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ABSTRACT. Amphipathic peptides are attractive building blocks for the preparation of self-

assembling, bio-inspired and stimuli responsive nano-materials with pharmaceutical interest. The 

bioavailability of these materials can be improved with the insertion of D amino acid residues to 

avoid fast proteolysis in vivo. With this knowledge, a new lauroyl peptide consisting of a 

sequence of glycine, glycine, D-serine, and D-lysine was designed. In spite of its simple 

sequence, this lipopeptide self-assembles into spherical micelles at acid pH, when the peptide 

moiety adopts disordered conformations. The self-aggregates reshape towards fibers at basic pH 

following the conformational transition of the peptide region from random coil to β-sheet. 

Finally, hydrogels are achieved at basic pH and higher concentrations. The transition from 

random coil to β-sheet conformation of the peptide headgroup obtained by increasing pH was 

monitored by circular dichroism and vibrational spectroscopy. A structural analysis, performed 
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by combining dynamic light scattering, small angle X-ray scattering, transmission electron 

microscopy and molecular dynamic simulations, demonstrated that the transition allows the self-

assemblies to remodel from spherical micelles to rod-like shapes, to long fibers with rectangular 

cross section and a head-tail-tail-head structure. The viscoelastic behavior of the hydrogels 

formed at the highest pH was investigated by rheology measurements. 

 

INTRODUCTION 

Among the wide world of amphiphilic building blocks that self-assemble according to a 

bottom-up process, amphipathic peptides attract interests to achieve bio-inspired nano-materials 

with potential pharmaceutical applications.1-5 However, their use is hindered from their reduced 

bioavailability owing to a fast clearance in vivo. Different strategies are explored to enhance the 

metabolic stability of peptide-based nano-systems such as the insertion of D amino acid residues6 

or β-peptoids.7 The conjugation with lipids is an alternative approach.7-10 Lipidation provides 

hybrids with amphiphilic character that ensures their self-assembly in stable nano-aggregates 

with core-shell morphology.11,12 Owing to their bioactivity, biospecificity and reduced toxicity, 

nano-structures obtained by self-assembling of natural and synthetic lipopeptides have important 

therapeutic applications including drug and gene delivery, diagnostics, tissue engineering and 

regenerative medicine11-15 and cosmetics.16-20 Applications in pharmaceutics are also shown by 

synthetic and bacterial-expressed lipopeptides with antimicrobial, antibiotic and antifungal 

activity.21,22 

The lipopeptides are peptide-based molecules where the peptide moiety forms the hydrophilic 

headgroup. A proper design of amino acid sequence allows obtaining well-ordered self-

assemblies with morphology and properties that can be tuned by changing pH, temperature, 
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concentration, and ionic strength.12,23-31 The hydrocarbon chains, covalently linked either to the 

peptide backbone or to the side chains, triggers the self-aggregation in aqueous solutions and 

induces and stabilizes secondary and tertiary structures also in short peptide sequences.32 The 

alkyl tail length affects structures and functions of the self-aggregates since morphology and 

surface features depend on the fine balance of dipole-dipole, electrostatic, π-π stacking, 

hydrophobic and hydrogen bond interactions.23,24,26,33,34 Steroidal moieties can be also used as 

hydrophobic block to provide molecules with a self-assembly behavior merging the complex 

aggregation features of steroidal surfactants and peptides.35,36 

The hydrophobic interactions among the aliphatic chains are important to promote the self-

assembly of lipopeptides.12 However, the role of the secondary structures of the peptide 

component37,38 and the hydrogen bonds39 was also shown to be crucial. Accordingly, different 

morphology and mechanical properties of nano-structures are obtained when headgroup 

secondary structures re-organize following changes of peptide sequences, pH and ionic strength. 

Evolution with time is also possible as recently shown for self-assemblies obtained by a gemini-

type lipopeptide.40 

Charged amino acid residues and peptide sequences with propensity to assume pH-dependent 

β-sheet conformation are common motives in amphiphilic lipopeptides23,37,38 for which spherical 

and worm-like micelles, vesicles, planar bilayers, nano-fibers and nano-tapes are observed to 

form. As regards elongated assemblies, their structural features mainly depend on the 

hydrocarbon chain length, the propensity of the peptide sequence to assume a β-sheet 

conformation and the electrostatic interactions among the polar heads. Often, gels arise by the 

self-assembly of high-aspect ratio structures, which provide topological interactions, forming a 

fiber network.23,41  
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This work reports the synthesis and structural characterization of the peptide amphiphile (PA) 

lauroyl-Gly-Gly-D-Ser-D-Lys-NH2 TFA salt (C12-GGSK, where the D residues are in bold, 

Figure 1). The lipopeptide was conceived for applications in nano-medicine. It was designed to 

self-organize in aqueous solutions into structures that reshape upon changes of pH, concentration 

and temperature. The aliphatic tail was conjugated to the N-terminus to induce the hydrophobic 

collapse and favor the self-assembly in core-shell morphologies. D amino acid residues were 

inserted to increase the resistance of the peptide region to proteolysis.6 Furthermore, the different 

nano-structures could find applications in drug delivery by exploiting the presence of a 

hydrophobic core to encapsulate apolar drugs.23,30 The peptide sequence of the headgroup was 

designed to obtain a pH-dependent random coil-β-like conformational transition ruled by the 

different degree of ionization of the ε-amino group of the lysine residue while the serine was 

introduced for their robust gelation property.42 Both residues improve the solubility of the 

conjugate in water.  

