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Abstract: Interest in the synthesis and application of thymol esters has increased in recent years due
to the numerous applications associated with its biological activities. The enzymatic synthesis of
thymol octanoate by esterification of thymol and octanoic acid was explored using soluble lipases
and immobilized lipase biocatalysts in solvent-free systems. Candida antarctica lipase B in its soluble
form was the most active biocatalyst for this reaction. Different thymol and lipase feeding strategies
were evaluated to maximize thymol octanoate production. The results suggest that there could be
lipase inhibition by the ester product of the reaction. In this way, the optimal reaction condition was
given using a thymol/acid molar ratio of 1:4 mol/mol. Under these conditions the conversion of
thymol was close to 94% and the lipase maintained more than 90% of its initial activity after the
reaction, showing the potential of the enzyme to be used in successive reaction cycles.
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1. Introduction

Natural products are widely demanded due to their content of bioactive molecules
[1] and play an important role in drug development, there being a significant number of
drugs obtained from them that are currently marketed [2]. Recently, thymol and its de-
rivatives have gained a lot of attention due to their various biological functions, their
phyto-pharmaceutical applications, and as a food preservative [1].

Thymol (2-isopropyl-5-methylphenol) is the main monoterpene phenol found in es-
sential oils extracted from plants belonging to the Lamiaceae family, such as those of the
genera Thymus, Ocimum, Origanum, Satureja, Thymbra, and Monarda [3-7]. Thymol has
antioxidant [8-10], anti-inflammatory [11-13], antibacterial [14-16], antifungal [17], an-
tiparasitic [18,19], mosquito repellent [20], and larvicide [21] properties, among many oth-
ers [22-24].

Occasionally, the use of thymol is limited due to low palatability (unpleasant taste
and odor) [25], moderate cytotoxicity for human and animal cells [26,27], reduced passive
transport through membranes due to its hydrophobicity [28], high volatility [29], and
problems of dissolution in water, emulsification, and chemical stability [30], among oth-
ers.

The esterification of terpenic alcohols, and in particular thymol, has solved several
of these problems and, at the same time, enhanced the biological activity [1,31-35]. Thy-
mol esters with antifungal [36,37], antibacterial [28,38], antiparasitic [19-39], larvicidal
[40,41], anti-inflammatory [42,43], antinociceptive [44,45], and anticonvulsant [46] activity
have been reported. In addition to increased activity, thymol derivatives showed low tox-
icity [28,39,44], fewer adverse effects [42,43], higher lipophilicity [28,43], lower volatility
[28], and an easier transport through membranes [33,47].
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Thymol esters and carboxylic acids (linear and/or branched) have been extensively
studied. Figure 1 presents some of these thymol derivatives. The esters of thymol and
carboxylic acids showed greater activity and stability than the starting compounds, while
their toxicity was reduced. Esterification considerably reduces the odor and taste of thy-
mol and, on the other hand, protects the carboxyl group, reducing unwanted effects of
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Figure 1. Main esters with biological activity obtained by esterification of thymol and linear and
branched carboxylic acids [19,28,36-39,44,48].

Terpene esters have been shown to be active before undergoing enzymatic hydrolysis
[46]. On the other hand, the hydrolysis of the ester bond allows the gradual release of the
esterified compounds [49], and consequently a gradual release of the activity. These com-
pounds can be considered prolonged-release prodrugs [49].

Even though the interest in the synthesis of thymol esters has grown remarkably, the
reaction methodologies have not been updated; however, three basic approaches and
some slight modifications of these have been reported. Thymol esters have been obtained
from carboxylic acid chlorides dissolved in dichloromethane (CH2Clz). This solution is
slowly added to a solution of thymol and NaOH [36,44]. A modification of this method-
ology involves the use of triethylamine (EtsN) as the base instead of NaOH [28,37,38].
Steglich esterification [50] has been used for the synthesis of a large number of thymol
esters. In this methodology, thymol and the corresponding carboxylic acid are dissolved
in CH2Cl, the addition of N,N'-dicyclohexylcarbodiimide (DCC) allows the activation of
the carboxylic group by increasing the electrophilicity of the carbonyl, and 4-dimethyla-
minopyridine (DMAP) is used as the catalyst [41,42,46,47]. A modification of this synthe-
sis methodology involves the use of the carboxylic acid anhydride and thymol in a solu-
tion of EtsN, DMPA as the catalyst, and CH2Clz as the reaction solvent [41]. The reaction
between chlorides or anhydrides of the corresponding carboxylic acid and thymol, dis-
solved in pyridine, has been reported as the third form of synthesis of thymol esters. In
this case, pyridine would act as the solvent and catalyst of the reaction [19,48].

As mentioned, thymol esterification has only been studied chemically, using highly
corrosive, irritating, allergenic, and/or toxic compounds that are dangerous to human
health and the environment [36-38,41,42,46—48]. The processes for the separation and pu-
rification of thymol esters involve the use of chromatography and/or hazardous solvents
[43,45-47], which makes them impractical on other scales.

Enzymatic esterification is an extremely attractive methodology due to the mild re-
action conditions and the lesser or null generation of by-products. The enzymatic
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esterification of phenolic alcohols has been scarcely studied, contrary to what occurs with
phenolic acids (phenolcarboxylic acids) [51-53]. However, some phenol esters have been
obtained using free and/or immobilized lipases with promising results. Tyrosol and hy-
droxytyrosol esters were synthesized with yields ranging from 25 to more than 90% using
Novozym 435 [54-57]. Vanillic alcohol has been esterified with different fatty acids with
yields greater than 70% [58,59]. Capsaicin esters and capsaicin analogs were obtained with
yields between 25 and 80% depending on the synthesis conditions and using lipase B from
Candida antarctica (CALB) [60]. On the other hand, the synthesis of m- and p-cresol esters
was carried out successfully using organic acids with chain lengths between C2 and C18
and lipase from porcine pancreas and Rhizomucor miehei lipase (RML) [61]. Esters of alco-
hols derived from catechol were synthesized using Novozym 435 [62,63]. Recently, the
esterification of different phenolic compounds and hexanoic acid was carried out with
CALB and the effect of the substituents in the aromatic ring on the biological activity of
the obtained esters was evaluated [64]. In this work, the enzymatic esterification of thymol
and octanoic acid was studied for the first time to obtain a hybrid molecule (or mutual
prodrug) [65,66] that combines and enhances the properties of thymol and the antimicro-
bial activity of the octanoic acid [67,68]. Different experimental conditions were explored
to minimize enzyme inhibition and optimize ester production. All reactions were carried
out in solvent-free systems, which make this synthesis methodology even more attractive
from economic and environmental points of view [69-72].

2. Results and Discussion
2.1. Evaluation of the Performance of Lipases in Free Form

The performances of Candida antarctica lipase B (CALB), Rhizomucor miehei lipase
(RML), Thermomyces lanuginosus lipase (TLL), Candida rugosa lipase (CRL), Burkholderia ce-
pacia lipase (BCL), and porcine pancreas (PPL), all in free form and in aqueous solution,
were evaluated in the esterification reaction of thymol and octanoic acid in a solvent-free
system. Table 1 shows the conversion of octanoic acid after 24 h of reaction at 50 °C using
different lipases.

