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ABSTRACT

The demand for sustainable and natural alternatives in the flavor and fragrance industries has driven interest toward enzymatic
synthetic routes. This study reports the enzymatic production of geranyl benzoate, a monoterpenoid ester with potential bioac-
tivity and commercial applications, catalyzed by immobilized lipases using a solvent-free system. A central composite design was
employed to optimize the key process variables: molar ratio, temperature, and enzyme loading using Lipozyme 435 as the
biocatalyst. Under optimal conditions (1:7 molar ratio, 80°C, 30% enzyme), a high geraniol conversion (72%) was achieved within
6 hr, as validated by a predictive model. The study also investigated the inhibitory effects of coproduced methanol, demonstrating
that open-reactor systems (enabling methanol evaporation) enhanced conversion (>99% in 48 h) compared to closed systems.
Additionally, substrate-exposure experiments highlighted methyl benzoate’s inhibitory effect on Lipozyme 435, reducing its activ-
ity by 54%, whereas Lipura Flex showed greater resilience. Reusability tests indicated a decline in enzyme performance, with
Lipozyme 435 retaining 22% activity after five cycles. Cell tests demonstrated no cytotoxicity and proliferative effect at high con-
centrations. These findings highlight the potential of solvent-free enzymatic processes for sustainable production of geranyl ben-
zoate and provide insights into operational challenges, including methanol management and biocatalyst stability.

1 | Introduction rates [3, 4]. Consequently, enzymatic synthesis is widely regarded
as a forward-looking and eco-friendly alternative to traditional
methods [5, 6]. Lipases, a subclass of esterases, play a crucial role
in the digestion and processing of lipids. They catalyze reactions

such as hydrolysis and esterification, acting at the interface between

The industrial chemistry sector is continually (and intensely) under
pressure to become more sustainable and environmentally friendly,
making green chemistry principles a guiding light for most
advancements within the chemical industry. This shift is accompa-

nied by a growing demand for increasingly complex products, often
featuring multiple functionalities and well-defined stereochemistry.
In this context, the use of enzymes as industrial catalysts is gaining
momentum [1, 2]. Enzymes are natural catalysts that can be con-
sidered either for their substrate specificity or for their catalytic
promiscuity. They typically operate under mild temperature, pres-
sure, and pH conditions, achieving high conversion and catalytic

aqueous and nonaqueous phases [7]. Lipases are notable for their
high specificity, efficiency in organic solvents, the absence of cofac-
tors required, and nontoxicity. Microbial lipases are particularly
favored due to their high productivity, stability, and ease of genetic
manipulation. Host microorganisms can grow rapidly in economi-
cally viable media, and their production is scalable, making them
ideal for industrial enzyme production [7-11].
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Geraniol (Ger), known for its low human toxicity, is utilized as a
natural pest control agent; however, its use in the food industry is
limited due to its physicochemical properties. The esterification
of Ger emerges as a solution, modifying its properties, such as
polarity, volatility, and aroma, while expanding its applications
[5, 12, 13]. Compared to Ger, its esters have a more pleasant floral
aroma and are widely used in food, cosmetics, fragrances, and
pharmaceutical products [14-16]. Traditionally, these esters
are obtained through fermentation or extraction from natural
sources; however, these methods are expensive and inefficient.
Chemical synthesis is an industrial alternative but faces chal-
lenges such as harsh reaction conditions, unwanted byproducts,
and environmental impacts associated with waste generation.
Additionally, chemically produced esters are not considered nat-
ural [5]. According to the United States of America and European
regulations, esters, such as the geranyl esters, produced by using
biocatalysts, are classified as producing natural fragrances
[5, 17, 18].

Geranyl benzoate [(2E)-3,7-dimethyl-2,6-octadien-1-yl benzoate],
a monoterpenoid ester present in the composition of some essen-
tial oils such as Plumeria alba L. (27.5%), Plumeria rubra L.
(13.4%) [19], Plumeria obtusa L. (3.0%) [20], and Cananga odorata
Hook. fil. et Thomson (3.1%) [21] is widely used as a flavoring
agent and obtained the generally recognized as safe (GRAS) status
by the Flavor and Extract Manufacturers Association (FEMA) [22]
in 1965, and was approved for use in food by the Food and
Agriculture Organization (FAO) and the World Health
Organization (WHO) [23]. In a recent study, geranyl benzoate
was subjected to docking analysis, showing a potential dual anti-
cholinesterase activity (acetylcholinesterase inhibitors (AChEISs)
and butyrylcholinesterase inhibitors (BChEIs)), demonstrating sig-
nificant potential to alleviate symptoms and decrease the rate of
cognitive deterioration caused by Alzheimer’s disease [19].

Ger esters can be produced in different reactor configurations,
operating in batch, fed-batch, or continuous mode. Among these,
batch-stirred tank reactors (BSTR) are the most widely used for
reactions with immobilized lipases due to their operational sim-
plicity, ease of use, and relatively lower cost compared to other
reactor types [11, 14, 16]. Studying process variables, such as sub-
strate molar ratio, biocatalyst loading, agitation, and tempera-
ture, is essential because these factors significantly influence
reaction equilibrium, viscosity, diffusivity, mass transfer, and
enzyme kinetics, including enzyme inhibition. Thus, optimizing
process variables is crucial to maximizing productivity and yield.

Considering the above, this study explored the enzymatic produc-
tion of geranyl benzoate (Scheme 1). The transesterification of
methyl benzoate (MeBenz) with Ger, catalyzed by various lipases
in a solvent-free (SF) system using a BSTR, was optimized using
experimental design (DoE), followed by evaluation of biocatalyst

reusability and scale-up. Subsequently, the purified geranyl ben-
zoate was assessed for in vitro cytotoxicity.

