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Abstract: Glycolipids have become an ecofriendly alternative to chemically obtained surfactants,
mainly for the cosmetic, pharmaceutical, and food industries. However, the sustainable production
of these compounds is still challenging, because: (i) water is a recognized inhibitor, (ii) multiphases
make the use of cosolvent reaction medium necessary, and (iii) there are difficulties in finding a
source for both starting materials. This study used sugars and lipids from peach palm fruit shells or
model compounds as substrates to synthesize glycolipids on five different renewable deep eutectic
solvents (Re-DES) alone or with a cosolvent system. Substrate conversions up to 24.84% (so far, the
highest reported for this reaction on DES), showing (1) the non-precipitation of glucose in the solvent,
(2) emulsification and (3) low viscosity (e.g., more favorable mass transfer) as the main limiting
factors for these heterogeneous enzymatic processes. The resulting conversion was reached using a
cosolvent system Re-DES:DMSO:t-butanol that was robust enough to allow conversions in the range
19–25%, using either model compounds or sugar and fatty acid extracts, with free or immobilized
enzymes. Finally, the characterization of the in-house synthesized glycolipids by surface tension
demonstrated their potential as biosurfactants, for instance, as an alternative to alcohol ethoxylates,
industrially produced using less sustainable methods.

Keywords: glycolipids; deep eutectic solvents; peach palm fruit shells; biocatalyst; cosolvent system

1. Introduction

By 2023, global biosurfactant sales are expected to reach USD 2.8 billion [1]. The
growing interest in these molecules is due to their surface activity and emulsifying ca-
pacity; characteristics that, added to their low toxicity and high biodegradability, make
biosurfactants a promising alternative to chemically obtained surfactants.

Due to their broad applicability, glycolipids represent a large part of the biosurfactant
market. Their properties depend on the lengths, ramifications, sugars and fatty acid bonds
that compose them. Furthermore, these odorless, tasteless, and non-irritating molecules
can be used in the cosmetic, food, or pharmaceutical industry [2].

Glycolipids are synthesized through an enzymatic reaction using lipases (triacylglyc-
erol hydrolase; E.C.# 3.1.1.3) as catalysts of two possible routes: esterification [3,4] or
transesterification [5,6]. It is necessary to limit water content in the reaction media to pro-
mote glycolipid formation over its hydrolysis, due to lipases hydrolytic nature. Therefore,
transesterification is more convenient since no water is formed as a by-product, and conse-
quently, dehydration of the reaction media is avoided throughout the process. Additionally,
to favor the synthesis, several options of anhydrous media have been explored [7].

Deep eutectic solvents (DESs) are among the most promising reaction media because
they are biodegradable, non-toxic, non-volatile and environmentally friendly [8,9]. In
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contrast to other anhydrous solvents (e.g., organic solvents or ionic liquids), DESs can
solubilize carbohydrates, and if synthesized from sugars, they can act simultaneously as
substrate and solvent [5,10]. In addition, DESs share many features of conventional ionic
liquids, yet DES components are often cheaper, biodegradable, and safer to the environ-
ment [11,12]. However, low yields have been obtained in the production of glycolipids in
DESs, usually associated with their high viscosity, which affects mass transfer [13].

Because, to date, there is little information about the factors governing the low glycol-
ipid yields obtained by DESs, the objective of this work was to evaluate, on a laboratory
scale, the influence of five renewable deep eutectic solvents (Re-DESs) and two cosolvent
reaction systems in the enzymatic synthesis of glycolipids via transesterification. The
experimental set-up was designed to favor the synthesis by accounting for water inhibition
(i.e., Re-DESs solvent and transesterification) and the heterogeneous nature of the reaction
(i.e., the cosolvent system).

Previous studies have used lignocellulosic biomass as raw material to extract only the
sugars required in the synthesis [14]. However, lignocellulosic biomass does not supply
the two substrates required for the reaction. To supply both reaction substrates, i.e., sugars
and fatty acids, we used peach palm fruit shell, an agricultural waste from southwestern
Colombia, with a high content of carbohydrates (62.81% wt) and lipids (13.47% wt) [15],
the use of sugars and fatty acids extracted from peach palm fruit shells for the enzymatic
production of glycolipids was tested for the first time in this paper.

