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Studies involving the transformation of lignocellulosic biomass into high value-added chemical products

have been intensively conducted in recent years. Its matrix is mainly composed of cellulose,

hemicellulose and lignin, being, therefore, an abundant and renewable source for obtaining several

platform molecules, with levoglucosan (LG) standing out. This anhydrous carbohydrate can be acylated

to obtain carbohydrate fatty acid esters (CFAEs). Here, these compounds were obtained via enzymatic

acylation of LG, commercially obtained (Start BioScience®), with different acyl donors in continuous

flow. Through the experimental design using a model reaction, it was possible to optimize the reaction

conditions, temperature and residence time, obtaining a maximum conversion at 61 �C and 77 min. In

addition, there was a productivity gain of up to 100 times in all comparisons made with the batch

system. Finally, CFAEs were applied in tests of interfacial tension and biological activity. For a mixture of

4- and 2-O-lauryl-1,6-anhydroglucopyranose (MONLAU), the minimum interfacial tension (IFTmin)

obtained was 96 mN m�1 and the critical micelle concentration (CMC) was 50 mM. Similar values were

obtained for a mixture of 4- and 2-O-palmitoyl-1,6-anhydroglucopyranose (MONPAL), not yet reported

in the literature, of 88 mN m�1 in 50 mM. For a mixture of 4- and 2-O-estearyl-1,6-

anhydroglucopyranose (MONEST) and 4- and 2-O-oleoyl-1,6-anhydroglucopyranose (MONOLE), CMC

was higher than 60 mM and IFTmin of 141 mN m�1 and 102 mN m�1, respectively. Promising data were

obtained for minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of

MONLAU against Staphylococcus aureus strains at 0.25 mM.
Introduction

Carbohydrates, also called sugars, are the most abundant
organic substances in the biological world that make up more
than 50% of the dry weight of the earth's biomass, being
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essential for life.1,2 These compounds can be partially acylated
via chemo or enzymatic reactions in batch or continuous ow
conditions with different acyl donors to access a variety of
mono- or oligosaccharide esters which may have valuable
properties with wide applications in the food, pharmaceutical,
detergent, agricultural, ne chemical and personal care
industries.3,4

In this scenario, levoglucosan (1,6-anhydro-b-D-glucopyr-
anose) (LG) might be a promising chemical platform for the
synthesis of carbohydrate fatty acid esters, denoted as CFAEs.
LG is a major product of cellulose pyrolysis and it can be con-
verted to different high added-value chemicals such as glucose,
5-hydroxymethylfurfural, furfural, sorbitol, levoglucosenone
and, as highlighted in this work, CFAEs (Fig. 1).5

The structure–activity relationship of CFAEs depends on the
degree of substitution of the hydroxyl groups, in addition to the
size and amount of unsaturation in the alkyl chains,3,6 which
can generate compounds with a hydrophobic–lipophilic
balance (HLB) of great industrial interest as emulsifying agents,
stabilizers in conventional systems and also promising biolog-
ical activities as already mentioned.7–9 It is important to
RSC Adv., 2022, 12, 3027–3035 | 3027
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Fig. 1 General representation for highly valued products obtained by
chemical and biochemical transformation of LG.

Scheme 1 Esterification reaction of levoglucosan with lauric acid. *
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highlight that these compounds are also biodegradable and
non-toxic.10

A challenging task in the chemical synthesis of CFAEs is the
selective acylation of a single secondary hydroxyl group due to
the presence of multiple functional groups.11 Thus, several
protection and deprotection steps are necessary to achieve the
selective incorporation of a single ester function, consuming
a large amount of energy and/or reagents contrary to the prin-
ciples dened by “Green Chemistry” that requires the devel-
opment of sustainable technologies with decreased
environmentally impact and lesser possibility of side
products.12

Accordingly, an alternative is enzymatic processes, where
lipases (triacylglycerol hydrolases, EC 3.1.1.3) are the most
suitable class of enzymes for esterication and trans-
esterication reactions. In this context, Pulido and Gotor
(1994)13 observed the regioselective monoacylation of the
secondary hydroxyl, 4-O-, of carbohydrates with ester oximes in
1,4-dioxane. Galletti et al. (2007)14 proposed the acetylation of
levoglucosan in the presence of several acyl donors using
acetonitrile and ionic liquids as solvent. The esterication
occurred mainly in the 4-O-hydroxyl. The same was observed by
Nascimento et al. (2019)11 for long-chain acyl donor. Holmstrøm
and Pedersen (2020)15 obtained high degrees of regioselectivity
in the acetylation of functionalized glycosides.

