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Abstract

The development and implementation of new amphiphiles based on natural resources rather than
petrochemical precursors is an essential requirement due to their feedstock depletion and adverse
environmental impacts. In addition, the use of bio-based surfactants can provide unique
characteristics and improve the properties and versatility of the colloidal systems in which they are
applied, such as emulsions. Here, the emulsification properties of a synthesized biocompatible
mannose-based surfactant were investigated. Its behavior was evaluated in the presence of four
different natural oils (castor, sunflower, olive and soybean) as well as two different aqueous phases
(pure water and phosphate-buffered saline). The results highlighted their interest as surfactant in
O/W nanoemulsions for all tested oil and aqueous phases, using a low-energy preparation protocol
and relatively low surfactant concentrations. Furthermore, the mannose groups present on the polar
head of the surfactant and adsorbed on the surface of the emulsion droplets were shown to retain

their native biological properties. The specific mannose-concanavalin A binding was observed in
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vitro by the designed nanoemulsions, revealing the biorecognition properties of the surfactant and
its potential applicability as a nanocarrier.
Keywords: nanoemulsion, biorecognition, mannose, concanavalin A, particle size distribution

1. Introduction

Nanoemulsions are emulsions in the submicrometer range which can be described as a kinetically
stable single-phase system with a droplet diameter in the 100 to 500 nm range[1-3]. In this kind of
systems, the interface between two immiscible liquids is stabilized by the addition of a surface-
active compound in low concentration, e.g. a surfactant. This results in a colloidal dispersion where
the nature of the components will be directly related to the final properties of the system[4]. A wide
range of emulsification methods can be used to produce different types of emulsions, including oil-
in-water (O/W), water-in-oil (W/Q), or even more complex multiple emulsions, e.g. oil-in-water-in
oil (O/W/O) and water-in-oil-in-water (W/O/W) systems[5-7]. Extreme emulsification, phase
inversion, nanofluidics, membrane emulsification or satellite droplets are only a few of the most
extended methods used in their preparation[8]. With a stability from weeks to months,
nanoemulsions are absent of any thermodynamic restrictions or specific temperature effects[9] that
can limit their composition, in contrast to microemulsions, widening their use in drug delivery
systems, food, cosmetics, templates or material synthesis[10]. However, new formulations that
improve their properties as well as their ecological nature are on demand while maintaining a desired
functionality and well-controlled physical properties[11]. Most of the currently in use emulsifiers
have a petrochemical origin. Over the last few years, there is a gradual tendency in their substitution
by biomolecules due to the petroleum feedstock decrease and its effect in the climate change[12].
Among all the possible replacements, sugar-based surfactants have emerged as a commercially
consistent alternative[13], particularly the ones based on monosaccharides acting as hydrophilic
unit. Although they can be obtained from renewable raw materials, they add innate properties such

as biodegradability, low toxicity and biocompatibility, thus meeting the principles of green
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chemistry[14]. Out of all sugars, D-mannose is one of the most widely used in the food and
biomedical fields[15]. Its properties allow it to be used as a novel transgene adjuvant to control
chronic neuropathic pain[16], to reduce the risk of urinary tract infections[17], and more
importantly, it can be used as an anchor point due to its specific recognition process with mannose-
binding lectins (MBLs)[18]. Lectins are a promising tool for the detection of biomarkers, as bacteria
or cancer cells, in bodily fluids and tissues[19]. Synthetic mannosylated systems have been recently
synthesized[20] and used as vehicles to specifically deliver drugs or antigens to these cells, mostly
in the form of vaccines[21,22]. Nevertheless, due to their multivalency, MBLs bind to high-order
glycan structures while their affinity for monosaccharides units remains fairly low[23]. Monovalent
mannose-based ligands, while able to yield good interactions with mannose receptors, lack the high
affinities that multivalent ligands have, in agreement with the cluster effect that leads to more
efficient targeting effects[24]. The design of synthetic ligands capable of recognizing glycoreceptors

with high affinity and their incorporation to our daily uses is of vital importance.

