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RESUME

Chaque année, des milliards de tonnes de biomasse lignocellulosique (LB) sont générées, et
seule une petite partie est réutilisée, couramment utilisée comme fourrage ou a des fins
énergétiques et matérielles. Par conséquent, de nouvelles stratégies sont nécessaires pour
valoriser ces commodités car la biomasse est une important matiére premiére alternative pour
obtenir des produits chimiques d'intérét a partir de ressources renouvelables. Dans cette
tendance, une autre alternative prometteuse est I'application d'enzymes associées a la chimie
synthétique pour explorer de nouveaux produits d'intérét industriel. Parmi les produits de la
pyrolyse rapide, on trouve le bio-oil, un mélange visqueux résultant de I'oxydation des polyméres
de biomasse, dont le principal composant est la Iévoglucosane (1,6-anhydroglucopyranose), un
sucre anhydre utilisé comme bloc de construction pour divers composés industriels d'intérét. Par
exemple, il peut étre hydrolysé en glucose et utilisé dans des processus de fermentation pour
obtenir une large gamme de produits. Cependant, cette molécule offre d'autres possibilités
chimiques en raison de ses groupes hydroxyles libres et de sa partie hydrophobe relative. Ce
glucide anhydre peut étre acylé pour obtenir des esters de glucides et d'acides gras (CFAEs)
présentant un équilibre hydrophile-lipophile hautement apprécié comme tensioactifs. Dans cette
étude, la lévoglucosane commerciale (LGCom) et celle obtenue a partir de la pyrolyse de la
cellulose (BoE) ont été acylées par transestérification/estérification en utilisant différents
donneurs d'acyl dans des systémes continus et en lots. Les réactions ont été catalysées par des
lipases libres et immobilisées en présence de différents solvants organiques. De plus, nous avons
démontré, pour la premiére fois, I'acylation directe de BoE et l'influence de I'acétonitrile (ACN) et
du cyréne (CYE) sur la stabilité des lipases Candida Rugosa (CR) et Candida antarctica B (CalB)
en utilisant la fluorimétrie de balayage différentiel (NanoDSF) a des concentrations de substrat
de 20 a 300 mM. Nous avons également étudié I'effet de la chaine alkyle pour la synthése des

CFAEs. Dans la réaction en lots utilisant LGCom comme substrat, des conversions et des



sélectivités optimales ont été obtenues avec différents donneurs d'acyl, tels que le laurate d'éthyle
(C12), le palmitate d'éthyle (C16), le stéarate d'éthyle (C18) et I'oléate d'éthyle (C18%), préparés
in situ en utilisant une stratégie intégrée médiée par les lipases commerciales Novozym®435
(N435), PSIM, et le biocatalyseur maison CaLB_epoxy. En conséquence, tous les biocatalyseurs
ont principalement généré des CFAEs, N435 étant plus sélectif pour produire des esters lauriques
(MONLAU) (99% a 50°C) et PSIM pour produire des esters oléiques (MONOLE) (97% a 55°C),
tandis que CaLB_epoxy a montré une plus grande sélectivité pour produire des MONOLE (83%
a 55°C). Dans la réaction en lots utilisant BoE, les meilleurs résultats ont été obtenus avec N435
en ACN, le donneur d'acyl éthyl octanoate (C8) atteignant une conversion de 74%. En général, il
a été observé que l'augmentation de I'hydrophobicité du donneur d'acyl a contribué a une plus
grande régiosélectivité pour le groupe hydroxyle lié au carbone 4, atteignant jusqu'a 99 % pour
C18* en ACN sur Calb_epoxy en utilisant LGCom a 55 °C. Les profils de stabilité thermique de
CalB et CR suggerent une plus grande stabilité en CYE, avec des valeurs de points de fusion des
protéines (Tm) de 61°C pour CalB et de 53°C pour CR. Grace aux paramétres cinétiques obtenus
a partir des constantes de Michaelis-Menten générées par le tracé doublement réciproque, une
inhibition par le substrat LGCom a été indiquée. De plus, les données sur l'efficacité catalytique
suggeérent une plus grande affinité enzyme-substrat en présence de CYE. Dans le systéme en
flux continu, il a été possible d'optimiser les conditions de réaction, la température et le temps de
résidence, atteignant une conversion maximale a 61°C en 77 minutes. De plus, il y a eu un gain
de productivité de plus de 100 fois par rapport au systéme en lots dans toutes les comparaisons.
Enfin, les CFAEs ont été testés pour leur tension interfaciale et leur activité biologique. Pour un
mélange de 4-O’ et de 2-O-Lauryl-1,6-anhydroglucopyranose (MONLAU), la tension interfaciale
minimale (IFT™") obtenue était de 9.6 mMNm™ a une concentration micellaire critique (CMC) de 50
mM. Des valeurs similaires ont été obtenues pour un mélange de 4 et de 2-O-Palmitoyl-1,6-
anhydroglucopyranose (MONPAL), jamais rapporté auparavant dans la littérature, avec une

IFT™" de 8.8 mNm' a 50 mM. Pour un mélange de 4 et de 2-O-Stearoyl-1,6-



anhydroglucopyranose (MONEST) et un mélange de 4 et de 2-O-Oleoyl-1,6-
anhydroglucopyranose (MONOLE), la CMC était supérieure a 60 mM, et les valeurs d'IFT™n
étaient respectivement de 14.1 mNm™" et de 10.2 mNm™". Dans ces études, il n'a pas été possible
d'obtenir des diesters ou des triesters de LG (levoglucosane) avec de longues chaines a partir
du donneur d'acyle (>C12). Cependant, la formation de monoesters aux positions C2 et C4 a été
observée dans toutes les conditions testées. Grace au systéme a flux continu, il a été possible
de maximiser la synthése de CFAE par rapport au systéme discontinu. En outre, le recyclage des
biocatalyseurs immobilisés a démontré la stabilité robuste du systeme. En outre, des données
prometteuses ont été obtenues pour la concentration minimale inhibitrice (CMI) et la
concentration minimale bactéricide (CMB) de MONLAU contre des souches de Staphylococcus

aureus a 0,25 mM.

Mots-clefs: Lipase, Transestérification, Glucides et Biomasse.



ABSTRACT

Every year, billions of tons of lignocellulosic biomass are generated, and only a small portion is
reused, commonly used as food and/or for energy and material purposes. Therefore, new
strategies are needed to valorize these raw materials, as biomass is an excellent alternative
feedstock for obtaining chemicals of interest from renewable resources. In this trend, another
promising alternative is the application of enzymes in conjunction with synthetic chemistry to
explore new products of industrial interest. Among the products of fast pyrolysis is bio-oil, whose
main component is levoglucosane (1,6 anhydroglucopyranose), an anhydrous sugar used as a
base for various industrially relevant compounds. This anhydrous carbohydrate can be acylated
to obtain carbohydrate fatty acid esters (CFAEs) with a highly appreciated hydrophilic-lipophilic
balance as surfactants. In this study, commercial levoglucosane (LGCom) and levoglucosane
obtained from cellulose pyrolysis (BoE) were acylated by transesterification/esterification using
various acyl donors in continuous and batch systems catalyzed by free and immobilized lipases
in the presence of different organic solvents. As a result, all biocatalysts mainly produced
carbohydrate fatty acid esters (CFAEs) with different selectivities. In the batch reaction using BoE,
the best results were obtained with N435 in ACN, with the acyl donor ethyl octanoate (C8)
achieving a conversion of 74%. The thermal stability profiles of CalB and CR suggested increased
stability in CYE, with protein melting point (Tm) values of 61°C for CalB and 53°C for CR. From
the kinetic parameters obtained from the Michaelis-Menten constants, substrate inhibition by LG
was indicated. In the continuous system, a productivity increase of over 100 times was achieved
compared to the batch system in all comparisons. Finally, CFAEs were tested for interfacial
tension and biological activity. Promising data were obtained for the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) of MONLAU against
Staphylococcus aureus strains at 0.25 mM.

Key words: Lipase, Transesterification, Carbohydrate and Biomass.
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1 — Introduction

The global economy faces the dual challenge of providing support for an ever-expanding
global population while improving living standards. However, this endeavor faces constraints
imposed by the limits set by our planet (Johan Rockstrom et al., 2009). The utilization of bio-
based resources, often denoted as the "bioeconomy," emerges as a promising prospect capable
of serving as a catalyst for the shift towards a sustainable economic and lifestyle paradigm
(European Commission (EC), 2012). The effectiveness of current production and consumption
models can be heightened by transitioning from a fossil fuel-driven economy to a bioeconomy
centered around products derived from biological sources, recycling, and renewable energy
sources (Lokko et al., 2018).

The bioeconomy, as defined by the European Commission, entails the knowledge-driven
production of renewable biological resources and the conversion of these resources and waste
into valuable products, including food for human consumption, feed, biologically sourced
products, and bioenergy (European Commission (EC), 2012)). Numerous countries and
organizations have implemented strategies to showcase their commitment to this concept, with a
notable example being the European Union's Horizon 2020 Research and Innovation Framework
Programme, where the bioeconomy features prominently as one of the six primary societal
challenges. In this context, the availability of cheap raw materials and renewable energy is the
foundation for global sustainability, where strategies for the development of clean technologies
for chemical processes aim to balance economic and environmental aspects (Tang et al., 2005).

Residual lignocellulosic biomass is a highly abundant and carbon neutral renewable
resource that does not compete with the food production cycle. Its composition ranges from 40%
to 50% cellulose, 20% to 30% hemicellulose, 20% to 25% lignin, and 1.5% to 3% ash (Lopez Ortiz
et al., 2013; Wong Sak Hoi & Martincigh, 2013; H. Yang et al., 2007). Therefore, the development
of new strategies is important to add value to these commodities (Octave & Thomas, 2009).
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Different methods can be applied to convert this material into high value-added products.
However, it is estimated that every year 182 billion tons of this waste material is generated. Out
of these, 4.6 billion tonnes of lignocellulosic biomass residues are produced as agricultural by-
products with only approximately 25% being utilized intensively (Figure 1) (Dahmen et al., 2019).
For instance, the sugarcane industry has a high utilization of lignocellulosic biomass to produce
biofuels, such as first-generation ethanol, in addition to limited reutilization of the bagasse to
produce second and third-generation ethanol. Hence, the development of new strategies
combined with different technologies can be an alternative to improve the use of these natural

resources (DAHMEN et al., 2019; OKOLIEA et al., 2022).

Lignocellulosic Biomass

2.5%

Reused
0.63%

= Global Production w Agricultural Residues Reused

Figure 1: Annual global production lignocellulosic biomass and reused by agricultural (Dahmen et al.,
2019).

In this context, the fractions of lignocellulosic material can be separated through different
fractionation processes (Solange |. Mussatto, 2016) and used as a platform in diverse
technologies (Banu J et al., 2021; Buendia-Kandia et al., 2020). For example, through the fast
pyrolysis of cellulose, various organic compounds could be generated in short intervals of time.
This process mainly produces a bio-oil, a viscous mixture resulting from the oxidation of biomass
polymers, of which their main component is levoglucosan (1,6-anhydro-B-D- glucopyranose) (LG)
(Itabaiana Junior et al., 2020; Rocha et al., 2013), an anhydrous sugar that can be converted into

various value-added chemicals (Figure 2) (Itabaiana Junior et al., 2020).
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Figure 2: General representation for highly valued products obtained by chemical and biochemical. CFAEs:

Carbohydrate fatty acid esters (Adapted (DO NASCIMENTO et al., 2022)).

LG can be hydrolyzed into glucose and is used in fermentative processes to produce
various products. However, this carbohydrate offers other chemical possibilities; its free hydroxyl
groups can be esterified through chemical or enzymatic reactions under batch or continuous flow
conditions using different acyl donors to access various mono-, di-, and ftriesters. These
compounds can exhibit highly appreciated properties and potentially useful activities, such as
antitumor, antimicrobial, and surface activities, respectively (DO NASCIMENTO et al., 2022;
ITABAIANA JUNIOR et al., 2020; PARK; WALSH, 2021).

In this scenario, LG can be a promising chemical platform for the synthesis of carbohydrate
fatty acid esters, known as CFAEs. Additionally, it is an excellent alternative to produce various
products, such as 5-hydroxymethylfurfural (HMF), furfural, sorbitol, levoglucosenone (Figure 2)
(Itabaiana Junior et al., 2020).

The structure-activity relationship of CFAEs depends on the degree of substitution of
hydroxyl groups, as well as the size and amount of unsaturation in the alkyl chains, which can

lead to compounds with a hydrophilic-lipophilic balance (HLB) of great industrial interest (EL-
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LAITHY; SHOUKRY; MAHRAN, 2011; PARK; WALSH, 2021;ANDRES et al., 2020; CHANG;
SHAW, 2009; PETKOVA, 2021).

Amphiphilic esters are currently produced through alkaline glycerolysis of natural oils and
fats at high temperatures and pressures. In addition to the high energy consumption, the
conditions used lead to low productivity and the formation of polymerization by-products, resulting
in dark spots and low product quality, which requires further purification steps (Kennedy et al.,
2006).

By enzymatic routes, the use of lipases (triacylglycerol ester hydrolases E.C.3.1.1.3) (DO
NASCIMENTO et al., 2019) has been prominent in industrial production of high value-added
esters due to various advantages. Notably, lipases possess the capability of exhibiting both
hydrolysis and esterification activities, eliminating the need for cofactors, and displaying high
regioselectivity, enantioselectivity, and chemo-selectivity in reactions (Mendes et al., 2023).

The transformations catalyzed by lipases play a crucial role in organic synthesis to meet
the increasing demand for enantiomerically pure compounds, such as pharmaceuticals,
agrochemicals, and natural products. This is mainly due to their ability to catalyze various
reactions, including asymmetric esterification, asymmetric transesterification, and asymmetric
hydrolysis, without the need for cofactors (Mendes et al., 2023).

One challenging task in the chemical synthesis of CFAEs is achieving regioselectivity of
a single secondary OH function during acylation, as it is notoriously difficult to predict.
Consequently, several protections and deprotection steps are necessary to selectively
incorporate a single ester function onto the carbohydrate hydroxyl, consuming a significant
amount of energy and/or reagents, contrary to the principles defined in "Green Chemistry." Green
Chemistry calls for the development of technologies with lower environmental impact and the
synthesis of pure products with minimal formation of side compounds (Gamayurova et al., 2021).

An increasingly prominent alternative is the use of enzymatic processes, where lipases
are the most suitable class of enzymes for such reactions. As well as demonstrated in numerous

23



studies (DO NASCIMENTO et al., 2019a; GALLETTI et al., 2007) high yields and regioselectivity
can be achieved using milder operating conditions with enzymatic processes, resulting in greater
purity of the final product (Otto et al., 1998). However, a recurrent barrier that persists is the lack
of enzyme stability at high temperatures, inhibition by solvents and/or reagents and products.
These factors may hinder the application of enzymatic processes on an industrial scale (Chapman
et al., 2018). However, a way around these problems is the application of immobilized enzymes.
Thus, studies on enzyme immobilization have been widely reported by several research groups,
which have described greater robustness and stability of these biocatalysts, making them suitable
for these applications.

Enzyme immobilization can be an effective method to improve the performance of its free
forms. Compared to free enzymes, immobilized enzymes with long-term operational stability can
be easily recovered and reused, thereby reducing the costs of catalytic processes (Cipolatti et al.,
2016; Datta et al., 2013; Homaei et al., 2013; Romero-Fernandez & Paradisi, 2020). The activity
of immobilized lipases depends on certain parameters, such as the types of enzymes and
supports used, as well as the immobilization protocols. Different supports or various protocols on
the same support allow the development of systems with different stabilities and specificities,
depending on the material employed, the intensity of enzyme-support interaction, and the
orientation of the enzyme on the support surface. Additionally, the active center can be partially
blocked due to the immobilization process (de Souza et al., 2017), and it can also lead to substrate
diffusion issues. These problems can have a distinct impact on enzyme activity, depending on
the different immobilization strategies used.

Here, we performed the application of free and immobilized lipases in the synthesis of
CFAEs through esterification/transesterification reactions of commercial levoglucosan (LGCom)
and obtained from cellulose pyrolysis (BoE) with different acyl donors. We demonstrated that the
CFAEs synthesized in batch reactions were readily translated into a continuous flow system,
where temperature and residence time conditions were optimized with the aid of the statistical

24



DoE (Design of Experiments) approach. Additionally, the thermal stability profile of the free lipases
Candida antarctica B (CalB) and Candida Rugosa (CR) was studied in different solvents, and the
kinetic parameters were determined using the Michaelis-Menten constants obtained from the
double-reciprocal plot.

Finally, the obtained CFAEs from a mixture of 4 and 2: O-Lauryl-1,6-
anhydroglucopyranose (MONLAU), O-Palmitoyl-1,6-anhydroglucopyranose (MONPAL), O-
Stearoyl-1,6-anhydroglucopyranose  (MONEST), and 0O-Oleoyl-1,6-anhydroglucopyranose
(MONOLE), respectively, were applied in tests for biological and surface activity, yielding

promising results.
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2. Literature Review

The term "biomass" encompasses all biologically generated organic materials that can
function as a renewable energy source (Solange |. Mussatto, 2016). Biomass can be sourced
from various origins, including plants, agricultural residues, forestry waste, food scraps, and even
microorganisms. Within this organic matter lies stored energy, typically in the form of organic

compounds like cellulose, hemicellulose, starch, and others (Haq et al., 2021).
2.1. What’s lignocellulosic biomass?

Plant cell walls are a rich source of biopolymers, sugars, chemicals, and a sustainable
alternative to petrochemicals. Its woody parts that give them rigidity are made up mainly of three
main types of carbon-based polymers. Which are cellulose (40-60%), hemicellulose (20-40%),
and lignin (10-25%) depending on both biomass form and maturity, along with other minor
components, such as acetyl, minerals, and phenolic groups, which are collectively called
lignocellulosic biomass (LB) (Sanderson, 2011), organized in a complex, non-uniform and three-
dimensional spatial structure (Figure 3) (Zoghlami & Paés, 2019).
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Figure 3: General structure of the main compounds presents in the lignocellulosic biomass (Adapted:
Itabaiana Junior et al., 2020).
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The first step in valorisation of LB is pretreatment, which helps isolate the cellulose,
hemicellulose, and lignin components. By altering the supra-molecular framework of the lignin-
hemicellulose—cellulose matrix, pretreatment processes modulate the binding properties of

lignocellulosic biomass.

2.1.1. Lignin

Lignin is a renewable and ubiquitous natural polymer being a rich source of high-quality
carbon, its structure is composed of aromatic rings with various functional groups, such as
methoxy, phenylpropane, non-carbohydrate polyphenolic substances and some groups of
terminal aldehydes in the side chain that can be used as an ideal carbon precursor due to its low
cost, renewability and abundance totalling approximately 15-35% by weight of LB (Scelsi et al.,
2021). The largest lignin generator is the pulp and paper industries that obtain this polymeric
residue through the Kraft pulping process which with the advancement of the continuous
development of biorefineries should increase substantially (Sharma et al., 2022).

In addition, it's the only biopolymer that contains the phenylpropanoid monomers
(Zakzeski et al., 2010). These compounds can be used as building blocks for polymers,
bisphenols, polyesters, polyurethane, and resins, among others. It’'s estimated that 50 million tons
of lignin are produced annually, mainly by cellulose industries, where only 2% is commercially
exploited to obtain products with high aggregate value and the rest is burned as fuel (Xu et al.,
2017a). It has a heterogeneous structure formed through the radical polymerization of
monolignols units of the alcohols p-coumaryl (p-hydroxyphenyl), coniferyl (quaiacyl) and sinapyl
(syringyl); linked to each other by different links, such as -O-4', a-O-4', 5-5', 3-f', B-5' and B-1'
differentiating with respect to the number of methoxide groups (OCHs) linked to the aromatic ring

(Figure 4).
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Figure 4: Lignin precursor alcohols and 3-O-4'/ B-B' bonds formed (Xu et al., 2017b).

Its structure, composed of aromatic monomers, constitutes an attractive raw material to
produce high value compounds and, therefore, would complement products derived from
cellulose processing. However, the events of non-uniform polymerization that form it create a
variety of functional groups and stereochemical configurations that reflect on its low solubility in a
variety of organic compounds and non-trivial challenges for the selective depolymerization of this
biopolymer. The transformation of lignin into useful chemicals can be carried out through a variety
of thermochemical processes, including pyrolysis, hydrolysis, hydrogenolysis, oxidation, among
others.

Several strategies have been reported to overcome these challenges (MAGALLANES et
al., 2019; ROTH; SPIESS, 2015; ZHANG et al., 2018). For example, Sameni et al. (Sameni et al.,
2017) reported a study of the solubility parameters of acetylated and non-acetylated lignin in
different organic solvents. As a result, lignin solubility was better in the absence of hydroxyl
groups. Wang and Rinaldi (X. Wang & Rinaldi, 2013) reported the use of Raney Nickel for the

reductive cleavage of lignin, using isopropyl alcohol as a hydrogen donor (Figure 5).

0 Reductive OH Redox-Neutral
Condition Conditions
Ar)k + Ar-OH <——— Ar/‘\/o\Ar — > A H + Ar-OH
H-donor H Hydrogen
3 2 excess 1 Shuttling 4 2

Figure 5: Redox neutral and cleavages under reductive conditions of the B-O-4’-ether linkage in 2-aryloxy-1-
arylethanols to generate acetophenone (X. Wang & Rinaldi, 2013).
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The relative abundance (45-60 %) of the C-O bond in 3-O-4'of lignin, has been used as
an important factor for its selective depolymerization (LARSSON; MIKSCHE, 1971; NIMZ, 1974).
Thus, Magallanes et al. (Magallanes et al., 2019) proposed a two-stage and operationally simple
degradation approach involving aerobic oxidation catalyzed by palladium (Pd) and photocatalytic
reductive cleavage of the B-O-4'bond in a variety of lignin model systems, in batch and continuous

flow, releasing (B-hydroxy) ketones and phenols as products of the reaction (Figure 6).
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Figure 6: Photochemical C-O Bond Fragmentation in Flow (Magallanes et al., 2019).

The application of continuous flow reactors in photocatalysis has received special
attention, because it usually allows for short reaction times, better heat and mass transfer, light
transfer rates and reduced safety risks, compared to conventional batch processing.

The complex polymeric structure of lignin, requires the combined and critical use of
several methods with complementary performances, highlighting the optimization of the
lignocellulosic biomass fractionation process, which can significantly affect its native structure
(Shuai & Luterbacher, 2016) and the development of efficient catalytic methods for its selective

depolymerization, performing a central role in the valorization of lignin.

2.1.2. Hemicellulose

Hemicellulose is made up of simple polysaccharides linked together by 3-(1,3)- and B-

(1,4)-glycosidic bonds that are easily be degradable into monosaccharides. It is the second most
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abundant branched hetero biopolymers that it is among the constituents of lignocellulosic biomass
present in plant cell walls. The various bonds along with lignin and cellulose, such as, hydrogen
and covalent contribute to provide structured strength and to make difficult its isolation (Speight,
2020). However, the short lateral chain of non-crystalline structure commonly
called amorphous contains a lower degree of polymerization. Therefore, it can be harnessed to
produce energy, polymeric food, and medicine (Luo et al., 2019). Its structure consists mostly of
pentoses, such as xylose and arabinose, and hexoses, presenting several environmental aspects
positive to their subsequent use, including thermoelectricity, hydrophobicity, water-solubility,

biological functionality, and good conductivity (Figure 7) (X. Yang et al., 2020).

HO  OH

Figure 7: Representative structure of xylan, a type of hemicellulose (X. Yang et al., 2020).

