). Ultrapure water
used for dilution of the MH and honey mixtures was obtained with a Purelab flex purification
system (Ransbach-Baumbach, Germany). European agar was obtained from Becton Dickinson
(Le Pont de Claix, France). Rhamnolipid standard mixture JBR599 was purchased from Jeneil
Biosurfactant Co. (Saukville, USA). If not stated otherwise, all other chemicals were purchased
from Carl Roth (Germany).

5.2.2. Microorganisms

Microbicidal tests were assessed against methicillin-resistant S. aureus (MRSA DSM 11729), B.
subtilis (ATCC 21332), C. bombicola (ATCC 22214), E. coli (K12 DSM 498) and P. putida (DSM
5235). For the stress sensing assay, RGB-S reporter was assembled as described by Zoheir et al.
[286] on chemically competent cells of wildtype E. coli K12 MG1655 DSMZ 18039 (DSMZ
GmbH, Germany) that were transformed with the RGB-S reporter (designated as sensor strain)
and plated on Luria-Bertani (LB; peptone 10 g/L, yeast extract 5 g/L, sodium chloride 5 g/L; for
solid medium 15 g/L agar was added) agar plates supplemented with 50 mg/L kanamycin
(designated as LB+kan).

5.2.3. Preparation of Glycolipid Enriched Manuka Honey

The enzymatic synthesis of glycolipids in Manuka honey (MH) is based on Siebenhaller et al.
[279] with slight modifications as follows: 200 mg of Novozym 435®, 1.03x10-* mmol of pure
fatty acid vinyl ester (vinyl octanoate, vinyl decanoate, vinyl laurate, vinyl myristate and vinyl
palmitate) and 2.5 mL of MH were filled in a 5 mL Eppendorf tube. After 30 s vortex
homogenization, the reaction was carried out in a rotator mixer with U2 program at 50 rpm
(neoLab, Germany) at 50°C for 48 h. Five different glycolipid enriched MH mixtures were
formed containing sugar esters of octanoate (GOH), decanoate (GDH), laurate (GLH),
myristate (GMH) and palmitate (GPH). An additional mixture which did not contain enzyme
but only 1.03x10-* mmol of vinyl octanoate (MHWE) was also incorporated to the antibacterial
tests as comparison.

5.2.4. Extraction and Detection of Glycolipids via Thin Layer Chromatography (TLC)

Synthesized glycolipids were extracted from honey media by addition of 2 mL of warm water
and homogenization of the resulting mixture. After addition of 3.5 mL ethyl acetate and
vortexing for 30 s, a glycolipid-containing organic phase was formed and further used for TLC
analysis as follows. 10 uL of the previously extracted organic phase were spotted onto a silica
plate (Alugram SIL G, 60 A, Macherey-Nagel GmbH & Co., KG, Germany). The eluent
consisted of chloroform: methanol: acetic acid (65:15:2 v/v) [119]. After elution, TLC plate was
dipped into anisaldehyde: sulfuric acid: acetic acid (0.5:1:100 v/v) dying solution and
subsequently revealed with a heat gun.
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5.2.5. Susceptibility Test

Susceptibility test with the different microorganisms and glycolipid enriched mixtures was
qualitatively assessed using an agar well diffusion assay according to Mavric et al. [275]. The
microorganisms were pre-cultivated overnight at 37°C (MRSA, E. coli and P. putida) or 30°C
(MRSA, B. subtilis and C. bombicola) in 100 mL flasks containing 10 mL of nutrient broth
according to [290]. Afterwards 100 uL of the undiluted cultures (0.4 ODsw) were spread on
plates containing solidified nutrient medium. Wells 8 mm in diameter (150 puL capacity) were
punctured into the surface of the agar medium. 120 uL of solutions of the enriched honey
mixtures, MH or MH plus fatty acid containing no enzyme were placed into the wells. Plates
were incubated at 37°C or 30°C depending on the microorganisms and observation on the
inhibition zone was made after 24h.