In the present work, we report the development and applicability of an ecofriendly amphiphile
characterized by a mannose-based polar head group and oleic acid tail as nonpolar moiety, (PMan)g-
b-Ol, as emulsifier. The branched polysaccharidic head of this surfactant was designed to improve
its affinity to MBLs, while maintaining the innate features of the sugar while forming O/W
nanoemulsions with vegetable oils. By dynamic light scattering, laser scanning confocal microscopy
and turbidity experiments, the emulsion droplets and their stability were characterized. Furthermore,
its applicability and biocompatibility properties were elucidated when selectively binding in vitro
to concanavalin A, a MBL, showing the feasible use of this novel surfactant in the design of

biological drug delivery systems, working as nanocarrier.

2. Materials and Methods
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2.1. Materials. (PMan)g-b-Ol surfactant (Propargyl-(oligo)-mannopyranoside-b-oleic-acid,
mannose, Degree of Polymerization, DP = 9) was synthesized by our group. Olive oil (from olivae
oleum virginale, >99%), castor oil (from ricinus communis, >99%) and sunflower seed oil (from
helianthus annuus, >99%) were supplied from Sigma-Aldrich (St. Louis, MO, United States of
America). Soybean oil (from glycine max, >99%) was purchased from Alfa Aesar (Havervill, MA,
United States of America). Phosphate-buffered saline (PBS) 10x solution was obtained from
Euromedex (Souffelweyersheim, France). CaCl, and MnCl2-4H20 salts were supplied by Sigma-
Aldrich (St. Louis, MO, United States of America) and Alfa Aesar (Havervill, MA, United States
of America), respectively. Nile Red die, Concanavalin A (ConA, from canavalia ensiformis) and
Ricinus Communis Agglutinin I (RCA120, from castor bean) lectins were purchased from Sigma-
Aldrich (St. Louis, MO, United States of America). Ultrapure deionized water, used for cleaning
and dispersion preparation, was obtained by a Millipore Milli-Q unit, and pretreated by a Millipore
reverse osmosis system (>18.2MQ cm™).

2.2.  Nanoemulsion preparation. Nanoemulsions were prepared by the weight (with a + 0.1 mg
precision) of the different compounds that form it. (PMan)e-b-Ol was used as surfactant. Castor,
soybean, sunflower, and olive oils were employed separately as oleic phases. Ultrapure deionized
water as well as phosphate-buffered saline (PBS) (with 0.1 mM CaClz and 0.1 mM MnCly, pH =
7.2) were used as aqueous phases. Thus, every nanoemulsion prepared is described in function of
its amount of surfactant, water phase and oil phase used (expressed in wt%). The ratio between the
compounds in each sample can be obtained from the respective ternary pseudo-phase diagram

((PMan)e-b-OI/Qil phase/Aqueous phase).

The protocol of preparation was as follows: first, the required amount of (PMan)e-b-Ol was weighed
and poured into a vial. Then, the aqueous phase was weighted and added, and the mixture was
homogenized for 30 min using a magnetic stirrer (1000 rpm). Finally, oleic phase was also

incorporated to the vial, leading to the final desired composition. The final ternary mixture was
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homogenized for 24 h using a magnetic stirrer (1400 rpm) at room temperature (e.g., a (PMan)g-b-
Ol/Soybean 0il/PBS emulsion in a 5/25/70 wt% ratio was made by the stirring at 1000 rpm of 50
mg of surfactant in 700 mg of a PBS solution. Then, 250 mg of soybean oil were added and the final
mixture stirred at 1400 rpm for 24h). It is worth noting that specific stirring conditions, time, and
speed motion during the preparation of the nanoemulsions were not required to obtain the final

dispersions.

2.3. Determination of the Nanoemulsion Region. The boundary of the nanoemulsion region
was analyzed at room (25 °C) and human physiological (37 °C) temperatures for the determination
of the pseudo-ternary phase diagram. Every diagram corresponds to a cut of the whole ternary phase
diagram at constant temperature and pressure, where the amount of (PMan)e-b-Ol used varies
between 1 and 5 wt%. The nanoemulsion regions were identified as those dispersions where a final
homogeneous and stable one phase system was obtained during at least 14 days.

