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Abstract: A library of alkyl galactosides was synthesized to provide
the “polar head” of sugar fatty acid esters to be tested as non-ionic
surfactants. The enzymatic transglycosylation of lactose resulted in
alkyl B-D-galactopyranosides, whereas the Fischer glycosylation of
galactose afforded isomeric mixtures of a- and $-galactopyranosides
and a- and B-galactofuranosides. n-Butyl galactosides from either
routes were enzymatically esterified with palmitic acid, used as the
fatty acid “tail” of the surfactant, giving the corresponding n-butyl 6-O-
palmitoyl-galactosides. Measurements of interfacial tension and
emulsifying properties of n-butyl 6-O-palmitoyl-galactosides revealed
that the esters of galactopyranosides are superior to those of
galactofuranosides, and that the enantiopure n-butyl 6-O-palmitoyl-$3-
D-galactosides, prepared by the fully enzymatic route, leads to the
most stable emulsion. These results pave the way to the use of
lactose-rich cheese whey as raw material for the obtainment of bio-
based surfactants.

Introduction

Surfactants are amphiphilic compounds widely used in every
industrial sector. Application of surfactants ranges from
household detergents and personal care products to food
processing, agricultural and oilfield chemicals, cleaners, paints
and coatings, textile, plastics, adhesives, and others.Yl The
growing interest of consumers and producers toward safer and
more environmentally friendly products is driving the search for
new bio-based and biodegradable surfactants.?!

Sugar fatty acid esters (SFAE), usually called sugar esters, are
non-ionic surfactants which, besides excellent emulsifying,
stabilizing and detergency properties, overshadow
petrochemical-derived surfactants in that they are tasteless,
odorless, non-toxic, non-harmful to the environment, and fully
biodegradable.’! SFAE are constituted by a sugar moiety which
acts as the “polar head” of the surfactant, and by a fatty acid “tail”.
The hydrophilic-lipophilic balances (HLB) of SFAE can be fine-

tuned and thus customized for a specific application by controlling
the degree of esterification and the nature of sugar and fatty acid
residues. Moreover, the components of SFAE can be bio-derived
from natural resources or from waste up-grading, thus producing
bio-based surfactants.*® Generally speaking, the chemical
synthesis of SFAE requires harsh reaction conditions (hazardous
solvents, high temperature, acid or base catalysts) resulting in
high energy consumption, formation of undesirable by-products
(e.g., due to caramelization of sugars), and low regioselectivity.
The regioselective chemical synthesis of SFAE can only be
achieved through protection groups strategies, which are hardly
acceptable for industrial processes.[®!

Enzyme-based synthesis can often circumvent the above-
mentioned drawbacks: enzymatic reactions generally occur under
milder  conditions  without the need for tedious
protection/deprotection steps. Moreover, biotransformations of
naturally occurring substrates provide more environmentally
friendly synthetic routes allowing for the final product to be
labelled as natural as well.l’l Sugar fatty acid esters can be
obtained, indeed, through an esterification reaction between a
sugar and a fatty acid catalyzed by a lipase.®

Tuning the reaction conditions of the enzymatic esterification
between fatty acids and sugars for the SFAE preparation is a
challenging task owing to the opposite solubility profiles of these
reagents. A key issue is the quest for the solvent or co-solvent
that can solubilize both the sugar and the fatty acid moieties
without deactivating the enzyme.® To circumvent this constraint,
the sugar can be indeed derivatized into a less polar precursor
(i.e., alkyl glycoside), followed by a solvent-free lipase-mediated
esterification.}>-*2 The SFAE that are currently available on the
market include molecules derived from sucrose and sorbitan, as
well as fatty acid glucamides and alkyl polyglycosides. 3 Amongst
all sugar-based surfactants, sucrose and glucose esters are the
most studied and applied derivatives. The use of lactose to
produce sugar esters has been scarcely reported to datel4
despite recent studies have shown the high potential of lactose



esters.['518] Galactose-based fatty acid esters have been poorly
investigated, t0o0.