2 | Results and Discussion

2.1 | Optimization of Geranyl Benzoate
Production

This study aims to establish the optimal conditions for the lipase-
catalyzed transesterification of MeBenz with Ger. Given that
multiple variables can significantly influence the reaction yield,
a factorial experimental design (2*) was employed to (I) identify
the key variables and (IT) develop a predictive model to maximize
geranyl benzoate production. This methodology applies statisti-
cal and mathematical principles to analyze multivariate prob-
lems, enabling the development of mathematical models, the
identification of critical experimental factors, and the determina-
tion of key variables. For this purpose, a 2* central composite
design (CCD) was selected due to its advantages and well-
established use in bioprocess optimization. CCD requires fewer
experimental runs while enabling a comprehensive analysis of
variable effects and response surface behavior compared to a
“one-at-a-time” design [24]. The independent variables, molar
ratio (Ger to MeBenz), temperature, and amount of immobilized
lipase (expressed as a percentage of the total mass of the Ger),
were selected for evaluation in the 2° CCD. The experiments
were conducted in a hermetically sealed reactor (closed reactor)
with magnetic stirring at 500 rpm (Table 1).

Initially, the kinetics of reactions performed with different lipases
(both immobilized and in liquid form) in the presence or absence
of organic solvents were evaluated under the central-point exper-
imental conditions (Table 1, runs 9-11). These tests were con-
ducted to determine which enzymes, systems, and reaction
times would be used to optimize the production of geranyl ben-
zoate. Four lipases immobilized on solid supports, namely
Lipozyme 435 (Lipo 435), Lipura Flex (Lipura), Lipozyme RM
IM, and Lipozyme TL IM, as well as three liquid lipase formu-
lations (Novocor AD L, Novozym 51032 (Novo 51032), and
Resinase HT), were evaluated in both SF systems and in the pres-
ence of solvents such as tert-butanol (+-BuOH), tert-amyl alcohol
(t-AmOH), or 2-methyltetrahydrofuran (2-MeTHF).

Figure 1 presents the main results obtained in this evaluation. The
biocatalysts Lipo 435 and Lipura showed the best performance in
the transesterification reactions. Both are lipase B from Candida
antarctica but are immobilized on different supports. From the
kinetics of Figure 1, the initial velocity (V) was determined from
the slope of the product formation curve in the first 6 hr of reac-
tion. Lipo 435 exhibited Vj, of 3.50, 3.00, and 1.83 pmol/min in the
SF system, 2-MeTHF, and #BuOH, respectively. In contrast,

CHj = CHj3 o}
N | N
OH . O
. Lipase J\Q + OH
Solvent-free
0]
HzC CHg | CHj3 CHj3
Geraniol Methyl Benzoate Geranyl Benzoate Methanol
SCHEME 1 | Production of geranyl benzoate by enzymatic transesterification of MeBenz and Ger.
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TABLE1 | 2°CCD matrix (coded and real (in brackets) values) and responses regarding experimental and predicted Ger conversion using Lipo 435

in an SF system.

Ger conversion, %

Run Molar ratio® Temperature (°C) Enzyme amount, %° Experimental Predicted® RE, %
1 -1(1:1) —1 (60) -1 (10) 26 25.7 1.2
2 1(1:7) —1 (60) -1 (10) 40 41.0 24
3 -1(1:1) 1 (80) -1 (10) 42 435 -35
4 1(1:7) 1 (80) -1 (10) 60 58.7 2.1
5 -1 (1:1) ~1 (60) 1(30) 40 41.5 -37
6 1(1:7) —1 (60) 1 (30) 58 56.7 2.2
7 —1(1:1) 1 (80) 1 (30) 61 59.2 2.9
8 1(1:7) 1 (80) 1 (30) 72 74.5 34
9 0 (1:4) 0 (70) 0 (20) 52 50.1 3.7
10 0 (1:4) 0 (70) 0 (20) 49 50.1 22
11 0 (1:4) 0 (70) 0 (20) 51 50.1 1.8

“Molar ratio Ger to MeBenz.

bEnzyme amount as % weight concerning the mass of Ger.
“Calculated according to the response model (Table 2).

d Relative Error(RE, %) — (Experimental conversion — Predicted conversion) % 100.
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FIGURE1 | Kinetics of geranyl benzoate production catalyzed by dif-
ferent lipases in various reaction systems. Reaction conditions correspond
to the 2> CCD central point (Table 1, runs 9-10).

Lipura and Novo 51032 exhibited their best V, values of
2.50 pmol/min in the SF system and 1.00 pmol/min in the
t-AmOH system, respectively. The lower V, of Lipura compared
to Lipo 435 may be related to the smaller surface area, total pore
volume, and average pore diameter of its support compared to
those of Novozym 435 [25] (with Lipo 435 being its food-grade
version). These characteristics may reduce enzyme-substrate con-
tact, decreasing the formation of the enzyme-substrate complex,
and, consequently, lowering V.

Lipo 435 achieved higher conversions, 68% (SF) and 58%
(2-MeTHF), after 8 hr of reaction, while Lipura reached 40%
(SF) conversion. However, the difference in conversion between
the SF systems with Lipo 435 and Lipura decreased over time,
from 28% at 8 hr to 16% at 24 hr, 9% at 30 hr, and finally to
6% at 48 hr. By the end of the 48-h reaction, the conversion
of Ger to the product was nearly identical in both cases, exceed-
ing 94%. The system with -BuOH and Lipo 435 achieved a max-
imum conversion of 68%, whereas the system with --AmOH and

Novo 51032 reached only 18% conversion after 48 hr of reaction
(Figure 1). For the other lipases, conversions after 48 hr were
below 5%, so these results were not included in the graphical
representation.

