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ABSTRACT

Many sectors of industry, mainly food, cosmetics and
pharmaceutics, have increased their interest in esters due to their
flavor property. Flavor esters that possess an aromatic ring in their
molecular structure are also known as aromatic esters. These esters
are widely found in nature (fruits and plants) and the synthetic (i.e.
via chemical) and natural routes (i.e. via direct extraction from
nature or via biotechnology) are suitable for their biocatalysis.
Enzyme-catalyzed reactions are the most economical approach to
reach final green products with no toxicity and no harm to human
health. The study of the process parameters and their interaction
are very important to understand the system optimization and
achieve the maximum reaction yield to scale up. Benzyl propionate
and benzyl butyrate are aromatic esters that possess a fruity and
floral odor and are usually found in nature in the composition of
some fruits like plums and melons. This work aimed for the benzyl
esters biotechnological synthesis by esterification of benzyl
alcohol and acid using a new immobilized enzyme preparation
with low-cost material from Candida antarctica fraction B (NS
88011) and three commercial immobilized lipases (Novozym 435,
Lipozyme TL-IM and Lipozyme RM-IM) from Novozymes®.
Novozym 435 had the best performance even when the solvent
tert-butanol was absent of the reaction medium. Results from a 22

factorial design showed that an increase in the enzyme amount led



to a higher ester conversion, even when the temperature was kept
at the low value. Currently, no research had synthesized
successfully benzyl propionate via esterification mediated by
lipases. Aromatic esters can present some biological activities, in
addition to their fragrances. The antimicrobial activity of benzyl
butyrate was tested, and the results showed a good performance,
indicating that a low benzyl butyrate concentration was sufficient

to prevent bacterial growth.

Keywords: Flavor; Ester; Enzyme; Biocatalysis; Benzyl

propionate; Benzyl butyrate.



RESUMO

Muitos setores da industria, principalmente alimentos, cosméticos
e produtos farmacéuticos, aumentaram seu interesse em ésteres
aromaticos devido a sua propriedade de aroma. Estes ésteres sdo
amplamente encontrados na natureza (frutas e plantas) e as rotas
sintéticas (isto €, via quimica) e naturais (ou seja, via extracao
direta da natureza ou via biotecnoldgica) sdo adequadas para sua
biocatalise. As reacles catalisadas por enzimas sdo a abordagem
mais econdmica para alcancar produtos finais verdes sem
toxicidade e sem danos para a salde humana. O estudo dos
parametros do processo e sua intera¢do sao muito importantes para
entender a otimizagdo do sistema e alcangar o rendimento de
reacdo maximo para aumentar a escala. O propionato de benzila e
0 butirato de benzila sao ésteres aromaticos que possuem um odor
frutado e floral e geralmente sdo encontrados na natureza na
composicdo de algumas frutas como ameixas e meldes. Este
trabalho objetivou a sintese biotecnoldgica de ésteres de benzila
por esterificacdo de alcool benzilico utilizando uma nova
preparac¢do enzimatica imobilizada com material de baixo custo da
fracdo B de Candida antarctica (NS 88011) e trés lipases
imobilizadas comerciais (Novozym 435, Lipozyme TL-IM e
Lipozyme RM-IM) da Novozymes®. A enzima Novozym 435,
uma enzima imobilizada comercial bem conhecida, teve o melhor

desempenho mesmo quando o solvente tert-butanol estava ausente



do meio de reagdo. Os resultados do planejamento experimental
fatorial 22 mostraram que um aumento na quantidade de enzima
levou a uma maior conversdo de éster, mesmo quando a
temperatura foi mantida no menor valor. Atualmente, nenhuma
pesquisa sintetizou com sucesso o propionato de benzila por
esterificacdo mediada por lipases. Os ésteres aromaticos podem
apresentar algumas atividades biologicas, além de suas
fragréncias. A atividade antimicrobiana do butirato de benzila foi
testada e os resultados mostraram um bom desempenho, indicando
que uma baixa concentracdo de butirato de benzila foi suficiente

para prevenir o crescimento bacteriano.

Palavras-chave: Aroma; Ester; Enzima; Biocatélise; Propionato

de benzila; Butirato de benzila.
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CHAPTER I

1 INTRODUCTION

Flavor esters are significant and versatile compounds, also
known as important ingredients in food, beverages, cosmetics,
pharmaceuticals, chemicals and personal care products, like perfumes,
body lotions, face creams, shampoos, soaps, shower-shaving gels and
other toiletries, due to their flavor and fragrance properties (SHINTRE;
GHADGE; SAWANT, 2002; LI et al., 2014; SILVA et al.,, 2014;
AKACHA; GARGOURI, 2015; TODERO et al., 2015; BADGUJAR;
PAI; BHANAGE, 2016).

Many aromatic esters are flavor esters that have an aromatic
ring in their molecular structure. These esters are usually obtained via
direct extraction from plant or fruit source; however, disadvantages make
this technique inadequate for industrial applications including the
seasonal and climatic dependency of the source, besides the low yield and
high production costs needed for extraction and purification
(BADGUJAR; SASAKI; BHANAGE, 2015; GAO et al., 2016; GUMEL,;
ANNUAR, 2016a; SANTOS et al., 2016).