C12-GGSK self-assemblies change morphologies in response to pH and concentration although 

its molecular structure is simple. Spherical micelle self-assemblies, obtained at acid pH, 

rearranged into fibers and, finally, into gel, when pH and concentration were increased. This is 

an interesting behavior since peptide amphiphiles with headgroups that have a strong tendency to 

adopt β-sheet conformations prevalently self-organize into elongated structures.37 Furthermore, it 

is worthy of consideration that the position of the single amino acid residues and the site of the 

conjugation are relevant in the self-assembly behavior of stimuli-responsive lipopeptides, as 

recently reviewed.12 

The physicochemical properties and conformations of the peptide headgroups were assessed. 

The critical aggregation concentration (cac) of C12-GGSK was determined by fluorescence 
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spectroscopy whilst the secondary structure of the peptide moiety was investigated by circular 

dichroism and vibrational spectroscopy. Structure, size, and morphology of the self-aggregates 

were assessed by small angle X-ray scattering, dynamic light scattering, and transmission 

electron microscopy at different pHs and concentrations of the lipopeptide. Molecular dynamics 

simulations were carried out on uncharged lipopeptide to investigate the self-assembly at basic 

pH. Finally, the rheological properties of hydrogels formed at basic pH and their thermal 

sensitivity were investigated. 

 

EXPERIMENTAL SECTION 

Materials.  Peptide synthesis grade N,N-dimethylformamide (DMF), trifluoroacetic acid 

(TFA), dichloromethane (DCM), 1-methyl-2-pyrrolidone (NMP), diethyl ether, N,N,N’,N’-

tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate (TBTU), N,N-diisopropylethylamine 

(DIPEA), triethylamine (TEA), 4-(dimethylamino)pyridine (DMAP), triisopropylsilane (TIS) 

were purchased from Aldrich and used as provided. Spectrograde pyrene and piperidine were 

from Fluka and distilled before use. DCM and DMF were dried with 4 Å molecular sieves. Rink-

amide resin (1% DVB, 200-400 mesh and loading level 1.1 mmol·g-1) and Amberlite IRA-67 

ion-exchange resin were purchased from Aldrich. Fmoc-D-Ser-OH, Fmoc-D-Lys-OH and Fmoc-

Gly-OH amino acids were from Bachem. Lauric acid was from Merck. Deuterated solvents for 

NMR spectroscopy were from Aldrich. Acetonitrile (MeCN, Chromasolv Plus, for HPLC) and 

spectrograde methanol (MeOH) were purchased from Aldrich and used as provided. Thin Layer 

Chromatography (TLC) was performed on silica gel Merck 60 F254 plates. 

Synthesis of lauroyl-Gly-Gly-D-Ser-D-Lys(TFA)-NH2. The lipopeptide C12-GGSK was 

synthetized manually at 0.5 mmol scale on Rink amide polystyrene resin employing a standard 
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Fmoc methodology according to the scheme described in Figure S1. Before the synthesis, the 

resin was swollen in NMP for 30 min and then washed with DMF (three times) and DCM (three 

times). The coupling of the first amino acid was carried out using 3 equiv (relative to the resin 

loading) of Fmoc-D-Lys(Boc)-OH amino acid, 3 equiv of TBTU and 3.5 equiv of DIPEA in 

NMP for 3 h. All subsequent couplings were performed using 3 equiv of the appropriate Fmoc 

protected amino acids, 3 equiv of TBTU and 3.5 equiv of DIPEA in NMP under mechanical 

shaking for 3 h at room temperature and repeated twice. Fmoc deprotection was obtained by 

piperidine in DMF ((20% v/v, 5 mL, 2 times, 15 min) and the completion of the coupling 

reactions was checked by the ninhydrin-Kaiser test. After the peptide portion was completed, the 

N-terminus was capped with lauryl acid using the same reaction conditions described above. 

Cleavage and deprotection of the expected lipopeptide as TFA salt from the resin were achieved 

using a mixture of TFA, MilliQ water, and TIS in the ratio of 95/2.5/2.5 (5 mL, 3 h). The 

solution was collected by filtration, concentrated in vacuum to a viscous solution, and the 

lipopeptide was precipitated with cold diethyl ether. After repeated washing with diethyl ether, 

the precipitate was dissolved in water/dioxane 1/1 (v/v) and freeze-dried. The lipopeptide was 

identified by monodimensional 1H NMR spectroscopy (Figure S2) and electrospray ionization 

mass spectrometry (Figure S3). 

Preparation of the solutions. C12-GGSK was dissolved in Milli-Q water to the desired 

concentration. The pH of each solution was corrected by addition of 0.1 M HCl or 0.01 and 0.1M 

NaOH and measured by CRISON pH meter after stabilization. The solutions used to measure the 

rheological properties were brought to basic pH and sonicated for 5 minutes to avoid the 

formation of precipitates before rheological measurements. 
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Fourier Transform-Infra Red Spectroscopy (FT-IR). Vibrational spectra were obtained 

with a Shimadzu FT-IR 8400S spectrometer equipped with attenuated total reflectance (ATR) 

Golden Gate in the 4000-650 cm-1 spectral range collecting eight interferograms with a 2 cm-1 

resolution. Spectra were elaborated with Shimadzu IR Solution 1.1 software. ATR FT-IR spectra 

were recorded on dried films achieved by deposition of C12-GGSK solutions in D2O at different 

pHs. 

Circular Dichroism (CD) Spectroscopy. CD spectroscopy was employed to investigate the 

transition from random coil-β-like conformation of C12-GGSK and thermal stability of the gel 

formed at basic pH. The C12-GGSK solutions were added with 0.01 mol·L-1 NaOH solution and 

left 2 minutes before recording the CD spectrum. The CD spectra were run with a JASCO J 715 

spectropolarimeter equipped with a Peltier device for temperature control using quartz cells of 

0.001, 0.01, 0.02, 0.1, 0.2 cm. Measurements were run in the 250-190 nm spectral range at 

constant temperature and an instrument scanning speed of 100 nm/min, with a response time of 1 

s and bandwidth of 1 nm. Temperature scans were obtained with a speed of 1 °C·min-1. Spectra 

were reported in molar ellipticity. 