The Lipo 435 performed best in the SF system. When comparing
the activity of Lipo 435 and Lipura in the SF system, Lipo 435
showed a higher catalytic rate during the first hour. Over the next
5 h, however, the two biocatalysts exhibited similar activities, as
indicated by the slope of the kinetic curves. At longer reaction
times (>6 hr), Lipura became more active, enabling the
enzyme-catalyzed reaction to reach, after 48 h, a conversion com-
parable to that achieved with Lipo 435. Organic solvents had det-
rimental effects on all biocatalysts except Novo 51032; even with
this biocatalyst, the results were unsatisfactory.

Based on the results of the lipase and reaction-system screening
for geranyl benzoate production, Lipo 435 in a SF system with a
6-h reaction time was selected as the model for subsequent pro-
cess optimization. This choice was made because SF systems pro-
vide higher productivity, generate less waste, and align with
green chemistry principles, making them suitable for large-scale
biocatalytic synthesis. Table 1 presents the 2° CCD matrix,
including both coded and real values, along with the experimen-
tal and predicted responses (in terms of Ger conversion into
product) from the empirical mathematical model and the corre-
sponding relative errors (RE). Good results were obtained in the
optimization, with conversions above 70% achieved within 6 hr of
reaction. Another important observation from Table 1 is the high
reproducibility of the tests, as evidenced by the repeated central
point (runs 9-11), which resulted in a low pure error of 0.29%
(calculated as (4.67/1591.38) x 100), approaching zero.

The effect of the independent variables was evaluated only for
statistically significant responses at a 5% significance level
(95% confidence level). Reparameterization (Table S1) was per-
formed, and an empirical model describing the conversion (%) of
Ger into geranyl benzoate as a function of molar ratio,
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temperature, and enzyme amount was obtained, as presented in
Table 2. Analysis of variance (ANOVA; Table S2) was conducted
to validate the empirical model (p < 0.05), and the results are
summarized in Table 2. The empirical model was successfully
validated, as evidenced by a coefficient of determination (R?)
greater than 98% and calculated F-values that were 36 times
higher than the tabulated F-value [24]. Consequently, the
response surfaces for the conversion of Ger into the product
could be generated, as illustrated in Figure 2.

The Ger conversion predicted by the model (Table 2) closely
matched the experimental results, yielding low RE (Table 1).
This demonstrates the model’s excellent fit.

The analysis of the independent variables revealed a significant
positive effect on Ger conversion, with higher molar ratios, tem-
peratures, and enzyme amounts leading to increased conversions
(Tables 1 and 2, Figure 2). The highest conversion (72%) was
achieved in run 8, which combined the maximum values for
all three variables: a 1:7 molar ratio, 80°C temperature, and
30% enzyme amount. This trend was further supported by other
high conversion runs (Figure 2), including run 7 (61% conversion
at the highest temperature and enzyme amount), run 6 (58% con-
version with the highest molar ratio and enzyme loading), and
run 4 (60% conversion under the highest molar ratio and temper-
ature conditions). Figure 2, through the response surface, clearly
demonstrates the positive effect of the independent variables on
the conversion of Ger into the product.

The molar ratio of the substrates and the temperature play
important roles in the reactions, as they influence reagent solu-
bility and mass transfer. In SF reactions, the substrate excess, in
this case MeBenz, acts as a solvent, shifting the reaction equilib-
rium. Temperature also influences methanol concentration, a

coproduct of the reaction and a potential inhibitor of the lipase,
as higher temperatures promote its evaporation, thereby reduc-
ing its concentration in the reaction medium, reducing the inhib-
itory effect [11, 14, 26, 27]. This observation is supported by the
study of Venturi et al., who found that increasing temperature
positively affects reactions in which the coproduced methanol
was not removed. In contrast, no temperature effect was observed
on the transesterification reaction when methanol was continu-
ously sequestered [14]. Finally, the significant positive effect of
the enzyme amount, particularly in SF systems, is attributed
to the fact that high concentrations of substrates, products,
and coproducts can result in inhibitory effects, which are more
pronounced when lower enzyme amounts are used [14, 26-28].
The discussed effects are clearly illustrated in Figure 2, where low
temperatures, lipase amounts, and molar ratios resulted in the
lowest Ger conversions. As these parameters increased, conver-
sion rates increased.

To validate the empirical model, the reactions were performed in
duplicate under the conditions specified in Table 3, with a reac-
tion time of 6 hr. Validation was based on calculating the RE
between the experimental data and the predicted model values.
The results demonstrate that the model aligns well with the
experimental data, with REs below 10% in all cases, thereby con-
firming the empirical model’s validity. In Table 3, run 3 recorded
the highest conversion (71.0%) and an RE of 5.2%, whereas run 7,
with the lowest conversion (35.5%), showed a RE of 4.9%. Runs 1
and 5 exhibited conversions of 54.0% (RE of 9.3%) and 62.4% (RE
of 3.22%), respectively.

Concurrently with the validation, the reaction kinetics were
monitored to evaluate the effect of these conditions (Table 3)
on Ger conversion (Figure 3) using Lipo 435 and Lipura as

TABLE2 | ANOVA to determine the percentage of explained variance (R?), the calculated F-value (F,. ), the tabulated F-value (Fi,y), and the ratio
Feaic./Frap. for the Ger conversion response. Models are considered statistically significant when the F, /Fip. ratio exceeds 1.

