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S
urfactant-based emulsions for encap-
sulation and phase separation have
been extensively utilized in food, cos-

metics, coating, catalysis, encapsulation,
drug delivery and cell assays.1�10 Develop-
ment of new interfacial stabilization strategies
is the key to the advancement of next genera-
tion emulsification technologies. Traditional
surfactants have disadvantages including toxi-
city, limited stability toward temperature, pH
and salts.11,12 A number of approaches, using
biocompatible copolymers,13�18 lipids19 and
polypeptides20�23 as novel surfactants, bio-
macromolecules and proteins that form
networked films24,25 or Pickering emulsion
based on solid particles26�32 and poly-
mersomes,33�36 have been developed to
complement traditional emulsion systems.
Self-assembling small molecules are in-

creasingly investigated as alternatives to
polymers as structured materials and gels
with advantages such as stimuli-responsive-
ness biocompatibility, etc. In particular, self-
assembly of aromatic peptide amphiphiles,
containing a hydrophilic short (di- or tri-)
peptide sequence with the N-terminus
capped by a hydrophobic synthetic aromatic

moiety, are versatile building blocks for the
production, via molecular self-assembly, of
nanostructures with a variety of morpholo-
gies and properties,37�40 including localized
assembly at solid/liquid interfaces41�44 and
in microdroplets.45�47

Aromatic peptide amphiphiles have not
yet been used to produce interfacial net-
works to stabilize emulsions. Thus, as an
alternative to emulsion stabilization by ab-
sorption of surfactants, we demonstrate
nanostructured networks at interfaces as
versatile emulsion stabilizing systems. The
approach combines tunable properties,
through molecular design by taking advan-
tage of a balance between intermolecular
aromatic π-stacking and hydrogen bond
interactions,48�52 with long-term high sta-
bility at elevated temperature and in the
presence of salts when compared with tra-
ditional surfactant sodium dodecyl sulfate
(SDS), and controllable breaking of emul-
sions by enzymatic hydrolysis.53

RESULTS AND DISCUSSION

In this work, we demonstrate a series
of aromatic short peptide amphiphiles by
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ABSTRACT We demonstrate the use of dipeptide amphiphiles that, by hand

shaking of a biphasic solvent system for a few seconds, form emulsions that remain

stable for months through the formation of nanofibrous networks at the organic/

aqueous interface. Unlike absorption of traditional surfactants, the interfacial

networks form by self-assembly through π-stacking interactions and hydrogen

bonding. Altering the dipeptide sequence has a dramatic effect on the properties of

the emulsions formed, illustrating the possibility of tuning emulsion properties by

chemical design. The systems provide superior long-term stability toward temperature and salts compared to with sodium dodecyl sulfate (SDS) and can be

enzymatically disassembled causing on-demand demulsification under mild conditions. The interfacial networks facilitate highly tunable and stable

encapsulation and compartmentalization with potential applications in cosmetics, therapeutics, and food industry.
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combining 9-fluorenylmethoxycarbonyl (Fmoc) or pyr-
ene (Pyr) with di- or tri- peptides tyrosine-leucine (YL),
tyrosine-alanine (YA), tyrosine-serine (YS), diphenyl-
alanine (FF) and triphenylalanine (FFF) with varying
hydrophobicity and functional groups (Scheme 1)
that self-assemble at the organic/aqueous inter-
faces rapidly forming highly stable microcapsules
fibrous network. Unlike absorption of traditional
surfactants with hydrophilic head and hydrophobic
tail at interfaces, the nanostructures self-assembled
by aromatic π�π stacking and hydrogen bonding
of peptide sequences to stabilize the organic
(or water) droplets in aqueous (or organic) media
(Scheme 1b).
Our interest in studying aromatic peptide amphi-

philes at the organic/aqueous interface started from
the discovery that aromatic peptide Fmoc-YL forms

gel in both phosphate buffer solution (10 mM) and
chloroform (25mM) (Figure S1, Supporting Information).
At low concentrations Fmoc-YL (0.5 mM) was shown to
transfer between aqueous and organic phases to reach
an equilibrium distribution.54,55 By adding different vo-
lumes of chloroform to 10 mM Fmoc-YL buffer solution
at 80 �C (the volume ratio of buffer solution to chloro-
form is altered from 1:9, 3:7, 5:5, 7:3, to 9:1), after manual
agitation for 5 s emulsions form in vials, as Figure 1a
shown. These remain stable for months, showing that
the formed peptide layers provide an excellent barrier to
prevent coalescence. In the images shown, the milky
layers are emulsions and the transparent layers above
and below are aqueous and chloroform phase, respec-
tively. UV�vis was used to determine the amount of
Fmoc-YL that remained in water phase and transferred
to chloroform as Figure S2 (Supporting Information)