2.4.  Sample preparation protocol for emulsion-lectin recognition studies in vitro. A 5/25/70
wt% (PMan)g-b-Ol/Soybean 0il/PBS nanoemulsion at 37 °C was diluted in PBS in a 1:1000 ratio.
For the DLS measurements, 200 pL of the diluted emulsion in PBS were taken out and 5 ul of a
lectin (1 mg/ml in PBS) solution were added in an Eppendorf tube. The mixture was shaken at room
temperature for 20 minutes before the lectin was incubated for 40 min at 37 °C under shaking.
Finally, solutions were centrifuged at 37 °C for 20 min at 10,000 g. The supernatant was removed,
and the residue redispersed in PBS buffer solution prior sample characterization. This washing step
was repeated three times before the samples were measured by DLS. For LSCM measurements, the
emulsions were loaded with Nile Red as follow : 200 ul of the diluted emulsion were loaded using
20 ul of a 1 mg/mL Nile Red solution in methanol by magnetically stirring the mixture (750 rpm)
for 30 min at room temperature. For turbidity measurements, 300 pL of a 0.016 mg/ml solution of
the studied lectin (conA or RCA120) were added together with 200 pL diluted emulsion into a quartz

cuvette and placed in a UV spectrometer.
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2.5.  Dynamic light scattering. DLS measurements were performed using two different setups
depending on the concentration, transparency, and turbidity of the sample. Emulsions were
characterized by a Vasco Particle Size Analyzer (Cordouan Technologies, Pessac, France) at 25 °C
and 37 °C using a diode laser (wavelength, A = 532 nm) and a scattering angle 6 = 135°. Based on
enhanced DLS, turbid as well as opaque samples can be properly measured and characterized.
Diluted samples were studied by a Zetasizer Nano ZS (Malvern Instruments Ltd., United Kingdom)
at 25 °C and 37 °C using a He—Ne laser (wavelength, A = 632 nm) in a quasi-backscattering angle 6
= 173°% In DLS experiments, it can be obtained the normalized intensity or second-order
autocorrelation function, g?(q,t), which is directly related to the field or first-order autocorrelation
function, g¥(q,t), equation (1), where B is the optical factor with a value close to 1[25]. In the case
of a monodisperse sample describing a Brownian motion, g (q,t) can be defined in function of a
single exponential decay. In this case, the diffusion coefficient can be related to the inverse of the
decay time, equation (2), being g = (4mn/A) sin(6/2) and n the continuous phase refractive index
(n =1.33). In Newtonian conditions, spherical particles, and their apparent hydrodynamic diameter,
d"app, can be obtained by the Stokes—Einstein relationship, equation (3), where kg denotes the

Boltzmann constant, T the temperature, and 1) is the viscosity.

2
9P, ) —1= BlgP(q 0| 1)
Dapp = 1/Tq2 (2)
AP = kyT/3m0Depy ®

2.6.  UV-Vis spectroscopy. Turbidity experiments were carried out by a Cary 100 UV-Visible
(Agilent Technologies, Santa Clara, CA, United States of America) at a fixed wavelength of 420
nm. The dispersions were placed in a 0.5 mL and 10 mm path length quartz cuvette. Their
absorbance evolution was followed in a time period of 60 min with a time step of 30 seconds. All
protein aggregates scatter light in the visible wavelength region (400 - 700 nm) since their size

ranges from nanometer to micrometer[26,27]. Turbidity experiments describe the attenuation of an
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incident beam by light scattering in time due to protein aggregation reactions taking place. Thus,
the emulsion-lectin interactions can be tracked.

2.7.  Laser scanning confocal microscopy. LSCM images were acquired on an inverted Leica
TCS SP5 microscope equipped with a PL APO 0.4 10x air objective (Leica Camera, Wetzlar,
Germany). 20 uL samples were deposited on a planar glass substrate and covered in order to form
a thin film prior analysis. The laser outputs were controlled via an Acousto-Optical Tunable Filter
(AOTF) and the two collection windows using the Acousto-Optical Beam Splitter (AOBS) and
photomultiplicators (PMT) as follows: Nile Red was excited with a DPPS diode at 561 nm (15 %)
and measured with emission setting at 565 - 600 nm. Aggregates were excited with a He-Ne laser
at 633 nm (10 %) in transmission mode. Images were collected using the microscope in sequential
mode with a line average of 16.