Finally, the synthesized glycolipid was physicochemically characterized to understand
its functionality as a surfactant by measuring the surface tension change of aqueous
solutions as a function of the biosurfactant concentration.

2. Results and Discussion
2.1. Selection of Renewable Deep Eutectic Solvents (Re-DESs)

Five types of Re-DESs were in-house synthesized from different hydrogen-bond
donors (HBD) and choline chloride (ChCl) as the hydrogen-bond acceptor (HBA). Once the
solvents were formed, two model substrates (i.e., vinyl laurate and glucose) were added to
the reaction media under continuous agitation and heating (Table 1). The main focus was
on determining glucose solubilization (i.e., lack of a solid precipitate) and emulsifying of
the lipidic substrate (i.e., one liquid phase).

Table 1. Qualitative evaluation of glucose solubility and emulsion formation with vinyl laurate using
Re-DESs as solvent. HDB: hydrogen-bond donor.

DES Label HBD Emulsion Formation Glucose
Precipitation

ChCl-Glc Glucose (Glc) - -
ChCl-LA Lactic acid (LA) - -
ChCl-Gly Glycerol (Gly) X X
ChCl-U Urea - X

ChCl-Gly-Glc Glycerol and glucose X -
X: it means a positive response, and -: means a negative response to the evaluated criteria.

In the selection of Re-DESs, a favorable result implies (1) the nonprecipitation of
glucose in the solvent, (2) emulsification and (3) lower viscosity (e.g., more favorable for
mass transfer) in this heterogeneous catalytic reaction. According to the first criterion, ChCl-
Glc is an attractive option since it has been used simultaneously as a solvent and substrate
to produce sugar-based surfactants [5,10,16]. However, the formation of an emulsion was
not observed, and even at 70 ◦C and 1400 rpm, the ChCl-Glc had a high viscosity (i.e.,
4470 cP) [11]. Therefore, to decrease viscosity in the system, the temperature should be
increased, compromising the biocatalyst stability. Another option is to add glycerol, which
effectively decreases viscosity on DES [11]. For this reason, a Re-DES was prepared from
glucose and glycerol, which showed a considerable decrease in viscosity compared to
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Re-DES prepared from glucose. Previous results have shown an important decrease in
viscosity when glycerol was used, for instance, viscosity decreased for ChCl-Glc from 34,400
cP (without glycerol) to 930 cP (with 50% molar of glycerol as HBD), at 50 ◦C [11].

The second selection criterion is the formation of an emulsion between the Re-DES
and vinyl laurate. Although the viscosity (third criterion) of DESs has been reported to be
the most determining factor in the reaction [10,14,17], when hydrophilic solvents are used,
the total or partial insolubility of fatty acid esters is a persistent problem, which can affect
glycolipid synthesis yields [18]. Therefore, Re-DESs that allow greater integration of vinyl
laurate were selected, in this case (Table 1), ChCl-Gly and ChCl-Gly-Clc.

Nevertheless, due to their high polarity, by themselves, ChCl-Gly and ChCl-Gly-Clc
are deficient in facilitating the polar (sugars) and nonpolar (fatty acids) interactions nec-
essary for catalyst contact to both substrates. As an alternative, the possibility of adding
nonpolar (i.e., organic) solvents to the Re-DES was evaluated to integrate the phases of
the heterogeneous media following previously reported results from a multiphase system
using DES [19].

2.2. Enzymatic Reaction System

HPLC quantified glucose consumption and acetaldehyde formation (from the tau-
tomerization of vinyl alcohol) to follow glycolipid formation in the reaction (Figure 1).
However, the reaction conversion was reported based on glucose consumption because the
acetaldehyde’s volatility makes it difficult to measure its formation accurately.

Figure 1. Formation of glucose laurate and vinyl alcohol from glucose and vinyl laurate.

2.3. Enzymatic Synthesis of Glycolipids

Three different reaction systems were prepared, using the selected Re-DESs, DMSO,
and t-butanol (Table 2), to evaluate the influence of organic solvents in the heterogeneous
media. In these systems, glycolipid synthesis (i.e., glucose laurate) was carried out through
the catalytic action of a free enzyme or its immobilized version, under constant stirring
and heating (500 rpm and 50 ◦C, respectively). The main result was to determine whether
or not adding organic solvents improved the phase reaction of glucose (polar) and vinyl
laurate (nonpolar) in Re-DESs medium (polar) and, consequently, favored conversion in
the enzymatic reaction.

