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Introduction

Diverse nanostructures and antimicrobial activity
of lipopeptides bearing lysine-rich tripeptide
sequencesf

lan W. Hamley, () *® Valeria Castelletto, (¢ Callum Rowding,® Callum Wilkinson,?
Lucas R. de Mello,? Bruno Mendes,® Glyn Barrett® and Jani Seitsonen®

The self-assembly and conformation in aqueous solution and bioactivity of three lipopeptides bearing
lysine-rich tripeptide sequences are compared for Cyg-KFK, C16-KWK, and Ci6-KYK, where C;¢ denotes
an N-terminal hexadecyl (palmitoyl) chain. The central aromatic residue has a significant effect on the
self-assembled nanostructures, since Ci6-KFK forms nanotubes, whereas the other two lipopeptides
form nanotapes. The nanotubes and nanotapes are built from lipopeptide bilayers, as confirmed by
small-angle X-ray scattering. Circular dichroism (CD) spectroscopy and thioflavin T dye fluorescence
show the presence of B-sheet structures, and the latter technique was used to determine critical
aggregation concentrations (CACs). Fibre X-ray diffraction for Ci6-KFK shows a well-defined helical
diffraction pattern arising from the helically wrapped bilayers in the nanotube walls. The lipopeptides act
as surfactants, as confirmed by surface tension measurements (also used to determine CAC values).
All three lipopeptides show minimal cytotoxicity to human fibroblasts but also, unexpectedly, low activity
against Gram-negative and Gram-positive bacteria, in contrast to previously studied analogues (with
switch of two residues) Ci6-WKK and Cig-YKK that show significant antimicrobial action with low
minimum inhibitory concentration (MIC) values [A. Adak et al, ACS Appl. Bio Mater., 2024, 7, 5553—
5565]. Also in contrast to these molecules (which show a transition from micelles to fibrils upon increas-
ing the pH), C15-KFK, C16-KWK, and C46-KYK form extended B-sheet structures over the whole pH range
examined (pH 2-8). These observations point to the remarkable sensitivity to the tripeptide pattern of
lipopeptide self-assembly and antibacterial activity. Whereas the C;6-XKK (X = W or Y) lipopeptides form
cylindrical fibrils, the C16-KXK analogues form bilayer nanotapes. The former show significant toxicity to
bacteria in contrast to the latter, which we propose is due to the effect of the lipopeptide assembly cur-
vature on induced bacterial membrane deformation.

and many other properties key to biomedicine and tissue
engineering.'®"*""

Lipopeptide (LPP) molecules comprise a lipid hydrophobic
chain attached to a peptide sequence leading to diverse properties
resulting from a bio-derived or bio-inspired peptide sequence.
They have demonstrated selective anticancer activity,” collagen
stimulation by fibroblasts,® selective antimicrobial activity," ">
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LPPs self-assemble in solution above a critical aggregation
concentration. Different lipid chain types, peptide sequences
or solution conditions, can result in distinct self-assembly
motifs, 137151822 which include nanofibrils, nanosheets and
nanotubes. Our group and others have previously reported the
self-assembly of several LPPs into nanofibrils, with a B-sheet
secondary structure,'>'***?® or micelles with generally un-
ordered peptide conformation.””** Although less frequent,
LPPs can also form nanotubes based on wrapping of B-sheet
tapes.26’36_42