Fluorescence Spectroscopy. Steady-state fluorescence spectra were measured on a Cary 

Eclipse (Varian) spectrofluorimeter equipped with a thermostated cell compartment and a 

SUPRASIL® quartz cell (10 × 4 mm). The fluorescence spectroscopy was used to evaluate the 

cac of C12-GGSK (TFA salt) using pyrene as a probe according to a well-established method for 

core-shell nano-particles.43 The fluorescence emission spectra of pyrene were measured in the 

spectral region 350-450 nm using λexc=335 nm. The lipopeptide was dissolved in an aqueous 

solution of 5·10 -7 mol·L-1 of pyrene in the concentration range 2·10-6 - 4·10-3 mol·L-1 and left 

under stirring overnight to obtain a constant value of the emission intensity. 
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Nuclear Magnetic Resonance (NMR) Spectroscopy. One-dimensional 1H spectra were 

obtained on a VARIAN MERCURY spectrometer operating at 300.13 MHz. Chemical shifts 

were reported in parts per million (ppm) with respect to the residual undeuterated solvent used as 

an internal standard. Samples were prepared by dissolving about 5 mg of the lipopeptide in 0.5 

mL of d6-DMSO. 

ESI-Mass Spectrometry (ESI-MS). ESI-MS spectra were performed on a Q-Tof Micro 

spectrometer (Micromass, now Waters) equipped with an electron spray ionization (ESI) source, 

in the positive ion mode. Data were analyzed using the MassLynx software (Waters). Mass 

spectra were run in the range of m/z 200-1400. 

Dynamic Light Scattering (DLS). DLS experiments were carried out with a Brookhaven 

Instruments Corp. BI-200SM goniometer equipped with a BI-9000AT digital correlator. A 125 

mW, 532 nm solid-state laser was used. Scattering angle θ was 90°. Cumulants analysis or 

CONTIN were used to fit the data. DLS measurements were carried out on aqueous solutions of 

C12-GGSK at a concentration of 10 mg·mL-1. The pH was adjusted at 3 with 0.1 mol·L-1 HCl. The 

lipopeptide solutions were sonicated (UTA 18 sonicator, 280 W, FALC INSTRUMENTS) for 5 

minutes and filtered with 0.45, 0.1 and 0.03 µm filters (Durapore, Millipore, USA) before 

measurements. All the measurements were carried out at 25±0.1 °C. 

Energy Filtered-Transmission Electron Microscopy (EF-TEM). TEM micrographs were 

obtained with a Tecnai 12 G2 Twin Transmission Electron Microscope, operating at 120 keV. A 

droplet of a solution of C12-GGSK in water was deposited onto a 400 mesh carbon coated copper 

grid. The excess of liquid was removed by placing the grid onto a filter paper and left to dry in 

air at room temperature for a few minutes. Samples were negatively stained with 2% w/v 

phosphotungstic acid (PTA) buffered at pH 7.3. 
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Lipopeptide solutions were imaged at the concentrations of 7·10-4 mol·L-1 and 1.6·10-3 mol·L-1 

at pH 3 and 8.4. pH was adjusted with 0.1 mol·L-1 HCl and NaOH solutions. 

Scanning Electron Microscopy (SEM). SEM micrographs were recorded with a ZEISS 

AURIGA 405 microscope (0.5-30 keV, 10-10 mbar). The solution of C12-GGSK in Milli-Q water 

at a concentration of 3.1·10-3 mol·L-1 was brought to pH 11 and left at room temperature to allow 

the gel formation. Then, the gel was quickly frozen in liquid nitrogen, broken with cold tweezers 

and fragments of the frozen gel were freeze-dried in high vacuum. Afterwards, the dried samples 

were mounted on aluminum SEM stubs using conductive carbon tape and imaged. 

Rheological measurements. Rheological experiments performed with a Bohlin CS10 stress 

controlled rheometer using a concentric cylinder measuring system (C14). Temperature was 

controlled within ± 0.1 °C. The solution in the measuring geometry was isolated by a Teflon 

septum to prevent solvent evaporation. About 3 ml of samples were charged. Storage and loss 

moduli, G’ and G”, were determined as a function of time at a fixed frequency 0.01 or 1 Hz. 

Frequency sweep measurements were done in the range 0.1 - 10 Hz. Both experiments were 

performed at fixed stress, starting from the lower value 0.2 Pa in the first stage of gelation and 

progressively increasing it up to 1 Pa as gelation proceeds. Strain was kept below 1 % after gel 

point was reached to avoid slipping or gel fractures.  

Rheological measurements were carried out on 2 mg·mL-1 (3.2·10-3 mol·L-1) lipopeptide 

solutions after filtration on 0.45 µm filters (Durapore Millipore). Gel points were measured after 

bringing the pH to 11.0 with a 0.1 mol·L-1 NaOH solution.  

Stress-sweep experiments on completely formed gels were done in order to be sure to perform 

measurements in the range of linear viscoelasticity. The absence of any slipping was determined 
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by creep tests. Frequency sweep and temperature sweep experiments were carried out on a 

lipopeptide solution brought to pH 11 and left overnight before the measurement.  

Small Angle X-ray Scattering (SAXS). SAXS measurements were performed on 25 mg·mL-1 

(3.9·10-2 mol·L-1) C12-GGSK water solution at spontaneous pH after filtration on 0.45 μm filters 

(Durapore Millipore) and on the gel sample obtained by bringing the 6.0·10-3 mol·L-1 solution of 

C12-GGSK to pH 11. 

