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in-water emulsions with a gemini
amphiphilic pseudopeptide†

Ahmed H. Lotfallah,a M. Isabel Burguete,a Ignacio Alfonso*b and Santiago V. Luis*a
A gemini amphiphilic pseudopeptide promotes the spontaneous

formation of an oil-in-water emulsionwith a high thermal, mechanical

and acid-medium stability. The micro-droplets thus formed are dis-

assembled by strong bases or after the action of an enzyme, showing a

potential for stimulus-responsive material formulations.
The preparation of stable emulsions has recently attracted
attention in chemical research,1 especially aer understanding
some of the basis for the design of new self-assembling enti-
ties.2 Surfactant-based emulsions display a wide range of tech-
nological and industrial applications in pharmaceutics,3 food4

and cosmetic5 formulations or catalysis.6 However, some of the
conventional surfactant agents have some limitations for long-
term stability,7 availability and chemical modularity for tailor-
made structural modications.8 In this regard, the use of
amino acid-based amphiphilic molecules for phase separation
and emulsion stabilization will offer a tremendous advantage in
terms of synthetic and structural versatility.9 Recently, we
reported on the synthesis and study of a family of new Gemini
Amphiphilic Pseudopeptides (GAP)10 that were able to self-
assemble into different nanostructures depending on the
environment, and even to respond to simple stimuli, like
polarity11 or pH changes of themedium.12 The delicate tuning of
the chemical structures allowed us to modulate the amphiphilic
nature for optimizing their self-assembling abilities at the
organic–aqueous or air–water interphases.13 Here we exploit
that knowledge for the efficient preparation of emulsions with a
high mechanical, thermal and chemical stability. Our pseudo-
peptidic systems show advantages in terms of biocompatibility
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and synthetic modularity, making them highly appealing for
future biotechnological applications.

The designed GAP (1) is a exible C2 symmetric pseudo-
peptide with a central polar linker (Fig. 1, in blue) and two
lipophilic tails. The Val derivative was selected because the
corresponding pseudopeptides bearing this side chain have
shown specic self-assembling advantages.14 This molecule can
be readily synthesized in relatively large scale from
Fig. 1 (A) Chemical structure of the Gemini Amphiphilic Pseudopetide
(GAP) 1, (B) SEM, (C) AFM and (D) TEMmicrographs of dried samples of
1 grown from 1 : 1 water : MeOH solvent mixture at pH 2.
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commercially available or easily accessible precursors (see ESI†
for the synthetic procedure). Its specic structural design
favours the corresponding self-assembling of 1 in aqueous
environments, with a critical aggregation concentration of 4–25
mM, depending on the pH and ionic strength of the medium.
Actually, Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM) and Transmission Electron Microscopy
(TEM) images of dried samples of 1, obtained from acidic
aqueous methanolic media showed the formation of so
spherical microstructures (Fig. 1). The three microscopy tech-
niques consistently showed a spherical morphology of the
microstructures, with a diameter in the range of 1–5 mm. The
shape and size of the microstructures were not dramatically
affected by the different procedures used for the preparation of
the sample for each technique. This observation is quite
remarkable considering the different nature of the surfaces
used to prepare the samples for each technique: aluminium for
SEM, mica for AFM and carbon for TEM. The careful analysis of
the width and the height of the observed microstructures using
AFM rendered that they attened over the surface. This obser-
vation supported their so nature. The observed size and so-
ness suggested that they must be hollow vesicles.

Most likely, these microstructures occurred through the self-
assembling of a folded conformation of 1 where the polar linker
is exposed to the aqueous medium and the hydrophobic tails
are buried in a lipid phase packed by van der Waals interac-
tions. Accordingly, this property could be exploited to use 1 for
the stabilization of oil microdroplets in aqueous media toward
the preparation of stable oil-in-water (o/w) emulsions (Fig. 2A).
The o/w emulsion can be easily prepared by stirring an aqueous
suspension of isopropylpalmitate as amodel oily phase (<1% oil
in water by volume), containing a small quantity (�1 mg mL�1)
of 1 (Fig. 2B and C). The typical white and opaque appearance of
the sample was obtained aer 30–90 minutes of vigorous
magnetic stirring (Fig. 2C). Optical microscopy clearly showed
Fig. 2 (A) Schematic representation of the self-assembling of the GAP
(1) toward the formation of an o/w emulsion. (B and C) Macroscopic
and microscopic pictures of the oil–water mixtures (O + W) alone
(B) and after the addition of the GAP and 30–90 minutes of vigorous
stirring (C).

This journal is © The Royal Society of Chemistry 2015
the emulsifying effect of the GAP. While the sample prepared in
the absence of 1 showed the oil–water phase separation in
heterogeneous and amorphous drops (Fig. 2B), the presence of
1 led to the spontaneous formation of regular spherical
microdroplets, most likely containing the organic phase
(Fig. 2C) and surrounded by the aqueous solution. The emul-
sion thus formed showed to be perfectly stable for several
months.