Response model” R% % ) Fea, %
Y, =50.09+7.63MR + 8.88T + 7.88E 98.54 157.78 4.34 36.34

%y, is the % Ger conversion, MR is substrate molar ratio, T is temperature (°C), and E is enzyme amount (%).
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FIGURE 2 | Response surface plots of Ger conversion to product as a function of molar ratio, temperature, and enzyme amount in an SF system

using Lipo 435 as a biocatalyst were constructed from the equation shown in Table 2. For all tests, agitation was set to 500 rpm. In Figure (a), the enzyme

load was 20%; in Figure (b), the reaction temperature was 70°C; and in Figure (c), the molar ratio was 1:4.
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TABLE 3 | Experimental conditions used to validate the empirical model (Table 2), with experimental and predicted conversion, and V.
Biocatalyst Ger conversion, %"
Lipo 435 Molar Temperature Enzyme amount, Experimental =+ Predicted® + Vo,
Lipura ratio® (°C) %° SD° SD° pmol/min
1 1:7 80 10 53.69 +=0.10 58.70 £9.32 4.00
2 33.29 £0.42 — 2.00
3 1:7 80 30 70.77 = 1.47 74.50 = 5.27 5.16
4 50.58 £ 1.41 — 2.83
5 1:7 73 20 62.40 +=1.48 60.39 +0.87 3.16
6 43.46 +0.82 — 2.66
7 1:2 70 10 35.50 =4.82 37.26 £ 0.95 2.50
8 33.66 =0.50 — 1.83

*Molar ratio Ger to MeBenz.

Enzyme amount as % weight concerning the mass of Ger.
“Calculated according to the response model (Table 2).
dGer conversion in 6 hr.

°Standard deviation.

*Optimized condition in the CCD (runs 4 and 8, Table 1).

100 -
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Ger conversion (%)

Time (h)
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FIGURE 3 | Validation of the empirical model through comparison of
model predictions (Table 2) with 6-h experimental data, along with kinetic
evaluation to characterize the long-term behavior of geranyl benzoate pro-
duction in the SF system under the conditions detailed in Table 3.

biocatalysts. As expected, increasing the amount of enzyme
increases the V. Lipo 435 exhibited the highest V,,, with values
of 2.50-5.16 pmol/min for reactions containing 30% to 10%
enzyme. In contrast, Lipura showed lower V,, values of 1.83-
2.83 pmol/min at the same enzyme concentration. In these
experiments, it is worth noting that the enzyme amount signifi-
cantly influences the reaction rate, particularly during the first
5 hr. However, during the subsequent reaction period, the kinetic
curves for reactions catalyzed by different amounts of the same
enzyme exhibit similar trends. These results are clearly illus-
trated in Figure 3. In reactions conducted with 30% enzyme,
Lipura displayed slower kinetics compared to Lipo 435, as evi-
denced by its lower V,. The difference in Ger conversion after
6 hr was ~20%; however, after 48 hr, this difference diminished
to less than 4%, with both enzymes achieving conversions of
around 93%. The reaction kinetics were slower with the 10%
enzyme than with the 30% enzyme. The maximum conversions
reached after 48 hr were 80% for Lipo 435 and 69% for Lipura.
These results align with those shown in Figure 1, where Lipura

exhibited slightly higher activity than Lipo 435 at longer reaction
times. This allowed the reaction with 30% Lipura to achieve a
conversion comparable to that of 30% Lipo 435 after 48 hr.
However, this difference is less pronounced at a lower enzyme
concentration (10%), likely because the inhibitory effects of cop-
roduced methanol become more significant with reduced
enzyme amounts. From these results, it is evident that as lipase
levels decreased, the effect of methanol became more pro-
nounced, as previously discussed. Another relevant finding is
that the lowest values of V, and conversion (runs 7 and 8,
Table 3) were observed at the lowest levels (—1) of the CCD.
This result confirms the positive effect of the investigated varia-
bles. Under these conditions, the reaction kinetics were signifi-
cantly slower for both enzymes, reaching a maximum conversion
of only 61% after 48 hr, a value at least 20% lower than that of the
other tested conditions.

Few studies have explored the use of Lipura in synthesis pro-
cesses, and only one has evaluated its reaction kinetics
[25, 29-31]. In contrast to our findings, Venturi et al. reported
that Lipura was more efficient in transesterification reactions
between methyl acetoacetate and ursodeoxycholic acid [29].
The reaction kinetics catalyzed by Lipura varied significantly
across the substrates studied by Remonatto et al. [31]. While
the conversion to geranyl acetate reached 99% within 1 hr, indi-
cating rapid kinetics, the conversion to geranyl cinnamate took
24 hr to reach 100%, demonstrating a much slower reaction rate.

2.2 | Effects of Substrates and Coproduced
Methanol

Enzymatic (trans)esterification is a thermodynamically con-
trolled process in which lipases can be inhibited or inactivated
by substrates, products, or heat. Additionally, while a certain
amount of water is essential for catalytic activity, excess water
favors hydrolysis, reducing the (trans)esterification yield [26].
High methanol concentrations negatively impact enzymatic
activity through hydrophobic interactions and hydrogen bonds,
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leading to denaturation or structural changes. Methanol-induced
lipase inactivation primarily occurs through conformational
changes that lead to enzymatic aggregation and detachment from
the solid support. Additionally, evidence suggests that other fac-
tors, including water activity, competitive inhibition, and effects
on local conformational dynamics, influence this process [14, 32].