5.2.6. Stress Assay Protocol

For the stress assay, an aliquot of the seedbank was used to inoculate two independent cultures
(Cult. 1 & Cult. 2) each in 5 mL LB+kan broth and incubated overnight at 180 rpm and 37 °C.
The next day, cultures were diluted to 1:250 using fresh LB+kan and incubated again at the
same conditions for 5-6 hours. After reaching adequate optical density (ODsoo= 0.8), the
cultures were diluted using fresh LB+kan to adjust the ODew to 0.4, which is 2X of the final cell
density in the assay plate. Honey mixtures were diluted in LB+kan to 2X of the final required
concentration. The stress treatment started by adding 250 uL diluted sensor strain culture to
250 pL LB-stress mixture (or LB containing no honey mixtures as the control culture) to form
500 uL total volume, which had a final cell density of ODsw 0.2 and 1X stressor concentration.
Upon mixing, each of the two cultures (Cult. 1 & Cult. 2) were then distributed in triplicates
in 96-microwell plate, each well containing 150 pL. In total, six independent biological
replicates were analyzed for every honey mixture concentration unless indicated otherwise.
Tested concentrations of MH, MHWE, GOH, GDH, GLH and GMH were 0, 0.1, 0.2, 0.4, 0.8,
1.2 and 1.6 % (v/v). The microtiter plate was covered by a fluorescence-compatible transparent
film (Lab Logistics Group Inc.) to prevent culture evaporation and incubated in a Synergy H1
microplate reader (BioTek Inc.) with continuous orbital shaking (282 rpm, 3 mm) at 37 °C and
measuring the optical density (ODsw) and the three fluorescence readouts corresponding to
the different types of stress. For the fluorescence readouts, respectively excitation and emission
peaks correspond to the following wavelengths: Red Fluorescent Protein (RFP, physiological
stress): 571 nm, 607 nm; Blue Fluorescent Protein (BFP, cytotoxic stress): 400 nm, 454nm; Green
Fluorescent Protein (GFP, genotoxic stress): 483 nm, 511 nm.

5.2.7. Assessment of Antibacterial Activity

Antibacterial activity of GOH and MH was quantitatively assessed using an agar well
diffusion assay according to Patton et al. [291]. E. coli was pre-cultivated overnight at 37°C in
100 mL flasks containing 10 mL of Mueller Hinton Broth (MHB) medium. Afterwards 100 pL
of the cultures (0.1 ODs0) were spread on plates containing solidified MHB agar. Wells 15 mm
in diameter (200 pL capacity) were drilled in the broth-agar medium. 150 uL of solutions of
the GOH and MH diluted to concentrations ranging from 0% being the control well to 50% in
ultrapure water were placed into the wells. Plates were incubated at 37°C for 24h. The zones
of inhibition were measured using pictures taken into a FAS Digi Imaging System (FastGene)
with a GF-7 digital camera (Panasonic). Measurements were then made with Image] software.
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5.3. Results

5.3.1. Glycolipid Synthesis in Honey

Glycolipids were synthesized in Manuka honey by adding different fatty acid vinyl esters
(octanoate (C8, GOH), decanoate (C10, GDH), laurate (C12, GLH), myristate (C14, GMH) and
palmitate (C16, GPH)) and immobilized lipase (iCalB). Product formation was qualitatively
assessed by thin layer chromatography (TLC). Figure 23 shows similar TLC profiles between
GOH, GDH, GLH, GMH and GPH mixtures. Sugars esters appeared with an average retention
factor Rf=0.65 after dying with anisaldehyde solution as previous work reports from
Siebenhaller et al. [279]. Highly polar compounds such as sugars in this case have more
interaction with the silica coated layer therefore giving a low retention factor (Rf=0.12).
Unreacted free fatty acids that are hydrophobic present low interaction with the stationary
phase and move with the elution front “pushing” them on the very top of the TLC. Glycolipid
synthesis was successful with all applied vinyl fatty acids into Manuka Honey. To firmly
support the last claim, a standard that acts as a control was also spotted on the same TLC. This
standard (Std) is a commercially available rhamnolipid mixture diluted at 10 mg/mL in ethyl
acetate which displays glycolipid stain at Rf=0.68 on normal phase thin layer chromatography.
The relative observable intensity of the TLC stains indicates that in each mixture glycolipids
were produced in the same range of concentrations. MHWE serves as a negative control for
the glycolipid synthesis since no enzyme was introduced in this condition, only unreacted
vinyl octanoate is present. It shows no characteristic spot of glycolipids affirming that specific
conversion of substrates into glycolipids is due to the enzyme.

A L s -~ - a .
GOH GDH GLH GMH GPH Std MHWE

Figure 23. Visualization of synthesized glycolipids in Manuka Honey after dying with an anisaldehyde
solution. 10 uL of extracted honey mixtures and 4 uL of the standard were spotted on the TLC plate. Std,
intern laboratory rhamnolipid standard; GOH, glycolipid octanoate honey; GLH, glycolipid decanoate
honey; GLH, glycolipid laurate honey; GMH, glycolipid myristate honey; GPH, glycolipid palmitate
honey; MHWE, Manuka honey without enzyme.
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5.3.2. Microorganisms Susceptibility Test