As shown in several studies,11,13–17 high yields and regiose-
lectivity can be obtained under milder operating conditions
alongside high purity of the nal product.18 However, a recur-
rent barrier persist,19 i.e., instability of the enzyme at high
temperatures, inhibition by solvent and/or reagents and prod-
ucts, or under turbulent ow conditions, making application
difficult for application on an industrial scale. Nevertheless,
studies on enzymatic immobilization have been widely
disseminated by several research group that report better
robustness and stability of these biocatalysts, what are suitable
for these applications.12,19,20

Here, we used Lipase B from Candida antarctica (CALB)
immobilized in epoxy resin,21 denominated CalB_Epoxy, in the
synthesis of CFAEs via LG esterication/transesterication
reaction with different acyl donors. We have also shown that
CFAEs which were synthetized in batch11 can be readily scalable
to a continuous ow system where temperature and residence
3028 | RSC Adv., 2022, 12, 3027–3035
time conditions have been optimized with the aid of the design
of experiments (DoE) statistical approach.

Finally, the obtained CFAEs for a mixture of 4 and 2: O-lauryl-
1,6-anhydroglucopyranose (MONLAU), O-palmitoyl-1,6-anhydro
glucopyranose (MONPAL), O-estearyl-1,6-anhydroglucopyran
ose (MONEST) and O-oleoyl-1,6-anhydroglucopyranose (MON-
OLE), respectively, were applied in biological and surface
activity tests, where promising results were obtained.
Results and discussion

One of the biggest obstacles in continuous ow chemistry is the
handling of solids that can form during the chemical reaction
or in the piping that precedes the entry of reagents into the
reactor, usually leading to clogging of the channels. Further-
more, the low solubility of the starting materials can make ow-
through synthesis a challenging task.22,23 Thus, and in order to
obtain the best reaction conditions, the reagents were prepared
at a concentration of 40 and 100 mM, respectively, and
submitted to solubility tests at different temperatures (see ESI –
1.4 – Table S3†).

According to the results obtained, it is possible to observe
the insolubility of levoglucosan in acetonitrile at temperatures
less than or equal to 50 �C. For the acyl donors: lauric acid, vinyl
palmitate and vinyl oleate were soluble in all conditions
analyzed, whereas laurate and vinyl stearate were soluble at
temperatures greater than or equal to 50 �C. In addition, for the
molar concentrations analyzed, the solubility prole remained
constant, varying only with the temperature change. Therefore,
due to the low solubility of levoglucosan at temperature below
50 �C and for the experimental conditions available in the
laboratory, it was necessary to heat the starting material before
pumping it into the xed bed reactor.
Optimization using DoE in a model reaction

The model reaction used was the esterication of levoglucosan
with lauric acid (Scheme 1). In the application of the experi-
mental planning, the input variables used were temperature
(X1) and residence time (X2). And as response variable (Y) the
conversion (%). In the CCD, 11 experiments were performed at
random and the matrix of experiments with the obtained
conversion (%) responses are shown in Table S1 (see ESI – 1.2†).
Aer the execution of all experiments, a second-order equation
was obtained:

Y ¼ b0 + b1T + b2t + b1T
2 + b1t

2 + b1Tt (1)
Reactor volume packed with N435: 7.854 mL.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Acylation of levoglucosan with different acyl donors in 61 �C
and residence time 77 min using N435 as biocatalyst. Selectivity 3I-a:
4-O-lauryl-1,6-anhydroglucopyranose; selectivity 3II-a: 3-O-lauryl-
1,6-anhydroglucopyranose and selectivity 3III-a: 2-O-lauryl-1,6-
anhydroglucopyranose. Analyses were performed in a gas chro-
matograph equipped with a mass spectrometry detector (GC-MS).
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where, Y ¼ conversion response (%); bi ¼ coefficients of the
generatedmodel for T (temperature) and tr (residence time); the
model equation coefficients were obtained using eqn (2) (ref.
24–26) below:

b ¼ (XtX)�1(XtY) (2)

From the generated model it was possible to build the
response surface and the level curve (Fig. 2a and b).

