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Lipid-Based Quaternary Ammonium Sophorolipid
Amphiphiles with Antimicrobial and Transfection Activities
Elisabeth I. P. Delbeke,™ ®! Jonas Everaert,™  Olivier Lozach, Tony Le Gall,’® "

Mathieu Berchel, ® Tristan Montier,'* "™ Paul-Alain Jaffrés, ' ® Petra Rigole,” Tom Coenye,”
Martha Brennich,% ¥ Niki Baccile," Sophie L. K. W. Roelants,”“ ™ Wim Soetaert,’™

Inge N. A. Van Bogaert,"™ Kevin M. Van Geem,”®

Twelve new quaternary ammonium sophorolipids with long
alkyl chains on the nitrogen atom were synthesized starting
from oleic and petroselinic acid-based sophorolipids. These
novel derivatives were evaluated for their antimicrobial activity
against selected Gram-negative and Gram-positive bacteria
and their transfection efficacies on three different eukaryotic
cell lines in vitro as good activities were demonstrated for pre-
viously synthesized derivatives. Self-assembly properties were
also evaluated. All compounds proved to possess antimicrobial

Introduction

In the last few decades, the transition towards a bio-based
economy has been initiated. This transition focuses on the use
of renewable resources and sustainable technologies as re-
placements for the classical, fossil-based derivatives." At pres-
ent, only 8% of all the chemicals produced in Europe are
based on renewable resources.” Although the application of
renewable resources is not a new concept, this mostly com-
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and transfection properties, and trends could be observed
based on the length of the nitrogen substituent and the total
length of the sophorolipid tail. Moreover, all long-chain quater-
nary ammonium sophorolipids form micelles, which proved to
be a prerequisite to induce antimicrobial activity and transfec-
tion capacity. These results are promising for future healthcare
applications of long-chained quaternary ammonium sophoro-
lipids.

prises the use of simple resources or unpurified products
giving access to low-added-value products. The application of
renewable resources in high-added-value products, often
having a complex structure, faces much more challenges as
multiple reaction steps are needed to obtain the desired prod-
ucts. Owing to mostly a higher price of renewable based
chemicals, they can hardly compete with fossil-based products.
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When renewable resources with a complex structure can di-
rectly be used as building blocks for chemical derivatization,
the number of reaction steps and the associated production
cost could be drastically reduced. This approach can make op-
timal use of the high complexity inherent to these compounds
and the high oxidation state they already possess. The two
critical hurdles for developing an economical viable synthesis
pathway are related to the purity and the availability of the re-
newable feedstock. The synthesis of bio-inspired amphiphiles
is another strategy worth evaluating as it permits the efficacy
of the synthesis to be increased.

In this respect, sophorolipid biosurfactants can be regarded
as excellent renewable resources for chemical derivatization.”
They are glycolipid biosurfactants, produced by different yeast
species through fermentation of renewable resources.” Star-
merella bombicola is the preferred production organism, for
which a production of up to 400 gL~' was reported.”? Sopho-
rolipids are amphiphilic molecules, consisting of sophorose as
the hydrophilic head and a fatty acid (mostly oleic acid) as the
lipid tail, and can therefore lower the surface tension of water
from 72.8 to 30-40 mnm™' and display a critical micelle con-
centration of 40-100 mgL~""“*® Their emulsifying properties
can be applied for oil and hydrocarbon recovery and for soil
and water decontamination.”” Microbial production results in
the formation of different sophorolipid derivatives with diace-
tylated C,5, sophorolipid lactone 1 and C,g, sophorolipid acid
2 being the major fermentation compounds (Figure 1). Natural
sophorolipids possess interesting biological activities, such as
anticancer, antimicrobial, dermatological, immunoregulatory,
spermicidal, and antiviral activities.”’ In addition, they possess
self-assembly properties, which results in the formation of
nanostructures with supramolecular chirality.”! Selective pro-
duction of specific sophorolipid lactone or acid derivatives can
be obtained with genetically modified S. bombicola strains.””
When feeding pure hydrophobic substrates to these modified
strains, production of one single sophorolipid derivative can
be obtained."”

Sophorolipids are considered as one of the most promising
classes of biosurfactants, mainly owing to their production as a
homogeneous product in high quantity.**™ In contrast to the
first generation of biosurfactants, such as the alkylpolygluco-
sides (APGs), which are produced chemically from renewable
resources, sophorolipids belong to the second-generation bio-
surfactants, which are produced by microorganisms through a
biotechnological approach. This offers the advantage that they
contain a rare hydrophilic head (sophorose) in combination
with a specific chirality in the lipid tail and at the anomeric po-
sitions, both features that are not easily accessible by chemical
synthesis."? In our previous work, a modification pathway was
developed towards a set of 18 quaternary ammonium sopho-
rolipids, starting from the diacetylated sophorolipid lactone 1
via an intermediate sophorolipid aldehyde 3 (Scheme 1)) Of
all the tested derivatives, quaternary ammonium sophorolipids
5a and 5b with a long chain (C,5) on the nitrogen atom
proved to be the most interesting and possessed good antimi-
crobial activities and were also able to transfect eukaryotic
cells."*¥ The synthesis of the aldehyde intermediate was ex-
tended to the synthesis of a C,, sophorolipid aldehyde deriva-
tive 8 by incorporation of petroselinic acid 6 in the sophoroli-
pid structure through fermentation (Scheme 2)."” The ozonoly-

sis and reductive amination can be considered as the crucial
reaction steps amongst the reaction procedure depicted in
Scheme 1, resulting in an overall yield of 23 %.” ' Heightening
the yields of each reaction step towards 90% (e.g., by avoiding
automated chromatography purification) could increase the
overall yield of the reaction pathway up to 71%. The carbon
efficiencies (CE) for sophorolipid aldehyde 3 and quaternary
ammonium sophorolipids 5 amounted, respectively, to 69%
and 60 %. Their respective atom efficiencies (AE) were, respec-
tively, 62% and 55 %. For both numbers, the valorization of the
methyl 9-oxononanoate byproduct resulting from the ozonoly-
sis step is taken into account. The use of green solvents was
particularly focused on within the reaction pathway, resulting
in the replacement of dichloromethane with methanol for the
ozonolysis step."” Besides the synthesis of the aforementioned
quaternary ammonium sophorolipids, the sophorolipid modifi-
cation was also extended towards sophorolipid amine oxides
and bolaamphiphilic sophorolipids.®'? Both classes of sopho-
rolipids have been evaluated for their antimicrobial properties
and an assessment of the transfection efficiencies was also
made for the bolaamphiphilic derivatives.