The data were collected at the SWING beamline of Synchrotron SOLEIL (Gif-sur-Yvette, 

France), with an X-ray wavelength λ=1.033 Å. Data were collected in the scattering vector range 

0.023 < q <3.9 nm−1, where q = 4πsin(θ)/λ and 2θ is the scattering angle. A second configuration 

with detector distance set to 55 cm allowed for improvement of the data quality in the q range 

0.2-0.4 Å−1 for the gel sample. In the first case (C12-GGSK water solution at spontaneous pH) the 

measurements were performed using the automated sample loader provided at the beamline and 

the images were captured with 500 ms exposures by the AVIEX170170 CCD. In the second case 

(C12-GGSK gel at pH 11), the measurements were performed by loading the sample in 

disposable quartz capillaries with 2.0 mm diameter; scattering frames were collected with 10 

exposures of 490 ms on an Eiger 4M detector (Dectris). In both cases Milli-Q water was used to 

collect the background data for subtraction. The SAXS data reduction (radial integration, 

absolute scaling, frames selection and averaging, background subtraction) was performed using 

the FoxTrot software developed at the SOLEIL synchrotron. 

The Indirect Fourier Transform (IFT) method implemented in the ITP program44 was used for 

interpreting the SAXS curves. With this method, the pair-distance distribution function of the 

single scattering particle p(r) is extracted by indirect Fourier transform of the scattered intensity 
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I(q) profile. The p(r) adopts the value of zero at distances greater than the maximum size of the 

particle Dmax and permits the determination of its electronic gyration radius Rg as 

𝑅! =   
𝑟!𝑝 𝑟 𝑑𝑟!
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The SAXS curves were also interpreted by assuming model form factors for the scattering 

aggregates and performing an optimization of the model parameters to fit the experimental data 

by means of the software SasView 4.1.0. [SasView, http://www.sasview.org/]. Negligible effects 

of interparticle interactions were considered in the fit, thus assuming 𝐼 𝑞 = 𝑘𝑃(𝑞) where P(q) 

is the particle form factor and k is a constant accounting for particle concentration. For core-shell 

spherical particles the form factor depends on the geometrical parameters core radius and shell 

thickness, and on the scattering length density of core and shell. The form factor expressions for 

this particle geometry has been carefully described and extensively used to interpret the SAXS 

curves of self-assembling systems.45 

A core-shell parallelepiped form factor was also used as a model for elongated ribbon nano-

structures. In addition, the inspection of the Guinier plots valid for rod-like and lamellar objects 

helped discerning the most suitable morphology and, in case of an acceptable linear fit, provided 

estimates of the radius of gyration of the cylindrical (Rc) or lamellar (Rt) cross-sections. These 

fits were performed with the software PRIMUS.46 

Molecular Dynamics (MD) Simulations. All-atom MD simulations were performed for C12-

GGSK in water by using GROMACS 4.5.6 software package adopting the force field 

GROMOS96 54a7.47 The lauroyl chain was modeled using the force field proposed for the 

simulation of dipalmitoylphosphatidylcholine (DPPC) bilayers48,49 that was used in conjunction 

with GROMOS96 54a7. 
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D-Ser and D-Lys residues were generated imposing the correct value of the improper dihedral 

angles and the corresponding parameters were introduced in residuestype.dat, aminoacids.rtp, 

aminoacids.hdb files of GROMOS package. 

A cylindrical micelle formed of 72 parallel lipopeptide molecules was adopted as the initial 

condition for the MD simulations and considered as the representative section of a rod-like 

structure (Figure S4). To this end, the size of z-axis (perpendicular to the top surface of the 

micelle) was adjusted to have van der Waals distances between each adjacent cell whilst the x- 

and y-axis, lying on the rod section, were large enough to avoid lateral adhesion of the 

aggregates. The β-sheet conformation was imposed to the peptide headgroup. 

After thermalization and 150 ps equilibration steps on a NVT ensemble and subsequent 150 ps 

equilibration steps on NPT ensemble, a 50 ns MD simulation was performed at neutral pH in a 

periodic box of 9.7 Í 9.7 Í 3.3 nm size with 8220 water molecules, 1 Na+ and 1 Cl- to simulate 

the ionic strength. Periodic boundary conditions at constant volume and temperature (T=300 K) 

were imposed to the system and the Particle Mesh Ewald algorithm was employed in dealing 

with the long-range Coulomb interactions.50 The integration time step was 2 fs. 

All the aggregate structures were provided using the PyMol Molecular Graphics System.51  

 

RESULTS AND DISCUSSION 

The molecular structure of the lipopeptide C12-GGSK is shown in Figure 1. C12-GGSK was 

synthesized as sketched in Figure S1 and identified by monodimensional 1H NMR spectroscopy 

(Figure S2) and electrospray ionization mass spectrometry (Figure S3). The self-assembling 

properties of the lipopeptide were tuned by inserting the pH sensitive lysine residue in the 

headgroup. A pH-dependent random coil-β-like conformational transition was ruled by the 
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different degree of ionization of the ε-amino group of the lysine residue. As a matter of fact, 

morphological transitions occur upon changes of pH and lipopeptide concentration. Furthermore, 

the presence of serine promotes the sol-gel transition and stabilizes the hydrogel.42 

 

 
 

Figure 1. Chemical structure of the lipopeptide C12-GGSK. 