The present study builds on our prior research on LPPs
bearing short bioactive lysine-rich peptide sequences. We stu-
died the self-assembly and biological activity of a LPP bearing a
lysine-rich collagen-stimulating pentapeptide KTTKS, used in
Matrixyl™ formulations,***** as well as the self-assembly
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of LPPs including shorter sequences such as C;6-KT and
C1s-GHK.* We also investigated co-assembly with the LPP
C,6-ETTES bearing oppositely charged glutamic acid residues
replacing lysines.*> The self-assembly of the related lipopep-
tides (peptide amphiphiles) C;,-KTTKS and C;4-KTTKS with
distinct lipid chain lengths was also examined,’® and most
recently we have investigated the self-assembly and bioactivity
and responsiveness to environmental triggers (UV radiation or
chemical reductants) of lipoyl-KTTKS bearing a lipoic acid
moiety at the N-terminus.”” The K-rich LPP (containing a core
fragment of the amyloid B peptide, KLVFF) C;,-KKFFVLK, self-
assembles into nanotubes and helical ribbons which undergo a
reversible unwinding transition upon increasing the tempera-
ture from 20 to 55 °C.*® In a demonstration of enzyme-
responsive nanostructural changes, this LPP can be cleaved
by a-chymotrypsin at two sites leading to products C,-KKF and
C,6-KKFF, which do not self-assemble into nanotubes but
instead form spherical micelles.*® Later, C,5-KKFF was used
to prepare alginate/graphene oxide capsules with selective
antimicrobial activity towards the Gram-positive bacterium
Listeria.”® More recently, we modified KTTKS by attaching
one or two cycloalkane chains (cycloheptadecyl or cyclododecyl)
to the peptide sequence.>® The cycloalkane-modified LPPs self-
assemble to form globular structures or twisted nanotapes,
depending on the number of cycloalkane chains, and the
molecules show excellent compatibility with dermal fibroblasts
with additional pro-vascularization capability.

We have recently studied the self-assembly, colloidal proper-
ties and antimicrobial activity of LPPs comprising a palmitoyl
(hexadecyl, Cj¢) lipid chain attached to a lysine (K)-rich
tripeptide.'”'*%> Specifically, we compared the aggregation
and properties of C14-YKK, Cy6-Ykk, C16-WKK and C;s-Wkk. In
these molecules, the cationic lysine (K) or p-lysine (k) residues
promote self-assembly and are responsible for antimicrobial
activity; whereas n-stacking interactions between tyrosine (Y)
and tryptophan (W) residues promote aggregation and enable
other interactions such as m-m or cation-m interactions.
At acidic pH, all these LPPs self-assemble into micelles."'*>
At basic pH, K-containing LPPs self-assemble into nanofibers,
while k-containing lipopeptides self-assemble into nanotapes
or nanotubes.’” All four LPPs have antimicrobial activity
against both Gram-negative and Gram-positive bacteria, with
low values of the minimum inhibitory concentration (MIC) and
favorable values of the selectivity index (haemolysis compared
to the MIC), especially for the tryosine-containing lipopep-
tides."™* The antimicrobial activities against Gram-positive
and negative bacteria and fungi of lysine-rich LPPs including
Ci6°K, C16-KKK and other tripeptide sequences and selected
sequences containing k have been compared, and particularly
potent activity (for all strains examined) was noted for C,5-KKK,
although it also exhibits the highest haemolysis.” These
authors also present a preliminary examination of nanostruc-
tures of selected lysine-rich LPPs (the tripeptide compounds)
through transmission electron microscopy (TEM). The self-
assembly of C;6-KK and C;,-KKK has been investigated by
theoretical and experimental methods,”* and these molecules

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

can be used to prepare antimicrobial hydrogels.”” The lipidated
amino acid C;6-K (minimal lysine-based sequence, i.e. a single
amino acid) shows a salt-dependent transition from self-
assembled planar bilayers into scroll-like cochleates.>® The
antimicrobial and haemolysis activity of a series of lipidated
conjugates of tripeptides KKK and KGK have been reported,
with a range of lipid chains including C,s and other hydro-
carbon and fluorocarbon chains.>* A notable reduction in
antimicrobial activity was observed in the presence of serum
albumin, due to non-specific binding. The antimicrobial activi-
ties, lipid binding and micelle formation of C;4KK, C;5-KGK
and C;6-KKKK (all with an amidated C-terminus) have been
compared by another group.” Later, other analogues with
varied lipid chain lengths C;,-C;g and lysine-rich di- to tetra-
peptide sequences were studied, and C,,-KKKK-NH, was found
to have an optimal balance of hydrophobic and polar fragments
leading to a good balance between antimicrobial and hemolytic
activity.>® Molecules bearing “double headgroups” of lysine
residues (Y-shaped amphiphilic molecules with one or two lysines
on each branch and a Cs¢-alkyl chain) have been introduced by
the same group, and they also show good antimicrobial activity.”®
In another recent example, the self-assembly and antimicrobial
and angiogenic activities of LPPs containing K-rich sequences
from the amyloid B peptide have been demonstrated, along with
the formation of injectable hydrogels.’