Lactose is a naturally occurring disaccharide, found in milk,
composed of D-galactose and D-glucose. The world milk
production was estimated to be nearly 906 million tons in 2020.1%
From the production of 1 kg of cheese, around 9-10 L of cheese
whey (CW) are generated. CW is very rich in lactose, proteins,
lipids, and mineral salts, but has also high disposal costs and
environmental burden.?%

In the frame of applying a bio-based circular economy approach,
this study aims at exploring the use of lactose, which can be easily
accessed through cheese whey permeate (CWP), resulting from
protein recovery by ultrafiltration, as a cheap and abundant
substrate for the production of SFAE. Lactose was indeed used
as starting material in the enzymatic transglycosylation mediated
by the immobilized B-galactosidase from Aspergillus oryzae in the
presence of naturally occurring alcohols to synthesize a library of
alkyl galactosides. 1-Butyl B-D-galactopyranoside (13b, Scheme
1a) was enzymatically esterified with palmitic acid producing the
corresponding SFAE (17b). The emulsifying properties of 17b
were evaluated and compared with those of the SFAE (17ad)
obtained by a chemoenzymatic approach previously described for
the obtainment of n-butyl glucoside fatty acid esters.!% These
latter compounds (n-butyl 6-O-palmitoyl-glucosides, labelled as
SER herein) were used as reference standards.

Results and Discussion
Immobilization of B-galactosidase from A. oryzae

B-Galactosidase used for the transglycosylation reactions was
covalently immobilized on glyoxyl Sepabeads™ as a result of the
screening of different carriers and conditions (see Supporting
information, Table S1). Following previously reported
protocols,”1?? the enzyme was first immobilized by ionic
interaction on an aminated carrier. Instead of using agarose
activated with ethylendiamine (monoaminoethyl-N-aminoethyl-
agarose or MANAE-agarose), the “ready-to-use” aminated
Relizyme EA-112/S was used. The immobilization was fast (2 h)
and high yielding (60%), but protein leakage (40%) detected in
the reaction medium (Mcllvaine buffer pH 4.3) after 2 h incubation
discouraged the use of this immobilized biocatalyst in the
transglycosylation reaction. lonic immobilization is reversible and
the enzyme can be desorbed depending on the conditions used.
Post-immobilization cross-linking can assist in the stabilization of
the enzyme-carrier interactions.?® However, driven by a recent
report® on the covalent immobilization of the B-galactosidase
from A. oryzae on glyoxyl agarose and the use of the immobilized
biocatalyst in the synthesis of 13b by transglycosylation of lactose,
we also moved to aldehyde-activated carriers by using glyoxyl
Sepabeads™ in this case. These carriers display the same
activation group, but differ about the nature of the matrix, being
the poly-hydroxylated agarose sharply hydrophilic as compared
to the polymethacrylate Sepabeads™. Sepabeads™ was
subjected to epoxide ring opening in sulphuric acid followed by
oxidation of the resulting diols into aldehyde groups with sodium
periodate.? Upon incubation of the enzyme with an aldehyde-
activated carrier, imine bonds are formed as a result of the
reaction between g-amino groups of surface Lys and aldehydes.
Chemical reduction of the Schiff's bases is recommended and
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usually performed to get C-N stable bonds. However, the
reduction step is generally a sore point for enzyme activity
retention and the -galactosidase from A. oryzae was not an
exception (see Supporting information, Table S1). Therefore, the
non-reduced biocatalyst was used in the transglycosylation
reactions. Owing to the poor stability of the B-galactosidase at the
high pH required for the immobilization (pH 10),24?8 the
immobilization was performed at 4 °C with satisfactory results
(immobilization yield= 58%, activity recovery= 20%).

Synthesis of alkyl B-D-galactopyranosides (10b-16b) by
enzymatic transglycosylation of lactose

Although galactosidases are hydrolytic enzymes, they can be
used also in synthesis through either a “direct glycosylation”
(“reverse hydrolysis”) or a transglycosylation approach. In this
latter route, a preformed activated glycoside is used and the
nucleophile (water in the “normal” hydrolytic pathway) can be
replaced by other nucleophiles, such as an acceptor alcohol.
Transglycosylation results in higher yields than reverse hydrolysis
which requires high concentrations of both the carbohydrate and
the alcohol, as well as to finely tune the medium engineering.?”
Following this strategy, lactose can be converted into valuable
chemicals, such as prebiotics and sweeteners (i.e.
galactooligosaccharides, lactulose, lactosucrose, and
galactosylpolyhydroxyalcohols).?®l  The transglycosylation of
lactose here reported was carried out according to the method
described by Ahumadal®! which was extended, with some
modifications, to the preparation of the library of alkyl B-D-
galactopyranosides 10b-16b (Scheme 1a and Table 1).

