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Abstract: The concept of combi-lipases is herein explored in the full hydrolysis of babassu
oil. The commercially immobilized lipases from Candida antarctica (form B) (Novozym®
435), Rhizomucor michei (Lipozyme® RM-IM), and Thermomyces lanuginosus (Lipozyme®
TL-IM) were evaluated as single and combined biocatalysts by a mixture design with
triangular surface. As a result, after evaluating the response desirability profiling for all
biocatalysts, the best biocatalyst in the reaction was the combi-lipases composed of 75% of
Lipozyme® RM-IM, 17% of Novozym® 435, and 8% of Lipozyme® TL-IM, reaching full
hydrolysis (>99%) after 4 h of reaction. Subsequently, such combi-lipases were employed
as biocatalysts in the optimization of the reaction in a shorter reaction time (3 h). After
optimization by the Taguchi method, full hydrolysis (>99%) was reached under optimized
reaction conditions (9 wt.% of biocatalyst content, 1:2 (oil/water), 40 °C, and 180 rpm).
Under such conditions, the combi-lipases maintained 70% of their initial activity after 10 re-
action cycles. The antimicrobial activity against some of the most common environmental
bacteria of the obtained free fatty acids (FFAs) was also evaluated. The FFAs inhibited more
than 90% of the growth of S. aureus, E. coli, and P. aeruginosus when using 10 mg FFAs/mL.

Keywords: combi-lipases; babassu oil; optimization; antimicrobial activity

1. Introduction

The hydrolysis of vegetable oils is a reaction in which water molecules break the
ester bonds in triacylglycerols, the main components of vegetable oils, releasing free fatty
acids (FFAs) and glycerol [1-5]. The hydrolysis of vegetable oils may be conducted by
chemical [6-8] and biological [9,10] catalysts or even by (bio)catalyst-free processes [11-13].
For instance, the hydrolysis of vegetable oils catalyzed by strong acids (e.g., sulfuric acid or
hydrochloric acid) poses the advantage of using residual vegetable oils, which are usually
highly acidic feedstocks, without forming soap [14-16]. Nevertheless, it also has consider-
able disadvantages, such as drastic reactive conditions, requiring high temperatures, along
with the corrosion of equipment caused by using strong acids, increasing process costs and
necessitating specific safety measures [7,14]. Additionally, acid hydrolysis may produce
undesired by-products, excluding its application in industries that require highly pure
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FFAs [17,18]. The disposal of acidic wastes also poses an environmental challenge, as they
must be neutralized before disposal to prevent alteration of the environment [9,10,19].

In this context, the biological hydrolysis of vegetable oils by enzymes (e.g., lipases)
stands out due to its milder reaction conditions (i.e., temperature, pressure, and pH),
thus reducing costs and environmental impacts, and preventing FFA unspecific modifica-
tions [20-25]. In comparison to chemical hydrolysis, enzymatic hydrolysis of vegetable oils
provides greater control over the composition of the released FFAs, thereby being regarded
as an eco-friendly alternative to produce bioactive compounds [26-30]. Lipases stand out as
the most widely used biological catalysts for this purpose due to their ability to catalyze the
hydrolysis of insoluble vegetable oils [31-35]. However, the substrate specificity of lipases
may present some limitations when dealing with vegetable oils, as they are heterogeneous
substrates [36—40]. Due to this enzyme specificity, some specific triglycerides (for example,
the main ones in the composition of a specific oil) in the oil may be rapidly hydrolyzed
by a particular enzyme (that is, it is a good substrate for this enzyme), while some others
(perhaps a minority in a particular oil) may not be recognized by this enzyme or even be
recognized but hydrolyzed with very low efficiency (becoming an inhibitor, or at least a
very bad substrate). This can result in incomplete or ineffective hydrolytic processes using
only one enzyme [41-44]. To overcome such limitations, the combination of several lipases
(known as combi-lipases) with different substrate specificities may be employed to fully
hydrolyze vegetable oils [45,46]. Beyond the hydrolysis of vegetable oils, combi-lipases
have also been applied in the production of biodiesel [47-49], structured lipids [50-52] and
structured phenolic lipids [53]. Herein, we explored the performance of single and com-
bined commercially immobilized lipases in the hydrolysis of babassu oil. The lipases from
Candida antarctica B (CALB), Rhizomucor miehei (RML), and Thermomyces lanuginosus (TLL)
were chosen as model lipases as they are among the most widely employed biocatalysts in
the hydrolysis of vegetable oils [19,54—60].

Babassu is a palm tree native to South America (it may be mainly found in the
Northeastern and Northern regions of Brazil) [61,62]. Cultivation of the babassu palm tree
has a positive social and ecological impact by generating income for families and, thus,
preventing rural exodus and increasing the fertility of the soil [62,63]. According to the
Brazilian Institute for Geography and Statistics, the average production of babassu oil was
around 26,000 tons in 2023 in Brazil [64]. Even though babassu oil may be used for cooking,
it is mainly composed of saturated fatty acids, so its use as an edible oil is restricted due
to potential health issues. Therefore, babassu o0il has been used as a feedstock for other
applications (e.g., production of biodiesel, biolubricant, cosmetics, and pharmaceuticals)
rather than in the food industry [65-69]. It is mainly composed of lauric acid (approximately
50%), which poses antimicrobial activity against several bacteria, fungi, and viruses [70-74].
Regarding its antibacterial activity, lauric acid is a lipophilic and hydrophilic saturated
medium-chain fatty acid; thus, the amphiphilic nature of such bioactive compound allows
for attacking the structure of the cell membranes, ultimately releasing cytoplasmic fluid
and decreasing the cell activity of the bacteria [75,76]. In this study, the antimicrobial
activity of the FFAs from babassu oil was evaluated considering three of the most common
environmental bacteria (S. aureus, E. coli, and P. aeruginosus).

The Improvement of the hydrolysis of vegetable oils goes beyond the selection of the
proper biocatalyst; some important reaction parameters must be evaluated (e.g., biocat-
alyst content, oil/water molar ratio, reactor temperature, and stirring). As such, experi-
mental methodologies aiming to mitigate drawbacks related to longer and/or high-cost
(bio)chemical processes often observed in the academic and industrial sectors have been
under continuous improvement [77,78]. Through the statistical Design of Experiments
(DoE), enhanced knowledge about some reaction factors may be obtained, thereby leading
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engineers and/or scientists to better responses even in low-resource scenarios [79,80]. The
Response Surface Methodology (RSM) is an effective DoE strategy widely employed to
determine the influence of multi-factors, under pre-selected criteria, that can maximize
or minimize a desired target (e.g., conversion and yield) [81]. Additionally, the mixture
designs with triangular surfaces, a particular type of RSM, may be used to control the best
proportion of components in a blend, thus offering multiple possibilities for parameter
proportions that may be successfully applied to specific experimental outcomes [81]. An-
other methodology broadly applied in science and industry is the Taguchi design, which is
also world-famous for achieving high-quality experimental results at a low cost [82-84].
The Taguchi method differs from the classical approaches by being focused on the vari-
ability of parameters and how it can interact with the main result, establishing low-cost
experiment design and maintaining a high-quality output [85,86]. Developed by Dr. G.
Taguchi, such robust DoE based on orthogonal arrays is used to reduce the variance in
experiments by controlling the signal-to-noise (S/N) ratio, optimizing the design of factors
to achieve the desired mean for the output variable [84,87]. S/N ratios are generally used
to determine the level of each reaction factor that can optimize the response [87]. Therefore,
the Taguchi orthogonal arrays are suitable strategies to rapidly evaluate the influence of
some independent variables on a desired dependent variable, with reduced time, labor,
energy, and reagents [82,88]. In this study, we employed the standard L9 orthogonal array,
which analyzes four independent variables at three levels each in nine runs [82,88].

That way, in this study, the enzymatic hydrolysis of babassu oil was evaluated em-
ploying commercially immobilized CALB (Novozym 435), RML (Lipozyme RM-IM), and
TLL (Lipozyme TL-IM). These lipase biocatalysts were evaluated as single biocatalysts
or combi-lipases, with combinations determined by a mixture design (3-factors simplex-
centroid design with interior points) under standard conditions. The best biocatalyst
formulation was then determined by triangular surface methodology. After selecting the
best biocatalyst, some reaction conditions (biocatalyst content, substrates ratio (oil/water),
reactor temperature, and stirring rate) were optimized by an L9 orthogonal array of the
Taguchi method. Then, the operational stability of the best biocatalyst was determined
under optimized reaction conditions. Finally, the activity of the produced FFAs against
common bacteria was determined.

2. Results and Discussion
2.1. Evaluating the Different Biocatalysts in the Hydrolysis of Babassu Oil

TL-IM, RM-IM, and Novozym 435 were employed individually or in combination
as biocatalysts in the hydrolysis of babassu oil under fixed reaction conditions (5 wt.% of
biocatalysts content, 1:2 (oil/water, w/w), 40 °C, 180 rpm, and 14 h), as depicted in Table 1.
The set of reaction factors employed in the evaluation of the best biocatalyst will be used as
the intermediate level of the orthogonal array to determine the best reaction conditions for
hydrolyzing babassu oil, as depicted in the following section.

According to Table 1, the best individual or combi-biocatalyst after 1 h of reaction
was 100% of RML-IM, reaching up to 58% of hydrolysis yield, followed by the combi-
lipases composed of 16.67% of TLL-IM, 66.67% of RML and 16.67% of Novozym 435 with
a hydrolysis yield of 52.85%. This behavior was also maintained after 2 h of reaction;
however, it changed after 3 h of reaction. After this time, the best biocatalyst formulation
was the combi-lipases composed of 50% of RML-IM and 50% of Novozym 435, followed by
the combi-lipases composed of 16.67% of TLL-IM, 66.67% of RML and 16.67% of Novozym
435 and, finally, the 100% RML-IM biocatalyst. Nevertheless, it was not possible to reach
full hydrolysis yield for any of the biocatalysts (alone or in combination) in the first 3 h
of reaction. Indeed, it was only possible to reach approximately full hydrolysis (>99%) of
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babassu oil after 4 h of reaction employing either the 50% of RML-IM and 50% of Novozym
435 combi-lipases or 16.67% of TLL-IM, 66.67% of RML, and 16.67% of Novozym 435. The
100% RML-IM biocatalyst, which was the best one in the first hour of reaction, reached only
85% of the hydrolysis yield.

Table 1. 3-factors simplex-centroid design with interior points. Reaction conditions: 5 wt.% of
biocatalysts content, 1:2 (oil/ water, w/w), 40 °C, 180 rpm, and 14 h. Novozym 435: commercially
immobilized lipase B from Candida antarctica, RML-IM: commercially immobilized lipase from
Rhizomucor miehei; TLL-IM: commercially immobilized lipase from Thermomyces lanuginosus.