In this work, the synthesis of a new set of long-chained qua-
ternary ammonium sophorolipids is described starting from
both the oleic acid-based aldehyde intermediate (C,) 3 and the
petroselinic acid-based aldehyde intermediate (C;,) 8. Dodecyl,
pentadecyl, and octadecyl groups are introduced on the nitro-
gen atom to evaluate the influence of the length of the nitro-
gen substituent, the total length of the sophorolipid tail, and
the position of the nitrogen atom for derivatives with the
same total chain length. The new quaternary ammonium so-
phorolipids are evaluated for their antimicrobial, transfection,
and self-assembly properties. Similar methodologies and mi-
crobial strains were used to ensure the comparability of the re-
sults between the different classes of sophorolipid deriva-

tives.> 10

Results and Discussion
Synthesis of the new derivatives

The long-chain quaternary ammonium sophorolipids were syn-
thesized according to the previously described pathway
(Scheme 3)."¥ Oleic acid-based sophorolipid aldehyde 3 and
petroselinic acid-based sophorolipid aldehyde 8 were subject-
ed to reductive amination with N-methyl-N-dodecylamine, pen-
tadecylamine, and N-methyl-N-octadecylamine, yielding the re-
sulting sophorolipid amines 9 and 10. For the N-dodecyl and
N-octadecyl sophorolipid amines 9b, 10a, and 10¢, the qua-
ternization towards quaternary ammonium sophorolipids 4d,
11a, 11b, and 11d was performed with 5 equivalents of
methyl iodide or butyl iodide in a pressure vial for 18 h
(methyl iodide) or 48 h (butyl iodide) at 80°C, as previously de-
scribed."” For the N-pentadecyl sophorolipid amines 9a and
10b, the quaternization towards quaternary ammonium so-
phorolipids 4c and 11 ¢ was performed with 10 equivalents of
methyl iodide and 2 equivalents of K,CO; in a pressure vial for
18 h at 80°C. In a final step, the sugar head group was deace-
tylated with triethylamine in a mixture of methanol and water.
Evaporation of the reagent, solvent, and methyl acetate by-
product yielded the pure quaternary ammonium sophorolipids
5 and 12. For all new derivatives, the overall reaction yield,



carbon efficiency, and atom efficiency are in the same range as
for the previously synthesized quaternary ammonium sophoro-
lipids 5a and 5b.

Evaluation of the antimicrobial activity

The antimicrobial activity of the peracetylated quaternary am-
monium sophorolipids 4 and 11 and the deprotected quater-
nary ammonium sophorolipids 5 and 12 was evaluated against
clinically relevant test organisms. These include the Gram-neg-
ative bacteria Escherichia coli LMG 8063, Klebsiella pneumoniae
LMG 2095, and Pseudomonas aeruginosa PAO1, and the Gram-
positive bacteria Staphylococcus aureus ATCC 6538 and Staphy-
lococcus aureus Mu50. The bioassay was carried out in 96-well
plates with approximately 5x10* bacteria in a concentration
series ranging from 1000 to 0.48 ugmL™' of the test com-
pound (final volume of 200 uL). Both the minimal inhibition
concentration (MIC, that is, the lowest concentration that in-
hibits growth) and minimal bactericidal concentration (MBC,
that is, the lowest concentration that kills all cells) values were
determined for most compounds and compared with those
obtained for previously synthesized quaternary ammonium
sophorolipids 4a, 4b, 5a, and 5b (see the Supporting Informa-
tion, Table S1). All activities were determined in duplicate or
triplicate, ensuring reproducibility when the repetitions do not
differ more than one dilution. The highest value is reported
when a higher difference was obtained.

Several of the derivatives showed modest activity against
the Gram-negative bacteria with the highest activity obtained
for the deprotected N-dodecyl and N-pentadecyl derivatives.
Modest to high activities were obtained for all derivatives
against the Gram-positive bacteria. For the acetylated quater-
nary ammonium salts, increasing activity is observed with a de-
crease in chain length, with the lowest MIC and MBC values
obtained for the N,N-dimethyl-N-dodecyl derivative 11d. For
the deprotected quaternary ammonium sophorolipids, an op-
posite trend is observed, that is, an increasing activity with an
increase in chain length. The lowest MIC and MBC values are
obtained for the previously synthesized derivatives 5a and 5b.
The MIC and MBC values were converted based on their mo-
lecular weight for a better comparison of the active derivatives
(Table 1). On this basis, the peracetylated N,N-dimethyl-N-dode-
cyl derivative 11d performs slightly better than the previously
synthesized derivatives 5a and 5b.

The natural sophorolipid lactones and acids were also in-
cluded in the antimicrobial analysis. The activity for oleic acid-
based sophorolipid lactone 1 and petroselinic acid-based soph-
orolipid lactone 7 are displayed in Table 1. For the oleic and
petroselinic acid-based sophorolipid acids, MIC values of
>1000 pgmL~' (> 1607 um) were obtained against all evaluat-
ed bacteria. An increase in the antimicrobial activity by a factor
100 through chemical modification is illustrated by these re-
sults.