The chemical production of aromatic esters also possesses
several drawbacks and environmental impacts in the production and
purification processes, such as the use of hazardous chemicals and
catalysts, toxic solvents and high temperature and pressure. Moreover,
chemical synthesis presents high costs due to the lack of substrate
selectivity and by-products removal, long reaction times, excessive

consumption of energy and possible corrosion of the equipment.
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Furthermore, the final products cannot be legally labeled as natural and
the synthesized esters contain traces of toxic impurities, which may result
in humans’ health complications. Therefore, all these factors make the
process industrially disadvantageous (KHAN; RATHOD, 2015;
MOHAMAD et al., 2015; SILVA et al., 2015; WANG et al., 2015;
MANAN et al., 2016).

Biotechnology is a technique that uses living organisms (or
parts of them) to make or modify products, to improve plants and animals
or to develop microorganisms for specific uses (BICAS et al., 2010).
Biotechnological transformations (i.e. microbial and enzymatic routes)
are employed in ester production and among various biotechnological
processes, the lipase-catalyzed reaction is economically viable for flavor
and aromatic esters synthesis (GARLAPATI et al., 2013; STENCEL;
LEADBEATER, 2014). Biocatalysis applied in ester production is a
useful and promising alternative green tool, which offers several
advantages, such as high specificity and chemo-, regio- and stereo-
selectivity, high yields in mild reaction conditions (low temperature and
pressure), reduction of by-products formation, biocatalyst reusability, low
energy consumption and reduction of the overall production costs (KUO
et al., 2014; FERRAZ et al., 2015). In addition, aromatic esters produced
by microbial or enzymatic methods are labeled as natural in accordance
with the United States and European Legislations, thereby satisfying the
consumer trend towards natural products in various industries
(LESZCZAK; TRAN-MINH, 1998; VANIN et al., 2014; TOMKE;
RATHOD, 2015).
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1.1 OBJECTIVES

1.1.1 General Objective

This work aims to study the production of bioactive aromatic
benzyl esters (benzyl propionate and benzyl butyrate) by enzymatic

esterification with different lipases in a solvent-free system.

1.1.2 Specific Objectives

= Analyze the principal parameters of esterification reaction on the
benzyl esters synthesis, like temperature, molar ratio, reaction
kinetics and enzyme type and concentration of biocatalyst
(Novozym 435, Lipozyme RM-IM, Lipozyme TL-IM and NS
88011).

= Study the utilization of molecular sieves in the esterification of
benzyl esters.

= Evaluate the effect of organic solvent tert-butanol and the
efficiency of ultrasound in the ester conversion.

= Evaluate the antimicrobial activity of benzyl butyrate against

Gram-positive and Gram-negative bacteria.
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CHAPTER I

This chapter is a review article entitled “A review on
enzymatic synthesis of aromatic esters used as flavor ingredients for
food, cosmetics and pharmaceuticals industries” published in 2017 in
the periodic Trends in Food Science & Technology.

GRAPHICAL ABSTRACT

: ih
/ /

B 5; =
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p 21wt

2 A REVIEW ON ENZYMATIC SYNTHESIS OF AROMATIC
ESTERS USED AS FLAVOR INGREDIENTS FOR FOOD,
COSMETICS AND PHARMACEUTICALS INDUSTRIES

Esterification
reaction

2.1 INTRODUCTION

The present work presents an overview of the current state of
the art of aromatic esters production by enzymatic route, considering the
main effects in the reaction media conditions and enzymes used,
providing knowledge about the latest advances and most relevant process
parameters related to their synthesis. This study also reviews the recent

techniques used, optimization and Kinetics aiming to improve the reaction
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yield and scale up. This review also describes applied trends in
enzymatic-catalyzed reactions, pointing alternatives to production, like
ultrasound-assisted reactions and process optimization of aromatic esters.
Furthermore, this review presents perspectives concerning biological
potential in ester production, modern progress in aromatic esters

encapsulation and the future trends, challenges and prospects in this field.

2.2 BIOFLAVORS

Flavors are composed of different organic chemicals, such as
hydrocarbons, alcohols, aldehydes, ketones, acids, esters or lactones. The
low volatility and low molecular weight, usually lower than 400 Da, are
responsible for a range of sensorial sensations attributed to the flavors
(LONGO; SANROMAN, 2006).