With this in mind, the effect of methanol coproduced during the
transesterification reaction of MeBenz was evaluated. For this
purpose, kinetic studies were conducted under conditions previ-
ously optimized and validated (runs 1-8) and with reduced
enzyme amount (runs 9-12); the conditions are presented in
Table 4. In the runs carried out in the hermetically sealed reactor
(closed reactor), lower V,, were observed (2.50-3.33 pmol/min for
Lipo 435 and 1.83-2.50 pmol/min for Lipura) compared to reac-
tions in the open reactor (3.16-10.66 pmol/min for Lipo 435 and
3.33-9.16 pmol/min for Lipura). An exception was the condition
at 80°C with Lipo 435, where the V} in the closed reactor was
slightly higher (runs 1 and 3, Table 4).

In the closed reactor, the conversions for both lipases did not
exceed 69% at 24 hr or 80% at 48 hr (Figure 4a), with the highest
values being observed at higher temperatures and higher
molar ratios. Furthermore, under these conditions, the methanol
concentration in the reaction medium, calculated based on the
conversion values, exceeded 1.5% at 6 hr, 1.6% at 24 hr, and
2.0% at 48 hr for both enzymes.

In contrast, in the open reactor experiments, conversions
exceeded 90% and 99% for both lipases at 24 hr and 48 hr, respec-
tively (Figure 4a). The reaction kinetics were significantly faster
in this system, resulting in a higher V;, and, consequently, a
higher conversion of Ger to geranyl benzoate. Even in reactions
with the lowest enzyme amount (5%), which showed a slower
initial reaction rate, a conversion equivalent to that in the other
reaction conditions was achieved after 48 hr. This effect is attrib-
uted to the continuous removal of methanol from the reaction
medium by evaporation, as the reaction temperature exceeded
its boiling point (64.7°C).

TABLE 4 | Experimental conditions used to evaluate the effect of substrates and coproduced methanol, with experimental conversion, and V.
Biocatalyst
Lipo 435
Lipura Molar ratio® Temperature, °C Enzyme amount, %’  Ger conversion, %° + SDY  V,, pmol/min
Closed 1" 1:7 80 10 69.01 +0.66 4.00
Closed 2 1:7 80 10 55.62 =£0.10 2.00
Open 3 1:7 80 10 99.13 +£0.21 3.16
Open 4 1.7 80 10 98.65 +0.28 3.33
Closed 5~ 12 70 10 49.17 £1.40 2.50
Closed 6 1:2 70 10 49.11 £0.39 1.83
Open 7 1:2 70 10 97.63 +£0.12 10.66
Open 8 1:2 70 10 98.16 +0.47 9.16
Closed 9 1:2 70 5 45.25 +3.44 3.33
Closed 10 1:2 70 5 35.37 £0.65 2.50
Open 11 1:2 70 5 91.75 +£0.30 5.50
Open 12 1:2 70 5 89.23 £2.02 7.16
*Molar ratio Ger to MeBenz.
*Enzyme amount as % weight concerning the mass of Ger.
‘Ger conversion in 24 h.
dStandard deviation.
“CCD optimized and validated conditions (Tables 1 and 3).
“CCD validated conditions in Table 3.
(a) (b)
100 100 4
X < ]
E’ 80 é 80 .
S g0 5 ]
2 3 60
g e
8 20 § 40 1
8 0 5 20 ]
0 6 12 18 24 30 36 42 480 ]
Time (h) 0
—&—Closed 1* —#—Closed2 --A- Open3 --82- Open4 Tlme (h)
—%— Closed 5** —%—Closed 6 --»-- Open7 --%- Open8
—+—Closed 9 —@—Closed 10 --¢-- Open 11 --©-- Open 12 —&—Lipo 435 - Ger --¢-- Lipo 435 - MeBenz —a— Lipura- Ger --A-- Lipura - MeBenz

FIGURE4 | Impactof(a)coproduced methanol, experimental condition of Table 4, and (b) substrates, experimental condition of Open 11 and 12 of

Table 4, on transesterification efficiency. *CCD optimized and validated conditions (Tables 1 and 3). **CCD validated conditions in Table 3.
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According to Venturi et al., harsher process conditions were
required for the enzymatic transesterification of methyl acetoa-
cetate with Ger in closed systems without methanol removal.
However, when methanol was captured using molecular sieves,
the effect of temperature became negligible, allowing high con-
versions to be achieved under mild process conditions [14]. A
recent study demonstrated that methanol concentrations exceed-
ing 0.2% (wt%) are unsuitable for achieving fatty acid contents
above 95% in the enzymatic hydrolysis of fatty acid methyl esters
[33]. Another study found that methanol concentrations above
1% inhibit C. antarctica lipase B [34]. Therefore, developing effec-
tive and efficient strategies for removing coproduced alcohols in
enzyme-catalyzed processes is crucial.

A stoichiometric excess of a reagent can alter the physical prop-
erties of the reaction medium, including polarity, viscosity, sol-
ubility, and pH, particularly in SF systems, where reactants and
products constitute the medium. Additionally, it may denature,
inactivate, or inhibit the enzyme if the reagent adversely affects
the biocatalyst [26]. Therefore, another aspect that needs to be
explored is the effect of lipase exposure to different substrates.
To investigate this, experiments were conducted under the pre-
viously described reaction conditions in an open reactor to elim-
inate the effect of methanol (runs 11 and 12, Table 4). The lipases
were incubated at the reaction temperature and agitation for 2 hr,
using the precise amount of the corresponding substrate and
enzyme intended for the reaction (Figure 4b). The reaction
was initiated by adding the missing substrate.