In our previous work, the antibiotic gentamicin sulfate was
used as a reference compound and compounds 4a, 4b, 5a,
and 5b proved to be more active against the S. aureus strain.
However, the fact that gentamicin sulfate is mostly active
against Gram-negative strains makes it difficult to give an ap-
preciation of the activity of the quaternary ammonium sopho-
rolipids in comparison with this antibiotic. In this work, a me-
thicillin-resistant Staphylococcus aureus (MRSA) strain with van-
comycin resistance (S. aureus Mu50) is included. MIC values for
activity of reference antimicrobial agents such as vancomycin
and clindamycin against this S. aureus Mu50 were reported to
be 8 ugmL™" (=6 pum) and 512 ugmL™" (=1205 um), respec-
tively, and the MIC value for activity of tobramycin against P
aeruginosa PAO1 was reported to be 2 ugmL™" (=4 um)."”
Therefore, the activities obtained with the quaternary ammoni-
um sophorolipids against both S. aureus strains are reasonably
good. However, it should be taken into account that these re-
sults were obtained under in vitro conditions and that further
in vivo testing would be necessary to determine the actual an-
tibiotic potential of these compounds. In a next step, the po-
tential adverse effects towards eukaryotic cells should be eval-
uated to know whether cytotoxicity occurs at higher concen-
trations than antimicrobial effects. In the evaluation of the
transfection efficiency, cell viability was taken into account for
these compounds formulated with 1,2-dioleyl-sn-glycero-3-
phosphoethanolamine (DOPE) (see below).

To evaluate the influence of the carbohydrate headgroup on
the antimicrobial properties, the quaternary ammonium soph-
orolipids 5a and 5b were compared with the previously syn-
thesized deglycosylated derivatives 13 and 14 (Figure 2)."¥
None of the deglycosylated derivatives showed activity against
the Gram-negative bacteria and only the MIC and MBC values
against the Gram-positive bacteria are presented (Table S2).

The highest activity was observed for the deprotected qua-
ternary ammonium sophorolipids 5a and 5b against both S.
aureus strains, especially when compared on the basis of their
molecular weight (Table 2). This clearly indicates that the pres-
ence of the carbohydrate headgroup has a positive effect on
the antimicrobial activity. Moreover, the hydroxylated quater-
nary ammonium salts 13 perform generally better than the
non-hydroxylated quaternary ammonium salts 14. In view of
these results, it can be hypothesized that the increased hydro-
philic character of the compounds results in an increased anti-
microbial activity. The antimicrobial activity of compounds
13a/b and 14a/b is most likely due to their quaternary ammo-



nium group, which is known for its antimicrobial activity."®

However, no conclusions on the mode of action can be made
based on these data. Two hypotheses can be made. On the
one hand, the antimicrobial properties can be attributed to a
surfactant effect. The sugar headgroup increases the amphi-
philic nature of the sophorolipid compounds, their micelle-
forming properties, their transport towards the membrane,
and the fusion with the membrane. Other glycolipids, such am-
photericin B, are known to be good antibiotics."” To support
this hypothesis, the quaternary ammonium sophorolipids
should form micelles in water, which was verified in the analy-
sis of their self-assembly properties (see below). On the other
hand, the sugar headgroup itself could also play a role. A com-
bined effect between the sugar headgroup and the micellar
environment of compounds 5a/b is then a possibility, although
this is difficult to observe. Nonetheless, it was demonstrated
that sophorolipids, covalently linked to a gold surface through
their acid group, displayed surface antimicrobial properties
against various Gram-positive (L. ivanovii, E. faecalis, S. epider-
midis, S. puogenes) and Gram-negative (E. coli, P. aeruginosa, S.
typhymurium) bacteria by membrane lysis.”” These effects are
attributed to a direct mode of action between the sugar head-
group and the bacterial cell envelope: given the covalent bind-
ing to the gold surface, the lipid tail cannot interfere with the
membrane and covalently grafted fatty acids used as controls
did not show any antimicrobial effect. These findings exclude
the classical surfactant effect as a mode of action for these im-
mobilized sophorolipids as micelle formation is not possible
and point towards a specific sophorose/cell envelope interac-
tion. In the antimicrobial evaluation of the previously synthe-
sized set of quaternary ammonium sophorolipids, it was dem-
onstrated by microscopy analysis that cell lysis occurred at the
active concentrations. However, this can also be supported by
the hypothesis that disruption of the bacterial lipid mem-
branes occurs through electrostatic and hydrophobic interac-
tions, as reported for quaternary ammonium compounds and
peptides.!'®2"

The deprotected quaternary ammonium sophorolipids 5a
and 5b were also evaluated for their ability to affect an already
established biofilm of S. aureus ATCC 6538 and S. aureus Mu50.
This biofilm assay was performed in 96-well plates with previ-
ously formed biofilms after removal of the non-adhered cells.
At a concentration of 20 ugmL™" of the test compound, no
effect was observed for both compounds against both S.
aureus strains. This concentration was higher than both the
MIC and MBC values of both compounds.

Evaluation of the transfection efficiency

Transfection efficiencies were evaluated in a similar way as for
the previously synthesized quaternary ammonium sophoroli-
pids 5a and 5b for which high transfection capacities have
been reported."” The commercial lipofection reagent Lipofect-
amine 3000 (LFM) was used as a reference compound in the
transfection experiments. Cationic lipid amphiphiles can be
used for the compaction and delivery of plasmid DNA (pDNA)
and nucleic acids to different cell lines, both for in vitro and in
vivo applications.””? Renewable based gene delivery vectors
are expected to have an increased biocompatibility and are
therefore of great interest.”*

The deprotected oleic acid-based quaternary ammonium
sophorolipids 5 and petroselinic acid-based quaternary ammo-
nium sophorolipids 12 were evaluated by the lipid film hydra-
tion method for their ability to form supramolecular aggre-
gates in an aqueous solution. The size of the particles and
their surface charge were determined for all solutions by dy-
namic light scattering (DLS) and zeta measurements, respec-
tively. To successfully evaluate the suitability of quaternary am-
monium salts as vectors for gene delivery, formation of a ho-
mogeneous formulation is a necessary prerequisite. Formula-
tions of the compounds were prepared with or without DOPE.
Formulation with DOPE proved to be necessary to obtain
more homogeneous formulations (Table 3). All zeta potentials
were clearly positive, as expected for liposomes, or micelles,
generated from cationic lipid derivatives.

