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ABSTRACT 

The aggregation of two short peptides [RF] and [RF]4 (where R = arginine and F = 

phenylalanine) at dipalmitoylphosphatidylcholine (DPPC) model membranes was 

investigated at the air-water interface using the Langmuir technique and vesicles in aqueous 

solutions. The molar ratio of the peptide and lipid components was varied to provide 

insights into the peptide-membrane interactions, which might be related to their 

cytotoxicity.1 Both peptides exhibited affinity to the DPPC membrane interface and rapidly 

adopted β-sheet rich structures upon adsorption onto the surface of the zwitterionic 

membrane. Results from adsorption isotherm and small angle X-ray scattering (SAXS) 

experiments showed changes in the structural and thermodynamic parameters of the 

membrane with increasing peptide concentration. Using atomic force microscopy (AFM), 

we showed the appearance of pores through the bilayer membranes and peptide aggregation 

at different interfaces, suggesting that the hydrophobic residues might have an effect on 

both pore size and layer structure, facilitating the membrane disruption and leading to 

different cytotoxicity effects. 

Keywords: Lipid monolayers, Langmuir-Blodgett films, peptide, AFM, SAXS, amyloid. 

 

1. INTRODUCTION 

The assembly of amyloidogenic peptides such as Amyloid β (Aβ) with model 

membranes provides a way to investigate the mechanisms behind the action of 

oligomers on biomembranes. These assemblies are formed in the close vicinity of 

the lipid interface, and they are thought to alter the membrane structure and lead to 

cell lysis and death. Several experiments have contributed to the understanding of 

how Aβ influences the behaviour of lipid membranes.2-5 A significant breakthrough 

was the demonstration that amyloidogenic peptides can assemble into annular 

structures, inducing amyloid pores in the membrane with ion channel properties.6, 7 

Membrane defects in the presence of this class of peptides are similar to those 

induced by antimicrobial peptides for bacterial membrane permeation, suggesting 

that universal principles govern their folding and functions.8 However, these 

experiments did not reveal the molecular mechanisms involved in the different 

modes of amyloid oligomerization and aggregation. 
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In recent years, model sequences containing important segments of the Aβ peptide 

have been investigated by several authors using model membranes to study channel 

formation in planar lipid bilayers, as well as in biological membranes in living cells.5, 

6, 9, 10 The hydrophobic residues seems to influence the insertion, cytotoxicity, and 

pore formation of the liposome membrane.11-13 

Several works have explored the sequence of short model peptides, which form 

supramolecular β-sheets and amyloid-like fibrils upon self-association.14-18 Notably, 

we found that the self-assembly of a model octapeptide consisting of an alternating 

sequence of arginine (R) and phenylalanine (F) residues leads to highly ordered and 

extended amyloid fibrils, which produce a very high quality "cross-β" XRD 

pattern.15 Changes in the morphology of these aggregates were observed as the 

length of the peptide was increased from [RF] to [RF]5, promoting a fibril-forming 

propensity. In contrast, shorter peptides form fractal-like aggregates.1 

Our previous experimental studies allow us to compare the effect of charge, 

independent of the secondary structure. All peptides exhibited cytotoxicity for 

glioma and RAW264.7 macrophage cells at concentrations comparable to the critical 

aggregation concentrations (cac) found in water, suggesting that a nonspecific 

mechanism causes cell death and that cytotoxicity assays are dependent on peptide 

length.1 However, there is a need for simpler model systems that could assist 

elucidation of the mechanisms involved in peptide-membrane interactions which 

may underlie their cytotoxic properties. 

In this present work, to investigate permeability we use the DPPC model system, 

which is a lipid suited to mimic cell membranes. Here we have analysed the surface 

properties and lipid-peptide interactions of two peptides [RF] and [RF]4, which are 

characterized by different solubility and morphology in aqueous solution with 

DPPC, using both monolayers and vesicles as membrane-substrate interfaces. Lipid 

monolayers (2D) enable the direct exploration of the local interaction among the 

lipid layer and biomolecules, for example, accessing the changes in the organization 

of lipids and the area expansion of monolayers induced by peptide-membrane 

intercalations. On the other hand, liposomes are attractive models because they offer 

a three-dimensional (3D) representation of the cell membranes and allow the 

observation of global changes in the layer promoted by peptides. 