The highest yield (45%) was obtained with 1-BuOH (6) as shown
in Table 1. It is worth mentioning that the reaction system is
affected by the type of alcohol used: a ternary homogeneous
system was formed with the C4 alcohol (6), whereas C5 and C6
alcohols (7-9) generated a biphasic system, regardless the
addition of acetone (up to 40% v/v). Low yields obtained for short-
chain alcohols (3-5) can be ascribed to some precipitation of
lactose as well as a partial enzyme inactivation. On the other hand,
the low yields achieved with long-chain alcohols (7-9) are
consistent with previous reports.?°2% This trend might be a
constraint for using glycosidases in the preparation of alkyl
glycosides endowed with surfactant properties, which would
require longer chains (typically C8-C14). Nevertheless, even
“shorter” alkyl glycosides result to be sufficiently less hydrophilic
derivatives than their sugar counterpart, thus allowing for the
straightforward preparation of SFAE by a direct enzymatic
esterification with fatty acids in a solvent-free system.l'® This
approach answers the need to balance the opposite solubility
profiles of the sugar “polar head” of the surfactant and the fatty
acid “tail”. In addition, at least for 1-butyl glucosides, the alkyl
chain was shown to positively affect the HLB (hydrophilic-
lipophilic balance).*%

Alkyl galactosides can be also synthesized by chemical
glycosylation of galactose with alcohols (see next paragraph and
Scheme 1b). Enzymatic transglycosylation has the advantage of
a higher selectivity (pure B-D-galactopyranosides are obtained)
and a lower reaction temperature. Moreover, in the frame of
upcycling lactose into new bio-based products, this approach
allows to use directly lactose from CWP as feedstock. On the
other hand, the enzymatic approach is characterized by lower
yields, although not optimized yet. 1-Butyl 3-D-galactopyranoside



(13b) was selected out of the library of alkyl B-D-
galactopyranosides (10b-16b) for the next esterification step, as
a continuation of our previous work on the chemoenzymatic
synthesis of 6-O-palmitoyl-n-butyl glucosides and the assessment
of their surfactant properties.%
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Scheme 1. Synthesis of alkyl galactosides (10-16).

transglycosylation of lactose (1) with aliphatic alcohols (3-9) catalyzed by

a) Enzymatic

immobilized B-galactosidase from Aspergillus oryzae in Mcllvaine buffer pH
4.3/alcohol/(acetone), r.t., 6 h. b) Fischer glycosylation of galactose (2) with
aliphatic alcohols (3-9) catalyzed by Amberlyst® 15, reflux-120 °C, 1.5-6 h.

Table 1. Reaction yields (enzymatic transglycosylation and chemical
glycosylation) and isomeric ratio of mixtures 10ad-16ad.

R-OH Enzymatic Chemical Isomeric
(3-9) transglycosylation glycosylation ratio

(yield %) (yield %) (a/b/c/d)
3 (R=Et) 10b31 (23) 10ad® (73) 13/20/27/40
4 (R=1-Pr) 11b133 (33) 11adB®+3%1 (78)  24/27/19/30
5 (R=2-Pr) 12b13637 (25) 12adi¥7381 (36)  18/20/28/34
6 (R=1-Bu) 133639 (45) 13ad®®:39 (81)  46/38/6/10
7 (R=3-Me-1-Bu)  14b (29) 14ad (95) 37/29/14/20
8 (R=2-Me-1-Bu)  15bl (19) 15ad (88) 43/34/10/13
9 (R=1-Hx) 16b4 (23) 16ad (32) 37/32/14/17

Synthesis of alkyl galactoside isomeric mixtures (10ad-16ad)
by Fischer glycosylation of galactose

Another way to upgrade CWP is the use of the lactose
constituents, i.e. glucose and galactose that can be both obtained
by B-galactosidase-mediated hydrolysis of lactose.? Recently,
due to the lactose price fluctuation, the demand for manufacturing
monosaccharides and other “lactose-derived bioactives” from
inexpensive whey permeate is growing.?® Specifically, galactose
can be isolated directly from whey permeate after protein removal,
lactose enzymatic hydrolysis and several purification steps,
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including activated carbon treatment, electrodialysis, ion
purification and simulated moving bed chromatography.*3!
Following the already established strategy to synthesize sugar-
based surfactants,*® namely the preparation of sugar derivatives
apolar enough to allow the successive solvent-free enzymatic
esterification, D-(+)-galactose (2) was submitted to Fischer
glycosylation reactions with the selected naturally occurring
alcohols (3-9). Similar experimental conditions (0.1 M final
concentration of the reaction mixture, 10% w/w Amberlyst® 15,
25% wiw 3 A molecular sieves, 90-120 °C and 1.5-6 h) were
successfully applied to all the reactions, obtaining alkyl
galactoside isomeric mixtures (10ad-16ad) in a variable yield
depending on the alcohol used (Table 1). Modest isolated yields
were obtained from Fischer glycosylation of galactose with 2-
PrOH (5) and 1-HexOH (9) (yieldizad = 36%; yieldicad = 32%),
probably because of steric hindrance effects in the case of 5, and
lower sugar solubility in the case of 9. On the contrary, high yields
(73-95%) were achieved for all the other alcohols, both branched
and linear.