Based on response surface and levels curve analysis (Fig. 2a
and b) can verify that at temperatures below 54 �C and short
residence times (10–25 min) the conversion remained below
20%, increasing linearly with the increase of these two parame-
ters, until reaching a maximum conversion (55%) at 61 �C and
77 min. It was also observed that for temperatures above 69 �C
and residence times less than 30 min, the conversion tends to
remain below 22%, indicating that there is dependence between
these two factors. Besides, there is an ideal working range
between 60–62 �C and 70–80 min for maximizing conversion.

In the esterication reaction using carboxylic acid, one of the
products formed is water, a strong nucleophile in deacylation of
the acyl enzyme, shiing the balance in the opposite direction,
i.e., hydrolysis of the product (this is a thermodynamically
controlled synthesis)27,28 and, consequently, decreasing the
reaction yield. To shi the balance towards the products and
increase yield, it is common to use in excess of one of the
reagents or remove one of the products, usually water.29

Alternatively, it is possible to obtain the products desired by
changing the leaving group of the acylating agent, avoiding, for
example, formation of water in the reaction medium and,
furthermore, improve the solubility of the starting materials.
Thus, aer optimizing the temperature and residence time, the
best conditions obtained were applied in the model reaction by
varying the acyl donor output group (Fig. 3).

Better results were obtained using vinyl laurate as acylating
agent, with conversion 74%, selectivity 3I-a of 75% and 3III-a of
25%. The formation of 3-O-lauryl-1,6-anhydro-glucopyranose
(selectivity 3II-a) was not observed. According to Boissièere-
Junot et al.30 the orientation of the hydroxyls (axial or equato-
rial) or neighboring substituent governs the regioselectivity of
acetylation catalyzed by lipase. When the C3-OH is axial a high
regioselectivity is observed for the adjacent axial C4- or C2-OH.30

Moreover, studies carried out by Uriarte et al.31 suggest that in
Fig. 2 (a) Response surface and (b) level curve of the conversion in the
model reaction of esterification of levoglucosan with lauric acid
relating temperature and time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
chair conformation, interactions by intramolecular hydrogen
bonds that occur between C3-OH and oxygen in C6, both in the
axial position, stabilize the molecule, decreasing its reactivity as
a nucleophile. As a result a preference for 3I-a or 3III-a must be
observed.30

The low conversion and loss of selectivity obtained using ethyl
laurate 40% may be related to its partial solubility under applied
experimental conditions. Contrary to that, the reaction in the
presence of completely soluble lauric acid showed a conversion
55%, 19% lower compared to the vinyl donor, however, better
than the values reported by Galletti et al.14 40% conversion using
lauric acid for the batch reaction for about ve days.

Another point to be highlighted is the vinyl alcohol formed
that tautomerizes to acetaldehyde irreversibly, a more stable
compound that also contributes to shiing the chemical
balance in the direct direction of the reaction, thereby
increasing the yield of the desired ester.32

The results suggest the great potential of vinyl acyl donors
for the synthesis of levoglucosan esters in continuous ow, not
only for their solubility, but also for the best conversions and
selectivities obtained.
Synthesis of long-chain CFAEs

Finally, aer screening, the promising results obtained in the
acylation of levoglucosan with vinyl donor motivated us to
evaluate a complementary in ow approach regarding the
regioselectivity presented by lipase Candida antarctica B
immobilized in epoxy support by our research group, called
CalB_Epoxy, applied to obtain CFAEs of levoglucosan in the
batch condition.11

The transesterication reaction was carried out in the pres-
ence of a series of vinyl esters containing alkyl chains of variable
length (C12–C18), as well as in the presence of biocatalyst N435
used as reference. The results are shown in Table 1.

As a result, the formation of by-products using N435 was not
observed. In contrast, there was the formation of by-products in
the presence of CalB_Epoxy, respectively (Table 1).
RSC Adv., 2022, 12, 3027–3035 | 3029
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Regarding regioselectivity, N435 showed similar values
between 23% for 3IIIa–d, and 77% for 3Ia–d for all acyl donors
used, i.e., there was a preference for the hydroxyl linked to C4
for the acylation of levoglucosan. However, there was the
formation of by-products using CalB_Epoxy, reducing the
selectivity for the desired products (Table 1 – entries 5–8). In
contrast to observed by Do Nascimento et al.11 for the batch
reaction, with N435 being more selective to produce lauric
esters (99% at 50 �C) while CalB_Epoxy was more selective to
produce oleic esters (83% at 55 �C) of LG, respectively.

