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ABSTRACT 

Designed peptide surfactants offer a number of advanced properties over conventional 

petrochemical surfactants, including biocompatibility, sustainability, and tailorability of the 

chemical and physical properties through peptide design. Their biocompatibility and 

degradability make them attractive for various applications, particularly for food and 

pharmaceutical applications. In this work, two new peptide surfactants derived from an 

amphiphilic peptide surfactant (AM1) were designed (AM-S and C8-AM) to better understand 

links between structure, interfacial activity and emulsification. Based on AM1, which has an 

interfacial α-helical structure, AM-S and C8-AM were designed to have two modules, that is, 

the α-helical AM1 module and an additional hydrophobic moiety to provide for better 

anchoring at the oil–water interface. Both AM-S and C8-AM at low bulk concentration of 20 

µM were able to adsorb rapidly at oil–water interface, and reduced interfacial tension to 

equilibrium values of 17.0 mN/m and 8.4 mN/m within 400 s, respectively. Their relatively 

quick adsorption kinetics allowed the formation of nanoemulsions with smaller droplet sizes 

and narrower size distribution. AM-S and C8-AM at 800 µM bulk concentration could make 

nanoemulsions of average diameter 180 nm and 147 nm, respectively, by simple sonication. 

With respect to the long-term stability, a minimum peptide concentration of 400 µM for AM-

S and a lower concentration of 100 µM for C8-AM were demonstrated to effectively stabilize 

nanoemulsions over three weeks. Compared to AM1, the AM-S nanoemulsion retained its 

stimuli-responsive function triggered by metal ions, whereas the C8-AM nanoemulsions did 

not respond to the stimuli as efficiently as AM-S because of the strong anchoring ability of the 

hydrophobic C8 module. The two-module design of AM-S and C8-AM represents a new 

strategy in tuning the surface activity of peptide surfactants, offering useful information and 

guidance of future designs.   



INTRODUCTION 

Designer peptides have been explored as building blocks for making nanobiomaterials with 

many attractive properties. Various peptides can be designed either by modifying existing 

sequences to add extra functions or by creating new sequences to have completely new 

functions for a wide variety of applications ranging from water treatment,1 drug delivery,2 3D 

tissue culture,3-4 to membrane protein stabilization,5 antimicrobial6 and antitumor drugs.7-8 

Peptides are generally amphiphilic, possessing distinct hydrophilic and hydrophobic moieties. 

Designer peptides with either α-helical or β-sheet structures have been proposed as useful 

building blocks for making new materials through self-assembly.9-10 Zhang et al. discovered a 

repetitive peptide, EAK-II (AEAEAKAKAEAEAKAK), which could form extended and 

ordered β-structure fibers and gels.11 The group further developed similar peptides, EAK-I, 

RADA 16-I and RADA 16-II which were able to self-assemble into networks of hydrogelated 

nanofibers as scaffolds for cell attachment and tissue culture.12 Peptides that favor α-helical 

structures have also been designed to self-assemble into nanotubes.13-14 Baumann et al. studied 

the self-assembly of cationic-head surfactant-like eight-residue peptides, and found that short 

peptides with a β-sheet secondary structure tend to form ribbon-like assemblies, while peptides 

with random-coil and α-helical secondary structures self-assemble into rods.15  

Peptides have also been designed as biosurfactants because of their intrinsic amphiphilic 

properties. Peptide surfactants are commonly designed with a hydrophilic head consisting of 

charged polar amino acids and a hydrophobic tail containing amino acids with hydrophobic 

side chains to replicate the structure of conventional surfactants. Matsumoto et al designed a 

class of short peptide surfactants (i.e. Ac-I6K2-CONH2, Ac-A6K-CONH2, Ac-V6K2-CONH2, 

and Ac-V6R2-CONH2) with repeating hydrophobic residues and discovered their good 

performance in stabilizing membrane protein Photosystem-I.16 Similarly, Zhao et al studied a 



class of designer peptides consisting of seven amino acids with hydrophilic head and 

hydrophobic tails (i.e. Ac-A6D-COOH, Ac-A6K-COOH). These peptides have been found to 

effectively stabilize a G protein-coupled receptor under thermal denaturation conditions.17 On 

the other hand, peptides can also be designed to have an α-helical structure with distinct 

hydrophobic and hydrophilic faces, where these are emergent when the peptide folds. Their 

facially amphiphilic conformation allows their quick adsorption on the interface by minimizing 

self-assembly in bulk; this rapid adsorption from non-micellar bulk structures facilitates 

emulsification. Such designer peptides have advantages over traditional chemical surfactants 

including biocompatibility and biodegradability, which make them desirable for making 

emulsions for biomedical applications.18-19  

Previously, the peptide surfactant AM1 (Ac-MKQLADS LHQLARQ VSRLEHA-CONH2) 

was designed based on a natural amphipathic peptide Lac21 (MKQLADS LMQLARQ 

VSRLESA)20 with histidine replacing methionine and serine at positions 9 and 20. AM1 

consists of a seven-residue repeating motif abcdefg, in which the a and d residues having 

hydrophobic side chains, while the remaining sites are predominantly hydrophilic. This 

alternate three- and four-residue spacing of hydrophobic moieties facilitates the formation of 