The experimental evidence presented in this study allows us to propose a multi-

stage model based on that of Hirst et al.,19 in which peptide and lipid interactions 
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occur in three steps. The first stage describes the strong interaction of the peptides 

and the membrane that could prove to be particularly useful for both peptides. The 

second step features changes in the balance of interaction between peptides and the 

membrane. In this stage, the interactions between the peptides are much more 

effective, promoting the formation of secondary structures and intercalation in the 

membrane, as well as the aggregation of the peptide. Moreover, the last stage 

describes the creation of pores in the membrane. Here we demonstrate that the 

number of phenylalanine and arginine residues plays an essential role in membrane 

interaction by not only inducing the area expansion of the membrane but also 

forming β-sheet structures in its interface, as well as self-assembling into tubular 

pore structures. 

2. MATERIALS AND METHODS 

2.1. Materials 

The lipid membrane was composed of dipalmitoylphosphatidylcholine (DPPC) (Sigma 

Aldrich), with a molar mass of the purchased product 734 g/mol was used without 

further purification. The peptides [RF] and [RF]4 were synthesized in our laboratory using 

standard solid-phase methods and the characterization by liquid chromatography-mass 

spectrometry (LC-MS) provided Mw = 322.2 g/mol (calculated: 321.4 g/mol) with purity = 

92% for [RF] and Mw = 1232.6 g/mol (calculated: 1231.6 g/mol) with purity = 98.5% for 

[RF]4. For Langmuir trough experiments, the DPPC and peptides were dissolved in 

chloroform and methanol, respectively, to give 1 mg/mL stock solutions. To prepare the 

samples for X-ray experiments, the DPPC and peptide were dissolved in 1:1 (v/v) 

chloroform/methanol mixtures, and the organic solvents were evaporated under vacuum 

for around 5 hours. Vesicle solutions were prepared by re-suspending dry films at room 

temperature in ultrapure water (> 18 M) at 10 mM. In this study, the peptide/lipid molar 

ratio (P/L) ranged from 0 up to 0.1. 

2.2. Langmuir-Blodgett (LB) 

For the study of the interaction between DPPC and [RF]n, ultrapure water was used to 

prepare the subphase in the LB trough from KSV NIMA (Biolin Scientific, Finland) at 21 

oC. The lipid and peptide solutions with different P/L ratios were mixed at room 

temperature to achieve homogenization for 30 minutes. Afterward, the mixture was 

spread at the water-air interface of the trough and left to equilibrate for a minimum of 15 
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min to allow for organic solvent evaporation. The [RF]n/DPPC films were compressed at a 

speed of 15 cm2/min to collect pressure-area isotherms. At least six compressions were 

performed for each of the isotherms to observe whether their behavior was reproducible. 

To obtain the elastic response of the Langmuir films, the compressibility modulus (𝐶𝑆
−1 ) 

was calculated as follows: 

𝐶𝑆
−1 = −𝐴

𝜕Π

𝜕𝐴
 ,    Equation 1 

where A represents the average molecular area and Π is the surface pressure data obtained 

from regular compression experiments.  

2.3. Atomic Force Microscopy 

The Langmuir-Blodgett (LB) transfer was implemented by lifting a small piece of mica 

sheet, which was washed in a sulfuric and hydrogen peroxide acid solution (3:1, v/v), at a 

speed of 1 mm/min. During the LB transfer, the surface pressure of the monolayer was 

rigorously maintained at a constant value. The mica substrate was pulled out of the solution 

to obtain a lipid film with hydrophobic tails oriented toward the air phase. For unsupported 

samples, droplets were deposited on the mica substrate and left to dry overnight in a 

desiccator. The AFM setup was described previously.20 

2.4. Small-Angle X-Ray Scattering (SAXS) 

SAXS data were obtained using a Bruker Nanostar instrument (with optimized optics 

by Xenocs) at the Institute of Physics of the University of São Paulo. The samples were 

placed in reusable quartz capillaries, 1.5 mm in diameter, mounted on stainless steel cases, 

permitting the measurements of the sample and buffer under same conditions. The 

experimentally accessible range of the modulus of the transfer moment vector 𝑞 =

(4𝜋𝑠𝑖𝑛𝜃)/𝜆, where λ is the radiation wavelength and 2𝜃 is the scattering angle, was 0.18 