Flavor and aromatic esters are widely found in nature and
confer pleasant organoleptic impact attributes, including fruity, floral,
spicy, creamy or nutty aromas (BERGER, 2009; YADAV; DHOOT,
2009; GAO et al., 2016). These properties make possible a great variety
of applications in the food sector in many beverages, candies, jellies,
jams, wines and dairy products (BIALECKA-FLORJANCZYK et al.,
2012; AKACHA; GARGOURI, 2015) and also in the cosmetic industry,
as fragrances in perfumes, deodorants, creams and soaps and flavors in
lip cosmetics. However, besides the fragrance they can also have others
properties, such as emollient, surfactant and antioxidant, which make
possible their application in many formulations of creams, shampoos and
anti-aging creams (BECKER et al., 2012; KHAN; RATHOD, 2015).
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The rapid absorption, metabolic excretion, low level of use and
the lack of significant genotoxic and methanogenic potential make the
aromatic esters Generally Recognized as Safe (GRAS) for use as flavor
ingredient since 1965 by the Flavor and Extract Manufacturers
Association (FEMA) Expert Panel (ADAMS et al., 2005a). Furthermore,
some international regulations determine that aromatic esters have no
safety concerns when used as flavoring agents. European Commission,
Food and Drug Administration (FDA) and International Joint FAO/WHO
Expert Committee on Food Additives (JECFA) approve these esters for
food additives (COF, 2000; JECFA, 2001; FDA, 2013).

The global market for flavors and fragrances was valued at $
26.0 billion in 2015. This market should increase from $ 27.1 billion in
2016 to $ 37.0 billion in 2021 at a compound annual growth rate (CAGR)
of 6.4 % and grow to $ 33.5 billion by 2019 (BBC, 2016).

2.3 ENZYMES

Enzymes are non-toxic biocatalysts that accelerate the rate of
reactions and are highly versatile in the catalysis of various types of
reactions using mild conditions. Enzymes have attracted significant
attention due to their high specificity, high chemo-, regio-, and stereo-
selectivity, ease of processing, broad substrate array and ability to succeed
organic transformations in various reaction media (GRYGLEWICZ;
JADOWNICKA; CZERNIAK, 2000; SHARMA; KANWAR, 2014;
BADGUJAR; BHANAGE, 2015). Among the enzymes, lipases are
important because of the large number of reactions which they can

catalyze in organic systems, high stability, versatility and low commercial
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cost (PAROUL et al., 2011; JAKOVETIC et al., 2013b; GIUNTA;
SECHI; SOLINAS, 2015).

The global market for industrial enzymes reached nearly $ 4.9
billion in 2015. This market should increase from $ 5.0 billion in 2016 to
$ 6.3 billion in 2021 at a compound annual growth rate (CAGR) of 4.7 %
(BBC, 2017).

2.3.1 Lipases

Lipases (triacylglycerol hydrolases, EC 3.1.1.3) play an
important role in organic synthesis and flavor biotechnology (DUBAL et
al., 2008; WU et al., 2014). These enzymes are responsible for the
hydrolysis of lipids to fatty acids and glycerol, and possess the ability to
catalyze several reactions, such as esterification (alcohol and carboxylic
acid), transesterification (ester and alcohol), interesterification (ester and
acid) and transfer of acyl groups from esters to other nucleophiles (e.g.
amines and thiols) (HORCHANI et al., 2010; MENDES; CASTRO;
GIORDANO, 2014; PALUDO et al., 2015; TOMKE; RATHOD, 2015;
HOANG; MATSUDA, 2016; NARWAL et al., 2016).

Lipases are abundant in nature and found in multiple
organisms, but yeast and fungi are the main sources of lipases for
industrial applications. Most commercially important lipase-producing
yeasts belong to the class of ascomycetes like Candida sp. Novozymes®
(Denmark), DuPont® (United States) and Roche® (Switzerland) are the
main companies for the production and commercialization of lipases
(GUPTA et al., 2015).
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The practical use of homogeneous biocatalysis (free enzyme)
has some disadvantages on industrial process economics because of low
solvent, thermal, mechanical and operational stabilities and no
recyclability, which leads to high production costs. To overcome these
limitations, efforts have been taken by researchers to develop several
advance skillful immobilization techniques (SHARMA; KANWAR,
2014; BADGUJAR; BHANAGE, 2015; FERRAZ et al., 2015), which
offer many process advantages: lower production cost, increased activity,
specificity and selectivity, improved structural stability, reduction of
inhibition, ease of separation, recovery and further reuse of the biocatalyst
due to the heterogeneous characteristic (DHAKE et al., 2011;
BANSODE; RATHOD, 2014; KUO et al., 2014; NARWAL et al., 2016).

2.4 AROMATIC ESTERS

Flavor esters that possess an aromatic ring in the molecular
structure are also known as aromatic esters. These esters are broadly
present in nature and confer pleasant organoleptic attributes, such as
fruity and floral smell and taste, which make possible a great variety of
applications in the food, pharmaceuticals and cosmetic industries
(BERGER, 2009; YADAV; DHOOT, 2009; DHAKE et al., 2012; GAO
etal., 2016). The main aromatic esters are benzyl, cresyl, anisyl, eugenyl,
cinnamyl, phenethyl, benzoate and cinnamate esters. The applications and
natural occurrences of these esters are shown in Table 1 (ADAMS et al.,
2004, 2005a, 2005b; BELSITO et al., 2012; MCGGINTY; LETIZIA,
API, 2012; MCGINTY; LETIZIA; API, 2012a; APl et al., 2015, 2016a).
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The biotechnological production of these aromatic esters is an
alternative to natural source and has the possibility of scale up to
industrial applications. Some studies have been made in this area, with
different immobilized lipases as the heterogeneous biocatalysts in the
synthesis of benzyl acetate (GARLAPATI et al., 2013), cinnamyl acetate
(BADGUJAR; SASAKI; BHANAGE, 2015) and 2-methyl benzyl acetate
(DHAKE et al., 2012). Tables 2 to 6 present the main reaction parameters
for the synthesis of benzyl, cresyl, anisyl, eugenyl, cinnamyl, phenethyl,
benzoate and cinnamate esters, respectively.