α-helical (3.6 residue per turn) structures during peptide adsorption at the interface, forming 

distinct hydrophobic and hydrophilic faces that orientate toward oil phase and bulk aqueous 

phase, respectively. The incorporation of two metal-binding histidine (H) residues within AM1 

mediates intermolecular cross-linking via metal ions (i.e., Zn2+, Co2+, and Ni2+),21 forming 

interfacial peptide networks capable of stabilizing oil–water interfaces.20,22-24 Our previous 

studies demonstrated the excellent surface activity of AM1, the stimuli-responsive property of 

the interfacial network, as well as the enhancement in stability of emulsions and foams.20-27 

The switching between cohesive interfacial network and detergent state can be achieved by 

adding chelating agents or by adjusting the pH to disrupt the histidine-metal ion interaction.20,25    



To further explore the links between peptide sequence design, structure and function, two 

new peptides, AM-S and C8-AM, were designed by adding an additional hydrophobic module, 

aiming to achieve stronger anchoring at the interface to further enhance surface activity.  

Firstly, the surface activity of designed peptides was studied by measuring the dynamic 

interfacial tension of Miglyol oil in peptide solutions. Then, nanoemulsions were prepared 

using the designed peptide surfactants, and the effect of peptide concentration on droplet size 

was investigated. The stabilities of prepared nanoemulsions were monitored for 20 days. The 

stimuli-responsive properties of these nanoemulsions were also explored. 

EXPERIMENTAL SECTION 

Materials. Peptides AM-S (M 3261.64) and C8-AM (M 2571.04) were custom synthesized 

by GenScript Corporation (Piscataway, NJ). The purity of AM-S and C8-AM are 96.3% and 

95.2%, respectively, measured by reversed-phase high-performance liquid chromatography 

(RP-HPLC). The RP-HPLC and liquid chromatography–mass spectrometry (LC-MS) 

characterization for peptides AM-S and C8-AM were included in the Supporting Information 

(Figures S1–S4). The peptide content of lyophilized samples was determined by quantitative 

amino-acid analysis (Australian Proteome Analysis Facility, Sydney, Australia). Milli-Q water 

having a resistivity of >18.2 MΩ⋅cm was obtained from a Milli-Q system equipped with a 0.22 

μm filter (Merck Millipore, Merck KGaA, Darmstadt, Germany). Miglyol 812 oil was 

purchased from Caesar & Loretz GmbH (Hilden, Germany) and passed through heat-activated 

silica gel (Sigma-Aldrich, Castle Hill, Australia) prior to use. Sodium 4-(2-hydroxyethyl)-1-

piperazine ethane sulfonate (HEPES) was from Sigma-Aldrich (Castle Hill, Australia) and was 

selected for its capacity to buffer at pH 7 as well as its low-binding affinity for metal ions. All 

other chemicals were of analytical grade, obtained from Sigma-Aldrich and used as received 

unless otherwise stated. 



Circular Dichroism (CD). To determine secondary structures of the peptides in bulk 

solution, CD spectra of 100 µM peptide in HEPES (1 mM, pH 7) were recorded on a Jasco J-

815 spectropolarimeter (Jasco Inc., Easton, MD) at 25°C in a 1 cm-path-length quartz cell 

(Starna, Castle Hill, Australia). Far-UV CD spectra were monitored from 260 to 190 nm using 

0.1 nm data pitch, 50 nm/s scan speed, 2 s response time, 1 nm bandwidth, and 10 

accumulations. The obtained raw ellipticity was converted to molar ellipticity using the 

following equation:28  

[θ]=
θ×Mmrw

10×c×l
 

where [θ] is molar ellipticity (deg cm2/dmol), θ is raw ellipticity (mdeg), c is peptide 

concentration (M), l is cell path length (cm), and Mmrw is mean residue molecular mass i.e., 

peptide molecular mass/number of residues. 