Exposing both lipases to Ger did not change their V. For Lipo 435,
Vo was 5.83 pmol/min, and for Lipura, 7.67 pmol/min. The reac-
tions yielded over 90% geranyl benzoate within 24 hr, reaching
near-complete conversion (99%) in 48 hr. When exposed to
MeBenz, Lipura exhibited a ~30% decrease in V, (5.33 pmol/min)
but maintained kinetics similar to those observed with Ger,
achieving > 98% conversion in 48 hr. In contrast, Lipo 435 showed
a reduction of more than 54% in V, (2.66 pmol/min) and a
decrease of more than 70% in conversion, reaching only 30% after
48 hr, which is significantly lower than its performance with
Ger (Figure 4b). Ceni et al. found that high concentrations of
MeBenz inhibited Novozym 435 lipase, reducing the reaction
rate [35]. Shinde et al. also observed inhibition by MeBenz.
However, they ruled out a ping—pong bi-bi mechanism and instead
proposed a complex ternary mechanism involving inhibition by
n-hexanol [36].

The inactivation of Lipo 435 may be related to the support’s mod-
erate hydrophobicity, which facilitates the retention of hydro-
philic substrates such as MeBenz (log p =2.2). This retention
could cause the enzyme to lose the essential water layer required
for flexibility, leaving the protein more rigid and preventing the
structural changes necessary for catalysis. However, this correla-
tion is limited, as the effects are inconsistent across lipases from
different sources or those subjected to different immobilization
protocols [26, 28, 37, 38]. As observed in Figure 4b, lipase B from
C. antarctica exhibited very different behaviors on the two sup-
ports: Lipura did not show a decrease in Ger conversion when in
contact with MeBenz, whereas Lipo 435 showed a significant
reduction (70%). However, the inhibitory effect of MeBenz was
not observed in the reaction mixtures. In all proportions tested
in this study, Lipo 435 showed no reduction in its synthetic
activity.

2.3 | Reusability of Immobilized Lipases

The economic viability of biocatalytic routes depends on high
reagent conversion, product quality, and enzyme reusability. In
ester synthesis, studies on lipases typically assess reuse using a
standard approach that involves sequential reactions under
predefined conditions, along with washing and drying proto-
cols between batches. However, this strategy may compromise
enzyme stability and hinder industrial feasibility due to addi-
tional operational steps, increased material and equipment
costs, and unproductive downtime [37, 39]. Here, the reusabil-
ity of Lipo 435 and Lipura was investigated without organic
solvent washing to assess their stability over successive 24-h
reaction cycles. The reactions were conducted under the
following conditions: molar ratio of 1:2 (Ger to MeBenz), 5%
enzyme loading (relative to Ger mass), 70°C, and 500 rpm mag-
netic stirring.

Both lipases exhibited a progressive decline in catalytic activity
starting from the second cycle of use (Figure 5). For Lipo 435, the
reduction in conversion was modest (12%) in the second cycle,
but subsequent cycles showed more significant losses, reaching
78% by the fifth cycle. In contrast, Lipura experienced a more
significant decline, with a loss exceeding 57% in the second cycle
and reaching 96% by the fourth. By the fifth cycle, Lipura showed
no detectable Ger conversion (Figure 5). These results contradict
literature reports highlighting Novozym 435’s robust stability in
Ger ester synthesis, even in SF systems [14]. No prior studies on
Lipura’s reusability were identified. The observed conversion
losses in both lipases are likely due to enzymatic deactivation,
driven by multiple factors: prolonged substrate/product expo-
sure, dehydration of the enzyme’s microenvironment, thermal
denaturation, mass transfer limitations, enzymatic leaching,
and intraparticle diffusion barriers. Additionally, mechanical
stress from magnetic stirring may compromise the support’s
integrity, disrupt enzyme-support binding, or cause pore block-
age, thereby restricting substrate access to the active site
[14, 37, 39, 40].

In this study, no inhibitory effects from the reaction mixture or
methanol in an open reactor were observed, nor was any effect of
temperature, since both lipases showed good stability at elevated
temperatures. No visible modifications or destruction of the
enzyme support were observed either. The decrease in geranyl
benzoate production is likely due to enzyme leaching from the

100 +
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FIGURES5 | Reusability of lipases in the conversion of Ger to produce
geranyl benzoate in SF systems. Reaction conditions: 1:2 molar ratio,
5% enzyme amount, a temperature of 70°C, and 500 rpm.
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support. Due to the weak adsorption forces, the leakage of pro-
teins thus bound to the carrier can be easily triggered by slight
changes in temperature, pH, and ionic strength, or even by the
presence of substrates and solvents [40].

2.4 | Process Scalability

To evaluate the scalability of the method, a scaled-up synthesis
(100-fold increase, final reaction volume of 250 mL) of geranyl
benzoate was performed using the maximized conditions (runs
11 and 12, Table 4) with mechanical stirring at 500 rpm. The
results, presented in Figure 6, demonstrate that both the Vj
(Vo of 34.5 pmol/min for Lipo 435 and 35.3 pmol/min for
Lipura) and the final conversion (>97% in 48 hr for both lipases)
remained consistent after scale-up, closely resembling the
data obtained at the laboratory scale (2.5 mL). Therefore, it is
concluded that the approach developed in this study for the
synthesis of geranyl benzoate is not only applicable at the labo-
ratory scale but also shows promising potential for industrial
implementation.