This qualitative antimicrobial test was performed with the aim of a pre-selection of glycolipid
enriched honey mixtures using observable inhibition as an orientation. It oriented the work
toward the types of microorganisms that show susceptibility to the different glycolipid
enriched MH mixtures. The latter containing palmitate (GPH) was also tested with this assay,
but results showed very poor efficacy and therefore was non-relevant for the current work so
finally left aside. Table 14 shows that every honey-based mixture mentioned above present
bioactivity towards the different microorganisms tested. Gram+ and Gram- bacteria being
seemingly sensible, but the yeast species (C. bombicola) displayed a very particular
susceptibility to the GOH mixture (Figure 24). Slight or no effect is observable for MH, MHWE,
GDH, GMH and GLH. GOH showed very clear and large inhibition zones of the biofilm on
all microorganisms that have been tested. E. coli and MRSA showed particularly high
susceptibility to all honey mixtures, glycolipid enriched or not. Thus, highlighting the
tendency of every Gram+ microorganisms to be sensible to MH mixtures. Contrarily, Gram-
bacteria and the yeast displayed acute sensibility to mixtures enriched with sugar esters.

Figure 24. Qualitative agar well diffusion assay (Candida bombicola). Every honey mixture was
incorporated undiluted in the wells. Well 1, GOH; Well 2, GDH; Well 3, GLH; Well 4, GMH; Well 5,
Manuka Honey; Well 6, Manuka Honey mixture with 0,31 mmol/mL vinyl octanoate and no enzyme
(MHWE).

As E. coli was more inhibited by all glycolipid enriched honey mixtures than with MH alone,
a reporter strain was applied to characterize the type of stress which is exerted by the
respective glycolipid enriched honey mixture.
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Table 14. Qualitative agar well diffusion assay highlighting microorganism susceptibility. System allows
relative comparison with mixture efficacies using a pluses system. It categorizes the effect based on the
diameters of the inhibition zones: +++, diameters > 29 mm. ++, diameters <29 mm and > 19 mm. +,
diameters < 19 mm and > 0 mm. 0, no observable effect. MH, Manuka Honey; MHWE, Manuka honey
and unreacted vinyl octanoate (negative control for glycolipid synthesis: approach without enzyme);
GOH, glycolipid octanoate honey; GLH, glycolipid decanoate honey; GLH, glycolipid laurate honey;

GMH, glycolipid myristate honey.

Microorganisms/Cell type MH MHWE GOH GDH GLH GMH
MRSA/Gram+ ++ ++ ++ ++ + +
B. subtilis/Gram+ +++ o+ +++ +++ ++ ++
C. bombicola/Yeast 0 0 +H + 0 0
E. coli/Gram-— ++ ++ -+ H+ . "
P. putida/Gram-— + + ++ + + +

5.3.3. Whole Cell Multi-Stress Biosensing and Bactericidial Activity in Broth Dilution

E. coli cells used as stress biosensors were incubated 24h with glycolipid enriched

honey

mixtures at 37°C to characterize the apparent bioactivity. In this experiment three different
types of stress reporters allow characterization of the bioactivity. Physiological, cytotoxic and
genotoxic stress were simultaneously detected via fluorescent microplate reading due to three
fluorescent proteins giving signals called RFP, BFP and GFP, respectively. Those signals were
normalized to the ODsw of E. coli to get a signal that is specific to the biomass. Figure 25
displays measures for the different honey mixtures at 1.6% (v/v) which is the most
representative of all tested concentrations according to Table 15 that gathers measures for all

mixtures after 20 hours of incubation.
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Figure 25. Biosensor based stress assay using designed E. coli strain. The bioactivity and the type of

stress induced by the different honey mixtures were assessed with a multi-stress whole-cell biosensor
set-up called RGB-S reporter. The readout displays: (A), ODsw (culture growth). (B), GFP (genotoxic
stress). (C), RFP (physiological stress). (D), BEP (cytotoxic stress). Signals are normalized to the ODeoo of
the biosensor giving specific signals for each type of stress. 24 hours kinetic with one measure per hour
at 1.6 % (v/v) displaying bioactivity of MH, MHWE and GOH. Measurements were done in a double

triplicate using two different cell cultures.
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Table 15. Stress assay reading at 20 hours displaying bioactivity of MH, MHWE, GOH, GDH, GLH and
GMH at0,0.1,0.2,04, 0.8, 1.2 and 1.6 % (v/v).