It is important to underline that this industrially relevant reaction is
usually performed in presence of a homogenous acid catalyst, i.e.
p-toluenesulfonic acid or sulphamic acid, which requires a
neutralization step.* We employed an alternative and more
sustainable method based on the use of Amberlyst® 15, which is
a strongly acidic cation exchange resin that can be eventually
filtered and recovered."!

Unlike the enzymatic transglycosylation, which produces only the
B-galactopyranoside isomer, the Fischer glycosylation leads to an
isomeric mixture of a-/B-pyranosides and o-/B-furanosides (Table
1), whose relative ratio strictly depends on the sugar, the alcohol
and the experimental conditions in which the reaction is carried
out.[*®! According to *H NMR analysis in D,O, the shorter is the
chain length of the alcohol (for EtOH, 1-PrOH and 2-PrOH), the
higher is the amount of furanoside derivatives produced, till a
plateau is reached of the relative ratio between the two structural
isomeric forms of about 1:1 for longer chain alcohols (1-BuOH, 3-
Me-1-BuOH, 2-Me-1-BuOH and 1-HexOH).

Synthesis of n-butyl 6-O-palmitoyl-galactosides (17ad) via
solvent-free enzymatic esterification

Galactosides, obtained both through enzymatic and chemical
approaches, were used as “polar heads” for the preparation of
biosurfactants. Thus, focusing on the alkyl galactoside obtained
with the highest yield from the enzymatic transglycosylation,
namely 1-butyl B-D-galactopyranoside (13b), and in connection
with our previous studies on alkyl glucosides, this compound
was submitted to the known protocol*® of solvent-free Novozym®
435-catalyzed esterification with palmitic acid to give n-butyl 6-O-
palmitoyl-B-D-galactopyranoside (17b, yieldi7o = 15%) (Scheme
2 and Table 2).

As in the synthesis of alkyl glucoside fatty acid esters,!9 the
reaction was carried out in a glass oven B-585 Kugelrohr at the
optimal working temperature of the immobilized lipase (80 °C),
under rotation (400 rpm) instead of magnetic stirring to avoid
enzyme beads wrecking, and under reduced pressure conditions
(30 mmHg) to favor water removal and to shift the equilibrium
towards product formation. Even in the case of 17b, Novozym®
435 catalyzes regioselectively the esterification of the primary
hydroxyl group, as confirmed by the Heteronuclear Multiple Bond



Correlation (HMBC) *H-3C NMR experiment, carried out in
DMSO-ds (see Supporting information, Figure S39).
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Scheme 2. Synthesis of n-butyl 6-O-palmitoyl-galactosides 17ad by enzymatic
esterification of 13ad with palmitic acid catalyzed by Novozym® 435in a solvent-
free system, 80 °C, 8 h, s.v.

Table 2. Reaction yields (enzymatic esterification) and isomeric ratio of mixtures
17ad.

Substrate Product Yield (%) Isomeric ratio
(a/B)
13b 17b 15 0/100
17ab 21 94/6
13ad
17cd 14 20/80

In parallel, the same experimental conditions were applied to the
isomeric mixture of 1-butyl galactosides (13ad), obtained through
the chemical route, to achieve an isomeric mixture of n-butyl 6-O-
palmitoyl-galactosides. The remarkable difference in polarity
between pyranoside and furanoside ester isomers allowed the
separation of the two species, which was performed by flash
chromatography (n-hexane/EtOAc, 2:8), affording n-butyl 6-O-
palmitoyl-galactopyranosides (17ab, yieldi7an = 21%) and n-butyl
6-O-palmitoyl-galactofuranosides  (17cd, yieldizea = 14%).
Regarding the former, the Heteronuclear Single Quantum
Coherence (HSQC) !H-®C NMR correlation spectrum (see
Supporting information, Figure S85) showed the presence of the
B-anomer only in traces (about 6%), as further confirmed by the
purity assessment through quantitative TLC and image analysis
(see Supporting information, Figure S94). On the contrary, in the
case of furanosides, the B-anomer seemed to be prevailing (a/p
furanosides; 20:80). Beside the anomeric effect, the low yield of
the n-butyl B-D-galactopyranoside ester, which ranges from 33%
in the mixture of 1-butyl galactopyranosides to 6% in the
corresponding n-butyl 6-O-palmitoyl-galactopyranosides (17ab),
might depend on the different interaction of these substrates in
the catalytic site.