Here, we investigate the self assembly, cytocompatibility and
antimicrobial activity of three LPPs, namely C;4-KFK, C;6-KWK
and C;6-KYK (Scheme 1). This work builds on our previous
study of related K-rich LPPs discussed in the paragraphs above.
The secondary structure of the LPPs was studied using circular
dichroism (CD) and fibre X-ray diffraction. Values of the critical
aggregation concentration (CAC) were determined from surface
tension experiments and fluorescence assays. The self-assembly
motif was characterised using small-angle X-ray scattering (SAXS),
cryogenic-transmission electron microscopy (cryo-TEM) and X-ray
diffraction (XRD). Cell viability was studied through mitochon-
drial activity (MTT) assays and antimicrobial activity was assessed
by determination of the minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) values.

Methods

Materials and sample preparation

Lipopeptides were purchased from BioservUK (Rotherham, UK)
and supplied as TFA salts. The molar masses measured by ESI-
MS are as follows: C;¢-KFK 659.50 g mol " (660.60 g mol "
expected), C;6- KWK 699.55 g mol * (698.51 g mol ' expected)
and C;6-KYK 676.50 g mol™ " (675.49 ¢ mol " expected). The
purity by HPLC (0.1% TFA in an acetonitrile/water gradient) is
97.2% for C,4-KFK, 96.5% for C;,-KWK and 95.5% for C,4-KYK.
Solutions were prepared by dissolution in ultrapure water,
leading to a pH of 2.3 for 1 wt% solutions of C;,-KWK and
C16-KYK and a pH of 2.5 for C;,-KFK. Samples at pH 8 were
prepared by the addition of suitable amounts of 2M NaOH
solution.
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Scheme 1 Molecular structures.

Cryogenic-TEM (Cryo-TEM). Aliquots of 5 pL of the sample
were applied to a freshly glow-discharged lacey carbon grid and
plunge-frozen using a Leica GP2 plunge-freezer. The grids were
imaged using a JEOL 2100Plus FS microscope (JEOL, Tokyo,
Japan) with a Gatan OveView camera. Additional cryo-TEM was
performed using a field emission cryo-electron microscope
(JEOL JEM-3200FSC), operating at 200 kV. Images were taken
in bright-field mode and using zero loss energy filtering (omega
type) with a slit width of 20 eV. Micrographs were recorded
using a Gatan Ultrascan 4000 CCD camera. The specimen
temperature was maintained at —187 °C during the imaging.
Vitrified specimens were prepared using an automated FEI
Vitrobot device using Quantifoil 3.5/1 holey carbon copper
grids with a hole size of 3.5 um. Just prior to use, the grids
were plasma cleaned using a Gatan Solarus 9500 plasma
cleaner and then transferred into the environmental chamber
of a FEI Vitrobot at room temperature and 100% humidity.
Thereafter, 3 pL of the sample solution was applied on the grid
and it was blotted twice for 5 seconds and then vitrified in a 1/1
mixture of liquid ethane and propane at a temperature of
—180 °C. The grids with the vitrified sample solution were
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maintained at liquid nitrogen temperature and then cryo-
transferred to the microscope.