From the biomass, the hemicellulose can be basically obtained through two steps:
separation, the components can be precipitated by organic solvent, and extraction, by dilute alkali.
For example, Zhang et al. claimed that hot alkali extraction became the efficient extraction method
(Ang Zhang et al., 2018). However, this method causes a complicated separation of lignin that is
obtained in high concentration together with hemicellulose. Other authors proposed the utilization

of organic acid. For instance, Li et al. utilized acetic acid during separation step and obtained yield
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from 82.30% to 100%, but it resulted in a highly low extraction yield which was 16% approximately.

Consequently, it has been a challenge to acquire high purity of hemicellulose (J. Li et al., 2021).

2.1.3. Cellulose

The most abundant renewable polymer on earth presents in the cell walls of higher plants,
in marine organism and even created by microbial biosynthesis (bacteria, fungi, algae) (H. Du Le
et al., 2020). Its chemical structure is composed of the same polymer chain which is connected
by D-glucopyranosyl units through -1,4-glycosidic bonds and extensive hydrogen bonding which
makes its breakdown to monomers difficult. Possessing microscopic properties which have
important effects on their microscopic energy, such as rheology, colloidal stability, etc. Each unit
of glucose has hydroxyl groups in C2, C3 and C6, which can form hydrogen bonds between them.
The length of the polymer chain depends on the cellulose source and is related to the number of

glucose units or degree of polymerization of LB (Figure 8) (Klemm et al., 2005).
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Figure 8: Principal pathways to cellulose formation (Klemm et al., 2005).

The molecular structure reveals cellulose its characteristic properties such as

hydrophilicity, degradability, biocompatibility, stereo regularity, chirality, and broad chemical
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variability that is related to the high reactivity of the OH groups. Thereby, the properties of
cellulose are therefore determined by a defined hierarchical order in supramolecular structure and
organization (Klemm et al., 2005).

Several pathways can be used to obtain cellulose, such as those highlighted in figure 8
(Klemm et al., 2005; Nakatsubo et al., 1996; Nobles et al., 2001). However, the dominant pathway
for its production is from plants that are isolated by large-scale chemical pulping, separation, and
purification processes. Thus, cellulose is commonly derived from wood source and isolated under
harsh alkaline or acidic conditions (Frederick et al., 2008).

Different methods more eco-friendly are proposed to obtain cellulose. Van Spronsen et al.
proposed the separation of the different fractions of the lignocellulosic material using ionic liquids
and acetic acid as a co-solvent. These authors reported that the previous hydrolysis of the
biomass in acid catalysis by addition of acetic acid favours the solubilization of its different
fractions in the ionic liquid and later they can be separated by precipitation with solvents such as
ethanol and water (Van Spronsen et al., 2011). Lara-Serrano et al. proposed the use of inorganic
salt hydrates (ZnCl,.4H,0) for total fractionation of biomass through dissolution/precipitation
method (Lara-Serrano et al., 2023). The cellulose can be carried purified out biologically and/or
chemically. The biological method is an eco-friendly, however, it has low productivity and depends
on microbial enzymes. On the other hand, the chemical methods are non-ecofriendly, but it has
high productivity and many types of equipment and steps (Hasanin et al., 2018).

In the current world context, cellulose has characteristics that give it clear advantages over
synthetic fibers, having an enormous potential for replacing materials of fossil origin, polluting and
harmful to ecosystems. Thus, attractors for pulp applications include packaging, healthcare,
electronics, and printing (Aziz et al., 2022). Due to the presence of an activated hydroxyl group,
cellulose and its derivatives have the advantage that they can be easily modified with other related
functional groups, such as oxidation, esterification, etherification, graft copolymerization, cross-
linking reactions, etc (Aziz et al., 2022).
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The conversion of cellulose biomass to renewable and valuable chemicals has become
the topic of intense research mostly driven by growing concerns about the depletion of petroleum
oil reserves and the need to build sustainable societies (Guleria et al., 2019). In this context,
biochemical fermentation is major method adopted for the bioconversion of cellulose to platform
chemicals. It involves three steps including pre-treatment, saccharification and fermentation
(Reshmy et al., 2022). During this process the cellulose hydrolyzed produced monomeric sugars
that can be converted by a variety of microorganisms and/or chemical process in several
biomaterials and platform chemicals such as levulinic acid, succinic acid, lactic acid, sorbitol,
hydroxymethyl furfural, polyethylene, polylactic acid, polytrimethylene terephthalate,

polyhydroxyalkalonates, etc (Figure 9) (Reshmy et al., 2022).
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Figure 9: Platform chemicals from cellulosic biorefinery (Reshmy et al., 2022).
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The valorization of LB offers significant environmental advantages compared to fossil
fuels; they produce less environmental pollution, less carbon dioxide emissions and can ease
global energy shortages (X. Zhang et al., 2013).

In general, two process can be applied to convert cellulose into high added-value
products: catalytic or biological process. According to Desvaux et al., its direct fermentation
undergoes long reaction times, taking several days. In addition to the low yield of the final product
(Desvaux et al., 2001). On the other hand, it is possible to carry out its depolymerization through
acid hydrolysis which produces a maximum yield of glucose of about 70% by weight with reaction
times of about 2 hours. However, this process requires an expensive corrosion-resistant reactor
operated at high pressures and temperatures which represents a high operating cost related to
acid recovery and high dilution of sugars in water (Rinaldi & Schith, 2009; Shu-Lai Mok et al.,
1992). Another option that has been commonly used is enzymatic hydrolysis. However, the high
cost of the process makes it difficult to apply it on an industrial scale for this purpose. For this
reason, several approaches are being proposed to its depolymerization, in highlighted the fast
pyrolysis (Buendia-Kandia et al., 2020; Carvalheiro et al., 2008; Chandel et al., 2018; Fang &

Riisager, 2021; Frederick et al., 2008; Lara-Serrano et al., 2023; J. Li et al., 2021).

2.2. Application of pyrolysis in the valorisation of lignocellulosic biomass

Pyrolysis is the most usually utilized thermochemical conversion process that can
convert biomass feedstock into bio-oil yields (liquid), non-condensable gases, and biochar (BC)
(a solid residue), depending on the type of method and operating parameters (Q. Wang et al.,
2020); it can be classified into two types based on the heating time (treaiing) and the pyrolysis
reaction time (t;). Where slow pyrolysis (theating >> tr) and fast pyrolysis (theating << t) (Saravanan et

al., 2019).
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This high flexibility has caused the pyrolysis process to produce a wide range of valuable
materials with different yields by changing operating parameters, including residence time,
heating rate, and temperature (Kwon et al., 2018). In biomass pyrolysis the process has been
taking place in the temperature range of 300-650°C differently compared to 800-1000°C for
gassing and 200-300 °C for roasting (Saravanan et al., 2019). The characterized pyrolysis
methods and their products are as follows:

v" Torrefaction: It is a thermochemical process that involves the heating of biomass in the
absence of oxygen at temperatures typically ranging from 200 to 300 degrees Celsius. This
process results in the production of torrefied biomass.

v’ Carbonization: It is a high-temperature process that involves the conversion of organic
materials, such as wood or biomass, into charcoal through the removal of volatile components,
leaving behind carbon-rich residue.

v’ Fast pyrolysis: It is a thermochemical conversion process used to convert biomass into bio-oil
or pyrolysis oil. It involves rapidly heating biomass in the absence of oxygen at high temperatures
(typically between 350 and 600 degrees Celsius) for a short duration. This process yields several
valuable products, with the primary one being bio-oil.

v Flash pyrolysis: It is a rapid and high-temperature thermochemical process used to convert
biomass into a range of valuable products, including chemicals, gases, and bio-oil. Unlike slow
pyrolysis, which typically yields more biochar and less bio-oil, flash pyrolysis is designed to
maximize the production of these valuable products.

v" Ultrarapid pyrolysis: It is an advanced thermochemical process that involves the extremely fast
heating of biomass to ultra-high temperatures, typically in the range of 1000 to 1400 degrees
Celsius, in a matter of milliseconds. This rapid heating leads to the production of primarily
chemicals and gases, and it is designed to minimize the formation of biochar and bio-oil.

v' Vacuum pyrolysis: It is a specialized pyrolysis process that is conducted under reduced
pressure or vacuum conditions, typically below atmospheric pressure. This unique approach to
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pyrolysis is often employed in the context of solid waste biorefineries to convert various organic
solid wastes, including biomass and municipal solid waste, into bio-oil and other valuable
products.

v Hydro pyrolysis: It is a thermochemical conversion process that combines pyrolysis with the
use of hydrogen gas (H2) to convert biomass into bio-oil and other valuable products. This method
has gained attention due to its potential for improving the quality of bio-oil and reducing the
production of undesirable byproducts.

v' Methane pyrolysis: It is also known as methane cracking, is a chemical process that involves
the thermal decomposition of methane (CH4) into its constituent elements, primarily hydrogen
(H2) and solid carbon. This process is carried out at elevated temperatures and is used to produce
hydrogen gas for various industrial applications, particularly in the chemical and petrochemical

industries.

2.2.1. Pyrolysis reactor
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Figure 10: Representation of an experimental test equipment (Pandey et al., 2019).

The design of the pyrolysis reactor (Figure 10) is a crucial factor in the pyrolysis process

as it plays a significant role in determining the qualitative and quantitative distribution of the
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products (J.-S. Kim & Choi, 2018). Extensive research has been conducted on a reactor with the
aim of enhancing two critical factors that contribute to achieving higher product yields: heating
rate and residence time (Buendia-Kandia et al., 2020; Campuzano et al., 2019; Vo et al., 2022).
The primary features of pyrolysis reactors include the generation of a high heat exchange rate,
maintaining a controlled and moderate temperature, and ensuring rapid cooling or quenching of
the pyrolysis reactor vapours. These aspects are crucial for the efficient operation of the reactors
(Saravanan et al., 2019).

There are several commonly used reactor types for the pyrolysis of solid waste (SWs).
Each reactor differs in terms of its working principle, advantages, and experimental setup
(Saravanan et al., 2019). The following are some of the reactors used in this process:
v Fixed Bed Reactor: This reactor consists of a stationary bed of solid waste material through
which heat is applied. It offers good control over the pyrolysis process and allows for the collection
of valuable by-products.
v’ Fluidized Bed Reactor: In this type of reactor, solid waste particles are suspended and
fluidized by a gas stream. It provides efficient heat transfer and allows for uniform heating and
mixing of the material.
v Rotary Kiln Reactor: This reactor involves the rotation of a cylindrical vessel to facilitate the
pyrolysis process. It offers continuous operation and allows for better control overheat and mass
transfer.
v Vacuum Pyrolysis Reactor: This reactor operates under reduced pressure, which lowers the
boiling points of volatile components. It enables the pyrolysis of materials at lower temperatures
and reduces the risk of thermal degradation.
v Auger Reactor: An auger reactor employs a screw mechanism to move solid waste material
through a heated chamber. It provides good mixing and heat transfer while allowing for continuous

processing.
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These reactor types represent a diverse range of approaches for pyrolysis, each with its
own advantages and considerations depending on the specific requirements of the process.

Biomass pyrolysis has gained recognition as a highly efficient thermochemical conversion
process, primarily because it allows for the extraction of both chemical compounds and calorific
value from LB. This process enables the conversion of biomass into valuable products such as
biofuels, biochar, and various chemicals, contributing to sustainable energy production and
resource utilization (Enaime et al., 2020).

Sahoo et al. reported that this conversion technique can give bio-oil yields of up to 70—
95% of the original biomass’s weight (Sahoo et al., 2019). Zaini et al. proposed a process
simulations of biomass pyrolysis coupled with steam reforming and water-gas-shift to produce of
bio-oil that presented yield value of 46.0 wt.% dry biomass (Zaini et al., 2021). Chen et al.
suggested the torrefaction is an efficient pretreatment method to improve the quality of biomass
feedstock and resulting bio-oil. In this study, the sweet sorghum bagasse (SSB) was first pre-
treated by torrefaction at different temperatures (230, 260, and 290 °C) resulting torrefied SSB
was subsequently pyrolyzed at 500 °C to produce bio-oil (Chen et al., 2022).

The pyrolysis technology can be directly applied to biomass or its various fractions.
Additionally, it can be effectively coupled with other processes, including biological processes,
which holds great promise to produce chemicals in future integrated biorefineries. By integrating
pyrolysis with biological processes, such as fermentation or enzymatic conversion, the overall
value and versatility of the biomass feedstock can be enhanced. This integrated approach offers
a promising pathway to maximize the utilization of biomass resources and generate valuable
chemicals, further promoting the development of sustainable and economically viable biorefinery
systems.

Thus, Buendia-Kandia et al. proposed the production of acetone and butanol through the
cellulose pyrolysis, and later, fermentation by bacteria (Clostridium acetobutylicum). In this
process, pyrolysis of cellulose was performed in a continuous fluidized bed reactor equipped with
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a staged condensation system, including a warm electrostatic precipitator that separate pyrolytic
vapours according to their condensation point (Buendia-Kandia et al., 2020). The different
fractions obtained are rich in Levoglucosan (LG), a 1,6-anhydro derivative of beta-d-
glucopyranose, which is mainly formed by cellulose or starch pyrolysis, and it can't be fermentable

by Clostridium acetobutylicum (Figure 11) (Buendia-Kandia et al., 2020).
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Figure 11: Proposed cellulose biorefinery using fast pyrolysis, hydrolysis, and fermentation (Buendia-
Kandia et al., 2020).

2.3. Levoglucosan as a platform to obtain molecules with high added-value

LG is a bicyclic anhydride derivative of f-D-glucopyranose. It is primarily produced through
the pyrolysis of cellulose or starch. Cellulose is often preferred over starch in this context due to
its availability and the fact that it does not compete with the food supply (Itabaiana Junior et al.,
2020a). By utilizing cellulose as a feedstock for pyrolysis, the production of LG can be achieved
in a sustainable manner, supporting the development of renewable and environmentally friendly
processes.

Due to its distinctive presence in biomass burning emissions, LG has been widely used

as a molecular marker for identifying and quantifying biomass burning events. It serves as a
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valuable tool for assessing air quality, particularly in areas where biomass burning is prevalent.
LG can be measured in atmospheric samples and used to monitor and analyse the impact of
biomass burning on local and regional air pollution (Y. Li et al., 2021). Additionally, the presence
of LG has been utilized to reconstruct past fire histories, known as paleo-fire records. By analysing
LG concentrations in snow and ice samples from glaciers, scientists can gain insights into
historical biomass burning events and fire activity over long time scales (You & Xu, 2017). This
information helps in understanding past climate dynamics and ecosystem changes.

One of the products obtained through fast pyrolysis of biomass is bio-oil. Bio-oil is a
viscous mixture that arises from the oxidation of biomass polymers. Its composition includes
various components, with LG being a prominent constituent (Figure 12) (Rocha et al., 2013), this
anhydrous sugar can be converted to different high added-value chemicals such as glucose, 5-
hydroxymethylfurfural (HMF), furfural, sorbitol, levoglucosenone, and as highlighted in this work,
carbohydrate fatty acid esters, denoted as CFAEs (Figure 12) (ltabaiana Junior et al.,

2020;Bassut et al., 2022).
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Figure 12: Some examples of exceptionally prized products obtained through chemical and biochemical
transformations by LG (Adapted from: (ltabaiana Junior et al., 2020;.Bassut et al., 2022).

LG is indeed a significant product of cellulose pyrolysis. Extensive research has been
conducted on cellulose pyrolysis, and its production of LG has been thoroughly reviewed in
previous studies (KAMINSKA et al., 2018; LE ADE; BLANCHARD; BOUTIN, 2002; WANG et al.,
2017). The yields of LG obtained through pyrolysis can vary significantly, ranging from 5 to 80
percent carbon (%C). These variations depend on various factors, including the experimental
conditions employed, the type of reactor utilized, and the specific characteristics of the
lignocellulosic substrate being pyrolyzed, as reviewed by (Maduskar et al., 2018).

The complex interplay between heat transfer, phase changes, chemical reactions, and
mass transfer in cellulose pyrolysis contributes to the wide range of LG yields observed.
Understanding these fundamental mechanisms and their interactions is crucial for optimizing
pyrolysis conditions and enhancing the yield of LG and other desired products from cellulose

(Dufour et al., 2011; Westerhof et al., 2016). Overall, the heating of cellulose particles during
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pyrolysis leads to depolymerization reactions, phase changes, and subsequent secondary
reactions in the liquid and gas phases. The resulting products are then transferred from the
cellulose particles to the surrounding gas, contributing to the overall composition and yield of the

pyrolysis products (Figure 13) (ITABAIANA JUNIOR et al., 2020; SUUBERG; MILOSAVLJEVIC;
OJA, 1996a).
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Figure 13: Schematic representation of primary and secondary reactions in cellulose pyrolysis (Adapted
from (ltabaiana Junior et al., 2020).

Regardless of the specific heat transfer mechanism employed, it is essential for the
pyrolysis reactor to provide a high heat flux density (measured in watts per square meter, W/m?)
to the surfaces of the cellulose particles for a fluidized bed reactor the LG formation is around
450-500 °C) (Rover, Johnston, Whitmer, et al., 2014). This high heat flux density ensures that

the particles receive sufficient heat energy, promoting the pyrolysis reactions and facilitating the

formation of LG (Boutin et al., 1998; De Jenga et al., 1982).
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The initial stage of depolymerization involves an endothermic process, meaning that it
absorbs heat. Similarly, the evaporation of intermediate liquids during this process is also
characterized by an endothermic nature. On the other hand, the crosslinking reactions that give
rise to the formation of char, a solid substance rich in carbon, are exothermic, indicating that they
release heat (S-1 Mok & Antal, 1983; Suuberg et al., 1996b).

Secondly, when cellulose is subjected to heating, it undergoes several chemical reactions.
The mechanisms of cellulose pyrolysis have been under investigation since the early twentieth
century (Lédé, 2012). The primary conversion of cellulose predominantly occurs within the
temperature range of 300 °C to 450 °C. These mechanisms can be influenced by the operating
conditions, such as the temperature of the heat source and heat flux density, as well as the
presence of inorganic substances. Cellulose can be converted through three main pathways: i)
Transglycosylation; ii) Dehydration or iii) Open ring/fragmentation (Figure 14).

The combination of various mechanisms results in the formation of compounds derived
from cellulose, such as furans and methylglyoxal. Specifically, furans are generated through
open-ring reactions and dehydration, which facilitate the transformation of the glucopyranose
structure into furan rings. Transglycosylation reactions are responsible for the formation of LG. In
this context recent significant advancements in theoretical chemistry, utilizing methods like ab
initio calculation and density functional theory (DFT) models, have unveiled crucial insights into
the fundamental reactions involved. Due to the considerable computational expenses associated
with DFT modeling, the reactants used in the models are typically smaller surrogates of cellulose,
such as glucose, cellobiose, or cellotriose (Lu et al., 2018).

Maduskar et al. proposed a catalytic mechanism wherein vicinal hydroxyl groups present
in neighbouring cellulose sheets play a crucial role in facilitating the transglycosidic C-O bond
activation and subsequent formation of LG (Maduskar et al., 2018). This catalytic promotion of

LG formation occurs through the involvement of reactive hydroxyl groups, particularly in mass-
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transport limited experiments where the intermediate liquids generated during cellulose fast
pyrolysis hold significant importance (Maduskar et al., 2018).

The formation of LG is influenced by the degree of polymerization (DP), crystallinity, and
allomorph type of cellulose. Wang et al. conducted a study revealing that within the temperature
range of 350 to 450 °C, cellulose samples with higher crystallinity exhibited higher yields of mono-
anhydrosugars, specifically levoglucosan and levoglucosenone, during fast pyrolysis. This finding
was determined using pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) analysis

(Figure 14) (Z. Wang et al., 2013).
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Figure 14: Simplified mechanism of cellulose pyrolysis highlighting the main degradation pathways and
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In contrast, Shanks et al. conducted a study demonstrating that the crystallinity index, DP,
and feedstock type had a negligible influence on the distribution of resulting products (J. Zhang
et al., 2014). These findings suggest that hydrogen bonding and van der Waals forces do not
significantly impact the primary reactions involved in the thermal decomposition of cellulose under
fast pyrolysis conditions. Therefore, there is currently no consensus regarding the effect of DP
and crystallinity of cellulose on LG yields. However, there is a consensus regarding the significant
impact of minerals on LG formation. Minerals present in the LB have been found to hinder the
formation of LG through transglycosylation reactions, while simultaneously promoting the
generation of cyclopentenones via rearrangement (aldol reaction) and carbohydrate dehydration
processes (Le Brech et al., 2016b). Due to this effect, a proposal has been made to demineralize
LB to enhance LG yield (Oudenhoven et al., 2013). By removing or reducing the mineral content,
it is believed that the inhibitory impact on LG formation can be mitigated, potentially leading to
increased LG production.

Indeed, several review articles have been published on the topic of removing minerals
from biomass and its subsequent influence on cellulose pyrolysis (Lachos-Perez et al., 2023;
Molton & Demmitt, 1977). While a comprehensive overview of these articles is beyond the scope
of this response can provide a brief example. One such example involves leaching pinewood with
an acid-rich bio-oil fraction prior to biomass pyrolysis, which has been shown to effectively
eliminate the alkali ions initially present in the biomass (Oudenhoven et al., 2013). This approach
aims to reduce the mineral content and its potential inhibitory effects, thereby potentially improving
the pyrolysis process and increasing the yield of desired products such as LG.

During the washing step, no significant consumption of acetic acid was observed.
However, rinsing the biomass after acid washing was necessary to achieve maximal LG
production. This rinsing step aimed to remove the washing liquid containing the dissolved

minerals. Oudenhoven et al. implemented this method and successfully achieved a LG yield of
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17 wt% (based on anhydrous wood mass) following the demineralization of pine wood using the
acid-rich fraction of the bio-oil (Oudenhoven et al., 2013).

To summarize, based on fundamental knowledge of cellulose pyrolysis, the following
factors can optimize LG yield:

v Use of small particles: Utilizing small particle sizes promotes both intra-particle heat and mass
transfers, facilitating efficient pyrolysis.

v Demineralization of woody biomass: Acid leaching or similar methods can help remove
minerals from the biomass, reducing their inhibitory effects on LG formation.

v Fast heating rate: Employing a fast-heating rate, such as in a fluidized bed reactor, ensures
rapid pyrolysis and enhances the production of LG.

v' Moderate reactor temperature: A moderate reactor temperature of around 500 °C is
considered optimal for LG yield.

v Low residence time: Maintaining a low residence time of vapors, approximately 1 second at
500 °C, allows for efficient conversion and prevents excessive degradation of LG.

By considering these factors, it is possible to enhance the production of LG during cellulose
pyrolysis.

Despite the considerable research conducted on the fundamental aspects of LG
formation, there remains a scarcity of studies focused on achieving significant LG yields in larger-
scale and continuous reactors (Liaw et al., 2013; Patwardhan et al., 2011; Westerhof et al., 2016).
However, some notable achievements have been reported.

For instance, Piskorz et al. were able to produce up to 38 wt% of LG (based on the mass
of anhydrous cellulose) in a continuous pilot-scale fluidized bed reactor. They employed Avicel
cellulose treated with 5 mass% sulfuric acid at 90 °C for 5.5 hours, operating the reactor at a gas

residence time of 0.5 seconds and a sand temperature of 500 °C (Piskorz et al., 1989).
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Additionally, Patwardhan et al. reported a LG yield of 42 wt% (based on cellulose) in a
fluidized bed reactor operating at 500 °C and a gas residence time of 1.3 seconds (Patwardhan
et al., 2011).

These studies highlight promising results in achieving higher LG yields in continuous
reactors, providing valuable insights for scaling up the production of LG through optimized
process parameters and reactor configurations.

In the purification process, the initial stage involves the staged condensation of vapors at
the outlet of the pyrolysis reactor. This condensation system serves to selectively separate and
recover compounds present in the vapor phase based on their boiling points. The objective is to
obtain a heavy oil fraction enriched with LG, while separating the light oil fraction containing
compounds such as aldehydes, alcohols, and carboxylic acids (Pollard et al., 2012b).