The two-step chemoenzymatic process for the synthesis of n-
butyl 6-O-palmitoyl-galactosides (17ad) was carried out also by
cutting off intermediate and final chromatographic steps. The
crude from the Fischer glycosylation (containing 1-butyl
galactoside isomeric mixture 13ad and traces of unreacted 2) was
directly reacted with palmitic acid according to the solvent-free
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enzymatic esterification protocol. The reaction mixture was taken
up in EtOAC, filtered to remove the biocatalyst and the esters were
extracted in EtOAc from 1 M NaOH solution, thus affording the
isomeric mixture of n-butyl 6-O-palmitoyl-galactosides (17ad,
yieldi7as = 35%) after EtOAc evaporation. The mixture 17ad was
obtained in comparable yield with respect to the reported above
methods involving chromatographic separations, resulting in 90 +
2% purity (about 10% of unreacted 1-butyl galactoside isomeric
mixture, 13ad) and a 52/4/11/33 relative ratio between a-/B3-
pyranosides and o-/B-furanosides, which were assessed by
guantitative TLC and image analysis (Figure S94).

Interfacial
evaluation
For a deeper insight in the surfactant properties of the isomeric
mixture of a-/B-pyranosides and a-/B-furanosides of n-butyl 6-O-
palmitoyl-galactosides (17ad), it is mandatory to study the
contribute of each isomer.

The stabilization of a disperse system, i.e. emulsion, can be
achieved by reducing the interfacial tension (IFT) between two
immiscible phases. Surfactants, due to their amphiphilic nature,
are adsorbed at interphases, thus modifying the interfacial
tension.*”] Therefore, in the present case, the IFT reduction
(Figure 1a) between water (milli-Q) and sunflower oil was
evaluated by adding the isomeric mixture of n-butyl 6-O-palmitoyl-
galactosides (17ad), as well as the single isomeric components
(n-butyl 6-O-palmitoyl-galactopyranoside 17ab containing 6% of
17b, n-butyl 6-O-palmitoyl-B-D-galactopyranoside 17b, n-butyl 6-
O-palmitoyl-galactofuranoside 17cd containing about 6% of n-
butyl 6-O-palmitoyl-galactopyranoside isomers 17a and 17b), at
increasing concentration (0.1, 1.5 and 3.0 mM in sunflower oil),
up to the solubility limit of some of them.

At 0.1 mM, all the tensides are comparable, showing a negligible
IFT reduction with respect to the starting IFT value between
sunflower oil and water in absence of a surfactant (26 mN m;
grey histogram in Figure 1a). On the contrary, at 3.0 mM, except
for the furanoside derivatives (17cd), all the prepared tensides
(17ab, 17b, 17ad) resulted to be able to reduce the IFT to a value
lower than 2 mM m?, thus indicating extremely promising
interfacial features. However, at an intermediate surfactant
concentration (1.5 mM), some differences can be easily
appreciated: particularly, only n-butyl 6-O-palmitoyl-B-D-
galactopyranoside (17b) seems to reach an IFT value close to 2
mN m. This result may be due to a better surfactant chain
orientation, which favors the packing capacity of the molecules
adsorbed at the interface, thus reducing the IFT significantly.
Concomitantly, it is worth noting that the n-butyl 6-O-palmitoyl-
galactoside isomeric mixture (17ad) showed intermediate
interfacial features with respect to pure 17ab and 17b, due to the
presence of furanosides (17cd) that hinder the IFT reduction at
this concentration. These results are fully in agreement with those
reported in the case of other sugar-based esters (SER family in
the Table of Figure 1)%48 bearing n-butyl glucoside as the “polar
head” and palmitic acid as the fatty acid “tail”.

The ability of reducing the IFT was also observed in the cases of
n-butyl 6-O-palmitoyl-glucopyranoside (SERab), n-butyl 6-O-
palmitoyl-glucofuranoside (SERcd), and n-butyl 6-O-palmitoyl-
glucoside isomeric mixture (SERad). Generally, the IFT reduction
is strongly driven by the degree of disorder of the interfacial film,
which is related to the interfacial entropic contributions of
water/oil/surfactant molecules. When no surfactant is present, oil