Run

TLL-IM

Hydrolysis (%)

RML-IM Novozym 435

1h 2h 3h 4h
1 100.00 0.00 0.00 10.2 £ 0.2 111+ 0.2 19.8 £ 0.4 245+£05
2 0.00 100.00 0.00 58.1=+24 70.8 £ 3.1 782 +£35 85.0 £3.7
3 0.00 0.00 100.00 209+ 04 273+£05 32.8 £ 0.7 435+ 14
4 50.00 50.00 0.00 425+1.2 58.9 £25 68.3 £2.7 734 +34
5 50.00 0.00 50.00 211+04 335+ 0.6 39.1+09 451+14
6 0.00 50.00 50.00 38.8 + 0.8 625+ 2.6 84.1 £ 3.6 99.6 =44
7 33.33 33.33 33.33 43.0£1.2 59.5£25 723 £3.1 85.2£3.7
8 66.67 16.67 16.67 259+ 05 43.0+£1.3 542 +23 66.6 = 2.5
9 16.67 66.67 16.67 528 +22 71.0£3.1 82.1 £ 3.6 999 £ 45
10 16.67 16.67 66.67 36.2+0.8 60.6 2.5 712 £3.1 934 +4.1

In any case, to determine the best biocatalyst to hydrolyze babassu oil among those
evaluated herein (Table 1), based on the fitted triangular surfaces of Figure 1, a response
desirability profiling analysis was conducted (Figure 2), which is a statistic tool used to
analyze the multi-response optimization of an input variable (the biocatalyst composition,
in this study) with a desirability score ranging from 0 to 1 or, in this study, from 0 to 100%
of hydrolysis yield. As such, in this study, the desirability profiling target is to reach the
highest score, which is 1 or in the terms of this study, 100% hydrolysis yield. In Figure 2a—d,
the best concentration (x-axis) of any immobilized lipase under study (Novozym 435, RML-
IM, and TLL-IM) in the final biocatalyst (combi-lipase or not) is determined by the peak of
the highest hydrolysis yield (y-axis).

As a result, as depicted in Figure 2a, 100% of RML-IM was selected as the best
biocatalyst after 1 h of reaction, as in the analysis of Table 1. Indeed, the hydrolysis yield
after 1 h of reaction (50%) was achieved using a biocatalyst composed of 100% RML-IM,
whereas the concentration of Novozym 435 and TLL-IM in this biocatalyst should be 0%
to reach such a hydrolysis yield. The same approach was employed to determine the best
biocatalyst (combi-lipase or not) in the following hours of reaction. For instance, after 2 h
of reaction, the best biocatalyst determined by the response desirability profiling analysis
was slightly different from the one determined by the analysis of Table 1. Accordingly, as
depicted in Figure 2b, the best biocatalyst was the combi-lipase composed of 75% RML-IM
+ 16% of Novozym 435 and 9% of TLL-IM. After 3 h of reaction, 67% RML-IM + 33% of
Novozym 435 was the best biocatalyst, as depicted in Figure 2c, along with 75% RML-IM +
17% of Novozym 435 and 8% of TLL-IM (after 4 h of hydrolysis), as depicted in Figure 2d.
Therefore, the 75% RML-IM + 17% of Novozym 435 and 8% of TLL-IM combi-lipase was
selected as the best biocatalyst for further optimization studies as it was the only one to
reach full hydrolysis yield of babassu oil.

Combi-lipases have been successfully used in other oil hydrolysis research. For
example, RM-IM, Novozym 435, and TL-IM were employed as biocatalysts (alone or
combined) in the hydrolysis of soybean oil [45]. Prior to reaction condition optimization,
the best biocatalyst (80% of RM-IM and 20% of Novozym 435) was determined by a mixture
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design with triangular surfaces, reaching no more than 30% of conversion after 4 h of
reaction at 40 °C and 200 rpm for a substrate molar ratio of 1:3 (oil/water) and 10 wt.%
of biocatalyst content [45]. In another instance, the same biocatalysts were employed
(alone or combined) in the hydrolysis of virgin coconut oil and, prior to reaction condition
optimization, it was possible to reach hydrolysis yields not higher than 35% after 1 h of
reaction under ultrasonic treatment (37 kHz and 300 W) and 30 °C employing a substrate
molar ratio of 1:2 molar ratio (oil/water) and a biocatalyst content of 10 wt.%, which was
composed of RML-IM (75%) and Novozym 435 (25%) [44]. Coconut oil and babassu oil
have similar FFA profiles, which may justify the similar best biocatalyst for both reactions;
however, the combi-lipase (8% TL-IM + 17% Novozym 435 + 75% RM-IM) proposed herein
exhibited better performance and lower energy demand than previous examples.

CALB
0.00 1,00

(a)
W - 50
Il <50
1.00 0.00 E g
000 0,25 0.50 0.7s 1.00 =20
TLL RAIT. =10
CALB
-
Il <62
i <52
0.00 H B
0.00 025 0.50 0.75 1.00 -_\. '_»
TLE RMIL | ES¥

Figure 1. Cont.
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0.00 0.25 0.50 0.73 1.00 -,_:- 16
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Figure 1. Fitted triangular surface for the 3-factor simplex-centroid design with interior points.
Reaction conditions: 5 wt.% of biocatalysts content, 1:2 (oil/water, w/w), 40 °C, 180 rpm, and 1 h (a),
2h(b),3h(c),and 4 h (d). CALB (Novozym 345): Commercially immobilized lipase B from Candida
antarctica; RML (Lipozyme RM-IM): Commercially immobilized lipase from Rhizomucor miehei; TLL
(Lipozyme TL IM): Commercially immobilized lipase from Thermomyces lanuginosus.

These results were apparently surprising, as using the initial reaction rates, RML-
IM almost triplicated Novozym 435 and was over five-fold more efficient than TLL-IM.
However, considering that each enzyme may have different efficiency versus different
glycerides and that some can even be inhibitors of the main enzyme, it is possible to
predict that the effect of using mixtures of lipases will be visualized when the reaction
advances, as in this situation, the percentage of bad substrate or even inhibitor components
of the glycerides will increase. This way, the percentage of substrate modification used
to select the optimal biocatalyst is a key point in the process. Too low conversions can
hide the minority presence of components that can have a negative effect on the enzyme
performance, and too high modification levels do not permit perceiving differences between
the different biocatalyst formulations. The use of several reaction times can help to perform
a much better selection of the optimal biocatalyst formulation. Several factors may explain
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the different performance of a determined biocatalyst performance specificity, selectivity,
inhibition and/or denaturation [36].
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Figure 2. Response desirability profiling for Novozym 435, RML-IM and TLL-IM. Reaction conditions:
5 wt.% of biocatalysts content, 1:2 (oil/water, w/w), 40 °C, 180 rpm and 1 h (a), 2 h (b), 3h (c) and
4 h (d). Novozym 435: Commercially immobilized lipase B from Candida antarctica (black line);
RML-IM (Lipozyme RM-IL): Commercially immobilized lipase from Rhizomucor miehei (green line);
TLL (Lipozyme TL-IM): Commercially immobilized lipase from Thermomyces lanuginosus (blue line).

2.2. Determining the Best Reaction Conditions

The selected biocatalyst (8% TL-IM + 17% Novozym 435 + 75% RM-IM) permitted to
fully hydrolyze babassu oil after 4 h of reaction, under fixed reaction conditions (5 wt.% of
biocatalysts content, 1:2 (oil/water, w/w), 40 °C, 180 rpm). However, there may be interest
in further reducing the reaction time and understanding the influence of some reaction
factors (biocatalyst content, substrate ratio (oil/water), reactor temperature, and stirring).
For this purpose, a L9 orthogonal array by Taguchi method was performed employing the
8% TL-IM + 17% Novozym 435 + 75% RM-IM combi-lipases as biocatalysts, as depicted in
Table 2.

It should be considered that the higher the substrate ratio, the higher the concentration
of oil. The amount of biocatalyst in our experimental design is defined by the volume of
oil in the reaction, so as to keep the oil-to-biocatalysts ratio. This means that not always a
higher percentage of hydrolysis is related to a higher enzyme activity, as we are comparing
different substrate concentrations. However, in the optimization, we have decided that
the reaction yield is the key. The highest hydrolysis yield (>99%) was reached in run #9 at
the lowest stirring level (120 rpm), intermediate temperature level (40 °C), and the highest
biocatalyst content (9 wt.%), and substrates ratio (1:3) (v/v, oil/water)) levels, thereby
suggesting that biocatalyst contents and substrates ratio higher than the evaluated in this
study could result in higher hydrolysis yield. Nevertheless, it was already possible to reach
full hydrolysis under (>99%) under the above reaction conditions, even after only 3 h of
reaction. The use of higher biocatalyst content and substrate ratio (water) would increase the
OPEX (Operational Expenditure) of the process. Moreover, a higher amount of biocatalyst
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could complicate the real implementation of the process (increasing the problems of the
filtration and biocatalyst washing step). Furthermore, a higher amount of water will mean
a decrease in the substrate concentration (and, that way, product concentration). That way,
we decide to fix these conditions as the optimal ones for the reaction. Moreover, employing
the “larger-is-better” function, the highest hydrolysis yield of babassu oil would be reached
under a similar reaction set (9 wt.% of biocatalyst content and 40 °C) but using a lower
substrate ratio level—1:2 (oil/water) instead of 1:3 (oil/water)—and higher stirring level—
180 rpm instead of 120 rpm. Such results suggest that full hydrolysis may be reached either
using 1:2 or 1:3 substrate ratios; however, for a lower substrate ratio level (1:2, oil/water),
a higher stirring level (180 rpm) is required, and, for a higher substrate ratio level (1:3,
oil/water), a lower stirring level (120 rpm) is enough.

Table 2. L9 orthogonal array to optimize the hydrolysis of babassu oil by the combi-lipase (8%
TL-IM + 17% Novozym 435 + 75% RM-IM). Reaction conditions: 1-9 wt.% of biocatalyst content,
1:1-1:3 substrate ratio (oil /water, w/w), 30-50 °C, 120-240 rpm and 3 h. Novozym 435: Commercially
immobilized lipase B from Candida antarctica; RML-IM (Lipozyme RM-IL): Commercially immobilized
lipase from Rhizomucor miehei; TLL (Lipozyme TL-IM): Commercially immobilized lipase from
Thermomyces lanuginosus.