Compared to the batch system,11 the productivity values
obtained for the continuous ow reaction were higher in all
samples, even with the loss of selectivity for CFAEs using Cal-
B_Epoxy (Table 2). Calculations obtained for specic activity
showed that CalB_Epoxy presented 41.33 U mg�1 of protein,
a value approximately 2.5 times higher than that obtained for
N435 of 16.53 U mg�1 of protein. These results suggest that the
high specic activity for CalB_Epoxy may have contributed to
signicant gains for productivity, although the selectivity values
for CFAEs are lower than for N435.

For a better understanding of the results, it is important to
highlight the differences between the N435 and CalB_Epoxy
biocatalysts. According to Ortiz et al.33 N435 is a CALB immo-
bilized by hydrophobic adsorption via interfacial activation on
a Lewatit VP OC 1600 resin used as a support. The same
protocol was applied by Do Nascimento et al.21 in the immobi-
lization of CALB, but in epoxy acrylate resin ECR 8205
(Purolite®), denominated CalB_Epoxy. Therefore, the difference
between the two biocatalysts lies in the support used for their
immobilization and, consequently, in the way these enzymes
Table 1 Regioselectivity in the enzymatic acetylation of levoglucosan
in CH3CN with vinyl aliphatic esters in continuous flow. Analyses were
performed in a GC-MSa

Entry Immob. biocat. Acyl donor

Regioselectivity (%)

3I 3II 3III By-products

1 N435 a 75 — 25 —
2 b 76 — 24 —
3 c 73 — 27 —
4 d 75 — 25 —
5 CalB_Epoxy a 33 — 10 57
6 b 50 — 15 35
7 c 43 — 17 40
8 d 45 — 14 41

a N435 ¼ Novozym 435 (Candida antarctica lipase B), immobilized on
macroporous acrylic type ion exchange resin; CalB_Epoxy ¼ Candida
antarctica lipase B immobilized on epoxy support by our research
group 2; equivalents, a ¼ vinyl laurate, b ¼ vinyl palmitate, c ¼ vinyl
stearate and d ¼ vinyl oleate.

3030 | RSC Adv., 2022, 12, 3027–3035
attach themselves to the solid material, which reects on their
specic chemical, biochemical, mechanical and kinetic
properties.33

As mentioned, in both biocatalysts the lipase was adsorbed
on the hydrophobic surface of the support via an interfacial
activation protocol.21 This method of immobilization has some
advantages, for example, they can almost completely retain
their activity.34 Moreover, it is less sensitive to variation in
experimental conditions because there is no conformational
equilibrium to be changed.35,36 However, as it is a reversible
immobilization and based on hydrophobic interactions,
enzymes can detach from the support and go to the reaction
medium, resulting in a loss of enzymatic charge with a subse-
quent decrease in its activity.

For biocatalysts N435 and CalB_Epoxy, leaching of the enzyme
was not observed aer the passage of pure solvent through the
xed bed reactor. However, the reagents, as well as the products
formed during the reaction can lead to the desorption of the
lipase molecules into to reactionmedium as well as the polymeric
components of the support, contaminating the product, as re-
ported by Hirata et al.37 where free fatty acids and di or mono-
glycerides, which have recognized detergent properties, favored
enzyme desorption. Furthermore, bimolecular aggregates may
have been formed in the immobilization and/or leaching during
the reaction with subsequent interaction between two open forms
of the lipase.38 When this occurs, the effect can be quite negative
because these dimers will be immobilized along with the mono-
meric enzyme molecules. This phenomenon may have occurred
with CalB_Epoxy, changing its properties.38,39
Evaluation of interfacial tension between oil/water in different
concentrations of CFAEs

Table 3 shows the theoretical values of HLB calculated for CFAs
using the Becher equation (eqn (1)).40 These values between 4.42
and 5.91 and the low solubility in water, especially for
compounds from 2-4, suggest an application as a wetting agent
or as oil-soluble hydrophobic (w/o) emulsiers.41
Table 2 Comparative between the values of conversion and
productivity for batch and continuous flow systems

Entry Immob. enz.a Acyl donorb
Conversion
(%)