features study and emulsifying properties



and water molecules at the interface lose their degrees of freedom,
since parallel alignments occur, due to strong short-range van der
Waals interactions between the two phases. Conversely, the
addition of a surfactant pushes away the oily molecules from the
water surface, making them more disordered, by increasing their
rotational and translational modes.”®! As reported in the Table of
Figure 1, all the galactoside-based esters (17ab, 17cd and 17ad)
led to a strong IFT reduction, much more than the corresponding
glucoside-based isomers (SERab, SERcd and SERad). These
results could be explained by looking into the chemical structures:
17 and SER compounds are epimers in the C-4 position, being
the orientation of the OH(4) group the only difference. According
to the literature, this behavior is strictly connected to a different
ability of matching the tetrahedral hydrogen bond network of water.
Sugars with an axial OH(4) group, such as galactose, match the
three-dimensional water structure much worse than sugars with
an equatorially-oriented OH(4), as in the case of glucose. The
mismatch causes a distortion of the water structure in the primary
hydration shell, which is also transmitted to the more distant
layers, inducing a more disordered structure in the water
configuration and, consequently, the increase in the total entropy
of the system.!

Finally, water in sunflower oil (W/O) emulsions (®v = 0.13) were
prepared by ultrasounds using a micro-tip sonicator in the
presence of the biosurfactant, and their stability was evaluated
within 72 h. Figure 1c shows the decrease of turbidity over time,
strictly related to the emulsion destabilization phenomena:*®
compound 17b leads to the most stable emulsion after 72 h
ageing (see also the pictures in the inset of Figure 1c), whereas
the other tensides were not able to stabilize the disperse systems
over time, undergoing water droplets sedimentation processes
and irreversible coalescence mechanisms. Hence, these results
confirm the IFT data previously obtained.
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Figure 1. a) Sunflower oil/water interfacial tension (IFT) data for the synthesized
surfactants (17ab, 17b, 17cd, 17ad). b) Table: comparison of IFT values at 3
mM with other sugar-based esters used as references (SERab,*?! SERcd,“8!
and SERad¥) ¢) Normalized turbidity values (z) of the prepared emulsions over
time at fixed wavelength (550 nm). Insets: photos of the four samples at 0, 24,
48 and 72 h.

Conclusion
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Sugar fatty acid esters find application as emulsifiers in the
cosmetic and food industry.5-531

In this work, a general procedure for the preparation of some
SFAE starting from lactose through a two-step enzymatic
approach catalyzed by the immobilized B-galactosidase from
Aspergillus oryzae and the immobilized CalB (Novozym® 435), or
from galactose through a two-step chemoenzymatic strategy was
set-up. The exploitation of lactose as a raw material, either as
such or as a source of galactose, for the production of surfactants
answers the need for tackling the issue of cheese whey disposal
in dairy industry, while upcycling this abundant and cheap
feedstock, which is independent from season and climate and is
not in competition with food. Starting from the results achieved
herein, we aim indeed at using lactose-rich CWP as raw material
both for the synthesis of the “polar head” of the surfactant, and as
fermentation medium for the obtainment of microbial lipids to be
used as fatty acid “tail”.1>

According to the preliminary physicochemical study here reported,
n-butyl galactoside fatty acid esters were shown to generally
possess promising interfacial features, although to a different
extent; in particular, the enantiopure n-butyl 6-O-palmitoyl-B-D-
galactopyranoside (17b), which was prepared enzymatically from
lactose, leads to the most stable emulsion.

Experimental Section
General

All chemicals were from Sigma-Aldrich (Milano, ltaly), if not stated
otherwise. Anhydrous lactose was purchased from Honeywell Fluka
(Rodano, Italy). All solvents were from Merck Life Science (Milano, Italy)
and were used without further purification. B-Galactosidase from
Aspergillus oryzae was purchased from Sigma-Aldrich (Milano, Italy).
Lipase B from Candida antarctica immobilized on an acrylic carrier
(Novozym® 435) was kindly supplied by Novozymes (Denmark).
Sepabeads™ EC-EP/S and Relizyme™ EA-112/S were a gift of Resindion
s.r.l. (Binasco, Italy).