The separated light fractions, which consist of these various compounds, can be utilized
for other purposes. For example, they can be employed in the pre-treatment of biomass for
demineralization. By valorizing the light fractions for pre-treatment, they contribute to enhancing
the overall efficiency and yield of LG production (Westerhof et al., 2016).

In the study conducted by Pollard et al. (Pollard et al., 2012a) obtained various fractions
with distinct chemical and physical properties through staged condensation. The sugar fractions,
including LG, were recovered alongside phenolic compounds, referred to as "heavy ends."

Further purification of the condensed bio-oil containing the LG-rich fraction is necessary
for subsequent chemical or biological conversion processes. To enhance the fermentation of the
LG fraction by fungi and yeasts, purification methods have been employed on LG-rich bio-oils
derived from wood pyrolysis. These purification methods include:

v Aqueous extraction: This process involves removing lignin from the bio-oil, leaving behind the
LG fraction in an aqueous extract.

v Activated charcoal treatment: In this method, both lignin and aromatics are removed from the
bio-oil using activated charcoal, resulting in a purified LG fraction.
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v Acid hydrolysis: This approach removes lignin and aromatics while converting LG into glucose
through hydrolysis. The resulting bio-oil contains purified glucose, and the LG fraction is
transformed.

The detoxification of bio-oils through these purification methods enables yeast and fungi to
effectively utilize the LG present in the wood pyrolysate liquor, thereby facilitating downstream
processes and applications (Pollard et al., 2012a).

By leveraging the disparity in water solubility between sugars (such as LG) and phenolic
compounds derived from lignin, it becomes possible to selectively extract and recover the desired
sugar-rich fraction from the pyrolysis products. This extraction method provides an effective
means of separating and obtaining the sugar components for further processing or utilization. In
this context, Rover's study demonstrated the efficient extraction of sugars, predominantly LG,
using a water-based extraction process. Through two water washes, the sugars were extracted
at a remarkable yield of over 93 wt% (Rover, Johnston, Jin, et al., 2014).

The recent study conducted by Rover et al. represents the first investigation on the
production of purified LG crystals using a combination of liquid/liquid extraction, adsorption, and
crystallization techniques (Rover et al., 2019). The methodology employed in this study is
schematically represented in Figure 15, illustrating the sequential steps involved in the purification
process. This innovative approach offers a promising means of obtaining highly purified LG

crystals, potentially enhancing their applications and facilitating further research in this field.
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Figure 15: Proposed of methodology for the production and purification of LG from lignocellulosic biomass.
Adapted from (ITABAIANA JUNIOR et al., 2020).

In the study by Rover et al., a combination of bio-oil fractionation, liquid-liquid extraction,
and filtration using acid resins was employed to achieve a high yield of total sugars. The process
resulted in the recovery of 81.2 wt% of total sugars, with the levoglucosan (LG) portion accounting
for 44.7 wt%. Successful removal of the phenolic fraction was accomplished through filtration
using Sepabeads SP207 resins. Following solvent evaporation, crystallization was performed,
resulting in a LG recovery of 24.7% from the mother liquor. The crystals obtained exhibited a high
purity level of 102.5% (£3.109% at the 99% confidence level), indicating a successful purification
process. Furthermore, the authors conducted a techno-economic analysis, which revealed that
the production of high-purity LG crystals could be achieved at a cost of $1333 per metric ton (MT).
This cost was significantly lower than the current market price for comparable LG crystals with
similar purity levels. These findings highlight the feasibility and economic viability of producing

purified LG crystals using the proposed methodology (Rover et al., 2019).
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Indeed, the reduction of inhibitory compounds and the efficient separation of LG from other
components have been significant challenges in the valorisation of bio-oil. As mentioned
previously, various pretreatment methods applied to biomass can result in the formation of
inhibitory compounds that can impede the desired conversion processes. Their presence can
hinder the efficient production and separation of LG or other valuable compounds from the bio-
oil.

Addressing this challenge requires the development of effective pretreatment strategies
and separation techniques to minimize the formation and impact of inhibitory compounds. By
optimizing pretreatment methods and implementing suitable purification and separation
processes, researchers aim to enhance the yield and purity of LG while mitigating the inhibitory
effects of other compounds, enabling more efficient bio-oil valorization (K. Zhang et al., 2016).

Nowadays, there has been a notable increase in industrial interest in the production of LG
and other anhydro sugars (Rover et al., 2019). This growing interest can be attributed to several
factors. Firstly, LG holds significant potential in the chemical industry, as it can be utilized in the
manufacturing of various products as already mentioned, in highlighted sorbitol. Its versatile
properties and wide range of potential applications make it an attractive option for industrial
utilization.

Another advantage lies in the synthesis process of LG itself, which involves pyrolysis.
Pyrolysis is a thermal decomposition process that does not require the use of solvents or enzymes
to depolymerize cellulose. This feature simplifies the production process and makes it easily
scalable, thereby facilitating its commercial applications. The absence of solvents and enzymes
reduces the complexity and costs associated with the production of LG (Venderbosch & Prins,
2010).

These combined factors make LG an attractive candidate for industrial applications,

offering a sustainable and commercially viable alternative to traditional materials and processes
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in various sectors. As a result, the industrial interest and investment in LG production have
witnessed a significant upsurge.

In this scenario, LG might be a promising chemical platform for the synthesis of several
compounds. LG can be transformed into derived esters with a hydrophobic/hydrophilic balance
that is of great value as surfactants, emulsifiers, or even lubricants, showing great potential of
application in the most diverse industrial sectors.

Currently, several studies have turned their attention to the application of pure LG in
different approaches to produce high added value compounds. In fact, the use of LG in the
absence of pyrolysis inhibitors and by-products may provide new biotechnological possibilities.
However, the molecule also imposes barriers. LG is not highly hydrophilic, its dissolution in
organic solvents usually applied in the organic synthesis can be limited (Mochida & Kawamura,
2004). In addition, it is already known that LG has instability in some organic solvents, leading to
the formation of side products, decreasing the efficiency of some catalytic systems. Hu et al.
analysed the effect and the influence of several solvents on the stability of LG during acid catalysis
at 70 °C using Amberlyst 70 and demonstrated that the nature of the solvent strongly impacts the
product distribution and polymer formation in acid-catalysed conversions (Hu et al., 2012).
Alcohols could inhibit the growth of soluble polymers, different from water. Chloroform is not a
suitable solvent, although acetone reacted with LG, resulting in polymerization. DMSO catalysed
the conversion of a complex series of derivatives of LG (Figure 12) including HMF and 2,5-
furandicarboxaldehyde. According to Climent et al. LG serves as a versatile platform molecule to
produce value-added chemicals. It offers a wide range of possibilities as multiple chemo or

enzymatic pathways can be utilized to obtain these valuable products (Climent et al., 2011).

2.3.1. Enzymatic approach
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The LG present in bio-oil can be directly utilized through fermentative processes, where
microorganisms are used to assimilate LG as an organic carbon source (D. Chang et al., 2022).
To ensure efficient metabolism of LG by microorganisms, the presence of LG kinase (LGK) and
LG dehydrogenase (LGDH) enzymes are essential (Bacik et al., 2011). These enzymes play
fundamental roles in the conversion and utilization of LG by microorganisms. In certain cases,
these enzymes can be naturally found in filamentous fungi, yeasts, and wild-type bacteria, which
facilitates the direct assimilation of LG (Bacik et al., 2011; D. Chang et al., 2022). When these
enzymes are naturally present in the microorganisms used, it eliminates the need for additional
genetic modifications or engineering to introduce these specific enzymes. The microorganisms
can readily utilize LG as a carbon source, thanks to the presence of LGK and LGDH enzymes.
This natural occurrence simplifies the process of LG assimilation and enhances the efficiency of
the overall fermentation process. However, in situations where LGK and LGDH enzymes are not
naturally present in the microbial strains used, it is possible to obtain these enzymes through
protein engineering tools. This involves modifying or introducing genes into microbial cells,
resulting in the production of the necessary enzymes for LG metabolism.

Initially, LG undergoes phosphorylation into glucose-6-phosphate by either levoglucosan
kinase (LGK) or 1,6-anhydro-N-acetylmuramic acid kinase (AnmK). Subsequently, glucose-6-
phosphate is metabolized through the glycolysis pathway. Alternatively, levoglucosan can
undergo sequential metabolism involving oxidation, B-elimination, hydration, and reduction

(Figure 16) (M. Yang et al., 2022).
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Figure 16: Eukaryotic enzymatic cleavage and phosphorylation through the action LGK to produce G6P
(M. Yang et al., 2022).

Another approach is the hydrolysis of LG to glucose can be performed chemically by using
specific catalysts or enzymatically using enzymes such as glucosidases or cellulases (Linger et
al., 2016). Both methods break down the LG molecule, releasing glucose as a product. Glucose,
being a commonly metabolized sugar, can be readily consumed by different microbial strains as
a carbon source for their metabolic processes. Furthermore, bio-oil, derived from biomass
pyrolysis, can contain various compounds that may act as inhibitors to microbial growth and
metabolism. These inhibitors can include phenolic compounds, organic acids, furans, and other
by-products of pyrolysis. If not effectively removed or mitigated, these inhibitors can have
detrimental effects on the activity and productivity of the microorganisms involved in the
fermentation process (Bacik et al., 2011; D. Chang et al., 2022; Itabaiana Junior et al., 2020a;

Linger et al., 2016).
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On the other hand, enzymatic catalysis offers a more selective and environmentally
friendly approach. Enzymes can be employed directly outside cells to catalyse specific reactions
and convert LG into desired compounds with high efficiency and selectivity. For example, lipases
can be utilized to perform various transformations on LG, unlocking its potential to produce

bioactive molecules, pharmaceuticals, fine chemicals, or specialty products.

2.3.1.1. Lipases

Lipases, classified as triglycerides (TG) acyl hydrolases (E.C. 3.1.1.3), exhibit the ability
to hydrolyse TG within aqueous emulsions. This hydrolysis process results in the release of fatty
acids, diacylglycerols (DG), monoglycerides (MG), and glycerol esters (Figure 17). These
compounds possess diverse structures of acyl groups and alkyl chains (Chandra et al., 2020).
Besides hydrolysis activity they display interesterification, esterification, aminolysis and
alcoholysis activity which are contributed to wide range industries (Aguillén et al., 2019; do
Nascimento et al., 2019; Do Nascimento et al., 2019; do Nascimento et al., 2023; Do Nascimento,
Vargas, Rodrigues, Ledo, De Moura, Leal, Bassut, De Souza, Wojcieszak, & Itabaiana, 2022).

They do not require any cofactor and belongs to the class of serine hydrolases.
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Figure 17: Hydrolysis reaction of triacylglycerols catalysed by lipases. Adapted from (BENITO-GALLO et
al., 2015).

2.3.1.1.1. Hydrolysis Mechanism
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Lipases exhibit a distinctive tertiary structure known as a/B-hydrolase folding,
characterized by a hydrophobic B central leaf composed of eight different 8 chains connected to
six a-helices. This structural arrangement is also observed in lipase B from Candida antarctica

(CalB), showcasing the a/B-hydrolase folds (Figure 18).

3

Active site

Figure 18: Crystallographic structure representative of the CalB lipase. The catalytic triad at the active site
is displayed: Ser105, His224 and Asp187 (PDB code: 1TCA).

Lipases function according to the classical catalytic triad mechanism that are composed
of amino acid residues L-serine (Ser), L-aspartate (Asp) (or glutamate), and L-histidine (His), an
oxyanion hole, and typically a hydrophobic "cap" formed by an a-helix that covers the active
enzyme site (Cen et al., 2019).

The lipase CalB is composed of 317 amino acids and has a molecular weight of 33 kDa.
It has an isoelectric point (pl) of 6.0. CalB adopts an open-closed conformation, which is highly
influenced by factors such as pH, temperature, solvent, and substrate conditions. Unlike CalA,

CalB does not possess a lid or interfacial activation mechanism (Martinelle et al., 1995).
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The mechanism of the lipase reaction is commonly known as "bi-bi ping pong" and entails
the serine residue reacting with the carboxylic acid or ester group present in the substrate, leading
to the formation of an acyl-enzyme intermediate. Upon formation of the acyl-enzyme and
facilitated by hydrogen bonding with neighbouring amino acid residues, a nucleophilic attack

occurs, leading to the generation of the product and subsequent regeneration of the biocatalyst

(Figure 18) (Lima et al., 2019).
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Figure 19: General simplified mechanism of lipase-catalysed amidation (Lima et al., 2019).

2.3.1.1.2. Catalytic Promiscuity of lipases

Enzymes exhibit high levels of chemo-, regio-, and enantioselectivity. They are
environmentally friendly, operate under mild conditions, and display substrate promiscuity,

thereby holding tremendous potential for applications in chemical transformations. Enzymes offer
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numerous advantages over traditional catalysts (Angajala et al., 2016; Gamayurova et al., 2021;
Gotor-Fernandez et al., 2006; Miranda et al., 2015).

In this context, lipases exhibit the ability to hydrolyses various ester and amide substrates
through an acyl-enzyme intermediate when the reaction is carried out in the presence of water.
However, when the reaction takes place in an organic solvent and in the presence of other
nucleophilic species, different products can be obtained (Gotor-Fernandez et al., 2006). These
products may arise from transesterification reactions (in the case of esters), aminolysis or
ammonolysis reactions (in the case of amides), esterification, epoxidations, aldol reactions,
Michael addition, and kinetic resolution of alcohols and amine (Lima et al., 2019). There are
several examples of lipases applied in organic synthesis.

The widespread use of lipases as promiscuous catalysts takes advantage of their
substrate promiscuity, such as in selective reactions involving the generation or cleavage of amide
bonds. Two outstanding examples are proposed by Lima et al.: i. amidification of amino acids and
peptides using CalB, as shown in Figure 20, and ii. selective transamidation to obtain a precursor
of Saxagliptin (an active ingredient in some diabetes drugs), as illustrated in Figure 21 (Lima et

al., 2019).
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Figure 20: Use of CalB in the amidation of acid ends of amino acid chains as a key step in the synthesis
of short peptides (Lima et al., 2019).
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Figure 21: Selective aminolysis of 1-tert-butyl-2-ethyl-2,3-dihydro-1-H-pyrrole-1,2-dicarboxylate to obtain a
precursor of Saxagliptin (Active ingredient for the treatment of diabetes) (Lima et al., 2019).

In a patent from Nanjing Tech University granted in 2018 (de Maria et al., 2019), various
lipases were employed as catalysts for the Knoevenagel reaction, which involves the reaction
between indolin-2-one and different aromatic aldehydes, resulting in the synthesis of the
corresponding 3-arylidene derivatives. These compounds find broad applications as therapeutic
agents, exhibiting antibacterial, antitumor, or anti-inflammatory properties. Among the catalysts
tested, porcine pancreatic lipase (PPL) demonstrated remarkable effectiveness in a
water/dimethyl sulfoxide (DMSQO) mixture (1/4 v/v) at a temperature of 45°C (Figure 22).
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Figure 22: Lipase-catalyzed Knoevenogel condensations (de Maria et al., 2019).

The recognition of various organic substrate types and their successful performance in
organic solvents are examples of catalytic promiscuity. An interesting example is the
transesterification of Lobucavir with the protected amino acid Cbz-L-valine to synthesize the
prodrug Lobucavir L-valine, an antiviral agent used in the treatment of herpes and hepatitis B

viruses. The reaction, catalyzed by Pseudomonas cepacia lipase, exhibited selectivity and yielded
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the Cbz-protected intermediate of Lobucavir L-valine with a yield of 87% (Figure 23) (Cossy,

2012).
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Figure 23: Regioselective enzymatic transesterification of lobucavir catalysed by Pseudomonas cepacia
lipase.

In general, lipases are the most suitable class of enzymes applied in the ester production.
Among some advantages, lipases show activity in organic solvents and do not need co-factors
(Do Nascimento et al., 2019). In addition, because they recognize a high range of substrates,
they can be modelled through immobilization or metabolic engineering tools to adapt to reaction

conditions.

2.3.1.1.2.1. Synthesis of sugar esters

Sugar esters are widely recognized for their excellent properties as effective
biosurfactants, biolubricant, and biological activity, finding diverse applications in the industrial
sector. Both chemical and enzymatic approaches have been employed in the esterification of
various sugars (Sutili et al., 2013), which consist of a carbohydrate as the hydrophilic group and
a fatty acid as the lipophilic group. Their properties as surfactants are influenced by the length of
the alkyl chain and degree of saturation and/or unsaturation.

Sun et al. conducted a study on the surface properties of monoacyl trehaloses with varying
acyl chains and degrees of unsaturation. The results revealed that the critical micellar

concentration (CMC) of unsaturated monoacyl trehalose was influenced by both the degree of
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unsaturation and the length of the acyl chain. Importantly, the impact of the chain length on the
CMC value was significantly stronger compared to that of the degree of unsaturation (Y. E. Sun
et al., 2009). Furthermore, Puterka et al. showcased that modifying either the sugar or fatty acid
constituent of sugar ester compounds can modify the insecticidal efficacy of the compound
(Puterka et al., 2003).

El-Baz et al. investigated the potential application of glucose fatty acid esters derived from
polyunsaturated fatty acids in biological activity tests. In this study, the glucose fatty acid esters
that were synthesized demonstrated noteworthy biological activities against significant human
pathogenic microorganisms, Aedes Aegyptus larvae, and the SKOV-3 ovarian cancer cell line.
These activities are attributed to the fatty acids present in the esters (El-Baz et al., 2021).

The first study on the esterification of LG was published in 1973. Among various sugars,
LG was esterified with different acid chlorides or acid anhydrides in pyridine. The results revealed
that LG adopts different conformations in the reaction medium, leading to the formation of
intramolecular hydrogen bonds. This results in varying reactivities of the hydroxyl groups, leading
to the formation of different products depending on the acid chloride used (Macleod & Rschroeder,
1973).

The same principles were observed in the study conducted by Ward and Shafizadeh
(Waziu & Sharzadeh, 1982a). However, unlike the previous study, linear chain acyl donors (such
as octanoyl and hexadecanoyl chloride) were utilized as reagents. As a result, there was reduced
steric hindrance between the reagents, leading to the formation of mixtures of mono- and diesters,
along with regioisomers.

Due to these characteristics, the enzymatic acylation of LG has been the subject of limited
research. In LG, the acetyl groups are found at positions 1 and 6, while the remaining secondary
hydroxyl groups are in the axial position. Accordingly, LG demonstrates significantly lower
reactivity compared to glucose and other sugars, both chemically and enzymatically. This distinct
attribute poses a significant challenge in achieving selective acylation of a single secondary
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hydroxyl group, as the presence of three hydroxyl groups in its structure allows for the formation
of monoesters, diesters and triesters at positions C2, C3, and C4 (HUNTER; HALL; SANDERS,
1983).

The pyranose ring of LG exhibits two possible conformations: inverted chair and boat type
(Galletti et al., 2007). In the chair conformation, intramolecular hydrogen bonding takes place
between the hydroxyl group at C3 in the axial position and the oxygen at C6, also in the axial
position. This hydrogen bonding interaction contributes to a higher stability of the molecule,
resulting in an increased population of this conformation. However, it also decreases the reactivity
of LG as a nucleophile (Uriarte et al., 2018). Furthermore, similar hydrogen donor-acceptor

interactions can occur with the hydroxyl groups at C2 and C4, as depicted in Figure 24 A1-A3.

A1 A2 A3

o-H---OH

Figure 24: Possible conformational structures for LG in the axial position.

In this context, Pulido and Gotor (Pulido & Gotor, 1994) observed the regioselective
monoacylation of the secondary hydroxyl, 4-O-, of carbohydrates with ester oximes in 1,4-
dioxane. Galletti et al. (Galletti et al., 2007) proposed the acetylation of LG in the presence of
short-medium chain acyl donors using acetonitrile and ionic liquids as solvent. The esterification
occurred mainly in the 4-O-hydroxyl. Holmstrgm and Pedersen (Holmstrem & Pedersen,
2020) obtained high degrees of regioselectivity in the acetylation of functionalized glycosides.

Currently, amphiphilic esters are mainly produced from alkaline glycerolizations of natural

oils and fats at elevated temperatures and pressures. Besides the high energy consumption, the
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conditions used result in low yields and the formation of polymerization by-products, resulting in
dark spots and poor product quality, which requires expensive further purification steps. Thus, the
use of enzymatic processes can overcome these problems and lead to a more environmentally
friendly approach.

As shown in several studies, high yields and regioselectivity can be obtained under milder
operating conditions alongside high purity of the final product. However, a recurrent barrier
persists, i.e., instability of the enzyme at high temperatures, inhibition by solvent and/or reagents
and products, or under turbulent flow conditions, making application difficult for application on an
industrial scale. Nevertheless, studies on enzymatic immobilization have been widely
disseminated by several research group that report better robustness and stability of these

biocatalysts, what are suitable for these applications.

2.3.1.2. Strategy for enzyme immobilization

Immobilization is an effective method that can be used to improve the performance of free
enzymes, transforming them from a homogeneous to a heterogeneous catalyst (Zahirinejad et
al., 2021). In contrast to free enzymes, immobilized enzymes may exhibit activity retention, which
means they demonstrate enhanced biochemical and physicochemical characteristics and long-
term operational stability. This enables their application at elevated temperatures, across a broad
pH spectrum, with high substrate concentrations, and even in non-aqueous solvents.
Furthermore, they can be easily recovered and reused, thereby reducing the costs associated
with catalytic processes (Lahiji et al., 2021).

The activity of immobilized enzymes is influenced by various parameters, including the
types of enzymes and supports used, as well as the specific protocols employed for
immobilization (Sirisha et al., 2016). Immobilizing enzymes on different supports and/or utilizing

different protocols on the same support enables the creation of systems with diverse stabilities
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and specificities (Radt, 2018). This variability is dependent on factors such as the nature of the
support material, the strength of the interaction between the enzyme and support, and the
orientation of the enzyme molecule on the surface of the support.

The immobilization methods encompass reversible and irreversible techniques, which can
enhance the physicochemical properties. Reversible immobilization methods include adsorption,
metal binding, and ionic binding, where enzymes can adhere to a surface through weak
interactions (Bilal et al., 2018). On the other hand, irreversible immobilization methods involve
entrapment, where enzymes are physically trapped within a matrix, and covalent binding, where
enzymes are chemically linked to a support material, ensuring their long-term stability and
reusability. These diverse immobilization techniques provide flexibility in the application of
enzymes in various batch and continuous flow industrial processes (Figure 25) (T. SRIWONG;

MATSUDA, 2022).
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Figure 25: Diagram illustrating major enzyme immobilization methods. Reversible methods include
adsorption, ionic bonding, and affinity. Irreversible methods include covalent bonding, entrapment, and
cros-linking (Adapted from T.sriwong & Matsuda, 2022).
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When selecting a support material, several characteristics must be taken into
consideration. It should demonstrate excellent stability, possess significant pore structures, and
provide a large surface area to maximize the efficiency of immobilization. Additionally, the support
material should be easily modifiable to facilitate the process of enzyme immobilization. Moreover,
it is highly desirable for the support material to be cost-effective, readily available, and
environmentally friendly (D. M. Liu & Dong, 2020a). Featured in this work covalent bonding and

adsorption.

2.3.1.2.1. Covalent binding

Covalent binding is a well-established and effective technique used for immobilizing
enzymes by creating strong and stable linkages between the enzymes and support materials.
This method securely connects the enzymes to the support matrix, enhancing their stability and
enabling their reusability. The formation of covalent bonds ensures a long-lasting attachment of
the enzymes to the support material, even under challenging reaction conditions (W. Wang et al.,
2015).