Interfacial Tension. Oil–water interfacial tension was studied using a Krüss drop shape 

analysis system DSA-10 (Krüss GmbH, Hamburg, Germany). Peptide solutions (8 mL) in 

HEPES (25 mM, pH 7) in the presence or absence of ZnCl2 were filled into an 8-mL quartz 

cuvette (Hellma GmbH, Müllheim, Germany). A Miglyol 812 oil droplet was formed manually 

in the peptide solution from a U-shaped stainless steel needle having a diameter of 1.507 mm. 

The droplet shape was monitored automatically over 400 s to follow changes in the interfacial 

tension. Prior to the measurement, the interfacial tension of Miglyol 812 oil in the buffer in the 

absence of peptide was measured at approximately 32 mN/m which remained constant for at 

least 10 min to ensure correct functioning, focusing, and cleanliness of the instrument.  

Interfacial Rheology. To study the interfacial rheology, sudden droplet contractions of 

Miglyol 812 oil in peptide solution (8 mL, 20 µM, pH 7) were carried out using a Krüss drop 

shape analysis system DSA-10. An oil droplet was formed in the peptide solution as previously 



described and aged for 40 mins. Subsequently, a sudden reduction in droplet volume was 

performed by withdrawing the oil droplet back into syringe. This process was recorded using 

a camera attached to the instrument.  

Nanoemulsion Preparation and Characterization. Lyophilized peptide (AM-S or C8-

AM) was dissolved in HEPES (25 mM, pH 7) to prepare peptide solutions at concentrations of 

50, 100, 200, 400 and 800 μM, in which ZnCl2 was added at twice the molar concentration of 

the peptide. Miglyol 812 oil (2 v/v%) was subsequently added into the peptide solution (1 mL) 

and homogenized using a Branson Sonifier 450 ultrasonicator (Branson Ultrasonics, Danbury, 

CT) for either two (AM-S) or three (C8-AM) 30 s bursts at an energy output of 40 W and 

interspersed in an ice bath for 60 s. To study the effect of storage temperature on the stability 

of nanoemulsions, each freshly-prepared nanoemulsion sample was divided into two 

volumetrically-equal aliquots and then stored at either 4 °C or 25 °C. The samples were taken 

intermittently over a 21-day period for characterization. To modulate the stability of 

nanoemulsions, an aliquot of 100 mM ethylenediaminetetraacetic acid (EDTA) pH 7, sufficient 

to give a 5- to 10-fold molar excess over added zinc ions, was added into an aliquot of freshly-

prepared nanoemulsion. The nanoemulsion samples, both in the presence and absence of 

EDTA, were incubated at 25°C and their physical appearances were monitored over 6-h period. 

Dynamic Light Scattering (DLS). Z-average diameter, size distribution, and zeta 

potential of the nanoemulsion samples were measured by dynamic light scattering (DLS) using 

a Malvern Zetasizer Nano ZS (Malvern Instrument, UK) at a backscattering angle of 173° and 

a temperature of 25 °C. Each nanoemulsion sample was diluted by a factor of 50 in HEPES 

(25 mM, pH 7) prior to measurement to avoid multiple scattering effects. Data was analyzed 

by the DTS software (Malvern, version 7.11) using a non-negatively constrained least squares 



(NNLS) fitting algorithm. The refractive index, dielectric constant, and viscosity of the 

dispersant were assumed to be 1.33, 78.5, and 0.8872 cP at 25 °C, respectively.  

RESULTS AND DISCUSSION 

Peptide Design. Two peptides, namely AM-S and C8-AM, were designed by modulating 

the AM1 sequence (Ac-MKQLADS LHQLARQ VSRLEHA-CONH2)20 with an additional 

hydrophobic moiety (Figure 1). Peptide AM-S (Ac-MKQLADS LHQLARQ VSRLEHA 

PSGAGAGAGY-CONH2), having a theoretical molecular mass 3.26 kDa and pI 8.38, was 

designed with the additional octapeptide (GAGAGAGY) at the C-terminal of AM1 peptide via 

a Proline-Serine linker. The proline, having the lowest helix propensity, serves to break the 

preceding helix,29 while serine provides rotational freedom.30,31 The additional octapeptide, 

derived from Bombyx mori silkworm fibroin,32 was observed to self-assemble to a β-sheet 

conformation in bulk solution, with slight shift in morphology from planar β-sheet at pH 4 to 

twisted β-sheet at pH 9.31 It is expected that the additional octapeptide with the repeating 

hydrophobic amino acid, alanine, could act as an anchoring chain and inhibit the detachment 

of AM-S from the interface. Similarly, the peptide C8-AM (C8H16-MKQLADS LHQLARQ 

VSRLEHA-CONH2), having a theoretical molecular mass 2.57 kDa and pI 8.54, was designed 

with the modification of nonanoic acid at the N-terminal. The hydrophobic alkyl tail was 

expected to be an even stronger anchor to the oil phase to promote stable adsorption of C8-AM 

at oil–water interface.33-34 C8-AM was only amidated at the C-terminal since the N-terminal 

was blocked by the uncharged alkyl tail. In comparison with AM1, AM-S and C8-AM were 

purposely designed to achieve strong adsorption at the oil-water interface, thus enhancing the 

capability of forming nanoemulsions as well as their stability. 