< q < 3.5 nm-1. The description of data treatment, as well as the model used to fit the 

experimental data, were as described previously.16 

3. RESULTS AND DISCUSSION 

3.1. Langmuir Isotherm Assays: Probing the Elastic Properties of Peptide/Membrane 

Systems 

To investigate the incorporation of peptides in membranes, we have studied four 

peptide/lipid ratios, within a range from 0.01 to 0.1. The isotherms for DPPC and peptides 
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at different P/L ratios are shown in Figures 1a and 1c. For DPPC monolayers, the isotherm 

(black line) presents a typical behavior for this lipid.21, 22 The transition from liquid-

expanded (LE) to liquid-condensed (LC) phases is found around 5 mN/m, being followed 

by the monolayer collapse close to 58 mN/m.22 

The profile of isotherms upon incorporation of [RF] remains the same as that obtained 

for the DPPC system. However, upon inclusion of peptides, the molecular area is observed 

to grow proportionally to the increase of P/L ratio, reaching values 100 Å2  

(Figure 1a) and the membrane collapse pressure remains unchanged. 

For the system containing [RF]4, changes are observed in the profiles of isotherms  

(Figure 1c). Firstly, we can see an increase of 20 Å2 in the molecular area upon addition of 

a small amount of peptide (P/L= 0.01). At the highest P/L ratio studied here (P/L= 0.1), the 

attained values of molecular areas are up to 180 Å2. In addition to these changes in 

isotherms, collapse pressures of lipid monolayers decreased, reaching values between 43 

and 55 mN/m. 

For the precise determination of the LE-LC phase transition, we plot the dependency of 

the compression modulus (Equation 1) on the surface pressure (Figures S1a and S1b). The 

LE-LC phase transition is characterized by the minimum of the function and for the pure 

DPPC system is clearly observed around 5 mN/m. For the system containing the RF peptide 

for the whole series of P/L values, this minimum is observed. However, with the increase 

in P/L, a displacement to higher pressures can be observed (Figure S1a). Already in the 

presence of [RF]4 the transition from LE to LC phase almost vanishes at P/L= 0.02 and 

becomes visible only for the ratio P/L= 0.1, at a surface pressure about 17 mN/m  

(Figure S1b). 

The growth of lipid molecular area can be ascribed to the incorporation of the peptides 

into the lipid film.23 Regarding the displacement of the LE to LC phase transition, the 

presence of peptides at the monolayer interface may change the local organization of lipid 

molecules, leading to an increase in regions that are less ordered, even at higher surface 

pressures, promoting more flexible membranes. Collapse pressures for monolayers in the 

presence of [RF]4 are 15mN/m lower than those obtained for the system with [RF]. These 

results indicate that [RF]4 induces more significant changes in the membrane in comparison 

to [RF]. 

A systematic investigation of the influence of peptides on DPPC monolayers was carried 

out. Three distinct surface pressures have been chosen: Π1 = 5 mN/m, related to the liquid-
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expanded to liquid-condensed phase transition in Langmuir monolayers in pure DPPC 

system; Π2= 30 mN/m already known as the natural pressure of the bilayers in bulk,24 and 

Π3 = 40 mN/m, near to the pressure range of membrane collapse. For each of the selected 

pressures (horizontal grey lines in Figures 1a and 1c), the corresponding molecular area is 

read from the isotherm curve, and the results are shown in Figures 1b and 1d. 