The utilization of this method for enzyme immobilization offers numerous advantages,
including decreased enzyme leaching, prolonged enzyme lifespan, and enhanced control over
enzyme loading and distribution within the support matrix. It is recognized as a reliable and robust
approach for a wide range of applications in biocatalysis and other processes reliant on enzymes
(Trevan, 1988). By undergoing covalent binding, enzymes experience an elevation in their
stereospecificity, resulting in improved stability. A notable example is the covalent bonding of
lipases to glyoxyl agarose, which exhibited a remarkable 3-fold increase in enantioselectivity
(Fernandez-Lorente et al., 2001). The utilization of this method significantly reduces the risk of

enzyme leakage, even when exposed to high substrate concentrations or strong buffer solutions,
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which are often associated with denaturation reactions (Bayne et al., 2013). In this strategy,
covalent binding is achieved by activating the support through the addition of reactive molecules,
which in turn modify the polymer's backbone to activate the entire matrix. Hydrophilic
polysaccharide polymers are commonly utilized as the primary supports in this approach
(Besharati Vineh et al., 2018; D. M. Liu & Dong, 2020b). Additionally, electrophilic groups are
utilized and created on the support material at the initial stage of the reaction. These groups
establish strong interactions with the nucleophiles of the proteins, further enhancing the binding
and stability of the immobilized enzymes. In this approach, several functional groups of amino
acids are also suitable for utilization. Examples include the carboxylic group of aspartic acid,
hydroxyl group of threonine, amino group of arginine, sulfhydryl group of thiols, as well as
imidazole and indole groups. Furthermore, carriers containing an epoxy group are employed, as
they readily react with amino groups under mild conditions, resulting in the formation of stable
bonds (Do Nascimento et al., 2019; Ortiz, Ferreira, Barbosa, dos Santos, et al., 2019; Trevan,
1988). However, the application of covalent binding does come with some limitations. For
instance, this strategy often involves several steps and requires longer incubation durations to
ensure effective immobilization (Marrazza, 2014). In certain cases, it may be necessary to make
additional modifications to the enzyme's structure to expose suitable functionalities for covalent
binding. However, these alterations in the reaction media can carry the risk of enzyme
denaturation (dos Santos et al.,, 2022; Meryam Sardar, 2015). Moreover, the typical binding
capacity of immobilized enzymes to carriers is relatively low, with approximately 0.02 g of enzyme
per gram of carrier. This limited binding capacity poses challenges for widespread industrial
applications (Marrazza, 2014). Additionally, the immobilization of enzymes on carriers can impose
constraints on their mobility, which may limit the occurrence of conformational changes required
for efficient catalysis. As a result, enzyme activity can be reduced (Shen et al.,, 2011).

Nonetheless, despite the limitations, the advantages of this immobilization strategy outweigh the
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drawbacks. It offers increased enzyme stability and allows for efficient recovery and reuse of the

enzymes.

2.3.1.2.2. Adsorption

Enzyme immobilization through adsorption is a technique that involves attaching enzymes
to a support material through physical adsorption interactions. This process entails the enzymes
being adsorbed onto the surface of the support, enabling reversible immobilization. Various
materials, including ion-exchange resins, alumina, activated carbon, and others, can be utilized
as supports. This approach offers multiple benefits, such as enzyme reutilization, extended
stability, and the ability to perform continuous or batch operations. Enzyme immobilization via
adsorption is widely employed in various industrial applications and biotechnological processes
(Brady & Jordaan, 2009; Jesionowski et al., 2014).

Based on the protein arrangement and matrix charges, it is possible to achieve a strongly
adsorbed and undistorted enzyme. However, it is important to note that not all enzymes can be
immobilized on any carrier material. The successful adsorption relies on specific conditions being
met, such as the affinity between the enzyme and the carrier material. Therefore, while various
carrier materials can be employed, the compatibility between the enzyme and the carrier is crucial
for appropriate adsorption to occur (Maghraby et al., 2023).

The presence of specific active groups on the carrier material ensures successful
adsorption by facilitating interactions between the enzymes and carriers. However, if these active
groups are not present, the interactions can be modified by adding carrier modifiers that enable
connections between the enzymes and carriers. These modifiers help establish the necessary
interactions and enhance the adsorption process. By introducing appropriate carrier modifiers, it
becomes possible to facilitate the desired connections between enzymes and carriers, even in

the absence of naturally occurring active groups (Jesionowski et al., 2014).
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The advantages of enzyme immobilization by adsorption include the minimal requirement
for activation steps, the use of few reagents, and its cost-effectiveness, making it an easily

implemented method.

2.3.1.3. Biocatalysis under continuous flow conditions

Biocatalytic transformations have been traditionally carried out in batch reactors. However,
performing those transformations in a continuous flow fashion has been shown to be a more
efficient method capable of producing the desired product in higher yield and over shorter periods
of time. Process security and integration of downstream processes such as in-line liquid—liquid
extraction, solid adsorption, quenching, membrane separation, and solvent evaporation have also
been important differentials from the traditional batch reaction (Fitzpatrick & Ley, 2016).

Several recent reviews have highlighted significant advancements in the field of
biocatalytic transformations conducted under continuous flow conditions. Turner and colleagues
conducted a comprehensive review that showcased numerous examples of fine chemical
synthesis through biotransformation in flow (Thompson et al., 2019). Weiss and Tamborini
contributed extensively to the field with their studies on new technologies, as well as the
introduction of appropriate terminology and metrics for biocatalytic reactions in flow (Figure 26)
(Britton et al., 2018; Tamborini et al., 2018). Additionally, Woodley and Lindeque developed a
systematic approach for selecting the most suitable reactor for continuous pharmaceutical

production (Lindeque & Woodley, 2019).
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Figure 26: Continuous flow basics and equipment. (a) The continuous flow legend. (b) Continuous flow
reactors (c) An example of a continuous flow system scheme, different pumps, and reactors.

In this context, transesterification and esterification are a specific class of reactions that

have been successfully applied in biocatalytic continuous flow setups.

2.3.1.3.1. Lipases applied in continuous flow
2.3.1.3.1.1. Esterification reaction

Among the commercially available enzymes, Novozym® 435 (N435)
(immobilization via interfacial activation of lipase B from Candida antarctica on a resin, Lewatit
VP OC 1600) is the most applied in esterification reactions becausese of its advanced properties,
such as a wide range of operating temperature 20—-110 °C, good recyclability, and high activity

(Britton et al., 2018). In 2008, Woodcock et al. applied N435 to the synthesis of alkyl esters using
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fatty acids as substrates in a continuous flow packed bed system and compared the results with
batch mode operation. Using the butyl hexanoate as a model reaction, they achieved after
10 minutes in the batch reaction only 3.3% ester conversion, compared to 92.7% in the continuous
setup. Although comparable productivity has been obtained, the continuous flow system
presented better stability, easier product recovery, and a potentially easier scale up (Woodcock
et al., 2008).

Different ways to intensify the processes by applying different types of reactors have been
recently studied. Besides the most used plug flow reactors, some papers have described
promising results performing esterification reactions in microfluid devices and in different systems
configuration (Bolivar et al., 2011; Ezeji et al., 2007). Condoret et al. performed the esterification
of oleic acid with n-butanol in a biphasic enzymatic system in continuous mode using a centrifugal
partition reactor (CPR). They were able to achieve higher productivity than a conventional batch
reactor with the additional benefit of working in a system with integrated separation of free
catalyst, reducing separation steps (Nioi et al., 2019).

Another key factor in the design of biocatalytic systems is to make a wise choice of the
solvent. Some challenging esterification reactions involve substrates with different polarities and
choosing the right medium can potentially improve the results. It also important to select solvents
that comply with green chemistry postulates, biocatalyst compatible, cost-effective, with low
viscosity, and reusable. One example of esterification that involves substrates with different
polarities is the esterification of glycerol and benzoic acid to afford a-monobenzoate glycerol (a-
MBG). In a recent work, Dominguez de Maria et al. performed this reaction in continuous flow
using N435 in a packed bed reactor. To overcome solubility problems, they used deep eutectic
solvents (DES) and phosphate buffer 100 mM pH 7.0 as a cosolvent (10% v/v), achieving a
system with lower viscosity, efficient substrate solubility, high enzyme compatibility, and

conversions 59% higher compared to the batch bioreactors (Guajardo et al., 2019).
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Using the commercial immobilized lipase from Rhizomucor miehei (RM IM), de Souza et
al. synthesized the monostearin from natural oil and fats. In this work, authors utilized a X-Cube
(ThalesNano) system that is composed of a packed bed reactor that was filled with RM IM, a
temperature controller, and a continuous pump. The best conversion was obtained by heating the

reactor at 60 °C with a flow rate of 0.6 mL.min™" (residence time of three minutes). Under these

conditions, 87% of conversion was achieved (Figure 27) (Junior et al., 2012).

>< Heating zone

HOJ\/MQ 35 mM in heptane, (o)

Flow rate
(0.2, 0.6, or 1.0 mL/mL)

Figure 27: Esterification reaction between racemic 1,2-isopropylidene glycerol and stearic acid catalyzed
by RMIM under continuous flow conditions (Junior et al., 2012).

2.3.1.3.1.2. Transesterification reaction

Besides the esterification of carboxylic acids, there is also the possibility to synthesize
esters by transesterification reactions. In this type of reaction, it happens in the chemical reaction
between an ester and an alcohol, resulting in a new ester and a new alcohol. Like esterification,
transesterifications are also performed mainly by lipases, but instead of a carboxylic acid, an ester
is used as substrate. Compared to the chemical route, that is performed at severe conditions and
can present low selectivity, the transesterification performed by lipases can be conducted at
milder conditions and are in general highly selectivity.

Because of its wide range of applications, lipases can be used in cascade processes. One
example is the synthesis of glycerol carbonate under continuous flow conditions. De Souza et al.
proposed a glycerol carbonate production from vegetable oils by a cascade triacylglycerol

hydrolysis, biodiesel synthesis, and esterification of the remaining glycerol with dimethyl
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carbonate toward. This reaction was performed in a packed bed reactor using N435 as a
biocatalyst and achieved 85% conversion and high selectivity (Ledo et al., 2016). This protocol
was further optimized by applying a handmade catalyst with the co-immobilization of lipases from
Porcine pancreas (PPL) and CalB on epoxy resins, leading to a total conversion of vegetable oil
with >99% selectivity (Figure 28) (DO NASCIMENTO et al., 2019).

OCOR Heating zone

roco._L__ocor m
i '

~ )J\ - 90 min, Flow rate
(0.1 mL/mL)

H,0 (0.7 % v/v)

X

0" Yo + 3RCO,CH;

L—Q—OH

+

Figure 28: Glycerol carbonate synthesis by applying a combination of the immobilized biocatalysts PPL
and CalB (Do Nascimento et al., 2019).

Transesterification in continuous flow can also be a strategy to synthesize active
pharmaceutical ingredient (APIs). A recent work from Wang et al. reported the synthesis of 1-
caffeoylglycerol from methyl caffeate and glycerin with the DES choline chloride urea as a
cosolvent in a packed reactor containing N435. In this setting, they were able to increase the yield
to 97% and reduce the reaction time by 75% besides guarantee the reusability for until 20 times
(X. Liu et al., 2019).

Continuous flow technology is still in its early stages when it comes to realizing its full
potential in biotechnology and biocatalysis. However, significant progress in this research field
can only be achieved if we are willing to shift our approach to bioprocess design. It requires a
departure from conventional batch processing methods and a shift towards embracing the
advantages and unique opportunities presented by continuous flow systems. By embracing this
change and adopting innovative strategies, we can unlock the full potential of continuous flow

technology.
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Based on the literature review outlined, the main objective of this study is to investigate
the regioselectivity involved in the synthesis of levoglucosan esters obtained commercially and
from cellulose pyrolysis. The synthesis will be catalyzed by lipases free and immobilized in
continuous and batch systems. Subsequently, the synthesized esters will be evaluated for their

biological activity and potential usefulness as surfactants.
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3. Objective

This project proposed an integrated methodology with different technologies to obtain
esters from commercial levoglucosan and obtained from the pyrolysis of residual cellulose from
lignocellulosic biomass. These esters were synthesized through an enzymatic process using free
and immobilized lipases in batch and continuous flow reactors. Additionally, the synthesized
esters were subjected to biological activity tests and evaluated for their potential properties as

biosurfactants.

3.1. Specific objectives

+» Immobilize commercial Candida antarctica lipase B by covalent bonding on epoxide support.
« Apply pure commercial levoglucosan and crude bio-oil obtained by pyrolysis in
esterification/transesterification reactions with different acyl donors catalysed by commercially
immobilized lipases and by our research group.

« Compare conversions and productivity in batch and continuous flow reactors.

« Separate and characterize the products formed in terms of regioselectivity for hydroxyls
linked to carbon 2 (C2), carbon 3 (C3) and carbon 4 (C4).

% Monitor the recyclability of biocatalysts.

«  Optimize the continuous flow reaction using DoE (Design of Experiments).

« Statistically analyse DoE results and generate empirical models for an experimental dataset.
« Apply levoglucosan monoesters in amphiphilicity test for surfactants, relative percentage of
hydrophilic groups to lipophilic groups (HBL-hydrophilic-lipophilic balance) and, in addition,
biological assays.

R/

< Activity test for all used biocatalysts.
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4. Materials and Methods
4.1. Materials

The commercial immobilized (Novozym®40086 and Novozym®435) and free lipases
(Lipase B Candida antarctica, recombinant from Aspergillus oryzae (CalB) and Candida rugosa
(CR)) were purchased from Novozymes® (Bagsvaerd, Denmark). Lipase from Pseudomonas
Cepacia was purchased from Sigma-Aldrich. 1,6-anhydroglucopyranose (commercial
levoglucosan (LGCom)) was purchased from Start BioScience. Bio-oil enriched with levoglucosan
(BoE) was obtained in collaboration by Reactions and Process Engineering Laboratory (LRGP)
(Buendia-Kandia et al., 2020). Epoxy resin Purolite®ECR8205F was purchased from Purolite®
International Limited. Aliphatic esters, Aliphatic carboxylic acids, N-Methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA), NO-Bis (trimethylsilyl) trifluoroacetamide (BSTFA), and tert-
butyldimethylsilyl chloride (TBDMSCI) were purchased from Sigma-Aldrich. All other reagents that

were used were of analytical grade.

4.2. Methods

4.2.1. Immobilization of lipase CalB

Epoxy resin Purolite®ECR8205F polymer was applied as support for CalB immobilization
by hydrophobic adsorption (CalB_epoxy). For this purpose, 1 mL of the enzyme solution (0.62
U/mL of specific activity of both lipases) was diluted in 20 mL of phosphate buffer (25 mM and pH
7.0) and added to the appropriate support (3.0 g). The mixture was stirred for 4 h at 20 -C at 180
rom, 8 followed by vacuum filtration. At the end, the supernatant was collected and stored for
protein quantification. The solid material was gravity filtered and dried at 25 -C (DO

NASCIMENTO et al., 2019).
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4.2.2. Hydrolytic activity assay
4.2.2.1. Triacylglycerol hydrolysis

The activities of free and immobilized lipases were determined as follows: 1 mL of extract
or 10 mg of each supported enzyme were added to 19 mL of an emulsion that was prepared with
olive oil (5% v/v) and arabic gum (10% v/v) in sodium phosphate buffer (100 mM, pH 7.0). The
reactions were carried out under stirring (200 rpm) at 35°C for 30 min. The reactions were then
stopped by the addition of 20 mL of acetone—ethanol mixture (1:1 v/v) and the fatty acids that
were produced were extracted under agitation (200 rpm) for 10 min and titrated until end-point
(pH 11.0) with NaOH solution (0.04 N). The blank assays were performed by adding the extract
just after the addition of the acetone—ethanol solution to the flask. One unit of lipase activity (U)
was defined as the amount of enzyme that catalyses the release of 1umol of fatty acids per minute
under the assay conditions. All samples were compared with the commercial preparation N435

(see ANNEX-A: A1-Table A1).

4.2.2.2. Hydrolysis of 4-Nitrophenyl dodecanoate to p-nitrophenol

The lipase activity was determined using a spectrophotometric methodology as according
to the method describe by Barros (de Barros et al., 2009) with modifications (Aljawish et al., 2019).
The method is based on monitoring the hydrolysis of 4-Nitrophenyl dodecanoate (pNP-
dodecanoate) to p-nitrophenol (p-NP), a yellow compound quantified by the absorbance at 400
nm. Substrate solution (1.0 mL) is composed of 4-Nitrophenyl dodecanoate (50 mM) in sodium
phosphate buffer (100 mM, pH 7). The reaction was started by adding 10 mg of immobilized
enzyme or 5 mg of free enzyme and kept under agitation at 300 rpom at 37 -C during 15 min. The

blank reaction was prepared without 4-Nitrophenyl dodecanoate (Eq. 1).

AAso0 nm Test AAspo nm Blank

Activity (U.mg™1) = L £ x Df  Equation 1

Exm
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Where A400 is the absorbance of p-NP at 400 nm; t is the reaction time (min); m is the total weight
of the biocatalyst (mg); € micromolar extinction coefficient of p-nitrophenol at 400 nm (0.0148)
and Df dilution factor. U corresponds to the enzyme activity, and one unit of lipase activity is
defined as the amount of enzyme required to release 1 nmol (10— 9 mol) of p-nitrophenyl per
minute at pH 7 and 37 “C using p-nitrophenyl dodecanoate as substrate. The enzymatic activity
of each enzyme using the spectrophotometric method based on monitoring the hydrolysis of pNP-

dodecanoate to p-nitrophenol (p-NP) was shown in Table A2 (see ANNEX-A: A2-Table A2).

4.2.3. Levoglucosan derivatization

To obtain the best resolution in the analysis of the acylation products of levoglucosan by
gas chromatograph equipped with a mass spectrometry detector (GC-MS) as well as to determine
the selectivity of the lipases on the position of the hydroxyl groups, we investigated silylation with

BSTFA, MSTFA, and tert-butyldimethylsilane chloride (see ANNEX-B: B1.1-Figure 1-3).

4.2.3.1. Silylation with BSTFA and MSTFA

For the derivation of OH-levoglucosan, 20 uL of the sample were transferred to gas
chromatography (GC) auto-sampling flasks containing 50 uyL of pyridine and 50 uL of the
derivatizing agent. The flasks were purged with argon gas (Ar), sealed, and coated with Teflon.
The derivative conditions were determined after the investigation of various experimental
parameters including the reaction time and the temperature on the analytical responses of the

compounds, TLC (Thin Layer Chromatography) monitoring.

4.2.3.2. Silylation with tert-butyl dimethyl silane chloride
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Triethylamine (5.54 mL, 39.80 mmol) at ambient temperature under argon was added to
a solution of the levoglucosan compound (992.00 mg, 6.12 mmol) in dichloromethane (75 mL).
The mixture was cooled to 0 °C and tert-butyldimethylsilane chloride (5.40 mL, 30.6 mmol) was
slowly added in the reaction medium. The ice bath was removed, and the reaction was kept under
stirring at room temperature for 3 h and 30 min, TLC monitoring. The mixture was evaporated
under reduced pressure, the residue was diluted with hexane (20 mL), and the salt was filtered

followed by washing with hexane.

4.2 4. Lipase-catalysed acylation of levoglucosan in batch
4.2.4.1. Esterification of long-chain fatty acids

A stock solution containing the appropriate amount of fatty acid lauric, palmitic, stearic, or
oleic and ethanol (1:1—7.50 mmol, 150 mM) in hexane was prepared and added to a 50 mL flask
with the biocatalyst N435 (200 mg). The reactions were performed at 40 °C during 2 h and 200
rpm of stirring on a shaker. At the end, the samples were collected and derivatized with 10uL of
MSTFA and diluted to 1.0 mL of ethyl acetate and subsequently analysed on a gas chromatograph

equipped with a mass spectrometry detector (GC-MS).

4.2.4.2. Transesterification of levoglucosan

4.2.4.2.1. Initial screening

Esterification of commercial levoglucosan was performed following the methodology
previously described by Galleti et al. (Galletti et al., 2007) with adaptations: the first step consisted
of the production of the acyl donors. All transesterification reactions were performed having acyl
donors as the ethyl esters of lauric, palmitic, stearic, and oleic acids (see procedure 4.2.4.1). For

transesterification experiments (Figure 29), levoglucosan (1 mmol, 163 mg), and the appropriate
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acyl donor (2 mmol) were introduced into a vial containing 5 mL of CH3sCN and the supported
enzyme (40 mg, 0.8 % (m/v)).

The mixture was stirred at 50—65 °C for about five days, and the reaction progress was
monitored by TLC and GC-MS. To stop the reaction, the biocatalysts were filtered, and the
products were separated by flash chromatography. The monoesters were easily separated, which
were obtained as a mixture. The final products were carefully identified by NMR: 'H, *C, HMBC
(Heteronuclear Multiple Bond Correlation), HSQC (Heteronuclear Single Quantum Coherence),
'H,"H-COSY (“Correlation Spectroscopy”) and NOEdiff (NOE “difference spectroscopy”) spectra,
FTIR spectrum v (cm™, KBr), HRMS (High-Resolution Mass Spectrometry) for further details, see

ANNEX B — B2-4), and GC-MS analysis (see ANNEX B — B1- figure 1-3).

> OH O Biocatalyst
0 )=oH , R)ko/\ 0.8 % (Wiv)
—, Acetonitrile
OH 50-65 °C, 120 h o
1 2 a: R=CH;(CH,),, o= 3
R

b: R=CH3(CH,),,
¢: R=CH3(CH,),¢
d: R=CH;(CH,);CHCH(CH,),

Figure 29: General procedure for lipase-catalyzed transesterification reaction of levoglucosan 1.
Conditions: 2 ethyl esters of a: laurate, b: palmitate, c: stearate, and d: oleate (2.0 mmol), 3 levoglucosan
monoesters aliphatic chains, and 4 ethanol.

4-O-Lauryl-1,6-anhydroglucopyranose

H-NMR (500 MHz, DMSO) & 5.26 (d, J = 4.7 Hz, 1H, OH), 5.18 (s, 1H), 5.13 (d, J = 5.1 Hz, 1H,
OH), 4.43 (m, 1H, H4), 4.41 (m, 1H, H5), 3.90 (dd, J = 6.7 Hz, 1H, H6 endo), 3.52 (dd, J = 7.1
and 5.4, 1H, H6 exo), 3.37 (m, 1H, H3), 3.22 (d, J = 4.2 Hz, 1H, H2), 2.32 (t, J = 7.4 Hz, 2H,
CH,CH>C00), 1.54 (dt, J = 14.4, 7.3 Hz, 2H, CH>CH2C00), 1.24 (m, 16H, CH3(CH2)s), 0.85 (t, J =

6.9 Hz, 3H, CH3CHz). *C NMR (500 MHz, DMSO-d6) & 172.28, 102.03, 76.57, 74.88, 69.47,
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69.33, 65.29, 34.17, 33.98, 31.75, 29.44, 29.33, 29.16, 28.87, 28.83, 24.86, 22.55, 14.42. HRMS
calculated for (M+Na)" C1sH320s: 367.2091, found: 367.2114. Rf: 0.29 (Eluent: Hexane/Ethyl

acetate 1:1 - Developer: Sulfuric acid/Ethanol).