Table 1. Esterification of thymol and octanoic acid using lipases in soluble form in a solvent-free
system. Reaction conditions: 2 mmol of octanoic acid, 2 mmol of thymol, 200 uL of enzymatic aque-
ous solution, 50 °C and 24 h of reaction.

Lipase Source Octanoic Acid Conversion (%)
Candida antarctica 30.8+24
Rhizomucor miehei 0.0+0.0

Thermomyces lanuginosus 102+1.2

Candida rugosa 0.0+0.0

Burkholderia cepacia 1.4+0.0
Porcine pancreas 0.0+0.0

Although lipases have a similar architecture and reaction mechanism, the shapes and
physicochemical properties of the substrate binding sites for each of them are different. In
the selected lipases, the binding site is located within a pocket; the shape, depth, and phys-
icochemical properties of the substrate-binding pocket vary for each of the lipases. The
substrate-binding pocket of CALB is a steep elliptical funnel of 9.5 x 4.5 A, the BCL-bind-
ing pocket is also an elliptical funnel with a diameter of 4.5 A but with a length of 17 A.
The length of the binding site is 22 A for CRL and RML, with diameters of 4 and 4.5 A,
respectively [73].

With this simplified idea of lipase binding sites, we can understand that, when faced
with bulky substrates, the greatest activity will occur in enzymes with binding sites of
shorter length and greater diameter. In this way, the interactions of the substrates with
the different amino acid residues present in the binding site of the substrates are
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minimized. Figure 2 shows a reduced model of CALB with thymol in the vicinity of the
acyl enzyme formed after the coordination of octanoic acid with serine from the lipase
active site. It is possible to see the proximity of the thymol to the walls of the CALB bind-
ing site; this generates numerous interactions with the present amino acid residues, limit-
ing the approximation towards the acyl enzyme.

Figure 2. Reduced model of CALB with thymol in the vicinity of the acyl enzyme.

2.2. Performance Evaluation of Immobilized Lipases

The use of the immobilized enzyme, whenever possible, is extremely interesting
since it provides several advantages. First, the immobilized enzyme biocatalyst can be
easily recovered and reused. Secondly, immobilization usually improves the stability of
the enzyme (against changes in temperature, pH, solvents, etc.). Even more, on some oc-
casions, depending on the enzyme and the type of immobilization technique, it is possible
to increase its activity.

In this context, the esterification reaction of thymol and octanoic acid was carried out
using immobilized Candida antarctica lipase B. On the one hand, the performance of the
commercial biocatalyst Novozym 435 was evaluated, and on the other hand, this lipase
was immobilized on Immobead 150. Immobead 150 is a resin functionalized with epoxy
groups. This solid has interesting characteristics for the immobilization of lipases. First,
its hydrophobic nature allows the opening of the lipase lid due to the polar/non-polar
interface that occurs between the support and the (aqueous) enzymatic solution. Secondly,
the surface oxirane groups can react with the residues of some amino acids of the lipase,
generating immobilization by means of covalent bonding [74]. Thus, an active biocatalyst
can be obtained while minimizing the leaching of the lipase into the reaction medium. The
immobilization process was also combined with the molecular imprinting or bioimprint-
ing technique. This procedure generates conformational changes in the enzyme using sub-
strates (or substrate analogs) of the same, leading it to a more active conformation because
the active site has been preformed [74].

Benzoic acid, ibuprofen, and thymol were used as bioimprinting agents. The biocat-
alysts obtained by immobilization of CALB on Immobead 150 and by immobilization
combined with bioimprinting were named as follows:

- CALB-Immo: lipase B from Candida antarctica immobilized on Immobead 150,

- CALB-Benz-Immo: lipase B from Candida antarctica immobilized on Immobead 150 +
bioimprinting with benzoic acid,

- CALB-Ibu-Immo: lipase B from Candida antarctica immobilized on Immobead 150 +
bioimprinting with ibuprofen,
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- CALB-Thy-Immo: lipase B from Candida antarctica immobilized on Immobead 150 +
bioimprinting with thymol.
Table 2 presents the protein immobilization efficiency for each of the synthesized bi-
ocatalysts.

Table 2. Efficiency of protein immobilization in the synthesis of biocatalysts.

Biocatalyst Immobilization Efficiency (%)

CALB-Immo 33.4+4.7
CALB-Benz-Immo 741+4.1
CALB-Ibu-Immo 89.7+64
CALB-Thy-Immo 90.0 +4.5

The immobilization efficiency was increased when a bioimprinting agent was added.
This improvement in immobilization efficiency is directly related to the better contact be-
tween the support and the enzymatic solution due to the surfactant effect promoted by
the bioimprinting molecules. Since the support is nonpolar in nature, and the immobili-
zation medium is polar, the addition of compounds that behave as surfactants improve
the contact between the support and the immobilization medium, producing an increase
in the percentage of immobilized protein on Immobead [74,75].

Table 3 shows the conversion of octanoic acid after 24 h of reaction at 50 °C catalyzed
by immobilized lipase B from Candida antarctica.

Table 3. Esterification of thymol and octanoic acid using immobilized lipase. Reaction conditions: 2
mmol of octanoic acid, 2 mmol of thymol, 15% biocatalyst (with respect to the mass of acid), 50 °C,
and 24 h of reaction.

Biocatalyst Octanoic Acid Conversion (%)
Novozym 435 2.8+0.1
CALB-Immo 43+0.3
CALB-Benz-Immo 46+0.8
CALB-Ibu-Immo 47+0.7
CALB-Thy-Immo 53+0.3

The activity of immobilized lipase biocatalysts in the esterification of thymol and oc-
tanoic acid was considerably lower than that shown by soluble lipase. The biocatalysts
obtained by immobilizing CALB on Immobead 150 showed greater activity than Novo-
zym 435. The bioprinting process generated an increase in enzyme activity. The studied
bioimprinting agents are large molecules that are enzyme substrates and could generate
important conformational changes before immobilization. The immobilization process
fixes that more active conformation and then the bioprinting agent is removed to obtain a
more active biocatalyst. Despite the increase in activity due to bioimprinting, the soluble
lipase activity was not recovered in any of the cases. The low activity of the immobilized
lipase could be associated with two phenomena: on the one hand, the absence of the nec-
essary water for the enzyme to have the conformational changes so that the substrate(s)
reach the active site, and, on the other hand, the bonds between the enzyme and the sup-
port can seriously limit the conformational changes necessary for the lipase to be active,
particularly against such bulky substrates as thymol. With this idea in mind, the esterifi-
cation reaction was carried out using Novozym 435 under the same conditions as above
but using different concentrations of water in the reaction system (10-40% by weight with
respect to the mass of octanoic acid). However, no increase in acid conversion was ob-
tained for any of the concentrations tested. It is probable that the cause of the low activity
of the immobilized lipase, in comparison with the soluble lipase, is given by the confor-
mational changes that the lipase cannot have due to being fixed to a support.
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At this point it is important to take into account that for all the tests carried out with
the immobilized lipase it was necessary to establish a protocol to minimize errors due to
the adsorption of the acid on the biocatalyst support. Table 4 shows the percentage of acid
adsorbed on Novozym 435 after each n-heptane wash when a non-reactive adsorption
study was performed.

Table 4. Octanoic acid adsorption test results on Novozym 435.

