catalysts MbPY

Article

Sustainable Enzymatic Synthesis of a Solketal
Ester—Process Optimization and Evaluation of
Its Antimicrobial Activity

Patricia A. Mendoza-Ortiz 12, Rafaela S. Gama 3, Omar C. Gomez 3, Jaine H. H. Luiz 3,
Roberto Fernandez-Lafuente 4*, Erika C. Cren 12 and Adriano A. Mendes 13*

! Graduate Program in Chemical Engineering, Federal University of Minas Gerais,
31270-901 Belo Horizonte, MG, Brazil; paty_huu5@hotmail.com (P.A.M.-O); erika.cren@gmail.com (E.C.C.)
2 Department of Chemical Engineering, Federal University of Minas Gerais,
31270-901 Belo Horizonte, MG, Brazil
3 Institute of Chemistry, Federal University of Alfenas, 37130-001 Alfenas, MG, Brazil;
rafaelasantosgama@gmail.com (R.S.G.); ramo75cab@gmail.com (O.C.G.); jainehh@gmail.com (J.H.H.L.)
4 Departamento de Biocatalisis, ICP-CSIC, Campus UAM, Cantoblanco, 28049 Madrid, Spain
* Correspondence: rfl@icp.csic.es (R.F.-L.); adriano.mendes@unifal-mg.edu.br (A.A.M.);
Tel.: +34-91-595-4941 (R.F.-L.); +55-35-3701-9711 (A.A.M.)

Received: 22 January 2020; Accepted: 8 February 2020; Published: 11 February 2020

Abstract: The present study aims the enzymatic synthesis of solketal palmitate by esterification
between solketal and palmitic acid using heptane as solvent. Lipases from Thermomyces lanuginosus
(TLL), Candida rugosa type VII (CRL), and Pseudomonas fluorescens (PFL) were immobilized via
interfacial activation on rice husk silica functionalized with triethoxy(octyl)silane (Octyl-SiOz) and
used as biocatalysts. A loading of 20-22 mg of lipase/g of support was immobilized independently
of the studied enzyme. TLL-Octyl-SiO: was the most active biocatalyst in oil hydrolysis (656.0 +
23.9 U/g) and ester synthesis (productivity of 6.8 mmol/min.gpiocat), and it has been chosen for further
ester synthesis optimization. The effect of some important parameters such as biocatalyst
concentration, reaction temperature and acid:alcohol molar ratio on the reaction has been evaluated
using a central composite rotatable design at fixed mechanical stirring (240 rpm) and reaction time
(15 min). Subsequently, the effect of reactants concentration and molecular sieve concentration has
also been examined. Under optimal conditions (56 °C, acid:alcohol molar ratio of 1:3 with a palmitic
acid concentration of 1 M, and 20% wt. of TLL-Octyl-SiO2 per volume of reaction mixture), 83%
acid conversion was obtained after 150 min of reaction. The biocatalyst retained 87% of its initial
activity after seven successive reaction batches. The product was identified by nuclear magnetic
resonance analysis. Antimicrobial activity studies showed that the synthesized ester demonstrated
antifungal activity against Candida albicans and Candida parapsilosis, with minimum inhibitory
concentration (MIC) between 200 and 400 ug/mL, and bacteriostatic/fungistatic action — minimum
microbicial concentration (MMC)>400 pg/mL.

Keywords: solketal ester; immobilized lipase; esterification; optimization; structural
characterization; antimicrobial activity

1. Introduction

In the last years, the world production of biodiesel has generated a large volume of glycerol as
a byproduct, which has become a promising feedstock for the sustainable synthesis of several added-
value chemicals, including solketal—(2,2-dimethyl-1,3dioxolan-4-yl)methanol or 1,2-O-
isopropylidene glycerol [1]. It is currently synthesized via ketalization reaction with acetone using
homogeneous or heterogeneous acid catalysts [1,2]. Solketal has been successfully used to synthesize

Catalysts 2020, 10, 218; doi:10.3390/catal10020218 www.mdpi.com/journal/catalysts



Catalysts 2020, 10, 218 2 of 19

a variety of esters (fatty acid solketal esters—FASEs) used as potential fuel additives, lubricants,
solvents, flavoring agents and plasticizers [3]. Moreover, solketal-based esters are promising
emulsifier agents with excellent antimicrobial properties commonly used in food, cosmetics and
personal care formulations [4,5]. Solketal presents a chiral center, thus increasing its interest in
pharmaceutical and food industries [6-8].

Usually, solketal-based esters have been synthesized by esterification or transesterification
reactions using classical homogeneous or heterogeneous catalysts [2,3,5,9]. However, these reactions
require high temperature (100-150 °C) and long reaction-times to reach high conversions [3,9]. FASEs
synthetized by using lipases as biocatalysts have gained special attention due to the mild reaction
conditions and high biocatalyst selectivity [4,7,10].

The enzymatic synthesis of FASEs has been described using fungal whole-cells [10,11], crude
enzymatic extracts or immobilized lipases [4,7,12]. These studies have demonstrated the promising
features of immobilized lipases in this reaction [4,7,8]. These biocatalysts have been prepared via
immobilization of lipase from Pseudomonas fluorescens (PFL) via physical adsorption on multi-wall
carbon nanotubes (MWCNTs) and Octyl-silica [7], and covalent attachment on functionalized
MWCNTs and epoxy-functionalized mesoporous silica [8]. Other interesting studies have used lipase
B from Candida antarctica (CALB) immobilized in water-in-oil microemulsions [4], and the
commercial Novozym® 435 [12] - CALB immobilized on Lewatit VP OC 1600 [13].

In general, the synthesis of valuable esters, including FASEs, has been successfully performed
using lipases immobilized by physical adsorption via interfacial activation on hydrophobic supports
[7,13-18]. This immobilization protocol is based on the catalytic mechanism of lipases, called
interfacial activation [19,20]. This method promotes selective adsorption (purification),
hyperactivation and stabilization of the tridimensional lipase structures in their open conformation
on hydrophobic surfaces [16-18,21], which allows preparing heterogeneous biocatalysts with high
catalytic activity [18,21-23].