Productivityc

Batch Continuous ow

1 N435 a 74 0.030 3.660
2 b 76 0.034 4.370
3 c 57 0.034 3.511
4 d 85 0.035 5.211
5 CalB_Epoxy a 59 0.003 0.511
6 b 99 0.010 1.500
7 c 99 0.009 1.481
8 d 97 0.014 1.420

a N435 ¼ Novozym 435 (Candida antarctica lipase B), immobilized on
macroporous acrylic type ion exchange resin; CaLB_Epoxy ¼ Candida
antarctica lipase B immobilized on epoxy support by our research
group. b 2 equivalent, a: vinyl laurate, b: vinyl palmitate, c: vinyl
stearate and d: vinyl oleate. c Productivity ¼ mg of product. h�1 SA

�1

of biocatalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In this context, behavioral trend values of CFAEs were
measured through experimental studies by the pendant drop
method,42 of the minimum interfacial tension (IFTmin) in
function of the concentration of CFAEs in oil-water (Fig. 4).

The IFTmin is one of the key parameters that govern the
compatibility between the components of the blend.43 It is
results from the difference in energy between molecules at
a uid interface when compared to their bulk counterparts.44

Compounds with properties such as surfactants tend to
distribute themselves at interfaces between phases with
different degrees of polarity, forming a molecular lm that
reduces interfacial and surface tension.

In this context, a drop in the voltage value at the water–oil
interface was observed with the increase of the molar concentra-
tion of CFAEs in the oil and it remained practically constant aer
50 mM, thus revealing a state in which the surfaces of the tested
samples are saturated with the CFAEs molecules. From this
specic concentration, called criticalmicelle concentration (CMC),
thermodynamically stable molecular aggregates begin to form.
The structure of the surfactant and the experimental condition
dene how these molecules are submerged within the uid.45

Also, it is possible to note that compounds 1-2 (MONLAU and
MONPAL) showed a similar behavior, with a considerable
decrease in IFTmin below CMC, in the range of 248 mNm�1 and
Table 3 Interface active properties of CFAs

Entry Compounda
Oil solubility
(mg mL�1)

1 MONLAU >100
2 MONEST >100
3 MONPAL >100
4 MONOLE >100

a Mixture of 4- and 2-: O-lauryl-1,6-anhydroglucopyranose (MONLA
anhydroglucopyranose (MONEST) and O-oleoyl-1,6-anhydroglucopyranose

Fig. 4 Relationship between the concentration of CFAs and interfacial
tension.

© 2022 The Author(s). Published by the Royal Society of Chemistry
86 mN m�1, and with non-signicant variations for high
concentrations of CFAEs, above the CMC. Thus, it is suggested
a greater affinity of these molecules with the aqueous medium,
compared to compounds 3 and 4, so that these compounds
were able to spread, and also reduce the tension at the interface
with the aqueous mediummore effective, at 50 mM. In contrast,
MONEST and MONOLE the CMC was greater than 60 mM and
IFTmin in the range of 137-105 mN m�1.

Preliminary evaluation of the active properties of the MON-
LAU product were reported by Galletti et al.,14 which obtained an
HLB value of 5.9 and 45mNm�1 at 0.019 ngmm2. Furthermore,
Kootery et al.46 suggest that monoacylated levoglucosan esters
can be considered as representative renewable surfactants.

These results corroborate those obtained in this work of the
92 mN m�1 at 53 mM for MONLAU. Moreover, similar results
were obtained for MONPAL e MONOLE, without description in
the literature, with 88 mNm�1 at 53 mM and 102.48 mNm�1 at
60 mM, which indicates lipophilic water in oil emulsier.
Antibacterial assays

The results referring the minimal inhibitory concentration and
minimal bactericidal concentration, of esteried compounds
against S. aureus strains, are shown in Table 4. Among the
tested substances MONEST and levoglocusan were not able to
inhibit the growth of the selected strains at concentration #

1 mM. Concerning the esteried products, MONLAU and
MONOLE showed higher activity, highlighting MONLAU which
presented MIC values lower than that of the lauric acid
substrate. MONLAU was able to inhibit the growth of all MSSA
and MRSA strains at 0.25 mM. Since, MRSA presents a multi-
drug-resistant pattern for variable antimicrobial classes, such
macrolides, uoroquinolones, aminoglycosides, tetracyclines,
and lincosamides,47 this is a promising result, once the World
Health Organization (WHO) considers methicillin-resistant and
vancomycin intermediate, and resistant, S. aureus to be a high
priority pathogen.