Adsorption after the First Wash Adsorption after the Second Wash
(%) (%)
Novozym 435 21.8+3.6 44+17

Biocatalyst

Overestimations of the acid conversion of more than 20% can occur if an adequate
washing of the biocatalyst is not performed. At least three washes were necessary to
achieve the complete quantification of the unreacted acid in the system under study.

2.3. Synthesis of Thymol Octanoate Using CALB

Based on the previous results, lipase B from Candida antarctica in its soluble form was
selected to optimize the conditions for the synthesis of thymol octanoate.

To assess the potential inhibitory effect on CALB generated by thymol, the thy-
mol/octanoic acid molar ratio was varied between 3:1 and 1:4 (mol/mol). Figure 3 shows
the conversion of octanoic acid for thymol/acid molar ratios 1:1 to 3:1 (mol/mol), in which
acid is the limiting reagent.

35 q

Octanoic acid conversion (%)

j &l 2 3:1

Thymol/acid ratio (mol/mol)

Figure 3. Change of the conversion of octanoic acid as a function of the molar ratio of substrates.
Reaction conditions: 2 mmol of octanoic acid, 200 uL of CALB solution (50.5 mg mL™ of protein), 50
°C, 24 h, and magnetic stirring at 200 rpm.

The observed changes in acid conversion (Figure 3) as a function of the variation in
thymol mass are not statistically significant. These results would indicate that there is no
inhibitory effect of thymol on CALB activity. However, the progress of the reaction could
be limited due to steric hindrances that hinder the movement of thymol through a win-
dow created by the CALB conformation to the substrate-binding pocket of the lipase
and/or the efflux of the ester from the active site to the reaction medium. The esterification
of thymol and octanoic acid was performed by feeding both thymol and lipase in stages
to avoid any undetected inhibitory effect and to maximize thymol octanoate production
the reaction time was extended to 48 h. All of the acid (2 mmol) was fed at the initial time
and the following thymol and lipase feeding options were evaluated:

(a) An amount of 2 mmol of thymol and 200 uL of CALB solution at the start of the
reaction,
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(b) An amount of 2 mmol of thymol at the beginning and CALB solution in two steps
(100 pL at the beginning and 100 uL at 24 h)

(c) A volume of 200 uL of CALB solution at the beginning and thymol in two steps (1
mmol at the beginning and 1 mmol at 24 h)

(d) thymol and lipase in two stages (50% at the beginning and 50% at 24 h).

Figure 4 shows the octanoic acid conversion for each of the tests carried out after 48
h of reaction.

35 -
30 4
25 4
20 |

a b e d

Octanoic acid conversion (%)

Reaction conditions

Figure 4. Octanoic acid conversion after 48 h of reaction for different feed conditions of thymol and
CALB; (a) thymol and CALB solution in one stage, (b) thymol in one stage and CALB solution in
two stages, (c¢) CALB solution in one stage and thymol in two stages, (d) thymol and CALB solution
in two stages. Reaction conditions: 2 mmol octanoic acid, 50 °C, magnetic stirring at 200 rpm.

There are no statistically significant changes in acid conversion for any of the condi-
tions studied. Even more, after 48 h of reaction it was not possible to exceed the conversion
reached after 24 h of reaction. Probably, in addition to the steric hindrances that limit the
arrival of thymol to the active site of lipase, there is inhibition of the enzyme by the prod-
uct of the reaction.

Figure 5 shows the conversion of thymol in the esterification reaction using thy-
mol/octanoic acid molar ratios ranging from 1:4 to 1:1 (mol/mol). The thymol conversion
reached values of the order of 94% when the reaction was carried out with a thymol/acid
molar ratio of 1:4 mol/mol. On the other hand, by reducing the concentration of thymol in
the reaction system, the conversion of octanoic acid was between 20 and 24%, without
major changes compared to systems with higher concentrations of this substrate.

100 1

90

30 A

2 .

20 A

Thymol conversion (%)

10 A

11 12 13 14
Thymol/acid ratio (mol/mol)

Figure 5. Change of the conversion of thymol as a function of the molar ratio of substrates. Reaction
conditions: 2 mmol of octanoic acid, 200 pL of CALB solution (50.5 mg mL" of protein), 50 °C, 24 h,
and magnetic stirring at 200 rpm.
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Figure 6 shows the overlay of chromatograms corresponding to the esterification of
thymol and octanoic acid. The black line shows the chromatogram corresponding to a
sample at the beginning of the reaction, and the red line corresponds to the chromatogram
of a sample after 24 h of reaction. In the figure, the peaks corresponding to the substrates
and thymol octanoate can be clearly identified.

Octanoic acid

Thymol

Thymol octanoate

LJJL

TT T [T T T T [T T[T T [T T [T [ T T T T T T T [T T T [T T [T T T T [T T[T o ooT
15 20 25 30 35 40 45 50 55 60 85 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140

Time (min)

Figure 6. Overlapping of chromatograms corresponding to samples from the beginning and end of
the esterification reaction of thymol and octanoic acid. Reaction conditions: 2 mmol of octanoic acid,
0.5 mmol of thymol, 200 uL of CALB solution, 50 °C, and 24 h of reaction. The black line corresponds
to the sample at the beginning of the reaction, the red line corresponds to the sample at the end of
the reaction.

Figure 7 shows the change in thymol conversion as a function of reaction time when
it was carried out using 2 mmol of octanoic acid, a thymol/acid molar ratio 1:4 mol/mol,
200 pL of the CALB solution, 50 °C, and magnetic stirring at 200 rpm.

100 ~
SR e
= } __________ L 4
= RN
g "
S i
: 60 i
L¥]
s
E A0 i
= ;
=
=

20 A

0 . T T T T T T T T T T T T

0 2 4 6 8§ 10 12 14 16 18 20 22 M4

Time (hours)

Figure 7. Variation of thymol conversion as a function of reaction time. Reaction conditions: 2 mmol
of octanoic acid, 0.5 mmol of thymol, 200 pL of CALB solution, 50 °C, and magnetic stirring at 200
rpm.
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The reaction proceeds rapidly in the first hour, reaching approximately 50% conver-
sion of the thymol present in the reaction system. Then there is a significant change in the
reaction rate and it continues slowly until reaching a conversion close to 94% after 24 h of
reaction. This significant reduction in the reaction rate after the first hour of initiation
could be associated with the inhibition of lipase by the product formed and/or the diffi-
culty for the product to exit from the vicinity of the active site into the medium of reaction.

The esterification reaction using low concentrations of thymol was carried out in
stages to increase the production of thymol octanoate and to use unreacted acid. For this,
the esterification was carried out with a thymol/acid molar ratio of 1:4 mol/mol using 100
uL of the CALB solution. After 24 h of reaction, another 0.5 mmol of thymol was added
along with the remaining 100 uL of CALB. The reaction continued for another 24 h. Under
these conditions the conversion of thymol was 59.5 + 4.8%, and 0.62 + 0.032 mmol of thy-
mol octanoate were generated. This value is practically the same as that obtained by car-
rying out the reaction with thymol/acid molar ratios of 1:1, 2:1, and 3:1 mol/mol. Table 5
shows the moles of thymol octanoate generated for each of the molar ratios tested. Based
on the results reported in Table 5, it seems that the generation of thymol octanoate is lim-
ited. The maximum production of the ester is around 0.60 mmol and it could not be ex-
ceeded by changing the molar ratio of substrates or by feeding thymol and lipase in stages,
using 10.1 mg of soluble CALB. This content of thymol octanoate in the reaction medium
could lead to inhibition of the enzyme.