For all formulations, pDNA retardation assays by agarose gel
electrophoresis were used to evaluate their capacity to com-
pact pDNA (Figure 3). This was performed at different charge
ratios (CR) in a similar way as for the previously synthesized
quaternary ammonium sophorolipids 5a and 5b. CR is defined
as the number of positive charges provided by the cationic
lipid derivative divided by the number of negative charges car-
ried by the pDNA. The previously synthesized quaternary am-
monium sophorolipids 5a and 5b showed a low capacity to
complex pDNA, regardless of the CR. A similar behavior was
observed here for most of the new compounds.

The ability to deliver DNA into three human-derived cell
lines was then evaluated for the new derivatives, including



melanoma cells (SKMEL28) and two airway epithelial cells, that
is, () lung carcinoma (A549) and (i) normal bronchial (16HBE)
cells. The determination of the transfection efficiency was per-
formed by highly sensitive luminescence measurements by
using a reporter (luciferase-encoding) pDNA. Each formulation
was evaluated at different CR, ranging from 1 to 4.

It was previously demonstrated that quaternary ammonium
sophorolipids 5a and 5b efficiently transfected the 16HBE
and A549 cell lines, whereas lower efficiencies were obtained
for the transfection of the SKMEL28 cell line. All six new
quaterna-ry ammonium sophorolipids were able to transfect
the DNA in the three tested cell lines (Figure 4 and Figure S1).
The best re-sults were obtained with quaternary ammonium
sophorolipids 12 d, and in a lesser extent 5c¢, for which
higher transfection efficiencies were obtained with all cell lines
than for the previ-ously evaluated compounds 5a and
5b. Regarding the toxicity of the new derivatives, all new
formulations with DOPE were weakly toxic for the A549 and
SKMEL28 cell lines (Figure 5 and Figure S2). As known, LFM
displays a weak toxicity at CR2 and a strong toxicity at CR4 on
the A549 and 16HBE cell lines.

Derivatives 5¢ and 12d have the same total length (24C)
but with the nitrogen atom at a different position, indicating
that the total length of the sophorolipid tail has an effect on
the transfection efficiencies. The highest transfection efficiency
was obtained for derivative 12d, which has two lipophilic/ali-
phatic fragments with the same length (C,,).

Evaluation of the self-assembly properties

In view of correlating the antimicrobial and transfection prop-
erties of the quaternary ammonium sophorolipids, their self-as-
sembly behavior in water was evaluated by small-angle X-ray
scattering (SAXS) analysis and the results were compared with
the previous set of synthesized compounds."™ All samples
were analyzed in milli-Q grade water in a broad concentration
range (0.78-100 mgmL~" =0.84-153 mm) without pH changes
and within 24 h after sample preparation. Only the deprotect-
ed quaternary ammonium sophorolipids 5 and 12 were evalu-
ated as the peracetylated derivatives are poorly solu-
ble in water. Figure 6 presents a series of quaternary
ammonium sophorolipid derivatives at a concentra-
tion of 3.13mgmL"™’
(=3.35-4.79 mm), which were reported in our previ-
ous work, comparing the effects of the different sub-
stituents on the nitrogen atom on the self-assembly
properties."¥ As SAXS is not a highly sensitive technique, this
selective concentration was selected for presentation because
it is the closest to the antimicrobial and transfection data with
an acceptable signal-to-noise ratio. Of all tested samples and
for any concentration value, only compounds5a and 5b,
having octadecyl chain substituents, display a scattering re-
sponse. This is characterized by a plateau at low g values and
by an oscillation in a g range between 1nm~' and 3 nm™'
(Figure 6).

The scattering profile of compounds 5a and 5b is typical for

spheroidal micelles, of which the radius of gyration (R,) can be

estimated by classical Guinier analysis of the SAXS data.*”

Compounds 5a and 5b have typical R, values on the order of
3nm (Table 4). In this simplistic hypothesis of spherical mi-
celles, the relationship between Ry and the radius of the mi-
celle (R) is given by Equation (1):

R=1/%R, ()

thus providing a radius on the order of 4 nm. By using the
classical Tanford formula (I, (A)=1.541.264n,, with /. and n,
being the hydrocarbon chain length and the number of the
carbon atoms in the chain, respectively)® to estimate the
length of a fully extended hydrocarbon chain, one calculates
an overall molecular size of about 4.6 nm.”® This is composed
as follows in the sophorolipid structure: C;3=2.4 nm and C;=
1.2 nm, whereas the sophorose disaccharide is evaluated to be
about 1 nm by comparison to other disaccharides.”” Given the
above, one can affirm that the size of R, determined by the
Guinier approach, is comparable with the size of compound-
s5a and 5b. This result is in better agreement with the find-
ings for standard amphiphiles like alkylammonium surfactants,
than for bolaform acidic sophorolipids, because, in the latter
case, the micellar radius is comparable to half of the size of
the molecule, as predicted for bolaform surfactants.”® Howev-
er, one must take the analysis above as a merely qualitative ap-
proach owing to the crude approximations assumed in the
SAXS data treatment (Guinier model, spherical shape).
A deeper analysis of the micellar structure for these com-
pounds, out of the scope of this work, can be found in our
recent article where both model-independent (Guinier analysis)
and model-dependent (fitting by using a core-shell form
factor model) are employed and compared.” Finally, all com-
pounds presented in Figure 6 other than 5a and 5b provide at
equivalent concentration no significant scattering, showing
poor self-assembly in water. The difference between the good
self-assembly properties of compounds 5a and 5b and all
other compounds can most likely be attributed to the pres-
ence of the long aliphatic chain, which is necessary to intro-
duce van der Waals hydrophobic forces, required to drive the
self-assembly of an amphiphile in water.?53”