Scheme 1. (a) Cartoon of self-assembly and formation of fibrous network of aromatic short peptide amphiphiles at oil/water
interface. (b) Cartoon of oil-in-water droplets stabilized by peptide fibrous network. (c) Chemical structure of aromatic
peptide derivatives including Fmoc-YL, Fmoc-YA, Fmoc-YS, Fmoc-FF, Fmoc-FFF and Pyrene-YL.
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shown. Fluorescein isothiocyanate (FITC) was used to
label the aqueous phase in the emulsion layers for
imaging by fluorescence microscopy. Figure 1b and
S3a (Supporting Information) indicate that chloroform-
in-water emulsions form after emulsification stabilized
by Fmoc-YL.
The absorption of Fmoc-YL at the chloroform/water

interfaces could be quantified by UV�vis spectra
by measuring the concentration in each phase and
with the remainder absorbed at the interface. On the
basis of UV analysis, shown in Figure S4a (Supporting
Information), in a 50:50 water/chloroform system, the
amount of Fmoc-YL absorbed at the chloroform/
water interface could be calculated as 1.9 mmol 3m

�2.
Figure S4b (Supporting Information) shows that the
calculated maximum absorption of a close-packed
monolayer of Fmoc-YL is 3.4 μmol 3m

�2 indicating
that Fmoc-YL absorbed at the interfaces is composed
of a film rather than a monolayer.

Next, we investigated the structure of this peptide
interfacial film at the chloroform/water interface, using
a range of microscopy and spectroscopy technologies.
Thioflavin T (ThT) was used to label self-assembled
peptide structures.56 Figure S5 (Supporting Information)
shows the labeling of Fmoc-YL nanofibrous gels by ThT
in water and chloroform. After dissolving the Fmoc-YL
with ThT in both solvents, there is low emission in water
and almost no emission in chloroform is observed,while
upon gelation (24 h) the appearance of stronger emis-
sion in both water and chloroform demonstrates that
the self-assembled β sheet-like of fibrous structures are
formed. ThT was subsequently used to label the inter-
facial film, Figure 1c and S3b (Supporting Information)
show that a Fmoc-YL shell stabilized the organic dro-
plets suggesting the self-assembly of peptide β sheet-
like structures at the interface.
Infrared spectroscopy was then used to determine

the H-bonding interactions that underpin self-assembly

Figure 1. (a) Optical photographs of glass vials inwhich chloroform-in-water emulsions (white foamy layer)were preparedby
adding 10 mmol 3 L

�1 Fmoc-YL phosphate buffer solution (pH 8) to chloroform with manual agitation. From left to right, the
volume ratio of buffer solution to chloroform is altered from 1:9, 3:7, 5:5, 7:3, to 9:1, and samples are named as W1C9, W3C7,
W5C5, W7C3 and W9C1. (b) Fluorescent microscope image of chloroform-in-water emulsion droplets stabilized by Fmoc-YL
networks containing FITC in water phase (SampleW3C7). Scale bar is 50 μm. (c) Fluorescentmicroscope image of chloroform-
in-water emulsion droplets stabilized by ThT labeled Fmoc-YL networks (SampleW3C7). Scale bar is 50 μm. (d) FTIR spectra of
self-assembly of Fmoc-YL in chloroform (black), D2O phosphate buffer solution (pH 8) (red) and at interfaces stabilizing
emulsions (blue). (e) SEM micrographs of Fmoc-YL networks at chloroform/water interface stabilizing the chloroform-in-
water emulsions. The samples are prepared at freeze-drying condition. The scale bars are 50 μm (left) and 2 μm (right). (f) SEM
micrograph of Fmoc-YL microcapsules at chloroform/water interface. The sample is prepared at air-drying condition and
scale bar is 2 μm.
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of Fmoc-YL fibrous structure in water, chloroform and at
the interface. Figure 1d shows an infrared absorption
spectrum in D2O typical for peptides in a well-ordered
β sheet-like arrangement with peaks at 1623 and
1684 cm�1 for amide and carbamate moieties,
respectively.57 In chloroform, these peakswere observed
at 1632 and 1687 cm�1 with an additional absorption at
1652 cm�1 indicating the presence of a less-ordered
H-bonding network. Additionally, a peak assigned to
the carboxylate group of the C-terminus was found
at 1588 cm�1 in water, while a peak was observed at
1708 cm�1 in chloroform indicating protonation of the
C-terminus in theorganic solvent. At the interface, Fmoc-
YL adopts a confirmation that is similar to the chloroform
systemwith twopeaks, indicating a less orderedβ sheet-
like environment (1623 and 1641 cm�1). The C termini
remain (in part) deprotonated as indicated by a peak at
(1588 cm�1) suggesting that the nanostructured net-
work is predominantly situated in the aqueous phase.