The enzymatic synthesis of solketal palmitate was chosen because it is precursor in 1-
monopalmitoyl glycerol (or 1-monopalmitin) synthesis via a simple acetal ring-opening using acid
catalysts [12]. This important monoacylglycerol (MAG) has been used as a potential biomarker for
type 2 diabetes mellitus [24], as modifier of the viscoelastic and sensory properties of processed
cheese [25], and in the production of non-ionic surfactant vesicles for vaccines [26]. In this context,
the aim of the present study was the optimization of the enzymatic synthesis of solketal palmitate by
direct esterification of palmitic acid and solketal using heptane as solvent and evaluation of its in vitro
antimicrobial activity against five pathogenic microorganisms (fungi and Gram-positive bacteria).
The enzymes used in this paper were the lipases from Thermomyces lanuginosus—TLL [27],
Pseudomonas fluorescens—PFL [28], and Candida rugosa—CRL [29-31]. They were selected due to their
high catalytic activity, selectivity, and stability in ester synthesis using a broad number of natural and
non-natural substrates. Heptane was selected as organic solvent in order to reduce the medium
viscosity and, thus, to improve the dispersion of palmitic acid in the reaction medium, a long-chain
fatty acid with melting point at 63 °C. To the best of our knowledge, this is the first study describing
the enzymatic synthesis of a FASE using lipases immobilized on functionalized rice husk silica as
biocatalysts and the evaluation of its antimicrobial activity against human pathogens.

The reaction is a thermodynamic controlled process, which means that the yields should be
independent from the biocatalyst, except if the enzyme is inhibited or inactivated [32]. However, in
this case the employed solketal is racemic and that can alter the final yields depending on the enzyme
specificity for both solketal isomers [7,8]. The main problem found using the esterification reaction
catalyzed by immobilized lipases is the water accumulation inside the biocatalysts, as this can
produce the formation of a water phase that can lead to biocatalysts inactivation (due to the very low
pH that this phase can reach in the presence of palmitic acid) or inhibition, if the substrate cannot
penetrate through this water layer to reach the enzyme [33-37]. This may be solved using a
hydrophobic support where water will be not retained [38—41]. As water is a product reaction, its
removal from the reaction medium can shift the equilibrium in the synthesis direction, and this may
be performed using molecular sieves [36,42—44]. However, this did not eliminate the risk of water
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phase formation inside the biocatalysts if the enzyme activity is very high [37], and it may have some
negative effects if the essential water to keep the enzyme activity is removed [45,46].

The immobilized biocatalysts were prepared as previously described using Octyl-SiO, a silica-
based hydrophobic support obtained from rice husks, an abundantly available agro-industrial waste.
Its complete structural and textural characterization, as well as its use as support to prepare active
biocatalysts in ester synthesis, have been primarily reported in a recent study [23]. After selecting the
most active biocatalyst, solketal palmitate synthesis was optimized using a Central Composite
Rotatable Design (CCRD), an ideal tool for process optimization, in order to evaluate the effect of
biocatalyst concentration, reaction temperature and acid:alcohol molar ratio on the ester synthesis
under fixed mechanical stirring (240 rpm) and reaction time (15 min). Subsequently, the effect of
molecular sieve concentration, reactants concentration, and organic solvent on the reaction was
examined under optimal conditions. Reusability tests have been checked. NMR analysis (‘H NMR
and *C NMR) was also performed to confirm the chemical structure of the synthesized ester.

2. Results and Discussion

2.1. Immobilization of Different Lipases on Octyl-SiO:z

In this study, three microbial lipase preparations were immobilized via interfacial activation on
Octyl-5iO:2 in order to select the most active biocatalyst in solketal palmitate synthesis. The reaction
catalyzed by free crude lipase extracts was not performed, since immobilization processes promote
better dispersion of lipase molecules in the reaction because it minimizes protein aggregation [41].
The immobilization parameters [47] of the different prepared biocatalysts are given in Table 1.

Table 1. Characterization of the heterogeneous biocatalysts prepared in this study and their

performance in ester synthesis.

Biocatalysts
Parameters TLL PFL CRL
Crude Crude Crude
Immobilized Immobilized Immobilized
extract extract extract
Protein (mg/g) 16.02 22.0£2.38 24.5° 19.4+2.0 24.6° 21.2+22
HAP (U/g) 27,302.4a  656.0+239 8,611.2a 5329+429 16,156.82  320.4 +49.3
SA< (U/mgprotein) 1,706.8 31.0+34 351.5 275+3.6 656.8 14.6+29
Yd (%) NP 62.6+2.1 NP 63.8+1.7 NP 76.1+1.3
tee (min) NP 40 NP 50 NP 70
Pf
NP 6.8 NP 4.6 NP 2.3

(mmol/min.gpiocat)

2 Results reported by Barbosa et al. [48]; ® Hydrolytic activity (olive oil emulsion hydrolysis); < Specific
activity; ¢ Conversion percentage at equilibrium determined according to Equation (2); ¢ reaction time
at equilibrium for solketal palmitate synthesis; f Productivity determined according to Equation (3);
NP: not performed.

These lipase preparations had different purity, enzyme concentration, and stabilizing agents in
their formulations, as well as different features, including molecular mass, molecular diameter and
activity [48]. However, as shown in Table 1, similar immobilized protein loading (around 20-22 mg/g
of support) has been obtained for CRL, PFL and TLL. On the other hand, these biocatalysts exhibited
different activities in olive oil hydrolysis. The highest hydrolytic activity was observed for
immobilized TLL (656.0 + 23.9 U/g), followed by PFL (532.9 + 42.9 U/g) and CRL (320.4 + 49.3 U/g).
Comparing these values with the specific activity values of crude lipase extracts, a drastic decrease
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after immobilization procedure can be observed for all lipases tested, very likely due to substrate
diffusional problems [21,41,49].