Similar results have been observed for the new set of long-
chain quaternary ammonium sophorolipids 5 (c, d) and 12 (a,
¢, d), which all have a similar scattering response, typical for
spheroidal micelles (Figure 7). For all compounds, the quater-
nary ammonium group is connected to a long aliphatic tail
(Cyy Cis, or Cig), which constitutes the driving force for their
self-assembly properties in water. Guinier analysis (Table 4) of
the corresponding SAXS data nicely shows that R, increases
with increasing hydrocarbon chain length connected to the
ammonium group. For instance, one finds for the com-
pounds 5 series: Ry (5d)=2.6+0.2nm, Ry (5¢)=2.9+0.1 nm,
and R, (5a)=3.14+0.1 nm, with a corresponding increase in
the secondary hydrocarbon tail comprised between C;, for 5d
and C,, for 5a. This trend logically reflects the upward (that is,
towards higher g values) shift of the scattering profiles when
going from long (C,g) to short (C,,) alkylammonium chains in
both the 5 (a, ¢, d) and 12 (a, ¢, d) sample series, respectively
analyzed in our recent article under the sample codes 1 (f, h, i)
and 1 (j, k, ).

A more quantitative analysis can be found in this article,
where the SAXS data of samples 5 (a, ¢, d) (=1 (f, h, i)) and 12
(@, ¢, d) (=1 (j, k, 1)) were fitted by using a core-shell sphere
model form factor, where the core and shell regions, respec-
tively, correspond to the alkylammonium and alkyl-sophorose
parts of the molecules. We find that samples 5a, 5¢, and 5d
(1f, 1h, and 1i in Ref. [29]), respectively, have a core radius of



1.7, 1.5, and 1.0 nm, whereas samples 12a, 12¢, and 12d (1},
1k, and 11 in Ref. [29]), respectively, have a core radius of 1.6,
1.4, and 1.0 nm. The shell thickness is 1.7 +0.1 nm on average,
independent of the length of the aliphatic spacer and/or chain.
This analysis confirms that the increase in the overall micellar
size is most likely attributed to the increasing chain length, as
expected for classical alkyltrimethylammonium surfactants.®"”
The SAXS data demonstrate the remarkable self-assembly
properties of compounds 5 (a, b, ¢, d) and 12 (a, ¢, d), as low
as 3.35-4.79 mwm, thus being consistent with the “surfactant
effect” hypothesis for the antimicrobial activity (see above),
which is commonly evoked to explain the membrane-disrup-
tion properties of surfactants in general.*? In particular, antimi-
crobial effects of quaternary ammonium surfactants have been
known since the first half of the 20th century.® If both quater-
nary ammonium compounds and sophorolipids are known to
have antimicrobial properties, our data demonstrates that the
presence of both a sophorose and a quaternary ammonium
unit is not sufficient for an efficient antimicrobial effect, which
only occurs when the compound has specific self-assembly
properties.

As far as the relationship between self-assembly and trans-
fection is concerned, the explanation is less straightforward.
The main fact consists of the enhanced transfection properties
of only those compounds that independently self-assemble
into micelles. However, transfection and self-assembly are mea-
sured under different conditions. Indeed, the liposomal solu-

tions were prepared by mixing sophorolipids with DOPE in a
1:1 molar ratio at a concentration of 1.5 mm of sophorolipids.
DOPE also contributes to the organization of the supramolec-
ular packing, thus leading to aggregates featuring sizes rang-
ing from 50 to 230 nm (DLS measurements). On the other
hand, samples from SAXS measurements were composed of
sophorolipids alone and featured higher concentrations (0.78-
100 mgmL~"'=0.84 to 153 mm). The results for different con-
centrations of the same compound were all coherent. Mixtures
with DOPE were not included as SAXS can hardly discriminate
between coexisting micelles and vesicles, which both give a
signal in the same g range and the sensitivity of the SAXS anal-
ysis is rather limited in the 0.5-1 mgmL™' range. Based on
these data, we can draw the following conclusions: 1) for the
antimicrobial activity, the sophorolipids were dissolved alone
(without DOPE) in Mueller Hinton Broth and some of them
form micelles. They interact with the bacterial cell wall and
induce variable bactericidal action;®**¥ 2) when formulated
with DOPE, and thanks to DOPE, it is expected that quaternary
ammonium derivatives of sophorolipids with a long aliphatic
chain can self-assemble with the phospholipid bilayer to form
a positively charged liposome with enhanced transfection effi-
ciency. These liposomal solutions interact with pDNA and the
resulting lipoplexes can be used for transfection of eukaryotic
cells without high toxicity (at CR=2). However, it is not yet
clear how the sophorolipid derivative integrates the liposome
bilayer.