 

 

CD measurements. CD spectroscopy was used to investigate the conformation of the 

lipopeptide C12-GGSK at different pHs and concentrations. Far UV CD spectra of C12-GGSK in 

water recorded at a concentration greater than the cac and different pHs were overlaid in Figure 

2A. At acid pH, the CD spectrum of the positively charged lipopeptide showed the typical strong 

positive band at about 200 nm associated to a prevalent random coil conformation for peptide 

sequence with D amino acid residues (pH=5.8, bold red line of Figure 2A)). When pH increased 

by addition of concentrated NaOH solution, a gradual variation of the spectra occurred leading to 

an inversion of the band at about 200 nm and the appearance of a positive band around 220-215 

nm (pH=11.0, dashed blue line of Figure 2A). The final spectrum was assignable to a β-like 

conformation. Importantly, the presence of an isodichroic point observed at about 210 nm 

indicated the occurrence of a two-state thermodynamic equilibrium between random coil and β-

like conformation. A sigmoidal trend was obtained reporting the molar ellipticity measured at 
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218 nm versus pH (Figure 2B). This result suggested that the conformational transition of the 

peptide headgroup was cooperative. The apparent inflection point, indicating a 50 % conversion 

from random coil to β-like conformation, was at pH 8.1 as obtained by the fitting curve.  

 
Figure 2. (A) Far UV CD spectra of C12-GGSK water solution at different pH, the initial and 

final pH values are reported in the insert; (B) trend of the molar ellipticity measured at the 

wavelength of 218 nm as a function of pH and corresponding fit with a sigmoidal function. The 

initial concentration of the lipopeptide was 7.8·10-4 mol·L-1; the small effects of the dilution due 

to the addition of NaOH solution were considered to calculate the molar ellipticity. The spectra 

were run at T=20 °C. 

 
As a result of the uncharged lysine residue at pH 11 and reduced electrostatic repulsions, the 

solution became more viscous and a sol-gel transition occurred slowly within 12 h at the 

spectroscopic concentration (7.8·10-4 mol·L-1). The formation of hydrogel indicated that the 

transition towards the β-like conformation, when the lysine residue is uncharged, induced the 

self-assembly in high-aspect ratio structures, as will be confirmed by TEM micrographs and 

SAXS results, through a network of inter-peptide hydrogen bonds. The CD spectra recorded 
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soon at the end of the titration at 15 °C (black dashed line) and after 12 h to allow the gel to form 

(black bold line) at the same temperature were similar as illustrated in Figure S5A. 

A temperature scan from 15 up to 80 °C was also carried out to evaluate the thermal stability 

of the gel. The molar ellipticity measured at 218 nm as a function of the temperature provided a 

sigmoidal trend with an inflection point at ≈50 °C (Figure S5B) suggesting that a thermally 

induced pseudo first-order transition towards unordered conformation occurred along with a gel-

sol transition. As a matter of fact, a CD spectrum of unordered conformation was obtained at 80 

°C (Figure S5A, gray bold line). As will be reported below, rheological measurements showed a 

thermal gel-sol transition in the same range of temperature. These results suggest that the 

increase in temperature determines the breakdown of the hydrogen bond network that stabilizes 

the β-sheet conformation and the contemporary breaking of the entangled structure of the gel. 

FT-IR measurements. The conformational analysis was also carried out by vibrational 

spectroscopy in ATR mode and compared with the CD results. 

To this purpose ATR FT-IR spectra on dried films of C12-GGSK obtained by deposition of 

solutions at some representative pHs were recorded in the spectral region of amide I and II bands 

(Figure S6A) in parallel with the CD spectra of the solutions (Figure S6B). The parallel amide I 

band around 1650 cm-1 proved that at acid pHs (3.4 and 6.2) the peptide headgroup was in 

random coil conformation whilst the strong band shifted around 1630 cm-1 confirmed the 

transition towards β-like conformation at basic pH in agreement with the CD band evolution. 

DLS measurements. DLS measurements were carried out on aqueous solutions of C12-GGSK 

at a concentration of 10 mg·mL-1 (1.6·10-2 mol·L-1) and pH 3. The lipopeptide solutions were 

sonicated for 5 minutes and repeatedly filtered with 0.45 μm filters. Two populations with 

hydrodynamic diameter (Dh) of around 5 and 90 nm were shown by CONTIN analysis of the 
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autocorrelation function measured at a scattering angle of 90° (Figure 3A). To emphasize the 

smaller nano-particle population, the sample was further filtered with 0.1 and 0.03 μm filters. As 

reported in Figure 3B, only the 5-nm aggregate was observed in the filtered sample. Considering 

that the length of the lipopeptide in its extended form is around 3 nm, the latter population is 

compatible with an arrangement of the lipopeptide into spherical micelles. This result is in 

agreement with those previously reported on other pH-sensitive lipopeptides.24,26 The 90-nm 

population could be ascribed to the coexistence in solution of much longer rod-like aggregates as 

confirmed by TEM and SAXS results reported further in this work. 

 

 
Figure 3. Distribution function of hydrodynamic diameters achieved by CONTIN analysis of 

DLS data for a scattering angle of 90° of an aqueous solution of C12-GGSK at a concentration of 

10 mg·mL-1 (1.6·10-2 mol·L-1) and pH 3 filtered with 0.45-μm filters (A) and further filtered with 

0.1- and 0.03-μm filters (B). 

 
Evaluation of cac by fluorescence spectroscopy. The cac of C12-GGSK TFA salt in water 

solution was determined by fluorescence spectroscopy by using the pyrene as a probe, the 

vibronic bands of which have relative intensity sensitive to the different hydrophobicity of the 
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environment.43 The intensity ratio I3/I1, (where I3 and I1 are the intensities of the third and the first 

vibronic bands recorded at the wavelength of 384 e 373 nm, respectively), was measured in 

5·10-7 mol·L-1 aqueous solutions of pyrene and different concentration of the conjugate in the 

range 2.0·10-6 and 4.0·10-3 mol·L-1 (Figure 4).  