In order to monitor the ability to incorporate organic mole-
cules within the droplets of the emulsion, different uorescent
probes were assayed. For instance, the dansyl derivative
(N,N-diethyldansylamide, 2) prepared by us revealed to be very
appropriate for the visualization of the droplets formed in the
emulsion under uorescence optical microscopy (Fig. 3A and
B). The images clearly showed the uorescent microdroplets of
the organic phase immersed in the aqueous medium. Inter-
estingly, the microstructures were stable and emissive for at
least eight weeks (Fig. 3C). Additionally, the emulsion prepa-
ration was studied with a highly hydrophobic molecule,
9,10-dimethylantracene (DMA), a well-known uorescent probe
for labelling membranes and lipid phases.15 The emission
Fig. 3 (A) Schematic representation of the labelling of the micro-
droplets with the N,N-diethyldansylamide 2. (B and C) Fluorescence
microscopy images of the emulsion loaded with 2 after one (B) and
eight (C) weeks. (D) Normalized fluorescence emission spectra
(l excitation ¼ 358 nm) of 9,10-dimethylantracene (DMA) acquired in
water (black) or in GAP-stabilised o/w emulsion (red).
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spectra of DMA in water and in the emulsion preparation are
shown superimposed in Fig. 3D. Several changes in both the
intensity and position of representative bands are remarkable.
First of all, the normalized emission spectrum of DMA in the
emulsion is fourfold more intense than in water. Besides, a
slight red-shi of the I3 band from 450 nm (in water) to 456 nm
(in the emulsion) was observed. More importantly, the ratio of
the corresponding intensity of I1/I3 bands changed from 1.90 in
water to 2.54 in the emulsion. These changes are consistent
with the localization of the DMA probe in a highly hydrophobic
microenvironment for the emulsion sample. Actually, control
experiments showed that the emission spectrum of the DMA
dissolved in pure isopropylpalmitate was very similar (although
with lower intensity) to that obtained from DMA within the
emulsion. These results suggested that the DMA probe in the
emulsion was accumulated in the organic phase by passive
diffusion into the microdroplets. Overall, these uorescence
experiments demonstrated the potential of our preparation for
the stable long-term encapsulation of hydrophobic drugs and
functional molecules.

As previously stated, one of the drawbacks of some naturally
occurring surfactants is their low long-term stability, specially
under non-natural stress inputs, such as mechanical action,
high temperatures or extreme pH values. We decided to test the
stability of the o/w emulsion stabilized by 1 under different
conditions. First, it was checked that the emulsion was perfectly
stable for at least four months at 45 �C. On the other hand, the
mechanical stability was studied by the centrifugation of the
sample and checking both the macroscopic and the micro-
scopic appearance (Fig. 4A and B). The emulsion showed a very
good mechanical stability, being unaltered aer 30 min of
centrifugation at 3000 rpm. If longer mechanical stress was
applied, the emulsion started to disassemble but, very inter-
estingly, it was able to spontaneously recover back by simply
standing for a couple of hours. This unexpected self-correction
behaviour underscores the dynamic nature of the self-
assembling process.

The effect of the pH was also systematically studied by
addition of either HCl or NaOH to the pre-formed emulsion.
The emulsion remained stable at pH values from neutrality to
highly acidic media (up to pH � 0, Fig. 4C and ESI†). However,
Fig. 4 Optical microscopy of o/w emulsions formed by GAP 1: before
(A) and after (B) centrifugation; at acidic (C) or basic pH (D), and after
incubation with thermolysin (E). The corresponding macroscopic
appearance are shown in (A and B).

36892 | RSC Adv., 2015, 5, 36890–36893
the addition of NaOH (pH � 12) rapidly destroyed the emulsion
leading to the disruption of the microdroplets and the
concomitant partial separation of the aqueous and organic
phases (Fig. 4D). In this case, a white solid precipitate was
observed that corresponded to the pure unaltered GAP (1), as
conrmed by ESI mass spectrometry. These experimental
observations suggested that the surfactant action of the GAP is
efficient only when the amino groups of the polar moiety are
partially or totally protonated, while the free base (obtained at
high pH) is not able to stabilize the emulsion. Therefore, the
surface of the microdroplets must be positively charged pre-
senting a good scaffold for the attachment of anionic biomol-
ecules such as nucleic acids.

Finally, the responsiveness of the emulsion toward a bio-
chemically meaningful stimulus was also studied. Aer adding
200 mL of a solution of thermolysin (1.5 mg mL�1) to our
preparation, we observed that this protease was also able to
destroy the emulsion leading to the collapse of the micro-
droplets into larger, morphologically undened, separated
phases (Fig. 4E). Also in this case, a white precipitate was
observed. However, ESI-MS analysis of the solid thus formed
indicated that it mainly contained fragments of the initial GAP,
suggesting that the enzyme was able to irreversibly cleave the
molecule.

In conclusion, a simple and easy to synthesize Gemini
Amphiphilic Pseudopeptide self-assembles into microspheres
that allow stabilizing oil-in-water emulsions. This preparation
showed high stability to mechanical and thermal stress, as well
as to acidic media, although it disassembled in strongly basic
medium or upon the action of an enzyme. The stability and
responsiveness of this emulsion foresees potential applications
as stabilizing and delivering vehicle for organic molecules in
aqueous environments.
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