2.2. Performance of the Different Biocatalysts in the Solketal Palmitate Synthesis

The activity of the three lipase biocatalysts in solketal palmitate synthesis was determined (Table
1 and Figure 1). A linear profile of ester synthesis for conversion percentage values until 50% for all
reaction was observed; both immobilized TLL and PFL displayed similar catalytic activities, which
was higher than the activity of the immobilized CRL (Figure 1). Maximum conversion percentage of
63% for the reaction catalyzed with TLL and PFL were achieved after 40 and 50 min of reaction,
respectively (Table 1 and Figure 1).
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Figure 1. Effect of lipase source on the ester synthesis course. The reactions were performed at 40 °C,
240 rpm, stoichiometric acid:alcohol molar ratio containing 0.2 M of palmitic acid in heptane medium
and biocatalyst concentration of 300 units of hydrolytic activity (U).

On the other hand, immobilized CRL gave the highest conversion percentage (=76%). However,
the equilibrium was observed after 70 min of reaction. The yields should have been identical using
the three enzymes, providing that all of them were able to recognize both solketal isomers. As in all
cases, more than 50% conversion was obtained; it may be assumed that all the enzymes recognized
both enantioisomers of solketal. As CRL gave a much more lineal reaction courses than the other
enzymes, it may be assumed that product inhibition or other kinetic problems reached a lower
relevance for this enzyme than for the other enzymes [10], and that could be the explanation for these
different yields obtained by the different biocatalysts. In Table 1, the productivity values for each
reaction system are summarized. The maximum value was obtained for immobilized TLL (6.8
mmol/min.gpiocat), 1.5- and 3-fold higher than for PFL-Octyl-SiO2 and CRL-Octyl-SiO, respectively.
Thus, even if the final steps of the process seem to be more complex using this biocatalyst, it was
selected as heterogeneous biocatalyst in solketal palmitate synthesis.

2.3. Ester Synthesis Optimization by CCRD

The effect of reaction temperature, biocatalyst concentration and acid:alcohol molar ratio was
evaluated by a full factorial design in CCRD mode to find the most important variables on the ester
synthesis. These tests were performed under fixed palmitic acid concentration (0.2 M) and continuous
mechanical stirring of 240 rpm to promote rapid access of reactant molecules from the reaction
mixture to the biocatalyst. In Table 2, the coded and actual values of independent variables and
predicted and experimental conversion percentage (response) are shown.
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Table 2. Central Composite Rotatable Design (CCRD) matrix for the analysis of the influence of

independents variables on the ester synthesis catalyzed by TLL-Octyl-SiO-.

Independent variables Conversion
Coded (actual)
Runs
Biocatalyst? Temperature Acid:alcohol
- €0) molar ratio Experimental Predicted®
1 -1 (383) -1(28) -1(1:1.8) 439+1.0 33.7
2 +1(1,217) -1(28) -1(1:1.8) 70.0+0.5 60.2
3 -1 (383) +1 (52) -1(1:1.8) 73.0+1.1 55.2
4 +1(1,217) +1 (52) -1(1:1.8) 75.6+1.4 81.7
5 -1 (383) -1(28) +1 (1:4.2) 26.7+1.2 33.7
6 +1(1,217) -1 (28) +1 (1:4.2) 55.7+1.4 60.2
7 -1 (383) +1 (52) +1 (1:4.2) 625+ 1.6 55.2
8 +1(1,217) +1 (52) +1 (1:4.2) 73.1+0.3 81.7
9 -1.68 (100) 0 (40) 0 (1:3) 88+28 234
10 +1.68 (1,500) 0 (40) 0 (1:3) 75.9+0.6 68.0
11 0 (800) -1.68 (20) 0 (1:3) 50.1+1.9 56.3
12 0 (800) +1.68 (60) 0 (1:3) 85.0+0.5 92.4
13 0 (800) 0 (40) -1.68 (1:1) 43.8+0.5 56.0
14 0 (800) 0 (40) +1.68 (1:5) 61.4+0.6 56.0
15 0 (800) 0 (40) 0(1:3) 762+0.2 744
16 0 (800) 0 (40) 0(1:3) 75.9+0.6 744
17 0 (800) 0 (40) 0(1:3) 77.0+0.2 744
18 0 (800) 0 (40) 0 (1:3) 76.5+0.9 74.4

2 Biocatalyst concentration based on the hydrolytic activity (HA) of TLL-Octyl-SiO2 (HA=656 U/g —
see Table 1); P values calculated according to Equation (1).

The conversion percentage ranged from 8.8% + 2.8% (run #9) to 85.0% = 0.5% (run #12) after 15
min of reaction. The experimental and predicted conversion percentage values were very similar,

thus showing that the developed model can be successfully used for describing the relationship

between independent variables and response.

According to the Pareto graph (Figure 2) obtained in the factorial design, the parameters mean,

linear/quadratic terms for biocatalyst concentration (x1 and xi12), linear term for reaction temperature

(x2) and quadratic term for acid:alcohol molar ratio (x3?) were statistically significant at 95%
confidence level, since they had a p-value below 0.05 (see Table 3). The regression coefficients for the
significant parameters reported in Table 3 were used to express their effects on the conversion
percentage, which was based on the coded values, as shown in Equation (1):

Y (%)= 744 +13.3x ; —10.1x 7 +10.7x , — 6.5x 3

)
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Figure 2. Pareto diagram showing the effect of independent parameters biocatalyst concentration (x1),
reaction temperature (x2), and acid:alcohol molar ratio (x3) and their interactions on the conversion
percentage in solketal palmitate synthesis.