In industrial reactors, the removal of coproduced methanol must
be optimized, as at high volumes, temperature control alone may
be insufficient to eliminate it from the reaction mixture ade-
quately. The residual presence of methanol can compromise
the reaction equilibrium and product quality. Therefore, the
implementation of vacuum or membrane systems is proposed
for the efficient removal of methanol without significant losses
of substrates and product. Although membrane technology is
promising, its initial investment cost is higher than that of
vacuum distillation. A vacuum system operating between 100
and 200mBar, for example, reduces the boiling point of
methanol to 10°C-24°C, allowing easy distillation from the mix-
ture. Additionally, this system enables the recovery and reuse of
methanol in other processes by condensing it at suitable
temperatures.

2.5 | Cytotoxicity Assay

Although geranyl benzoate has GRAS status and is approved for
food use by the FAO and WHO, with safety assessments indicat-
ing an acceptable risk at known use levels [22, 23]. Nevertheless,
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FIGURE 6 | Scalability of geranyl benzoate production in SF systems.
Reaction conditions: 1:2 molar ratio, 5% enzyme amount, a temperature
of 70°C, and mechanical agitation of 500 rpm.
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FIGURE 7 | Metabolic activity of the fibroblast lineage L929 after
exposure to solutions of geranyl benzoate.

published data on its cytotoxicity and genotoxicity are scarce [41].
In contrast, studies on structural analogs report varying effects;
for instance, geranyl acetate reduced cell viability by 30%,
whereas geranyl cinnamate was nontoxic to 1929 fibroblast cells
[31]. At the same time, Ger and geranylated derivatives demon-
strated cytotoxic activity in several cell lines [42, 43]. Given its
proposed novel biocatalytic production and potential applica-
tions in fragrances, food, and cosmetics, it is imperative to
evaluate the cytotoxicity of geranyl benzoate to confirm its
biocompatibility and safety.

Geranyl benzoate, produced enzymatically, exhibited no
cytotoxicity toward L929 cells at concentrations up to 1000 pg/mL,
as determined by a metabolic activity assay (Figure 7). Interestingly,
at the highest concentration (1000-100,000 pg/mL), a significant
increase in metabolic activity of up to 125% was observed, poten-
tially indicating enhanced cell proliferation. This stimulatory effect
is a positive indicator of biocompatibility, suggesting that geranyl
benzoate may possess bioactive properties conducive to applications
such as tissue regeneration. Consequently, these findings not only
support the compound’s safety but also guarantee further investi-
gation into its bioactivity. However, further studies should be con-
ducted to confirm other biological activities, such as wound healing,
cell proliferation, antioxidant, and antimicrobial effects.

3 | Conclusion

This study demonstrated the feasibility and efficiency of enzy-
matic transesterification for producing geranyl benzoate in an
SF system using immobilized lipases, particularly Lipo 435
and Lipura. Optimization using a 2° CCD revealed that higher
molar ratios (1:7, Ger to MeBenz), elevated temperatures
(80°C), and increased enzyme amount (30%) significantly
enhanced reaction efficiency, achieving up to 72% conversion
in 6 hr with Lipo 435. The predictive model developed showed
an excellent correlation with experimental data, indicating strong
statistical reliability. Kinetic studies revealed that methanol accu-
mulation significantly inhibits enzymatic activity, and its
removal via evaporation in open reactors markedly enhances
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conversion (>99%). This resulted in maximized conditions for
producing geranyl benzoate with a molar ratio of 1:2, 5% lipase
amount, and a temperature of 70°C. The process scalability
assessment concluded that it is scalable, maintaining high pro-
ductivity (97%) over 48 hr. However, challenges were observed,
including gradual enzyme leaching during reuse, highlighting
the need for further research on biocatalyst stabilization strate-
gies. No cytotoxicity of the geranyl benzoate was observed at con-
centrations up to 1000 pg/mL. Concentrations above this still
caused clearance proliferation of up to 125%. These results high-
light the advantages of enzymatic catalysis as a sustainable and
scalable alternative to conventional chemical methods, aligning
with the principles of green chemistry and natural product
synthesis.

4 | Experimental Section
41 | Chemicals and Enzymes

Commercial lipases from C. antarctica (CalB) immobilized on
macroporous acrylic resin (Lipozyme 435 - Lipo 435), on poly-
meric acrylic resin (Lipura Flex - Lipura), and CalA in liquid
form (Novocor AD L); from Rhizomucor miehei immobilized
on macroporous anion exchange resin (Lipozyme RM IM); from
Thermomyces lanuginosus immobilized on a noncompressible
silica gel carrier (Lipozyme TL IM); and from Humicola insolens
(Novozym 51032-Novo 51032) and Aspergillus oryzae (Resinase
HT), both in liquid form, were kindly donated by Novozymes
A/S. Methyl benzoate (MeBenz), geraniol (Ger), tert-butanol
(t-BuOH), tert-amyl alcohol (t-AmOH), 2-methyltetrahydrofuran
(2-MeTHF), and acetic acid were purchased from Sigma-Aldrich.
Cyclohexane and ethyl acetate were purchased from Carlo Erba.

4.2 | Optimization of Geranyl Benzoate
Production

The reactions were performed in a hermetically sealed 5 mL glass
reactor with a concave bottom, with an approximate reaction vol-
ume of 2.5 mL. Stirring was performed using a magnetic stir bar,
and the temperature was controlled by immersing the reactor in
a temperature-regulated oil bath equipped with stirring control.