Table 2. Conversion (%) in the transesterification of glucose and vinyl laurate, for four different
reaction systems using Re-DESs and organic solvents. In all assays, the amount of enzyme necessary
to contribute to 1595 U was added.

System Label Enzyme Conversion (%)

ChCl- Gly Free 3.72
ChCl-Gly-Glc:t-butanol Free 3.25

ChCl-Gly:DMSO:t-butanol Free 24.84
ChCl-Gly:DMSO:t-butanol Immobilized 21.01
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At 50 ◦C, the viscosity of ChCl-Gly (64 cP) [20] facilitated the agitation and dispersion of
substrates; however, the resulting conversion was low since part of the glucose precipitated
and therefore was not available for reaction. At the same temperature, ChCl-Gly-Glc showed
a higher viscosity (930 cP) [11], and the system ChCl-Gly-Glc:t-butanol also presented a low
conversion. The main reason for the low conversion in these systems can be associated
with the higher viscosity and lower substrate availability, as the glucose was supplied
as HBD and was less available for reaction, being trapped in the strong hydrogen bond
network forming the DES [21].

Regarding the novel cosolvent system, ChCl-Gly:DMSO:t-butanol, the conversion
achieved indicates that adding DMSO and t-butanol improved the glucose and vinyl
laurate solubility in the medium. Although successful acylation reactions have been carried
out in the bisolvent system DES: DMSO [22], it has not been tested as a reaction media
in glycolipid synthesis. On the contrary, less than a 15% conversion has been reported in
other similar systems including or not cosolvent (Table 3).

Table 3. Conversion (%) comparison on the transesterification of sugar and vinyl esters for glycolipid formation. For HBD,
the molar ratio required per one mole of HBA is indicated in parentheses.

Substrates (Acyl
Acceptor/Donor)

Enzyme
Conditions

Cosolvent
DES

Conversion (%) Ref.
rpm ◦C HBA HBD

Glucose/vinyl
laurate

Lipozyme
TLIM

300 40
2-Methyl-2-

Butanone (1:9 v/v)

Choline
Acetate (1)

Urea (2) 3.26

[13]

Urea (1) 4.04
Urea (0.5) 13.09

Acetamide (2) 8.52
Acetamide (1) 5.54

Acetamide (0.5) 7.74
Glycerol (2) 6.46
Glycerol (1) 7.17

Glycerol (0.5) 9.02
Ethylene Glycol (2) 12.80
Ethylene Glycol (1) 10.52

Ethylene Glycol (0.5) 12.53
Choline

Chloride (1)
Urea (2) 0.35

Glycerol (2) 0.35
Glucose-

xylose/vinyl
octanoate

Novozyme
435 50 50 - Choline

Chloride (1) Sugar extract 4.84 [14]

In Table 3, we compiled the results reported in two studies in which DESs were used
with either solvent or bi-solvent in the reaction. In both studies, the lower conversions
obtained could be explain by an insufficient integration of the substrates to the medium,
which affect the biocatalyst−substrate contact. On the other hand, the results in Table 2
show that the reaction media ChCl-Gly:DMSO:t-butanol was a more attractive option,
which marked a path in the formulation of cosolvent systems to favor glycolipid synthesis
by promoting glucose solubilization and availability (the main contribution of DMSO)
and phase interaction with vinyl laurate (the main contribution of t-butanol). Thus, it was
possible to propose a reaction media that would supply the specific task of synthesizing
glycolipids with a higher conversion.