Aromatic esters production via enzymatic route is a green
process alternative and the process variables are important for the final
conversion and reaction yield. The molar ratio of substrates, type and
amount of enzyme, nature of substrates, temperature, reaction time,
agitation speed and use of organic solvents have a great impact on the
process production. The optimization of the process by the study of the
individual effects and interactions is useful to achieve high product yield
and conversion (GENG et al., 2012; PAROUL et al., 2012; STENCEL,;
LEADBEATER, 2014).
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2.4.1 Effect of acyl donors

The main reaction for the esters production is the esterification,
which occurs between the alcohols (acyl acceptor) and acids (acyl donor).
A disadvantage of the enzymatic esterification is the possibility of low
yield production, because of a severe enzyme activity deactivation due to
the high acid concentration in the reaction medium (BADGUJAR;
BHANAGE, 2014a). Therefore, the choice of the substrates can affect
directly the conversion and yield results. Meanwhile, researchers have
presented that it is possible to reach good results using acid and alcohol
for ester synthesis, as shown in a study of esterification between benzyl
alcohol and butyric acid (molar ratio 1:1) to produce benzyl butyrate,
reaching 82 % of yield in 24 h (JEROMIN; ZOOR, 2008).

Transesterification is an alternative to avoid the drawbacks
found in the esterification and improve the ester conversion and yield.
The transesterification occurs between alcohols (acyl acceptor) and esters
(acyl donor). Vinyl esters are usually employed in the transesterification
and thanks to the isomerization of the vinyl alcohol, that prevents the
opposite reaction, it is able to promote higher conversions in the synthesis
process. However, the co-product acetaldehyde may have unfavorable
deactivation effect on some enzymes, so another alkyl esters can be used
in order to overcome this drawback, such as ethyl acetate and methyl
butyrate (KUO et al., 2012, 2014; BADGUJAR; BHANAGE, 2015).

Some researchers have shown this behavior related for
esterification and transesterification in the aromatic ester production, like
the synthesis of benzyl propionate with propionic acid as acyl donor. The

results showed lower initial reaction rate and conversion (8 % in 2.5 h)
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for the enzymatic catalysis, probably due to the acting of acid as a potent
inhibitor of enzyme activity. On the other hand, tests made with methyl
propionate and vinyl propionate as acyl donor indicated that the reaction
with vinyl propionate had the conversion increased substantially (99 %)
than that with methyl propionate (17 %) in the same conditions. The low
conversion reached when methyl propionate was used as acyl donor was
probably due to the presence of methyl alcohol that is a side product of
the transesterification reaction and was able to compete with benzyl
alcohol for nucleophilic attack on carbonyl ester and inhibits the reaction
rate to yield (BADGUJAR; BHANAGE, 2014a). Other study presented
the benzyl butyrate synthesis using butyric acid, ethyl butyrate and vinyl
butyrate for esterification and transesterification, respectively. The results
showed that the reaction with vinyl butyrate had a better conversion (~99
%) than that with butyric acid (~ 40 %) and ethyl butyrate (~ 50 %) in
similar reaction parameters (BADGUJAR; BHANAGE, 2015).

2.4.2 Effect of enzyme

The utilization of immobilized enzymes in the synthesis of
many products aims high process specificity, selectivity, productivity and
easy recuperation. Several aspects might influence the activities of these
biocatalysts, such as the enzyme source and the nature of immobilization
support. As the main source, microorganisms can produce many enzymes
and naturally present strong influence in the final structural
characteristics, which modify the biocatalysts properties and activities

even in similar reaction parameters (MARTINS et al., 2014).
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Moreover, the nature of the immobilization support can alter
the lipases properties making difficult the access of the substrate to the
enzyme active site. The impediment to access the active site may occur
due to the hydrophilic or hydrophobic characteristic of the support
material, and can cause partition of the substrates and products or
blocking of the active site during the immobilization process. The
immobilization protocol is also an important aspect because it changes
the enzyme activities even when it is immobilized on the same support
(MARTINS et al., 2014).