The molecular area of lipid monolayer at Π1 is the most affected by the presence of [RF] 

peptide (Figure 1b). For DPPC monolayer, the molecular region starts with 44 Å2 (P/L= 

0.01) and reaches values close to 100 Å2 at peptide/lipid ratio P/L= 0.1. When lateral 

pressure increases to Π2 in peptide-free membranes, molecular areas are about 37 Å2 and 

40 Å, respectively, at P/L ratios of 0.01 and 0.1. At pressure Π3, molecular areas are slightly 

smaller: they start at 34 Å2 and increase up to 37 Å2, remaining almost unchanged for 

compositions above P/L= 0.05. 

The molecular area as a function of P/L for [RF]4 peptides is plotted in Figure 1d. At 

surface pressure Π1, we observe a significant increase in the molecular area upon addition 

of peptide. Molecular areas increase from 43 Å2 (DPPC) to 58 Å2 at P/L= 0.01, and reach 

values close to 120 Å2 at P/L= 0.1. An interesting behavior is observed for surface pressures 

Π2 and Π3: molecular areas present a minimum at P/L= 0.02 which is followed by a growth 

at higher P/L ratios, indicating two regimes and multistate interactions between peptides 

and membranes.19 

As a whole, the presence of amyloid-like peptides leads to growth of molecular area at 

all pressures investigated here. Since molecular areas are bigger by 10 Å2 in samples 

containing [RF]4, it is likely that larger aggregates are present at the DPPC interface when 

this peptide is embedded in the membranes. 
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Figure 1. Surface pressure isotherms for DPPC with different ratios of the peptide (a) [RF] 

and (c) [RF]4; The molecular area at the three surface pressures as a function of P/L (b) 

[RF] and (d) [RF]4.  

It is also possible to distinguish organization of lipid molecules and elastic behavior of 

monolayers by investigating the compressibility modulus (CS
-1). For DPPC monolayers, 

the liquid‐expanded (LE) phase is characterized by CS
-1 values between 12.5 and 50 mN/m, 

while for the liquid‐condensed phase (LC) this parameter is in the range 100 < 𝐶𝑆
−1 < 250 

mN/m (interval indicated by dashed lines in Figure S2).25 

The compressibility modulus (CS
-1) was calculated according to equation 1, and the 

behavior of 𝐶𝑆
−1 as a function of molecular area for both peptides is shown in Figure S2. 

Increasing the amount of [RF] in the lipid monolayer leads to a continuous decrease of the 

compressibility modulus (Figure S2a), with the minimum value being observed at 𝐶𝑆
−1= 

150 mN/m, characteristic of liquid‐condensed phase. The decrease of 𝐶𝑆
−1 is an indication 

that the lipid system is softened upon incorporation of peptide.25 

In the case of DPPC monolayers in the presence of [RF]4, lower values for 𝐶𝑆
−1 are 

observed (Figure S2b). For the composition P/L = 0.01, a peak value near to 130 mN/m is 
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observed, characteristic of a much less rigid LC phase. The lowest value of 𝐶𝑆
−1 was 

obtained at P/L = 0.02 (85 mN/m), and the monolayer in this condition is not characterized 

as a condensed liquid phase.25 On the other hand, for P/L = 0.05, the compressibility 

modulus increases again, and a shift in the peak from 30 to 45 Å2 is observed. The growth 

of molecular area indicates that the peptide is incorporated in the membrane, triggering a 

drastic change in lipid-molecule organization. At the largest molar ratio (P/L= 0.1), a 

different behavior for compressibility appears, and two peaks at 32 Å2 and 40 Å2 are 

observed with 𝐶𝑆
−1 values close to 120 mN/m, typical of a LC phase. These two peaks 

suggest the coexistence between two phases, one of pure lipid (32 Å2) and another 

containing peptide (40 Å2). 

In both cases, the presence of the peptides changes the compressibility of membranes. 

However, the system with [RF]4 shows a stronger interaction which is likely responsible 

for the LC-to-LE transition in membranes. 

3.2. Atomic Force Microscopy Assays: ultrastructural information from membrane 

interfaces 

The presence of arginine in the peptide sequences may increase interfacial interactions 

with the zwitterionic membrane surface due to hydrogen-bonding interactions,1 and this 

effect can enhance the carpet effect of membrane disruption. Since [RF]4 also contains 

multiple phenylalanine residues, these could be interleaved in the membrane, destabilizing 

the membrane locally.2, 26 These mechanisms may be associated with an increase in 

molecular areas and changes in elasticity in the monolayers. 