Electrospray ionization mass spectra (ESI-MS) were recorded on a
Thermo Finnigan LCQ Advantage spectrometer (Hemel Hempstead,
Hertfordshire, UK). *H and 3C NMR spectra were recorded at 400.13 and
100.61 MHz, respectively, on a Bruker AVANCE 400 spectrometer (Bruker,
Karlsruhe, Germany) interfaced with a workstation running a Windows
operating system TOPSPIN software package, at 300 K. Chemical shifts
(0) are given in parts per million (ppm) and were referenced to the solvent
signal (DMSO-ds, &1 2.50 ppm and d¢ 39.52 ppm, and D20, &n 4.79 ppm,
from TMS, respectively). The 3C NMR signal multiplicities were based on
APT (attached proton test) spectra. The 3C NMR signals were assigned
with the aid of 'H-'3C correlation experiments (heteronuclear single
quantum correlation spectroscopy, HSQC, and heteronuclear multiple
bond correlation spectroscopy, HMBC). The fatty acid profile of
commercial sunflower oil was determined by gas chromatography/mass
spectrometry (GC/MS) analysis, after base-catalyzed transmethylation,
using the protocol FIL-IDF 182:1999, reported elsewhere.1%

Immobilization of B-galactosidase from A. oryzae on glyoxyl
Sepabeads™

Glyoxyl Sepabeads™ was prepared as previously reported.! Briefly,
Sepabeads™ EC-EP/S (20 g) was suspended in 0.5 M H2SO4 (260 mL)
under mechanical shaking for 2 h at r.t., then filtered under vacuum and
washed thoroughly with distilled H20 until neutral pH. The resin was then
oxidized by incubation with 0.1 M NalO4 (80 mL) for 2 h at r.t., filtered,
washed thoroughly with distilled H.O and stored at 4 °C till use. B-



Galactosidase from A. oryzae (17 mg; 5 IU) was dissolved in 50 mM
NaHCOs buffer pH 10 (10 mL) containing 1% D-(+)-galactose (w/v) under
stirring at 4 °C till a clear solution was obtained. Glyoxyl Sepabeads™ (1
g) was added to the mixture to start the immobilization. At the endpoint (24
h), the immobilized enzyme was filtered, washed thoroughly with distilled
water, and stored at 4°C till use.

Synthesis of alkyl B-D-galactopyranosides (10b-16b) by enzymatic
transglycosylation of lactose (general protocol)

Enzymatic transglycosylation reactions (Scheme 1a) were performed as
reported by Ahumada et al.?4with slight modifications. Anhydrous lactose
(1, 0.342 g, 1 mmol) was dissolved in Mcllvaine buffer pH 4.3 (20 mL) and
the desired alcohol (3-9, 50 mL) was added under magnetic stirring.
Acetone (30 mL or 40 mL) was added to the mixture when 1-BuOH (6) or
C5/C6 alcohols (7-9) were used, respectively, thus generating a ternary
homogeneous system or a biphasic system. For water-miscible alcohols
(3-5), no acetone was used. The immobilized B-galactosidase (2 g, 1.6 1U)
was added to the reaction and the mixture was stirred at r.t. After 6 h (TLC
monitoring, DCM/MeOH, 85:15, detection by H2SO4 5% v/v in EtOH), the
suspension was filtered under vacuum and the immobilized enzyme was
washed with the same reaction mixture (20 mL) by replacing the buffer
with distilled water. The filtrate was evaporated under reduced pressure
and purified by flash chromatography (DCM/MeOH, 85:15). The crude was
added with silica and MeOH, dried under reduced pressure and loaded on
the silica column. Purified alkyl B-D-galactopyranosides (10b-16b) were
characterized by TLC, ESI-MS, and NMR analysis (see Supporting
information). Yields are listed in Table 1.

Synthesis of alkyl galactoside isomeric mixtures (10ad-16ad) by
Fischer glycosylation of galactose (general protocol)

D-(+)-Galactose (2, 0.900 g, 5 mmol) was suspended in dry naturally
occurring alcohols (3-9, 50 mL) in the presence of the strongly acidic cation
exchange resin Amberlyst® 15 (10 %, w/w) and 3 A molecular sieves (25 %,
w/w), under reflux or at 120 °C, according to the alcohol boiling points
(Scheme 1b). After 1.5-6 h, depending on the alcohol, the reactions were
stopped by filtration of the solid catalyst, the alcohols were removed under
reduced pressure, and the reaction mixtures were submitted to flash
chromatography (DCM/MeOH, 9:1) to give alkyl galactosides 10ad-16ad
as viscous syrups (yields are listed in Table 1). The isomeric mixtures of
galactosides (10ad-16ad) were characterized by TLC, ESI-MS and NMR
analysis (see Supporting information). NMR signals were identified by
comparison with data reported in literature.® D-(+)-Galactose (2),
Amberlyst® 15 and 3 A molecular sieves were dried at 90 °C overnight prior
to use.