Many commercial lipases are available for purchased and
widely used in a range of catalysis. The commercial immobilized lipases
most used are Novozym 435®, Lipozyme TL-IM® and Lipozyme RM-
IM®, from Novozymes®, and each one has a different lipase source,
support material and immobilization method. Novozym 435® is the
Candida antarctica B lipase, immobilized in Lewatit VP OC 1600, a
macro-porous resin with a hydrophobic surface. Lipozyme TL-IM® is a
Thermomyces lanuginosus lipase, immobilized in a hydrophilic gel
silicate and Lipozyme RM-IM® is a Rhizomucor miehei lipase,
immobilized in a support of Duolite ES562, a weak anion-exchange resin
based on phenol-formaldehyde copolymers. Regarding the
immobilization protocols, Novozym 435® is prepared via interfacial
activation on the hydrophobic surface of the support, while Lipozyme
RM-IM® and Lipozyme TL-IM® are immobilized via anionic exchange
(MARTINS et al., 2014). All these differences of the biocatalysts make
the comprehension of the substrates interactions on the enzymes activities

in different systems more complex.
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In laboratory scale, studies easily show how these influences
(i.e. lipase source, immobilization method and type of immobilization
support) affect the reaction conversion results. Researchers evaluated the
efficacy of Novozym 435®, Lipozyme RM-IM® and Lipozyme TL-IM®
to synthesize cinnamyl laurate in similar conditions. The final conversion
of 60, 16.5 and 9 % in 2 h, respectively, showing the Novozym 435® is
the most adequate immobilized enzyme to this reaction system. These
results indicate that the different lipase sources and immobilization
material can really affect the conversion results (YADAV; DHOOT,
2009).

In addition, another important factor is the enzyme amount,
which regards some attention for economic and industrial viability. In
industrial applications, there is a great interest in the study of the process
parameters to achieve lower production costs and to obtain the maximum
productivity. Enzyme amount affects significantly the economic
feasibility of the entire process. The higher biocatalyst amount assisted
rapid enzyme-substrate complex formation, which resulted in a higher
conversion, but a very high quantity of the enzyme leads to their
agglomeration, which can block the substrate sites for enzyme attack
(KHAN; RATHOD, 2015; WANG et al., 2015; BADGUJAR; PAI,
BHANAGE, 2016). Thereby, the excess of the enzyme amount has no
contribution to the reaction rate and must be controlled in order to

guarantee high conversions and low cost.
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2.4.3 Effect of molar ratio

The molar ratio is the ratio of acyl donor (i.e. acids, esters or
anhydrides) and acyl acceptor (i.e. alcohols) used in the ester
biosynthesis. The quantity of the substrates is an important factor to
determine their influence on enzyme activity and subsequent reaction rate
(BADGUJAR; SASAKI; BHANAGE, 2015). Thereby, the study of the
best molar ratio is a very important parameter for any catalysis system
that aims to reach great conversions, no loss of the enzyme activity and
no waste of reagents.

The acid, at high concentrations, may present an inhibitory
effect and cause a reduction in the enzyme catalytic activity
(BADGUJAR; BHANAGE, 2014a, 2015; BADGUJAR; PAI,
BHANAGE, 2016). In order to counterbalance the inhibitory influence of
the acid in the enzyme activity on the esterification, some researchers
recommend the use of a higher concentration of alcohol. However, a large
increase of alcohol amount may also decrease the conversion due to the
polar character of this reactant, which shows hydrophilic interaction with
the water layer present on the enzyme surface and causes changes in the
protein structure of the enzyme with consequent inhibition and reduction
of the activity (SHINDE; YADAYV, 2014; BADGUJAR; BHANAGE,
2015; WANG et al., 2015; GUMEL; ANNUAR, 2016a).

The high quantity of alcohol in the formulation also leads to
higher costs, from the economic point of view, due to the need of
purification. Therefore, researchers have been studying different
substrates molar ratio to avoid unnecessary amounts of alcohol. The
production of benzyl acetate (MAJUMDER; GUPTA, 2010) and ethyl
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cinnamate (SHARMA,; CHAUHAN; KANWAR, 2011) with 1:1 molar
ratio (alcohol/acid) reaches 82 % and 54.1 % of conversion, respectively,
showing the possibility to reach good conversion results with no need of
a higher concentration of alcohol.

Another study showed the effect of the substrates molar ratio
on the enzyme activity in the biocatalysis of benzyl propionate. Results
indicated a conversion decrease with the increase of benzyl alcohol
guantity. This behavior present the inhibitory effect of the benzyl alcohol,
which may form a dead-end inhibition complex with the biocatalyst at
higher concentrations, reducing the enzymes binding sites and
consequently decreases the reaction rate (BADGUJAR; BHANAGE,
2014b).

Some researchers investigated the effect of the molar ratio in
the conversion of the subtrates for the eugenyl acetate and phenylethyl
acetate synthesis. For eugenyl acetate production, using various molar
ratios (1:1, 1:3, 1:5 eugenol/acetic anhydride), the maximum yield was
99.86 % after 6 h of reaction at 50 °C with 1:3 molar ratio (CHIARADIA
et al.,, 2012). The 2-phenylethyl acetate synthesis, with two different
molar ratios of substrates (2:1 and 4:1 vinyl acetate/2-phenylethyl
alcohol), presented the best conversion of 94.81 % at 36 h with 4:1 molar
ratio (KUO et al., 2014).