In the formulation of the proposed ternary system, it was considered that: (i) organic
solvents with negative log p (polar solvents) interfere with lipase hydration, leaving them
in an inactive form [23]. For this reason, tertiary alcohols such as t-butanol (log p 0.5)
are more suitable since they provide high stability and enzymatic activity and present
steric limitations that prevent them from being used as a substrate by the enzyme [17].
(ii) Contrary to what happens with organic solvents, some hydrophilic DESs favor the
activity and stability of lipases [24–26]. Indeed, it was recently found that a greater portion
of glycerol in DES increased the relative stability of the enzyme, compared to the behavior
of the catalyst in ionic liquids [Bmim] [BF4] and acetone [27]. In conclusion, the conformed
mixture of t-butanol, DMSO, and ChCl-Gly, under the evaluated conditions, favored
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reaction advance due to the increased interactions between phases and improved lipase
stability in these nonconventional media.

In Table 2, a conversion of 21.01% was reached with the cosolvent system ChCl-
Gly:DMSO:t-butanol and the immobilized enzyme. Recent reports have demonstrated that
for immobilized lipases exposed to reaction systems containing DES, their relative activities
depend on three factors: (1) enzyme kind, (2) its immobilization support, and (3) DES
composition [28]. For example, lipase from Candida antartica supported on the acrylic resin
(recombinant, expressed in Aspergillus niger, the same used in this work) showed inhibition
by glycerol-based DESs (e.g., involving factors 1 and 3 in the previous sentence). The
inhibitory effect of glycerol-based DESs could be explained due to the change in polarity
associated with the interactions between the terminal enzyme groups and the chemical
nature of support. However, the main factor contributing to a lower conversion than the
free enzyme on the same system label is immobilization support. The support creates an
additional solid phase, further limiting mass transfer. Both substrates, glucose and vinyl
laurate, should diffuse through the acrylic resin support to find the enzyme, react and the
product should leave the support to allow new reactions. Diffusion of both substrates and
product release from the catalyst support explained a lower conversion compared to the
free enzyme.

2.4. Enzymatic Synthesis of Glycolipids from Peach Palm Fruit Shells

Once the cosolvent reaction system was defined, the aim was to evaluate a more
sustainable process for glycolipid synthesis by using as substrates the sugars and fatty
acids extracted from peach palm fruit shells. Regarding the lipidic fraction, the main fatty
acids extracted from the agricultural residue were (>90% composition) oleic, palmitic,
linoleic and palmitoleic acids (Table 4). Glucose was the main sugar obtained from the
peach palm fruit shells by the enzymatic hydrolysis of its carbohydrates using amylases,
cellulases, and hemicellulases (Table 5).

Table 4. Fatty acid composition of peach palm fruit shells.

Fatty Acid %wt

Oleic acid 39.42
Palmitic acid 29.30
Linoleic acid 13.88

Palmitoleic acid 8.26
Y-Linolenic acid 3.6
Cis-9 Oleic acid 2.34

Stearic acid 1.17
Cis-13,16 Docosadienoic acid 0.36

Linolenic acid 0.28
Arachidonic acid 0.25

Cis-4,7,10,14,16,19 Docosahexaenoic acid 0.20
Myristic acid 0.19

Cis-10 Heptadecenoic acid 0.18
Cis-11 Eicosenoic acid 0.17
Heptadecanoic acid 0.15
Pentadecanoic acid 0.13

Cis-5,8,11,14,17 Eicosapentaenoic acid 0.12

Table 5. Composition of sugars in the hydrolysate stream from peach palm fruit shells.

Carbohydrate %wt

Glucose 94.17
Galactose 1.98
Fructose 1.72

Arabinose 1.47
Sucrose 0.67
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In this test, sugar hydrolysates were used in two modalities: (i) Re-DES was prepared
from the sugars, glycerol, and choline chloride, which would function as the substrate and
solvent at the same time. (ii) Additionally, for ChCl-Gly:DMSO:t-butanol system, the sugars
were added as a free-substrate to the reaction media (Figure 2).

Figure 2. Global process scheme for the enzymatic production of glycolipids from sugars and lipids derived from peach
palm fruit shell biorefining. In this study, sugars were supplied in two modalities: as part of the solvent (i.e., integrating the
Re-DES) and as free-substrate.