Mixture Concentration % (v/v) ODsoo Specific RFP Specific BEP  Specific GFP
Control 0 1.01 £0.04 108 £3 1474 + 223 694 + 87
0.1 1.02+0.01 109+12 1352 + 65 239 +£26
0.2 0.74 +£ 0.04 96 + 20 1309 + 55 234+9
MH 0.4 0.74 +0.04 74+11 1287 + 36 233+ 8
0.8 0.76 +0.02 65+13 1328 + 33 185+8
1.2 0.78 +0.02 69 + 14 1361 + 37 190 + 10
1.6 0.77 +0.02 79+6 1499 + 40 202 +4
0.1 1.03 +0.04 102 +18 1614 + 155 279 £ 37
0.2 0.85+0.11 89+9 1448 + 80 180+ 7
MEWE 0.4 0.84+0.10 89+7 1447 + 50 173 +5
0.8 0.82+0.11 74+8 1770 + 129 148 +7
1.2 0.84 +0.07 78 +8 1683 + 83 149 + 4
1.6 0.87 +0.08 799 1721 £ 101 147 +8
0.1 0.81 +0.04 126 +11 1449 + 76 265+ 17
0.2 0.78 £ 0.09 121 +22 1169 £ 19 216 £5
GOH 0.4 0.64 +0.02 127 +14 1360 + 26 242 +7
0.8 0.60 +0.02 220+ 15 1578 £ 11 303+4
1.2 0.69 +0.02 582 + 47 1855 + 95 313+11
1.6 0.66 + 0.08 589 + 28 2512 + 51 500 + 38
0.1 1.00 +0.02 79+13 1429 + 129 284 +27
0.2 0.93 +£0.03 91 +21 1425 + 187 176 + 4
GDH 0.4 0.80 +0.03 79+7 1398 + 109 160+ 6
0.8 0.85+0.08 80+ 13 1674 + 359 158 +5
1.2 1.10+0.07 76 +18 1507 + 380 132+ 6
1.6 1.19+0.04 75+ 13 1269 + 187 123 +5
0.1 1.04 £ 0.01 206 + 10 1335+ 34 283 £ 31
0.2 1.01 +£0.03 178 + 16 1331 + 61 168 + 13
GLH 0.4 0.81 +0.01 83 +5 1174 + 46 185+5
0.8 1.00 +0.02 99+9 1054 + 20 132+2
1.2 1.07 £0.03 99+9 1064 + 42 126 + 8
1.6 1.11+£0.02 106 +7 1101 £ 37 127 +5
0.1 1.17 +0.03 142 + 39 1806 + 247 337 +£100
0.2 0.78 £0.02 146 + 20 1739 + 29 219+4
CMH 0.4 0.72 £0.03 140 + 27 1803 + 78 227 +6
0.8 0.80 +0.05 103 +9 1623 + 91 189 +5
1.2 0.84 +0.05 123 +29 1791 + 149 196 +7
1.6 0.91 +0.08 157 +24 1887 + 268 201+7

Note. Standard deviation () is expressed from two triplicates obtained from two independent cell cultures.

Stress assay showed a 6-fold increase for the physiological stress, a 2.5-fold increase of
cytotoxic stress and no change in genotoxicity when MH is enriched with octanoate sugar
esters (Figure 25B, C and D). In comparison, other mixtures like GDH, GLH and GMH have
very low or essentially no effect on E. coli’s growth reflected by almost negligible stress signals.
Moreover, the growth curve displays the rapid effect of GOH compared to the other mixtures
with a lag phase of the growing E. coli culture starting at early incubation and lasting for 4
hours (Figure 25A). Thus, highlighting the fact that, over an extended period, GOH possesses
the most efficient and rapid bioactivity of all mixtures tested. MHWE which consisted of the
same mixture of MH and vinyl octanoate, except no enzyme was included, showed an
obviously smaller effect that is like the control.
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5.3.4. Whole Cell Multi-Stress Biosensing and Bactericidial Activity in Broth Dilution

E. coli was also used for an agar well diffusion assay aimed for a quantitative experiment in
which inhibition diameters of different concentrations have been measured. Previous results
oriented us to compare the bioactivity of MH and GOH in a bactericidal assay upon same
dilutions. Concentrations ranging from 0 to 50% (v/v) with 10% steps were tested. Each
condition was repeated throughout three wells. Same dilution ranges were compared across
different agar plates. No bioactivity was observed with MH at concentrations lower than 40%
(v/v) whereas GOH showed direct inhibition of the microorganism at a concentration of 20 %
(v/v). Diameters of the inhibition circles are reported in Table 15. When concentration reaches
40% (v/v) inhibitory potential of GOH and MH appears to be identical. Thus, the GOH mixture
obviously exhibits antimicrobial effects at lower concentrations than pure MH.

Table 16. Inhibition zones measured for different concentrations of MH and MGO using E. coli. Wells
were done in triplicates across different agar plates.