2.4.4 Effect of reaction media
Esterification is generally a water-limited reaction because the

equilibrium by hydrolytic enzymes is in favor of the hydrolysis (inverse

reaction). The esterification resulted in the formation of water as a
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reaction by-product and its removal using molecular sieves might
enhance the synthesis of the ester by pushing the reaction equilibrium in
the forward direction (SHARMA; CHAUHAN; KANWAR, 2011).

The use of organic solvent media for enzymatic aromatic ester
synthesis presents some advantages, such as increased substrates and
products solubility and the shifting of the thermodynamic reaction
equilibrium to favor esterification over hydrolysis (AKACHA,;
GARGOURI, 2015; PATEL et al., 2015). The nature of the solvent
influences the activity, selectivity and stability of the enzymes. In general,
lipases are more stable when suspended in non-polar solvents that have
low solubility in water. The choice of the organic solvent for the
enzymatic reactions is essential to offer good solubility of the substrate in
reaction media, without affecting the catalytic power of the enzyme
(SHINDE; YADAYV, 2014; BADGUJAR; PAI; BHANAGE, 2016).

The log P concept (the partition coefficients between water and
solvent, which correlated with solvent hydrophaobicity) determines the
effect of the organic solvents on the reaction rate and the yield. Solvents
with low log P values are more hydrophilic and tend to strip away the
water present on the surface of the enzyme. Solvents with intermediate
log P (> 4) are more suitable for the aromatic esters synthesis (SINGH et
al., 2008; YADAV; DEVENDRAN, 2012; WANG et al., 2015, 2016).
Some studies have shown good results by the use of isooctane for benzyl
propionate, benzyl butyrate, benzyl cinnamate, anisyl butyrate and oleyl
cinnamate (LUE et al., 2005; BADGUJAR; BHANAGE, 2014a, 2015;
WANG et al., 2015; ZHANG et al., 2016), heptane for 3-phenylpropyl
acetate, 2-methylbenzyl acetate, phenyl acetate and hexyl benzoate
(SHINDE; YADAYV, 2014; BADGUJAR; SASAKI; BHANAGE, 2015),
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hexane for benzyl acetate, 2-methylbenzyl acetate, 2-phenoxybenzyl
acetate and p-cresyl acetate (DHAKE et al., 2011, 2012).

On the other hand, the use of solvents may have some
drawbacks associated with the separation costs and presence of harmful
residual substances at the final product, which could be prejudicial to
human health. In this scenario, lipase-mediated synthesis of aromatic
esters under solvent-free systems has significant importance due to the
absence of toxic solvents, which eliminates the need of recuperation,
downstream and purification processes and reduces the environment
hazards (GENG et al., 2012; PAROUL et al., 2012; GARLAPATI;
BANERJEE, 2013; SILVA et al., 2015). The most important advantage
is the possibility of high reaction conversions, as shown in benzyl acetate
synthesis study under a solvent-free system with final conversion of 100
% (MAJUMDER et al., 2006).

Recently, there is an increase of interest in the use of green
solvents for enzymatic ester production, such as dense gases like
supercritical carbon dioxide, due to the low cost, non-toxicity, non-
flammability, inertness, recyclable, environmentally friendly and
moderate critical properties (Pc = 7.38 MPa and Tc = 304.2 K).
Supercritical fluids are defined as fluids above their critical temperature
and pressure, having liquid-like densities and gas-like diffusivities.
Therefore, they appear as suitable solvents for enzymatic reactions. The
low viscosity and high diffusivity of supercritical CO, also serve to
provide favorable mass transfer properties (LONGO; SANROMAN,
2006; CENI et al., 2010b; SANTOS et al., 2016). There are a few studies
using supercritical fluids (CO2, 10 MPa) for aromatic esters synthesis,
such as benzyl acetate (TEWARI et al.,, 2004) and eugenyl acetate
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(SANTOS etal., 2016). The experimental apparatus used for the synthesis
of eugenyl acetate is a high-pressure stirred-bath reactor unit, using
Novozym 435® as the biocatalyst and eugenol and acetic anhydride as
substrates. After 1 hour of reaction under CO; pressurized the samples
reached 33.2 % of conversion (SANTOS et al., 2016). However, there is
a lack of investigation around the use of supercritical fluids for aromatic

ester synthesis.

2.4.5 Effect of temperature

Temperature is a crucial key parameter for biocatalysis, which
facilitates reactants solubility in reaction media, reduces mixture
viscosity, boosts the molecular collision interface, reduces mass transfer
limitations and assists the interactions between enzyme particles and
substrates. Temperature increases the molecular collision interaction and
causes a decrease in the energy barrier between reacting molecules and
enzyme-substrate complex formation, which causes improvement in
initial reaction rate and conversion. Enzymes are biocatalysts, stables at
an optimal range of temperature, however, some modification on the
catalytic activity and stability can occur when the temperature increases
beyond the optimum temperature, leading to enzyme thermal deactivation
(CENI et al, 2010a; BADGUJAR; SASAKI; BHANAGE, 2015;
GUMEL; ANNUAR, 2016a; MANAN et al., 2016).