Table 5. Thymol octanoate production for different thymol/octanoic acid molar ratios and residual
lipase activity after use. Reaction conditions: 2 mmol of octanoic acid, 200 uL of CALB solution, 50
°C, and 24 h of reaction.

Thymoll/{:tcilod Molar Thymol Octanoate Produced (mmol)  Residual Activity (%)
31 0.56 +0.021 51.0+2.0
2:1 0.56 +0.015 483+1.2
1:1 0.60 + 0.052 52.8+2.6
1:2 0.46 + 0.054 90.5+3.2
1:3 0.45 +0.044 949+1.5
1:4 0.45+0.016 95.9+2.9

Since the compounds present in the reaction system are solubilized and extracted
with n-heptane and the lipase is in aqueous solution, it is possible to recover it and reuse
itin the reaction. Table 5 presents the percentage of enzyme activity retained after the first
use. This percentage of residual activity was calculated using Equation (1).

Residualyctivity = 1)
where X[y is the limiting reagent conversion at the first use of CALB and X2 is the limit-
ing reagent conversion achieved when the second use of CALB was made.

The lipase retained more than 90% of its initial activity in the reaction systems where
thymol/acid molar ratios of 1:4 to 1:2 mol/mol were used. For those reactions where higher
thymol concentrations were explored, and where the ester yield was higher, only about
50% of the initial activity was recovered. These results suggest that the synthesis of thymol
caprylate could be carried out using low concentrations of thymol (1:4 thymol/octanoic
acid molar ratio, for example), recovering and reusing the lipase to reduce production
costs. Further studies are necessary to evaluate the role of the enzyme concentration, the
number of reuses in which CALB maintains its activity, and the feasibility of separating
and purifying the product of interest.
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3. Materials and Methods
3.1. Materials

Thymol, lipase B from Candida antarctica, lipase from Rhizomucor miehei, lipase from
Thermomyces lanuginosus, lipase from porcine pancreas, silylation reagents, benzoic acid,
ibuprofen, and Immobead 150 (an acrylic resin functionalized with epoxy groups, with an
average particle diameter of 0.15 mm) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Candida rugosa lipase and Burkholderia cepacia lipase were supplied by Amano
Enzyme Inc. (Nagoya, Japan). Novozym 435, which is a commercial form of Candida ant-
arctica lipase B (CALB) immobilized on acrylic resin, was kindly provided by Novo
Nordisk A/S (Sao Paulo, Brazil). Caprylic acid was provided by Fluka (Neu-Ulm, Ger-
many). Absolute ethanol and n-heptane were obtained from Dorwil (Buenos Aires, Ar-
gentina). Phenolphthalein, potassium hydroxide, and pyridine were purchased from
Anedra (Buenos Aires, Argentina). The protein determination kits called Proteinas Totales
AA and Proti U/LCR were purchased from Wiener Laboratorios S.A.I.C. (Rosario, Argen-
tina). All products were analytical grade.

3.2. Lipase Immobilization

Immobilization of Candida antarctica lipase B was performed following the previously
reported methodology using a nominal protein loading of 200 mg g of support [74]. For
this, a volume of CALB solution containing 10 mg of protein and 2 mL of distilled water
pH 6.5 were placed in a 10 mL vial. Then, 50 mg of Immobead was added to the immobi-
lization medium. The immobilization was carried out at 25 °C for 6 h with magnetic stir-
ring at 200 rpm. Finally, the solid was recovered by filtration, washed twice with distilled
water, and dried at 30 °C until constant weight.

Immobilization combined with bioimprinting was performed according to the meth-
odology reported by Sanchez et al. [74]. In this case, a volume of CALB solution containing
10 mg of protein, 2 mL of distilled water pH 6.5, and 30 pumol of the bioimprinting agent
(benzoic acid, ibuprofen, and thymol) were placed in a 10 mL vial. The system was stirred
at 200 rpm and 25 °C for 30 min, then 50 mg of Immobead was added. Immobilization
was performed for 6 h. The solid was recovered by filtration, washed twice with distilled
water, and dried at 30 °C until reaching a constant weight. Finally, the dried solid was
washed with n-heptane to remove the bioprinting agent and dried again.

All immobilization procedures were performed in duplicate.

3.3. Protein Determination

The protein content was determined using the Proti U/LCR kit (Wiener Laboratorios
S.A.LC., Rosario, Argentina) for concentrations up to 1.5 mg mL-" and the Proteinas To-
tales AA kit (Wiener Laboratorios S.A.I.C., Rosario, Argentina) for concentrations from
1.5 mg mL"up to 170 mg mL-.

3.4. Immobilization Efficiency
CALB immobilization efficiency was determined by comparing the protein content
before immobilization and the protein present in the immobilization supernatant and
wash waters. For this, the following equation was used:
Prot; — Protg

Imers (%) = Prot
I

100 @)

where Prot is the protein content, in mg, at the start of immobilization and Protr is the
protein content, in mg, in the immobilization supernatant and wash waters.

3.5. Esterification Reaction with Soluble Lipase

The esterification of thymol and octanoic acid was carried out in 10 mL vials in sol-
vent-free systems. In all cases, 2 mmol of acid and 200 uL of enzymatic solution were used.
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The concentration of all enzyme solutions was adjusted to 50.5 mg of protein per mL of
solution. The thymol content was varied from 0.5 mmol to 6 mmol. Thymol and enzyme
feeding was performed at different times in order to minimize lipase inhibition and max-
imize ester production. The reactions were carried out in thermostatic baths at 50 °C, with
magnetic stirring at 200 rpm. The reaction time was varied between 1 and 48 h.

At the end of the reaction, 2 mL of n-heptane were added to the vial; it was then
shaken and its contents were collected to determine the concentration of free fatty acid
using an ethanolic solution of KOH 0.2 mol L' and phenolphthalein as indicator. Sub-
strate conversion was determined using Equation (3).

Sust; — Sustp

100
Sust; )

sust =
where Sustr is the limiting reagent content at the start of the reaction (mmol) and Sustr is
the limiting reagent content at the end of the reaction.
All reactions were carried out at least in duplicate.

3.6. Esterification Reaction with Immobilized Lipase

The esterification of thymol and octanoic acid was carried out in 10 mL vials in sol-
vent-free systems. In all cases, 2 mmol of acid, 2 mmol of thymol, and 15% biocatalyst with
respect to the mass of acid were used. The reactions were carried out at 50 °C, for 24 h and
with magnetic stirring at 200 rpm. At the end of the reaction, 2 mL of n-heptane were
added to the vial, which was shaken and centrifuged at 8000 rpm for 5 min to separate the
solid. The supernatant was collected for the determination of the free fatty acid content.
The n-heptane washing procedure was performed three times to remove the acid ad-
sorbed on the support.

Additionally, the incorporation of water into the reaction system was studied when
Novozym 435 was used as the catalyst. For this, the reaction was carried out under the
aforementioned conditions with the addition of between 10 and 40% of distilled water
(with respect to the mass of acid) at the beginning of the reaction. Octanoic acid conversion
was determined using Equation (3).

All reactions were carried out in duplicate.