Concentration Welll Well2 Well3 Average Standard deviation

Control 0% 0 0 0 0 0
10% 0 0 0 0 0
20% 1.72 1.85 1.961 1.85 0.12
GOH 30% 1,93 1,90 1,955 1.93 0.03
40% 2.13 2.18 2.21 2.17 0.04
50% 2.23 2.35 2.24 2.27 0.06
10% 0 0 0 0 0]
20% 0 0 0 0 0
MH 30% 0 0 0 0 0
40% 2.00 2.12 2.23 2.11 0.14
50% 2.13 2.28 2.54 2.32 0.21

5.4. Discussion

5.4.1. Impact of the Process on Endogenous and Exogenous Compounds in Manuka Honey

The method used in the current work for glycolipid production in honey was validated in a
previous publication from Siebenhaller et al. [279]. Glycolipids coming from the
transesterification of vinyl octanoate (C8), vinyl decanoate (C10), vinyl laurate (C12) and vinyl
palmitate (C16) with sugars from honey and agave syrup were successfully identified and
characterized using spectrometric methods. Given those previous results it is assumed that all
vinyl esters used represent good substrates for Novozym 435® to synthetize the
corresponding sugar esters. Slight changes were brought to the present process and even
though both synthesis methods are still very similar, those changes must be considered. First
off, a different honey was used, in the first research article a standard European flower honey
was taken whereas in the current work MH was chosen and used as a substrate. Second off,
the novelty brought herein is the use of vinyl myristate (C14) instead of the palmitate vinyl
ester (C16). MH was chosen as a substrate and solvent for carrying this reaction due to its well
established bioactivity that is higher than other honeys and displays efficacy against several
pathogens [292-294]. The aim herein was firsthand to select the honey presenting the best
bioactivity according to literature and secondhand enhance its bioactivity with in situ
synthetized glycolipids displaying several chain lengths. It was expected that bringing
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endogenous surfactants to MH which intrinsically presents a versatile pool of bioactive
compounds would bring a real difference in terms of bactericidal effect. This endogenous pool
of compounds present in MH is mainly composed of methylglyoxal (MGO), bee defensin-1, a
vast range of flavonoids and phenolics [295].

The approach used for this work was first reported by Pohnlein et al. and corresponds to a
strategy of a “2-in-1” system in which sugars are part of the solvent and part of the substrates
as they participate to the enzymatic conversion (Péhnlein et al., 2015; further studies reviewed
in Patzold et al., 2019). This methodology which was applied first to Deep Eutectic Solvents
(DESs) was successfully transferred to honey and agave syrup with chain lengths of esters
ranging from C8 to C16 [279]. In the GOH mixture it can be assumed that fructose and glucose
laurate were produced and are responsible for the effect that will be discussed further in the
next section. According to preliminary results the C16 esters enriched honey mixtures were
not included in the present work but rather myristate (C14) was chosen alongside C8, C10 and
C12 vinyl esters substrates for the lipase-catalyzed transesterification. The immobilized lipase
used is the versatile Novozym 435® it was expected that the reaction using vinyl ester with
longer chains, notably C14, would be catalyzed in MH as it is clearly shown on the TLC
analysis. The enzyme showed great flexibility towards the range of substrates it can accept
and the type of media in which it can work. MH possessing as well low water content and low
water activity [296] it can reverse lipase action and form ester bonds the same way it was
described in previous work [297].

However, one question remains concerning the effect of the process on compounds naturally
present in MH. Hydrogen peroxide has been showed to be the main factor for bioactivity in
standard honey. This last compound can be found in MH but the unique component mainly
responsible for its activity is the MGO which originates from conversion of dihydroxyacetone
present naturally in Manuka nectar flower [298]. Both of these components are known to be
temperature sensible and studies have shown that storage of MH at 37°C leads to an apparent
non-enzymatic increase of MGO upon several days [299]. The process employed here to enrich
MH uses 50°C for 48h, so in theory an increase of MGO should be observed and therefore an
increase in bioactivity. Withal, MHWE which serves as a negative control since no glycolipids
are present in this condition shows no increase in bioactivity compared to pure MH even after
heat treatment (Figure 23). Therefore, it can be affirmed that glycolipids are responsible for
the observed increase in bioactivity. Still, composition in MGO and related components after
process could be an additional way of investigation.

5.4.1. Role of the Glycolipids in Bioactivity Enhancement

Previous discussion made obvious that glycolipids in honey are playing a role in the
bioactivity of the mixture. Nonetheless, susceptibility test, stress assay and antibacterial test
were applied in order to get a deeper understanding on how this class of bio-surfactants acts
inside the honey mixtures and in what measure they enhance the overall bioactivity of MH.