In aromatic ester production, many researchers showed that the
optimum temperature of an enzyme might change depending on the
system used. The utilization of Novozym 435® in the synthesis of 2-

phenethyl caffeate and cinnamyl acetate with different temperatures (70
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and 40 °C, respectively) showed that the large range of temperature did
not present great effect in the final conversion for both esters, which
remained 93.1 and 96% for 2-phenethyl caffeate and cinnamyl acetate,
respectively (CHEN et al., 2011; YADAV; DEVENDRAN, 2012).

2.5 ULTRASOUND-ASSISTED SYNTHESIS TECHNOLOGY

Ultrasound is an emergent energy-efficient technique and
recently has been used for flavor and aromatic ester synthesis. The
technique is able to increase the initial rate and enhance mass transfer of
the reactions. Furthermore, ultrasound method is a green technology with
high efficiency, economic performance and low instrumental requirement
(ZHENG et al., 2013; KHAN; RATHOD, 2015; PALUDO et al., 2015;
TOMKE; RATHOD, 2015).

Ultrasound is the sound energy at frequencies above the range
that is audible to human beings (> 16 kHz). The cycles of compression
and rarefaction of the sound waves can generate a phenomenon known as
cavitation, which comprises the formation, enlargement and collapse of
bubbles, increasing the rate of enzymatic reactions. When cavitation
bubbles collapse near the phase boundary of two immiscible liquids, it
can provide a very efficient stirring. The collapse of the bubbles produces
localized supercritical conditions (high temperature and high pressure).
However, ultrasound reactions at very high intensity can lead to the
disruption of the enzyme structure and low intensity of ultrasound will
not result in the desirable cavitation effect (CENI et al., 2011; CHEN et
al., 2011; BANSODE; RATHOD, 2014). Researchers produced benzyl

butyrate, anisyl butyrate and o-cresyl butyrate with ultrasound technique
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and reached 99 % of yield, in 3 h at 52 °C, for these aromatic esters. On
the other hand, the reactions performed without the use of ultrasound at
the same conditions presented low conversions of 57 %, 55 % and 43 %
for benzyl butyrate, anisyl butyrate and o-cresyl butyrate, respectively
(BADGUJAR; BHANAGE, 2015). These results show the efficiency of
the utilization the ultrasound technique in aromatic esters production,
being a promising technology to increase the initial rate of reaction and

yields.

2.6 SYSTEM OPTIMIZATION

Optimization plays a significant role in the commercial success
of the biotechnological industry based on quality, cost and the process
performance. The conventional method of optimization requires
screening of a large number of variables, many experiments, with plenty
time and resources. Experimental design approach provides an easy and
efficient evaluation of the main reaction variables, such as temperature,
time reaction, enzyme amount and the molar ratio of substrates, which
improves the biocatalyst activity and the conversion in the esters synthesis
(CHAIBAKHSH et al., 2012; SHINDE; YADAV, 2014, 2015;
NARWAL et al., 2016).

The response surface methodology (RSM) technique is an
innovative powerful tool for the aromatic esters synthesis, able to
determine the optimum reaction conditions necessary to scale up the
process and to reduce the number and cost of experimental tests need to
provide statistically acceptable results (RADZI; HANIF; SYAMSUL,
2016; ZHANG et al., 2016). The statistical method of RSM was employed
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to optimized the synthesis of eugenyl benzoate, by 5-level-4-factor central
composite design (CCD) with the parameters of incubation time (2 - 18
h), temperature (30 - 70 °C), molar ratio of acid to alcohol (1:1 - 1:5) and
enzyme loading (5 - 45 mg). The highest yield of eugenol benzoate was
56.1 %, at 60°C, 6h of reaction, 15 mg of enzyme loading and molar ratio
1:4 (MANAN et al., 2016). The same method was used for the synthesis
of benzyl cinnamate; the reaction variables were time (18 - 30 h),
temperature (30 - 50 °C), molar ratio of acid to alcohol (1:1 - 1:5) and
enzyme loading (20 - 40 mg). Under optimized conditions (40 °C, 31 mg
of enzyme loading, 1:2.6 molar ratio and 27 h) the yield reaches 97.7%
(ZHANG et al., 2016).

2.7 ENZYMATIC KINETICS

Kinetic modeling and mechanistic study of a reaction are
important aspects for reactor designing and scale up. Several mechanisms
are available to explain lipase-catalyzed reactions and usually follows
Ping-Pong Bi-Bi or ternary complex (order Bi-Bi) mechanism (YADAYV;
DHOOT, 2009; KUO et al., 2014).

In the Ping-Pong Bi-Bi mechanism, the reaction occurs
between two substrates and a product is released. For the aromatic ester
synthesis, firstly the lipase (E) combines with the acyl donor (Ad) (i.e.
acid, ester or anhydride) and forms an enzyme-acyl donor complex (E-
Ad). E-Ad is transformed into an intermediate complex (E-Ac) by
molecular isomerization. Then, the acyl acceptor (Aa) (i.e. alcohol)
combines with E-Ac to form an enzyme-acyl-alcohol complex (E-Ac-

Aa), which isomerizes into another enzyme-product ester complex (E-Q)
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and releases the desired product (Q) and frees the enzyme. Equation 1
defines the reaction rate (V) of the Ping-Pong Bi-Bi mechanism (GENG
etal., 2012; JAKOVETIC et al., 2013a).