 



 

Figure 1. Illustrations of different surfactants adsorbed at oil–water interfaces. (A) 

Traditional surfactants with hydrophilic heads and hydrophobic tails; (B) Designer peptide 

AM1; Possible structure of designer peptides (C) AM-S and (D) C8-AM.    

Peptide Conformations in Bulk Solutions. The conformations of peptides AM-S and C8-

AM in bulk solutions were investigated at neutral pH using Circular dichroism (CD) (Figure 

2). The CD spectrum of AM-S showed a strong negative band near 200 nm and a weak negative 

shoulder at 217 nm, indicating a disordered secondary structure35 in solution. This is consistent 

with that of the AM1 peptide which was found to exist predominantly as unstructured 

monomers in bulk solution,25-26 indicating that the additional octapeptide does not affect the 

structure of AM1. Moreover, the addition of Zn2+ to the AM-S solution had no significant effect 

on the secondary structure of AM-S in peptide solution, which reveals that the self-assembly 

of α-helical structure does not happen in the bulk solution. Noticeably, the CD spectra of C8-



AM in solution appeared a typical spectra of α-helical conformation, with a prominent double 

minimum at 209 and 222 nm and a positive band at 193 nm,35 suggesting C8-AM’s α-helical 

conformation in bulk solution. Forns et al had reported a similar phenomenon that conjugating 

peptides to monoalkyl hydrocarbon chains had a tendency to stabilize helix formation of short 

peptides.36 They observed that a 16-residue peptide alone did not form a distinct structure in 

solution, while the addition of C6 or C16 monoalkyl hydrocarbon chain at the N terminal turned 

the peptide into α-helical structure in solution. Moreover, the additional Zn2+ led to a more 

negative value at 209 and 222 nm, suggesting slightly enhanced α-helicity, which is probably 

due to the histidine–Zn2+ interaction that promotes a better ordered arrangement of peptides. It 

is worth noting that α-helical peptides like AM1 (the parent peptide for AM-S and C8-AM) 

have high solubility in aqueous solutions.21,37-38 They do form soluble clusters of typically 2 

(dimer) to 4 (tetramer) peptides over a broad range of concentrations,21 but they don’t aggregate 

or form micelles in solutions. Therefore, peptide surfactants don’t have a critical micelle 

concentration (CMC) or critical aggregation concentration (CAC).39-40  



 

Figure 2.  Circular dichroism spectra of peptides (A) AM-S and (B) C8-AM. Spectra were 

recorded for 100 µM peptide in 1 mM HEPES pH 7 in the presence and absence of 200 µM 

ZnCl2.  

Peptide Surface Activity. The dynamic interfacial tensions of AM-S and C8-AM (Miglyol 

812 oil in peptide solutions) were measured using the Drop Shape Analysis at three different 

peptides concentrations, i.e., 1, 5, 10, 20 and 80 µM in HEPES buffer (25 mM, pH 7) in the 

presence and absence of ZnCl2 (Figure 3). The result demonstrated excellent surface activity 

for both AM-S and C8-AM as indicated by the rapid decrease of the interfacial tension. It’s 

suspected that similar to AM1, AM-S folds into α-helical structure during interfacial self-

assembly, while the self-assembly of C8-AM occurs in the bulk solution as assessed by circular 

dichroism. Both peptides would quickly adsorb at oil–water interface and form a thin interfacial 

film with ordered peptides to stabilize the interface and reduce interfacial tension. In the 



presence of Zn2+ in the solution, the histidine residues orienting towards the water phase would 

interact with Zn2+ and form metal ion bridges between adjacent adsorbed peptides. Such 

intermolecular crosslinking of peptides lead to stronger interfacial films, hence more stabilized 

oil–water interface. 

The oil–water interfacial tension kinetics for AM-S peptides at concentrations ranging from 

1 to 80 μM in the absence and presence of Zn2+ are shown in Figures 3A and 3B, respectively. 