 
Figure 4. Trend of intensity ratio I3/I1 (I384/I373) of pyrene versus the concentration of aqueous 

solutions of C12-GGSK at spontaneous pH. The break point indicates a cac value of 6.0·10-4 

mol·L-1. 

 
The cac was 6.0·10-4 mol·L-1 as estimated by the break point in the concentration dependence 

of the intensity ratio I3/I1. This value is largely compatible, although slightly higher, with cac 

values reported for other lysine-containing palmitoyl peptides such as C16-Gly-His-Lys, C16-Lys-

Thr and C16-Lys-Thr-Lys-Ser investigated by Castelletto et al.19 For lipopeptides with similar 

hydrophilic peptide headgroups, in fact, cac strongly depends on the length of the lipidic chain. 

 
 

Morphological analysis of nano-aggregates and gel. The morphology of nano-aggregates 

was evaluated by TEM measurements achieved by deposition of C12-GGSK water solutions at 
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two different concentrations, higher than cac, where pH was modified by addition of NaOH 

solutions.   

 
Figure 5. Negatively stained TEM micrographs achieved by deposition of C12-GGSK water 

solutions at pH around 3 and concentration of 7.0·10-4 mol·L-1 (A) and 1.6·10-3 mol·L-1 (B). 

Staining was obtained with 2% w/v PTA buffered at pH 7.3. 

 

Figure 5 and Figure S7 show some negatively stained TEM micrographs obtained by 

deposition of pH 3 solutions at 7.0·10-4 mol·L-1 (A) and 1.6·10-3 mol·L-1 (B). TEM images 

obtained by the former solution and more diluted ones (Figure 5A and S7A) showed that C12-

GGSK at acid pH self-organizes into spherical micelles with an average diameter of about 5 nm 

confirming the results provided by DLS measurements. However, despite electrostatic repulsions 

due to the charged lysines favor micellar aggregates at acid pH, TEM micrographs evidenced the 

presence of fibrous structures with about 5 nm thickness and hundreds nanometer length at 

higher C12-GGSK concentration (Figures 5B and S7B) as previously suggested.52 The appearance 

of the cylindrical aggregates justifies the presence of the peak at larger size (90 nm) together 

with that assignable to the spherical micelles in the DLS size distribution (Figure 3A). It is 

possible to speculate that stronger hydrophobic interactions consequent to concentration effects 
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could compensate weak hydrogen bond interactions. These concepts were previously 

demonstrated by Velichko et al. by Montecarlo simulations adopting a coarse-grained model to 

build a theoretical phase diagram that includes spherical and cylindrical micelles according to the 

equilibrium between hydrophobic and hydrogen bonding strength.53 

Some TEM micrographs collected on basic solution deposition (pH 8.4) are shown in Figure 

6A and B for a concentration of 7.0·10-4 mol·L-1 and in Figure 6C and D for a concentration of 

1.6·10-3 mol·L-1. At this pH, where the lysine residues are still partially charged, the lipopeptide 

C12-GGSK self-assembles exclusively into long fibers with an average thickness of about 4.5-5 

nm. In addition, TEM images revealed supercoiled fibers (Figure S8). This structural motif could 

be imposed by the residual charged headgroups to reduce the electrostatic repulsions when the 

chains overlap and by the propensity of the β-sheet strands to twist.54  

The fibers density remarkably increases by increasing the C12-GGSK concentration from 

7.0·10-4 to 1.6·10-3 mol·L-1, thus providing a particularly thick network of intertwined fibrils at 

the higher concentration (Figure 6C and D and Figure S9). Theoretical and experimental 

investigations in fact demonstrated the critical role of the balance between the electrostatic 

interactions and the hydrogen bonds in the peptide amphiphile self-assembling. Fibrils are 

obtained when the electrostatic repulsions between the charged headgroups are weak and 

hydrogen bond interaction dominates. On the contrary, the formation of spherical micelles is 

possible in the presence of weak hydrogen bonds and strong electrostatic repulsions.9,13,23,39 Then, 

transitions from spherical micelles to fibrils can be achieved by tuning the ionic strength and pH, 

which controls the charge of the lipopeptide polar head as in this work. 
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Figure 6. Examples of negatively stained TEM micrographs achieved by deposition of C12-

GGSK water solutions at pH 8.4 and concentration of 7.0·10-4 mol·L-1 (A and B) and 1.6·10-3 

mol·L-1 (C and D). Staining was obtained with 2% w/v PTA buffered at pH 7.3. 

 

The whole set of TEM findings was in agreement with CD and FT-IR measurements that 

highlighted the peptide transition from disordered to β-like conformation either increasing pH or 

lipopeptide concentration. They also explained the enhancement of viscosity or the formation of 

gels observed at sufficiently high pH and concentration. 

SEM analysis was employed to investigate the nano-structure of the hydrogel obtained at 

relatively high concentration (3.1·10-3 mol·L-1) and pH 11.0, after freezing the sample in liquid 

nitrogen, freeze-fracturing and freeze-drying in high vacuum (Figure S10). In agreement with 

TEM results, a highly intertwined network of fibers was observed in the dried gel, although with 
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a larger average thickness of 15-20 nm. In fact, the absence of electrostatic repulsions due to the 

uncharged lysines at basic pH favor lateral adhesion. 

SAXS measurements. SAXS data were collected on solution at acid and basic pH after sol-gel 

transition, to provide complementary analysis of the aggregate structures. 