3.7. Evaluation of Acid Adsorption on Novozym 435

The octanoic acid adsorption assay on Novozym 435 was performed under the same
reaction conditions but without the addition of thymol. The test was carried out at 50 °C,
with magnetic stirring at 200 rpm, for 24 h. Once this time was reached, 2 mL of n-heptane
were added to the vial, which was shaken and centrifuged at 8000 rpm for 5 min. The
supernatant was collected and the free octanoic acid content was determined by titration.
The n-heptane wash was performed 3 times and the supernatant was titrated separately
in each wash. The percentage of acid adsorption on the biocatalyst was determined as
follows:

ad @) = 2= %8 104 (4)
04,
where OAr and OAr are the mmoles of octanoic acid at the beginning and at the end of the
test, respectively.

3.8. Gas Chromatography Analysis

Samples were diluted with pyridine and silylated with N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA). The analysis of the samples was performed in a PerkinElmer
AutoSystem XL gas chromatograph equipped with on-column injection, a flame ioniza-
tion detector (FID), and a high-temperature capillary column ZB-5HT Inferno (15 m x 0.32
mm, with a film thickness of 0.10 um), using H as carrier gas. The temperature detector
was maintained at 250 °C. The initial column temperature was maintained at 40 °C for 1
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min, increased to 50 °C at a rate of 5 °C min!, then increased to 100 °C at 15 °C min-},
further increased to 200 °C at 20 °C, and finally maintained there for 2 min.

4. Conclusions

The enzymatic esterification of thymol and octanoic acid to obtain thymol octanoate,
a molecule with great application potential due to its biological activity, was studied for
the first time. Of the six lipases in their soluble form studied, lipase B from Candida antarc-
tica showed the highest activity in the reaction. The activity of the biocatalysts obtained
by immobilization of this lipase was reduced, and the bonds between the enzyme and the
support could limit the conformational changes necessary for a bulky substrate such as
thymol to reach the active site of the lipase.

Different feeding conditions for thymol and lipase were tested to minimize inhibitory
effects on enzyme activity and maximize thymol octanoate production. The results ob-
tained suggest that there is inhibition of lipase by the reaction product. Thus, carrying out
the reaction with low concentrations of thymol, a thymol conversion of 93.8% was
achieved. After its use in the reaction, the lipase maintained more than 90% of its initial
activity. This result indicates that the enzyme could be used in successive reaction cycles.
Under these conditions, the concentration of thymol octanoate would be below those con-
centrations that generate important inhibitory effects.

Author Contributions: D.A.S., GM.T. and M.L.F. planned the study, D.A.S. performed the experi-
ment, processed the data, analyzed the data, and wrote the manuscript, G.M.T. and M.L.F. revised
the manuscript, and M.L.F. and G.M.T. obtained the funds for this investigation. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Agencia Nacional de Promocién Cientifica y Tecnoldgica
(National Agency of Scientific and Technological Promotion, Argentina), grants PICT 2018-03425,
and the Universidad Nacional del Sur, grant PGI 24/M168.

Data Availability Statement: All the relevant data used in this study have been provided in the
form of figures and tables in the published article, and all data provided in the present manuscript
are available to whom they may concern.

Acknowledgments: The authors thank the Agencia Nacional de Promocién Cientifica y Tecnolégica
(National Agency of Scientific and Technological Promotion, Argentina), the Consejo Nacional de
Investigaciones Cientificas y Técnicas (National Council for Scientific and Technological Research)
and the Universidad Nacional del Sur for the financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Dheer, D.; Singh, D.; Kumar, G.; Karnatak, M.; Chandra, S.; Verma, V.P.; Shankar, R. Thymol Chemistry: A Medicinal Toolbox.
Curr. Bioact. Compd. 2019, 15, 454. https://doi.org/10.2174/1573407214666180503120222.

2. Butler, M.S.; Robertson, A.A.B.; Cooper, M.A. Natural product and natural product derived drugs in clinical trials. Nat. Prod.
Rep. 2014, 31, 1612-1661. https://doi.org/10.1039/c4np00064a.

3.  Licata, M,; Tuttolomondo, T.; Dugo, G.; Ruberto, G.; Leto, C.; Napoli, E.M.; Rando, R.; Rita Fede, M.; Virga, G.; Leone, R. Study
of quantitative and qualitative variations in essential oils of Sicilian oregano biotypes. J. Essent. Oil Res. 2015, 27, 293-306.
https://doi.org/10.1080/10412905.2015.1045088.

4. Mancini, E.; Senatore, F.; Del Monte, D.; De Martino, L.; Grulova, D.; Scognamiglio, M.; Snoussi, M.; De Feo, V. Studies on
Chemical Composition, Antimicrobial and Antioxidant Activities of Five Thymus vulgaris L. Essential Oils. Molecules 2015, 20,
12016-12028. https://doi.org/10.3390/molecules200712016.

5. Sarwar, A; Latif, Z. GC-MS characterization and antibacterial activity evaluation of Nigella sativa oil against diverse strains of
Salmonella. Nat. Prod. Res. 2014, 29, 447-451. https://doi.org/10.1080/14786419.2014.947493.

6. Pandey, A K, Singh, P.; Tripathi, N.N. Chemistry and bioactivities of essential oils of some Ocimum species: An overview.
Asian Pac. ]. Trop. Biomed. 2014, 4, 682-694. https://doi.org/10.12980/APJTB.4.2014C77.

7. Yousefzadi, M.; Riahi-Madvar, A.; Hadian, J.; Rezaee, F.; Rafiee, R. In vitro cytotoxic and antimicrobial activity of essential oil
from Satureja sahendica. Toxicol. Environ. Chem. 2012, 94, 1735-1745. https://doi.org/10.5812/ircmj.4989.

8.  Perez-Roses, R.; Risco, E.; Vila, R.; Penalver, P.; Canigueral, S. Biological and non- biological antioxidant activity of some essen-

tial oils. J. Agric. Food Chem. 2016, 64, 4716—4724. https://doi.org/10.1021/acs.jafc.6b00986.



Catalysts 2023, 13, 473 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wei, HK.; Xue, H.X; Zhou, Z.X; Peng, J. A carvacrol-thymol blend decreased intestinal oxidative stress and influenced selected
microbes without changing the messenger RNA levels of tight junction proteins in jejunal mucosa of weaning piglets. Animal
2016, 15, 1-9. https://doi.org/10.1017/S1751731116001397.

El-Nekeety, A.A.; Mohamed, S.R.; Hathout, A.S.; Hassan, N.S.; Aly, S.E.; and Abdel-Wahhab, M.A. Antioxidant properties of
Thymus vulgaris oil against aflatoxin-induce oxidative stress in male rats. Toxicon 2011, 57, 984-991.
https://doi.org/10.1016/j.toxicon.2011.03.021.

Pandiyan, I; Sri, S.D.; Indiran, M.A.; Rathinavelu, P.K; Prabakar, J.; Rajeshkumar, S. Antioxidant, anti-inflammatory activity of
Thymus vulgaris-mediated selenium nanoparticles: An in vitro study. J. Conserv. Dent. 2022, 25, 241.

Riella, K.R,; Marinho, R.R.; Santos, ].S.; Pereira-Filho, R.N.; Cardoso, J.C.; Albuquerque-Junior, R.L. Anti-inflammatory and
cicatrizing activities of thymol, a monoterpene of the essential oil from Lippia gracilis, in rodents. . Ethnopharmacol. 2012, 143,
656—663. https://doi.org/10.1016/j.jep.2012.07.028.