Such interfacial effects on lipid monolayers can be monitored using the AFM technique 

associated with the Langmuir-Blodgett (LB) methodology, as shown in Figure 2. Such 

microscopy experiments were carried out at the three surface pressure regions of interest 

(Π1, Π2 and Π3) for either pure DPPC layers or peptide-lipid mixtures (P/L = 0.1). 

An average height around 1.5 nm (Figure 2a) has been obtained in pure DPPC films, 

which is compatible with previous results in the literature.27, 28 When the monolayer is 

exposed to the lowest pressure (Π1) (Figure 2a), small lipid clusters are observed, 

corresponding to LE phase domains.28 At surface pressure Π2, large lipid clusters from 

regions of the LC phase and small LE domains are seen (Figure 2b). In the third region, 

near to the collapse of the DPPC membrane (Figure 2c), a well-organized film of 

completely closed hexagon-like figures is observed. 
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Upon incorporation of [RF] (P/L= 0.1), agglomerates increased in both number and size, 

consistent with results from isotherm measurements that showed a growth of the molecular 

area in the LE to LC phase-transition region (Figure 2d). At surface pressure Π2, the AFM 

image shown in Figure 2e reveals a modification in the organization of the lipid film and 

coexistence between LC (3 μm-diameter cluster) and LE (300 nm-diameter cluster) 

phases. At surface pressure Π3, pores of the order of 10 nm in diameter are observed, as 

shown in Figure 2f. 

The images for the system containing [RF]4 are exhibited in Figures 2g and 2h. At Π1, 

the formation of large 2𝜇m DPPC-peptide clusters were observed. At surface pressure Π2, 

much larger pores are identified, most of which reaching about 400 nm diameter. 

 

Figure 2. AFM images obtained by exposure of the hydrophobic regions in LB films under 

different lateral pressures for (a-c) pure DPPC; (d-f) DPPC-[RF]; (g-h) DPPC-[RF]4. 

The incorporation of peptides to the membrane has triggered some changes in the lipid 

film structures. A noteworthy point is the increase in the size of the agglomerates at low 

pressures, which correlates well with molecular area data obtained from isotherm analyses. 

The second interesting finding is the increase of the LE domains at a pressure of 30 mN/m, 

which indicates both the presence of less ordered regions in the membrane and low lateral 
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compressibility of the system. Finally, we observe a higher number of pores in the 

membrane, as well as increase of pore size, in the presence of [RF] or [RF]4 when compared 

with pure DPPC films. 

The same experiments were conducted using a hydrophilic coverslip as substrate for LB 

films. In this case, a second transference was performed on top of the previous monolayer, 

to observe the peptide aggregates on bilayer surfaces. Figure S3a shows that the number of 

clusters increases when [RF] was incorporated in the bilayer at Π1. Also, small aggregates 

of fibrillar and spherical structures are observed, with typical heights at 3 and 6 nm, 

respectively. Figure S3b exhibits a better-organized system of 5 nm in height, large 

spherical aggregates of 40 nm, and long fibers of 12 nm at surface pressure Π2. In the 

DPPC/[RF]4 system, a high number of fiber fragments 8 nm in height are observed on the 

membrane at surface pressure Π1, as seen in Figure S3c. At Π2, both fragments of the lipid 

layers mixed with [RF]4 are observed (Figure S3d). 

3.3. Small-Angle X-ray Scattering: Nanoscopic Structure under Hydrated Conditions 

Experiments with DPPC vesicles were performed in aqueous solutions to investigate the 

global morphological and structural changes in the membrane with different peptide 

concentrations, as an environment of greater complexity could lead to pore formation in 

lipid layers. Structural aspects of the vesicles and the influence of peptides in these bilayers 

can be monitored using the SAXS technique. Figures 3a and 3b show the scattered 

intensity, I(q), as a function of the scattering vector for [RF] and [RF]4, respectively. 