Conclusions

Novel quaternary ammonium sophorolipids were synthesized
starting from both oleic and petroselinic acid-based sophoroli-
pids. Dodecyl, pentadecyl, and octadecyl groups were intro-
duced on the nitrogen atom to evaluate the influence of the
length of the nitrogen substituent, the total length of the
sophorolipid tail, and the position of the nitrogen atom for de-
rivatives with the same total length. The new quaternary am-
monium sophorolipids were evaluated for their antimicrobial,
transfection, and self-assembly properties. All new derivatives
were active against the Gram-positive bacteria Staphylococcus
aureus ATCC 6538 and Staphylococcus aureus Mu50. The depro-
tected derivatives with an N-dodecyl or N-pentadecyl substitu-
ent also showed considerable activity against the Gram-nega-
tive bacteria Escherichia coli LMG 8063, Klebsiella pneumoniae
LMG 2095, and Pseudomonas aeruginosa PAO1. It is noteworthy
that some of these bacteria are part of the priority pathogens
list for R&D of new antibiotics.* For the acetylated quaternary
ammonium salts, increasing activity is observed with a de-
crease in chain length, with the highest activity obtained for
the peracetylated N,N-dimethyl-N-dodecyl derivative 11d. For
the deprotected quaternary ammonium sophorolipids, an op-
posite trend is observed, that is, increasing activity with an in-
crease in chain length, with the highest activity obtained for
the previously synthesized derivatives 5a and 5b. On the basis
of molecular weight, the peracetylated N,N-dimethyl-N-dodecyl
derivative 11d performs slightly better than the previously syn-
thesized derivatives 5a and 5b. Higher antimicrobial activities
were obtained for the quaternary ammonium sophorolipids 5a
and 5b than for the deglycosylated derivatives 13 and 14, indi-
cating that increased hydrophilic character of the compounds
results in an increased antimicrobial activity. Evaluation of the
transfection efficiency indicated that formulation with DOPE
was required for all six new derivatives to obtain homogene-
ous liposomal solutions and a low DNA compaction ability was
observed for most compounds. All six new quaternary ammo-
nium sophorolipids were able to transfect the DNA in the
three tested cell lines (A549, 16HBE, and SKMEL28). The best
results were obtained with quaternary ammonium sophoroli-
pids 12d, and in a lesser extent 5¢, for which higher transfec-
tion efficiencies were obtained with the three cell lines than
for the previously evaluated compounds 5a and 5b, and for
which a low cell toxicity was also observed. These results indi-
cate that the total length of the lipid tail and the presence of
two lipid fragments with the same length have an influence
on the transfection efficiency. Evaluation of the self-assembly
properties indicated that the presence of a long chain on the
nitrogen atom was necessary for the compounds to self-as-
semble in water and provide the formation of micelles.
A strong correlation was found between the property of self-
assembly and the antimicrobial activity and transfection effi-
ciency. These results are promising for medical applications in
which transfection efficiencies or micelle formation need to be
combined with good antimicrobial properties. To further ex-
plore the application possibilities, the simultaneous antimicro-
bial action and transfection efficiency could be assessed by



evaluating the transfection of eukaryotic cells in the presence
of prokaryotic cells.®

Experimental Section
Synthetic procedures

Sophorolipid amines 9 and 10: In a 50 mL flask, peracetylated
sophorolipid aldehyde 3 or 8 (2.02 mmol, 1 equiv) was dissolved in
methanol (25 mL) and the amine (2.02 mmol, 1 equiv), NaBH,CN
(0.25 g, 4.04 mmol, 2 equiv), and acetic acid (0.58 mL, 10.09 mmol,
5 equiv) were added sequentially. For reaction with pentadecyl-
amine, the sophorolipid aldehyde and amine were stirred for 1 h at
room temperature (18°C) prior to the addition of NaBH;CN and
AcOH to avoid a second reductive amination. The reaction mixture
was stirred overnight at room temperature, concentrated under re-
duced pressure, and dissolved in ethyl acetate. The mixture was
washed three times with a saturated NaHCO; solution and the or-
ganic phase was dried over MgSO,, filtered, and concentrated
under reduced pressure. The peracetylated sophorolipid amines
were purified by automated column chromatography as a viscous
colorless oil with n-hexane/mixture A as eluent (mixture A=16%
triethylamine in ethyl acetate).

Peracetylated quaternary ammonium sophorolipids 4 and 11: In
a 10 mL flame-dried pressure-resistant vial, peracetylated sophoro-
lipid amine 9 or 10 was dissolved in dry acetonitrile. The solution
was cooled to 0°C and the alkyl iodide (5 equiv) was added. For
the N-pentadecyl sophorolipid amines 9a and 10b, the quaterniza-
tion was performed with 10 equivalents methyl iodide and 2 equiv-
alents K,CO,. The vial was closed and heated to 80°C for 18 h
(methyl iodide) or 48 h (butyl iodide). The reaction mixture was
concentrated under reduced pressure and recrystallized from di-
ethyl ether, if necessary, to yield the peracetylated sophorolipid
quaternary ammonium salt. For the N-pentadecyl quaternary am-
monium sophorolipids 4c and 11c¢, the derivatives were dissolved
in EtOAc and washed with water to remove the residual K,CO;.

Deprotected quaternary ammonium sophorolipids 5 and 12: In
a 25 mL flame-dried round-bottomed flask, the peracetylated soph-
orolipid quaternary ammonium salt 4 or 11 (0.45 mmol, 1 equiv)
was dissolved in a methanol/water mixture (1:1) and Et;N (13 mL,
0.90 mmol, 2 equiv) was added. The mixture was stirred for 2 h at
reflux temperature and concentrated under reduced pressure to
yield pure deprotected quaternary ammonium sophorolipid 5 or
12.

Materials and methods

General instrumental methods: Commercially available products
were used without further purification. NMR spectra were recorded
at 400 MHz ("H) and 100 MHz ("3C) in CDCl; or MeOD with a Bruker
Avance Il Nanobay 400 MHz spectrometer at room temperature.
Low-resolution mass spectra were recorded with a single quadru-
pole mass spectrometer (ESI, 70 eV). High-resolution mass spectra
were obtained with a time-of-flight (TOF) mass spectrometer (ESI
or APCI). Melting points were determined with a Wagner and
Munz Kofler-Heizbank (Type WME) instrument.