Ku, C.M,; Lin, J.Y. Anti-inflammatory effects of 27 selected terpenoid compounds tested through modulating Th1/Th2 cytokine
secretion profiles using murine primary splenocytes. Food Chem. 2013, 141, 1104-1113. https://doi.org/10.1016/j.food-
chem.2013.04.044.

Olasupo, N.A; Fitzgerald, D.]J.; Gasson, M.].; Narbad, A. Activity of natural antimicrobial compounds against Escherichia coli
and Salmonella enterica serovar Typhimurium. Lett. Appl. Microbiol. 2003, 37, 448-451. https://doi.org/10.1046/j.1472-
765x.2003.01427.x.

Trombetta, D.; Castelli, F.; Sarpietro, M.G.; Venuti, V.; Cristani, M.; Daniele, C.; Saija, A.; Mazzanti, G.; Bisignano, G. Mecha-
nisms of Antibacterial Action of Three Monoterpenes. Antimicrob. Agents Chemother. 2005, 49, 2474 2478.
https://doi.org/10.1128/aac.49.6.2474-2478.2005.

Xu, J.; Zhou, F.; Ji, B.P.; Pei, R.S.; Xu, N. The antibacterial mechanism of carvacrol and thymol against Escherichia coli. Lett. Appl.
Microbiol. 2008, 47, 174-179. https://doi.org/10.1111/j.1472-765X.2008.02407 .x.

Pemmaraju, S.C.; Pruthi, P.A.; Prasad, R.; Pruthi, V. Candida albicans biofilm inhibition by synergistic action of terpenes and
fluconazole. Indian J. Exp. Biol. 2013, 51, 1032-1037.

Robledo, S.; Osorio, E.; Munoz, D.; Jaramillo, L.M.; Restrepo, A.; Arango, G.; Velez, I. In Vitro and In Vivo Cytotoxicities and
Antileishmanial Activities of Thymol and Hemisynthetic Derivatives. Antimicrob. Agents Chemother. 2005, 49, 1652-1655.
https://doi.org/10.1128/aac.49.4.1652-1655.2005.

De Morais, S.M.; Vila-Nova, N.S; Bevilaqua, C.M.L.; Rondon, F.C.; Lobo, C.H.; de Alencar Araripe Noronha Moura, A.; Sales,
A.D.; Ribeiro Rodrigues, A.P.; de Figuereido, ].R.; Campello, C.C.; et al. Thymol and eugenol derivatives as potential antileish-
manial agents. Bioorg. Med. Chem. 2014, 22, 6250-6255. https://doi.org/10.1016/j.bmc.2014.08.020 16.

Park, B.-S.; Choi, W.-S,; Kim, J.-H.; Kim, K.-H.; Lee, S.-E. Monoterpenes from thyme (Thymus vulgaris) as potential mosquito
repellents. J. Am. Mosq. Control Assoc. 2005, 21, 80-83. https://doi.org/10.2987/8756-971x(2005)21[80:mfttva]2.0.co;2.

Zahran, H.E.-D. M.; Abdelgaleil, S.A.M. Insecticidal and developmental inhibitory properties of monoterpenes on Culex pipiens
L. (Diptera: Culicidae). J. Asia Pac. Entomol. 2011, 14, 46-51. https://doi.org/10.1016/j.aspen.2010.11.013.

Calo, R.; Visone, C.M.; Marabini, L. Thymol and Thymus Vulgaris L. activity against UVA- and UVB-induced damage in NCTC
2544 cell line. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2015, 791, 30-37. https://doi.org/10.1016/j.mrgentox.2015.07.009.
Bhandari, S.S.; Kabra, MUP. To evaluate anti-anxiety activity of thymol. ]. Acute Dis. 2014, 3, 136-140.
https://doi.org/10.1016/s2221-618960030-5.

Begrow, F.; Engelbertz, |.; Feistel, B.; Lehnfeld, R.; Bauer, K.; Verspohl, E. Impact of Thymol in Thyme Extracts on Their Anti-
spasmodic Action and Ciliary Clearance. Planta Med. 2009, 76, 311-318. https://doi.org/10.1055/s-0029-1186179.

Nieddu, M.; Rassu, G.; Boatto, G.; Bosi, P.; Trevisi, P.; Giunchedi, P.; Carta, A.; Gavini, E. Improvement of thymol properties by
complexation with cyclodextrins: In vitro and in vivo studies. Carbohydr. Polym. 2014, 102, 393-399. https://doi.org/10.1016/j.car-
bpol.2013.10.084.

Manabe, A.; Nakayama, S.; Sakamoto, K. Effects of essential oils on erythrocytes and hepatocytes from rats and dipalmitoyl
phosphatidylcholine-liposomes. Jpn. ]. Pharmacol. 1987, 44, 77-84. https://doi.org/10.1254/jjp.44.77.

Suzuki, Y.; Furuta, H. Stimulation of guinea pig neutrophil superoxide anion-producing system with thymol. Inflamm 1988, 12,
575-584. https://doi.org/10.1007/bf00914319.

Lazarevi’c, J.; Kolarevi'c, A.; Dordevi'c, A.; Stojanovi’c, G.; Smelcerovi'c, A.; Ciuffreda, P.; Santaniello, E. Synthesis, antimicro-
bial activity and in silico studies on thymol esters. Acta Chim. Slov. 2017, 64, 603-612. https://doi.org/10.17344/acsi.2017.3356.
Escobar, A.; Pérez, M.; Romanelli, G.; Blustein, G. Thymol bioactivity: A review focusing on practical applications. Arab. ]. Chem.
2020, 13, 9243-9269. https://doi.org/10.1016/j.arabjc.2020.11.009.

Fernandez-Pena, L.; Gutiérrez-Muro, S.; Guzman, E.; Lucia, A.; Ortega, F.; Rubio, R.G. Oil-In-Water Microemulsions for Thymol
Solubilization. Colloids Interfaces 2019, 3, 64. https://doi.org/10.3390/colloids3040064.

Zengin, G. Synthesis, antimicrobial activity, and structure-activity relationships of eugenol, menthol, and genistein esters.
Chem. Nat. Compd. 2011, 47, 550-555. https://doi.org/10.1007/s10600-011-9994-1.

Shimada, Y.; Hirota, Y.; Baba, T.; Kato, S.; Sugihara, A.; Moriyama, S.; Tominaga, Y; Terai, T. Enzymatic synthesis of L-menthyl
esters in organic solvent-free system. JAOCS 1999, 76, 1139-1142. https://doi.org/ 10.1007/s11746-999-0086-3.

Nesterkina, M.; Kravchenko, I. Analgesic Activity of Novel GABA Esters after Transdermal Delivery. Nat. Prod. Commun. 2016,
11, 1934578X1601101. https://doi.org/10.1177/1934578x1601101001.



Catalysts 2023, 13, 473 14 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Hiimmer, M.; Kara, S; Liese, A.; Huth, I.; Schrader, J.; Holtmann, D. Synthesis of (-)-menthol fatty acid esters in and from (-)-
menthol and fatty acids—Novel concept for lipase catalyzed esterification based on eutectic solvents. Mol. Catal. 2018, 458, 67—
72. https://doi.org/10.1016/j.mcat.2018.08.003.