Due to this promising result, bactericidal and bacteriostatic
modes of action of MONLAU were evaluated, and theMBC assay
indicated the bactericidal effect of MONLAU against all strains
(MIC¼MBC), including for methicillin-resistant Staphylococcus
aureus. This was the rst report on the antibacterial activity of
levoglucosan fatty acid esters. MONLAU, against S. aureus,
showed higher activities compared to other CFAEs reported in
literature, such sucrose monolaurate (MIC ¼MBC ¼ 0.4 mM),48
HLB value
IFTmin (mN
m�1) CMC (mM)

5.91 92 53
4.80 88 50
4.42 137 64
4.61 105 62

U), O-palmitoyl-1,6-anhydroglucopyranose (MONPAL), O-estearyl-1,6-
(MONOLE).
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Table 4 Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of products and substrates against Staphylo-
coccus aureus strains

Compound ATCC 25923 MSSA ATCC 29213 MSSA ATCC 33591 MRSA 517 MRSA

MONLAU 0.25 mM 0.25 mM 0.25 mM 0.25 mM
0.25 mMa 0.25 mMa 0.25 mMa 0.25 mMa

MONEST >1.0 mM >1.0 mM >1.0 mM >1.0 mM
MONPAL >1.0 mM >1.0 mM 1.0 mM >1.0 mM
MONOLE 1.0 mM 0.5 mM 0.25 mM 1.0 mM
Lauric acid 0.5 mM 0.5 mM 0.5 mM 0.5 mM
Levoglucosan >1.0 mM >1.0 mM >1.0 mM >1.0 mM
Methicillin 0.5 mg mL�1 0.25 mg mL�1 4.0 mg mL�1 4.0 mg mL�1

a Minimal bactericidal concentration (MBC). MSSA: methicillin-sensitive Staphylococcus aureus. MRSA: methicillin-resistant Staphylococcus aureus.
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methyl a-D-glucopyranoside monolaurate (MIC ¼ 188 mg
mL�1)49 and sucrose monocaprate (MIC > 400 mg.mL�1).50
Experimental
Materials

N435 (immobilized CALB on Lewatit VP OC 1600 resin), Lipase
B from Candida antarctica (CALB, soluble form) was purchased
from Novozymes®, 1,6-anhydroglucopyranose (levoglucosan)
was purchased from Start BioScience®. Epoxy resin Purolite®
ECR8205F was purchased from Purolite International Limited.
Aliphatic carboxylic acids, vinyl esters, NO-bis (trimethylsilyl)
triuoroacetamide (BSTFA) were purchased from Sigma-
Aldrich. All other reagents used were of analytical grade.
Lipase-catalyzed acylation of levoglucosan in continuous ow

Experimental setup. In order to run the experiment as
described, it is recommended to have the following equipment:
reactor (Omnit BenchMark® Microbore boron silicate glass
column) of 15 mm in internal diameter and 100 mm in length
and variable bed height, PTFE tubing (0.5mm internal diameter),
tubing ttings, one syringe pumps (Asia, Syrris), or equivalent,
one stirrer-hotplates to initial solution (see ESI – 1.1 – Fig. S1†).

In a ask, the solution containing the starting materials was
prepared and immersed in a shaking bath. Syrris® syringe
pumps were used to transport the solution containing the
reagents into the xed bed reactor at different ow rates,
according to the previously dened residence time. Solubility
tests were performed (see ESI – 1.4 – Table S3†).
Table 5 Levels used in central composite planning for two variables

Variable

Level

Code (�1414) (�) 0 (+) (+1414)

(X1) Temperature (�C) T 50 53 60 67 70
(X2) Residence time (min) tr 15 26 52.5 79 90
Design of experiments

In order to nd the optimal experimental conditions of the
variables (temperature and residence time) in the synthesis of
levoglucosan esters in continuous ow, the experimental design
approach was used. The DoE main objective was to increase the
conversion in the esterication reaction of levoglucosan with
lauric acid, according to the Scheme 1.

It is important to point out that the signicant experimental
variables that interfere in the system were selected according to
the screening performed for the model reaction in a batch
system.11 Aer the selection of the signicant variables, the
optimization step was performed using the Central Composite
3032 | RSC Adv., 2022, 12, 3027–3035
Design (CCD). At this stage, the previously selected variables
were studied with ve levels, which allowed establishing the
best working conditions in the synthesis of levoglucosan esters
in continuous ow.6

The CCD makes it possible to carry out the response surface
methodology because the variables used are worked on at ve
levels. These levels (�a, �1, 0, +1, +a), are coded by convention
and correspond to the ve levels studied for the two variables
(X1 and X2), where (�a is the lowest level, +a is the top level and
0 is the center point). Table 5 shows the coded levels and the
experimental values studied for the two variables temperature
and residence time in the CCD.