Determination of the antimicrobial activity: Antimicrobial activity
of all quaternary ammonium sophorolipids against E. coli LMG
8063, K. pneumoniae LMG 2095, P. aeruginosa PAO1, S. aureus ATCC
6538, and S. aureus Mu50 was assessed by a broth microdilution
method (CLSI, 2012).5” Strains with LMG designation were ob-

tained from the BCCM/LMG Bacteria Collection (Ghent, Belgium),
whereas strain ATCC 6538 was obtained from the American Type
Culture Collection (Manassas, VA). S. aureus strain Mu50 was a kind
gift from P. Vandamme (Ghent, Belgium). All strains were grown
aerobically at 37°C on Mueller Hinton agar (LabM, Heywood, UK).
The minimal inhibitory concentration (MIC) that inhibited growth
completely compared with the untreated control and the minimal
bactericidal concentration (MBC) at which no more surviving or-
ganisms can be recovered were used as measures of activity. MIC
and MBC values were determined by using flat-bottomed 96-well
microtiter plates (TPP, Trasadingen, Switzerland). Concentrations of
compounds tested ranged from 0.48 to 1000 ugmL™' in Mueller
Hinton Broth (LabM). The inoculum was standardized at approxi-
mately 5% 10* colony forming units (CFU)YmL™". The plates were in-
cubated at 37°C for 24 h, and the optical density was determined
at 590 nm by using a multilabel microtiter plate reader (Envision
Xcite, PerkinElmer LAS, Waltham, MA).

For the biofilm assay, S. aureus ATCC 6538 and S. aureus Mu50
were cultured on Trypton Soy agar plates (TSA, LabM, Lancashire,
UK). From these pure cultures, overnight suspensions were made
by inoculating 10 mL Trypton Soy broth (TSB, LabM, Lancashire,
UK) with a loopful of microorganisms. Both strains were grown aer-
obically at 37°C. Biofilms were formed as previously described.*®
Overnight suspensions were adjusted with TSB to an optical densi-
ty of 0.05. These optical densities correspond to approximately
2.5%x 10" CFUmL™". An aliquot (100 pL) of the diluted cell suspen-
sion was transferred to the wells of a polystyrene round-bottomed
96-well microtiter plate (MTP, SPL, Lifescience, Korea) and incubat-
ed at 37°C. Blanco control wells were filled with sterile medium.
The medium was removed after 4 h and the biofilms were rinsed
with Physiological Saline (PS) to remove non-adhered cells. Fresh
medium was subsequently added to the wells and the plates were
further incubated for 20 h. These biofilms were rinsed with PS and
treated with 100 uL of test compound at a concentration of
20 ugmL' for 24 h at 37°C. The treatments were removed and
the biofilms were rinsed with PS. To determine the CFU, 100 pL PS
was added to the wells containing the treated biofilms and the
MTP was sonicated and vortexed twice. The detached cells were
quantified by conventional plating.

Liposome formulation: The liposomal solutions were prepared by
the lipid film hydration method. A 1.5 mm solution (in 1 mL) of
each compound was prepared in chloroform, formulated with or
without DOPE (1:1 compound/DOPE) and evaporated under re-
duced pressure to produce a thin lipid film. Water (1 mL) was
added to rehydrate this lipid film over a time period of 7 days at
room temperature. The solution was vortexed (10 s) and sonicated
(30 min at 50°C) at 45 kHz by using a VWR ultrasonic bath. The
size and zeta potential were determined for each liposomal formu-
lation.

DNA complexation: Lipoplexes were prepared by mixing pDNA
(PEGFP-Luc, Clontech) with each liposomal solution in OptiMEM
(Gibco). Addition of pDNA to the liposomal solutions was per-
formed at concentrations corresponding to CR ranging from 1 to
4. The obtained mixtures were incubated at room temperature for
1 h before being subjected to electrophoresis in a 0.8% agarose
gel at 100V, 90 mA. The gel was stained with SYBRgold nucleic
acid gel staining (Life Technologies) and visualized under UV light
by using a UV trans-illuminator (Fischer Bioblock).

Transfection efficiency: The in vitro reporter gene assay by lucifer-
ase measurement was carried out as reported previously.***? Data
were expressed as relative light units (RLU) per milligram of total



proteins (means + SD with n=3). Lipofectamine 3000 (Invitrogene)
was used as the standard.

Cell viability: The Vialight kit (Lonza) was used to estimate the via-
bility of the cells following transfection. For this purpose, 48 h after
exposition to the lipoplexes to evaluate, cells were lysed and their
ATP content was determined, as recommended by the manufactur-
er. Non-transfected cells were used to express viability results in
the form of percentages (% of the reference).

Small-angle X-ray scattering (SAXS): SAXS experiments were per-
formed at 25°C immediately after sample preparation with the Bio-
SAXS BM29 beamline at the ESRF synchrotron facility (Grenoble,
France) using 12.5 keV energy and a sample-to-detector distance
of 2.867 m, imposed by the beamline standard configuration. The
energy was calibrated by measuring the L, and L, edges of plati-
num and the sample-to-detector distance was determined by
using silver behenate (d,.;=58.38 A).*% For this experiment, the au-
tomatic sample changer for liquids was employed using the 96-
well plates and about 100 plL of each sample.*” The liquid sample
is automatically loaded into a 1.8 mm quartz glass capillary and
ten acquisitions of 1s each are taken as the sample passes the
beam. Individual frames are manually controlled for systematic
changes and averaged for better statistics if none are found. Even-
tual changes can be either due to intrinsic sample heterogeneity
or radiation damage. The signal of the Pilatus 1M 2D detector,
used to record the data, is integrated azimuthally with PyFAI to
obtain the /(g) vs. g spectrum (g = 4,—7 sinf, where 20 is the scatter-
ing angle) after masking systematically wrong pixels and the beam
stop shadow.”? Absolute intensity units were determined by meas-
uring the scattering signal of water (0.0163 cm™'). Radii of gyration,
Ry have been calculated by Guinier analysis of the SAXS data by
using SasView software, available free of charge at the developer’s
website (http://www.sasview.org).
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Figure 1. Diacetylated sophorolipid lactone 1 and sophorolipid acid 2.
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Scheme 1. Modification pathway towards quaternary ammonium sophorolipids 4 and 5.
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Scheme 3. Synthesis of oleic acid-based quaternary ammonium sophorolipids 4 and 5, and petroselinic acid-based quaternary ammonium sophorolipids 11
and 12.