In samples containing only DPPC bilayers (P/L= 0), the data are featured by two peaks 

at q = 1 nm-1 and q = 2 nm-1, indicating the presence of multilamellar vesicles with a repeat 

distance of 6.3 nm, in agreement with results from literature.29 The addition of peptides 

to the mixture strongly affects the degree of order in the vesicles, as attested by progressive 

disappearance of peaks in the scattering curves. In samples containing P/L  0.02, the 

scattering profiles are characterized by one diffuse bump at intermediate range, which is 

characteristic of unilamellar vesicles. 
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Figure 3. X-ray scattering for different P/L ratios from 0 to 0.1 for (a) [RF] and (b) [RF]4 

sequences. The solid lines represent the fitting to the experimental data using the Gaussian 

model. 

The Inverse Fourier transform (IFT) method, which enables the determination of pair 

distance distribution, p(r), has been used to show that the systems with the absence of peaks 

are consistent with unilamellar vesicles.30 Figure 4a displays the function p(r) in the region 

0 < 𝑟 < 4 nm, the change of the signature of the electron density contrast is of a bilayer, 

followed by a negative valley related to the central hydrophobic part of the membrane. It is 

also possible to determine the maximum diameter of the vesicles by using the p(r) function. 

For both the [RF] and [RF]4 systems, the larger the P/L, the greater the size of the vesicles 

in the solution (Figure 4a). However, the maximum unilamellar vesicle radius achieved in 

the [RF] system at a P/L= 0.1 molar ratio is smaller than in the [RF]4 system at P/L= 0.02. 

To extract quantitative information from SAXS data, and unveil finer features of 

membranes in the presence of peptides, we investigated the electron density profile of 

bilayers. The model proposed by Oliveira et al.31 was used to perform full range data fitting, 

and the global results obtained from this approach have allowed to discriminate structural 

parameters such as lamellar periodicity and electronic density profile, as well as the Caillé 

parameter, which is related to the membrane flexibility. 
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The electron contrast density profiles for both peptides are presented in Figure 4b. The 

negative region of Δρ is altered upon incorporation of peptides, suggesting a possible 

change in the organization of the lipid aliphatic chains. 

The thickness of the bilayer membrane can be determined using the electron contrast 

profiles.16, 31 The thickness value of 4.8 nm has been found in the pure DPPC system, which 

is compatible with values reported in the literature.32 

An increase in the thickness of the bilayer is observed when peptides are incorporated 

into the membranes, indicating the presence of the peptides at the membrane interface  

(Figure 4c). 

The Caillé parameter (𝜂) obtained for multilamellar vesicles is shown in Table 1. The 

value of 𝜂 obtained for pure DPPC was 0.07, while the value for lipid-peptide systems 

ranges from 0.5 to 1, indicating greater flexibility of the membrane. These results 

corroborate the behavior of the lateral compressibility described in Figure S2 for the LB 

film, which suggests a more flexible system with the incorporation of the peptide to the 

membrane. 

 

Figure 4. (a) Plot of the p(r) function, where the continuous lines correspond to the [RF]4-

DPPC system data and the dotted one to the [RF]-DPPC system for P/L = 0.1. Structural 

parameters obtained from the scattering data in Figure 3, (b) membrane thickness (δM) − 

the lines are guides to the eyes, and (c) the electron density profile (Δρ). 
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Table 1. Caillé parameter obtained for DPPC multilamellar vesicles with a variable P/L 

ratio (Figure 2) using the Gaussian Deconvolution Method. For unilamellar vesicles (N 

close to 1), η is not applicable ("N/A"). 