In the absence of Zn2+
,
 1 μM AM-S exhibited a slow decrease in interfacial tension and it took 

approximately 900 s to reach an equilibrium interfacial tension of 18.4 ± 0.4 mN/m. At AM-S 

concentrations of 5, 10 and 20 μM, a rapid decrease was complete in less than 60 s and the 

plateau interfacial tension values reached were similar, that is, 17.1 ± 0.4, 17.2 ± 0.6 and 17.0 

± 0.2 mN/m, respectively. Increasing the AM-S concentration to 80 μM decreased the 

equilibrium interfacial tension further to 14.8 ± 0.4 mN/m. The AM-S concentration of 1 μM 

in the presence of Zn2+ has a similar trend as that in the absence of Zn2+, and a slow decrease 

in interfacial tension was also observed before reaching the interfacial tension to a final value 

of 18.7 ± 0.4 mN/m after 800 s. The interfacial tension kinetics of AM-S concentrations of 5, 

10, 20 and 80 μM in the presence of Zn2+ resemble closely those of AM-S without Zn2+, with 

most of the decrease in interfacial tension occurring in the first 60 s, and reaching statistically 

identical final values of 18.1 ± 0.6, 16.4 ± 0.5, 16.4 ± 0.2 and 14.6 ± 0.3 mN/m, respectively. 

The slower interfacial adsorption of AM-S at low concentrations was mainly due to the slow 

diffusion of the peptide molecules. It is known that interfacial adsorption of peptide surfactant 

was controlled by diffusion of the peptide to the subinterfacial region prior to interfacial 

adsorption in which the diffusion time is inversely proportional to the square of bulk peptide 

concentration (td ∝ C∞
-2).41  



Figures 3C and 3D show the interfacial tension kinetics of C8-AM at five different 

concentrations (1, 5, 10, 20 and 80 μM) in the absence and presence of Zn2+, respectively. It 

can be clearly seen that C8-AM adsorption is much slower than that of AM-S with ultralow 

interfacial tensions. In addition, the effect of Zn2+ on interfacial tension of C8-AM is also not 

significant, similar to AM-S. Peptide C8-AM at 1 μM in the absence and presence of Zn2+ 

showed a gradual decrease in interfacial tensions within 1000 s before reaching final values of 

9.8 ± 0.9 and 10.8 ± 0.8 mN/m, respectively. As the peptide concentration increases, the 

interfacial tension decreases more rapidly. The final interfacial tensions of 80 µM C8-AM in 

the absence and presence of Zn2+ were reached in less than 60 s, that is, 7.0 ± 0.2 and 7.2 ± 0.1 

mN/m, respectively. Unlike the AM-S peptide, the slow kinetics of C8-AM might be due to the 

secondary α-helical structure of C8-AM in the bulk solution as well as the hydrophobic 

interactions between the C8 tails (Figure 2B), so it takes longer time for C8-AM to adjust and 

adsorb at the interface in comparison with the random structured AM-S peptide (Figure 2A). 



 

Figure 3.  Dynamic oil–water interfacial tension of peptides: (A) AM-S; (B) AM-S + Zn2+; 

(C) C8-AM; and (D) C8-AM + Zn2+. Peptides were in 25 mM HEPES pH 7 in the absence or 

presence of ZnCl2, in which ZnCl2 was added at twice the molar concentration of the peptides. 

In order to examine whether a peptide-metal ion interfacial network was formed at the oil-

water interface, contraction experiments were conducted to visually observe the shrinkage of 

oil droplets (Figure 4). For both AM-S and C8-AM solution, when the volume of oil droplets 

decreased rapidly and significantly, a wrinkled surface could be observed indicating the 

formation of an interfacial network. This is not surprising, as the DSA results suggested that 

both peptides are able to adsorb at interface to reduce the interfacial tension, and the interaction 

between peptides and metal ion can be indicated by the distinctive adsorption kinetics under 

different metal ion conditions. The presence of interfacial wrinkles confirmed the formation of 

the interfacial peptide networks mediated by metal ions (Zn).  



 

Figure 4. Photographs of a 40-min-old Miglyol 812 oil droplet from an inverted needle in 20 

µM peptide (A) AM-S and (B) C8-AM in the presence of 40 µM ZnCl2 and then subjected to 

a sudden contraction in the droplet volume. 

Nanoemulsion Formation and Stability. We further investigated the emulsification 

capability of AM-S and C8-AM. Nanoemulsions of 2 v/v% Miglyol 812 oil were prepared in 

either AM-S or C8-AM peptide solution at different concentrations (i.e., 50, 100, 200, 400, 800 

µM) in HEPES buffer (25 mM, pH 7) using short sonication burst cycles of 30 seconds duration. 