Susceptibility test showed clear evidence of MH and glycolipid mixtures to affect different
types of microorganisms. Albeit evidence that glycolipid in honey brings bioactivity
enhancement is not very clear from this first experiment. Bacteria and yeast tested exhibit clear
sensitivity to honey mixtures at full concentration. The high osmolarity and unique MGO
compound among other factors of MH [300] could explain this remarkable effect.
Nevertheless, the test with Candida bombicola suggests that enzymatic glycolipid synthesis in
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honey could bring another strong antimicrobial factor to this sugar-supersaturated solution.
The different sensitivities displayed by those microbes guided us to investigate further GOH
mixture which seemed to be the most efficient out of all glycolipid enriched mixtures. A clear
tendency of Gram+ pathogens being more sensible to all honey mixtures was highlighted then
compared to the other tested microorganisms and visibly no further bioactivity enhancement
against Gram+ species was brought to MH throughout this experiment. Bacteria are known to
be intolerant to high osmolarity, thus explaining the overall effect on non-yeast species with
or without glycolipids. Interestingly the low susceptibility for P. putida could be explained by
the polysaccharide slime capsule Pseudomonas species possess [301]. However, the yeast
species and Gram- pathogens gave high sensibilities to sugar ester enriched honey. Wagh et
al already reported higher sensitivity of Gram+ bacteria compared to Gram— when exposed to
sugar esters [302]. We can postulate that similar effect observed in this work is due to Gram+
bacteria and yeasts only possessing a single lipid membrane while Gram- bacteria are
equipped with an additional one. Therefore, honey enriched with glycolipids renders Gram-
bacteria and yeasts more sensible to the high osmolarity of honey but make almost no
difference in bioactivity against Gram+ ones.

Yeasts, such as C. bombicola, normally tolerate high osmolarity [303] but in our case we
observed an increased effect as the chain length of the hydrophobic tail is shortened such as
C8>C10>C12, suggesting a higher toxicity of acyl derivates possessing short alkyl chain and
no effect with pure unmodified MH. Toxicity of C8 fatty acid was previously reported against
Saccharomyces cerevisiae showing a general tendency of yeasts to be sensible to relatively short
saturated acid chains as it causes damage to the membrane by inducing cell leakage [304].
Interestingly Candida bombicola is a yeast able to produce sophorolipids [305], which is made
of a glucose-derived di-saccharide acetylated with C16 or C18 fatty acid tails. Thus, giving a
possible insight on why honey mixtures provided with long chain vinyl fatty acid (e.g., C14
and C16) have very little effect against Candida bombicola compared to C8 sugar esters. It is also
important to mention that Candida genus is known to produce plethora of lipases that are
commercially available [306]. Then, another conjecture could be that a lipase from C. bombicola
is responsible for the observed effects as glucose-octanoate represents a substrate releasing C8
free acid being fatal to the yeast, as no effect was observed with MHWE and decreasing effect
with increased chain length.

Although in this study an apathogenic yeast was surveyed, Candida represents the genus of
the most common cause of fungal infections with C. albicans as the most prominent species
[307]. Alongside C. glabatra, C. tropicalis, C. parapsilosis and C. krusei, these five species represent
90% of infections cases among the Candida genus [308]. Therefore, follow-up studies might
focus the potential of the GOH mixture as fungistatic in addition, since C. albicans is known to
grow as biofilms on human tissue and implanted medical devices [309].

The stress assay combined with an antibacterial test allowed quantitative insight on possible
mechanisms involved into the microorganisms’ inhibition induced by MH and glycolipid
enriched MH mixtures. For this test, E. coli was chosen as a whole cell biosensor (RGB-S)
because it can be expressed in this microorganism. Reading of ODew during the 24h incubation
of the biosensor gave clear confirmation that GOH showed quicker and stronger inhibition
potential than any other pure or glycolipid enriched MH at only 1.6% (v/v) concentration. In
addition to that, a remarkable 4-hour lag phase can be observed at beginning of the incubation
time with the GOH condition. Only concentrations ranging from 0 to 1.6 %/ (v/v) in broth
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dilution were tested because of phenolics contained in honey interfering with the readings,
any measurement above these concentrations were inoperable. Mixture composed of
octanoate esters of honey sugars revealed a 6-fold increase of the physiological stress and 2.5-
fold increase of the cytotoxic stress compared to MH while having no impact on the microbes’
genetic material. Three main clarifications may be evoked in attempt to explain these
observations. First off sugars esters are known for their antibacterial activities [12] because of
their ability to disrupt membranes [310,311]. Second off, it appeared within our experiments
that shorter chain length of the sugar ester resulted in an increase of bioactivity. Indeed shorter
alkyl chain results in higher CMC (Critical Micelle Concentration) which seems to explain a
higher antibacterial potential [34]. The toxicity of glycolipids towards pathogens inside the
honey mixtures appears to increase as the chain length decreases which appears logic as the
latter can greatly modulate physicochemical properties of the sugar esters [312]. Third off,
since the glycolipids seem to spare DNA damage inside the cell, it is less likely to induce
mutations due to genotoxic stress thus making it a good candidate for a potential antibacterial
treatment that would not induce antimicrobial resistance [313-315]. Finally, antibacterial test
highlighted better efficiency of GOH at 20% (v/v) as no inhibition was observed for MH for
this same concentration in agar plate assay. As a correlation to previous stress assay
experiment it can be confirmed that glycolipids bring a supplementary factor to the bioactivity
of honey.