3. Results and discussion

The main objective of this study was to characterize the emulsifying and biological recognition
properties of an engineered sugar-based surfactant. The molecular structure of the amphiphile is
based on a mannose oligosaccharide polar head group linked to a hydrophobic oleic acid tail by
“click chemistry”, Figure 1. The synthesis procedure and characterization of the mannolipid,
denoted as (PMan)e-b-Ol , is described in SI.1. A comprehensive overview of the synthesis
procedure of similar sugar-based amphiphiles has already been reported[28]. In brief, the surfactant
is described as having a mannose-based polar head group with a high average degree of
polymerization, DP =9, and a dispersity, P = 2, as expected for a polycondensation synthesis. Most
of the monosaccharide units are linearly connected via a-(1,6)-linkages along with a partial presence
of a-(1,2)-linkages, leading to its final branched pattern. Thus, the polar head group, (PMan)g, can
be depicted as a long sugar-based branched moiety with free D-(+)-Mannose terminal sugars. The

final nonionic surfactant is characterized as a mainly hydrophilic molecule, with a theoretical
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average hydrophilic-lipophilic balance, HLB, of 15, which tends to form oil-in-water (O/W)

emulsions[29].

R: H or mannose

Figure 1. Molecular structure of the mannolipid. R denotes the a-(1,2) mannose ramification

position.

3.1. Determination and characterization of the nanoemulsion region.

A preliminary step, in connection with the use of O/W nanoemulsions as active carriers, is the
determination of the composition range in which nanoemulsions are formed. As starting point, the
nanoemulsions were studied under simplified conditions to further determine the effects of PBS and
temperature on the system. Using a pseudo-ternary phase diagram, different (PMan)o-b-
Ol/Qil/Water ratios were tested at a fixed temperature of 25°C. A set of different vegetable oils
(castor, sunflower, olive, and soybean) with similar nature to the hydrophobic region of the
surfactant were studied in order to increase the stability of the emulsion.[25] Emulsions based on
vegetable oils are easily accessible and biocompatible with and extended use in our daily uses.
Castor oil as oil phase is used to obtain oil-in-water nanoemulsions capable of successfully
solubilizing quercetin, a natural polyphenol occurring in anti-inflammatory, antibacterial,
antioxidant, antiangiogenic, and antitumor activities,[26] while sunflower seed oil is used to
encapsulate of both hydrophilic (i.e., iron oxide nanoparticles) and lipophilic (i.e., rhodamine B or
epirubicin) materials.[26] Considering the applicability of the emulsion, the pseudo-ternary phase

diagram was a cutoff of the true phase diagram containing a maximum concentration of (PMan)e-
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b-Ol, c,, of 5 wt%. Compared to microemulsions, low c, are used in nanoemulsions to reduce their
toxicity[30]. In addition, the total concentration of the oil phase, c,, was considered to be in the
range of 0 — 45 wt%. Beyond this concentration, the oil would be the main phase present in the
system, which would make impossible the use of the O/W nanoemulsion term.

In all (PMan)e-b-Ol1/Oil/Water systems tested, nanoemulsions were obtained when the surfactant
and oil concentrations ranged between 0.5-5 and 1-25 wit%, respectively. While stable
nanoemulsions were obtained at all tested c,, at c, above 25 wt%, most of the dispersions were
unstable. They were characterized by a clear phase separation in which the two main liquid
constituent components used, aqueous and oleic, split after a creaming process. Figure 2 shows
characteristics photos of the samples and the ternary phase diagram of (PMan)e-b-Ol/Castor
oil/Water, as example. As it can be seen, although stable in the c, range of 1 to 5 wt%, no turbidity

changes are observed when the ¢, is varied up to 25 wt%, maintaining its milky appearance.