Biocatalyst Content Substrates Ratio Temperature Stirring  Hydrolysis

Run (Wt.%) (Oil/Water) ©C) (rpm) (%)
1 1 11 30 120 298+ 05
2 1 12 40 180 757 + 3.3
3 1 13 50 240 463+ 13
4 5 1:1 40 240 88.6 £3.9
5 5 12 50 120 639 + 2.4
6 5 13 30 180 453+ 13
7 9 11 50 180 70.8 + 3.3
8 9 12 30 240 522+ 1.6
9 9 13 40 120 995 + 4.6

Herein, to make full use of the Taguchi design approach and reduce water consumption
as much as possible, the level of the factors proposed by Equation (3) was selected as the
optimal reaction conditions to fully hydrolyze babassu oil after 3 h of reaction employing
the combi-lipase composed by 8% TL-IM + 17% Novozym 435 + 75% RM-IM as optimal
biocatalyst.

In other studies, the optimal reaction conditions of a pre-determined combination
of TL-IM/RM-IM (65%/35%) were studied for the hydrolysis and transesterification of
soybean oil at 30 °C, 200 rpm and 10 h of reaction [89]. According to the authors, 25 wt.%
of biocatalyst content and 1:3 oil/water were the parameters found to reach a yield of
95.7 £ 3.2% for hydrolysis. Even though a smaller amount of catalyst was employed in
our study (9 wt.% of biocatalyst content), a higher reaction yield was obtained (>99%)
in a shorter reaction time—?3 h instead of 10 h. In another interesting approach, a TL-
IM-catalyzed hydrolysis of waste cooking oil was conducted, obtaining almost 90% of
hydrolysis yield after 9 h of reaction at 30 °C and 300 rpm and using a substrate ratio of
1:4 (oil/water, w/w), 3 g of biocatalyst (enzyme/reaction medium ratio of 1:100 w/v) [90].
As seen in the studies above, a higher oil/water ratio (1:3 and 1:4 instead of 1:2, that is,
lower concentrations of products were obtained) and stirring rates (200 rpm and 300 rpm
instead of 180 rpm) were chosen as the optimal conditions for the hydrolysis of vegetable
oil. Nevertheless, specifically in our case, a lower substrate ratio level of 1:2 (oil/water) was
sufficient to promote good contact between phases and make reaction kinetics favorable,
resulting in a high hydrolysis yield of >99%.
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Regarding the influence of the evaluated reaction factors on the hydrolysis of babassu
oil, the reactor temperature had the most pronounced influence, as depicted in Figure 3.
Accordingly, increasing the reactor temperature from the lowest level (30 °C) to the in-
termediate level (40 °C) resulted in an increase of the S/N ratio and, ultimately, of the
hydrolysis yield, so that 40 °C was selected as the optimal temperature. Such an increase
in the hydrolysis yield may be attributed to the reduction of the viscosity of babassu oil
and the concomitant increase in its solubility in water at higher temperatures (although
this will remain very low), which may have minimized mass transfer limitations and,
thus, facilitated substrate availability [91]. Furthermore, higher temperatures may enhance
the molecular mobility of the substrates, accelerating the catalytic turnover rate [92,93].
Nevertheless, temperatures exceeding the highest level (50 °C) may have negatively af-
fected the activity of the lipases of the combi-lipases, potentially due to structural enzyme
denaturation [94,95]. This limitation underscores the need for a careful balance between
optimizing reaction yields and preserving enzymatic activity. The highest influence of the
reactor temperature on the hydrolysis of babassu oil was also determined by the highest
delta value (Table 3) and lowest p-value (Table A1).

40 40
35 35
-4 Z
) 30 7 30
25 25
20 20
1 5 9 1:1 1:2 1:3
Biocatalyst Content (wt.%) Substrate Ratio (oil/water)
(a) (b)
40 40
35 35
-4 4
a 30 Z 30
25 25
20 20
30 40 50 120 180 240
Temperature (°C) Stirring (rpm)
(0) (d)

Figure 3. Optimization of reaction conditions of the hydrolysis of babassu oil employing the combi-
lipase (8% TL-IM + 17% Novozym 435 + 75% RM-IM). Reaction conditions: 1-9 wt.% of biocatalyst
content (a), 1:2-1:3 substrate ratio (oil/water, w/w) (b), 30-50 °C (c), 120-240 rpm (d) and 3 h.
Novozym 435: Commercially immobilized lipase B from Candida antarctica; RML-IM (Lipozyme RM-
IL): Commercially immobilized lipase from Rhizomucor miehei; TLL (Lipozyme TL-IM): Commercially
immobilized lipase from Thermomyces lanuginosus.
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Table 3. S/N ratios for biocatalyst content (wt.%), substrate ratio (oil/water, w/w), reactor tempera-

ture (°C), and stirring (rpm) at each level of the free biocatalysts.

Level Biocatalyst Content ~ Substrate Ratio = Temperature Stirring
Level 1 33.46 35.15 32.32 35.19
Level 2 36.06 36.01 38.83 35.91
Level 3 37.10 35.46 35.47 35.53

Delta 3.64 0.86 6.50 0.72

Ranking 2 3 1 4

The biocatalyst content had the second most pronounced influence on the hydrolysis
of babassu oil, as also depicted in Figure 3. The increase in the biocatalyst content from the
lowest level (1 wt.%) to the highest level (9 wt.%) led to an increase in the S/N ratios and,
thus, hydrolysis yield. The results confirm the importance of adequate biocatalyst levels,
with potential particle aggregation at concentrations exceeding 9 wt.%, thereby impairing
mass transfer and reducing the apparent activity of the lipases [96]. The second-highest
influence of the biocatalyst content on the hydrolysis of babassu o0il was also determined
by the highest delta value (Table 3) and lowest p-value (Table A1).

On the other hand, the substrate ratio (oil/water, v/v) and reactor stirring had the
least pronounced influence on the hydrolysis of babassu oil, respectively, as depicted in
Figure 3, Tables 3 and A1l. Although the substrate ratio (oil/water) and reactor stirring were
not as critical as the reactor temperature and biocatalyst content, maintaining a minimum
stirring of 180 rpm and an oil/water (w/w) ratio of 1:2 ensured proper mixing of the
reactants. Further increases in stirring or water content led to only marginal increases in the
hydrolysis yield. In any case, a proper substrate ratio and reactor stirring may ensure the
dispersion of the substrates and immobilized biocatalysts, mitigating diffusional limitations
and/or mass transfer problems within the reaction medium and, ultimately, increasing the
hydrolysis yield [93,97].

2.3. Operational Stability of the Biocatalysts

The operational stability of the most effective biocatalyst (8% TLL-IM + 17% Novozym
435 + 75% RML-IM) for the full hydrolysis of babassu oil, as well as the individual perfor-
mance of TLL-IM, Novozym 435, and RML-IM, was assessed under optimized reaction
conditions (9 wt.% of biocatalyst content, 1:2 (oil/water), 40 °C and 180 rpm) for several 3 h
cycles. As depicted in Figure 4, the hydrolytic activity of the combi-lipases decreased over
each new reaction cycle, reaching 73% of the initial hydrolysis yield after 10 reaction cycles.
Only individual TLL-IM exhibited lower stability than the combi-biocatalyst, maintaining
only 30% of the initial hydrolysis yield after 10 consecutive cycles of hydrolysis. And
this biocatalyst accounted for only 8% of the initial combi-biocatalyst mass and it was the
least active one (see Table 1). RML-IM accounts for 75% of the combi-lipases biocatalyst,
maintaining approximately 90% of its initial hydrolytic activity after 10 consecutive reaction
cycles, and Novozym 435 even increased the initial yield (111% of the initial hydrolysis
yield) after 10 consecutive reaction cycles. This clearly shows the important role of the
combination of the 3 biocatalysts in the reaction. Although only TLL-IM is seriously in-
activated along the reaction, and this individual biocatalyst accounts for an apparently
very low percentage of oil hydrolysis, its inactivation led to a general decrease in the
combi-biocatalyst performance, which greatly exceeded the expected value of losing the
TLL activity. However, it cannot be disregarded that some of the FFAs were produced by
the combi-lipases (in this case, by TLL) but not by individual RML-IM or Novozym 435,
which can affect the activity of these lipases. Figure 4 shows how, after 3 cycles, the yields
from using the combi-lipase at the optimal time were decreased compared to those from
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the most stable RML (although by prolonging the time by 2 additional hours, similar yields
to the initial ones could be obtained).

100

- ®Novozym 435 @RML-IM ETLL-IM = Combi-lipases

Hydrolyis Yield (%)
¥4 ~
S O
H
1
1

\®]
9]

1 2 3 4 5 6 7 8 9 10
Cycles

Figure 4. Operational stability of the biocatalysts under optimized reaction conditions. Reactions
conditions: 9 wt.% of biocatalyst content, 1:2 (oil/water), 40 °C, 180 rpm and 3 h. Combi-lipases: 8%
TLL-IM + 17% Novozym 435 + 75% RML-IM; Novozym 435: Commercially immobilized lipase B from
Candida antarctica; RML-IM (Lipozyme RM-IL): Commercially immobilized lipase from Rhizomucor
miehei; TLL (Lipozyme TL-IM): Commercially immobilized lipase from Thermomyces lanuginosus.

In fact, the thermal stability of RML is usually much lower than that of CALB and TLL
but only the activity of TLL decreased in a significant way [98-101]. It was recently reported
that, under the same inactivation conditions (60 °C and pH 7.0), the thermal stability of
TLL immobilized on octyl agarose may be much lower than that of CALB immobilized
on the same support, depending on the post-immobilization strategy. Firstly, when the
immobilized biocatalysts were coated by polyethylenimine (PEI), the thermal stability
of TLL was higher than that of CALB; however, as the post-immobilization goes on by
crossing the PEI-coated immobilized biocatalysts with glutaraldehyde (GLU), the thermal
stability of CALB surpasses that of TLL [98]. The inactivation of the biocatalyst may be
caused by real enzyme inactivation or by the release of the enzymes from the support. The
combi-lipases are exposed to higher concentrations of FFAs and a lower pH value, as the
yields are higher than those obtained when the enzymes are used in an individual way. The
problems generated by the inactivation of TLL biocatalyst made it necessary to prolong the
reaction cycles to maintain the initial yields. We solved the problem by adding a fresh TLL
biocatalyst equivalent to the inactivated one using data from operational stability achieved
using just the TLL biocatalyst, after 10 cycles (no shown results). However, a better solution
should be to design a more stable TLL biocatalyst. The use of better biocatalysts with higher
stabilization values and avoiding risks of enzyme release should prevent the decrease in
the combi-biocatalysts performance, whatever the cause of biocatalyst inactivation, for
example, by using hydrophobic heterofunctional biocatalysts [102-105].