The system ChCl-Gly-Sugars showed a low viscosity, attributable to glycerol in the
mixture and water in the sugar stream used in the solvent formation. A similar case
was reported by Siebenhaller and coworkers [29], where a DES, prepared from sugar
hydrolysates of lignocellulosic biomass and choline chloride, presented a viscosity of
2.540 cP at 50 ◦C, a much lower value if compared with the viscosity of DES from choline
chloride and pure glucose (34,400 cP) [11]. This decrease in viscosity, due to the water
content in the Re-DES causes four times higher conversions achieved with ChCl-Gly-Sugars:t-
butanol (Table 6) compared to ChCl-Gly-Glu:t-butanol.

Table 6. Conversion (%) in the transesterification of sugars extracted from peach palm fruit shells
and fatty acid or esters, using Re-DESs and organic solvents as reaction media. In all assays, the
amount of enzyme necessary to contribute to 1595 U was added.

System Label Fatty Acid or Ester Enzyme Conversion (%)

ChCl-Gly-Sugars:t-butanol Vinyl laurate Free 13.06
ChCl-Gly-Sugars:t-butanol Lipid extract Free 0.18
ChCl-Gly:DMSO:t-butanol Vinyl laurate Free 23.84
ChCl-Gly:DMSO:t-butanol Vinyl laurate Immobilized 19.32
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In addition to affecting the DES viscosity [30–32], the water in the sugar stream
can interact through hydrogen bonds with choline chloride (i.e., HBA) [33]. Because
water can form hydrogen bonds with the HBA, it increases the sugar bioavailability for
the reaction because it replaces the hydrogen bonds formed between the sugars and
the HBA. If the hydrogen donor contains hydroxyl groups, a stronger interaction with
the HBA is established, requiring a more significant amount of water to interrupt the
association [30]. Therefore, as a strategy to improve the system, decrease viscosity, and
increase the availability of sugars (i.e., the substrate), it is essential to determine the
optimum water content that does not compromise the reaction equilibrium.

In the system ChCl-Gly-Sugars:t-butanol, a low conversion was obtained when using
the lipidic extract from peach palm fruit shells as the presence of fatty acids promotes the
formation of water throughout the reaction. Although water favors Re-DES by decreasing
viscosity, an excess of it can lead to glycolipid hydrolysis. Therefore, it is suggested to
esterificate the fatty acids to obtain fatty acid esters that will not release water throughout
the reaction.

Conversely, a trend was observed in the conversion obtained in the treatments with
ChCl-Gly:DMSO:t-butanol, using model compounds or the sugar extract. In this system,
values close to 19% and 25% were reached, depending on whether an immobilized or free
enzyme was used, which indicates that the formulated cosolvent is robust enough to facili-
tate mass transfer in the reaction when using a stream of single or various carbohydrates.

2.5. Characterization of Synthesized Glycolipid

The glucose-laurate molecule in the concentration range between 0.001% and 0.05% is
in a free solution zone. The surfactant aggregation trend is almost null, due to the attraction
between the molecules and the solvent media (Figure 3). For this reason, the observed
changes in surface tension were minimal because the glycolipid molecules were distributed
between the bulk medium and the air−water interphase. When increasing the surfactant
concentration from 0.5% to 20%, although the glucose laurate molecules were attracted
to each other, the molecules mainly migrated to the air−water interphase. In this zone,
surfactant molecules suffer a spatial rearrangement. They locate their hydrophobic tails
towards the air and their hydrophilic heads in contact with the aqueous medium, forming
a stable monolayer (zone of stability) [34]. This location or rearrangement process leads to
a decrease in the water surface tension, indicating the glucose laurate tensioactivity. Finally,
at higher surfactant concentration values (20% and 40%), it can be observed that surface
tension changes are trending to a constant zone. At this point, the glucose-laurate has
saturated the air−water interphase. The excess molecules begin to be integrated into the
medium in a thermodynamically more favorable conformation to avoid the hydrophobic
effect between the tail and the water [35]. In this way, micelle formation occurs carrying
the system to a considerable decrease in surface tension to 27.94 mN/m. The concentration
of 20%, where micelle formation occurs, is called critical micellar concentration (CMC).

The discussion is also supported by the changing of the transversal area calculated
using Gibb’s excess function (Table 7), where it is observed that the transition between a
free solution zone to a micellar formation zone indicates a diminishing in the interphase
available area. In addition, the calculated values for the surface area were dynamic since
the surfactant molecules were able to migrate between the interphase, the bulk aqueous
medium and the micellar structure, while adopting a different configuration (Figure 3A).