ANOVA reveals that the developed model is adequate and sufficient to represent the actual
relationships between reaction parameters and conversion percentage at a p-value <0.05, as shown in
Table 3. A determination coefficient (R?) of 0.81 was obtained, thus indicating that 81% of the
variability of responses could be explained by the developed model. The results summarized in Table
3 show that Fisher’s F-test also showed significance due to the fact that the calculated F-value of
regression (13.93) was almost 4.4-fold higher than tabulated F-value at 5% significance level (3.18).
Based on these results, 3D surface plots can be created for finding the optimal experimental
conditions in order to maximize ester synthesis.

Table 3. Regression coefficients, standard errors and p-values and analysis of variance (ANOVA).

Parameter Regression coefficient Standard error p-values?
Mean 744 +0.18 3.5x108
X1 13.3 +0.13 1.9x10
x1? -10.1 +0.13 4.5x10
X2 10.7 +0.13 3.6x10¢
x3? -6.5 +0.13 1.7x10°
ANOVA
Source of Degree of
Sum of squares Mean square F-test
variation freedom
Regression 5644.4 4 1411.1 13.93
Residual 1316.8 13 101.3
Lack of fit 1316.17
Pure error 0.66
Total 6961.2 17

R2=0.81; Fo5413=3.18

x1, x2, and x3 represent the variables biocatalyst concentration, reaction temperature, and acid:alcohol
molar ratio, respectively; * significant parameters at 95% confidence level.

Figure 3A shows the effect of biocatalyst concentration and reaction temperature on the ester

synthesis at a fixed acid:alcohol molar ratio at center point—1:3. It is possible to observe a strong
influence of these variables on the reaction. A gradual increase in acid conversion from 8.8% to 85%
by increasing the biocatalyst concentration from 100 U to 800-900 U (or from 2.5% to 20%—23% wt. of
TLL-Octyl-SiO2 per volume of reaction mixture) can be observed. On the other hand, a slight
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decrease in the conversion percentage from 85% to =75% was observed at a higher biocatalyst
concentration—1500 U (or 2.3 g of TLL-Octyl-SiOz), that corresponds to 38% wt. of TLL-Octyl-5iO2
per volume of reaction mixture. This could be caused by the aggregation of the biocatalysts particles
that will increase the diffusional problems or by the changes in the water activity caused by the
increased concentration of both enzyme and support in the reaction medium. According to previous
reports, an increase in reaction temperature increases the ester synthesis [22,49,50]. According to the
obtained results in this paper, a significant and positive effect of reaction temperature on the reaction
also observed and the highest conversion percentage was obtained above 55 °C. An increased
temperature will reduce the high viscosity of the reaction mixture. Although reaction temperature
and biocatalyst amount have demonstrated significant effects on the reaction, their interaction was
not significant at a confidence level of 95%.

Ll A e

Figure 3. 3D surface and contour plots for ester synthesis. — Effect of biocatalyst concentration and
reaction temperature (A); and acid:alcohol molar ratio and reaction temperature (B) on the conversion
percentage.

The effect of reaction temperature and acid:alcohol molar ratio on the reaction was also
evaluated at a fixed biocatalyst concentration of 800 U or 1.2 g of TLL-Octyl-5iO: (center point) —
Figure 3B. In this study, palmitic acid was the limiting substrate of the reaction to avoid an excessive
increase of the viscosity in the reaction mixture. That way, the effect of an excess of solketal
concentration in the reaction was evaluated. As expected, a rise in reactants concentration in the
reaction mixture leads to an increase in the ester formation [51]. However, high concentration of
certain reactants can lead to deleterious effects on the biocatalyst, e.g., if it can distort the enzyme and
produce enzyme inactivation, or just behaves like an inhibitor [51,52]. According to Figure 3B,
initially, an excess of solketal concentration led to an improved ester synthesis and a maximum in
conversion percentage was observed at an acid:alcohol molar ratio of 1:3. However, a further increase
of solketal concentration led to a decrease in the conversion percentage due to possible inhibitory or
inactivating effects of the alcohol [22,52]. In agreement with Figure 3A, maximum ester synthesis was
obtained at the highest reaction temperature studied. The interaction reaction temperature and
acid:alcohol molar ratio was not significant at 95% confidence level.

In order to validate the predicted model, further tests were performed under optimal
experimental conditions. 3D surface plots analysis clearly show that maximum ester synthesis can be
observed between 55 and 60 °C, acid:alcohol molar ratio of 1:3 and biocatalyst concentration ranging
from 800 to 900 units (U). Thus, esterification reaction using an initial biocatalyst concentration of 900
U, and acid:alcohol molar ratio of 1:3 was conducted at 56 °C and 60 °C (runs #1 and #3 — Table 4).
Under such conditions, similar conversion values (around of 80% at 15 min of reaction) were
obtained, thus showing that the reaction can be successfully performed at 56 °C. Subsequent runs
were performed at a fixed initial biocatalyst concentration (900 U), however at stoichiometric
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acid:alcohol molar ratio (coded value = —1) and reaction temperatures of 56 °C or 60 °C (runs #2 and
#4—Table 4). Similar conversion percentage was also obtained (=55%), thus confirming that the
maximum conversion can be achieved at 56 °C. These results confirm also that an excess of solketal
in the reaction mixture is required to achieve the maximum conversion. Afterwards, two runs were
conducted at 56 °C (run #5) and 60 °C (run #6 or run #12 in Table 2), using a biocatalyst concentration
of 800 U, and acid:alcohol molar ratio of 1:3, as shown in Table 4. Under these conditions, conversion
percentage of ~85% was achieved, thus showing that a slight reduction of 100 U (from 900 to 800 U)
and 4 °C (from 56 to 60 °C) did not have a strong effect on the reaction. It is possible to note a good
correspondence between experimental and predicted conversion percentage values, thus confirming
the satisfactory adequacy of the developed model to the experimental data. Thus, the optimal
conditions to synthesize solketal palmitate were defined to be 20% wt. of TLL-Octyl-SiO: per volume
of reaction mixture (800 U or 1.2 g of TLL-Octyl-SiO2), 56 °C and acid:alcohol molar ratio of 1:3.