These levels have been dened to ensure that all areas of the
parameter space can be explored, regardless of the range of
factors (see ESI – 1.2 – Table S1†).

A stock solution containing levoglucosan and lauric acid
(1 : 1, 40mM) in acetonitrile was prepared and added to a 50mL
ask and kept under agitation at 300 rpm at 55 �C. Then, was
pumped into the xed bed reactor packed with N435, 2.0 g, to
a total volume of 7.854 mL. Flow rates of 87–524 mL min�1 was
used and, in addition, different temperatures were evaluated,
ranging from 50 to 70 �C. It is known that in a continuous ow,
the reaction time is determined by the ratio between the reactor
volume and the ow used in the system. A triplicate was per-
formed for the best experimental condition found.

Aer optimizing the temperature and residence time, the
inuence of the acyl donor on the LG esterication or trans-
esterication reaction was analyzed.
Transesterication of levoglucosan

Aer the screening step where the inuence of temperature,
residence time and acyl donor were investigated in the levo-
glucosan acetylation reaction, the best results were applied for
the synthesis of levoglucosan esters containing alkyl chains of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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variable length, with up to 18 saturated carbons and unsatu-
rated, biocatalyzed by N435 and CalB_Epoxy, CALB immobi-
lized in epoxy resin by our research group,21 according to the
Scheme 2.

The reaction progress was monitored by TLC. Aer stopping
the reaction, CFAEs were separated by ash chromatography
(eluent : ethyl acetate/hexane 1 : 1—Developer: sulfuric acid/
ethanol). To determine the selectivity of the lipases in the
position of the hydroxyl groups, the nal product, obtained as
a mixture of 4-O0 and 2-O0 levoglucosan monoesters (MONLAU,
MONPAL, MONEST and MONOLE) were silylated with BSTFA
and analyzed by gas chromatography with a mass spectrometry
detector (GC-MS) (see ESI – 2.1 – Fig. S3 and S4†).

The elucidation of CFAEs has been extensively carried out by
NMR:1H, 13C, HMBC, HSQC, 1H, 1H-COSY (“Correlation Spec-
troscopy”) and NOEdiff (NOE “difference spectroscopy”)
spectra, FTIR spectrum n (cm�1, KBr), HRMS (High-Resolution
Mass Spectrometry) by our research group and the results
have been published by Do Nascimento et al.11 for further
details, see ESI 2.4 – Fig. S5–S8 and S10–S13.†

Determination of productivity

In batch

Productivity ðPÞ :
V � Cr � fr

�
PMPROD

PMREAG

�
conv� sel

100� SA � T

In ow

Productivity ðPÞ :
F � Cr � fr

�
PMPROD

PMREAG

�
conv� sel

100� SA

where, V is the reaction volume (mL), F is the ow rate
(mL min�1), T is the reaction time, Cr is the concentration (mg
mL�1), fr is the purity LG (%), PMPROD and PMREAG are molec-
ular weight of product and reagent (mg mol�1), respectively,
conv is the conversion (%), sel is the selectivity for CFAEs (%), SA
is the specic activity.

Determination of surface activity

The HLB value has been estimated by the 1H NMR spectrum
through the integration of the proton signals from the lipo-
philic and hydrophilic parts of the molecule. These values
represent an empirical numerical correlation of the emulsifying
Scheme 2 Esterification reaction of levoglucosan with different vinyl
esters. * Reactor volume: 7.854 mL (2.0 g of immobilized enzyme). (a)
vinyl laurate, (b) vinyl palmitate, (c) vinyl stearate and (d) vinyl oleate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and solubilizing properties of different surface-active agents.41

The term Igph denotes the integration amplitude of the hydro-
philic groups and Itot refers to the total integration amplitude of
the protons in the molecule. The ratio H describes the relative
hydrophilic part of the molecule and can be used to estimate
HLB value applying the equation described of Rabaron et al.51

(eqn (3)).