2.4. Antimicrobial Activity of the Produced FFAs

The antimicrobial analysis of the FFAs from babassu oil at a concentration of 10 mg
mL~! demonstrated an inhibition rate of 94.9% (+9.18) against S. aureus, 90.8% (£1.25)
against E. coli, and 99.7% (4:0.39) against P. aeruginosa, as depicted in Figure 5, and this was
not significantly increased using higher concentrations. These findings indicate that the
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FFAs from babassu oil, used at 10 mg/mL, exhibited a significant desirable antimicrobial
activity (>80%) against the most common environmental bacteria. It was recently reported
that concentrations of around 1 mg of babassu oil are enough to inhibit E. coli (ATCC 10536)
and P. aeruginosa (ATCC 9027) and 0.81 mg for S. aureus (ATCC 6538) [106]. The oil exhibited
activity even after undergoing hydrolysis.

150
140 JEZAE. coli

1304 B S. aureus
120 B P. aeruginosa
) *
1104 f ok

1001

Inhibition in 24 h (%

40 20 10

Concentration mg mL™'

Figure 5. Antimicrobial analysis of hydrolyzed babassu oil (40, 20, and 10 mg mL~!) against S. aureus,
E. coli, P. aeruginosa. The ANOVA test and Dunn’s post-test with multiple comparisons were applied.
Values with significant differences were considered if p < 0.05. * p < 0.05; ** p < 0.01.

3. Materials and Methods
3.1. Materials

The commercially immobilized lipases from Thermomyces lanuginosus (Lipozyme®
TL-IM), Rhizomucor miehei (Lipozyme® RM-IM), and lipase B from Candida antarctica
(Novozym® 435) were kindly donated by Novozymes Spain (Alcobendas, Spain). Babassu
oil was purchased from Sincoplema (Caxias, Maranhao, Brazil). According to our previous
study [107], it is mainly composed of caprylic acid (3.79%), capric acid (5.42%), lauric acid
(47.75%), myristic acid (16.54%), palmitic acid (8.58%), stearic acid (3.45%), oleic acid (12%),
and linoleic acid (2.46%). The software Statistica® (Version 14.1.0.8, Statsoft South America,
Sao Caetano do Sul, Sao Paulo, Brazil) was used to design and analyze the experiments.

3.2. Methods

The experiments were conducted at least in triplicate, with the results being presented
as the average of these values (standard deviation typically below 5%).

3.2.1. Experimental Design of the Combi-Lipase Biocatalyst

A mixture design with a triangular surface (3-factor simplex-centroid design with
interior points) study was conducted to determine the optimal combi-lipase for the hy-
drolysis of babassu oil, employing TL-IM, RM-IM, and Novozym 435 or their mixtures as
biocatalysts, as shown in Table 1. The hydrolysis was performed under fixed conditions for
1-4 h as follows: 5 wt.% of biocatalysts content, 1:2 (oil, water, w/w), 40 °C, 180 rpm. The
hydrolysis yield was determined as follows: first, the oil phase containing the FFAs was
separated from the aqueous phase through decantation; then, the FFAs-phase (0.5 g) was
diluted in 10 mL of ethyl alcohol, followed by the addition of 3 drops of phenolphthalein as
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pH titrating reagent and, finally, the mixture was titrated with sodium hydroxide (50 mM).
The hydrolysis yield (H%) of the product was calculated using Equation (1) [108,109]:

Mo X VNeon X 1073 x MM

H (%) = —

1)

In the given equation, Mn,on (mol/L) is the molarity of the NaOH solution; Vnaon
(mL) is the volume of NaOH spent on the titration; MM is the average molecular mass
FFA from babassu oil (g/mol); m (g) is the mass of the sample to be analyzed; and f is the
babassu oil fraction at the beginning of hydrolysis.

3.2.2. Experimental Design of the Reaction Conditions

Some reaction factors of the hydrolysis of babassu oil were optimized by the Taguchi
method, employing a standard orthogonal array L9 (“L” represents the Latin square and “9”
represents the number of experiments) to determine the best biocatalyst content, substrate
ratio (oil/water), reactor temperature and stirring, as depicted in Table 2. The hydrolysis
yield was determined as described above. To maximize the hydrolysis yield, the “larger-is-
better” function was employed to determine the signal /noise (5/N) ratios for the hydrolysis
yield of each assay of the L9 orthogonal array. The S/N ratios for each assay were calculated

S 141
N —1010g<n2 2) )

i—1 Y

by Equation (2).

In the given equation, y is the hydrolysis yield to the corresponding essay, it is the
number of replicates, and n is the number of responses for the combination of factor levels
in any specific parametric combination according to Table 2.

The predicted S/N ratio under optimal conditions to achieve the highest conversion
was estimated by Equation (3). In which, S/N is the arithmetic mean of all S/N ratios, S/Nj is
the S/N ratio at the optimal point for each factor and n is the number of factors significantly
affecting the process.

L = E + 3 i + E (3)
Npredicted N j=1 N] N

3.2.3. Antimicrobial Activity of the Produced FFAs

The antimicrobial activity of the FFAs from babassu oil was analyzed against E.
coli (ATCC 11303), P. aeruginosa (ATCC 27853), and S. aureus (ATCC 25923), all from the
American Type Culture Collection (ATCC). The methodology used was microdilution
methodology in 96-well polystyrene plates standardized [110]. The bacterial strains were
inoculated in Mueller Hinton Broth (MHB) and incubated at 35 °C. After 24 h, the bacterial
cultures were centrifuged at 9000 rpm and 4 °C for 5 min, with subsequent removal of
the supernatant. The bacteria were resuspended in a fresh medium and the inoculum
was adjusted to 106 CFU mL~!. In a 96-well plate, 100 uL of the FFAs from babassu oil
(40, 20, and 10 mg mL~') and 100 pL of the bacterial suspension were added to each
well. Only wells with MHB with bacteria were used as positive controls. Dimethyl
sulfoxide (DMSO, 1%) was used to improve the solubility of the FFAs from babassu oil.
This DMSO concentration was included in the control to ensure that any observed effects
were exclusively attributed to the FFAs. After 18 h of incubation, bacterial growth was
assessed by measuring absorbance at 620 nm (SpectraMax i3x, Molecular Device, Sunnyvale,
CA, USA). The antimicrobial activity was calculated using Equation (4).

F —F
Antimicrobial activity (%) = (Sampleblﬂnk> x 100% 4)

Pcontrol
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The data collected underwent descriptive analysis and an evaluation of normality.
Since the samples followed a normal distribution, one-way ANOVA was used for other
analyses. Results were reported as mean, with statistical significance defined as p < 0.05.

4. Conclusions

The results in this paper clearly exemplify the importance of selecting adequate
conversion degrees when selecting the best biocatalysts for a specific reaction. This is
more important when using heterogeneous substrates (as the substrate molar ratio will
change along the process) or when the experimental conditions are changing along the
process (e.g., pH is altered during the reaction studied in this paper). At first glance,
using initial conditions, in which 50% yield is achieved, may enable a good comparison
of the different biocatalyst formulations, making it easy to detect increases or decreases
in the yields during optimization. However, these moderate conversions of the whole
substrate mixture can mask the negative effects of some of the components of the substrate
mixture. We should consider a situation where the oil is composed mainly of triglycerides
that are readily hydrolyzed by an enzyme (that we can call “good substrates”) but that
a small percentage of the oil is composed of triglycerides that cannot be hydrolyzed by
this enzyme (that we can call “bad substrates”). However, they are properly hydrolyzed
by a second enzyme, which is less efficient in the hydrolysis of the main triglycerides
than the other enzyme. To detect an advantage of the use of a mixture of enzymes, only
when the relation of these “bad” substrates versus the other “good” substrates for the main
enzyme becomes very high (when a large percentage of the “good substrate” has been
consumed), this “bad” substrate may produce a slowdown of the enzyme activity, and the
advantages of the use of combi-lipases become evident. Under these circumstances, the use
of higher conversion yields (that means longer reaction times and more time consumed
in the optimization) can show these effects. In fact, the best solution to better understand
the results is the use of several reaction times. In this paper, the use of different reaction
times in the combi-biocatalyst optimization has enabled us to detect the importance of
using combi-lipases in the hydrolysis of babassu oil. The combi-lipases composed of 75%
of RML-IM, 17% of CALB-IM, and 8% of TLL-IM were the best biocatalyst formulation
to hydrolyze babassu oil, reaching approximately full hydrolysis (>99%), whereas the
individual lipases gave lower maximum yields. However, RML-IM exhibited the best
performance if analyzing only 1 h of reaction, but the reaction catalyzed by this biocatalyst
reached only 85% of hydrolysis yield after 4 h. These results highlight the potential of
combi-lipases over lipases alone in the modification of vegetable oils. Despite reaching
approximately full hydrolysis yield in the first step of this study, the reaction was further
evaluated to reduce the time of reaction (from 4 h to 3 h); however, higher biocatalyst
content was required (from 5 wt.% to 9 wt.%). One may choose to reduce the reaction
time by increasing the biocatalyst content, or vice versa. Indeed, the biocatalyst content
showed the highest influence on the yield obtained in the hydrolysis of babassu oil. The
75% of RML-IM + 17% of CALB-IM + 8% of TLL-IM combi-lipases exhibited moderate
operational stability (more than 70% of the initial hydrolysis yield after 10 reaction cycles),
apparently mainly associated with the substantial decrease of TLL-IM activity. This should
be further investigated and better lipase combi-biocatalysts built to prevent this enzyme
activity inactivation (e.g., improving the immobilization of TLL). The obtained FFAs from
babassu oil exhibited high antimicrobial activity over different bacteria, probably due to
the high concentration of lauric acid.
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Appendix A

Table A1. ANOVA for L9 orthogonal array (x = 0.05). {} indicates that has no (or negligible) effect.

dF SS MS F p-Value
Biocatalyst Content 21.12 2 10.56 21.97 0.007
{Substrate Ratio} 1.14 {2}
Temperature 63.46 2 31.73 66.015 0.001
{Stirring} 0.78 {2}

References

1. Issariyakul, T.; Dalai, A.K. Biodiesel from Vegetable Oils. Renew. Sustain. Energy Rev. 2014, 31, 446-471. [CrossRef]

2. Samantaray, B.; Mohapatra, S.; Mishra, R.R.; Behera, B.C.; Thatoi, H. Bioethanol Production from Agro-Wastes: A Comprehensive
Review with a Focus on Pretreatment, Enzymatic Hydrolysis, and Fermentation. Int. ]. Green Energy 2024, 21, 1398-1424.
[CrossRef]

3. Thirunavukarasu, N.; Panda, R.C. Modeling, Identification, and Control for the Production of Glycerol by the Hydrolysis of
Tallow. Rev. Chem. Eng. 2015, 31, 345-359. [CrossRef]

4.  Hartman, L. Effect of Temperature on the Twitchell Fat Splitting Process and Its Catalysts. J. Am. Oil Chem. Soc. 1953, 30, 349-350.
[CrossRef]