Table 4. Validation of the developed CCRD by performing ester synthesis under optimal
experimental conditions.

Independent variables Conversion
Coded (actual) (%)
Runs
Biocatalyst Temperature Acid:alcohol
Experimental Predicted?
V) (°Q) molar ratio
1 +0.24 (900) +1.34 (56) 0 (1:3) 79.5+0.5 91.3
2 +0.24 (900) +1.34 (56) -1(1:1) 541+1.9 84.8
3 +0.24 (900) +1.68 (60) 0 (1:3) 81.1+14 95.0
4 +0.24 (900) +1.68 (60) -1(1:1) 56.6 +2.4 88.5
5 +0 (800) +1.34 (56) 0 (1:3) 842+1.0 88.7
6P +0 (800) +1.68 (60) 0 (1:3) 85.0+0.5 924

2 values calculated according to Equation (1); ® Experimental data obtained in run #12 reported in Table 2.

2.4. Effect of Reactants Concentration on the Reaction

The increase of the volumetric productivity (ratio between ester amount and reactor volume)
facilitates the isolation and purification of the reaction products [22,41,49,50]. In this set of
experiments, the effect of reactants concentration on the ester synthesis using optimal acid:alcohol
molar ratio of 1:3 was evaluated. The reactions were performed at different concentrations of palmitic
acid (0.2 M, 0.5 M, 0.75 M and 1 M) in heptane medium. The ester synthesis in a solvent-free system
was also performed under the same experimental conditions (using an acid:alcohol molar ratio of
1:3). According to results shown in Figure 4, an increase in the reactants concentrations in the reaction
mixture increased the reaction time necessary to attain the equilibrium from 20 min (for 0.2 M of
palmitic acid) to 360 min (solvent-free system). One of the reasons for this is the presence of more
substrate molecules, but the time to reach equilibrium increased by an 18-fold factor, while the
concentration increased less than 9-fold. This is due to a decrease of the medium viscosity in the
presence of heptane that improves the mass transfer of reactants. In fact, 66% conversion after 360
min of reaction was observed in a solvent-free system, which was a lower conversion and a time 2.4-
fold higher than the reaction conducted at 1 M of palmitic acid (83% conversion at 150 min of
reaction). The productivity values for esterification reactions conducted with initial palmitic
concentration of 0.2 M, 0.5 M, 0.75 M, 1 M and solvent-free system were determined as 7.3, 3.7, 3.3,
4.6, and 2.2 mmol/min.gpiocat, respectively. Although maximum productivity has been obtained at the
lowest palmitic acid concentration, ester synthesis performed at 1 M of palmitic acid is more
interesting from an industrial point of view. Based on these results, ester synthesis at 1 M of palmitic
acid, with 3 M of solketal and 28% (v/v) heptane, was chosen for further studies.
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Figure 4. Effect of reactants concentration and organic solvent on the ester synthesis. The reactions
were performed at 56 °C, 240 rpm, acid:alcohol molar ratio 1:3, and biocatalyst concentration of 800
U of activity by using TLL-Octyl-5iO2 as biocatalyst.

2.5. Effect of Molecular Sieves Concentration on the Reaction

One of the products of the esterification reaction is water [33,34,43]. This can generate some
problems, like the accumulation inside the biocatalyst particle [35-37,43]. Moreover, as this reaction
is a thermodynamically controlled synthesis, water removal from the system will shift the
equilibrium on the desired direction [39,40,44]. Thus, its concentration in the reaction should be
strictly controlled to enhance synthesis yield [36,44,53]. For this goal, the addition of dehydrating
strategies, including molecular sieves [36,44,54], pervaporation [53], and bubbling dried air [44] have
been assayed. The most popular strategy to control water concentration in esterification reactions
consists in the use of molecular sieves due to their high capacity to adsorb water molecules and their
reusability [36,41,44,54]. Thus, the addition of molecular sieves in the reaction medium has been
evaluated in the range from 0% to 20% m/v. As it can be seen in Figure 5, a slight improvement in the
initial reaction rates by using molecular sieves at different concentrations can be observed, mainly
for the esterification reaction performed at the lowest molecular sieves concentration (5% m/v). Under
such conditions, a conversion percentage of 75% at 90 min of reaction was obtained while, in the
absence of dehydrating agent, it was only 55%. However, no influence of molecular sieves on the
reaction may be observed at equilibrium and a similar conversion percentage of 83% was observed
within 150 min of reaction, thus making the addition of molecular sieves to the reaction medium
unnecessary [49,50,54-56].



10 of 19

20, 10, 218

lysts 20.

T T T T
50 100 150 200 250

n)

Reaction time (mi

the ester synthesis. The reactions were performed

ation on

tr

Figure 5. Effect of molecular sieves concen

ntration of 800 U of activity by

at 56 °C, 240 rpm, acid:alcohol molar ratio 1:3, and biocatalyst conce

using TLL-Octyl-5iO: as biocatalyst.