Scanning electron microscope (SEM) was used to
visualize the interfacial Fmoc-YL film. Freeze-drying
was used to prepare the samples with retention
of structure. Figure 1e shows fibrous networks at
the interface. Upon air-drying condition, Figure 1f
and S6a (Supporting Information) show the peptide
stabilized emulsion droplets that remain as micro-
capsules after solvent evaporation and consequent
shrinking.
The properties of aromatic peptide amphiphiles,

such as hydrophobicity and chemical groups which
may affect the emulsification, can be altered by chan-
ging the aromatic group or peptide sequence. We
prepared a series of peptide amphiphiles by changing
oneaminoacidon thepeptide sequencewithdecreasing
hydrophobicity from tyrosine-leucine (YL), tyrosine-
alanine (YA) to tyrosine-serine (YS). Fmoc-YA can form
gel in both buffer solution and chloroform (30 mM),
while Fmoc-YS only forms gel in aqueous media under

Figure 2. (a) Fluorescent microscope images of chloroform-in-water emulsion droplets stabilized by Fmoc-YA (left) and
Fmoc-YS (right) networks containing FITC in water phase. Scale bar is 50 μm. (b) FTIR spectra of 10mmol 3 L

�1 Fmoc-YL, Fmoc-
YA and Fmoc-YS in D2O phosphate buffer solution (pH 8). (c) Table of the calculated partition coefficient (log P) and the
measured partitioning of peptides between water, chloroform and accumulated at the interface, the critical emulsion
concentration (obtained fromemulsification experiments as Figure S8, Supporting Information, shown) of Fmoc-YL, Fmoc-YA
and Fmoc-YS and the average diameters of emulsions droplets. Fluorescent microscope images of (d) chloroform-in-water
emulsion droplets stabilized by Fmoc-FF containing FITC inwater phase, (e) water-in-chloroform emulsion droplets stabilized
by Fmoc-FFF containing FITC in water phase and (f) chloroform-in-water emulsion droplets stabilized by Pyrene-YL. Scale bar
is 50 μm.
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these conditions. Atomic forcemicroscopy (AFM) images
(Figure S7, Supporting Information) show the formation
of fibrous structure of Fmoc-YL, Fmoc-YA and Fmoc-YS
gels in buffer solution to demonstrate their propensity
for unidirectional assembly. Figure 2a shows that Fmoc-
YA and Fmoc-YS can also stabilize chloroform-in-water
emulsions. Infrared spectra (Figure 2b) confirm the pre-
sence of β sheet-like H-bonding in Fmoc-YL and Fmoc-
YA in aqueous media with a much weaker contribution
for Fmoc-YS.58 Figure 2c lists the calculated partition
coefficient (log P) and the measured partitioning of
peptides between water, chloroform and accumulated
at the interface. These values correlate with the critical
emulsion concentration (obtained from emulsification
experiments as Figure S8 (Supporting Information)
shown) of Fmoc-YL, Fmoc-YA and Fmoc-YS and the
average diameters of emulsions droplets. It demon-
strates that more hydrophobic peptide amphiphiles

and stronger H-bonding interactions between the pep-
tide backbones lead to stronger absorption at the chloro-
form/water interfaces resulting in a decrease in size of
emulsion droplets and lower critical emulsion con-
centrations.
To further increase the hydrophobicity, di- and tri-

phenylalanine were tested as the peptide sequences
(Fmoc-FF and Fmoc-FFF). Fmoc-FF was previously
demonstrated to form nanofibrous structures.43,49,59

Figure 2d shows that self-assembled fibers labeled
with FITC stabilize the chloroform droplets at the
interface. The Fmoc-FFF amphiphiles become too
hydrophobic to dissolve in the water phase, but
they do dissolve in chloroform. Upon preparation
of 10 mM Fmoc-FFF chloroform solution which
was added to buffer solution containing FITC and
emulsification, the core of the emulsion droplets
are fluorescent which indicates the formation of

Figure 3. (a) Optical photographs of glass vials in which chloroform-in-water emulsions (white foamy layer) were prepared
with 10 mmol 3 L