5% 10%  15%  20%

Castor oil

Figure 2. (a) Photos of the dispersions of (PMan)e-b-Ol/Castor oil/Water emulsions increasing the
castor oil ratio from left to right at a fixed 5 wt% of surfactant. (b) Ternary phase diagram
representing a cut of the whole phase wt% diagram obtained at 25°C for the (PMan)q-b-Ol/Castor

oil/Water system. Studied oil-in-water (O/W) nanoemulsion region is evidenced in gray. Stable and
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unstable O/W nanoemulsions are denoted by green and red dots, respectively. Notice that the axes

represent the wt% of every component.

Moreover, similar results were obtained for other dispersed phases, such as sunflower, olive, and
soybean oils. S1.2 shows the photos and the ternary phase diagrams of each oil with each sample
composition tested. The stability of the nanoemulsions can be related to the chemical structure of
these natural oils, based on different ratios of ricinoleic, palmitic, oleic, linoleic and linolenic acid,
in line with the hydrophobic tail of the surfactant. (PMan)e-b-Ol, as a nonionic surfactant, mainly
promotes the stabilization by steric repulsions, limiting the molecular approach to the fluid interface.
The mannose-based polar head is faced to the continuous aqueous media while the hydrophobic
oleic-based tail does it to the oleic one. In this way, the surfactant is positioned as a steric barrier,
reducing the surface tension and increasing its elasticity, preventing fluctuations that could lead to
coalescence processes. While a bulky hydrophilic moiety is relevant as a steric barrier, as in
(PMan)g, so is the structure of the hydrophobic one. A difference in the chemical structure of the
lipophilic tail respect to the oil clearly affects the stabilization of the nanoemulsion. Consequently,
mineral oil, characterized by saturated and aromatic structures, led to phase separation, SI.2.

While in an aqueous media surfactants with similar molecular structure self-assemble into micelles
with mean hydrodynamic diameter values, d;'?, of c.a. 10 nm,[31] when used in an emulsified
system, (PMan)o-b-Ol form droplets characterized d;"? of ca. 160 to 350 nm, depending on the oil
and surfactant concentrations. All the O/W nanoemulsions denoted an average PDI of ca. 0.2 and a
minimum stability of 14 days at room temperature, as indicated by DLS. SI.3 collects each d;'?
value over time for each sample. As expected, a direct relationship between the oil:water and
surfactant:oil ratios was observed in the final size of the nanoemulsion. At a constant (PMan)e-b-OlI
cs of 1 wt%, an increase in the oil:water ratio leads to higher d;”F values, Figure 3a. A constant

amount of surfactant molecules are available to cover a higher amount of oleic phase. Therefore,
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the extra amount of oil must be redistributed in the system, namely inside the droplets, which leads
to an increase in droplet size. When this ratio increases and a c, of 30 wt% is reached, irrespective
of the type of oil, the system becomes unstable and the emulsion phase separates. Same d;*? trend
was observed for similar oil:water ratios when the ¢, was increased to 5 wt%, Figure 3b. However,
the use of larger amount of surfactant seems to have no effect or slightly increase the d;"* and
polydispersity of the droplets. Note that, in the case of simple surfactants, an increase in c; is
associated to a decrease in the average droplet size. A higher surfactant concentration allows the oil
droplets to be more dispersed while remaining coated, which reduces the surface tension of the
smaller droplets[32]. (PMan)e-b-Ol, due to its complex molecular structure and the unique behavior
of sugar-derivatives at interfaces, can undergo an assembly reorganization at the interface as
function of its concentration. Complex hydrophobic tails have been reported to adopt different
configurations depending on the system, such as bent or linear [33,34]. Also, it is known that sugar-
sugar hydrogen bonding interactions can also play a key role in the self-assembly processes and the
final conformation[35]. Finally, taking into account that non-constant water:oil ratios were used at
fixed cq, it is impossible to accurately compare and explain the effect of the surfactant concentration
on the final average size distribution. E.g., 1/25/74 and 5/25/70 wt% (PMan)e-b-OI/Olive oil/Water
emulsions are described by 2.96 and 2.8 water:oil ratios, respectively. Nevertheless, as the
delimitation of the stable emulsification region was the main objective of the work, further
rheological studies are suggested to explain this behavior. Regarding stability, no coalescence was

observed after 14 days. A minimal increase in the d;"?and PDI was observed, demonstrating that
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the O/W nanoemulsion droplets are quite stable against coalescence, while a phase separation starts

to occur after several weeks.
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Figure 3. Average droplet size distribution of castor (®, A), sunflower (®,A), soybean (* , ) and

olive (®, A) oil (PMan)e-b-Ol/oil/water nanoemulsions at 25 °C with (a) 1 wt% and (b) 5 wt% c;.