Due to the concentration required to reach the micellar formation zone (Figure 3B),
the studied glycolipid is an unattractive option as a foaming agent [36]. Even so, its
nonionic nature and its hydrophobic tail give it an emulsifying capacity to reduce the
surface tension between lipidic compounds and aqueous media. For this reason, glucose
laurate is an alternative to alcohol ethoxylates, industrially produced at high temperatures
to emulsify solutions. Thus, although sophisticated or straightforward chromatographic
and spectrophotometric methods are the most widely used [37], measurement of surface
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tension, as a function of concentration, provided an approximation to the application of
glucose laurate.

Figure 3. (A) Representation of the distribution of glucose laurate molecules in an aqueous solution.
(B) Representation of the decrease in surface tension decrease when glucose laurate concentration increases.

Table 7. Values of surface tension, surface excess (Γ), and area (A) at different concentrations of the glycolipid in the
aqueous solution.

Concentration (%) Surface Tension (N/m) C/RT dγ/dC Γ (mol/m2) A (m2) A (Å2)

0.001 0.074 4.00 × 10−7 −7.00 × 10−2 3.00 × 10−8 6.00 × 10−17 5813.138
0.005 0.073 2.00 × 10−6 −3.00 × 10−3 5.00 × 10−9 3.00 × 10−16 32,698.904
0.05 0.073 2.00 × 10−5 −3.00 × 10−3 6.00 × 10−8 3.00 × 10−17 2666.098
0.5 0.072 2.00 × 10−4 −3.00 × 10−3 6.00 × 10−7 3.00 × 10−18 292.031
1 0.070 4.00 × 10−4 −3.00 × 10−3 1.00 × 10−6 2.00 × 10−18 157.915
5 0.060 2.00 × 10−3 −3.00 × 10−3 5.00 × 10−6 3.00 × 10−19 31.858
7 0.055 3.00 × 10−3 −3.00 × 10−3 9.00 × 10−6 2.00 × 10−19 18.780
10 0.045 4.00 × 10−3 −1.00 × 10−3 4.00 × 10−6 4.00 × 10−19 40.448
15 0.040 6.00 × 10−3 −1.00 × 10−3 8.00 × 10−6 2.00 × 10−19 21.810
20 0.034 8.00 × 10−3 −3.00 × 10−4 2.00 × 10−6 7.00 × 10−19 67.135

3. Materials and Methods
3.1. Materials

Fungal mixture lipase (Lipomod 768) was purchased from Biocatalysts (Biocatalysts
Inc., Chicago, IL, USA). Glucoamylase GA 300L was obtained from Proenzimas (Proen-
zimas SA, Cali, Colombia). Lipase expressed in Aspergillus niger (Lipase acrylic resin),
α-amylase Aspergillus oryzae, choline chloride (99.5%), anhydrous glucose (99%), lactic
acid (88%), urea (99%), glycerol (99%), t-butanol (99.5%), ethanol (99.8%), DMSO (99.9%)
and vinyl laurate (99%) were provided by Sigma Aldrich (Sigma Aldrich, St. Louis,
MI, USA).
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3.2. Preparation of Re-DESs

Five Re-DESs were prepared from choline chloride and different HBDs, in the molar
ratios described in Table 8. The mixtures were under constant stirring and heating (500 rpm
and 70 ◦C) until a homogeneous liquid was generated. In the case ChCl-Glc, the heating
temperature was increased to 100 ◦C to promote solvent formation. Once the Re-DESs were
synthesized, the moisture was removed from them in a vacuum oven (Labnet, Madrid,
Spain) at 65 ◦C and 0.08 Mbar for 3 h.

Table 8. Molar ratio between HBA (choline chloride: ChCl) and the different HBDs (glucose: Glc,
lactic acid: LA, glycerol: Gly, and urea: U).