Firstly, we investigated the effect of energy input on nanoemulsion size. With the intensity of 

sonication kept consistent, longer sonication time provides more energy input to disrupt oil into 

droplets.42-43 Figure 5 shows that nanoemulsion size of both AM-S and C8-AM at low 

concentrations increased with more sonication cycles, indicating that excess energy input 

destabilized the emulsions. 50 µM AM-S produced nanoemulsions with sizes of 272.8, 329.6 

and 423.5 nm, respectively, using 2, 3 and 4 sonication burst cycles, and their polydispersity 

(Ð) increased correspondingly from 0.191 to 0.385. Similarly, 50 µM C8-AM generated 

nanoemulsions with size from 378.9 nm (Ð=0.21) to 532.9 nm (Ð=0.25) with prolonged 

sonication time. At low concentrations, peptides were insufficient to fully cover the oil–water 

interface, especially the surface of newly formed droplets to effectively prevent coalescence. 

While longer sonication time was applied, the collision rate of oil droplets increases which 



favors coalescence, leading to larger size of prepared nanoemulsions.43-44 However, as peptide 

concentration increased (200 µM for AM-S and 100 µM for C8-AM), the impact of sonication 

time on the size of nanoemulsions became less significant. The size of nanoemulsions prepared 

using 400 µM AM-S and 400 µM C8-AM with different sonication cycles reached 192 ± 1 nm 

(Ð=0.20) and 172 ± 3 nm (Ð=0.17), because at high concentrations, the coverage of peptides 

at oil–water interface increased, thus the size of nanoemulsions was predominantly affected by 

the surface activity of the peptide surfactant rather than energy input.45 Therefore, in the 

following experiments we used 2 sonication burst cycles and 3 sonication burst cycles to 

prepare AM-S and C8-AM nanoemulsions, respectively. 

 

Figure 5. Dependent of Z-average diameter of nanoemulsions on sonication time. Peptides 

used were (A) AM-S and (B) C8-AM in HEPES (25 mM, pH 7) in which ZnCl2 was added at 

twice the molar concentration of the peptides.  



To study the capability of the peptide AM-S and C8-AM in making and stabilizing 

emulsions, oil-in-water emulsions containing 2 v/v% Miglyol 812 oil were prepared using 

peptides at different concentrations (i.e., 50, 100, 200, 400, 800 µM) in HEPES buffer (25 mM, 

pH 7). Figure 6 shows the Z-average droplet diameter and zeta potential of freshly prepared 

nanoemulsions as a function of peptide concentration. Low peptide concentrations of both AM-

S and C8-AM (50 µM and 100 µM) generated emulsions with bigger droplet size and smaller 

zeta potential, indicating that peptides in solution were insufficient to cover the droplet 

surface.23 As the peptide concentration increased to 200 µM or even higher (400 and 800 µM), 

the size of emulsions dropped to below 200 nm, and the zeta potential increased to around +50 

mV. In comparison with the 400 µM AM-S nanoemulsions having a size of 190 ± 1 nm 

(Ð=0.223) and a zeta potential of 50 ± 1 mV, 400 µM C8-AM yielded nanoemulsions with a 

relative smaller size of 153 nm (Ð=0.210) and a slight higher charge of +53.5 mV. Further 

increasing the peptide concentration had no significant effect on reducing the droplet size. The 

results suggested that the peptide surfactants with a concentration of 400 µM are sufficient to 

produce nanoemulsions with small droplet size and good monodispersity. It is worth noting 

that both AM-S and C8-AM-based nanoemulsions have high positive charge (above +35 mV) 

even at low peptide concentration, which further increases to around +50 mV with the increase 

of peptide concentrations. The high positive charge of nanoemulsions is probably resulted from 

the positive charge of both AM-S and C8-AM at neutral pH, together with the association of 

Zn2+ in the intermolecular networks at the interface.23-24,46As a rule of thumb, nanoemulsions 

with absolute zeta potentials above 30 mV are electrically stabilized.47 Therefore, 

nanoemulsions prepared using high concentration of surfactant peptides are considered to have 

strong electrical repulsion among droplets to enhance stability against coalescence. 

Additionally, the overall zeta potentials of C8-AM-based nanoemulsions are slightly higher 



than that of the AM-S-based nanoemulsions, which is probably due to the higher pI of C8-AM 

that causes peptide molecules to carry more surface charges at neutral pH.  

 

Figure 6. Dependence of Z-average diameter and zeta potential of nanoemulsions on peptide 

concentration. Peptides used were (A) AM-S and (B) C8-AM in HEPES (25 mM, pH 7) in 

which ZnCl2 was added at twice the molar concentration of the peptides.  

We further investigated nanoemulsions’ stability over three weeks at 4 °C and 25 °C. 