5. Hartman, L. Kinetics of the Twitchell Hydrolysis. Nature 1951, 167, 199. [CrossRef]

6. Kang, S.; Fu, ].; Zhang, G. From Lignocellulosic Biomass to Levulinic Acid: A Review on Acid-Catalyzed Hydrolysis. Renew.
Sustain. Energy Rev. 2018, 94, 340-362. [CrossRef]

7.  Satyarthi, ].K,; Srinivas, D.; Ratnasamy, P. Hydrolysis of Vegetable Oils and Fats to Fatty Acids over Solid Acid Catalysts. Appl.
Catal. A Gen. 2011, 391, 427-435. [CrossRef]

8.  Stirton, A.J.; Hammaker, E.M.; Herb, S.F; Roe, E.T. Comparison of Fat-Splitting Reagents in the Twitchell Process. Oil Soap 1944,
21, 148-151. [CrossRef]

9. Goswami, D.; Basu, ] K.; De, S. Lipase Applications in Oil Hydrolysis with a Case Study on Castor Oil: A Review. Crit. Rev.
Biotechnol. 2013, 33, 81-96. [CrossRef]

10. Casali, B.; Brenna, E.; Parmeggiani, F; Tessaro, D.; Tentori, F. Enzymatic Methods for the Manipulation and Valorization of
Soapstock from Vegetable Oil Refining Processes. Sustain. Chem. 2021, 2, 74-91. [CrossRef]

11.  Costa, C.Z,; Sousa-Aguiar, E.F.; Couto, M.A.P.G.; Filho, ].ES. de C. Hydrothermal Treatment of Vegetable Oils and Fats Aiming at
Yielding Hydrocarbons: A Review. Catalysts 2020, 10, 843. [CrossRef]

12.  Holliday, R.L.; King, J.W.,; List, G.R. Hydrolysis of Vegetable Oils in Sub- And Supercritical Water. Ind. Eng. Chem. Res. 1997, 36,

932-935. [CrossRef]


https://doi.org/10.1016/j.rser.2013.11.001
https://doi.org/10.1080/15435075.2023.2253871
https://doi.org/10.1515/revce-2014-0047
https://doi.org/10.1007/BF02633765
https://doi.org/10.1038/167199a0
https://doi.org/10.1016/j.rser.2018.06.016
https://doi.org/10.1016/j.apcata.2010.03.047
https://doi.org/10.1007/BF02549471
https://doi.org/10.3109/07388551.2012.672319
https://doi.org/10.3390/suschem2010006
https://doi.org/10.3390/catal10080843
https://doi.org/10.1021/ie960668f

Catalysts 2025, 15, 209 16 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

Peters, M.A.; Alves, C.T.; Wang, J.; Onwudili, J.A. Subcritical Water Hydrolysis of Fresh and Waste Cooking Oils to Fatty Acids
Followed by Esterification to Fatty Acid Methyl Esters: Detailed Characterization of Feedstocks and Products. ACS Omega 2022,
7,46870-46883. [CrossRef] [PubMed]

Luo, H.; Xue, K; Fan, W,; Li, C.; Nan, G; Li, Z. Hydrolysis of Vegetable Oils to Fatty Acids Using Brensted Acidic Ionic Liquids as
Catalysts. Ind. Eng. Chem. Res. 2014, 53, 11653-11658. [CrossRef]

Liu, Z.; Chen, Z.; Han, F; Kang, X.; Gu, H.; Yang, L. Microwave-Assisted Method for Simultaneous Hydrolysis and Extraction
in Obtaining Ellagic Acid, Gallic Acid and Essential Oil from Eucalyptus Globulus Leaves Using Brénsted Acidic Ionic Liquid
[HO3S(CH,)4mim]HSOy. Ind. Crop. Prod. 2016, 81, 152-161. [CrossRef]

Khodadadi, M.R.; Malpartida, I.; Tsang, C.-W.; Lin, C.S.K,; Len, C. Recent Advances on the Catalytic Conversion of Waste Cooking
Oil. Mol. Catal. 2020, 494, 111128. [CrossRef]

Chen, S.S.; Yu, LK.M.; Tsang, D.C.W.; Yip, A.C.K,; Khan, E.; Wang, L.; Ok, Y.S.; Poon, C.S. Valorization of Cellulosic Food Waste
into Levulinic Acid Catalyzed by Heterogeneous Brdnsted Acids: Temperature and Solvent Effects. Chem. Eng. J. 2017, 327,
328-335. [CrossRef]

Lu, T; Guo, Y,; Shi, J.; Li, X.; Wu, K,; Li, X,; Zeng, Z.; Xiong, Y. Identification and Safety Evaluation of Ochratoxin A Transformation
Product in Rapeseed Oil Refining Process. J. Agric. Food Chem. 2022, 70, 14931-14939. [CrossRef]

Faillace, E.; Brunini-Bronzini de Caraffa, V.; Mariani, M.; Berti, L.; Maury, J.; Vincenti, S. Optimizing the First Step of the
Biocatalytic Process for Green Leaf Volatiles Production: Lipase-Catalyzed Hydrolysis of Three Vegetable Oils. Int. |. Mol. Sci.
2023, 24, 12274. [CrossRef]

Baena, A.; Orjuela, A.; Rakshit, S.K.; Clark, ].H. Enzymatic Hydrolysis of Waste Fats, Oils and Greases (FOGs): Status, Prospective,
and Process Intensification Alternatives. Chem. Eng. Process. Process Intensif. 2022, 175, 108930. [CrossRef]

Bornscheuer, U.T. Enzymes in Lipid Modification. Annu. Rev. Food Sci. Technol. 2018, 9, 85-103. [CrossRef] [PubMed]

Monteiro, R.R.C.; Da Silva, 5.5.0.; Cavalcante, C.L.; De Luna, EM.T.; Bolivar, ]. M.; Vieira, R.S.; Fernandez-Lafuente, R. Biosynthesis
of Alkanes/Alkenes from Fatty Acids or Derivatives (Triacylglycerols or Fatty Aldehydes). Biotechnol. Adv. 2022, 61, 108045.
[CrossRef] [PubMed]

Bornscheuer, U.T. Enzymes in Lipid Modification: From Classical Biocatalysis with Commercial Enzymes to Advanced Protein
Engineering Tools. Oléagineux Corp. Gras Lipides 2013, 20, 45—49. [CrossRef]

Murty, V.R.; Bhat, J.; Muniswaran, PK.A. Hydrolysis of Oils by Using Immobilized Lipase Enzyme: A Review. Biotechnol.
Bioprocess Eng. 2002, 7, 57-66. [CrossRef]

Pedro, K.C.N.R; Da Silva, G.A.R;; Da Silva, M.A.P,; Henriques, C.A.; Langone, M.A.P. Immobilization of Lipase on Zeolite, Silica,
and Silica-Aluminas and Its Use in Hydrolysis, Esterification, and Transesterification Reactions. Catal. Today 2025, 447, 115141.
[CrossRef]

Syaima, M.T.S.; Ong, K.H.; Mohd Noor, I.; Zamratul, M.ILM.; Brahim, S.A.; Hafizul, M.M. The Synthesis of Bio-Lubricant Based
Oil by Hydrolysis and Non-Catalytic of Palm Oil Mill Effluent (POME) Using Lipase. Renew. Sustain. Energy Rev. 2015, 44,
669-675. [CrossRef]

Guerrero-Elias, H.Y.; Camacho-Ruiz, M.A.; Espinosa-Salgado, R.; Mateos-Diaz, ]J.C.; Camacho-Ruiz, R-M.; Asaff-Torres, A;
Rodriguez, ].A. Spectrophotometric Assay for the Screening of Selective Enzymes towards DHA and EPA Ethyl Esters Hydrolysis.
Enzym. Microb. Technol. 2025, 182, 110531. [CrossRef]

Monteiro, R.R.C.; De Luna, EM.T.; Lomonaco, D.; Fernandez-Lafuente, R.; Vieira, R.S. Improving the Performance of Lipases in
the Full Hydrolysis of Residual Coconut Oil by Immobilization on Hydrophobic Supports. Ind. Crop. Prod. 2024, 222, 120014.
[CrossRef]

Mhadmbhan, S.; Yoosuk, B.; Henpraserttae, S. Selective Lipase-Catalyzed Hydrolysis for Removal of Diglyceride in Palm Oil. Sep.
Purif. Technol. 2024, 349, 127897. [CrossRef]

Liu, R.; Li, P; Li, S.; Zhuang, Y.; Chen, S.; Huang, Y.; Zheng, Y.; Xiong, Y.; Wang, D.; He, M.; et al. Immobilized Burkholderia
Cepacia Lipase and Its Application in Selective Enrichment of EPA by Hydrolysis of Fish Oil. LWT 2024, 206, 116598. [CrossRef]
Itoh, T. Ionic Liquids as Tool to Improve Enzymatic Organic Synthesis. Chem. Rev. 2017, 117, 10567-10607. [CrossRef] [PubMed]
Ha, S.H.; Lan, M.N.; Lee, S.H.; Hwang, S.M.; Koo, Y.M. Lipase-Catalyzed Biodiesel Production from Soybean Oil in Ionic Liquids.
Enzym. Microb. Technol. 2007, 41, 480-483. [CrossRef]

Gupta, S. Comparative Study on Hydrolysis of Oils by Lipase Immobilized Biocatalytic PS Membranes Using Biphasic Enzyme
Membrane Reactor. J. Environ. Chem. Eng. 2016, 4, 1797-1809. [CrossRef]

Nguyen, V.D.H.; Huynh, T.N.P; Nguyen, T.T.T.; Ho, H.H,; Trinh, L.T.P; Nguyen, A.Q. Expression and Characterization of a
Lipase EstA from Bacillus Subtilis KM-BS for Application in Bio-Hydrolysis of Waste Cooking Oil. Profein Expr. Purif. 2024, 215,
106419. [CrossRef] [PubMed]

Cipolatti, E.P.; De Andrade Souza, L.T.; Moreno-Pérez, S.; Pinto, M.C.C.; Manoel, E.A.; De Oliveira, D.; Pessela, B.C. Application
of Goat and Lamb Lipases on the Development of New Immobilized Biocatalysts Aiming at Fish Oil Hydrolysis. Appl. Biochem.
Biotechnol. 2024. [CrossRef]


https://doi.org/10.1021/acsomega.2c05972
https://www.ncbi.nlm.nih.gov/pubmed/36570193
https://doi.org/10.1021/ie501524z
https://doi.org/10.1016/j.indcrop.2015.11.074
https://doi.org/10.1016/j.mcat.2020.111128
https://doi.org/10.1016/j.cej.2017.06.108
https://doi.org/10.1021/acs.jafc.2c04532
https://doi.org/10.3390/ijms241512274
https://doi.org/10.1016/j.cep.2022.108930
https://doi.org/10.1146/annurev-food-030117-012336
https://www.ncbi.nlm.nih.gov/pubmed/29350562
https://doi.org/10.1016/j.biotechadv.2022.108045
https://www.ncbi.nlm.nih.gov/pubmed/36181965
https://doi.org/10.1051/ocl.2012.0487
https://doi.org/10.1007/BF02935881
https://doi.org/10.1016/j.cattod.2024.115141
https://doi.org/10.1016/j.rser.2015.01.005
https://doi.org/10.1016/j.enzmictec.2024.110531
https://doi.org/10.1016/j.indcrop.2024.120014
https://doi.org/10.1016/j.seppur.2024.127897
https://doi.org/10.1016/j.lwt.2024.116598
https://doi.org/10.1021/acs.chemrev.7b00158
https://www.ncbi.nlm.nih.gov/pubmed/28745876
https://doi.org/10.1016/j.enzmictec.2007.03.017
https://doi.org/10.1016/j.jece.2016.03.007
https://doi.org/10.1016/j.pep.2023.106419
https://www.ncbi.nlm.nih.gov/pubmed/38110109
https://doi.org/10.1007/s12010-024-04942-2

Catalysts 2025, 15, 209 17 of 20

36.