2.6. Biocatalyst Reusability Study

“— Q = Q9 = »nn wn
- = HESET
o =2 E 05 9
hm o = ﬂzm .
2 o d 2 w £ QU 9Y
kS cas L 0 @ Q9 <
o = s RS
S = | w9 220 B 20
B & o © — O =
0 5T 2 g 5L g B E
IS (7] = = = P>
S > 5 £ g TS 2773
== 9 >~ awth
© o o o < ®
nce = = o 9]
.I.Id Y o ar.mOC
4 9 B I &S 353 8gE
[ = B 5 B
£ 52 SN Dw DO g
E & 2 & S gL£5Tg
RS TSIE SN o &0 a.
£ 223 5 15 2 87T g%
&g 8 3 15 8 ©
O ' R 522 ac
lm.WJ < T g Y O
RTINS v 3 R 55
E = 5 - &8 ST
£ 859 5 = =525
o g« g & o8 &K S q
o = n ¥ = emrm
o © = 2 9 c 5
g " o s & = 28— 5
T 9 O (7] Y v £ v B Pt
[=Ee] @ o = ehmes
5= ¥ < g 9 = 9 v 06
9 § g g°2 BE.c-3E
v O © o N B
2 £ 5 @ L 23 =2=2@®273
T 39 9 .9 S T2 B &
f s 5w - < O
5 © © s T © < > +
S...uuouo o 22 MMn.m.t
IS . = E=! —
S E = PEE wEZSEY
~ 9 ~ c o R ]
Oaa .W/.e = 9 &8 0 9
= o ® R g © 6 88 o0
== O 5 g Q.28 g =
| o L .2 © o — =
Lt 77> T 1 L& 5 53 g £ 2
>E g e g 92 92 ©° o  Jgw =80 Q.
b= o] Tms < o =
Y © «© > be j= ]
O © g 8 T 5 ® g g
T o = OMt (O] dﬂ
-l 25% 2391829
=) £8 8 Toe o=
[ = s g8 = raa%
— e« > 2 @WJOTf
5 O = o] @ p003
L & = © g nmp/nB
25 8 g ® § .25 § T
; Q 2~ o & .9
= b0 @« 2] O = B S
...m.I% 35 S 5 u ® g
s & < & 8 9 955 =g E
o =9 N > o N & ¢
25 % S8 g8
) v = c “—
= © Q9 5 g8 = r..lO\I/O
v Y = B = Y g = L=
R B2t 8,3 wE
Tmrm B = E A%%.m.m
o B G.k.c.l...m.
n = eeae
— g - ¥ al E



Catalysts 2020, 10, 218 11 of 19

2.7. NMR Analysis of the Synthesized Ester

The purified ester was a viscous liquid at room temperature and its molecular formula is
C2HxOs (Figure 7), with a molecular mass of 310 g/mol. According to Table 5, Distortionless
Enhancement by Polarization Transfer (DEPT-135), Heteronuclear Single Quantum Coherence
(HSQC) and Heteronuclear Multiple Bond Correlation (HMBC) spectra of the synthesized ester
showed carbon signals that correspond to three methyl groups C-16, C23* and C24* (6c 14.2, 26.7 and
25.4, respectively), 13 methylenes C-2, C-3, C4-C13, C-14 and C-15 (0c 34.1, 24.9, 29.1-29.7, 22.7,
respectively), and two oxigenated methylenes C-17 and C-22 at 64.5 and 66.3 ppm, one oxigenated
methine C-18 (6c 73.7) and two quaternary carbons, C-1 a carbonyl group (6c 173.8) and C-20 a sp?
carbon (0c 109.8).

24

Figure 7. Chemical structure of solketal palmitate.

Table 5. 'H and *C NMR data of solketal palmitate.

Position gec §'H (m, ] - Hz) HMBC*
(CDCl3) (CDCls)
1 173.8 (C=0) 4.09;4.11; 2.34; 1.62
20 109.8 (C) 3.71; 4.05; 4.09; 1.371.43
18 73.7 (CH) 432 (m) 3.71;4.09; 4.1
2 66.3 (CH2) 3.71;4.05 4.09;4.15
17 64.5 (CH:) 4.11;4.09 (m) 3.71; 4.09; 4.11
2 34.1 (CH2) 234t 6) 1.62
14 31.9 (CHy) 1.25 (m) 1.25;0.87
29.7 (CH) 1.25 (m) 1.25;2.34
29.6 (CH) 1.25 (m)
29.5 (CH>) 1.25 (m)
29.4 (CH2) 1.25 (m)
29.3 (CH2) 1.25 (m)
29.1 (CH>) 1.25 (m)
23 26.7 (CHs) 1.43 (s) 1.37
2% 25.4 (CH>) 1.37 (s) 1.43
3 24.9 (CHy) 1.62 (q) 2.34
15 22.7 (CHy) 1,25 (m) 0.87:1.25
16 14.2 (CH>) 0.87 (t, 6) 125

2 Heteronuclear Multiple Bond Correlation.
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'H NMR analysis of solketal palmitate displayed signals due to three methyl groups at 6H 0.87
(3H, t, J=6 Hz, H-16), 1.37 (3H, s, H-24) and 1.43 (3H, s, H-23), two oxigenated methylene at H 4.09
and 4.11 (2H, m, H-17) and at 6H 3.71 and 4.05 (2H, m, H-22), one sp? oxigenated methine at 8H 4.32
(1H, m, H-18) and 14 methylene groups at 6H 2.34 (2H, t, ]= 6.0 Hz, H-2), 1.25 (2H, m, H-14), 1.62 (2H,
m, H-3), 1.25 (2H, m, H-15), 1.25 (20H, m, H4-H14). The HMBC correlations from H-17 (3H 4.09 and
4.11) to C-1 (8C 173.8 - carbonyl) confirm the enzymatic synthesis of solketal palmitate.

2.8. In vitro antimicrobial activity study

The in vitro antimicrobial activity of the solketal palmitate synthesized in this study against two
Gram-positive bacteria and three fungi strains are summarized in Table 6. According to Holetz et al.
[57], a compound is considered to have a good antimicrobial activity when presenting MIC values
lower than 100 pg/mL, a moderate activity from 100 to 500 pg/mL, a low activity from 500 to 1000
ug/mL and they are considered to be inactive when presenting MIC above 1000 ug/mL. Based on this
scale, the synthesized ester demonstrated a moderate activity against C. albicans and C. parapsilosis,
with a MIC value of 200400 pg/mL for both strains. In addition, MMC values were >400 ug/mL for
all evaluated strains, thus indicating that the ester shows bacteriostatic and fungistatic action. These
results could be due to its high hydrophobicity, thus improving its ability to interact with cell
membranes and/or to penetrate through the cell membrane of these pathogens [58]. These results are
in accordance with a previous study regarding the use of solketal-based esters as potential
antimicrobial agents [5].