The optimization of geranyl benzoate production in a SF system
was performed using a 2° CCD with triplicate central points. The
process variables studied included a substrate molar ratio of 1:1
to 1:7 (Ger to MeBenz), a temperature range of 60°C-80°C, and
an enzyme amount of 10% to 30% (expressed as a percentage of
the mass of Ger). Agitation was maintained at 500 rpm through-
out all experiments. The combined process variables from all
runs are presented in Table 1. The choice of lipase, time, and
reaction system for the CCD was determined by kinetic evalua-
tion under central-point conditions (runs 9-10, Table 1). The
empirical mathematical model was validated under the condi-
tions listed in Table 3 by monitoring reaction kinetics for 48 hr.

The Protimiza Experimental Design online tool (available at
http://experimentaldesign.protimiza.com.br/) was utilized to
support the design and statistical evaluation of the CCD. A con-
fidence level of 95% (p < 0.05) was applied.

4.3 | Effects of Substrates and Coproduced
Methanol

To evaluate the effect of methanol, the reactions were conducted
in 5mL reactors, hermetically sealed or open, under previously
optimized and validated conditions, with a decrease in enzyme
amount (Table 4) to maximize geranyl benzoate production in an
SF system.

The reaction conditions for evaluating the effect of the substrates
correspond to runs 11 and 12 in Table 4 (molar ratio of 1:2, 70°C,
5% enzyme amount, and 500 rpm) for the open reactor. The
lipases were preincubated at the reaction temperature for 2 hr,
using the precise amount of the corresponding substrate and
enzyme intended for the reaction. The reaction was then initiated
by adding the second substrate.

For both evaluations, reaction kinetics were monitored for 48 hr
to observe the reaction progress under the different conditions.
At each kinetic time, 10 pL of the reaction mixture was collected
for subsequent quantification by gas chromatography. All reac-
tions were performed in duplicate.

4.4 | Lipase Reusability

In the lipase reuse, the reactions were carried out under maxi-
mized conditions in an open reactor (molar ratio of 1:2, 70°C,
5% enzyme amount, and 500 rpm). At the end of each cycle of
use (24 hr), the reaction medium was separated from the biocat-
alyst by filtration through filter paper. The lipase was then reused
for a new reaction without any additional treatment. At the end
of each reaction cycle, the Ger conversion was quantified by gas
chromatography. All reactions were performed in duplicate.

4.5 | Scale-Up Reaction

A 100-fold scale-up reaction was performed in an open 500 mL
glass reactor with a concave bottom, with an approximate reaction
volume of 250 mL under the maximized conditions: substrate
molar ratio of Ger to MeBenz of 1:2, enzyme (Lipo 435 or
Lipura) amount of 5% (expressed as a percentage of the mass
of Ger), reaction temperature of 70°C. Mechanical agitation
(500 rpm) was performed using a rod with a propeller, and the
temperature was controlled by immersing the reactor in a temper-
ature-regulated oil bath. At each kinetic time, 10 pL of the reaction
mixture was collected for subsequent quantification by gas chro-
matography. All reactions were performed in duplicate.

4.6 | Geranyl Benzoate Quantification

The collected samples were diluted in ethyl acetate (1:100 v/v)
before gas chromatographic analysis. Quantitation was per-
formed on a PerkinElmer GC equipped with a flame ionization
detector (FID) and a Zebron ZB-5 column from Phenomenex
(60 m x 0.25 mm X 0.10 pm). The oven temperature program began
at 80°C (held for 2 min), followed by a ramp of 10°C/min to 300°C
(held for 1 min). The injector temperature was set at 175°C, and the
detector temperature was maintained at 320°C. The injection vol-
ume was 1 pL in split mode (ratio 1:50), using H, as the carrier gas.
The conversion of Ger to the product was performed according to
the method described by Venturi et al. [14]
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http://experimentaldesign.protimiza.com.br/

4.7 | Geranyl Benzoate Purification and
Spectroscopic Characterization

The reaction mixture was filtered to separate the biocatalyst, and
the liquid phase was evaporated under reduced pressure (70°C
and 100 Pa) to remove excess MeBenz. Subsequently, the residue
was purified by column chromatography on silica gel (60 A,
70-230 mesh, particle size 63-200 pum; Sigma-Aldrich) using a
cyclohexane/ethyl acetate (7:1 v/v) eluent. The purified product
was analyzed by 'H and **C NMR spectroscopy at room temper-
ature using a 400 MHz spectrometer with CDCl; as the solvent
(Figures S4 and S5).

Geranyl benzoate - "H NMR (400 MHz, CDCls) §8.07-8.00(m, 2H),
7.57-7.50 (m, 1H), 7.39-7.46 (m, 2H), 5.50-5.43 (m, 1H), 5.13-5.05
(m, 1H),4.84 (d,J = 7.1 Hz, 2H), 2.17-2.03 (m, 4H), 1.77 (s, 3H), 1.67
(s, 3H), 1.60 (s, 3H). '*C NMR (101 MHz, CDCl;) & 166.65, 142.33,
132.75, 131.83, 130.51, 129.57, 128.26, 123.72, 118.37, 61.86, 39.53,
26.29, 25.65, 17.68, 16.55.

4.8 | Cytotoxicity Assay

Cytotoxicity assays were performed according to the method
described by ISO 10993-5 (2009) [44, 45], where human cell
lines, normal fibroblast cells (1929), were plated in 96-well plates
at a density of 1x10* cells/well. Stock solutions were prepared in
medium, followed by successive dilutions in complete medium to
concentrations of 1-100,000 pg/mL, after 24 hr for complete
adhesion. The compound was added, and the metabolic activity
was measured using the MTS solution [46] after 24 hr of contact
between the geranyl benzoate and the cells.

The dataset was evaluated by a one-way analysis of variance
(ANOVA). Using the t-test or Tukey test, significant differences
were determined at the 5% significance level (p < 0.05).
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