H ¼ Igph/Itot

HLB ¼ 60H/(H + 2) (3)

The HLB scale ranges from 0 to 20. In the range of 3.5 to 6.0,
surfactants are more suitable for use in W/O emulsions.
Surfactants with HLB values in the 8 to 18 range are most
commonly used in O/W emulsions (Becher, 1988).40

For the interface tension (IFT) measurements, a two-step
process was used. First, compounds were dissolved in olive oil
and pendant drop of organic solutions were formed in aqueous
environments. To achieve this, the CFAs solutions were loaded
into a syringe connected to a U-shape needle. Then, the needle
was placed at the bottom of a quartz cell containing distilled
water (dispersion medium), and by moving the plunger down-
ward, a drop of volume 15 mL was formed at the tip of the
needle. The so-formed drop is illuminated by means of a light
source, and a high-resolution CCD camera was used to capture
the drop prole (see ESI – 2.2 - Tables S4–S8†). The determi-
nation of the interfacial tension, was calculated according to the
Young–Laplace equation dened for the pendant drop (PD)
method. A Goniometer OCA25 (DataPhysics Instruments, Ger-
many) was used at room temperature and 1 atm pressure, and
the droplet proles were captured every 1 s for a total period of
20 s. CMC values were determined by plotting the interfacial
tension vs. the concentration (in mM).

Antibacterial assays

For the antibacterial activity assessment Staphylococcus aureus
species were used, one clinical and three strains from American
Type Culture Collection (ATCC). All information about the
bacterial species, correspondent codes, isolation source, and
susceptibility prole is described in Table S9 (see ESI – 2.3†).
The clinical strain was isolated from patients of Clementino
Fraga Filho University Hospital (HUCFF), UFRJ, RJ, Brazil.52

Minimal inhibitory concentration (MIC)

The MIC of the compounds (MONLAU, MONPAL, MONOLE,
MONEST, lauric acid and levoglucosan) was determined by the
broth microdilution technique in 96-microtiter plates,53 using
a bacterial solution equivalent to a 0.5 McFarland scale (108

CFU mL�1) subsequently diluted 1 : 10 (107 CFU mL�1). The
samples were prepared at nal concentrations of 1.0, 0.5, 0.250,
0.125, 0.0625 and 0.03125 mM. The bacterial growth was eval-
uated using resazurin. Aer 24 h, 20 mL of aqueous resazurin
solution (0.85%) was added in each well, and then the micro-
plate was incubated again for 4 h at 37 �C.
RSC Adv., 2022, 12, 3027–3035 | 3033
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Minimal bactericidal concentration (MBC)

The MBC assay of MONLAU was determined according to
Isenberg.54 To perform this assay three concentrations of active
samples were used at concentrations 0.250 mM (MIC), 0.5 (2�-
MIC), 1.0 mM (4�-MIC).
Conclusions

The high potential of using immobilized enzymes in contin-
uous processes is widely recognized. In this work, it was
possible to maximize the synthesis of CFAEs in continuous ow
through the DoE where a signicant gain in productivity and
regioselectivity for C4-OH compared to the batch process was
observed. In addition, CFAEs were applied in surface activity
tests through the analysis of minimum interfacial tension and
in biological tests through the evaluation of antibacterial
activity in species of Staphylococcus aureus, the clinical strain
was isolated from patients of Clementino Fraga Filho University
Hospital (UFRJ-RJ-Brazil) and three strains of American Type
Culture Collection (ATCC).

A preliminary analysis of MONLAU reported by Galletti et al.
(2007)14 suggests good properties as a surfactant at low
concentrations of the ester. Similar results were found for
MONPAL, not yet reported in the literature, at different
concentrations of CFAEs. Finally, analyses of the biological
activity of CFAEs showed that MONLAU showed promising
results in tests of antibacterial activity compared to other CFAEs
reported in the literature.
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A. P. Custódio, M. A. Pinto and A. A. Mendes, Int. J. Biol.
Macromol., 2016, 92, 900–909.

21 M. A. Do Nascimento, L. E. Gotardo, R. A. C. Leão, A. M. De
Castro, R. O. M. A. De Souza and I. Itabaiana, ACS Omega,
2019, 4, 860–869.

22 V. R. L. J. Bloemendal, M. A. C. H. Janssen, J. C. M. Van Hest
and F. P. J. T. Rutjes, React. Chem. Eng., 2020, 5, 1186–1197.

23 M. Guidi, P. H. Seeberger and K. Gilmore, Chem. Soc. Rev.,
2020, 49, 8910–8932.

24 B. Barros Neto, I. S. Scarminio and R. E. Bruns, Como Fazer
Experimentos – Pesquisa e Desenvolvimento na Ciência e na
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