Small-angle X-ray scattering (SAXS). SAXS experiments were
performed on beamline B21°” at Diamond (Didcot, UK). The
sample solutions were loaded into the 96-well plate of an EMBL
BioSAXS robot and then injected through an automated sample
exchanger into a quartz capillary (1.8 mm internal diameter) in
the X-ray beam. The quartz capillary was enclosed in a vacuum
chamber, to avoid parasitic scattering. After the sample was
injected into the capillary and reached the X-ray beam, the flow
was stopped during the SAXS data acquisition. Beamline B21
operates with a fixed camera length (3.9 m) and fixed energy
(12.4 keV). The images were captured using a PILATUS 2M
detector. Data processing was performed using dedicated beam-
line software ScAtter.

X-ray diffraction (XRD). Measurements were performed on
stalks prepared by drying a drop of solution suspended between
the ends of wax-coated capillaries. The stalks were mounted
onto the four axis goniometer of an Oxford Diffraction Gemini
Ultra instrument (Oxford Instruments, Abingdon, UK). The
sample-detector distance was 50 mm and the X-ray wavelength

This journal is © The Royal Society of Chemistry 2025
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/. =1.54 A, used to calculate the scattering vector ¢ = 47 sin 6/
(20: scattering angle). The detector was a Sapphire CCD.

Circular dichroism (CD) spectroscopy. Far-UV CD spectra
were collected using a Chirascan spectropolarimeter (Applied
Photophysics, Leatherhead, UK) equipped with a thermal con-
troller. The spectra were recorded from 180 to 280 nm. Samples
were mounted in a quartz cell with detachable windows, with a
0.01 or 0.1 nm path length and were also mounted in quartz
cuvettes with a 1 mm path length. CD signals from the samples
were corrected by water background subtraction. The CD
spectra were smoothed using Chirascan Software for data
analysis. The residue of the calculation was chosen to oscillate
around the average, to avoid artifacts in the smoothed curve.
CD data, measured in mdeg, were normalized to molar ellipti-
city using the molar concentration of the sample and the cell
path length.

Fluorescence spectroscopy. To determine the values of the
critical aggregation concentration (CAC), fluorescence assays
were performed using Thioflavin T (ThT) since this dye binds to
B-sheet fibrils and displays fluorescence.’®>° Lipopeptides were
prepared in 5 x 10~? wt% ThT solution (Jex = 440 nm, measur-
ing emission from 460 to 650 nm), and their fluorescence
spectra were measured using a Varian Cary Eclipse Spectro-
fluorometer (Agilent, Didcot, UK).

Surface tension. The surface tension y was measured by the
Du Noiiy ring method using a Kriiss K12 processor tensiometer
(Krtuss, Hamburg, Germany). A dilution series was prepared
from a concentrated stock solution. 3 ml of each solution were
placed in a 25 ml beaker, and y was manually measured for
each concentration. The solution was left to equilibrate for
10 minutes before each measurement, before y was measured
from 3 ring detachments from the surface. The CAC was
determined as the concentration at which y reached a stable
value. In addition, the slope below the CMC in the plot of y
against log;o(c) (c: concentration in [M]) was used to calculate
the surface area per molecule at the air-water interface, A4,
according to the Langmuir adsorption equation for the surface

excess:**¢!

1 dy
T RT d[log (] (1)

Here, R is the gas constant and T is the temperature. The
surface area per molecule is obtained as

R
T I'Na

(2)

where N, is Avogadro’s number.

Cell lines. L929 murine fibroblast cell lines (ECACC General
Cell Collection) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 20 mM HEPES, and 1% GlutaMAX. The cells were
maintained at pH 7.4, 37 °C, and 5% CO, in 25 cm? cell culture
flasks.