DES Label Molar Ratio HBA:HBD

ChCl-Glc 1:1
ChCl-LA 1:2
ChCl-Gly 1:2
ChCl-U 1:2

ChCl-Gly-Glc 1:0.5:0.5

3.3. Selection of Re-DESs

A portion of 108.10 mg of glucose and 135.82 mg of vinyl laurate were added to 1.4 mL
of each Re-DES. All assays were shaken and heated to 1400 rpm and 50 ◦C on a MultiTherm
shaker (Benchmark Scientific, New Jersey, USA). Best eutectic solvents were selected for
use in the subsequent assays based on emulsion formation with vinyl laurate or glucose
precipitation on the five Re-DESs tested.

3.4. Enzymatic Synthesis of Glycolipid

In 25 mL Schott bottles, 10 mL of the solvents or cosolvents (Table 9), 679 mg of vinyl
laurate, and 350 mg of glucose were added, except for system ChCl-Gly-Glc:t-butanol,
which integrated the carbohydrate as part of the solvent. A portion of 260 mg of free
enzyme or 319 mg of immobilized enzyme was added, depending on the treatment to start
the reaction. All assays were kept, for 48 h, under constant conditions (500 rpm and 50 ◦C)
in an orbital shaker (Thermo Fisher Scientific, Waltham, MA, USA). As negative controls,
reactions without vinyl laurate or enzyme were performed.

Table 9. Solvent or cosolvent reaction system used in glycolipid synthesis. The respective volumetric
ratio is reported for the two systems formulated from the addition of organic solvents.

System Label Volumetric Ratio

ChCl-Gly 1
ChCl-Gly-Glc:t-butanol 2:3

ChCl-Gly:DMSO:t-butanol 1:1:3
ChCl-Gly:DMSO:t-butanol 1:1:3

3.5. Enzymatic Synthesis of Glycolipids from Peach Palm Fruit Shells
3.5.1. Extraction of Lipids from Peach Palm Fruit Shells

The peach palm fruit shell flour, previously dried and milled, was heated at 80 ◦C
for 20 min. Then, water was removed from the media, and ethanol (96%) was added to
extract the fatty acids from the flour. The extraction process was carried out for 1 h at 64 ◦C.
Finally, the ethanol was evaporated to concentrate lipid extracts.

3.5.2. Extraction of Sugars from Peach Palm Fruit Shells

After the lipid extraction process, the degreased flour was mixed with phosphate
buffer (1:15 p/p) and heated at 60 ◦C for 10 min. Then, three sequential reactions were
carried out: (1) The holocellulose present in the vegetable residue was hydrolyzed by
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adding the Viscozyme L complex. (2) The enzyme α-amylase was added to break the
bonds in the starch. (3) Simple sugars were obtained by the catalytic action of the enzyme
glucoamylase GA 300 L. The operating conditions set are reported in Table 10.

Table 10. Operational conditions for each stage of the extraction of sugars from peach palm fruit
shells. All enzymatic reactions are maintained at a pH equal to 5.

Enzyme Temperature (◦C) Reaction Time (min)

Viscozyme 50 120
α-amylase 55 120

Glucoamylase 55 60

The sugar extract was centrifuged to separate the flour from liquid media, and the
supernatant was concentrated in a rotary evaporator (BUCHI, Barcelona, Spain). Finally,
the quantification of the concentrated stream was carried out by HPLC.

3.5.3. Enzymatic Synthesis of Glycolipids from Peach Palm Fruit Shells

To act simultaneously as substrate, the Re-DES ChCl-Gly-Sugars were formed from
choline chloride, glycerol, and the concentrated stream of sugars (1:0.5:0.5 molar ratio). The
Re-DES prepared was mixed with t-butanol, maintaining the volumetric ratio specified in
Table 11.

Table 11. Assays prepared in the cosolvent system ChCl-Gly-Sugars:t-butanol and ChCl-Gly:DMSO:t-butanol to synthesize
glycolipids using peach palm fruit shells-extracts.