Enzymatic synthesis of n-butyl 6-O-palmitoyl-galactosides (17b, 17ab,
17cd) (general protocol)

1-Butyl B8-D-galactopyranoside (13b, 0.708 g, 3 mmol), palmitic acid (0.768
g, 3 mmol) and Novozym® 435 (10 %, w/w) were mixed and poured into a
round-bottom flask. The mixture was heated to 80 °C while rotating the
flask by means of a glass oven B-585 Kugelrohr (Bichi, Cornaredo, Italy).
After fatty acid melting, the reaction was performed under reduced
pressure (30 mmHg) (Scheme 2a and Table 2). After 8 h, the reaction
mixture was taken up in EtOAc and the immobilized enzyme was removed
by filtration. Then, the ester was extracted in EtOAc (2x) from 1 M NaOH,
the organic phases were collected, dried over Na.SO4 and the solvent was
removed under reduced pressure. The product was isolated by flash
chromatography (n-hexane/EtOAc, 2:8), thus affording n-butyl 6-O-
palmitoyl-B-D-galactopyranoside  (17b) (yield=15 %). The same
experimental conditions were used for reacting the isomeric mixture of 1-
butyl galactosides (13ad). n-Butyl 6-O-palmitoyl-galactopyranoside (17ab)
(yield=21 %) and n-butyl 6-O-palmitoyl-galactofuranosides (17cd)
(yield=14 %) were isolated by flash chromatography (Scheme 2b and
Table 2). The products were characterized by TLC, ESI-MS and NMR
analysis (see Supporting information).
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Chemoenzymatic synthesis of n-butyl 6-O-palmitoyl-galactosides
(17ad)

D-(+)-Galactose (2, 0.900 g, 5 mmol) was suspended in dry 1-BuOH (6,
50 mL, 546 mmol) in the presence of the strongly acidic cation exchange
resin Amberlyst® 15 (10 %, w/w) and 3 A molecular sieves (25 % w/w) at
120 °C. After 3 h, the solid catalyst was filtered off and the alcohol was
removed under reduced pressure. Then, the resulting isomeric mixture of
1-butyl galactosides (13ad), palmitic acid (0.768 g, 3 mmol) and Novozym®
435 (10 % w/w) were mixed together and poured into a round-bottom flask.
The mixture was heated to 80 °C while rotating the flask by means of a
glass oven B-585 Kugelrohr (Biichi, Cornaredo, lItaly). After fatty acid
melting, the reaction was performed under reduced pressure (30 mmHg).
After 8 h, the reaction mixture was taken up in EtOAc and the immobilized
enzyme was removed by filtration. The organic phase was further diluted
with EtOAc, washed with 0.1 M NaOH (3x), dried over Na2SOa, and the
solvent was removed under reduced pressure, thus affording n-butyl 6-O-
palmitoyl-galactosides (17ad) (yield=35 %).

Interfacial tension (IFT) measurements and emulsifying properties
The sunflower oil/water interfacial tension (IFT) values at 0.1, 1.5 and 3.0
mM of n-butyl 6-O-palmitoyl-o-D-galactopyranoside (17ab), n-butyl 6-O-
palmitoyl-B-D-galactopyranoside (17b), n-butyl 6-O-palmitoyl-
galactofuranoside isomeric mixture (17cd), and n-butyl 6-O-palmitoyl-
galactoside isomeric mixture (17ad) were measured at (25 + 1) °C by
means of a Gibertini tensiometer (Du Noly ring method, Harkins-Jordan
carrections).

IFT values at 3 mM relative to other already reported sugar-based esters
[1048] n-putyl 6-O-palmitoyl-glucopyranoside labelled as SERab, n-butyl 6-
O-palmitoyl-glucofuranoside  (SERcd), and n-butyl 6-O-palmitoyl-
glucoside isomeric mixture (SERad) were compared to the data of the
herein investigated surfactants.

Water (milli-Q) in sunflower oil (W/O) emulsions (phase volume of ®v =
0.13) were prepared by ultrasound homogenizer, using a Thermo Fisher
Q700 sonicator equipped with a 3 mm-titanium alloy microtip, following the
operative conditions previously reported.!% The synthesized surfactants
were solubilized at 80 °C in oil (3.0 mM) and added in a fixed amount
(0.06 % wt) to form the final emulsions. Their stability was evaluated within
72 h by means of turbidimetric measurements as reported elsewhere.[10.56]
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Sugar fatty acid esters were prepared starting either from lactose through a two-step enzymatic approach catalyzed by immobilized 3-
galactosidase from Aspergillus oryzae and immobilized CalB (Novozym® 435), or from galactose through a two-step chemoenzymatic
strategy. n-Butyl galactoside fatty acid esters were shown to possess good interfacial features, being the pure 3-anomer prepared by

the fully enzymatic route the best emulsifier.
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