Nanoemulsions were prepared using AM-S and C8-AM peptides with concentrations ranging 

from 50 µM to 800 µM and stored at 4 °C and 25 °C, respectively. Figure 7 shows the variation 

of the size and zeta potential of the AM-S nanoemulsions formed from three different 

concentrations (200, 400 and 800 µM) over 21 days. Low concentrations (50–100 µM) of AM-

S were unable to make nanoemulsions having long-term stability. The droplet sizes gradually 

increased from 220 nm (Ð=0.2) to around 350 nm (Ð=0.42) within the first week (data not 

shown). In contrast, nanoemulsions prepared using 200, 400 and 800 µM AM-S were stable at 



both temperatures over 21 days, and the size of nanoemulsions remained at around 180 nm (Ð 

varied from 0.17 to 0.24). Over this period of storage time (21 days) at both 4 °C and 25 °C, 

the droplet size and zeta potential showed little variation. The overall zeta potentials of 

nanoemulsions were around 50 mV, which was considered sufficient to diminish the 

intermolecular attraction and prevent further aggregation and coalescence of the system.48 

Moreover, it is expected that the strong viscoelastic intermolecular film also contributed to 

promoting the stability of nanoemulsion, as a highly elastic interfacial layer could reduce film 

drainage and resist interfacial-layer rupture to better stabilize the interface against Ostwald 

ripening.22,49 The result showed that an AM-S concentration of 400 µM is sufficient in 

stabilizing nanoemulsions for over three weeks with fine average size of droplets, narrow size 

distribution and high zeta potentials.  

 

 



 

Figure 7. (A, B) Z-average diameter and (C, D) zeta potential of the AM-S nanoemulsions (2 

v/v% Miglyol 812, ZnCl2 at twice the concentration of AM-S, 25 mM HEPES, pH 7) stored at 

(A, C) 4 °C and (B, D) 25 °C for 21 days. 

Figure 8 shows the droplet size and zeta potential of C8-AM nanoemulsions using different 

concentrations of the C8-AM peptide surfactant at 4 °C and 25 °C over 20 days. Similar to AM-

S nanoemulsions, the 50 µM C8-AM nanoemulsion was unstable with droplet size increasing 

dramatically from 423 nm to around 800 nm in the first five days, and the polydispersity (Ð) 

increased from 0.10 to around 0.40 (data not shown). However, it is noteworthy from Figure 8 

that a lower C8-AM concentration of 100 µM was able to effectively stabilize nanoemulsions 

with an average size of 236 nm (Ð=0.16) for 20 days at both storage temperature. Further 

increasing the C8-AM concentration up to 800 µM led to smaller droplets sizes. 800 µM C8-

AM produced nanoemulsions of 147 nm (Ð=0.20). The decrease in nanoemulsion size with 

increasing C8-AM concentrations was distinctively different from the AM-S nanoemulsions, 



which had a constant droplet size over the concentration range of 200–800 µM. Regarding the 

surface charges, a slight decrease of zeta potential in 100 µM C8-AM nanoemulsions stored at 

25 °C was observed for the first week, which is similar to that of the 200 µM AM-S 

nanoemulsion. It is believed that at higher temperature the more-rapid Brownian motion led to 

increased collision rate between droplets.50 Thus nanoemulsions prepared using less peptides 

were insufficient to stabilize nanoemulsions against coalescence. By comparing the changes in 

size and zeta potential of nanoemulsions, the lower storage temperature of 4 °C is preferable 

for preserving the stability of nanoemulsions at lower peptide concentrations. When the 

concentration is high enough (200 µM or above), the nanoemulsions prepared remain stable at 

both 4 °C and 25 °C.24,51  

 

Figure 8. (A, B) Z-average diameter and (C, D) zeta potential of the C8-AM nanoemulsions (2 

v/v% Miglyol 812, ZnCl2 at twice the concentration of C8-AM, 25 mM HEPES, pH 7) stored 

at (A, C) 4°C and (B, D) 25°C for 20 days. 