— Vinax- [Ad]() . [Aa]()

V= (1)

Kaa-[Ad]y+ Kag[Aaly+ [Ad]y.[Aa],

Sometimes the acyl acceptor (Aa) acted as a competitive
inhibitor of lipase, forming a dead-end complex (E-Aa), which impeded
the lipase to combine with the acyl donor (Ad). An additional parameter
is necessary to describe the reaction rate with inhibition and Equation 2
describes adequately the kinetic expression (GENG et al., 2012;
JAKOVETIC et al., 2013a).

_ Vméx‘[Ad]o‘[Aa]o
Kaar[Adly+ Kag-[Aalo(1+ "2+ [Ad], [Aal,

(2)

The Ping-Pong Bi-Bi mechanism describes the enzymatic
synthesis of some aromatic esters, such as cinnamyl acetate with ethyl
acetate (Ad) and cinnamyl alcohol (Ac). The increase of cinnamyl alcohol
concentration decelerated the initial rate of the reaction and shows that
cinnamyl alcohol acted as a competitive inhibitor of the lipase due to the
formation of a dead-end complex, which stops the lipase to combine with
ethyl acetate (GENG et al., 2012).

The Lineweaver-Burk graph can determine the inhibition from
substrates, by plotting initial rates at different concentration of substrates
(BADGUJAR; PAI; BHANAGE, 2016). In the study of the benzyl
propionate synthesis using vinyl propionate as acyl donor, Lineweaver-
Burk plot showed a decrease in the initial rate with a high concentration
of benzyl alcohol, which reveals that the alcohol acts as an inhibitor of
the enzyme for the benzyl propionate synthesis (BADGUJAR,;
BHANAGE, 2014a).
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In the ternary complex mechanism (order Bi-Bi), the lipase (E)
binds with the acyl donor (Ad) to form enzyme-acyl donor complex (E-
Ad). Then, the acyl acceptor (Ac) combines with E-Ad to form a ternary
complex (E-Ad-Aa). This ternary complex isomerizes to another ternary
complex (E-Q-W), which releases the desired product (Q) and water (W)
and frees the enzyme (YADAV; DHOOT, 2009; BADGUJAR; PAI,
BHANAGE, 2016). Some studies describes the ternary complex
mechanism for the enzymatic synthesis of aromatic esters, such as
cinnamyl laurate using cinnamyl alcohol (Ac) and lauric acid (Ad)
(YADAV; DHOOT, 2009). Other research showed the kinetic parameters
calculated for the benzyl propionate production, suggesting that the
ternary complex mechanism fits the data (BADGUJAR; BHANAGE,
2014a). The same mechanism explains the cinnamyl propionate synthesis
with cinnamyl alcohol and vinyl propionate; however, with a high
concentration of cinnamyl alcohol, there is the formation of a dead-end
binary inhibition complex between the enzyme and the cinnamyl alcohol,
instead of the enzyme and vinyl propionate, reducing the reaction rate and
conversion (BADGUJAR; PAI; BHANAGE, 2016).

2.8 BIOLOGICAL ACTIVITIES OF FLAVOR ESTERS

Emerging studies demonstrate that aromatic esters may present
biological activities, such as antioxidant, antimicrobial and larvicidal
properties (BERGER, 2009). Studies have shown that benzyl and methyl
benzoate, benzyl and cinnamyl acetate have larvicidal properties against
larvae of Aedes aegypti mosquitoes (PAVELA, 2015). Eugenyl acetate,

an ester derived from eugenol, the main compound of clove essential oil,
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also had antimicrobial and larvicidal properties (CHIARADIA et al.,
2012; SILVA et al., 2015).

The phenolic compounds (e.g. flavonoids) present
advantageous biological and physiological properties, such as
antimicrobial, pest repellents, anti-allergenic, anti-inflammatory,
anticarcinogenic and antimutagenic properties. The modification of these
compounds, via esterification to produce useful derivatives with a great
commercial importance, has been the subject of increased interest aiming
to improve the solubility and stability of these compounds (LUE et al.,
2005; VOSMANN et al., 2008; YADAV; DHOOT, 2009; CHEN et al.,
2011; ZHENG et al., 2013).

Benzyl benzoate is one of the oldest drugs used for the
treatment of scabies, a highly contagious skin infection. It is common
worldwide, but is more conspicuous in the areas with poor sanitation and
overcrowding. The mite Sarcoptes scabiei burrows into the skin and
consumes the epidermis, resulting in inflammation, allergy reactions and
pruritic lesions. There are adversities associated with the use of benzyl
benzoate, like severe burning sensation, itching and scaling of the skin,
after repeated use. Therefore, the to