 

Figure 7. (A) Pair distribution function for C12-GGSK at acidic pH (insert); radial electronic 

density contrast obtained from the model fitting (line) and extracted from the p(r) function 

(insert) by using the program DECON (crosses).55 The zero level is defined by the scattering-

length density of the solvent (ρwater = 9.43·10-6 Å-2). (B) Experimental and calculated scattering 

intensities for a core-shell spherical model (bottom) and with a cylindrical particle contribute 

(top). The pattern on top is shifted along the ordinate axis. The water solution was 25 mg·mL-1 at 

spontaneous pH. The intensity in absolute units is normalized for this value. The pattern on top is 

shifted along the ordinate axis. 

 

The ITP analysis of the scattered intensity curve for solutions of C12-GGSK at acidic pH 

provided a p(r) function that was consistent with globular particles with a core-shell structure 

(Figure 7A, inset), a maximum dimension of 6.5 nm and a derived gyration radius of 2.80±0.05 

nm. The radial electron density contrast profile Δρ(r) was extracted from the p(r) curves  (inset 

of Figure 7A), by using the program DECON55 based on the so-called Convolution Square Root 
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method56-57 and widely employed to deconvolute pair distance distribution functions of 

inhomogeneous scattering particles.58,59 

The obtained Δρ(r) (Figure 7A) shows a typical core-shell profile, where the electron density 

of the core and the shell are lower and higher than that of the solvent, respectively. The scattered 

intensity could be also reproduced by assuming a form factor of core-shell spherical particles 

with a core radius of 1.16±0.05 nm and a shell thickness of 1.90±0.06 nm (Figure 7B). Gaussian 

polydispersity parameters (0.1±0.01 were included in the fit for both core radius and shell 

thickness (Figure 7B, bottom). The best fitting radial electron density contrast is in agreement 

with the profile obtained by the deconvolution of the p(r) function (Figure 7A). Both the 

maximum distance and the total radius obtained with the model based fit (6.12±0.05 nm) are in 

reasonable agreement with the size inferred from the micelle TEM images (Figure 5A) and DLS 

results (peak at 5 nm of Figure 3) collected on the C12-GGSK samples at low pH.  

The model fitting can be improved at low q values (Figure 7B, top) by adding a contribution 

(6%) of a practically infinitely long cylinder, representing the elongated structures detected in 

small fraction by TEM (Figure 5B) and DLS (peak at larger size of Figure 3A) in similar sample 

conditions. A cylinder cross-section with a core-shell structure similar to that of the spherical 

aggregate and a slightly larger thickness (2.5 ± 0.06 nm) provided the best fit. 
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Figure 8. Experimental scattering intensities (black dots with error bars) for C12-GGSK at pH 11 

and 3.8 mg·mL-1 and calculated profile (blue line) for a core-shell ribbon model. The intensity in 

absolute units is normalized for the concentration value.  

 
The transition from solution to gel, obtained by increasing the pH to 11, led to a different 

SAXS profile (Figure 8), which suggested the presence of elongated structures, in agreement 

with the TEM results. The scattered intensity could be well reproduced (Figure 8) by assuming a 

form factor of infinitely long fibers with a rectangular cross-section and a core shell structure 

along the thickness. The model provided an agreement factor χ2=1.29 when it was used to fit the 

experimental curve in the q-range 0.05<q<4 nm-1. The cross-section as a whole was 7.40 ± 0.06 

nm thick and 14.80 ± 0.06 nm wide. The core-shell distribution of the electron density along the 

thickness foresees a central region of 5.75 ± 0.03 nm and two shells at the two extremities of 

0.84 ± 0.04 nm. 

We anticipate that this distribution mimics a complex one of the electron density provided by a 

head-tail-tail-head packing of the molecules in the rod-like aggregates. With a scattering-length 

density of the solvent ρwater = 9.43·10-6 Å-2, the obtained Δρ(r) (1.6·10-6 Å-2 and -0.6·10-6 Å-2) for 

the head and tail regions show an electron density of the heads and the tail which are higher and 
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lower than that of the solvent, respectively. The ratio of the Δρ(r) (2.6) is not excessively far 

from the ratio found for the core-shell micelles. 

Attempts to fit the collected data with a cylindrical core-shell cross-section or a lamellar 

structure did not give good agreements. The plausibility of a certain structural model can be 

assessed by a simple check with the Guinier plots for elongated objects with two finite 

dimensions (cylinders, long prisms) and for lamellar cross-sections. In this case the linear fits 

provided gyration radii Rc and Rt of 4.75 and 2.47 nm, respectively. Even if the cross-section is 

not homogeneous, a rough comparison could be decisive. The Rc of a homogeneous infinitely 

long parallelepiped with calculated dimensions of the cross section 7.4Í14.8 nm would be 4.78 

nm (in agreement with the experimental value), whereas a measured Rt of 2.47 nm would 

correspond to a homogeneous thickness of 8.5 nm. 

Rheological analysis on lipopeptide hydrogels. Rheological properties of the lipopeptide C12-

GGSK were investigated at basic pH since the sol-gel transitions occur at high pH only. The 

stability of the gel as a function of temperature was investigated to compare rheological and CD 

spectroscopy results. In fact, it seems apparent that the gel forms when the conformational 

transition from random coil to β-sheet structures occurs, as will be clarified below. Rheological 

measurements were carried out on 3.2·10-3 mol·L-1 (2 mg·mL-1) C12-GGSK. The solution was 

brought at pH 11 with concentrated NaOH solution and left overnight before the measurement. A 

frequency sweep experiment allowed the measurement of the elastic (G’) and viscous modulus 

(G’’) and their dependence on the frequency in the range 0.1-10 Hz (Figure 9A). Both moduli 

were almost independent of the frequency and the elastic modulus was of an order of magnitude 

larger than the viscous modulus; this result demonstrates that the gel is strong.41 The value of the 

elastic modulus around 100 Pa indicates the formation of a rather flexible gel. 
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A temperature scan from 25 to 78 °C was run on this gel at the frequency of 1 Hz obtaining the 

trend reported in Figure 9B. The steep decreasing of G’ of about 5 order of magnitude at around 

50 °C revealed a cooperative transition consequent to the melting of the gel. The melting 

temperature is in good agreement with that obtained by the thermal denaturation measured on the 

C12-GGSK gel by CD spectroscopy (Figure S5B) suggesting that the conformational transition 

towards β-like structures of the peptide headgroup promotes the gel formation. 