�1 SDS solution and Fmoc-YL phosphate buffer solution by manual agitation. The top images show freshly
prepared emulsions, and the bottom images show emulsions incubated for 2 weeks. (b) Optical photographs of glass vials in
which chloroform-in-water emulsions (white foamy layer) were prepared with 10 mmol 3 L

�1 SDS solution and Fmoc-YL
phosphate buffer solution by manual agitation. The top images show freshly prepared emulsions, and the bottom images
show emulsions heated at 60 �C for 3 h. (c) Optical photographs of glass vials in which chloroform-in-water emulsions (white
foamy layer) were prepared with 10 mmol 3 L

�1 SDS and Fmoc-YL in 100 mM phosphate, chloride and thiocyanate buffer
solution by manual agitation. The top images show freshly prepared emulsions, and the bottom images show emulsions
incubated for 24 h.
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water-in-chloroform emulsions (Figure 2e). Replacing
the Fmoc group with pyrene, amphiphiles and the
emulsion systems are inherently endowed with fluor-
escent properties. Figure 2f shows the formation
of chloroform-in-water emulsion with blue emission
stabilized by self-assembly of Pyrene-YL. Clearly, there
are opportunities to change the peptide sequences
and aromatic moieties further to optimize and functio-
nalize the emulsion systems.
The attraction of using self-assembled barriers of

aromatic peptides amphiphiles to stabilize emulsions
rather than traditional surfactants, e.g., sodiumdodecyl
sulfate (SDS), dramatically enhances the stability of
emulsions. Figure 3a shows that after 2 weeks at room
temperature, the emulsions stabilized by SDS are
demulsified and phase-separated, while the emul-
sions stabilized by Fmoc-YL are still stable. Fmoc-YL
stabilized emulsions are heat stable with no visible
change observed after exposure to 60 �C for 3 h,
which is comparable to the performance of SDS
(Figure 3b). In 100 mM phosphate, chloride and
thiocyanate solution, 10mM SDS stabilized emulsions
are phase-separated after 24 h as Figure 3c shown,
while Fmoc-YL networks are not influenced by the salt
effect. Figure S9 (Supporting Information) shows that
Fmoc-YL can also stabilize both hexadecane-in-water
and mineral oil-in-water emulsions instead of chloro-
form making the approach general for varied organic
media.
Another vital advantage of using peptide self-

assembly to stabilize the emulsion systems is the
ability to digest the stabilizing film using a suitable

enzyme. Proteases, the enzymes that cleave peptide
bonds cause disassembly of amphiphiles. Figure 4a
and 4b show that after adding thermolysin to
Fmoc-YL stabilized emulsions, the emulsion dro-
plets are demulsified and coalesce to bigger dro-
plets in 60 s. When the conversion of cleaving
reaction catalyzed by thermolysin in aqueous media
reaches 50% detected by high-performance liquid
chromatography (HPLC) after 10 min, the complete
demulsification and phase separation was observed
Figure 4c.

CONCLUSION

In conclusion, we demonstrate the use of aromatic
short peptide to self-assemble nanofibrous networks
at the organic/aqueous interface to emulsify and
stabilize the oil-in-water or water-in-oil emulsions.
The formation of peptide microcapsules at interfaces
provides long-term and higher stability against tem-
perature and varied salts, compared with traditional
surfactant, e.g., SDS. The peptide amphiphiles can
be designed by altering aromatic moieties and pep-
tide sequences to manipulate the emulsion stabil-
ity, droplet size and critical emulsion concentra-
tion. The peptide microcapsules can disassemble
in the presence of proteolytic enzymes enabling on-
demand demulsification under physiological condi-
tions. There are opportunities to expand the molec-
ular design to include fully biocompatible analogues,
by replacing the aromatic components with bio-
compatible ligands, such as nucleotides60 or using
unmodified self-assembling aromatic peptides.61,62

Figure 4. (a) Opticalmicroscope images of adding 1mg 3mL�1 thermolysin buffer soultion into chloroform-in-water emulsion
droplets stabilized with 2mmol 3 L

�1 Fmoc-YL buffer solution after 0, 20, 40, 60 s. Scale bar is 50 μm. (b) Histogram of the size
distribution of adding 1 mg 3mL�1 thermolysin phosphate buffer solution into chloroform-in-water emulsion droplets
stabilized with 2 mmol 3 L

�1 Fmoc-YL buffer solution after 0, 20, 40, 60 s. (c) Optical photographs of vials in which emulsions
formed (left) and demulsified (right) in addition of thermolysin. Emulsions were stabilized with 2 mmol 3 L

�1 Fmoc-YL buffer
solution in absence (left) and presence (right) of 1 mg 3mL�1 thermolysin after 10 min.
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The interfacial networks presented here facilitate
encapsulation and compartmentalizationwith potential

applications in drug delivery and release, and food
industry.