2-O-Lauryl-1,6-anhydroglucopyranose

OW

*_,OH
H-NMR (400 MHz, DMSO- d6) & 5.21 (s, 1H, H-1), 5.18 (d, J = 6.6 Hz, 1H, OH), 5.11 (d, J = 7.0
Hz, 1H, OH), 4.57 (m, 1H, H-2), 4.40 (td, J = 6.0, 1.0 Hz, 1H, H-5), 3.83 (dd, J = 7.4 Hz, 0.9 Hz,
1H, H-6 endo), 3.56 (dd, J = 7.3 Hz, 5.8 Hz, 1H, H-6 exo), 3.35 (m, 1H, H-4), 3.16 (m, 1H, H-3),
2.29 (t, J = 11.7 Hz, 2H, CH.CH»C00), 1.51 (m, 2H, CH2CH2C00), 1.24 (m, 16H, CHs(CH2)s), 0.85
(t, J = 6.8 Hz, 3H, CH3CH:). *C NMR (500 MHz, DMSO-d6) d 172.28, 102.05, 76.58, 74.89,
69.49, 69.34, 65.29, 34.17, 33.98, 31.75, 29.44, 29.33, 29.15, 28.88, 28.83, 24.86, 22.55, 14.41.
HRMS calculated for (M+Na)* CisH320e: 367.2091, found: 367.2114. Rf: 0.21 (Eluent:

Hexane/Ethyl acetate 1:1 - Developer: Sulfuric acid/Ethanol).

4-0O-Palmitoyl-1,6-anhydroglucopyranose

H-NMR (500 MHz, CDCI3) & 5.51 (s, 1H), 4.75 (m, 1H, H4), 4.59 (d, J = 6.0 Hz, 1H, H5), 4.24
(d, J = 7.1 Hz, 1H, H6 endo), 3.81 (dd, J = 7.9, 5.5 Hz, 1H, H6 exo), 3.78 (m, 1H, H3), 3.56 (m,
1H, H2), 2.39 (M, 2H, CH2CH>C00), 1.65 (M, 2H, CH2CH2C00), 1.28 (M, 24H, CH3(CH3)12), 0.88

(t, J = 7.0 Hz, 3H, CH3CH2). *C NMR (400 MHz, CDCI3) 5 173.68, 102.21, 74.30, 72.43, 71.20,
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69.58, 65.73, 34.13, 31.71, 29.64, 29.58, 29.54, 29.44, 29.39, 29.25, 29.21, 29.17, 29.10, 29.06,
24.72,22.15, 13.96. HRMS calculated for (M+Na)* C22H100s: 423.2717, found: 423.2717. Rf: 0.29

(Eluent: Hexane/Ethyl acetate 1:1 - Developer: Sulfuric acid/Ethanol).

2-O-Palmitoyl-1,6-anhydroglucopyranose

Oj\/\/\/\/\/\/\/\

:_JOH
'H-NMR (400 MHz, CDCI3) & 5.44 (s, 1H, H1), 4.76 (m, 1H, H2), 4.58 (d, J = 5.3 Hz, 1H, H5),
4.06 (dd, J = 7.5, 0.4 Hz, 1H, H6 endo), 3.81 (dd, J = 7.5, 5.8 Hz, 1H, H6 exo), 3.63 (m, 1H, H4),
3.56 (m, 1H, H3), 2.34 (t, J = 7.5, 1.9 Hz, 2H, CH2CHC00), 1.60 (m, 2H, CH2CH>C00), 1.28 (m,
24H, CHs(CH2)12), 0.88 (t, J = 6.8 Hz, 3H, CH3CHz). *C NMR (400 MHz, CDCI3) & 173.15, 101.46,
76.15, 73.75, 69.07, 68.20, 65.11, 34.50, 32.07, 29.84, 29.81, 29.74, 29.66, 29.59, 29.55, 29.51,
29.37, 29.30, 29.22, 24.99, 22.84, 14.25. HRMS calculated for (M+Na)* C22H0Os: 423.2717,

found: 423.2898. Rf: 0.21 (Eluent: Hexane/Ethyl acetate 1:1 - Developer: Sulfuric acid/Ethanol).

4-O-Estearyl-1,6-anhydroglucopyranose

H-NMR (500 MHz, CDCI3) & 5.50 (s, 1H, H1), 4.73 (d, J = 0.6 Hz, 1H, H4), 4.58 (d, J = 5.1 Hz,
1H, H5), 4.24 (d, J = 7.8 Hz, 1H, H6 endo), 3.80 (dd, J = 7.7, 5.5 Hz, 1H, H6 exo), 3.76 (m, 1H,
H3), 3.56 (d, J = 1.3 Hz, 1H, H2), 2.39 (t, J = 7.6 Hz, 2H, CH2CH>C00), 1.66 (m, 2H, CH>CH,C00),
1.29 (M, 28H, CH3(CH2)14), 0.88 (t, J = 6.9 Hz, 3H, CH3CHs). 13C NMR (500 MHz, CDCI3) & 172.96,

102.24, 74.52, 72.68, 71.48, 70.15, 65.90, 34.41, 32.07, 29.84-29-78, 29.73, 29.66, 29.59, 29.50,
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29.37, 29.22, 27.37, 27.34, 25.04, 22.83, 14.26. HRMS calculated for (M+Na)* C24H440s:
451.3030, found: 451.2897. Rf: 0.30 (Eluent: Hexane/Ethyl acetate 1:1 - Developer: Sulfuric

acid/Ethanol).

2-O-Estearyl-1,6-anhydroglucopyranose

oj\/\/\/\/\/\/\/\/\

:_JOH
"H-NMR (400 MHz, CDCI3) & 5.44 (s, 1H, H1), 4.75 (m, 1H, H2), 4.59 (d, J = 1.5 Hz, 1H, H5),
4.06 (d, J = 7.4 Hz, 1H, H6 endo), 3.80 (dd, J = 7.6, 5.8 Hz, 1H, H6 exo), 3.61 (m, 1H, H4), 3.55
(m, 1H, H3), 2.34 (t, J = 7.4 Hz, 2H, CH>CH,C00 ), 1.62 (m, 2H, CH,CH»C00), 1.29 (m, 28H,
CH3(CH2)14), 0.88 (t, J = 6.8 Hz, 3H, CH3CH; ). *C NMR (400 MHz, CDCI3) & 173.05, 102.26,
76.12,73.75, 69.01, 68.10, 65.09, 34.41, 32.07, 29.92, 29.83, 29.80, 29.74, 29.67, 29.59, 29.50,
29.48, 29.37, 29.28, 29.22, 27.34, 24.99, 22.83, 14.25. HRMS calculated for (M+Na)* C24H4406:
451.3030, found: 451.2978. Rf: 0.22 (Eluent: Hexane/Ethyl acetate 1:1 - Developer: Sulfuric

acid/Ethanol)

4-0-Oleoyl-1,6-anhydroglucopyranose

H-NMR (500 MHz, CDCI3) 8 5.50 (s, 1H, H1), 5.34 (m, 2H, H9’ and H10"), 4.74 (m, 1H, H4), 4.58
(d, J = 4.9 Hz, 1H, H5), 4.24 (d, J = 7.7 Hz, 1H, H6 endo), 4.12 (dd, , 1H, OH), 3.81 (dd, J = 7.6,
5.7 Hz, 1H, H6 ex0), 3.78 (m, 1H, H3), 3.57 (m, 1H, H2), 2.63 (m, 1H, OH), 2.39 (t, J = 7.6 Hz,

2H, CH2CH2C00), 2.05 (m, 4H, H8 and H11’), 1.64 (m, 2H, CH2CH2C00), 1.29 (m, 20H, H4-H7’
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and H12'-H17’), 0.88 (t, J = 6.6 Hz, 3H, CH3CH>). *C NMR (500 MHz, CDCI3) & 172.88, 130.21,
129.86, 102.27, 74.54, 72.70, 71.53, 70.17, 65.91, 34.40, 32.05, 29.92, 29.83, 29.67, 29.47,
29.46, 29.28, 29.23, 29.19, 27.35(2C), 25.04, 22.82, 14.24. HRMS calculated for (M+Na)*
C24H4206: 449.2833, found: 449.3098. Rf: 0.30 (Eluent: Hexane/Ethyl acetate 1:1 - Developer:

Sulfuric acid/Ethanol).

2-0-Oleoyl-1,6-anhydroglucopyranose

O)WVW

:_JOH
'H-NMR (500 MHz, CDCI3) & 5.44 (s, 1H, H1), 5.34 (m, 2H, H9-H10"), 4.76 (m, 1H, H2), 4.58 (d,
J = 5.4 Hz, 1H, H5), 4.06 (d, J = 7.0 Hz, 1H, H6 endo), 3.81 (dd, J = 7.4, 5.9 Hz, 1H, H6 exo),
3.61 (s, 1H, H4), 3.54 (d, J = 1.0 Hz, 1H, H3), 2.34 (t, J = 7.5 Hz, 2H, CHCHC00), 2.00 (m, 4H,
H8' and H11), 1.64 (m, 2H, CH2CH2C00), 1.29 (m, 20H, H4-H7’ and H12-H17"), 0.87 (t, J = 6.9
Hz, 3H, CH3CH2). 13C NMR (500 MHz, CDCI3) & 173.09, 130.21, 129.82, 101.44, 76.09, 73.72,
69.02, 68.11, 65.08, 34.50, 32.04, 29.90, 29.82, 29.73, 29.66, 29.46, 29.27, 29.22, 29.18, 27.37
(2C), 24.96, 22.82, 14.25. HRM calculated for (M+Na)* C2sHs206: 449.2833, found: 449.2852. Rf:

0.22 (Eluent: Hexane/Ethyl acetate 1:1 - Developer: Sulfuric acid/Ethanol).

4.2.4.2.2. Directly in bio-oil enriched with levoglucosan (BoE)

The solubility of BoE was investigated in three organic solvents: acetonitrile (ACN),
cyclopentyl methyl ether (CPME) and cyrene (CYE). A stock solution containing LG (40 mM) and
ethyl acetate (1:2) in the appropriate solvent was prepared and added to a 2.0 mL flask containing
the biocatalyst (12 U). For the BoE, a calibration curve was used to equalize the amount of LG

between LGCom and BoE (See ANNEX A — A3).
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The reactions were carried out at 55 "C for 120 h and 300 rpm in a carousel reactor
(Radleys®). At the end, the samples were collected and diluted to 0.5 mL of acetonitrile and
subsequently analyzed. After screening, other longer chain ethyl esters were applied as acyl
donors: hexanoate, octanoate, laurate, palmitate, stearate and oleate respectively, keeping the

same experimental conditions (Figure 30).

OH (0]
o N\ Biocatalyst (12U)
0 + NN ——

S OH © Solvent
“ 55°C,120 h

1 OH 2 300 rpm

40 mM /
R:a: CHj3 OR Allla

b: CHy(CHy)3CH,-
¢: CH3(CHy)5sCHo-

d: CH3(CHy)gCHy-

e: CH3(CHy)13CHy-

f: CHa(CHy)15CHy-

g: CH3(CH,),CHCH(CH,)sCHy-

Figure 30: General procedure for lipase-catalysed transesterification reaction of LG 1 (40 mM) with acyl
donor 2 (1:2 equivalents), biocatalyst (12U), 300 rpm, 120h at 55 °C. Conditions: 2 ethyl esters of a: acetate
(C2), b: hexanoate (C6), c: octanoate (C8), d: laurate (C12), e: palmitate (C16), f: stearate (C18) and g
oleate (C18*), 3-4l-ll-llla and 5a levoglucosan esters, aliphatic chains, and ethanol.

4.2.4.2.3. Determination of kinetic parameters

The enzyme kinetics was monitored in terms of kinetic parameters including the
Michaelis— Menten constant (Kn.), maximum reaction velocity (Vmax), dissociation constant of EB
complex (Ki) and for A (Kia). These kinetic parameters were derived from the Lineweaver—Burk
plots and the Michaelis—Menten kinetic model (LINEWEAVER et al., 1934). For that, different
concentrations from 20 to 300 mM of levoglucosan were esterified with two acyl donors (ethyl
acetate and ethyl oleate) in two solvents (acetonitrile and cyrene) by Novozymes 435® (2 % w/v)

at 55 °C during 24h and 400 rpm.
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4.2.5. Nano differential scanning fluorimetry (NanoDSF)

The thermal stability of free lipase was investigated via NanoDSF (Magnusson et al.,
2019) using the Prometheus NT.Plex. (NanoTemper® Technologies) (Figure 31). Protein samples
were prepared at a concentration of 1.0 mg/mL in sodium phosphate buffer pH 7.0 (100 mM).
After that, different solutions containing 20 yL the protein and organic solvent (CYE and ACN),

respectively, were prepared and analysed.

Figure 31: Prometheus NT.Plex. (NanoTemper® Technologies).

The capillaries were filled with 10 uL samples and placed on the sample holder. A
temperature gradient of 0.5 *C/min from 20 to 75 *C with excitation 10% and the intrinsic protein

fluorescence at 330 and 350 nm was recorded with a total analysis time of 2 h and 20 min.

4.2.6. Lipase-catalysed acylation of levoglucosan in continuous flow
4.2.6.1. Experimental setup

In order to run the experiment as described, it is recommended to have the following
equipment: reactor (Omnifit BenchMark® Microbore boron silicate glass column) of 15 mm in
internal diameter and 100 mm in length and variable bed height, PTFE tubing (0.5 mm internal

diameter), tubing fittings, one syringe pumps (Asia, Syrris), or equivalent, one stirrer-hotplates to
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initial solution (Figure 32). In a flask, the solution containing the starting materials was prepared
and immersed in a shaking bath. Syrris® syringe pumps were used to transport the solution
containing the reagents into the fixed bed reactor at different flow rates, according to the

previously defined residence time. Solubility tests were performed (See ANNEX C — C1).

ii z vi“ Analysis . @

w(z O
Ho o““' T D 0 .
M
"o
0" 15-90 min il /% o
1 50-70 °C a Q \od, A,
RZ R 40 mM, ACN \—/ gz O o R

R 0._0
(2) R? a: R=CH;(CH,);, viTesamt ® \;
b: R=CH;(CH,),4
R'= i: CHCH, ¢: R=CH3(CHy)y¢

I ‘:‘20H3 d: R=CH,(CH,),CHCH(CH,),
1IN

Asia Heater Module

Reactor type Packed bed with
immobilized enzyme

Asia Syringe Pump

Solution containing the

starting materials TFE tubing

Figure 32: Representation and equipment used in the continuous flow system. Esterification reaction of
levoglucosan with different vinyl esters. *Reactor volume: 7.854mL. a: vinyl laurate, b: vinyl palmitate, c:
vinyl stearate and d: vinyl oleate. Immobilized Enzyme: N435 = Novozym 435 (Candida antarctica lipase
B), immobilized in resin Lewatit VP OC 1600; CaLB_Epoxy = Candida antarctica lipase B immobilized on
epoxy support by our research group.

4.2.6.2. Design of experiments (DoE)
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To find the optimal experimental conditions of the variables (temperature and residence
time) in the synthesis of levoglucosan esters in continuous flow, the experimental design
approach was used. The DoE main objective was to increase the conversion in the esterification

reaction of levoglucosan with lauric acid, according to the figure 33.

(@] -
OH o N435* / HO! ':O 0o
o) N )]\ &, 3\\ \ 17N . + o > + .’ + Hy,0
R OH 50-70 °C R o HO (_) 0
OH OH 2 15-90min §\/ \f
40 mM R
3l R 3l 31

R= CH3(CH2)QCH2-

Figure 33: Esterification reaction of levoglucosan with lauric acid. *Reactor volume packed with N435:
7.854mL.

It is important to point out that the significant experimental variables that interfere in the
system were selected according to the screening performed for the model reaction in a batch
system (DO NASCIMENTO et al., 2019). After the selection of the significant variables, the
optimization step was performed using the Central Composite Design (CCD). At this stage, the
previously selected variables were studied with five levels, which allowed establishing the best
working conditions in the synthesis of levoglucosan esters in continuous flow.

The CCD makes it possible to carry out the response surface methodology because the
variables used are worked on at five levels. These levels: (-a, -1, 0, +1, + a), are coded by
convention and correspond to the five levels studied for the two variables (X1 and X2), where (-a
is the lowest level, + a is the top level and 0 is the center point). Table 1 shows the coded levels
and the experimental values studied for the two variables Temperature and Residence time in the

CCD (see ANNEX C - C2).

Table 1: Levels used in central composite planning for two variables.

Level
variable
Code (-1,414) (-) 0 (+) (+1,414)
(X1) Temperature (°C) T 50 53 60 67 70
(X2) Residence time (min) tr 15 26 52,5 79 90
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These levels have been defined to ensure that all areas of the parameter space can be
explored, regardless of the range of factors (see ANNEX C — C2).

A stock solution containing levoglucosan and lauric acid (1:1, 40 mM) in acetonitrile was
prepared and added to a 50 mL flask and kept under agitation at 300 rpm at 55 °C. Then, was
pumped into the fixed bed reactor packed with N435, 2.0 g, to a total volume of 7.854mL. Flow
rates of 87-524 yL.min"' was used, and, in addition, different temperatures were evaluated,
ranging from 50 to 70 °C. It is known that in a continuous flow, the reaction time is determined by
the ratio between the reactor volume and the flow used in the system. A triplicate was performed
for the best experimental condition found. After optimizing the temperature and residence time,
the influence of the acyl donor on the LG esterification or transesterification reaction was

analysed.

4.2.6.2.1. Transesterification of levoglucosan

After the screening step where the influence of temperature, residence time and acyl
donor were investigated in the levoglucosan acetylation reaction, the best results were applied
for the synthesis of levoglucosan esters containing alkyl chains of variable length, with up to 18
saturated carbons and unsaturated, biocatalyzed by N435 and CalB_Epoxy (CalB immobilized in

epoxy resin by our research group) (Do Nascimento et al., 2019) according to the figure 34.

OH 0 o Biocata_ly_st
-0 . J\ Acetonitrile
R 0O™X 61°C
OH OH 77 min, 40 mM
1 4

a:R= CH3(CH2)10

b: R= CH3(CH2)14

c:R= CH3(CH2)16

d: R= CH3(CH,);CHCH(CH,);
Figure 34: Esterification reaction of levoglucosan with different vinyl esters. * Reactor volume: 7,854 mL.
a: vinyl laurate, b: vinyl palmitate, ¢: vinyl stearate and d: vinyl oleate.

87



The reaction progress was monitored by TLC. After stopping the reaction, CFAEs were
separated by flash chromatography (Eluent: Ethyl acetate/Hexane 1:1—Developer: Sulfuric
acid/Ethanol). To determine the selectivity of the lipases in the position of the hydroxyl groups,
the final product, obtained as a mixture of 4-O’ and 2-O’ levoglucosan monoesters (MONLAU,
MONPAL, MONEST and MONOLE) were silylated with BSTFA and analyzed by gas

chromatography with a mass spectrometry detector (GC-MS) (see Appendix B).

4.2.6.2.2. Determination of productivity

In batch
Vx Cpx fr*(I;ZPROD)*conv*sel
Productivity (P): 100R§AGT (Equation 2)
*8§ 4%
In flow
Fx Cp* fﬁ(#ﬂ)*conv*sel
Productivity (P): REAC (Equation 3)

100+S4

Where, V is the reaction volume (mL), F is the flow rate (mL.min"" ), T is the reaction time, Cr is
the concentration (mg.mL™ ), fr is the purity LG (%), Puproo and Pureac are molecular weight of
product and reagent (g.mol™" ), respectively, conv is the conversion (%), sel is the selectivity for

CFAEs (%), Sa is the specific activity.

4.2.7. Determination of surface activity
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The HLB value has been estimated by the "HNMR spectrum through the integration of the
proton signals from the lipophilic and hydrophilic parts of the molecule. These values represent
an empirical numerical correlation of the emulsifying and solubilizing properties of different
surface- active agents (DAVIES, 1957). The term Ign denotes the integration amplitude of the
hydrophilic groups and i refers to the total integration amplitude of the protons in the molecule.
The ratio H describes the relative hydrophilic part of the molecule and can be used to estimate
HLB value applying the equation described of Rabaron and coworkers (Rabaron et al., 1993)
(equation 4).

H= 28" HLB = :ILH (Equation 4)

Itot +2

The HLB scale ranges from 0 to 20. In the range of 3.5 to 6.0, surfactants are more suitable
for use in W/O emulsions. Surfactants with HLB values in the 8 to 18 range are most used in O/W
emulsions (PAUL BECHER, 1988). For the interface tension (IFT) measurements, a two-step
process was used. First, compounds were dissolved in olive oil and pendant drop of organic
solutions were formed in aqueous environments. To achieve this, the CFAs solutions were loaded
into a syringe connected to a U-shape needle. Then, the needle was placed at the bottom of a
quartz cell containing distilled water (dispersion medium), and by moving the plunger downward,
a drop of volume 15 pL was formed at the tip of the needle. The so-formed drop is illuminated by
means of a light source, and a high-resolution CCD camera was used to capture the drop profile
(see ANNEX D). The determination of the interfacial tension was calculated according to the
Young-Laplace equation defined for the pendant drop (PD) method. A Goniometer OCA25
(DataPhysic Instruments, Germany) was used at room temperature and 1.0 atm pressure, and
the droplet profiles were captured every 1 s for a total period of 20s. CMC values were determined

by plotting the interfacial tension vs. the concentration (in mM).
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4.2.8. Antibacterial Assays

For the antibacterial activity assessment Staphylococcus aureus species were used, one
clinical and three strains from American Type Culture Collection (ATCC). All information about
the bacterial species, correspondent codes, isolation source, and susceptibility 18 profile is
described in Table D2 (see ANNEX D). The clinical strain was isolated from patients of Clementino

Fraga Filho University Hospital (HUCFF), UFRJ, RJ, Brazil (Leal et al., 2010).

4.2.9. Minimal inhibitory concentration (MIC)

The MIC of the compounds (MONLAU, MONPAL, MONOLE, MONEST, lauric acid and
levoglucosan) was determined by the broth microdilution technique in 96-microtiter plates (CLSI,
2015), using a bacterial solution equivalent to a 0.5 McFarland scale (108 CFU/mL) subsequently
diluted 1 :10 (107 CFU/mL). The samples were prepared at final concentrations of 1.0, 0.5, 0.250,
0.125, 0.0625 and 0.03125 mM. The bacterial growth was evaluated using resazurin. After 24 h,
20 pL of aqueous resazurin solution (0.85%) was added in each well, and then the microplate

was incubated again for 4 h at 37°C.

4.2.10. Minimal bactericidal concentration (MBC)

The MBC assay of MONLAU was determined according to Isenberg (Isenberg, 1988). To
perform this assay three concentrations of active samples were used at concentrations 0.250 mM

(MIC), 0.5 (2x-MIC), 1.0 mM (4x-MIC).
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5. Results and Discussions

5.1. Lipase-catalysed acylation of levoglucosan in batch

5.1.1. Initial Screening

We started this work investigating the influence of the main reaction parameters in order
to find the best conditions to produce mono and diesters of levoglucosan from acyl donors with
long carboxylic acid chain (>12C) both by lipase-catalysed esterification and transesterification.
The selectivity of commercial and home-made biocatalysts was also evaluated. Initially, the
esterification of commercial LG was evaluated by applying long chain fatty acids with acetonitrile
as a solvent, as described in the experimental section. As expected, none of the biocatalysts
demonstrated satisfactory ester conversion (<30%—data not shown) under the conditions
investigated, where lauric acid showed the best result (30% of conversion and poor selectivity).
Galletti et al. (Galletti et al., 2007) applied the lipase PS (Pseudomonas cepacia) on acylation of
levoglucosan with several acyl donors, such as vinyl esters (acetate and laurate) and carboxylic
acids (acetic and lauric) in alternative green solvents, where CH3CN and the ionic liquid
[MOEMIm] [dca] were the most suitable. As a result, carboxylic acids could effectively substitute
vinyl esters as acylating agents when ionic liquids were the solvent of choice. The reaction times
were quite long (more than 5 days) with poor selectivity to monoesters. Chemical strategies for
the synthesis of levoglucosan esters with acyl chlorides have already been described in the 1990s
(Waziu & Sharzadeh, 1982b). In addition, just a few papers have explored the enzymatic
esterification of this anhydrous sugar. However, in levoglucosan, the carbons C1 and C6 present
an acetalic function and the remaining secondary hydroxyl groups are in the axial position.
Therefore, levoglucosan is much less reactive than glucose or other sugars, both to chemical and

enzymatic attack. This peculiar feature can be extended to the regioselective acylation of a single
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secondary OH function that represents a very challenging task. The second strategy was to
evaluate the performance of previously mentioned biocatalysts on the transesterification of
levoglucosan using several acyl donors at different temperatures, aiming to investigate the
selectivity for mono- and diesters. Results are shown in Table 2.