Table 1. MIC and MBC values for the oleic acid (OA) and petroselinic acid (PA)-based quaternary ammonium sophorolipids against E. coli LMG 8063, K.
pneumoniae LMG 2095, P. aeruginosa PAO1, S. aureus ATCC 6538, and S. aureus Mu50. The best results against the Gram-positive bacteria are highlighted in
bold, the best results against Gram-negative bacteria are highlighted in bold/italic.
Bacterial strain Parameter MIC or MBC value® [umol]
1 4a 4b 4c 4d 5a 5b 5c 5d
OA-based derivatives
E. coli LMG 8063 MIC > 1453 > 843 >815 874 454 >1122 >1071 147 310
MBC ND ND ND ND ND ND ND 147 ND
K. pneumoniae LMG 2095 MIC > 1453 >843 >815 874 113 >1122 >1071 73.6 310
MBC ND ND ND ND ND ND ND 73.6 ND
P. aeruginosa PAO1 MIC > 1453 > 843 >815 >874 >908 >1122 536" 147 619
MBC ND ND ND ND ND ND ND ND ND
S. aureus ATCC 6538 MIC 182 6.59 6.36 1.71 1.77 2.18 2.09 18.4 38.7
MBC 363 6.59 204 3.42 7.09 8.76 2.09 36.8 774
S. aureus Mu50 MIC 363 26.4 50.9 1.71 1.77 4.37 4.18 36.8 155
MBC 1453 52.7 204 1.71 3.55 17.5 16.73 73.6 310
PA-based derivatives
7 1a 11b 1c 11d 12a 12b 12c¢ 12d
E. coli LMG 8063 MIC > 1453 >815 >788 843 874 >1071 >1025 70.1 36.8
MBC ND ND ND ND ND ND ND 140 73.6
K. pneumoniae LMG 2095 MIC > 1453 >815 >788 843 874 1071 >1025 35.1 36.8
MBC ND ND ND ND ND ND ND 140 147
P. aeruginosa PAO1 MIC > 1453 >815 >788 > 843 > 874 1071 >1025 280 147
MBC ND ND ND ND ND ND ND ND ND
S. aureus ATCC 6538 MIC 182 50.9 98.5 6.59 1.71 8.37 16.0 8.76 184
MBC 363 50.9 394 13.2 1.71 8.37 16.0 17.5 184
S. aureus Mu50 MIC 363 407 394 6.59 1.71 16.7 16.0 8.76 184
MBC 1453 815 >788 6.59 1.71 16.7 320 35.1 36.8
[a] Values indicated with “>" are above the detection limit; ND =not determined. [b] The value given is the MIC,,, value, that is, the minimum inhibitory
concentration at which the growth of the strain is reduced by 50 %.

Table 2. MIC and MBC values for the deglycosylated derivatives against Table 3. Size and zeta potential (§) measurements of solutions prepared
S. aureus ATCC 6538 and S. aureus Mu50. at 1.5 mm after 2 days of hydration without (left) or with (right) DOPE
(PDI = polydispersity index).
Bacterial strain Parameter MIC or MBC value® [umol]
5a 5b 13a 13b 14a 14b Sophorolipid Without DOPE With DOPE
S. aureus ATCC  MIC 218 209 344 321 5668 2633 size nml POl CImVl sizelnm] PDI CImV]
6538 MBC 8.76 2.09 55.08 51.28 56.68 26.33 5a 186+110 0.94 299 54405 0.22 49.2
S. aureus Mu50 MIC 437 418 110 103 227 105 5b 275+49 0.56 27.9 944+0.1 0.20 40.8
MBC 175 16.73 110 103 227 21 5¢ 261+9.8 038 396 171+£2.0 047 533
5d 189+49 0.25 19.2 181+£1.2 0.26 495
12a 234+45 0.73 40.0 103+05 0.28 474
Table 4. Radii of gyration of the micellar aggregates obtained by Guinier analysis of 12b 259411 064 339 86:£0.9 024 301
R 5 12c¢ 141+£31 039 41.0 187+13 047 520
the SAXS curves presented in Figure 6 and Figure 7.
12d 204+£1.1 043 438 235+45 050 522
Parameter Sophorolipid
5a 5b 5¢ 5d 12a 12¢ 12d Naked
DNA 5a 5h 5¢ 5d 12 126 12¢  12d LFM
Ry [nm] 3.1£0.1 334+01 29+0.1 26+02 34+01 27401 2.140.1
OH Me Me |- OH Me Bu |-
- N - N
I e T e
13a 13b
Me\ Me I Me\ /Bu I
N N
N e T s
14a 14b

Figure 2. Deglycosylated quaternary ammonium salts 13 and 14.

Figure 3. DNA complexation ability of deprotected quaternary ammonium
sophorolipids 5 and 12 (formulated with DOPE) as determined by agarose
gel retardation assay for different charge ratios. Naked DNA and LFM (Lipo-
fectamine 3000) were used as controls.
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Figure 4. Transfection efficacies (TE) of deprotected quaternary ammonium sophorolipids 5 and 12 (formulated with DOPE) on three cell lines (A549, 16HBE,
and SKMEL28) by using a luciferase-encoding pDNA. TE are expressed in RLU per mg of proteins (n=3). Lipofectamine (LFM) and naked (uncomplexed)
pDNA were used as positive and negative controls, respectively.
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Figure 5. Cell viability determined 48 h after incubation of the cells with lipoplexes prepared with deprotected quaternary ammonium sophorolipids 5 and 12
(formulated with DOPE). Naked pDNA was used as the negative control. Values are expressed as a percentage of the viability determined with untransfected
cells.
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Figure 6. SAXS data of oleic acid-based quaternary ammonium sophorolipids 3 and 5 at a concentration of 3.13 mgmL™' (=3.35-3.88 mm).
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Figure 7. SAXS data of oleic acid-based quaternary ammonium sophorolipids 5 and petroselinic acid-based quaternary ammonium sophorolipids 12 at a con-

centration of 3.13 mgmL"' (=3.35-3.88 mwm).
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