Despite these results and affirmations, similar experiments with isolated glycolipids produced
in MH should be carried in a further investigation to potentially highlight a synergy between
honey and glycolipids. As honey and DESs are physico-chemically related, a synergy can be
indeed suggested as DES formulations containing bioactive compounds exhibit such
synergetic behavior [316-319]. Giving those facts we can hypothesize that glycolipid
bioactivity is enhanced by honey and vice versa due to multiple physico-chemical factors
inherent to both participants.

5.5. Conclusions

It was shown that production of glycolipids in MH, structurally identified as fructose and
glucose laurate in previous work, catalyzed by the lipase formulation Novozym 435®
enhances bioactivity of the mixture.

Stress and antibacterial assay revealed bioactivity strengthening even upon high dilution
factor. The mixture dubbed GOH made from vinyl octanoate sugar esters induced 6-fold
physiological stress increase and 2.5-fold cytotoxic stress increase compared to normal MH
alongside a stronger and quicker inhibition based on the ODew reading. On the other hand, no
significant genotoxic stress of E. coli was measured. Such glycolipid enriched honey mixture
represents potential tool to treat rapidly but also efficiently wounds that are susceptible of
getting infected. In a practical case, they could be administered in a pasture-like form.
Nonetheless, more investigation regarding the effect of isolated glycolipids produced herein
should be carried out to highlight a suspected synergistic effect.
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6. Final Conclusion and Outlook

The present dissertation dealt with glycolipids production which were presented as a class of
ecological (bio)surfactants exhibiting excellent foaming abilities, wetting abilities and
antimicrobial activity. This work highlighted initially the screening of 16 commercially
available lipase formulations for the DES mediated and lipase-catalyzed production of
glycolipid sorbitol-6-O-laurate in a “2-in-1” DES system. Doing so, we outlined the need for
enlargement of immobilization materials and techniques for enzymes. Promising CLEAs
revealed themselves not as performant and practical as their standard bead-adsorbed
analogues, despite a higher mass of catalytic material. The structure of our model compound
was elucidated and identified, with thorough spectroscopy and spectrometry analysis which
should be a “must have” for all identification strategies of new surfactants. The influence of
several factors, on our process, was determined such as time of reaction, enzyme dosage,
substrate concentration and water content when using Novozym 435® as a biocatalyst owing
to proper analytics. The conversion yield reached therein, corresponds to a 7-fold increase in
performance from the original proof of concept of this system. In addition, evidence of the
possible scalability of such process was brought. Using a stirred tank reactor (STR) allowed a
batch production of the glycolipid in a heterogenous system but displayed a 2-fold decrease
of performance from the initial tube-scale. Thus, it was shown that despite obvious limitations,
such as principally mass transfer, DESs demonstrate factually their potential for mediating
bioprocesses. More effort should, therefore, be put toward not only enzyme and reactor
technologies but also toward optimization and scale-up methods.

Parallelly, those results were compared to the ones obtained when carrying the production of
SL in greener organic solvent alternatives. 2M2B turned out to be more profitable in terms of
production yields and reaction time when comparing to the various solvent systems.
Moreover, using microwave irradiation we demonstrated the importance of innovative
heating method for the production of glycolipids. However, this observation was greater for
a system with low viscosity, as mass transfer potentially still limits the conversion in DES, even
under dielectric microwave heating. We brought thus nuance to the intense build-up DESs are
currently undergoing as media for biocatalysis in scientific literature albeit encouraging ways
of improvement for this technology are at hand. The efficiency of our downstream processing
was investigated. The latter allowed complete recovery of sorbitol laurate after 4 cycles of
liquid-liquid extraction from the DES-containing aqueous mixtures. Continuous extraction
technology could make sense in the strategy that we developed.