Table 2: Acylation of levoglucosan in CH3CN.

OH

/]OL Biocatalyst LOH
: 0.8 % (v/v) i
OH , R™ 07> — = %
Acetonitrile D OJ<
OH 50-65 °C, 120 h o
1 2 a: R=CH,(CH,);q O=< 3-1 311
b: R=CH,(CH,);, R

¢: R=CH3(CH,),¢
d: R=CH;(CH,),CHCH{CH,),

Conversion (%)

Entry Biocatalyst * Acyl Donor ** (3-1 + 3-I1 + 3-I1T)
50 °C 55°¢ 65 °C
1 a 46 92 68
2 97 90 62
3 A rS 58 84 31
4 d 48 86 49
5 a 49 29 68
6 CaLB_epoxy b 76 70 64
7 0 61 16
8 d 12 93 77
9 a 51 52 12
10 . b 49 74 51
11 Falbd ¢ 47 70 0
12 d 8 72 67

*N435=Novozym 435 (Candida antarctica lipase B), immobilized on macroporous acrylic type ion exchange
resin;CaLB_epoxy = Candida antarctica lipase B immobilized on epoxy support by our research group and
PSIM=lipase from Pseudomonas cepacea immobilized on ceramic particles.**2 equivalent, a: ethyl laurate,
b: ethyl palmitate, c:ethyl stearate, and d: ethyl oleate.

Analysis by TLC analysis (R~0.30 and Rf=0.21) and subsequent GC-MS confirmation
demonstrated that monoesters could be obtained as major products in all reactions together with
traces of diesters (<1% relative intensity could be noted after separation and analysis by high
resolution mass spectrometry). According to Table 2, better conversions could be achieved by

N435 using ethyl laurate and ethyl palmitate as acyl donors at 55 °C and 50 °C, respectively (Entry
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1 and 2). Comparing these results for those obtained by CaLB_epoxy, a change in substrate
preference was observed, leading to average conversions in levoglucosan palmitate at 50 °C and
55 °C. Surprisingly, high conversions in levoglucosan oleate ester was also obtained (93%, Entry
8), which until now, is a result that has not been reported. The lipase CalLB presents a very
reduced hydrophobic lid and, therefore, does not require interfacial activation to perform
hydrolysis and esterification reactions. N435 is a commercial preparation containing CalLB
immobilized in cationic resin by ionic adsorption, with hydrolysis activity of 256 U/g. The home-
made CalB_epoxy biocatalyst contains CalB immobilized by hydrophobic adsorption on epoxides
in Purolite®ECR 82057, with hydrolysis activity of 419 U/g. Previous work of our group (Aguillén
et al., 2019; Do Nascimento et al., 2019; S. Souza, R. Almeida, G. Garcia, R. Ledo, J. Bassut,
2017) demonstrated that this derivative also showed higher esterification potential than N435 with
a protein load of 11 mg/g of support against 15 mg/g of support presented by N435. In addition,
the immobilization method that was applied in the new biocatalyst may have been responsible for
a conformational modification of the enzyme as a product of protein-support hydrophobic
interactions, making the catalytic site more suitable to receive the ethyl oleate acyl donor
selectively (Figure 35). The use of epoxy-functionalized resins as enzyme support is
advantageous because they have been considered as dual resins since they are versatile and
can generate different interactions with the enzymes to be immobilized according to changing the
pH and the ionic force that is applied in the immobilization environment. These supports are very
stable at a neutral pH, even under humid conditions, and can be stored for a long period. In
addition, these supports can stabilize the enzyme by multipoint covalent binding, resulting in high
stabilization to the derivatives (Babaki et al., 2015; Schummer et al., 2009; Zdrahal et al., 2002).
The epoxy groups undergo nucleophilic attack of different groups on the surface of the enzyme
such as amino, thiol, and hydroxyl, allowing intense interactions between the enzyme and the
support. Epoxy groups are weakly reactive under mild conditions such as neutral pH and low ionic
strength. Thus, the immobilization using this type of support must be performed in two steps: in
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the first, the enzyme is adsorbed onto the surface of the support (Mateo et al., 2003). High ionic
strength is required at this stage to force the hydrophobic adsorption of the proteins on the
support. After a long incubation time of the enzyme adsorbed at pH 7.0, the derivative is incubated
at alkaline pH (around 10.0) to effect multi-interactions between the enzyme and the support
through covalent bonding promoted by epoxy groups on the susceptible amino acids of the
enzyme, giving greater stiffness to the derivative and thus, obtaining derivatives with high thermal
stability. High conversions were also observed for lipase PSIM, mainly at 55 °C, where similar
conversions to palmitate, stearate, and oleate were demonstrated. In addition, the values were
also higher than PSIM (8750.0 U/g), despite having high hydrolysis activity, and showed
conversions below 75% for all the conditions that were analysed.

The study of levoglucosan conformation is important to understand the obtained results
since the presence of three hydroxyls in the structure allows the formation of monoesters and
diesters at positions C2, C3, and C4. Under the studied conditions, it was not possible to find
significant diester formation. However, studies were done to evaluate lipase regioselectivity
towards levoglucosan monoesters. The pyranose ring of levoglucosan can adopt two
conformations: inverted chair and boat type (Boissieéere-Junot et al., 1998; Mateo et al., 2003).
In the chair conformation, the intramolecular interactions, due to hydrogen bonding occurring
between the hydroxyl of C3 in the axial position and the oxygen in C6, also in the axial position,
contribute to a greater stabilization of the molecule, increasing its population, but decreasing its
reactivity as a nucleophile (Rotticci, 2000; Rotticci, 2000). The same interaction, hydrogen donor-
acceptor, can occur with the hydroxyls in C2 and C4, according to figure 24.

Comparing the obtained values, it is possible to observe that the regioselectivity of N435
is slightly influenced by the temperature and size of the alkyl chain, exhibiting a similar tendency
for OH at C4 and C2 in all conditions that were explored, except for ethyl laurate (Figure 35-N435,
I-a- 50 °C), where it is possible to observe a loss of regioselectivity at higher temperatures.
Different values were obtained for CalB_epoxy and PSIM where the preference occurred for OH-
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C4, as can be observed for ethyl oleate (Figure 35-Calb_epoxy,3-ld) and ethyl laurate (Figure

32-PSIM, 3-1a), respectively (for more information see ANNEX C — C4).
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Figure 35: Regioselectivity in the enzymatic acetylation of levoglucosan in CH3CN with ethyl aliphatic

esters. Analyses were performed in a gas chromatograph equipped with a mass spectrometry detector
(GC-MS) (DO NASCIMENTO et al., 2019).

The acyl moiety of the acyl-donor is covalently bound to the active site of the enzyme
during the two transition states in the catalytic triad (Hunter et al., 1983; Uriarte et al., 2018).
Moreover, the alcohol and the acyl binding sites are close to each other. Hence, the acyl moiety
is likely to influence the regioselectivity of lipase towards the alcohol and the length and shape of
the acyl part of the acyl donor indeed influence the regioselectivity of the reaction. It was observed
that regioselectivity increased with longer acyl groups for CalB_epoxy and PSIM, as presented in
Figure 35. Figure 36 shows the representative chromatograms of the reaction of levoglucosan
with ethyl oleate mediated by N435, CalB_epoxy, and PSIM at 55 °C in acetonitrile, where the
peaks corresponding to the retention times 48.52 and 48.76 min correspond to the regioisomers

obtained during the reaction. To verify the regioselectivity of the reaction studied, regioisomers
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were isolated and characterized by HRMS, 'H-NMR,"*C-NMR, NOEDIFF, and Infrared (FTIR)

techniques (see ANNEX B).
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Figure 36: Regioselectivity in the enzymatic acetylation of levoglucosan (1 mmol, 163 mg) in CH3zCN (5.0
mL) with ethyl oleate (2 mmol, 619 mg) were introduced into a vial containing the supported enzyme (40
mg, 0.8% (v/v)). The mixture was stirred at 55°C for about five days and the course of the reaction was
monitored by means of GC—-MS (DO NASCIMENTO et al., 2019).

To unequivocally determine the structure of compounds 1 and 2, 2D NMR (HMBC and
HSQC) experiments were carried out. Once the structure of compounds 1 and 2 is determined, it

can be established what compound is formed in the transesterification reaction. Table 3 shows
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the "H-NMR chemical shifts (v, ppm) and coupling constants (Jun, Hz), and "*C chemical shifts (v,
ppm) for compounds 1 and 2.

Table 3 : 3C and "H chemical shifts (v, ppm) in CDCIz as solvent for compounds 1 and 2. Jnx coupling
constants are represented in parenthesis.

1 2
Carbon/Hydrogen 13C 1H 13C 1H
1 101.25 544 s 102.27 5518
73.54 476 m 70.17 357 m
3 67.91 3.54 d (1.0 Hz) 7153 3.78 m
4 68.86 361s 7250 474 m
5 76.01 458d (5.4 Hz) 7454 4.58 d (4.9 Hz)
4.06 d (116 endo, 7.0 Hz) 4.24 d (16 endo, 7.7 Hz)
6 64.88 3.81 dd (H6 exo, 7.4 and 6591 .81 dd (16 exio, 7.6 anid
5.9 Hz) 5.7 Hz)
> 34.38 234t (7.5 Hz) 344 2.39 t (7.6 Hz)
3 24.77 164 m 25.04 1.64m
47 and 1217 29.18-29.90 128 m 29.19-29.92 129 m
8 and 11’ 27.16 and 27.23 20m 27.31 and 27.38 202 m
9’ and 10/ 129.82-130.21 534m 130.2-129.86 534 m
18 14.25 0.87 £ (6.9 Hz) 14.24 0.88 t (6.6 Hz)

The signs CH and CH- of compounds 1 and 2 can be more easily identified by comparing
the "H-NMR, ®C-DEPT135, and HSQC spectra, allowing the distinction between the methinics
and methylenics carbon signals, and by 'H-"H-COSY, it was possible to obtain the correlations
between the hydrogens that are coupled by >3Ju 1 (geminal and vicinal couplings, measurable
in the 1D spectrum) and, thus, discern the multiplicity of signals observed in the 'H-NMR
spectrum. The signal of the methinics carbons CH-2, CH-3, and CH-4 of the levoglucosan
pyranose ring is relatively more difficult, however it has been monitored by careful consideration
of spectrum correlations with coupling interaction at one and three C-H carbons (Rotticci, 2000).

The results showed that the chemical displacement of CH-4 at compound 1 appears
around °H= 3.61 ppm lower than in compound 2 (°H= 4.74 ppm) (See annex B.4). Different
displacements were also observed for ring CH-2, and it was not possible to observe significant
differences for others. The values of the chemical displacements of the methinics carbons CH-2
and CH-4 reveal modification dependent on the substituent groups that are present in the gem-

hydroxyls in C2 and C4 (Figure 37).
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Figure 37: "H-NMR Spectrum for 2-O-Oleoyl-1,6-anhydroglucopyranose.

In this context, NOEdiff experiments can be used to confirm previous assignments, as well
as to distinguish between levoglucosan monoester. When irradiating H2 (compound 1) at 4.76
ppm, there is an increase in the signal intensity related to hydrogens of the aliphatic ester chain
by 1.35 ppm due to the Overhauser effect. When irradiating at 3.61 ppm (H4), it was not possible

to observe an n.O.e (Figure 38) and HMBC for 2-O-Estearyl-1,6-anhydroglucopyranose was also

used to confirm the structure (Figure 39).
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Figure 38: Nuclear effect of the Overhauser difference spectra for irradiation in the H-4 compound 1 at 3.61

ppm (H-4).
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Figure 39: HMBC for 2-O-Estearyl-1,6-anhydroglucopyranose (CDCls).

These experiments clearly showed that there are marked differences between reactivities

on C2 and C4 hydroxyl groups and also that the type of binding and support chosen for enzyme
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immobilization can influence the selectivity of the enzyme so that the hydroxyl groups can be
selectively transesterified, since CalB_epoxy and N435 have the same enzyme CalB, but
immobilized on different supports, generating different interactions between enzyme and support
and consequently, different spatial conformations, revealing different preferences in the reaction
under study. Without detailed knowledge of the chemistry of the N435 support, it is not yet
possible to attribute these observed differences to electronic, steric, or directed factors. To the
best of our knowledge, this is the only example of this type of selective transesterification in the
levoglucosan group in the presence of saturated and unsaturated long chain (=C16) aliphatic

esters using the enzymatic process.

5.1.2. Directly in bio-oil enriched with levoglucosan (BoE)

We started this work with a simple test of the solubility of levoglucosan obtained from
cellulose pyrolysis (BoE) in different organic solvents used for transesterification reactions.
According to the results obtained (see ANNEX B), BoE is partially soluble in ACN and CYE at
55°C and insoluble at temperatures lower or equal to 50 "C. For CPME, the solubilization was not
observed in these conditions, only for higher temperatures (> 60 "C).

Among the proposed solvents, ACN has already been used in several reactions for
transesterification of the LG biocatalyzed by lipases showing good results (do Nascimento et al.,
2019; Do Nascimento, Vargas, Rodrigues, Ledo, De Moura, Leal, Bassut, De Souza, Wojcieszak,
Itabaiana, et al., 2022; Galletti et al., 2007). However, studies carried out by Capelo et al. (Capello
et al., 2007), showed that this solvent has a low net calorific value and therefore low environmental
credits for incineration and waste treatment, presenting a relatively high environmental impact in
its manufacture. CPME could be the ideal emerging green solvent alternative, but its low solubility
in BoE at 55 'C and its use in LG transesterification showed low conversions to form the products

of interest (Gasparetto et al., 2022). A possible alternative is cyrene (dihydrolevoglucosenone
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(CYE)), a dipolar aprotic solvent, which is synthesized from residual cellulose (Comba et al.,
2018), and it has demonstrated good conversions and solubility under reaction conditions for the
synthesis of CFAEs and, in addition, it can be produced from the hydrogenation of
levoglucosenone (LGO) generated from dehydration of LG.

Based on these results and our expertise in the synthesis of CFAEs using lipases (DO
NASCIMENTO et al., 2019, 2022), it was proposed for this study to replace ACN with a more

environmentally friendly solvent for these biocatalyzed reactions, CYE.

5.1.2.1. Screening of lipase from different sources applied in LGCom and
BoE

Initially, four commercial lipases, including two immobilized N435 and N40086, and two
free lipases CalB and CR were evaluated in the transesterification of ethyl acetate with LGCom
and BoE. Considering the success already reported for the transesterification of LG with long-
chain esters using N435 and its wide application in the production of esters, we used this
biocatalyst such as reference and, the acyl donor chosen was the one with the smallest alkyl
chain, where it was possible to observe the esterification in the three hydroxyl groups of LG.

For N435, Figure 40a-b show conversion values between 51% and 49% using LGCom
such as substrate and 43-42% for BoE in ACN and CYE, respectively. Values close to those
found by Galletti et al. (59%) (Galletti et al., 2007), who investigated the use of vinyl acetate in
the esterification of LGCom in ACN. For N40086 it was notable that conversions to CFAEs were
significantly lower compared to N435, about a 42% decrease in conversion to LGCom in ACN
and 34% for BoE in CYE. Furthermore, low conversions for free enzymes in both conditions

(Figure 40a-b) were observed.
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Figure 40: Transesterification reaction between levoglucosan and ethyl acetate with different biocatalysts
in acetonitrile and cyrene as solvent. Conditions: a) Commercial LG (LGCom) and b) Bio oil enriched with
LG (BoE).

In general, the behaviour between the two LG sources did not show significant differences.
However, it was possible to observe a lower conversion with BoE, which may be related to the
presence of impurities that were not removed during the pyrolysis process. Data obtained by gas
chromatography with a flame ionization detector suggests that there are approximately 9% of
impurities in BoE (Figure 41).

The impurities found in BoE may have been formed through the ring opening during the
pyrolysis of cellulose (LE BRECH et al.,, 2016), these compounds can cause a negative
contribution to the formation of LG esters due to the possible interactions with the active site of
the enzyme. Furthermore, among the impurities are lactones that can undergo enzymatic
polymerization and, consequently, compete with the substrates of interest for the catalytic site of
the lipase (Veld et al., 2009).

Studies by Shang Sun and Liya Tian (S. Sun & Tian, 2018) for the synthesis of benzyl
cinnamate using N40086 in different solvents demonstrated a relationship between yield and
solvent polarity. These authors reported an increase in the esterification activity of cinnamic acid
with benzyl alcohol in hon-polar solvents. Based on log P values, it was observed that the solvent
isooctane (Log P, 4.5) presented higher yield values compared to polar chloroform (log P, 2.0).
According to the authors, the low yield may be related to the fact that the essential water on the
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surface of the immobilized enzyme was deprived by the increase in solvent polarity. He et al. (He
et al., 2022) also studied the influence of the polarity of organic solvents in biocatalyzed reactions
and observed that for the transesterification reaction of 1-(4-methoxyphenyl) ethanol with different
acyl donors using ACN as solvent, N40086 is completely inactivated. The low conversions found
in our studies using N40086, a lipase derived from Rhizomucor miehei immobilized on acrylic
resin granules (S. Sun & Tian, 2018), may be related to its greater sensitivity to the increase in
polarity of the solvents ACN (Log P — 0.33) and CYE (Log P, — 1,52), the reason is the ease in
removing water that is essential to maintain the conformation of the active enzyme. Thus,
complete removal of water would drastically distort this conformation and inactivate the enzyme
(Gorman & Dordick, 1992). It is worth noting that not only log P alone, but the cumulative effect
of several other parameters such as dipole moment, dielectric constant, hydrogen bonding and
polarizability can alter the esterification activity of N40086 (Khmelnitsky et al., 1988).

These results agree with the specificity of the lipases present in these supports,
Rhizomucor miehei (N40086) and Candida antarctica B (N435) with the chain length of acyl
donors during LG acylation. CalB has greater activity in the presence of short and medium chain
fatty acids with a decrease in its activity for long alkyl chains. While Rhizomucor miehei has
relatively low activity for short chain fatty acids, but activity increased for longer fatty acids (Rgen
Pleiss et al., 1998). More details on the influence of chain size for N435 will be discussed later in

this study.
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Figure 41: Representative chromatogram of BoE dissolved in acetonitrile and analysed on GC-FID.

For free enzymes, maximum of conversion values was observed for CalB: 15% using
LGCom, 36% lower compared to N435 and 13% conversion for BoE in ACN. For CR, the change
of solvent significantly affected the reaction with conversion values below 1% for both substrates
in ACN (Fig. 37a-b). These results suggest that the catalytic potential of the free lipase was
affected by the greater instability of the protein under more extreme temperature and/or solvent
conditions compared to the immobilized enzyme. The higher thermal stability of enzymes can be
correlated with their stability in different organic solvents. Therefore, thermostability studies were
performed for free lipases in both solvents using differential nano scanning fluorimetry (nanoDSF)

technology with Prometheus NT.48. Flex® (NanoTemper Technologies, Munich, Germany).

5.1.2.2. Nano differential scanning fluorimetry (NanoDSF)

In our study, nanoDSF technology was used to evaluate the thermal stability of two free
commercial lipases, CalB and CR, in sodium phosphate buffer 100 mM at pH 7.0 (Figure 42a-b).
The thermodynamic (or conformational) stability of the enzyme is given by the difference in Gibbs
free energy (AG) between the folded and unfolded states and can be obtained instantaneously

by measuring the melting temperature of the protein (Tw). Under environmental conditions, the
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folded state, corresponding to the catalytically active form, is favoured. However, the increase in
temperature may favour the shift of the enzyme’s conformational equilibrium to the unfolded,
catalytically inactive form, being experimentally observable as a characteristic curve of the
sigmoidal property from which the T is derived as an inflection point (Samra & He, 2012).
Therefore, heat-stable proteins are more tolerable to the presence of destabilizing agents and,
moreover are preferred as early candidates for protein engineering by rational design or directed
evolution, as activity and specificity are often obtained at the expense of stability (Bershtein et al.,
2006; Bloom et al., 2006). Thereby, evaluating thermal stability is an excellent choice for
screening of the best experimental conditions. Temperature is an easy-to-control parameter that
is widely used to increase the rate of a biocatalyzed reaction. However, there is an optimal
condition to be reached to avoid its thermal inactivation (P. Zhang et al., 2019). Several
techniques have been developed to facilitate the study of the thermal stability of proteins,
highlighted in this work, the technique that uses the nanoDSF technology that determines Tn,
measuring the intrinsic change of double UV fluorescence in tryptophan and tyrosine residues in
proteins with emission wave lengths of 330 and 350 nm exposed after the protein unfolding
induced by the increase in temperature (Chattopadhyay & Varadarajan, 2019; Kotov et al., 2021;
Lobo et al., 2021). Thus, thermal denaturation curves of the proteins were obtained by nanoDSF

(Figure 42).
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Figure 42: Representations of NanoDSF thermograms showing the ratio between the fluorescence signals
at 350 and 330 nm and the first derivative of this ratio for analyzing the Tonset and Tm values. Conditions: 1
mg/mL of protein in 100 mM sodium phosphate buffer pH 7.0 in a) Lipase B of Candida antarctica (CalB)
and b) Candida Rugosa (CR).

Thermograms were evaluated to monitor the detectable temperature at which a protein
begins to unfold (Tonset) and the midpoint(s) of the unfolding transition temperature (Tm) (S. H. Kim
et al.,, 2022). As shown in Figure 42a-b, this instrument can simultaneously determine the
parameter of conformational stability, based on protein unfolding transitions. Thus, between the
temperature range 20-75 °C, the values obtained for CalB in phosphate buffer pH 7.0 were Tonset
=46.7 °C and Tm = 58 °C (Figure 39a), values close to those found by Le et al. (Q. A. T. Le et
al.,, 2012). for wild-type CalB with T, = 54.8 °C that was measured by differential scanning
fluorimetry (DSF) through CFX96™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA).
For CR the values obtained were slightly lower, with Tonset = 43.5 °C and T = 55 °C. According
to Li et al. (G. Li et al., 2018) CR has low thermal, with initial inactivation temperature starting at
45 °C, values close to those found in this study (Figure 42b).

In this context, the influence of ACN and CYE solvents on lipase stability was also
evaluated. Figure 43a-b shows a different unfolding profile for CalB in the presence of both
solvents. In ACN (Figure 43a), CalB has a Tm = 46 °C, while for CYE this value corresponds to

61 °C (Figure 43b), demonstrating that there is a greater thermal stability for CalB in CYE.
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However, Tonset in ACN was higher compared to CYE (30 and 20 °C, respectively), suggesting
that there is a greater kinetic instability for CalB in the presence of CYE compared to ACN when
the initial temperature is low. Moreover, when the temperature increases, the unfolding process
appears to be slower for CalB in CYE. The modification of Tr is probably due to the alternation of
the hydration layer around the protein, which may be related to the higher polarity of the solvents.
In addition, CYE interacts chemically and reversibly with water, forming its geminal diol (De Bruyn
et al., 2019) and, therefore, greater ability to capture water molecules around the catalytic site of
the enzyme when the temperature is low, until that the equilibrium condition is reached.
Furthermore, the thermostability for CR in the different solvents was also analysed. Figure 40c-d
show that in ACN the protein has a lower stability compared to CYE. Tonset data obtained in both
solvents indicate that denaturation starts from the first temperature of the analysis (20 °C)
reaching 50% unfolding at Tm = 38 °C for ACN and at T, = 53 °C for CYE. The low thermal
stability for CR has been reported in the literature by several authors (S. W. Chang et al., 2006;
De Bruyn et al., 2019; G. Li et al., 2018), that highlight a half-life of less than 1 h at 50 °C with a
total loss of catalytic activity at 60 °C (Pereira et al., 2001).