To further explore the histidine-metal ion interaction at the interface and thus the formation 

of interfacial network, we added a small amount of a chelating agent (EDTA, 

ethylenediaminetetraacetic acid) to the peptide stabilized nanoemulsions to disrupt metal-

histidine binding. Figure 9 shows the stability of the nanoemulsions with and without EDTA 

over time. While the nanoemulsions prepared using either AM-S or C8-AM peptides remained 

stable for 6 hours, the additional EDTA led to gradual coalescence and phase separation, 

indicating that the metal-histidine binding was disrupted and the nanoemulsions were 

destabilized. Compared to AM-S nanoemulsion which responded to EDTA stimuli after 20 

minutes, C8-AM nanoemulsion remained stable for up to 6 hours before coalescence was 

observed. It is probably because the long carbon chain at the N-terminal of C8-AM anchored 

deeply into the oil phase, allowing strong adsorption of C8-AM peptides at oil–water 

interface.52 Hence the disruption of peptide-metal ion crosslink did not lead to immediate 

detachment of C8-AM at interface, and the C8-AM nanoemulsions were still stabilized by the 

adsorbed interfacial peptides, until coalescences between oil droplets eventually led to phase 

separation. This result showed that the stability of nanoemulsions prepared using AM-S or C8-

AM can be actively reversed by adding chelating agent to disrupt the intermolecular crosslink 

between peptides, and AM-S nanoemulsions responded to the stimuli more effectively. 

 



 

Figure 9. Photographs showing coalescence of Zn2+-peptide-stabilized nanoemulsions by 

addition of a metal-chelating agent EDTA. Nanoemulsions were prepared using 400 µM 

peptides (A) AM-S and (B) C8-AM in the presence of 800 µM ZnCl2.  

CONCLUSIONS 

Two peptides, AM-S and C8-AM, were designed incorporating an α-helical peptide surfactant 

(AM1) and additional hydrophobic module, aiming to enhance their function in stabilizing 

nanoemulsions. In order to study their properties, the peptides’ structure in bulk solution, their 

surface activities at oil–water interface and their performance in preparing and stabilizing 

nanoemulsions were investigated. The CD spectra revealed the structural differences between 

AM-S and C8-AM in bulk solution, as AM-S has a random coil conformation while C8-AM 

self-assembles into an α-helix. The DSA results suggested that the self-assembly of AM-S 

occurs at the interface, and both peptides showed excellent surface activities with the ability to 

rapidly adsorb at oil–water interface and reduce the interfacial tension to low equilibrium value 

(17.0 mN/m for AM-S and 8.4 mN/m for C-AM). The formation of metal ion (Zn2+) mediated 

intermolecular crosslink was confirmed by visually observing the wrinkled interfacial film in 

the contraction experiments. Then, the emulsification capability of peptides AM-S and C8-AM 



were demonstrated that both peptides are able to prepare nanoemulsions with small average 

size (Z-average diameter around 150-200 nm) and good monodispersity (Ð~0.20). The stability 

studies found that 400 µM AM-S and 100 µM C8-AM are sufficient to effectively stabilize 

prepared nanoemulsions for up to 21 days. At last, the reversibility test showed that the peptide-

metal ion (Zn2+) crosslink can be actively disrupted, leading to the phase separation of 

nanoemulsions over time. The result also revealed the important role of the peptide-metal ion 

(Zn2+) interaction in enhancing the stability of prepared nanoemulsions. Noticeably, while 

apparent phase separation occurred in 400 µM AM-S nanoemulsions after 20 minutes of the 

additional EDTA, 400 µM C8-AM nanoemulsions were gradually destabilized over 6 hours 

before coalescence was observed. Overall, comparing to AM-S, C8-AM exhibited superior 

surface activity with faster adsorption kinetic and ultralow equilibrium interfacial tension at 

high concentration. Nanoemulsions prepared using C8-AM exhibited a better stability against 

coalescence and in the condition of additional EDTA. In contrast, AM-S responded to the metal 

ion stimuli more effectively then C8-AM. It will be highly valuable to reveal how the individual 

peptide-surfactant molecules organize at the interface and that the solution compositions 

influence those interfacial arrangement and packing density of the peptides. For such purposes, 

neutron reflection25,53 in combination with molecular dynamics simulations49,54 will be 

employed in future to investigate the structural properties of the interfacially assembled peptide 

layer. This work provides useful information for the future design of peptide surfactants, and 

deepens our understanding of the link between peptide sequence, structure and function. 

ASSOCIATED CONTENT 

The methods and results of reversed-phase high-performance liquid chromatography (RP-

HPLC) and liquid chromatography–mass spectrometry (LC–MS) analyses for peptides AM-S 



and C8-AM, as well as Figures S1-S4 are included in the Supporting Information. This material 

is available free of charge via the Internet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

*Phone: +61-7-3346-4263; e-mail z.chunxia@uq.edu.au (C.-X.Z). 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given 

approval to the final version of the manuscript. 

Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENTS 

This work was supported by the Australian Research Council under Discovery Project 

(DP150100798) and a Future Fellowship Project (FT140100726). C.-X.Z. acknowledges 

financial support from the award of the ARC Future Fellowship (FT140100726).  

ABBREVIATIONS 
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