MATERIALS AND METHODS
Materials. Fmoc-Tyr (97%), H-Leu-OtBu 3HCl (g98.0%), Ala-Ot-

Bu 3HCl (g98.0%), O-tert-Butyl-L-Ser-tert-Butyl ester hydrochloride
(g98.0%), N,N-Diisopropylethylamine (DIPEA) (>99.5%), Trifluoro-
acetic acid (99%), Sodium hydroxide, 1-Pyreneacetic acid, Fluor-
escein isothiocyanate isomer I (g90%), Thioflavin T, Sodium
phosphate monobasic monohydrate (ACS reagent, 98.0%�
102.0%), Sodiumphosphate dibasic heptahydrate (ACS reagent,
98.0%�102.0%), Hexadecane (99%) and Mineral oil were pur-
chased fromSigma-Aldrich and used as received. Fmoc-Phe-Phe-
Phe-OHwas purchased from BACHEM. 2-(1H-Benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was
purchased from Novabiochem. Phosphate buffer solution (pH 8)
was prepared by dissolving 94 mg of NaH2PO4 3H2O and 2.5 g of
Na2HPO4 3 7H2O in 100 mL of water.

Preparation of Emulsions. 10 mM Fmoc-YL solution was pre-
pared by dissolving 5.32 mg of Fmoc-YL in 1 mL of phosphate
buffer solution. Different volumes of chloroform were added
to Fmoc-YL buffer solution at 80 �C (the volume ratio of buffer
solution to chloroform is altered from 1:9, 3:7, 5:5, 7:3, to
9:1, total volume was always 1 mL), after hand-shaking for
5 s emulsions form in vials. For SEM, IR, stability, average particle
size, critical emulsion concentration and demulsification mea-
surements, the volume ratio of buffer solution to chloroform
was fixed at 7:3. The concentration of all aromatic peptide
amphiphiles studied (Fmoc-YA, Fmoc-YS, Pyr-YL, Fmoc-FF and
Fmoc-FFF) was 10 mM, except for in the determination of the
critical emulsion concentration (0.1�10 mM) and demulsifica-
tion measurements (2 mM).

Characterization. The structures of Fmoc-YL microcapsules
were determined by Hitachi S800 field emission scanning elec-
tron microscope (SEM) at an accelerating voltage of 10 keV. The
transfer of Fmoc-YL, YA and YS were analyzed by UV�vis
spectroscopy (JAS.C.O V-660 spectrophotometer). The formation
of Fmoc-YL gels and labeling of ThT were carried out by
fluorescence spectroscopy (JAS.C.O FP-6500 spectrofluorometer).
High resolutionmass spectra (HRMS) were recorded on a Thermo
Electron Exactive. 400.1 (1H) NMR spectra were recorded on
Bruker Avance 400 spectrometer at room temperature using
perdeuterated solvents as internal standards.

The emulsion droplets were characterized by fluorescence
microscopy. The devices were mounted on an Epi-fluorescent
Upright Microscope (Nikon, Eclipse E600). Images were acquired
usingZeiss�20dry objective and the appropriatefilter set for the
fluorophore being imaged. Image was analyzed using ImageJ.

The fibrous structures of Fmoc-YL, YA, YS were determined
by atomic force microscopy (AFM). The images were obtained
by scanning themica surface in air under ambient conditions using
a Veeco diINNOVA Scanning Probe Microscope (VEECO/BRUKER,
Santa Barbara, CA, USA) operated in tapping mode. 20 μL of solu-
tions were placed on a trimmed and freshly cleaved mica sheet
(G250�2 Mica sheets 100 � 100 � 0.00600 ; Agar Scientific Ltd., Essex,
UK) attached to anAFM support stub and left to air-dry overnight in
a dust-free environment. The AFM scans were taken at 512 � 512
pixels resolution. Typical scanningparameterswere as follows: tapp-
ing frequency 308 kHz, integral and proportional gains 0.3 and 0.5,
respectively, set point 0.5�0.8 V and scanning speed 1.0 Hz.

The β-sheet-like arrangement was determined by infrared
absorption spectra, which were recorded on a Bruker Vertex 70
spectrometer, averaging 25 scans per sample at a resolution
of 1 cm�1. Samples were sandwiched between two 2 mm CaF2
windows separated with a 50 μm polytetrafluoroethylene
(PTFE) spacer.
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