Table 6. Antimicrobial activity of solketal palmitate against several pathogens.

Solketal palmitate Fluconazol
Pathogens MIC MMC MIC MMC
(ug/mL) (pg/mL) (pg/mL) (ug/mL)
C. albicans 200-400 >400 0.312-0.625 20-40
C. tropicalis >400 >400 2.5-5.0 >400
C. parapsilosis 200-400 >400 2.5-5.0 >400
Amoxicillin
S. aureus >400 >400 0.078-0.156 >400
L. monocytogenes >400 >400 0.156-0.312 >400

3. Materials and Methods

3.1. Materials

TLL, CRL and PFL were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as
received. Rice husks were acquired from Arroz Rei Ouro Ltda. (Itajubd, MG, Brazil).
Triethoxy(octyl)silane (OCTES), palmitic acid and solketal were also purchased from Sigma-Aldrich.
Molecular sieve UOP type 3 A (form of rod, and size of 1/16 in) was purchased from Fluka Analytical
(St. Louis, MO, USA). Mueller-Hinton agar (MHA), Sabouraund dextrose agar (SDA), Roswell Park
Memorial Institute (RPMI) medium, resazurin sodium salt powder, amoxicillim and fluconazole
were acquired from HiMedia Laboratories (Mumbai, MH, India). All other reagents and solvents
were of analytical grade acquired from Synth® (Sao Paulo, SP, Brazil).

3.2. Lipase immobilization procedure

Octyl-5iO2 was prepared by functionalization of rice husk silica with OCTES as reported
elsewhere [23]. The immobilization of lipases by interfacial activation on Octyl-SiO: was performed
using an initial protein loading of 40 mg/g to achieve the maximum enzyme loading possible [23]. 22
mL of crude TLL or 16 g of crude PFL or CRL were dispersed in 5 mM sodium phosphate at pH 7.0
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(168 mL for TLL and 190 mL for PFL and CRL), followed by adding 10 g of dry support previously
incubated at 50 °C by 24 h. The suspensions were incubated in an orbital shaker with a water bath for
temperature control at 25 °C, 200 rpm and 18 h. Afterwards, the suspensions were filtered under
vacuum with Whatman® grade 41 filter paper and washed with distilled water, followed by storage
of the prepared biocatalysts at 4 °C for 24 h. The immobilization process was monitored by
determining the protein concentration by Bradford’s method [59], and the catalytic activity by olive
oil emulsion hydrolysis in the immobilization supernatant and a reference under identical conditions
[21] (which kept its activity unaltered during the whole process). One unit (1 U) of hydrolytic activity
was defined as the amount of lipase necessary to release 1 umol of free fatty acid per min of reaction
at pH 8.0 and 37 °C [21].

3.3. Solketal Palmitate Synthesis

The esterification of palmitic acid and solketal was conducted in 100 mL screw-capped glass
bottles containing 6 mL of reaction mixture. Palmitic acid was fully dissolved in the reaction mixtures
(solvent or solvent-free systems) under all experimental conditions tested in this work. Subsequently,
the heterogeneous biocatalysts prepared were added to reaction mixtures, followed by incubation in
an orbital shaker water bath with temperate control and a fixed mechanical stirring (240 rpm).
Aliquots (25 uL) from the reaction mixture were periodically withdraw, diluted in 10 mL of hydrous
ethanol solution (95% m/m) and titrated using 35 mM sodium hydroxide using phenolphthalein as
the pH indicator to determine the conversion percentage (Y), as shown in Equation (2) [21]. All assays
were performed with two independent replications.

Y (%) = (%jx 100 2)
0

Where: PAo is the initial palmitic acid (M), and PA: is the residual palmitic acid concentration at a
certain time ¢ of reaction (M).

3.3.1. Effect of Lipase Source

To determine the best biocatalysts in the ester synthesis, reactions were conducted using the
three immobilized enzymes at a biocatalyst concentration of 300 U of hydrolytic activity (that
corresponds to 0.46 g of TLL-Octyl-5iOz, 0.56 g of PFL-Octyl-5iO:and 0.94 g of CRL-Octyl-SiO2),
stoichiometric acid:alcohol molar ratio and 0.2 M palmitic acid in heptane at 40 °C and employing a
mechanical stirring of 240 rpm. The productivity (P—mmol/min.gpiocat) was determined as shown in
Equation (3):

PA

P=——"— 3)
te X Cbiocat
Where: PA. is the consumed palmitic acid concentration at equilibrium (mmol), t. is the reaction time
at equilibrium (min), and Ceiccaris the biocatalyst concentration in the reaction mixture (g).

3.3.2. Ester Synthesis Optimization by CCRD

The effect of three independent variables such as reaction temperature (20-60 °C), biocatalyst
concentration (100-1,500 U of hydrolytic activity using TLL-Octyl-SiO2 as biocatalyst), and
acid:alcohol molar ratio (1:1-1:5) was investigated by a three factor-five level CCRD consisting of 18
assays performed in a random order with six axial points, eight factorial points and four center points.
The levels of each variable were chosen after preliminary tests performed in our lab (not published
results). The esterification reactions were performed at fixed concentration of 0.2 M of palmitic acid,
mechanical stirring of 240 rpm, and 15 min of reaction. For the statistical analysis, the actual values
were coded (Xi) according to Equation (4):

X: —X
X, =220 - =123
=T )

1
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where xi is the actual value of the independent variable, xo is the actual value of the independent
variable at the center point, and Axi is the step change value of the independent variable i that
corresponds to variation of a unit for the dimensionless value of the variable i.

In this set of experiments, the conversion percentage was considered as the dependent variable
(response). After performing the runs, the experimental results were analyzed at 95% confidence level
using the software Statistica version 5.0 (StatSoft Inc., Tulsa, OK, USA) to develop three-dimensional
(3D) surface plots and quadratic equation — Equation (5).