37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Arana-Pefia, S.; Carballares, D.; Berenguer-Murcia, A.; Alcantara, AR,; Rodrigues, R.C.; Fernandez-Lafuente, R. One Pot Use
of Combilipases for Full Modification of Oils and Fats: Multifunctional and Heterogeneous Substrates. Catalysts 2020, 10, 605.
[CrossRef]

Yuan, D.; Wu, Z.; Wang, Y. Evolution of the Diacylglycerol Lipases. Prog. Lipid Res. 2016, 64, 85-97. [CrossRef]

Bornscheuer, U.T. Lipase-Catalyzed Syntheses of Monoacylglycerols. Enzym. Microb. Technol. 1995, 17, 578-586. [CrossRef]
Oda, M.; Kaieda, M.; Hama, S.; Yamaji, H.; Kondo, A.; Izumoto, E.; Fukuda, H. Facilitatory Effect of Immobilized Lipase-Producing
Rhizopus Oryzae Cells on Acyl Migration in Biodiesel-Fuel Production. Biochem. Eng. J. 2005, 23, 45-51. [CrossRef]

Kaieda, M.; Samukawa, T.; Matsumoto, T.; Ban, K.; Kondo, A.; Shimada, Y.; Noda, H.; Nomoto, F.; Ohtsuka, K.; Izumoto, E.;
et al. Biodiesel Fuel Production from Plant Oil Catalyzed by Rhizopus Oryzae Lipase in a Water-Containing System without an
Organic Solvent. J. Biosci. Bioeng. 1999, 88, 627-631. [CrossRef]

Park, Y.K.; Pastore, G.M.; de Almeida, M.M. Hydrolysis of Soybean Oil by a Combined Lipase System. J. Am. Oil Chem. Soc. 1988,
65, 252-254. [CrossRef]

Qiao, H.; Zhang, F.,; Guan, W.; Zuo, ].; Feng, D. Optimisation of Combi-Lipases from Aspergillus Niger for the Synergistic and
Efficient Hydrolysis of Soybean Oil. Anim. Sci. J. 2017, 88, 772-780. [CrossRef] [PubMed]

Huang, J.; Zhao, Q.; Bu, W.; Zhang, C.; Yang, Z.; Zhang, X.; Zhang, K. Ultrasound-Assisted Hydrolysis of Lard for Free Fatty
Acids Catalyzed by Combined Two Lipases in Aqueous Medium. Bioengineered 2020, 11, 241-250. [CrossRef] [PubMed]

Souza, J.E.S.; Monteiro, R.R.C.; Rocha, T.G.; Moreira, K.S.; Cavalcante, ET.T.; de Sousa Braz, A.K.; de Souza, M.C.M.; dos Santos,
J.C.S. Sonohydrolysis Using an Enzymatic Cocktail in the Preparation of Free Fatty Acid. 3 Biotech 2020, 10, 1-11. [CrossRef]
[PubMed]

Alves, ].S; Vieira, N.S.; Cunha, A.S; Silva, A.M.; Zachia Ayub, M.A ; Fernandez-Lafuente, R.; Rodrigues, R.C. Combi-Lipase for
Heterogeneous Substrates: A New Approach for Hydrolysis of Soybean Oil Using Mixtures of Biocatalysts. RSC Adv. 2014, 4,
6863-6868. [CrossRef]

Alonazi, M.; Al-Diahan, S.K.; Alzahrani, Z.R.A.; Ben Bacha, A. Combined Immobilized Lipases for Effective Biodiesel Production
from Spent Coffee Grounds. Saudi J. Biol. Sci. 2023, 30, 103772. [CrossRef]

Zeng, L.; He, Y, Jiao, L.; Li, K,; Yan, Y. Preparation of Biodiesel with Liquid Synergetic Lipases from Rapeseed Oil Deodorizer
Distillate. Appl. Biochem. Biotechnol. 2017, 183, 778-791. [CrossRef]

Karmee, S.K. Preparation of Biodiesel from Nonedible Oils Using a Mixture of Used Lipases. Energy Sources Part A Recovery Util.
Environ. Eff. 2016, 38, 2727-2733. [CrossRef]

Jang, M.G.; Kim, D.K,; Park, S.C.; Lee, ].S.; Kim, S.W. Biodiesel Production from Crude Canola Oil by Two-Step Enzymatic
Processes. Renew. Energy 2012, 42, 99-104. [CrossRef]

Huang, C; Zhou, Y,; Li, L.; Lin, L.; Li, C,; Ye, Y. Insight into the Medium-long-medium Structured Lipids Made from Camellia Oil:
Composition-Structure Relationship. J. Food Sci. 2023, 88, 3384-3397. [CrossRef]

Huang, C.; Lin, Z.; Zhang, Y,; Liu, Z.; Tang, X,; Li, C.; Lin, L.; Huang, W.; Ye, Y. Structure-Guided Preparation of Fuctional Oil Rich
in 1,3-Diacylglycerols and Linoleic Acid from Camellia Oil by Combi-Lipase. J. Sci. Food Agric. 2023, 103, 108-117. [CrossRef]
[PubMed]

Pande, G.; Sabir, ].5.M.; Baeshen, N.A.; Akoh, C.C. Enzymatic Synthesis of Extra Virgin Olive Oil Based Infant Formula Fat
Analogues Containing ARA and DHA: One-Stage and Two-Stage Syntheses. ]. Agric. Food Chem. 2013, 61, 10590-10598. [CrossRef]
[PubMed]

Abdelgawad, A.; Eid, M.; Abou-Elmagd, W.; Abou-Elregal, M. Lipase Catalysed Transesterification of Palm Stearin with Ferulic
Acid in Solvent-Free Media. Biocatal. Biotransformation 2022, 40, 378-385. [CrossRef]

Ortiz, C.; Ferreira, M.L.; Barbosa, O.; Dos Santos, J.C.S.; Rodrigues, R.C.; Berenguer-Murcia, A.; Briand, L.E.; Fernandez-Lafuente,
R. Novozym 435: The “Perfect” Lipase Immobilized Biocatalyst? Catal. Sci. Technol. 2019, 9, 2380-2420. [CrossRef]
Fernandez-Lafuente, R. Lipase from Thermomyces Lanuginosus: Uses and Prospects as an Industrial Biocatalyst. J. Mol. Catal. B:
Enzym. 2010, 62, 197-212. [CrossRef]

Yousefi, M.; Marciello, M.; Guisan, ].M.; Fernandez-Lorente, G.; Mohammadi, M.; Filice, M. Fine Modulation of the Catalytic
Properties of Rhizomucor Miehei Lipase Driven by Different Immobilization Strategies for the Selective Hydrolysis of Fish Oil.
Molecules 2020, 25, 545. [CrossRef]

Kotogén, A.; Furka, Z.T.; Kovécs, T.; Volford, B.; Papp, D.A.; Varga, M.; Huynh, T.; Szekeres, A.; Papp, T.; Vagvolgyi, C.; et al.
Hydrolysis of Edible Oils by Fungal Lipases: An Effective Tool to Produce Bioactive Extracts with Antioxidant and Antimicrobial
Potential. Foods 2022, 11, 1711. [CrossRef]

Urrutia, P; Arrieta, R.; Alvarez, L.; Cardenas, C.; Mesa, M.; Wilson, L. Immobilization of Lipases in Hydrophobic Chitosan for
Selective Hydrolysis of Fish Oil: The Impact of Support Functionalization on Lipase Activity, Selectivity and Stability. Int. |. Biol.
Macromol. 2018, 108, 674—686. [CrossRef]


https://doi.org/10.3390/catal10060605
https://doi.org/10.1016/j.plipres.2016.08.004
https://doi.org/10.1016/0141-0229(94)00096-A
https://doi.org/10.1016/j.bej.2004.10.009
https://doi.org/10.1016/S1389-1723(00)87091-7
https://doi.org/10.1007/BF02636410
https://doi.org/10.1111/asj.12718
https://www.ncbi.nlm.nih.gov/pubmed/27706884
https://doi.org/10.1080/21655979.2020.1729678
https://www.ncbi.nlm.nih.gov/pubmed/32091302
https://doi.org/10.1007/s13205-020-02227-z
https://www.ncbi.nlm.nih.gov/pubmed/32426206
https://doi.org/10.1039/C3RA45969A
https://doi.org/10.1016/j.sjbs.2023.103772
https://doi.org/10.1007/s12010-017-2463-y
https://doi.org/10.1080/15567036.2015.1098748
https://doi.org/10.1016/j.renene.2011.09.009
https://doi.org/10.1111/1750-3841.16677
https://doi.org/10.1002/jsfa.12117
https://www.ncbi.nlm.nih.gov/pubmed/35810339
https://doi.org/10.1021/jf4036468
https://www.ncbi.nlm.nih.gov/pubmed/24117100
https://doi.org/10.1080/10242422.2021.1949001
https://doi.org/10.1039/C9CY00415G
https://doi.org/10.1016/j.molcatb.2009.11.010
https://doi.org/10.3390/molecules25030545
https://doi.org/10.3390/foods11121711
https://doi.org/10.1016/j.ijbiomac.2017.12.062