System Label Volumetric Ratio Enzyme Mass (mg)
Substrates

Sugar Extract 3 (mL) Vinyl Laurate (mg) Lipidic Extract (mL)

ChCl-Gly-Sugars:t-butanol 1 2:3 260 - 679 -
ChCl-Gly-Sugars:t-butanol 1 2:3 260 - - 0.78
ChCl-Gly:DMSO:t-butanol 1 1:1:3 260 1.19 679 -
ChCl-Gly:DMSO:t-butanol 2 1:1:3 319 1.19 679 -

1 Free enzyme. 2 Immobilized enzyme. 3 Sugar concentration of 294.97 g/L.

From the cosolvents ChCl-Gly-Sugars:t-butanol and ChCl-Gly:DMSO:t-butanol, four
assays were prepared with 10 mL of the reaction media. After adding the substrate and
observing homogeneity in each system, the reaction was started with the enzyme addition.
For 48 h, the conditions were maintained at 50 ◦C and 950 rpm, using a heating plate
equipped with a magnetic stirrer (Thermo Fisher Scientific, Waltham, MA, USA). Negative
controls were prepared without vinyl laurate or enzyme.

3.6. Analytical Method to Follow the Reaction

The samples were diluted in water (1:10 v/v) to measure the sugar consumption and
acetaldehyde coproduction by analyzing in HPLC (Thermo Fisher Scientific, Waltham, MA,
USA), using an Aminex HPX-87H column (Biorad) and both a RI and DAD detector. In
this analysis, sulfuric acid solution (5 mM) was used as a mobile phase with a flow rate of
0.6 mL/min, operating at 65 ◦C. Five solutions with different concentrations of glucose,
fructose, glycerol, and acetaldehyde were injected as standards.

3.7. Characterization of the Synthesized Glycolipid

First, an extraction was realized to carry out the characterization of glucose laurate,
diluting the medium in hot distilled water (70 ◦C) and, subsequently, adding ethyl acetate
(1:1 v/v). After vigorous stirring for 1 min, the organic phase was separated and concen-
trated in a vacuum oven (Labnet, Madrid, Spain) at 50 ◦C and 0.08 Mbar. The glycolipid
extracted with ethyl acetate was resuspended in ethanol and diluted in water to prepare
dilutions between 0.001% and 40% v/v. For each dilution, the change in the surface tension
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of an aqueous medium was measured as a function of the concentration of the synthesized
glucose laurate. The surface tension was measured by the pendant drop method using a
contact angle meter (OCA15EC Dataphysics Instruments, Filderstadt, Germany) with a
software driver (version 4.5.14 SCA20, SCA Software, Stockholm, Sweden). Measurements
were made in triplicate at 25 ◦C and 65% of relative humidity.

From the surface tension values, the surface excess (Γ) was calculated with the Gibbs
adsorption isotherm equation (Equation (1)) [34] and, in addition, the area (A) (Equa-
tion (2)) [38].

Γ =
C

RT

(
dγ
dC

)
(1)

A =
1

ΓNA
(2)

where γ corresponds to the surface tension of the solution (N/m), Γ is the excess surface
(mol/m2), A is the area (m2), C is the concentration of the glycolipid (M), R is the gas
constant (8.314 J/mol K), T is the temperature (K) and NA is Avogadro’s number.

4. Conclusions

In this study, the novel cosolvent system (ChCl-Gly:DMSO:t-butanol) favored glycol-
ipid synthesis by improving biocatalyst contact with glucose and vinyl laurate, in addition
to facilitating mass transfer, due to its lower viscosity. As a result, the cosolvent allowed a
conversion of 24.84% to be reached, the highest value reported to date in the production of
glycolipids on DES.

ChCl-Gly:DMSO:t-butanol was also used to synthesize glycolipids using both sugars
and fatty acids extracted from a single agricultural residue: peach palm fruit shells. With a
conversion of 23.84%, it was demonstrated that it is possible to use residual biomass as raw
material to carry out a sustainable production process for glycolipids using a single source
for both required substrates.

It was also demonstrated that the cosolvent system ChCl-Gly:DMSO:t-butanol was
robust enough to facilitate the enzymatic synthesis of glycolipids using model compounds
or sugar and fatty acids extracts with conversion values ranging from 19–25% depending
on whether an immobilized or free enzyme was used.

Finally, the glycolipid formed from vinyl laurate and glucose was characterized,
establishing the surface tension at the water−air interface as a criterion. In an aqueous
solution with a concentration of 40% v/v of the glycolipid, the surface tension was reduced
to 27.94 mN/m. This remarkable reduction, added to its nonionic nature, makes glucose
laurate an alternative to traditional emulsifiers, such as alcohol ethoxylates.
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