Considering the applicability of the emulsion, the aqueous medium of the system was replaced by
PBS at pH 7.2 and analysed at 37 °C to approximate biological conditions. Nanoemulsions with a
¢, of 5wt% and c, in the 15 to 25 wt% region were studied, with no visual changes observed in the
samples respect their continuous pure water counterparts, denoting their viability in this phosphate-
buffered saline medium. Compared to water-based nanoemulsions, the addition of salts to the
system and the increase in temperature raised the average droplet size, as shown in Figure 4.
Although stable, the d;? values obtained in PBS increased in the c, 15 to 25 wt% range, compared
to MilliQ water-based nanoemulsions, leading to O/W nanoemulsion droplets of ca. 200 to 450 nm
d;PP. This variation in droplet size is expected. Although the assembly of nonionic surfactants is
less affected by ionic strengths and pH changes compared to ionic ones at the time of stabilizing
interfaces, changes in the temperature can affect the system stability and surface-tension[36]. It is
known that the presence of sodium phosphate increases the surface tension with respect to pure

water, destabilizing the interface, promoting the coalescence and therefore the final increase of
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d;PP. Moreover, a direct relationship between the c, and d;F? was also observed, as previously in
aqueous media, where an increase of the oil wt%, while decreasing the continuous phase wt%, also

led to a final increase in droplet size.
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Figure 4. Average droplet size distribution of sunflower (®), soybean (), and olive oil (®)

(PMan)e-b-Ol/0il/PBS nanoemulsions at 37 °C with a c¢; 5 wt%.

3.2.  Protein recognition specificity.

As a proof of concept, the recognition properties of the nanoemulsion, and specifically of the
designed mannose-based surfactant, were studied under in vitro conditions. The behavior of a
1:1000 diluted O/W emulsion of (PMan)s-b-Ol/Soybean 0il/PBS (5/25/70 wt%) at 37 °C was
studied after 30 min in the presence of two lectins: Concanavalin A, ConA, and Ricinus Communis
Agglutinin I, RCA10. ConA is a lectin known to bind to the monosaccharides D-mannose and D-
glucose [37], whereas RCA120 only binds to galactose derivatives[38]. ConA is used as a first in
vitro test of cellular recognition processes due to its binding properties to various cell membrane

receptors. As a tetravalent ligand, it has four binding sites that, upon activation in the presence of
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calcium, can bind up to a total of four D-mannose molecules. By DLS, the multivalent binding of
the mannose groups present in the emulsion droplet shell and the ConA can be tracked. In addition,

a direct effect of the lectin on the emulsified system could be observed, Figure 5a.
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Figure 5. (a) Intensity auto-correlation functions for the (PMan)e-b-Ol/soybean 0il/PBS emulsion,
lectins and their mixture. (b) Absorbance in time of the (PMan)q-b-Ol/soybean oil/PBS emulsion
alone and in presence of the lectins. (c) (PMan)e-b-Ol/soybean o0il/PBS emulsion in the presence

of ConA and (d) RCA12o.

While the diluted O/W emulsion of (PMan)e-b-Ol/Soybean oil/PBS denoted a monomodal
distribution with a maximum in the 250 nm diameter range, in line with the previous more
concentrated samples, a shift to higher times was obtained when ConA was added to the medium.