Catalysts 2025, 15, 209 18 of 20

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Xuan, J.; Wang, Z.; Xia, Q.; Luo, T.; Mao, Q.; Sun, Q.; Han, Z.; Liu, Y.; Wei, S.; Liu, S. Comparative Lipidomics Profiling of
Acylglycerol from Tuna Oil Selectively Hydrolyzed by Thermomyces Lanuginosus Lipase and Candida Antarctica Lipase A.
Foods 2022, 11, 3664. [CrossRef]

Barbosa, M.S.; Freire, C.C.C.; Almeida, L.C.; Freitas, L.S.; Souza, R.L.; Pereira, E.B.; Mendes, A.A.; Pereira, M.M.; Lima, A.S.;
Soares, C.M.F. Optimization of the Enzymatic Hydrolysis of Moringa Oleifera Lam Oil Using Molecular Docking Analysis for
Fatty Acid Specificity. Biotechnol. Appl. Biochem. 2019, 66, 823-832. [CrossRef]

Bauer, L.C; Santos, L.S.; Sampaio, K.A.; Ferrao, S.P.B.; Fontan, R.d.C.I,; Minim, L.A.; Veloso, C.M.; Bonomo, R.C.F. Physicochemical
and Thermal Characterization of Babassu Oils (Orbignya Phalerata Mart.) Obtained by Different Extraction Methods. Food Res.
Int. 2020, 137, 109474. [CrossRef] [PubMed]

Teixeira, M.A. Babassu-A New Approach for an Ancient Brazilian Biomass. Biomass Bioenergy 2008, 32, 857-864. [CrossRef]

dos Santos, A.M.; Mitja, D.; Delaitre, E.; Demagistri, L.; de Souza Miranda, I.; Libourel, T.; Petit, M. Estimating Babassu Palm
Density Using Automatic Palm Tree Detection with Very High Spatial Resolution Satellite Images. J. Environ. Manag. 2017, 193,
40-51. [CrossRef] [PubMed]

IBGE. Total Production and Sales Related to Babassu Oil in Brazil in 2023. Available online: https://www.ibge.gov.br/explica/
producao-agropecuaria/babacu/br (accessed on 15 November 2024).

Paiva, E.J.M.; Da Silva, M.L.C.P,; Barboza, ].C.S.; De Oliveira, P.C.; De Castro, H.F.; Giordani, D.S. Non-Edible Babassu QOil as a
New Source for Energy Production-a Feasibility Transesterification Survey Assisted by Ultrasound. Ultrason. Sonochem. 2013, 20,
833-838. [CrossRef]

Meira, M.; Quintella, C.M.; Ribeiro, EM.O.; Silva, H.R.G.; Guimaraes, A K. Overview of the Challenges in the Production of
Biodiesel. Biomass Convers. Biorefinery 2015, 5, 321-329. [CrossRef]

De Medeiros Melo Neto, O.; Minervina Silva, I.; De Figueiredo Lopes Lucena, L.C.; De Figueiredo Lopes Lucena, L.; De Sousa,
T.M.; Wan Hu, J.; Youssef, A. Assessment of Rheological Properties of Asphalt Binder Modified with Babassu Oil. Case Stud.
Constr. Mater. 2024, 21, €03599. [CrossRef]

Da Silva, M.J.F.; Rodrigues, A.M.; Costa, M.C.P.; Camara, A.L.; Cabral, L.M.; Ricci Junior, E.; Vanzan, D.F,; Matos, A.P.D.S.; Da
Silva Honorio, T.; Borges, A.C.R. Solid Lipid Nanoparticles Based on Babassu Oil and Copaiba Oleoresin: A Promising Approach
for Prostate Cancer Therapy. Nanomaterials 2024, 14, 1014. [CrossRef]

Lima, R.C.; Carvalho, A.P.A.D.; Almeida, A.E.C.C.D.; Conte-Junior, C.A. Bioactive Compounds and Benefits of By-Products of
Amazon Babassu Oil Production: Potential for Dietary Supplement, Biomedical and Food Applications. Food Funct. 2024, 15,
6232-6253. [CrossRef]

Nitbani, FO.; Tjitda, PJ.P; Nitti, F.; Jumina, J.; Detha, A.LR. Antimicrobial Properties of Lauric Acid and Monolaurin in Virgin
Coconut Oil: A Review. ChemBioEng Rev. 2022, 9, 442-461. [CrossRef]

Wang, J.; Yang, C.; Hu, X,; Yao, X.; Han, L.; Wu, X,; Li, R.; Wen, T.; Ming, L. Lauric Acid Induces Apoptosis of Rice Sheath Blight
Disease Caused by Rhizoctonia Solani by Affecting Fungal Fatty Acid Metabolism and Destroying the Dynamic Equilibrium of
Reactive Oxygen Species. J. Fungi 2022, 8, 153. [CrossRef]

Do Couto, M.V.S.; Da Costa Sousa, N.; Paixao, P.E.G.; Dos Santos Medeiros, E.; Abe, H.A.; Meneses, J.O.; Cunha, ES.; Filho,
R.M.N,; De Sousa, R.C.; Maria, A.N; et al. Is There Antimicrobial Property of Coconut Oil and Lauric Acid against Fish Pathogen?
Aquaculture 2021, 545, 737234. [CrossRef]

Kim, Y,; Lee, J.; Park, S.; Kim, S.; Lee, J. Inhibition of Polymicrobial Biofilm Formation by Saw Palmetto Oil, Lauric Acid and
Myristic Acid. Microb. Biotechnol. 2022, 15, 590-602. [CrossRef] [PubMed]

Liang, C.; Gao, W.; Ge, T,; Tan, X.; Wang, J.; Liu, H.; Wang, Y,; Han, C.; Xu, Q.; Wang, Q. Lauric Acid Is a Potent Biological Control
Agent That Damages the Cell Membrane of Phytophthora Sojae. Front. Microbiol. 2021, 12, 666761. [CrossRef] [PubMed]

Jung, SW.; Lee, S.W. The Antibacterial Effect of Fatty Acids on Helicobacter Pylori Infection. Korean J. Intern. Med. 2016, 31, 30-35.
[CrossRef]

Anzaku, A.A.; Akyala, J.I; Juliet, A.; Obianuju, E.C. Antibacterial Activity of Lauric Acid on Some Selected Clinical Isolates. Ann.
Clin. Lab. Res. 2017, 5, 170. [CrossRef]

Jankovic, A.; Chaudhary, G.; Goia, F. Energy & Buildings Designing the Design of Experiments (DOE)—An Investigation on the
Influence of Different Factorial Designs on the Characterization of Complex Systems. Energy Build. 2021, 250, 111298. [CrossRef]
Durakovic, B. Design of Experiments Application, Concepts, Examples: State of the Art. Period. Eng. Nat. Sci. 2017, 5, 421-439.
[CrossRef]

Weissman, S.A.; Anderson, N.G. Design of Experiments (DoE) and Process Optimization. A Review of Recent Publications. Org.
Process Res. Dev. 2015, 19, 1605-1633. [CrossRef]

Veza, I.; Spraggon, M.; Fattah, LM.R.; Idris, M. Results in Engineering Response Surface Methodology (RSM) for Optimizing
Engine Performance and Emissions Fueled with Biofuel: Review of RSM for Sustainability Energy Transition. Results Eng. 2023,
18,101213. [CrossRef]


https://doi.org/10.3390/foods11223664
https://doi.org/10.1002/bab.1793
https://doi.org/10.1016/j.foodres.2020.109474
https://www.ncbi.nlm.nih.gov/pubmed/33233140
https://doi.org/10.1016/j.biombioe.2007.12.016
https://doi.org/10.1016/j.jenvman.2017.02.004
https://www.ncbi.nlm.nih.gov/pubmed/28189928
https://www.ibge.gov.br/explica/producao-agropecuaria/babacu/br
https://www.ibge.gov.br/explica/producao-agropecuaria/babacu/br
https://doi.org/10.1016/j.ultsonch.2012.11.003
https://doi.org/10.1007/s13399-014-0146-2
https://doi.org/10.1016/j.cscm.2024.e03599
https://doi.org/10.3390/nano14121014
https://doi.org/10.1039/D4FO01594K
https://doi.org/10.1002/cben.202100050
https://doi.org/10.3390/jof8020153
https://doi.org/10.1016/j.aquaculture.2021.737234
https://doi.org/10.1111/1751-7915.13864
https://www.ncbi.nlm.nih.gov/pubmed/34156757
https://doi.org/10.3389/fmicb.2021.666761
https://www.ncbi.nlm.nih.gov/pubmed/34421836
https://doi.org/10.3904/kjim.2016.31.1.30
https://doi.org/10.21767/2386-5180.1000170
https://doi.org/10.1016/j.enbuild.2021.111298
https://doi.org/10.21533/pen.v5i3.145
https://doi.org/10.1021/op500169m
https://doi.org/10.1016/j.rineng.2023.101213

Catalysts 2025, 15, 209 19 of 20

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Buruk Sahin, Y.; Aktar Demirtas, E.; Burnak, N. Mixture Design: A Review of Recent Applications in the Food Industry. Pamukkale
Univ. ]. Eng. Sci. 2016, 22, 297-304. [CrossRef]

Rao, R.S.; Kumar, C.G.; Prakasham, R.S.; Hobbs, PJ. The Taguchi Methodology as a Statistical Tool for Biotechnological
Applications: A Critical Appraisal. Biotechnol. |. 2008, 3, 510-523. [CrossRef] [PubMed]

lizarbe, L.; Alvarez, M.]J.; Viles, E.; Tanco, M. Practical Applications of Design of Experiments in the Field of Engineering: A
Bibliographical Review. Qual. Reliab. Eng. Int. 2008, 24, 417-428. [CrossRef]

Kapur, K.C.; Chen, G. Signal-to-noise Ratio Development for Quality Engineering. Qual. Reliab. Eng. Int. 1988, 4, 133-141.
[CrossRef]

Altekar, M.; Homon, C.A.; Kashem, M.A.; Mason, S.W.; Nelson, R M.; Patnaude, L.A.; Yingling, J.; Taylor, P.B. Assay Optimization:
A Statistical Design of Experiments Approach. Clin. Lab. Med. 2007, 27, 139-154. [CrossRef] [PubMed]

Georgantzinos, S.K.; Kastanos, G.; Tseni, A.D.; Kostopoulos, V. Efficient Optimization of the Multi-Response Problem in the
Taguchi Method through Advanced Data Envelopment Analysis Formulations Integration. Comput. Ind. Eng. 2024, 197.
[CrossRef]

Karazi, S.M.; Moradi, M.; Benyounis, K.Y. Statistical and Numerical Approaches for Modeling and Optimizing Laser Micromachining
Process-Review; Elsevier Ltd.: Amsterdam, The Netherlands, 2019; ISBN 9780128035818.