After reaching the maximum temperature of 75 °C, the measurement continued during the
cooling process to the temperature of 20 °C, with the aim of investigating the reversibility of the
denaturation events observed during the heating process for the free lipases CalB and CR in both

solvents. The curves associated with the refolding process are given in Figure 44.
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Figure 43: Representations of NanoDSF thermograms showing the ratio between the fluorescence signals
at 350/330 nm and the first derivative of this ratio for analysing the Tonset and Tm values. Conditions: 1
mg/mL of free enzyme in 100 mM sodium phosphate buffer pH 7.0 in different organic solvents; CalB in a)
acetonitrile (ACN) and b) cyrene (CYE); and CR in ¢) ACN and d) CYE.

During the cooling step, we determined the first derivative of the fluorescence ratio at
350/330 nm and at different temperatures from those associated with denaturation. Furthermore,
it can be observed for CR in ACN that when the temperature was below 38 °C an increase in
fluorescence ratio was observed, indicating the potential movement of aromatic amino acid
residues within the structure of the protein (Figure 44c). This result could suggest a very limited
renaturation, probably due to the aggregation process occurring after the denaturation during the
heating step, as already observed by Ronzetti ef al. (RONZETTI et al., 2022) when they analysed
the thermal denaturation of HtrA-family bacterial protease using differential scanning fluorimetry
(DSF). Therefore, the behaviour of free lipases exposed to different solvents and temperatures

explains the low conversions obtained for the synthesis of CFAEs. Noteworthy for CR in ACN that

108



showed conversion lower than 1% for both conditions (Figure 40). Its low T value suggests that
for the reaction temperature practically all the proteins are in the unfolded form and therefore

without catalytic potential.
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Figure 44: Representations of NanoDSF thermograms showing the ratio between fluorescence signals at
350 and 330 nm and the first derivative of this ratio for analysis of refolding values. Conditions: 1 mg/mL
lipase in 100 mM sodium phosphate buffer pH 7.0 in different organic solvents. CalB in a) ACN and b)
CYE; and CRin ¢) ACN and d) CYE.

5.1.2.3. Effect of alkyl chain on the synthesis of levoglucosan esters from
BoE

Based on initial tests, N435 was selected as the ideal biocatalyst to explore the effect of
alkyl chain size on CFAEs formation through BoE. Figure 45 shows that the increase in the alkyl

chain of the acyl donor contributes positively to the synthesis of CFAEs for both solvents. For
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CYE, this increase occurs gradually until carbon C16 and with a tendency to decrease from there.
For ACN, on the other hand, this increase occurs until C8 and then assumes a non-gradual
behaviour with the increase of the alkyl chain (Torres-Gavilan et al., 2006; P. Y. Wang et al.,
2008). This behaviour for C12-18 long-chain acyl donors has already been reported (DO

NASCIMENTO et al.,, 2019), however, using a LGCom.
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Figure 45: Results for transesterification reaction between different acyl donors with BoE in ACN and CYE.
Conditions: ethyl esters: acetate (C2); hexanoate (C6); octanoate (C8); laurate (C12); palmitate (C16);
stearate (C18) and oleate (C18*). BoE (40 mM) and acyl donors (1:2) in two organic solvents: acetonitrile
(ACN) and cyrene (CYE) at 55°C, 120h and 300 rpm.

These results are consistent with those published by Arcens ef al. (Arcens et al., 2020)
who observed better conversions to long-chain acyl donors during the synthesis of sugar esters
of fatty acids biocatalyzed by N435. So, the substrate specificity of the lipase seems to be related
to the length and shape of the alkyl chain, with a weak specific interaction in the short chain and
strong steric hindrance in the long chain (P. Zhang et al., 2019). In addition, the results are not
very unexpected, since the increase in the alkyl chain can provide a greater interaction with the
hydrophobic pocket of CalB. Nonetheless, its fatty acids cleavage binding site is relatively short
and has a small hydrophobic area located an elliptical, steep funnel of 9.5 x 4.5 A (Rgen Pleiss
et al.,, 1998), which may limit its activity for very long-chain acyl donors and, consequently,

decreased the conversion between C16 and C18.
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Moreover, the presence of three hydroxyl groups in the LG structure and the different
experimental conditions allow the formation of a mixture of mono-, di- or tri-acylated compounds.
Table 4 shows the regioselectivity through the two solvents, cyrene (CYE) and acetonitrile (ACN),

in different sizes of the alkyl chain and in the presence of BoE.

Table 4: Regioselectivity in the transesterification reaction between different alkyl esters and BoE in the
presence of ACN and CYE with N435.

Regioselectivity (%)

Solvent Conversion

Acyl donors (%) 3-a 3lka 3lla 4la 4llka 4lla 5a

CYE 27 50 0 44 0 0 0 6
Ethyl Acetate

ACN 56 55 0 37 4 0 0 4

CYE 43 53 0 47 0 0 0 0
Ethyl Hexanoate

ACN 60 48 0 42 7 0 0 3

CYE 50 55 0 45 0 0 0 0
Ehtyl Octanoate

ACN 74 50 0 43 4 0 0 3

CYE 56 72 0 28 0 0 0 0
Ethyl Laurate

ACN 59 58 0 42 0 0 0 0

CYE 58 69 0 31 0 0 0 0
Ethyl Palmitate

ACN 67 87 0 13 0 0 0 0

CYE 56 75 0 25 0 0 0 0
Ethyl Stearate

ACN 70 70 0 30 0 0 0 0

CYE 51 67 0 33 0 0 0 0
Ethyl Oleate

ACN 64 62 0 38 0 0 0 0

For short-chain acyl donors (C2-8), a mixture of monoacetylated compounds (3I-a and

3lll-a) can be observed on the hydroxyl groups attached to carbons 2 and 4. Furthermore, a low
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selectivity can be observed for the di- and tri-acylated compounds. When increasing the length of
the alkyl chain, a preference for the hydroxyl bonded to carbon 4 is observed for both the solvents.

Regarding regioselectivity, these results agree with those obtained by Galletti and
Nascimento et al. (DO NASCIMENTO et al.,, 2019; GALLETTI et al.,, 2007). Although, the
conversion values were lower compared to the reactions performed by our research group with
the LGCom source, with conversions above 90%. The decrease in conversion may be related to
the type of reactor used. In a first study, our research group produced the CFAEs in a Biovera®
orbital shaker type reactor. However, for this study, due to the low solubility of BoE under the
conditions used, a carousel type reactor (Radleys®) was used, as mentioned in Section 4.2.4.2.2.
The magnetic stirring used in this type of reactor destroyed the N435 support (Ortiz, Ferreira,
Barbosa, Dos Santos, et al., 2019) resulting in a fine powder that, in addition to hindering its
separation from the reaction medium, can alter the catalytic activity due to enzyme leaching.
Therefore, attention must be taken when considering the use of N435 in mechanically stirred
batch reactors, for example in limiting the stirring speed or in using other less aggressive

configurations (Ortiz, Ferreira, Barbosa, Dos Santos, et al., 2019).

5.1.2.4. Effect of substrate ratio

Different concentrations of both substrates, ethyl acetate (40, 100, 150 and 200 mM) and
BoE (50, 80 and 130 mM) were used. The conversion increased from 24% to 41% when the acyl
donor concentration was increased by a factor of 5 times (40-200 mM) in 80 h to 50 mM of BoE
(Figure 46). However, at higher concentrations of BoE, the conversion decreased from 41% (50
mM) to 23% (130 mM) for a fixed concentration of the acyl donor (200 mM) and from 24% to 11%
in 40 mM (Figure 46). This decrease in the conversion to higher concentrations of BoE suggests
an inhibition by levoglucosan or by the impurities present in the BoE that was attributed the

formation of more dead-end enzyme-LG complex with increasing BoE concentration. These
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indicated that at high concentration of BoE, the inhibition of N435 by BoE was significant.
Therefore, kinetic studies were performed with LGCom in an orbital shaker reactor for a better
understanding of the results.
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Figure 46: Results for transesterification reaction between ethyl acetate and BoE in CYE for different
concentrations of ethyl acetate (40-100-150 and 200 mM) in function of the different concentrations of BoE
50-80 and 130 mM in total reaction time at 80h.

5.2. Kinetic studies

A kinetic study was carried out with N435 to understand the reaction mechanism. The
effect of solvent and concentration of both reagents (LGCom and acyl donors ethyl acetate and
ethyl oleate) were investigated. We determined the initial rate (Vo) from reactions realized at
different fixed concentrations of LGCom (20-300 mM) and at different concentrations of acyl
donors (50-300 mM) (see ANNEX D3). The increasing the concentration of ethyl acetate does
not significantly alter the initial rate of the reaction. However, for LGCom it was observed that the
increase in the molar concentration contributed to an increase in the initial rate of the reaction.

For both solvents, there is a sharp increase in the initial rate for the range of initial

concentration of LGCom (20-80 mM), which was expected since high-affinity sites are occupied
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in this range (Bisswanger, 2017). In higher concentrations of substrates, high-affinity sites are
saturated, and the occupation of low-affinity sites are preferred. Due to the superposition of
different saturation functions, a slow increase in reaction rate can be observed when increasing
the LGCom concentration until it reaches a saturation limit above 200 mM (Bisswanger, 2017).
The Kn and Vmax values were determined from the Lineweaver-Burk graphs derived from Figure
47a-b, in which the transesterification reaction of ethyl acetate is presented as a function of the

LGCom concentration.
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Figure 47: Lineweaver—Burk plot of the reversed initial velocity of transesterification of levoglucosan (20-
300 mM) with ethyl acetate (50-300 mM) in function of reversed concentration levoglucosan: a) acetonitrile
(ACN) and b) cyrene (CYE).

The results suggest that the reaction rate mainly depends on the LGCom concentration.
Furthermore, decreasing acyl donor concentration increases the slope and decreases the
intercept on the 1/V0 axis up to the 1/Vmax limit, where a mixture of non-parallel and intersecting
narrow lines can be observed. The specific shape of the slope of these lines is influenced by the
concentration of fixed substrate. The same was observed when we increased the size of the acyl
donor alkyl chain through ethyl oleate (see ANNEX D).

These results indicate a mechanism that requires the association of the second substrate
to the enzyme-substrate complex before formation of the product. This suggests that the slope
and intercepts were affected by LGCom in a partially uncompetitive inhibition (Bisswanger, 2017),

for both solvents. This is confirmed by Dixon plot (Bisswanger, 2017), through reciprocal plot of
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initial rate in function of the concentration of possible inhibitor (LGCom), showing nonlinear curves

characteristic of this type of inhibitor (Figure 48) (Bisswanger, 2017).
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Figure 48: Dixon plot of initial rate reciprocal plot of LGCom transesterification with ethyl acetate (50-300
mM) in function of LGCom concentration (20-300 mM) in: a) acetonitrile (ACN); b) cyrene (CYE).

In most cases, induced substrate inhibitions are not complete because the inhibitor
escapes from the EB complex at a reduced and finite rate (Punekar, 2018). In this context, some
authors have reported enzymatic inhibition by both the acyl donor and alcohol (Hari Krishna &
Karanth, 2002; Lopresto et al., 2014; Zaidi et al., 2002), on the contrary other authors established
enzymatic inhibition only by acid (Bisswanger, 2017; Ortiz, Ferreira, Barbosa, Dos Santos, et al.,
2019) or alcohol (Garcia et al., 1999; Yadav & Lathi, 2003).

When the ethyl acetate concentration varied, for fixed LGCom concentration, the reaction
rates increase with increasing LGCom concentration and the lines do not cross the same point
above the horizontal and vertical axes for both solvents, indicating that the inhibition is stronger
at low concentrations of LGCom, as can be seen in the shape of the curve for 20 mM and a
negative cooperativity for concentrations greater than 200 mM (Figure 49). The plots obtained for
ethyl oleate were like the short-chain acyl donor, suggesting that chain size does not change the

reaction profile (see ANNEX D).
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Figure 49: Lineweaver—Burk plot of initial rate of LGCom transesterification (20-300 mM) in function of ethyl
acetate concentration (50-300 mM) in: a) acetonitrile (ACN); b) cyrene (CYE).

According to the results, an ordered bi-bi sequential mechanism with dead-end inhibition
is suggested (Segel, 2013), where a reaction with two substrates forms two products — being
widely accepted to describe the general kinetics of lipase-mediated esterification reactions,
following the kinetics of Michaelis-Menten. In this reaction the substrate A first binds with the free
enzyme E and forms an enzyme-A complex AE. The second reactant B then combines with AE
to form a ternary complex AEB or it may react with free enzyme to yield a dead-end complex (EB).
This ternary complex then transfers to another ternary complex P1EP2, which releases the first
product (P1), and then the second product P2 and the free enzyme (Papamichael et al., 2019).
The general kinetics equation is expressed considering the possibility of inhibition by both
substrates that form dead-end complexes with the enzyme (alcohol) or with the intermediate acyl
complex (Sousa et al., 2021; Wallace Cleland, 1989). In an ordered bi-bi system the two
substrates lead to two products, where the initial velocity in the absence of products is given by

the Eq. 5:

Vmax[A] [B]
KiaKmp + Kmb[A] + Kma[B] + [A][B]

V= Equation 5
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Those terms in the denominator representing free E are multiplied by (1 + [%]) (Itabaiana et al.,

i

2013).Therefore, the equation 6 becomes:

V= Vmax|A]L5] Equation 6

 KiaKmp (14 550) + KmplA] + (Kina(1+ 560 + [4][B]

Where V4, is the maximum velocity; v is the initial rate of reaction; [A] and [B] are the initial
concentrations of acyl donor and levoglucosan, respectively; K,,, is Michaelis constant for acyl
donor; K,,; is Michaelis constant for levoglucosan; K; is the dissociation constant for EB and K;,
is the dissociation constant for [A].

The Lineweaver-Burk plots obtained for different fixed concentrations of the substrates
can be used to find the kinetic parameters through the apparent value of the slopes and the
intercept. Whereby, Figure 50 was plotted again using the slope of the line corresponding to each
fixed concentration of levoglucosan and ethyl acetate. The data obtained showed good linearity
for both solvents. Furthermore, Figure 51 was obtained by plotting the intercept of each line
corresponding to the fixed LGCom concentration. The data showed good linearity which agrees

with what is expected for dead-end substrate inhibition in an ordered bi-bi sequential mechanism.
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Figure 50: Secondary plot of slope 1/[ethyl acetate] versus reciprocal concentration of 1/[LGCom] in two
solvents: a) acetonitrile and b) cyrene.

The Michaelis-Menten kinetic parameters determined from the Lineweaver-Burk plot are

summarized in Table 5. The magnitude of the differences in Km and the Ki values express,
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respectively, the differences in the affinity of the biocatalyst for the substrates and the inhibitory
effects of the substrate on the enzymes. These parameters are essential for expansion studies

and reactor design (CLELAND, 1963).

0
f=2

b)

4 4
- y =70.536x + 0.2108 &P
3 3.5 L 3 4 RE = 0.9988
2 3 : s 3
$ 25 3 2.5
T 2 - i} 2 ‘
g 1.5 o y = 62.648x + 0.351 g 1.5 s
3 5 - R = 0.9984 3 § .
:I-) ."v 2 [
£ 05 . E 05 o

g e
002 .00 0.02 0.04 0.06 002 .00 0.02 0.04 0.06
1/[Levoglucosan], mM-! 1/[Levoglucosan], mM-!

Figure 51: Secondary plot of intercept 1/[ethyl acetate] versus reciprocal concentration of 1[LGCom] in two
solvents: a) acetonitrile and b) cyrene.

The results showed that the constant Km of the transesterification reaction of ethyl acetate
in CYE (Kma = 25 mM) was lower than that of the reaction with ACN (Kna = 82 mM) while the
maximum reaction rate in CYE (Vmax = 4,60 pmol/min*Gen;) showed values close to the reaction
in ACN (Vmax = 4.10 pymol/min*Genz). Consequently, the catalytic efficiency (Vmax/km) (Da Silva et
al., 2020) for the reaction in CYE (0.184) is four times greater than in ACN (0.05) due to a better
affinity with the enzyme. In ACN, the size of the alkyl chain of the acyl donor did not affect the
reaction rate. However, there was a > 50% decrease in the Vmax/kma ratio due to an increase in
Kma. Different results for CYE showed a small increase of approximately 13% for ethyl oleate.
Although, Kia is lower for both acyl donors, which means a greater inhibitory effect on CYE than
on ACN. K, values for ethyl acetate and oleate indicated that N435 has a higher affinity for both
acyl donors and a low affinity for LG. In other works, the authors also reported a higher affinity for
the acyl donor using lipases. Pawar e Yadav (Pawar & Yadav, 2015) observed a 27-fold higher
affinity for vinyl acetate during regioselective monoacylation of 3—-3-aryloxy-1, 2-propanediol.

Zhang et al. (C. Zhang et al., 2021) when studying the enzymatic kinetics of the esterification of
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acetic acid with ethanol, observed that the acyl donor presented a K, = 137 mM while for the
alcohol K = 689 mM. On the contrary, |. ltabaiana Jr. et al. (Itabaiana et al., 2013) observed a
higher affinity for alcohol (Km = 43.4 mM) during esterification of solketal with stearic acid
biocatalyzed by CalB. Furthermore, the Vmax calculated in this work is close to that presented by
Yadav and Lathi (Yadav & Lathi, 2003) for the synthesis of butyl isobutyrate using N435 (Vmax =
0,02 mmol/min*Genz) and also, close values were found by Shang Sun and Bingxue Hu (S. Sun
& Hu, 2017) that reported greater affinities for the acyl donor with K, = 86 mM for the
transesterification of ethyl caffeate with glycerol catalysed by N435. Thus, despite favourable
kinetic results and thermostability for the cyrene better conversion results were obtained for
acetonitrile. According to Pérez-Venegas et al. (Pérez-Venegas et al., 2020)Calb in N435 is more
stable than in its free form. Thereby, it is suggested that its acquired during immobilization stability
favoured the application of CalB in ACN. On the contrary, the high viscosity of CYE may have
generated a negative result due to the increase in diffusion effects present in the immobilized
CalB which can be circumvented by increasing the temperature of the reaction medium in future

studies.

Table 5: Kinetic parameters obtained for the transesterification of different acyl donors in the presence of
LGCom in ACN and CYE.

Parameter / Values

Acyl
Solvent vV K, K,
donor max, mA, mB,
. Kia, (mM)  Ki, (MM)  Vmax/Kma
(Mmol/min*Genz) (mM) (mM)
EthAct 4,10 82 179 155 4 0,050
Acetonitrile
EthOle 4,17 196 452 136 2 0,021
EthAct 4,60 25 272 35 15 0,184
Cyrene
EthOle 4,46 19 106 24 28 0,235

Note: Ethyl acetate (EthAct) and Ethyl oleate (EthOle); Maximum velocity (Vmax); Michaelis constant for acyl
donor (Kma) and for levoglucosan (Kmb); Dissociation constant for EB (Kiz); Dissociation constant for acyl

donor (Ki) and catalytic efficiency (Vmax/Kma).
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5.3. Lipase-catalysed acylation of levoglucosan in continuous flow

One of the biggest obstacles in continuous flow chemistry is the handling of solids that
can form during the chemical reaction or in the piping that precedes the entry of reagents into the
reactor, usually leading to clogging of the channels. Furthermore, the low solubility of the starting
materials can make flow-through synthesis a challenging task (Bloemendal et al., 2020; Guidi et
al., 2020). Thus, and in order to obtain the best reaction conditions, the reagents were prepared
at a concentration of 40 and 100 mM, respectively, and submitted to solubility tests at different
temperatures (See ANNEX C).

According to the results obtained, it is possible to observe the insolubility of levoglucosan
in acetonitrile at temperatures less than or equal to 50 °C. For the acyl donors: lauric acid, vinyl
palmitate and vinyl oleate were soluble in all conditions analyzed, whereas laurate and vinyl
stearate were soluble at temperatures greater than or equal to 50 °C. In addition, for the molar
concentrations analyzed, the solubility profile remained constant, varying only with the
temperature change. Therefore, due to the low solubility of levoglucosan at temperature below
50°C and for the experimental conditions available in the laboratory, it was necessary to heat the

starting material before pumping it into the fixed bed reactor.

5.3.1. Optimization using DoE in a model reaction

The model reaction used was the esterification of levoglucosan with lauric acid (Figure
52). In the application of the experimental planning, the input variables used were temperature
(X1) and residence time (X2). And as response variable (Y) the conversion (%). In the CCD, 11
experiments were performed at random and the matrix of experiments with the obtained
conversion (%) responses are shown in table S1 (See ANNEX C). After the execution of all
experiments, a second-order equation was obtained:

Y =bo+ b4T + bot + b1T2 + b1t2+ b4 Tt (Equation 7)
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Where,

Y = conversion response (%); bi = coefficients of the generated model for T (temperature) and tr

(residence time).

The model equation coefficients were obtained using Equation 8 (BARROS NETO; et al., 2016;
VICENTINI et al., 2011) below:

b = (X*X)~1(X'Y) (Equation 8)

o T
OH N435 HO./.=z O
-0 o Acetonitrile o) . . Om.J 4 Ho
’ RJ\OH 50-70 °C Ho!
- i R (¢} O
OH OH 15-90 min, 40 mM \\4
Reactor Volume:
1 2 7,854 mL 3l R 3l 3am R

R= CH3(CH2)9CH2-

Figure 52: Esterification reaction of levoglucosan with lauric acid. *Reactor volume packed with N435:
7.854mL.

From the generated model it was possible to build the response surface and the level

curve (Figure 53a-b).
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Figure 53: a) Response surface and b) level curve of the conversion in the model reaction of esterification
of levoglucosan with lauric acid relating temperature and time.
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Based on response surface and levels curve analysis (Figure 53a-b) can verify that at
temperatures below 54 °C and short residence times (10-25 min) the conversion remained below
20%, increasing linearly with the increase of these two parameters, until reaching a maximum
conversion (55%) at 61 °C and 77 min. It was also observed that for temperatures above 69 °C
and residence times less than 30 min, the conversion tends to remain below 22%, indicating that
there is dependence between these two factors. Besides, there is an ideal working range between
60-62 °C and 70-80 min for maximizing conversion.

In the esterification reaction using carboxylic acid, one of the products formed is water, a
strong nucleophile in deacylation of the acyl enzyme, shifting the balance in the opposite
direction, i.e., hydrolysis of the product (this is a thermodynamically controlled synthesis)
(Chulalaksananukul et al., 1990; Rhee et al., 2003) and, consequently, decreasing the reaction
yield. To shift the balance towards the products and increase yield, it is common to use in excess
of one of the reagents or remove one of the products, usually water (Bornscheuer & Kazlauskas,
2005).

Alternatively, it is possible to obtain the products desired by changing the leaving group of
the acylating agent, avoiding, for example, formation of water in the reaction medium and,
furthermore, improve the solubility of the starting materials. Thus, after optimizing the temperature
and residence time, the best conditions obtained were applied in the model reaction by varying

the acyl donor output group (Figure 54).
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Figure 54: Acylation of levoglucosan with different acyl donors in 61 °C and residence time 77 min using
N435 as biocatalyst. Selectivity 3l-a: 4-O-Lauryl-1,6-anhydroglucopyranose; Selectivity 3ll-a: 3-OLauryl-
1,6-anhydroglucopyranose and Selectivity 3lll-a: 2-O-Lauryl-1,6 anhydroglucopyranose. Analyses were
performed in a gas chromatograph equipped with a mass spectrometry detector (GC-MS).