P/L [RF] [RF]4 

0 0.07±0.02 0.07±0.02 

0.01 0.53±0.12 1.08±0.15 

0.02 1.32±0.42 N/A 

0.05 0.88±0.21 N/A 

0.1 N/A N/A 

 

Multi-to-unilamellar transitions of lipid vesicles in the presence of short peptides have 

already been observed previously.16, 33 For lipid systems with uncharged peptide systems 

containing phenylalanine (F) and cysteine (C), the transition occurs at ratios of P/L > 0.1 

for FF and in P/L > 0.01 for CFF, indicating that cysteine residues interact much more 

strongly with the membrane and is essential for the transition.16 For R3F3 and R4F4 in the 

presence of DPPG/DPPE mixed membranes, SAXS data showed that the transition occurs 

at P/L < 0.16.33 In the present work, we observed that the transitions for [RF] occur at the 

same ratio as observed for FF, indicating low interaction with the membrane. On the other 

hand, there is more significant interaction with the DPPC layers for the [RF]4 system, as a 

more significant number of arginine residues is present in the peptide, promoting 

substantial structural changes. 

3.4. Atomic Force Microscopy Assays: Unsupported vesicle system 

Figure 5 presents AFM images of pure DPPC spherical structures of 80 nm in size with 

low polydispersity. In some cases, an overlap of layers can be noted, which is typical of 

multilamellar systems (Figure 5a). For lipid-[RF] complexes (P/L= 0.01), it was possible 

to observe multilamellar vesicles, as shown in Figure 5b. Such vesicles were much bigger 

than the ones present in the pure DPPC system, corroborating the behavior of the maximum 

diameter of the vesicles obtained by the p(r) function, as shown in Figure 4a. Remarkably, 

the images for the composition P/L= 0.1 (Figure 5c) show that this system presents 

unilamellar vesicles that are 40 times larger than in the P/L= 0.01 ratio. The white feature 

in the upper right corner of the figure is the peptides aggregated on the DPPC vesicles (see 

insert Figure S5), where we observe fibrillar structures with ~30 nm high. AFM also reveals 
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the presence of pores of 50 nm in size that have the same behavior observed in the AFM 

images for LB films (Figure 2f). 

Figure 5d shows images of vesicles for DPPC-[RF]4 at P/L= 0.01, featuring 

multilamellar vesicles larger than those observed for both pure DPPC and the lipid-[RF] 

system. Also, for both lipid-peptide samples at a larger P/L ratio, only a large membrane 

agglomerate was observed, indicating a vesicle fusion pathway. It is interesting to observe 

the large plate that features pores with up to 1 μm in diameter at P/L= 0.1 in this system in 

Figure 5e. The presence of such pores may relate to the significant increase in the Caillé 

parameter found in the SAXS data. These results are compatible with those previously 

presented for lipid monolayers, indicating that the behavior observed in the lipid 

monolayers also occurs in the unsupported system. 

 

 

Figure 5. AFM images for unsupported samples in aqueous solution: a) pure DPPC; DPPC-

[RF] for different ratios of P/L (b) 0.01 and (c) 0.1; DPPC-[RF]4 for P/L (d) 0.01 and (e) 

0.1. 

 

DPPC-[RF] DPPC-[RF]4
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3.5. Interaction Model for Peptide/Membrane Systems 

All the experimental evidence presented in this work unequivocally demonstrates strong 

interaction between the short peptides based on the [RF] pair and lipid membranes. The 

adsorption isotherm measurements indicate a multi-stage lipid-peptide interaction 

process,5, 19, 34 which can be described by the three-interaction-stage mechanism proposed 

by Hirst and collaborators that involves surface building, insertion, and expansion.19 The 

surface building stage corresponds to the first accumulation of the peptide at the lipid 

interface. Literature studies propose that the presence of peptides in lipid membranes 

promotes significant local changes in the organization of lipid aliphatic chains.5, 35 The 

DPPC layer is in its gel phase (𝐿𝛽) at a temperature of 21 oC, which implies a rigid 

membrane containing stretched aliphatic chains (Figure 6a). However, the presence of the 

peptide induces a transition from a gel to a fluid-phase for the DPPC layers (𝐿𝛼),  

(Figure 6b) therefore decreasing the local stiffness of the membrane.4, 36 

This process can explain not only the significant increase in the molecular area that 

occurred in the presence of both peptides but also the decrease of the membrane 

compressibility factor. It also leads to the change of electron density contrast in the region 

of the aliphatic tails, which is interpreted as a phase transition from 𝐿𝛼  to 𝐿𝛽. The second 

step was the insertion of the peptides into the membrane. A continuous increase in the [RF] 

molecular area was observed with the intercalation of the peptide into the DPPC layers. On 

the other hand, when increasing the concentration of the [RF]4 peptides, the molecular area 

stabilizes at intermediate values of P/L (around P/L= 0.02). This may indicate that the 

peptide is intercalated into the membrane,5, 35-37 decreasing the peptide-lipid interaction, 

locally increasing the peptide-peptide affinity, and promoting secondary structure 

formation (Figure 6c). 