Chowdhury, A.; Chakraborty, R.; Mitra, D.; Biswas, D. Optimization of the Production Parameters of Octyl Ester Biolubricant
Using Taguchi’s Design Method and Physico-Chemical Characterization of the Product. Ind. Crop. Prod. 2014, 52, 783-789.
[CrossRef]

Rodrigues, R.C.; Ayub, M.A.Z. Effects of the Combined Use of Thermomyces Lanuginosus and Rhizomucor Miehei Lipases for
the Transesterification and Hydrolysis of Soybean Oil. Process Biochem. 2011, 46, 682-688. [CrossRef]

Vescovi, V.; Rojas, ML].; Baraldo, A.; Botta, D.C.; Santana, FA.M.; Costa, ].P.; Machado, M.S.; Honda, VK.; de Lima Camargo Gior-
dano, R.; Tardioli, PW. Lipase-Catalyzed Production of Biodiesel by Hydrolysis of Waste Cooking Oil Followed by Esterification
of Free Fatty Acids. J. Am. Oil Chem. Soc. 2016, 93, 1615-1624. [CrossRef]

Corradini, FA.S.; Alves, E.S.; Kopp, W.; Ribeiro, M.P.A.; Mendes, A.A.; Tardioli, PW.; Giordano, R.C.; Giordano, R.L.C. Kinetic
Study of Soybean Oil Hydrolysis Catalyzed by Lipase from Solid Castor Bean Seeds. Chem. Eng. Res. Des. 2019, 144, 115-122.
[CrossRef]

Al-Zuhair, S.; Hasan, M.; Ramachandran, K.B. Kinetics of the Enzymatic Hydrolysis of Palm Oil by Lipase. Process Biochem. 2003,
38, 1155-1163. [CrossRef]

Tsai, S.-W.; Chang, C. -S Kinetics of Lipase-catalyzed Hydrolysis of Lipids in Biphasic Organic—Aqueous Systems. ]. Chem.
Technol. Biotechnol. 1993, 57, 147-154. [CrossRef]

Floury, J.; Desrumaux, A.; Lardieres, J. Effect of High-Pressure Homogenization on Droplet Size Distributions and Rheological
Properties of Model Oil-in-Water Emulsions. Innov. Food Sci. Emerg. Technol. 2000, 1, 127-134. [CrossRef]

Santos, K.C.; Cassimiro, D.M.].; Avelar, M.H.M.; Hirata, D.B.; de Castro, H.E.; Fernandez-Lafuente, R.; Mendes, A.A. Character-
ization of the Catalytic Properties of Lipases from Plant Seeds for the Production of Concentrated Fatty Acids from Different
Vegetable Oils. Ind. Crop. Prod. 2013, 49, 462-470. [CrossRef]

Sun, S.; Liu, J.; Li, X. A Novel and Rapid Method for Fatty Acid Preparation by the Lipase-Catalyzed Hydrolysis of Phoenix Tree
Seeds. 3 Biotech 2018, 8, 403. [CrossRef]

Yolmeh, M.; Jafari, S.M. Applications of Response Surface Methodology in the Food Industry Processes. Food Bioprocess Technol.
2017, 10, 413-433. [CrossRef]

Carballares, D.; Rocha-Martin, J.; Fernandez-Lafuente, R. Preparation of a Six-Enzyme Multilayer Combi-Biocatalyst: Reuse of
the Most Stable Enzymes after Inactivation of the Least Stable One. ACS Sustain. Chem. Eng. 2022, 10, 3920-3934. [CrossRef]
Carballares, D.; Rocha-Martin, J.; Fernandez-Lafuente, R. Coimmobilization of Lipases Exhibiting Three Very Different Stability
Ranges. Reuse of the Active Enzymes and Selective Discarding of the Inactivated Ones. Int. ]. Biol. Macromol. 2022, 206, 580-590.
[CrossRef]

Arana-Pena, S.; Carballares, D.; Cortés Corberan, V.; Fernandez-Lafuente, R. Multi-Combilipases: Co-Immobilizing Lipases with
Very Different Stabilities Combining Immobilization via Interfacial Activation and Ion Exchange. The Reuse of the Most Stable
Co-Immobilized Enzymes after Inactivation of the Least Stable Ones. Catalysts 2020, 10, 1207. [CrossRef]

Arana-Pena, S.; Carballares, D.; Morellon-Sterling, R.; Rocha-Martin, J.; Fernandez-Lafuente, R. The Combination of Covalent and
Ionic Exchange Immobilizations Enables the Coimmobilization on Vinyl Sulfone Activated Supports and the Reuse of the Most
Stable Immobilized Enzyme. Int. ]. Biol. Macromol. 2022, 199, 51-60. [CrossRef]

Rodrigues, R.C.; Virgen-Ortiz, ].].; Dos Santos, J.C.S.; Berenguer-Murcia, A.; Alcantara, A.R.; Barbosa, O.; Ortiz, C.; Fernandez-
Lafuente, R. Immobilization of Lipases on Hydrophobic Supports: Immobilization Mechanism, Advantages, Problems, and
Solutions. Biotechnol. Adv. 2019, 37, 746-770. [CrossRef]


https://doi.org/10.5505/pajes.2015.98598
https://doi.org/10.1002/biot.200700201
https://www.ncbi.nlm.nih.gov/pubmed/18320563
https://doi.org/10.1002/qre.909
https://doi.org/10.1002/qre.4680040208
https://doi.org/10.1016/j.cll.2007.01.001
https://www.ncbi.nlm.nih.gov/pubmed/17416307
https://doi.org/10.1016/j.cie.2024.110618
https://doi.org/10.1016/j.indcrop.2013.11.007
https://doi.org/10.1016/j.procbio.2010.11.013
https://doi.org/10.1007/s11746-016-2901-y
https://doi.org/10.1016/j.cherd.2019.02.008
https://doi.org/10.1016/S0032-9592(02)00279-0
https://doi.org/10.1002/jctb.280570209
https://doi.org/10.1016/S1466-8564(00)00012-6
https://doi.org/10.1016/j.indcrop.2013.05.035
https://doi.org/10.1007/s13205-018-1426-5
https://doi.org/10.1007/s11947-016-1855-2
https://doi.org/10.1021/acssuschemeng.1c08180
https://doi.org/10.1016/j.ijbiomac.2022.02.084
https://doi.org/10.3390/catal10101207
https://doi.org/10.1016/j.ijbiomac.2021.12.148
https://doi.org/10.1016/j.biotechadv.2019.04.003

Catalysts 2025, 15, 209 20 of 20

103.

104.

105.

106.

107.

108.

109.

110.

De Albuquerque, T.L.; Rueda, N.; Dos Santos, ].C.S.; Barbosa, O.; Ortiz, C.; Binay, B.; Ozdemir, E.; Goncalves, L.R.B.; Fernandez-
Lafuente, R. Easy Stabilization of Interfacially Activated Lipases Using Heterofunctional Divinyl Sulfone Activated-Octyl Agarose
Beads. Modulation of the Immobilized Enzymes by Altering Their Nanoenvironment. Process Biochem. 2016, 51, 865-874.
[CrossRef]

Guimaraes, J.R.; Carballares, D.; Rocha-Martin, J.; Alcantara, A.R.; Tardioli, PW.; Fernandez-Lafuente, R. Heterofunctional
Methacrylate Beads Bearing Octadecyl and Vinyl Sulfone Groups: Tricks to Obtain an Interfacially Activated Lipase from
Thermomyces Lanuginosus and Covalently Attached to the Support. Catalysts 2023, 13, 108. [CrossRef]

Hirata, D.B.; Albuquerque, T.L.; Rueda, N.; Sdnchez-Montero, ].M.; Garcia-Verdugo, E.; Porcar, R.; Fernandez-Lafuente, R.
Advantages of Heterofunctional Octyl Supports: Production of 1,2-Dibutyrin by Specific and Selective Hydrolysis of Tributyrin
Catalyzed by Immobilized Lipases. ChemistrySelect 2016, 1, 3259-3270. [CrossRef]

Machado, J.F,; Costa, M.D.S.; Tintino, S.R.; Rodrigues, FE.G.; Nobre, C.B.; Coutinho, H.D.M.; Da Costa, ].G.M.; De Menezes,
LR.A.; Sousa, E.O. De Antibiotic Activity Potentiation and Physicochemical Characterization of the Fixed Orbignya Speciosa
Almond Oil against Mdr Staphylococcus Aureus and Other Bacteria. Antibiotics 2019, 8, 28. [CrossRef] [PubMed]

de Oliveira, V.F; Parente, E .J.S.; Manrique-Rueda, E.D.; Cavalcante, C.L.; Luna, EM.T. Fatty Acid Alkyl Esters Obtained from
Babassu Oil Using C1-C8 Alcohols and Process Integration into a Typical Biodiesel Plant. Chem. Eng. Res. Des. 2020, 160, 224-232.
[CrossRef]

Rooney, D.; Weatherley, L.R. The Effect of Reaction Conditions upon Lipase Catalysed Hydrolysis of High Oleate Sunflower Oil
in a Stirred Liquid-Liquid Reactor. Process Biochem. 2001, 36, 947-953. [CrossRef]

Mattos, ER.; Janior, ].M.; Sabi, G.J.; Garcia, PH.D.; Carvalho, PO.; Luiz, ].H.H.; Mendes, A.A. Design of a New Chemoenzymatic
Process for Producing Epoxidized Monoalkyl Esters from Used Soybean Cooking Oil and Fusel Oil. Catalysts 2023, 13, 543.
[CrossRef]

MO?7-A10; Clinical and Laboratory Standards Institute (CLSI) M07-A10: Methods for Dilution Antimicrobial Susceptibility Tests
for Bacteria That Grow Aerobically. Approved Standard—Tenth Edition. Clinical and Laboratory Standards Institute: Wayne, PA,
USA, 2015; pp. 15-47.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(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/10.1016/j.procbio.2016.04.002
https://doi.org/10.3390/catal13010108
https://doi.org/10.1002/slct.201600274
https://doi.org/10.3390/antibiotics8010028
https://www.ncbi.nlm.nih.gov/pubmed/30884871
https://doi.org/10.1016/j.cherd.2020.05.028
https://doi.org/10.1016/S0032-9592(01)00130-3
https://doi.org/10.3390/catal13030543

	Introduction 
	Results and Discussion 
	Evaluating the Different Biocatalysts in the Hydrolysis of Babassu Oil 
	Determining the Best Reaction Conditions 
	Operational Stability of the Biocatalysts 
	Antimicrobial Activity of the Produced FFAs 

	Materials and Methods 
	Materials 
	Methods 
	Experimental Design of the Combi-Lipase Biocatalyst 
	Experimental Design of the Reaction Conditions 
	Antimicrobial Activity of the Produced FFAs 


	Conclusions 
	Appendix A
	References