Better results were obtained using vinyl laurate as acylating agent, with conversion 74%,
selectivity 3l-a of 75% and 3lll-a of 25%. The formation of 3-O-lauryl-1,6-anhydro-glucopyranose
(selectivity 3ll-a) was not observed. According to Boissieere-Junot et al.(Boissiéere-Junot et al.,
1998) the orientation of the hydroxyls (axial or equatorial) or neighbouring substituent governs
the regioselectivity of acetylation catalysed by lipase. When the C3-OH is axial a high
regioselectivity is observed for the adjacent axial C4- or C2-OH (Boissieere-Junot et al.,
1998). Moreover, studies carried out by Uriarte et al.(Uriarte et al., 2018) suggest that in chair
conformation, interactions by intramolecular hydrogen bonds that occur between C3-OH and
oxygen in C6, both in the axial position, stabilize the molecule, decreasing its reactivity as a
nucleophile. As a result, a preference for 3l-a or 3lll-a must be observed (Boissieere-Junot et al.,
1998).

The low conversion and loss of selectivity obtained using ethyl laurate 40% may be related
to its partial solubility under applied experimental conditions. Contrary to that, the reaction in the

presence of completely soluble lauric acid showed a conversion 55%, 19% lower compared to
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the vinyl donor, however, better than the values reported by Galletti et al. (Galletti et al., 2007)
40% conversion using lauric acid for the batch reaction for about five days.

Another point to be highlighted is the vinyl alcohol formed that tautomerizes to
acetaldehyde irreversibly, a more stable compound that also contributes to shifting the chemical
balance in the direct direction of the reaction, thereby increasing the yield of the desired ester
(Yadav & Trivedi, 2003). The results suggest the great potential of vinyl acyl donors for the
synthesis of levoglucosan esters in continuous flow, not only for their solubility, but also for the

best conversions and selectivities obtained.

5.3.2. Synthesis of long-chain CFAEs

Finally, after screening, the promising results obtained in the acylation of levoglucosan
with vinyl donor motivated us to evaluate a complementary in flow approach regarding the
regioselectivity presented by CalB_Epoxy, applied to obtain CFAEs of levoglucosan in the batch
condition (do Nascimento et al., 2019).

The transesterification reaction was carried out in the presence of a series of vinyl esters
containing alkyl chains of variable length (C12-C18), as well as in the presence of

biocatalyst N435 used as reference. The results are shown in Table 6.
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Table 6: Regioselectivity in the enzymatic acetylation of levoglucosan in CH3CN with vinyl aliphatic esters
in continuous flow. Analyses were performed in a GC-MS.
o}

OH Immob. Enz. HO.. (2 ©O
-0 i Acetonitrile + R + O, FHOTX
R0 61°C < HO' HO" 2 o .
OH OH 77 min, 40 mM OH o hd
1 2 Reactor Volume: 31 R by-products
7,854 mL s
a:R= CH3(CH2)10
b: R= CH3(CH2)14
¢: R= CH3(CHy)46
d: R= CH3(CHy);CHCH(CH,),
Immob. Acyl Regioselectivity (%)
Entry
Enz. * Donor** 3l 3l 3l By-products
1 a 75 - 25 -
2 b 76 - 24 -
0
fr)
3 3 c 73 - 27 -
4 d 75 - 25 -
5 a 33 - 10 57
2
6 o b 50 - 15 35
Q.
I.ul
7 @ c 43 - 17 40
©
8 o d 45 - 14 41

*N435 = Novozym 435 (Candida antarctica lipase B), immobilized on macroporous acrylic type
ion exchange resin; CalB_Epoxy = Candida antarctica lipase B immobilized on epoxy support
by our research group and **2 equivalents, a = vinyl laurate, b = vinyl palmitate, ¢ = vinyl stearate
and d = vinyl oleate.

As a result, the formation of by-products using N435 was not observed. In contrast, there
was the formation of by-products in the presence of CalB_Epoxy, respectively (Table 6).

Regarding regioselectivity, N435 showed similar values between 23% for 3llla—d, and
77% for 3la—d for all acyl donors used, i.e., there was a preference for the hydroxyl linked to C4
for the acylation of levoglucosan. However, there was the formation of by-products
using CalB_Epoxy, reducing the selectivity for the desired products (Table 6 — entries 5-8). In
contrast to observed by Do Nascimento et al.(do Nascimento et al., 2019) for the batch reaction,
with N435 being more selective to produce lauric esters (99% at 50 °C) while CalB_Epoxy was
more selective to produce oleic esters (83% at 55 °C) of LG, respectively.
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Compared to the batch system (do Nascimento et al., 2019) the productivity values
obtained for the continuous flow reaction were higher in all samples, even with the loss of
selectivity for CFAEs using CalB_Epoxy (Table 7). Calculations obtained for specific activity
showed that CalB_Epoxy presented 41.33 U mg™" of protein, a value approximately 2.5 times
higher than that obtained for N435 of 16.53 U mg™" of protein. These results suggest that the high
specific activity for CalB_Epoxy may have contributed to significant gains for productivity,

although the selectivity values for CFAEs are lower than for N435.

Table 7: Comparative between the values of conversion and productivity for batch and continuous flow
systems

Productivity***

Entry Immob. Enz.* Acyl donor** Conversion (%)
Batch Continuous Flow
1 a 74 0.030 3.660
2 b 76 0.034 4.370
N435
3 c 57 0.034 3.511
4 d 85 0.035 5.211
5 a 59 0.003 0.511
6 b 99 0.010 1.500
7 CalB_Epoxy c 99 0.009 1.481
8 d 97 0.014 1.420

*N435 = Novozym 435 (Candida antarctica lipase B), immobilized on macroporous acrylic type ion exchange
resin; *CaLB_Epoxy = Candida antarctica lipase B immobilized on epoxy support by our research group **2
equivalent, a: vinyl laurate, b: vinyl palmitate, ¢: vinyl stearate and d: vinyl oleate. ***Productivity = mg of

product.h-'.Sa™ of biocatalyst.

For a better understanding of the results, it is important to highlight the differences
between the N435 and CalB_Epoxy biocatalysts. According to Ortiz et al. (Ortiz, Ferreira,
Barbosa, Dos Santos, et al, 2019) N435is a CalB immobilized by hydrophobic
adsorption via interfacial activation on a Lewatit VP OC 1600 resin used as a support. The same

protocol was applied by Do Nascimento et al. (Do Nascimento et al., 2019) in the immobilization
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of CalB, but in epoxy acrylate resin ECR 8205 (Purolite®), denominated CalB_Epoxy. Therefore,
the difference between the two biocatalysts lies in the support used for their immobilization and,
consequently, in the way these enzymes attach themselves to the solid material, which reflects
on their specific chemical, biochemical, mechanical and kinetic properties (Ortiz, Ferreira,
Barbosa, Dos Santos, et al., 2019).

As mentioned, in both biocatalysts the lipase was adsorbed on the hydrophobic surface
of the support via an interfacial activation protocol (Do Nascimento et al., 2019). This method of
immobilization has some advantages, for example, they can almost completely retain their activity
(Manoel et al., 2015). Moreover, it is less sensitive to variation in experimental conditions because
there is no conformational equilibrium to be changed (Bastida et al., 1998; Fernandez-Lafuente
et al., 1998; Hirata et al., 2016; Palomo et al., 2003). However, as it is a reversible immobilization
and based on hydrophobic interactions, enzymes can detach from the support and go to the
reaction medium, resulting in a loss of enzymatic charge with a subsequent decrease in its activity.

For biocatalysts N435 and CalB_Epoxy, leaching of the enzyme was not observed after
the passage of pure solvent through the fixed bed reactor. However, the reagents, as well as the
products formed during the reaction can lead to the desorption of the lipase molecules into to
reaction medium as well as the polymeric components of the support, contaminating the product,
as reported by Hirata et al. (Hirata et al., 2016) where free fatty acids and di or monoglycerides,
which have recognized detergent properties, favoured enzyme desorption. Furthermore,
bimolecular aggregates may have been formed in the immobilization and/or leaching during the
reaction with subsequent interaction between two open forms of the lipase (Palomo et al.,
2003). When this occurs, the effect can be quite negative because these dimers will be
immobilized along with the monomeric enzyme molecules. This phenomenon may have occurred
with CalB_Epoxy, changing its properties (Palomo et al., 2003, 2004).

Finally, the results for the recycling of biocatalysts suggested a low conversion loss in the
five applications, reinforcing the stability of the proposed system.
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Table 8: Recycling of biocatalysts applied in the transesterification reaction.

Conversion (%)

Immob. Acyl
Entry Enz.* donor**

| ] ] I\ \"/
1 a 71 66 64 58 49
2 b 69 65 62 55 51

N435

3 c 54 51 45 39 33
4 d 79 74 69 66 59
5 a 53 49 47 43 38
6 b 91 87 84 81 77
7 CalB_Epoxy c 95 92 88 83 79
8 d 93 89 84 79 72

*N435 = Novozym 435 (Candida antarctica lipase B), immobilized on macroporous acrylic type ion exchange resin;

*CaLB_Epoxy = Candida antarctica lipase B immobilized on epoxy support by our research group **2 equivalent, a:

vinyl laurate, b: vinyl palmitate, ¢: vinyl stearate and d: vinyl oleate.

5.3.3. Evaluation of
concentrations of CFAEs

interfacial

tension between oil/water

in different

Table 9 shows the theoretical values of HLB calculated for CFAs using the Becher

equation (equation (1)) (PAUL BECHER, 1988). These values between 4.42 and 5.91 and the

low solubility in water, especially for compounds from 2-4, suggest an application as a wetting

agent or as oil-soluble hydrophobic (w/o) emulsifiers (DAVIES, 1957).
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Table 9: Interface active properties of CFAs.

* Oil solubility i A
Entry Compound (mg.mL") HLB value IFT™"(mN.m1) CMC (mM)
1 MONLAU >100 5.91 8.98 53
2 MONPAL >100 4.80 8.63 50
3 MONEST >100 4.42 13.97 76
4 MONOLE >100 4.61 10.59 62

*Mixture of 4- and 2-: O-Lauryl-1,6-anhydroglucopyranose (MONLAU), O-Palmitoyl-1,6-
anhydroglucopyranose (MONPAL), O-Estearyl-1,6-anhydroglucopyranose (MONEST) and O-
Oleoyl-1,6-anhydroglucopyranose (MONOLE).

In this context, the behavioural trend values of CFAEs were measured through
experimental studies by the pendant drop method (Arashiro & Demarquette, 1999), of the

minimum interfacial tension (IFT™") in function of the concentration of CFAEs in oil-water (Figure

55).
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Figure 55: Relationship between the concentration of CFAs and interfacial tension.

The IFT™"is one of the key parameters that govern the compatibility between the
components of the blend (Wu, 1987). Itis results from the difference in energy between molecules

at a fluid interface when compared to their bulk counterparts (Berry et al., 2015). Compounds with
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properties such as surfactants tend to distribute themselves at interfaces between phases with
different degrees of polarity, forming a molecular film that reduces interfacial and surface tension.

In this context, a drop in the voltage value at the water—oil interface was observed with the
increase of the molar concentration of CFAEs in the oil and it remained practically constant after
50 mM, thus revealing a state in which the surfaces of the tested samples are saturated with the
CFAEs molecules. From this specific concentration, called critical micelle concentration (CMC),
thermodynamically stable molecular aggregates begin to form. The structure of the surfactant and
the experimental condition define how these molecules are submerged within the fluid (Kénnecker
et al., 2011).

Also, it is possible to note that compounds 1-2 (MONLAU and MONPAL) showed a similar
behavior, with a considerable decrease in IFT™" below CMC, in the range of 24.8 mNm™" and 86
mNm~, and with non-significant variations for high concentrations of CFAEs, above the CMC.
Thus, it is suggested a greater affinity of these molecules with the aqueous medium, compared
to compounds 3 and 4, so that these compounds were able to spread, and reduce the tension at
the interface with the aqueous medium more effective, at 50 mM. In contrast, MONEST and
MONOLE the CMC was greater than 60 mM and IFT™" in the range of 13.7-10.5 mNm™.

Preliminary evaluation of the active properties of the MONLAU product were reported by
Galletti et al., which obtained an HLB value of 5.9 and 45 mNm™" at 0.019 ng mm? (Galletti et al.,
2007). Furthermore, Kootery et al. suggest that monoacylated levoglucosan esters can be
considered as representative renewable surfactants (Parambath Kootery et al., 2014).

These results corroborate those obtained in this work of the 9.2 mNm™ at 53 mM for
MONLAU. Moreover, similar results were obtained for MONPAL e MONOLE, without description
in the literature, with 8.8 mMNm™" at 53 mM and 10.25 mNm™"' at 60 mM, which indicates lipophilic

water in oil emulsifier.
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5.3.4. Antibacterial assays

Staphylococcus aureus is a bacterium that is frequently encountered on the skin and
mucous membranes of both humans and animals. It is a pathogenic microorganism notorious for
its capacity to induce a diverse array of infections in humans (Howden et al., 2023). These
infections span from common skin ailments and abscesses to more severe conditions like
pneumonia, sepsis, and endocarditis (Malanovic & Lohner, 2016). Notably, certain strains of
Staphylococcus aureus exhibit resistance to antibiotics, with methicillin-resistant Staphylococcus
aureus (MRSA) being a prominent example. Treating MRSA infections can be particularly
challenging due to their resistance to conventional antibiotics (Howden et al., 2023; J. Kim et al.,
2023; Malanovic & Lohner, 2016).

The results referring the minimal inhibitory concentration and minimal bactericidal
concentration, of esterified compounds against Staphylococcus aureus strains, are shown
in Table 10. The alkyl chain length of CFAEs significantly influenced the antibacterial activity.
Among the tested substances MONEST and LG were not able to inhibit the growth of the selected
strains at concentration < 1 mM. Concerning the esterified products, MONLAU and MONOLE
showed higher activity, highlighting MONLAU which presented MIC values lower than that of the
lauric acid substrate. MONLAU was able to inhibit the growth of all MSSA and MRSA strains at
0.25 mM. Since, MRSA presents a multidrug-resistant pattern for variable antimicrobial classes,
such macrolides, fluoroquinolones, aminoglycosides, tetracyclines, and lincosamides (Algammal
et al., 2020), this is a promising result, once the World Health Organization (WHO) considers
methicillin-resistant and vancomycin intermediate, and resistant, Staphylococcus aureus to be a
high priority pathogen.

In Gram-positive bacteria such as Staphylococcus aureus, the lipid bilayer is

predominantly made up of phosphatidylglycerol, which contains branched fatty acids, notably with
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a significant proportion of anteiso C15:0 and C17:0 chains (Malanovic & Lohner, 2016). Regarding
CFAEs, a C12:0 alkyl chain length appears to be the most effective for intercalating into Gram-
positive bacterial membranes, thereby maximizing their antibacterial properties. However, an
increased in the alkyl chain length of CFAESs, diminished their affinity for bacterial cell membranes,

resulting in a loss of antibacterial efficacy.

Table 10: Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of products
and substrates against Staphylococcus aureus strains.

ATCC 25923 ATCC 29213 ATCC 33591 517
Compound
MSSA MSSA MRSA MRSA
0.25 mM 0.25 mM 0.25 mM 0.25 mM
MONLAU
0.25 mM2 0.25 mM2 0.25 mM2 0.25 mM2
MONEST >1.0 mM > 1.0 mM >1.0 mM > 1.0 mM
MONPAL >1.0 mM >1.0 mM 1.0 mM > 1.0 mM
MONOLE 1.0 mM 0.5 mM 0.25 mM 1.0 mM
Lauric Acid 0.5 mM 0.5 mM 0.5 mM 0.5 mM
Levoglucosan >1.0 mM >1.0 mM >1.0 mM >1.0 mM
T -1 -1 -1
Methicillin 0.5 pg.mL"" 0.25 pg.mL 4.0pg.mL 4.0 yg.mL

aminimal bactericidal concentration (MBC). MSSA: methicillin-sensitive Staphylococcus aureus. MRSA:
methicillin-resistant Staphylococcus aureus.

Due to this promising result, bactericidal and bacteriostatic modes of action of MONLAU
were evaluated, and the MBC assay indicated the bactericidal effect of MONLAU against all
strains (MIC = MBC), including for methicillin-resistant Staphylococcus aureus. This was the first
report on the antibacterial activity of levoglucosan fatty acid esters. MONLAU, against S. aureus,
showed higher activities compared to other CFAEs reported in literature, such sucrose
monolaurate (MIC = MBC = 0.4 mM) (K. M. Park et al., 2018), methyl a-D-glucopyranoside
monolaurate (MIC = 188 ug.mL™") (X. Zhang et al., 2015) and sucrose monocaprate (MIC > 400

ug.mL™") (J.D. Monk et al., 1996).
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Conclusion

In these studies, the integration of alkyl ester production with the transesterification of
commercial levoglucosan (LGCom) and levoglucosan obtained from cellulose pyrolysis (BoE)
was successfully achieved. Various lipases, both in free and immobilized forms, were employed
as catalysts in these reactions. Furthermore, NanoDSF technology revealed that the solvent used
could influence the thermostability of lipases.

The regioselectivity of the reactions was fully confirmed through a range of analytical
techniques, including NMR (1H, 13C, HMBC, HSQC, 1H,1H-COSY, NOEdiff), FTIR spectroscopy
(v, cm-1, KBr), HRMS (High-Resolution Mass Spectrometry), and GC-MS analysis. These
methods confirmed the formation of monoesters and the accurate esterification positions, which
were reported for the first time in levoglucosan esters.

The continuous flow synthesis of CFAEs was successfully optimized using Design of
Experiments (DoE), leading to substantial improvements in both productivity and regioselectivity,
particularly in the case of C4-OH, when compared to the batch process. Additionally, the recycling
of immobilized biocatalysts showcased the system's robust stability.

A preliminary analysis the variability in the alkyl chain length of CFAEs suggest a
significant impact on both their interfacial and antibacterial properties. Out of the CFAEs tested
with differing alkyl chain lengths, MONLAU (C12) exhibited the highest antibacterial activity and
MONPAL (C16) presented favourable surfactant properties at various monoester concentrations,
not previously documented in the literature. This research will aid in the structured investigation
of how the hydrophobic segment influences the functional characteristics of amphiphilic

compounds.

133



Future perspectives

+ To separate levoglucosan monoesters from positions C2 and C4, followed by their application
in tests to evaluate surfactant properties and biological activity.

+ To synthesize the short-chain levoglucosan esters in a continuous flow system and
subsequently apply them in biological activity assessments.

+ To investigate regioselectivity in the synthesis of short-chain levoglucosan esters in
continuous flow.

+ To carry out the production of levoglucosan esters in the presence of Cyrene as a solvent in

a continuous flow system.
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ANNEX A

A1. Hydrolytic Activity Assay

Table A1: Immobilization efficiency of e new biocatalysts compared to that of N435

Ha Sa
IPC (%) (U.g' of (U.mg" of
support)’  protein)°
N435'2 15.0 - 248.0 16.53
CalB_Epoxy 9.0 >99 372.0 41.33

3PC: immobilized protein concentration; ® Hydrolytic activity; ¢ Specific activity

Biocatalilyst Amount of protein
Immobilized (mg/g of support)

*IPC (%): (=2L) + 100
0

Po and Ps are the initial and final time protein concentrations in the supernatant (mg.mL-"), respectively.

> Hydrolytic activity (Ha): L= * M * 1000
*Va
Where, V and Vy, are the volume (mL) of NaOH solution used for sample and blank titration, respectively; t

is the reaction time (min); M is the molarity (mmol.mL-") and V. is the sample volume (mL).

U
milligrams of protein

¢ Specific activity (Sa):

A2. Hydrolytic activity of different lipases

Table A2: Hydrolytic activity of different lipases.

Lipases Description Hydrolytic activity (U.mg™)
Candida Rugosa from Rhizomucor miehei (CR) 24
Free
Candida antarctica B, recombinant from Aspergillus oryzae (CalB) 1.1
Novozym®435 (N435) 0.3
Immobilized
Novozym®40086 (N40086) 1.9
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A3. Calibration curve
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Figure S1: Calibration curve for different concentration of levoglucosan.
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ANNEX B

B1. Analytical Methods

"H-NMR, ®C-NMR; COSY, NOEDIFF, HMBC, HSQC and Dept135 spectra were recorded on a
Bruker Advance 400 and 500 MHz spectrometer. Reported chemical shifts (8) are expressed in
parts per million (ppm) down field from tetra methyl silane (TMS) and the coupling constant (J) in
Hz.

GC analysis was performed ona Shimadzu CG2010 — SLB-5MS capillary column 30 m, 0.25 mm
ID, 0.25 um film thickness (MS) and with helium used as the carrier gas. The injector and detector
temperatures were 250°C, and the oven was maintained at 80 °C for 4 min, increased to 200 °C
at a rate of 6 °C/min for 10 min, increased to 310 °C at a rate of 8 °C/min, when it was held
constant for 4 min, totalling 51.75 min. High Resolution Mass Spectrometric Analysis (HRMS).
Infrared spectra were obtained in KBr pellets (complexes), in NICOLET MAGNA FTIR-760 (4000-

400 cm™) spectrophotometer.

B1.1. GC-MS and FID

In this section, we will show the illustrative chromatograms obtained in the steps of higher product
conversions with their respective mass spectra, in the transesterification reactions with ethyl

laurate, ethyl palmitate, ethyl stearate and ethyl oleate for the synthesis of levoglucosan esters.
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Figure S2: Chromatogram of levoglucosan reaction medium with ethyl palmitate using N435 (derivatized)
55 °C. Peak with retention time at 9.2 for excess BSTFA.
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Figure S3: Chromatogram of levoglucosan reaction medium with ethyl palmitate using PS IM (derivatized)
55 °C. Peak with retention time at 9.2 for excess BSTFA.
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Figure S4: Chromatogram of Ievoglucosan reaction medium with ethyl oleate using calb_epoxy
(derivatized) 55 °C.

B.1.1.1. Solubility test for BoE in different organic solvent

Table B1: Insoluble; 2: Partially soluble and 3: Totally

soluble.
Temperature
Solvents
50°C 55°C 60°C
Acetonitrile 1 2 2
CPME 1 1 2
Cyrene 1 2 2

162



Fef

REE

chcfefefefaiefef.fd

Acetonitrile

Levoglucosan

chcieiofescgeish.sch

sicofeiefefafedef. e

T T T T T R T TR LS EE0 =

....................
e

Cyrene
Cyrene
Levoglucosan
| J

R N A A A YT R e

AR EEETEY

Cyclopentyl methyl ether

TITIT i T Tnnes it

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Figure S5: Chromatogram of BoE in different organic solvents at 55 °C.

B.1.2. HRMS

High Resolution Mass Spectrometric Analysis (HRMS) for 4-O-Lauryl-1,6-anhydroglucopyranose,

where a) found and b) calculated.

U
100 4 % § .
\ [C1gH3,06+ H]* [CigH3206+ Na]
50
l

— 3452232 (0)

3462257 (0)
3472284 (0)
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oA - |
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High Resolution Mass Spectrometric  Analysis (HRMS) for 4-O-Palmitoyl-1,6-

anhydroglucopyranose, where a) found and b) calculated.

(a)

£ int. (%)

400.2825 (0)
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CyoH, 004+ Nalt
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e to32607
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High Resolution Mass Spectrometric  Analysis (HRMS) for 2-O-Palmitoyl-1,6-

anhydroglucopyranose, where a) found and b) calculated.
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Resolution  Mass  Spectrometric  Analysis (HRMS) for
anhydroglucopyranose, where a) found and b) calculated.
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High Resolution Mass Spectrometric Analysis (HRMS) for4-O-Oleoyl-1,6-anhydroglucopyranose,

where a) found and b) calculated.
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