Thirdly, a proof of concept for the lipid extraction from oleaginous biomass and the
subsequent glycolipids formation using lipase-catalyzed reaction with microwave-assisted
processing in acidified DES was made. The energy input necessary for such fully integrated
process was logically limited, as no prior cell-disruption method was needed. Moreover, a
technological match was highlighted between microwaves and our “2-in-1” system. Thereby,
we outlined that any combination of sugars and lipids is virtually possible to prepare tailor-
made glycolipids as any other oleaginous biomasses could be considered, enabling a
simplified and fast glycolipid synthesis using raw biomass. However, only a limited amount
of glycolipid was obtained following this procedure, making optimization required. It is
therefore important to investigate higher temperatures, different lipase formulations, and
develop kinetic determination methods to allow an optimized scale-up of this newly proofed
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process. It is foreseeable that more concrete applications will emerge concerning this specific
topic. In addition, screening for potential bioactivity of the glycolipid- and lipid-containing
DES mixtures would constitute an interesting follow-up study.

Finally, to demonstrate the potential of glycolipids mixtures as bactericidal agents, it was
shown that production of glycolipids in medicinal Manuka Honey, structurally identified as
fructose and glucose laurate, catalyzed by the lipase formulation Novozym 435®, enhances
the overall bioactivity of the honey mixture. Stress and antibacterial assay revealed bioactivity
strengthening even upon high dilution factor. The mixture dubbed GOH made from octanoate
sugar esters induced a 6-fold physiological stress increase and a 2.5-fold cytotoxic stress
increase compared to normal MH alongside a stronger and quicker inhibition based on the
ODswo reading. On the other hand, no significant genotoxic stress of E. coli was measured. Such
glycolipid enriched honey mixture represents a potential tool to treat rapidly and efficiently
wounds that are susceptible of getting infected without inducing mutations that can cause
future treatment resistance. In a practical case, these mixtures or more largely glycolipid
containing DES mixtures could be administered “as is”, in a pasture-like form removing thus
the purification step. Nonetheless, more investigation regarding the effect of isolated
glycolipids produced herein should be carried out to highlight a suspected synergistic effect.

DESs or DES-like mixtures demonstrate, through an ever-expanding literature, their genuine
potential for mediating sustainable bioprocesses and reduce waste management strategies.
Thus, further investigation and development are necessary to overcome hindrances intrinsic
to this media. As a matter of fact, not only limitations were highlighted but also research axis
for a further intensification of enzymatic processing in DES, as it could potentially open new
horizons for industrial biocatalysis. Mechanochemistry and solvent free reactions are
promising strategies to further enhance the performances of such process. Recyclability but
also wild release of DES mixtures should also be seriously considered.

To condense the various chapters, it was demonstrated that using innovative technologies,
approaches, substrates and media, one can produce bioactive mixtures or pure compounds
using lipases as biocatalysts in optimized and mild conditions. Such harmless, inexpensive
and straightforward processes can be intensified to reach superior yields and productivity,
demonstrating their potential for application in sustainable and industrial biocatalysis.
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AcDES Acidified deep eutectic solvent
APG(s) Alkylpolyglucoside(s)

C. Candida

C10 Decanoic acid or ester

C12 Lauric acid or ester

C14 Myristic acid or ester

Cl16 Palmitic acid or ester

C8 Octanoic acid or ester

CDW Cell dry weight

ChCl Choline chloride

CMC Critical micelle concentration
COSY Correlated spectroscopy

D Dimension

DES(s) Deep eutectic solvent(s)

DNA DeoxyriboNucleic Acid

DSM Deutsche Sammlung von Mikroorganismen und Zellkulturen
DSP Downstream processing

DT Direct transesterification

E. Escherichia

ELSD Evaporative light scattering detector
EMK Ethylmethylketone

EtAc Ethyl acetate

FAME(s) Fatty acid methyl ester(s)
FE Folch extraction

GDH Glycolipid decanoate honey
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GLH Glycolipid laurate honey

GMH Glycolipid myristate honey

GOH Glycolipid octanoate honey

GPH Glycolipid palmitate honey

Gram- Gram negative

Gram+ Gram positive

HBA Hydrogen bond acceptor

HBD Hydrogen bond donor

HCl Hydrochloric acid

HMBC Heteronuclear Multiple Bond Correlation
HPLC High performance liquid chromatography
HSQC Heteronuclear Single Quantum Coherence
iCalB Immobilized lipase B from Candida Antarctica
IL(s) Ionic liquid(s)

LB+kann Luria-Bertani + kanamycin

Log P Logarithm of the partition coefficient
MEL(s) Mannosylerythritol lipid(s)

MGO Methylglyoxal

MH Manuka honey

MHWE Manuka honey without enzyme

MRSA Methicillin resistant staphylococcus aureus
MS Mass spectrometry

NMR Nuclear magnetic resonance

ODso Optical density at 600 nm

OFaaT One factor at a time

p. Pseudomonas

Rf Retention factor
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