CD spectra presented in Figure S4 show two positive bands, one located at ~195 nm, 

correlated with antiparallel β-sheet conformation,20 and the other at 219 nm, characteristic 

of phenylalanine n-π* electronic transitions.38 In contrast, the DPPC vesicles alone do not 

show any CD signal. Also, we observed a red-shift in the wavelength of absorption for 

[RF]4 peptides, suggesting that β-sheet content is enhanced as the number of [RF] units 

increases in the sequences. The results indicate that interaction with membranes may induce 

structuring and lead to secondary structure features that are not present in aqueous 

solutions. Notably, they suggest that morphological changes related to the formation of β-

sheet and β-turn type structures may be associated with pore formation. 
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The effective pore structuration occurs at the expansion stage. The AFM images show 

such formation in the membrane for both systems, which can be justified by the 

considerable increase of both the molecular area in the isotherm experiment and the 

flexibility observed in LB films and vesicle solutions (Figures 6d and 6e). 

 

 

Figure 6. Schematic depicting peptide-lipid interactions: (a) monolayer of DPPC, (b) 

surface binding, (c) insertion, (d) expansion, and (e) 3D representation of pore formation. 

4. CONCLUSIONS 

The present study investigated the interaction of short peptides based on the pair [RF] 

with DPPC phospholipid membranes, both as LB films and vesicle solutions. Arginine-

enriched sequences have attracted increasing interest due to their extensive presence in 

bioactive peptide classes such as antimicrobial and cell penetrating peptides. On the other 

hand, structural motifs usually found in amyloid-forming sequences often display aromatic 

residues that conveys directionality for fibrillization through π-stacking interactions. 

Therefore, the sequences investigated here are archetypical models to discriminate the 

role of these amino acid residues on the interaction of these major peptide classes with cell 

membranes. For the [RF] sequence, such interactions promote a continuous increase of the 

molecular area, evidencing affinity of this peptide to membrane interfaces. On the other 

hand, for [RF]4 a more complex behavior is observed since the molecular area does not 

show a smooth increase with peptide concentration as it is incorporated in the DPPC layer, 

which promotes the reduction of compressibility and leads to a more flexible membrane. 

Morphological changes in the DPPC vesicles were observed in the presence of peptides, 

which were monitored by SAXS. The first finding was the transition of MLV to ULV 

systems for different P/L ratios. Such a transition occurs at lower P/L for [RF]4 than for the 

(a)

(b)

(c)

(d)

v

(e)
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[RF] system, indicating that the increased number of hydrophobic residues promotes a 

better interaction with the zwitterionic membrane surface. The arginine group may also 

interact hydrophilically with DPPC by hydrogen bonding and, consequently, locally 

destabilize it. The electron contrast density in the hydrophobic region is related to the phase 

transition from gel to fluid of aliphatic lipid chains, which also leads to a decrease of the 

lateral compressibility modulus and an increased Caillé parameter. 

AFM images depicted not only the formation of peptide fibers or spherical clusters on 

the surface of the lipid but also the rupture of the membrane at higher pressures. Both a 

significant increase in vesicle size and the transition from MLV to ULV were observed in 

the unsupported system. The images also showed the presence of pores through the lipid 

bilayer, suggesting that the phenylalanine residues seem to have a significant effect on both 

pore size and membrane structure. 

SUPPORTING INFORMATION 

Supporting information: The determination of the LC-LE phase transition, in-plane 

elasticity (𝐂𝐒
−𝟏) for DPPC monolayer and different P/L ratios. AFM images of samples 

under different lateral pressures and CD spectra for lipid-peptide complexes. 
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