 
Figure 9. (A) G’ (—l—) and G’’ (—p—) measured with a frequency sweep experiment carried 

out on 3.2·10-3 mol·L-1 (2 mg·mL-1) C12-GGSK solution filtered with a 0.45 µm filter. T=25 °C. 

(B) Trend of G’ as a function of temperature. Temperature scan speed=0.1 °C·min-1, frequency 

=1 Hz, γ=0.001. 

 
 

The thermal effects produced a gel-sol transition following the weakening of the hydrogen 

bond interactions and a consequent loss of the peptide moiety ordered structure. This behavior 

seems to substantiate that C12-GGSK could self-organize into core-shell aggregates that undergo 

remodeling from spherical micelles to fibrous structures to gel consisting of a complex 

entanglement of fibers in response to pH and concentration as previously reported for other 

lipopeptides39,60-65 and lipid-based conjugates.66 
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MD simulations. All-atom MD simulations were performed for C12-GGSK in water to 

investigate in more details the structure of rod-like aggregates as evidenced by TEM 

micrographs at basic pH.  

 
 

 
Figure 10. Rod-like structure of assembled C12-GGSK in water as obtained after 50 ns MD 

simulations in lateral (A) and top (B) view. The alkyl core is rendered in green. The molecular 

structure was provided using the PyMol Molecular Graphics System.51 

 
72 parallel lipopeptide molecules were preassembled in cylindrical structure and adopted as the 

initial condition for the MD simulations (Figure S4).  This structure was considered as the 

representative section of an infinitely long rod with core-shell morphology. To this end, the size 

of z-axis (perpendicular to the top surface of the rod) was adjusted to have van der Waals 

distances between each adjacent cell whilst the x- and y-axis were large enough to avoid lateral 

adhesion of the aggregates. 
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The 50 ns MD simulation in water provided a lipopeptide aggregate with a slightly distorted 

cylindrical structure with a core-shell morphology (Figure 10). The structural features of the 

assembled lipopeptides were analyzed and compared with those of the initial condition. A sharp 

increase of the number of hydrogen bonds occurs in the first 15 ns MD simulation reaching the 

maximum number of ≈4 hydrogen bonds per lipopeptide molecule. As a consequence, the 

symmetry of the initial structure broke and a long fiber was obtained. The structure is in fact 

characterized by a value of the ratio of the principal moments of inertia, Ix/Iy, around 0.9, which 

suggests an almost cylindrical shape of the aggregate. The hydrophobic core has a diameter of 

about 3.4 nm, which indicates a partial interdigitation of the lipidic chains, if compared with the 

value of 4.4 nm, coherent with completely elongated chains, of the starting structure. The 

cylindrical structure has a diameter of 5.5 nm, strongly reduced with respect to the initial value 

of 7.4 nm. These findings are consistent with TEM results obtained by deposition of C12-GGSK 

water solutions at pH 8.4 that provided a lower thickness of 4.5-5.0 nm, probably due to 

shrinking effects. 

 

CONCLUSIONS 

Herein the self-assembling behavior in water of the new lipopeptide C12-GGSK was described. 

C12-GGSK self-organizes into polymorphic aggregates in response to changes of pH, 

concentration and temperature. The pH-dependent transition from random coil to β-sheet 

conformation of the peptide moiety, shown by circular dichroism and vibrational spectroscopy, 

induced morphological remodeling of the self-aggregates in water. The morphology of the self-

assemblies was also sensitive to the concentration of the lipopeptide. 
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Possible structural models of the self-assemblies are illustrated in Figure 11. Spherical micelles 

and a smaller fraction of cylindrical micelles, obtained at higher concentration, were revealed at 

acid pH by DLS, TEM and SAXS measurements. 

 

 
Figure 11. Schematic structures of self-aggregates formed by self-assembling C12-GGSK in 

water when pH was increased. From left to right spherical micelles at acid pH, a rod-like 

structure at pH≈8, as shown by TEM results, entangled ribbons, as inferred by SAXS, for the gel 

fibers obtained at pH 11. 

 

The increase of pH and concentration gave rise to more viscous solutions suggesting the 

formation of a network of aligned and intertwined fibers, as revealed by TEM micrographs 

collected at pH 8.4, when the lysine residues are still partially charged. In these conditions, C12-

GGSK self-assembles exclusively into long fibers with an average thickness of about 4.5-5 nm, 

compatible with structural details obtained by MD simulations performed on the uncharged 

lipopeptide in water. At pH 10-11 and rather high concentration, a medium strength gel with 

head-tail-tail-head structure, as inferred by SAXS, was obtained. 

The versatility of C12-GGSK, which self-organizes into assemblies whose size and shape can 

be modified in response to pH, concentration and temperature, and the high stability of the self-
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assemblies due to the lipidation make this lipopeptide a promising candidate to use in 

therapeutics as drug carrier and gene vector, due to the presence of positively charged lysines. 

Furthermore, the ε-amino group of the lysine residue allows cross-linking of self-aggregates at 

different extent providing gels with increased strength with possible applications in tissue 

engineering. 
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