Note that ConA and RCA120 are described by an assembly similar to biological conditions, where
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their shape can be described in form of small individual colloidal particles, as shown by their
respective auto-correlation functions[39,40]. In Brownian motion conditions, a longer time
corresponds to larger objects or colloids in solution. As expected, the terminal mannose groups of
the polar head of the surfactant interact with the lectin, which can also bind to more monosaccharide
units due to its multivalency, leading to the formation of random aggregates. Due to this cascading
interaction, aggregates were formed on a wide size scale. In contrast, in the presence of RCA120 no
change in the auto-correlation function was observed with respect to the starting emulsion system,
concluding the absence of any interaction between the emulsion droplets and the lectin. To further
confirm the specific binding of the (PMan)e-b-Ol based emulsion, turbidity experiments were
carried out, Figure 5b. PBS solutions of each lectin were added to a O/W emulsion of (PMan)e-b-
Ol/Soybean 0il/PBS and their absorbance was measured in time. This method is commonly used
for the binding determination between glycosides and lectins[41]. Lectin-emulsion aggregates
scatter light in the visible wavelength region, resulting a change of turbidity. Consequently, the
formation of aggregates can be directly observed by an increase in light absorbance. As it could be
observed, the emulsion in presence of ConA led to their biological recognition and final formation
of aggregates, as denoted by the increase in absorbance over time. On the other hand, the presence
of RCA120 denoted no hallmark of aggregation, characterized by a constant absorbance in time
within the error as in the (PMan)e-b-Ol/Soybean 0il/PBS emulsion alone. Note that the first peak
present in the emulsion sample in presence of ConA is related to the experimental set-up. The ConA
solution was added on top of the emulsion sample while no stirring and thus no homogenization of
the system was applied. A direct view of the final aggregates formed by the mannose-ConA binding
process was obtained by LSCM. A 1:1000 diluted 5/25/70 wt% (PMan)s-b-Ol/Soybean oil/PBS
nanoemulsion was loaded with a lipid-soluble fluorescent dye, Nile Red, which allowed the tracking
of the droplets by fluorescence without affecting the d;”? of the emulsion or its stability, Sl.4a.

Consistent with DLS and turbidity results, aggregates were observed in the um range when the O/W
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emulsion was in presence of ConA, Figure 5c¢ and SI.4b. Note that only focused aggregates could
be properly excited and characterized by fluorescence. However, when in the presence of the
negative control, RCAz120, N0 aggregation-induced effect was observed due to the absence of any

mannose-RCA12 interaction, Figure 5d.

4. Conclusions

We have successfully developed the formulation and application of an environmentally friendly
amphiphile based on a mannose oligosaccharide polar head group and a hydrophobic oleic acid tail.
At lower concentrations, in the range of 1 to 5 wt%, the designed surfactant forms stable O/W
nanoemulsions for at least 14 days. Capable of dispersing naturals oils such as castor, sunflower,
olive, and soybean up to a 25 wt%, the final emulsion droplets are characterized by hydrodynamic
sizes in the ca. 160 to 350 nm diameter range, depending on the oil and surfactant concentrations,
using water at 25 °C as aqueous media. Under buffer conditions and at 37 °C, the size distribution
of the nanoemulsions droplets increases to the ca. 200 to 450 nm range, as explained by the
temperature increase and the present of salts that can destabilize the interface and promote droplet
coalescence. In addition, the O/W nanoemulsions retained the specific biorecognition nature of the
sugar. In vitro studies evidence how the mannose residues bind to ConA proteins, a lectin similar to
human cellular membrane receptors, as MBL[42]. DLS, turbidity and LSCM experiments denote
their interaction and cluster formation. Due to the branching of the surfactant and the multivalency
of ConA a cascade binding reaction occurs and aggregates are formed from the emulsion droplets
and lectin. The surfactant used in the present work opens a new route to produce biofriendly
amphiphiles that could replace chemical surfactants for biological recognition processes and future
drug delivery applications, as similar sugar-based surfactants that worked under the same in vitro
conditions proposed here also did it in cellulo.[43] Novel mannose-based surfactants could be

synthesized to target alveolar macrophages[40]. Not only focused on D-(+)-Mannose, other sugars
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could also be envisioned to target additional receptors. Galactose-based ones could be developed
for the recognition of Ricinus Communis Agglutinin, RCA120,[44] while fucose derivatives would
bind to Ulex europaeus agglutinin lectin[45], both with further applications in fungal and herbal

environments, respectively.
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