Kopec¢na, M.; Machacek, M.; Novackova, A.; Paraskevopoulos, G.; Roh, J.; Vavrovd, K. Esters of terpene alcohols as highly
potent, reversible, and low toxic skin penetration enhancers. Sci. Rep. 2019, 9, 14617. https://doi.org/10.1038/s41598-019-51226-
5.

Kumbhar, P.P.; Dewang. P. M. Eco-friendly Pest Management Using Monoterpenoids. I. Antifungal Efficacy of Thymol Deriv-
atives. J. Sci. Ind. Res. 2001, 60, 645-648.

Wang, K; Jiang, S.; Yang, Y.; Fan, L.; Su, F.; Ye, M. Synthesis and antifungal activity of carvacrol and thymol esters with het-
eroaromatic carboxylic acids. Nat. Prod. Res. 2018, 33, 1924-1930. https://doi.org/10.1080/14786419.2018.1480618.

Mathela, C.S.; Singh, K.K.; Gupta, V.K. Synthesis and in vitro antibacterial activity of thymol and carvacrol derivatives. Acta
Pol. Pharm. 2010, 67, 375-380.

Dominguez-Uscanga, A.; Aycart, D.F.; Li, K.; Witola, W.H.; Andrade Laborde, J.E. Anti-protozoal activity of Thymol and a
Thymol ester against Cryptosporidium parvum in cell culture. International journal for parasitology. Drugs Drug Resist. 2021,
15, 126-133. https://doi.org/10.1016/j.ijpddr.2021.02.003.

Silva, V.B.; Travassos, D.L.; Nepel, A.; Barison, A.; Costa, E.V; Scotti, L.; Scotti, M.T.; Mendonga-Junior, F.; La Corte Dos Santos,
R.; de Holanda Cavalcanti, S.C. Synthesis and Chemometrics of Thymol and Carvacrol Derivatives as Larvicides against Aedes
aegypti. J. Arthropod. Borne Dis. 2017, 11, 315-330.

de Mesquita, B.M.; do Nascimento, P.G.G.; Souza, L.G.S.; de Farias, L.F.; da Silva, R.A.C.; de Lemos, T.L.G.; Monte, F.].Q.; Oli-
veira, LR.; Trevisan, M.T.S.; da Silva, H.C,; et al. Synthesis, larvicidal and acetylcholinesterase inhibitory activities of car-
vacrol/thymol and derivatives. Quim. Nova. 2018, 41, 412—416. https://doi.org/10.21577/0100-4042.20170189.

Redasani, V.K; Bari, S.B. Synthesis and evaluation of mutual prodrugs of ibuprofen with menthol, thymol and eugenol. Eur. ].
Med. Chem. 2012, 56, 134-138. https://doi.org/10.1016/j.ejmech.2012.08.030.

Dhokchawle, B.; Tauro, S.; Bhandari, A. Ester Prodrugs of Ketoprofen: Synthesis, Hydrolysis Kinetics and Pharmacological
Evaluation. Drug Res. 2015, 66, 46-50. https://doi.org/10.1055/s-0035-1548908.

Angeles-Lépez, G.; Pérez-Vasquez, A.; Hernandez-Luis, F.; Déciga-Campos, M.; Bye, R.; Linares, E.; Mata, R. Antinociceptive
effect of extracts and compounds from Hofmeisteria schaffneri. . Ethnopharmacol. 2010, 131, 425 432.
https://doi.org/10.1016/j.jep.2010.07.009.

Nesterkina, M.; Kravchenko, I. Synthesis and Pharmacological Properties of Novel Esters Based on Monocyclic Terpenes and
GABA. Pharmaceuticals 2016, 9, 32. https://doi.org/10.3390/ph9020032.

Nesterkina, M.; Kravchenko, I. Thymol ester of gamma-aminobutyric acid: Synthesis and anticonvulsant activity. Odesa Natl.
Univ. Herald. Chem. 2015, 20, 60-65. https://doi.org/10.18524/2304-0947.2015.4.56695.

Nesterkina, M.; Kravchenko, I. Synthesis and Pharmacological Properties of Novel Esters Based on Monoterpenoids and Gly-
cine. Pharmaceuticals 2017, 10, 47. https://doi.org/10.3390/ph10020047.

Chauhan, K.R.; Le, T.C.; Chintakunta, P.K.; Lakshman, D.K. Phyto-Fungicides: Structure Activity Relationships of the Thymol
Derivatives against Rhizoctonia solani. JACEN 2017, 6, 175-185. https://doi.org/10.4236/jacen.2017.64012.

Pétzold, M.; Burek, B.O,; Liese, A.; Bloh, ].Z.; Holtmann, D. Product recovery of an enzymatically synthesized (—)-menthol ester
in a deep eutectic solvent. Bioprocess Biosyst. Eng. 2019, 42, 1385-1389. https://doi.org/10.1007/s00449-019-02125-6.

Neises, B.; Steglich, W. Simple Method for the Esterification of Carboxylic Acids. Angew. Chem. Int. Ed. Engl. 1978, 17, 522-524.
https://doi.org/10.1002/anie.197805221.

Figueroa-Espinoza, M.-C.; Villeneuve, P. Phenolic Acids Enzymatic Lipophilization. ]. Agric. Food Chem. 2005, 53, 2779-2787.
https://doi.org/10.1021/jf0484273 18.

Tinikul, R.; Chenprakhon, P.; Maenpuen, S.; Chaiyen, P. Biotransformation of Plant-Derived Phenolic Acids. Biotechnol. |. 2018,
13, 1700632. https://doi.org/10.1002/biot.201700632.

Biatecka-Florjaniczyk, E.; Fabiszewska, A.; Zieniuk, B. Phenolic acids derivatives-biotechnological methods of synthesis and
bioactivity. Curr. Pharm. Biotechnol. 2018, 19, 1098-1113. https://doi.org/10.2174/1389201020666181217142051.

Laszlo, J.A.; Cermak, S.C.; Evans, K.O.; Compton, D.L.; Evangelista, R.; Berhow, M.A. Eur. |. Lipid Sci. Technol. 2013, 115, 363—
371. https://doi.org/10.1002/ejlt.201200296.

Pande, G.; Akoh, C.C. Enzymatic Synthesis of Tyrosol-Based Phenolipids: Characterization and Effect of Alkyl Chain Unsatu-
ration on the Antioxidant Activities in Bulk Oil and Oil-in-Water Emulsion. ]. Am. Oil Chem. Soc. 2015, 93, 329-337.
https://doi.org/10.1007/s11746-015-2775-4.

Zhou, D.-Y,; Sun, Y.-X,; Shahidi, F. Preparation and antioxidant activity of tyrosol and hydroxytyrosol esters. J. Funct. Foods
2017, 37, 66-73. https://doi.org/10.1016/j.jff.2017.06.042.

Yin, F.-W.; Hu, X.-P.; Zhou, D.-Y.; Ma, X.-C.; Tian, X.-G.; Huo, X.-K.; Zhu, B.-W. Evaluation of the stability of tyrosol esters
during in vitro gastrointestinal digestion. Food Funct. 2018, 9, 3610-3616. https://doi.org/10.1039/c8f000788h.