Y (%)= a0+2ax +Zax +ZZa Xix;+e (5)

i=1 j=i+1
where Y is the predicted conversion percentage; n is the number of factors, xi and x;j are the coded
independent variables; ao, a;, ai, and ai are the regression coefficients of intercept, linear, quadratic,
and interaction terms, respectively; i and j are the index numbers for each variable; and e is the error
of the model.

The statistical significance of the regression coefficients was determined by using Student’s ¢-
test and the developed model equation was determined by Fisher’s F-test. The analysis of variance
(ANOVA) and determination coefficient (R?) were used to check the adequacy of the developed
model. In this study, 3D surfaces were plotted in order to find the optimal conditions for the
validation of the model by performing esterification reactions under optimal predicted conditions.
These experimental results were compared to the theoretical values predicted by the developed
model (Equation (4)).

3.3.3. Effect of Reactants Concentration

Under the optimal conditions found above, the effect of reactants concentration varying from
0.2 M to 1 M of palmitic acid in heptane medium was examined. The ester synthesis conducted in a
solvent-free system was also performed under similar conditions in order to check the effect of
heptane on the reaction. The reactions were performed at an acid:alcohol molar ratio of 1:3.

3.3.4. Effect of Molecular Sieve Concentration

The effect of molecular sieve concentration, varying from 0% to 20% m/v of reaction mixture was
subsequently studied under the optimal experimental conditions found in point 3.3.3. The molecular
sieves were previously incubated in a furnace at 250 °C for 4 h to remove all water traces and other
volatile compounds, followed by cooling to room temperature in closed flasks before use.

3.3.5. Biocatalyst Reusability Study

The reusability of TLL-Octyl-SiO: was determined by measuring its ability to catalyze several
consecutive batches of ester synthesis (150 min each) under optimal conditions (point 3.3.4). After
each reaction batch, the biocatalyst was recovered by filtration under vacuum, washed with cold
hexane to remove any unconverted reactants and/or product molecules and added to a fresh reaction
mixture to catalyze the next reaction batch. The conversion percentage was determined after 150 min
of reaction.

3.4. Ester Purification

After the reaction, the supernatant was recovered from the reaction mixture by filtration under
vacuum. Subsequently, it was incubated overnight at 4 °C for precipitation of unconverted palmitic
acid, followed by a new filtration under vacuum with Whatman® grade 41 filter paper. The ester
purification from the resulting reaction mixture was performed using a pre-coated cartridge of silica
gel (Waters Sep-Pak® Vac — 10 g). Increasing polarity gradient was used as eluent — hexane:ethyl
acetate (9:1, 8:2, 7:3, 1:1 v/v). The fractions containing the ester were collected and the solvents were
evaporated in a rotary evaporator under vacuum at 50 °C. The resulting solution was then incubated
overnight at room temperature in anhydrous sodium sulfate (20% m/v) to remove water traces.



Catalysts 2020, 10, 218 15 of 19

Following this, the purification process was monitored by TLC using silica gel 60 F254 (Macherey-
Nagel GmbH & Co., Easton, PA, USA). The mobile phase consisted of a mixture of hexane/ethyl
acetate/acetic acid in a 90:10:1 (v:v:v) ratio. The spots were detected using phosphomolybdic acid
ethanolic solution at 10% m/v.

3.5. NMR Analysis

H (300 MHz) and *C (75 MHz) NMR spectra were acquired on a Bruker AC300 spectrometer
(Bruker BioSpin, Germany). 12 mg of the purified ester was dissolved in 0.6 mL of CDCls and it was
placed in a 5 mm diameter NMR tube.

3.6. In vitro Antimicrobial Activity Tests

The in vitro antimicrobial activity of the purified ester was studied according to standard
methodologies from Clinical and Laboratory Standards Institute — CLSI [60] for yeasts, and CLSI [61]
for bacteria, with slight modifications. The test was performed in a MHA medium for activity against
Staphylococcus aureus (ATCC 6538) and Listeria monocytogenes (ATCC 4555), and in a RPMI medium
for activity against Candida albicans (ATCC 10231), Candida tropicalis (ATCC 750) and Candida
parapsilosis (ATCC 2209). The ester was dissolved in 125 uL anhydrous ethanol (8 mg/mL) and it was
placed in 96-well plates under serial dilutions (400-3125 ug/mL). The inoculum was prepared as a
suspension that was standardized in a spectrophotometer at 660 nm and 75% transmittance,
corresponding to a 1.5x10% colony forming units (CFU) per mL of medium. Amoxicillin (10-0.078
pg/mL) and fluconazole (80-0.625 ug/mL) were used as positive controls. The microplates were
incubated at 37 °C within 24 h. Resazurin solution (0.2% m/v) was added to each well in order to
indicate microorganism viability for the minimum inhibitory concentration (MIC) determination [62].
Sterility controls of the culture medium, inocula, and ethanol were prepared as negative controls.
Regarding the minimum microbicial concentration (MMC) determination, an aliquot of 25 uL was
removed from each well and applied to a Petri dish surface containing MHA medium for bacteria,
and SDA medium for yeasts, followed by incubating at 37 °C by 24 h.

4. Conclusions

In this study, an optimized process for the sustainable synthesis of solketal palmitate by direct
esterification has been successfully developed. The application of solketal to synthesize valuable
esters may be a promising route for the valorization of glycerol, a byproduct from the biodiesel
industry. Under optimal experimental conditions, maximum conversion of 83% has been obtained
after 150 min of reaction catalyzed by TLL-Octyl-SiO2. This biocatalyst retained 87% of its original
activity after seven consecutive batches, thus demonstrating its promising use in ester synthesis. The
purified ester could be potentially applied in food and pharmaceutical formulations due to its
antifungal activity and bacteriostatic/fungistatic action.
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