Park, C.G.; Kim, J.J.; Kim, HK. Lipase-mediated synthesis of ricinoleic acid vanillyl ester and evaluation of antioxidant and
antibacterial activity. Enzym. Microb. Technol. 2020, 133, 109454. https://doi.org/10.1016/j.enzmictec.2019.1094.

Kobata, K.; Kawaguchi, M.; Watanabe, T. Enzymatic Synthesis of a Capsinoid by the Acylation of Vanillyl Alcohol with Fatty
Acid Derivatives Catalyzed by Lipases. Biosci. Biotechnol. Biochem. 2002, 66, 319-327. https://doi.org/10.1271/bbb.66.319.



Catalysts 2023, 13, 473 15 of 15

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Diaz-Vidal, T.; Rosales-Rivera, L.C.; Mateos-Diaz, ].C.; Rodriguez, J.A. A Series of Novel Esters of Capsaicin Analogues Cata-
lyzed by Candida antarctica Lipases. Biotechnol. Bioprocess Eng. 2020, 25, 94-103. https://doi.org/10.1007/s12257-019-0290-4.
Babu, C.V.; Karanth, N.G.; Divakar, S. Lipase catalyzed esterification of cresols. Indian . Chem. 2002, 41, 1068-1071.

Torres de Pinedo, A.; Pefialver, P.; Rondoén, D.; Morales, J.C. Efficient lipase-catalyzed synthesis of new lipid antioxidants based
on a catechol structure. Tetrahedron 2005, 61, 7654-7660. https://doi.org/10.1016/j.tet.2005.05.100.

Torres De Pinedo, A.; Penalver, P.; Perez-Victoria, I.; Rondon, D.; Morales, ]J. Synthesis of new phenolic fatty acid esters and
their evaluation as lipophilic antioxidants in an oil matrix. Food Chem. 2007, 105, 657-665. https://doi.org/10.1016/j.food-
chem.2007.04.02.

Zieniuk, B.; Groborz, K.; Woloszynowska, M.; Ratusz, K.; Bialecka-Florjanczyk, E.; Fabiszewska, A. Enzymatic Synthesis of
Lipophilic Esters of Phenolic Compounds, Evaluation of Their Antioxidant Activity and Effect on the Oxidative Stability of
Selected Oils. Biomolecules 2021, 11, 314. https://doi.org/10.3390/biom11020314.

Bhosle, D.; Bharambe, S.; Gairola, N.; Dhaneshwar, S.S. Mutual prodrug concept: Fundamentals and applications. Indian ].
Pharm. Sci. 2006, 68, 286-294. https://doi.org/10.4103/0250-474X.26654.

Mishra, S.; Singh, P. Hybrid molecules: The privileged scaffolds for various pharmaceuticals. Eur. ]. Med. Chem. 2016, 124, 500~
536. https://doi.org/10.1016/j.ejmech.2016.08.039.

Desbois, A.P.; Smith, V.J. Antibacterial free fatty acids: Activities, mechanisms of action and biotechnological potential. Appl.
Microbiol. Biotechnol. 2010, 85, 1629-1642. https://doi.org/10.1007/s00253-009-2355-3.

Nair, M.K.M,; Joy, ]J.; Vasudevan, P.; Hinckley, L.; Hoagland, T.A.; Venkitanarayanan, K.S. Antibacterial effect of caprylic acid
and monocaprylin on major bacterial mastitis pathogens. J. Dairy Sci. 2005, 88, 3488-3495. https://doi.org/10.3168/jds.S0022-
030273033-2.

Sousa, R.R;; Silva, A.S.A.; Fernandez-Lafuente, R.; Ferreira-Leitao, V.S. Solvent-free esterifications mediated by immobilized
lipases: A review from thermodynamic and Kkinetic perspectives. Catal. Sci. Technol. 2021, 11, 5696-5711.
https://doi.org/10.1039/D1CY00696G.

de Araujo-Silva, R.; Vieira, A.C.; de Campos Giordano, R.; Fernandez-Lafuente, R.; Tardioli, P.W. Enzymatic synthesis of fatty
acid isoamyl monoesters from soybean oil deodorizer distillate: A renewable and ecofriendly base stock for lubricant industries.
Molecules 2022, 27, 2692. https://doi.org/10.3390/molecules27092692.

Sabi, G.J.; Gama, R.S.; Fernandez-Lafuente, R.; Cancino-Bernardj, J.; Mendes, A.A. Decyl esters production from soybean-based
oils catalyzed by lipase immobilized on differently functionalized rice husk silica and their characterization as potential bio-
lubricants. Enzym. Microb. Technol. 2022, 157, 110019. https://doi.org/10.1016/j.enzmictec.2022.110019.

Janior, J.G.G.; Mattos, F.R,; Sabi, G.J.; Carvalho, W.C,; Luiz, J.H.; Cren, E.C.; Fernandez-Lafuente, R.; Mendes, A.A. Design of a
sustainable process for enzymatic production of ethylene glycol diesters via hydroesterification of used soybean cooking oil. J.
Environ. Chem. Eng. 2022, 10, 107062. https://doi.org/10.1016/j.jece.2021.107062.

Pleiss, J.; Fischer, M.; Schmid, R.D. Anatomy of lipase binding sites: The scissile fatty acid binding site. Chem. Phys. Lipids 1998,
93, 67-80. https://doi.org/10.1016/s0009-308400030-9.

Sanchez, D.A.; Alnoch, R.C.; Tonetto, G.M.; Krieger, N.; Ferreira, M.L. Immobilization and bioimprinting strategies to enhance
the performance in organic medium of the metagenomic lipase LipCl2. ]. Biotechnol. 2021, 342, 13-27.
https://doi.org/10.1016/j.jbiotec.2021.09.022.

Brandao, L.M.D.S.; Barbosa, M.S.; Souza, R.L.; Pereira, M.M.; Lima, A.S.; Soares, C.M. Lipase activation by molecular bioim-
printing: The role of interactions between fatty acids and enzyme active site. Biotechnol. Prog. 2021, 37, e3064.
https://doi.org/10.1002/btpr.3064.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/biom11020314
https://doi.org/10.4103/0250-474X.26654
https://doi.org/10.4103/0250-474X.26654
https://doi.org/10.1016/j.ejmech.2016.08.039
https://doi.org/10.1007/s00253-009-2355-3
https://doi.org/10.3168/jds.S0022-0302(05)73033-2
https://doi.org/10.3168/jds.S0022-0302(05)73033-2
https://doi.org/10.1016/j.jece.2021.107062
https://doi.org/10.1016/s0009-3084(98)00030-9
https://doi.org/10.1016/j.jbiotec.2021.09.022
https://doi.org/10.1002/btpr.3064

	1. Introduction
	2. Results and Discussion
	2.1. Evaluation of the Performance of Lipases in Free Form
	2.2. Performance Evaluation of Immobilized Lipases
	2.3. Synthesis of Thymol Octanoate Using CALB

	3. Materials and Methods
	3.1. Materials
	3.2. Lipase Immobilization
	3.3. Protein Determination
	3.4. Immobilization Efficiency
	3.5. Esterification Reaction with Soluble Lipase
	3.6. Esterification Reaction with Immobilized Lipase
	3.7. Evaluation of Acid Adsorption on Novozym 435
	3.8. Gas Chromatography Analysis

	4. Conclusions
	References