Cytotoxicity assays. Cytotoxicity was investigated using an
assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Sigma-Aldrich, UK). Initially, L929 murine
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fibroblasts were maintained in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum
(FBS), glutamine and penicillin-streptomycin, the reagents
being purchased from Thermo Fisher Scientific (UK). The cells
were seeded at a confluence of 5 x 10° cells in a volume of
100 pL per well into 96-well plates and incubated for 72 h in
DMEM (10% FBS, 1% glutamine and 1% penicillin/streptomycin).
After incubation, the cells were incubated for 4 h in DMEM
without serum + 0.5 mg ml~' MTT. The resulting formazan
crystals were dissolved using 100 pL of DMSO for 30 minutes at
37 °C, protected from light. The resulting absorbances were read
at 570 nm and the data were subsequently analyzed using
GraphPad Prism software.

Antimicrobial activity. To determine the minimum inhibi-
tory concentration (MIC) and minimum bactericidal concen-
tration (MBC), a broth microdilution method was used to
assess the antibacterial activity of the lipopeptides. Aliquots
of 5 mL of overnight cultures of E. coli (ATCC 25922), Salmonella
enterica (NCTC 5188), and Staphylococcus aureus (ATCC 12600)
were prepared from isolated colonies previously grown on Luria-
Bertani (LB) agar plates. Peptides were dissolved in sterile water
and serially diluted in Mueller-Hinton (MH) broth to final
concentrations ranging from 7.81 to 1000 pg mL~'. Mid-log
phase bacterial suspensions were adjusted to approximately
5 x 10° CFU mL~ " and added to 96-well plates containing
solutions of each of the lipopeptides. Polymyxin B and water
served as the positive and negative controls, respectively. The
MIC was determined after 24 h of incubation at 37 °C by
measuring the optical density at 600 nm using a Tecan Spark®
microplate reader. To determine the MBC, aliquots from wells
showing no visible growth were plated onto MH agar and
incubated for an additional 24 h at 37 °C. All assays were
performed in triplicate and repeated in at least three indepen-
dent experiments.

Results and discussion

The self-assembled nanostructures of the LPPs were examined
using cryo-TEM. Representative images for solutions at native
pH (pH =~ 2) and pH 8 are shown in Fig. 1 and additional
images are shown in Fig. S1 (ESIt). The images show that C,¢-
KFK predominantly forms nanotube structures, although
nested nanotube/cochleate structures as well as a small popula-
tion of helical ribbon and twisted tape structures are observed
in other regions of the grids. In contrast, C;,-KWK forms a
dense array of twisted tape structures, whereas C,5-KYK shows a
much less dense population of short (finite length) twisted
tapes, resembling in some regions farfalle (bow-tie pasta)-like
shapes. These morphologies are schematically illustrated in
Fig. 2, along with the electron density across the bilayer used in
the fitting of small-angle X-ray scattering (SAXS) data.

SAXS was used to provide an in situ complement to cryo-
TEM, to probe the self-assembled nanostructure shapes and
dimensions. The data for native pH (pH = 2) are shown in
Fig. 3a, along with form factor fits based on the lipopeptide
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Fig. 1 Cryo-TEM images for 1 wt% samples at native pH (pH 2): (a) C15-KFK, (b) C16-KWK, (c) C16-KYK, and at pH 8: (d) C15-KFK, () C15-KWK, (f) C16-KYK.

nanotube

cochleate
(scroll)

twisted
ribbon

twisted
tape

P PH

electron density
profile across bilayer

Fig. 2 Schematic of lipopeptide bilayer-based morphologies, and (right-hand side) schematic of three Gaussian functions to represent the bilayer

electron density profile used in SAXS form factor modelling.

bilayer structures in nanotapes (for C;4-KWK and C;5-KYK) or
nanotubes/cochleates (for C;,-KFK); these morphologies being
those imaged by cryo-TEM. The data for all samples show an
intensity scaling at a low wavenumber ¢, I ~ g, consistent
with the formation of planar bilayer structures.®®®® In the
previous work,>***% we have fitted SAXS data for LPP
nanotube-forming systems to a form factor comprising that
for a cylindrical shell and a Gaussian bilayer to allow for the

6062 | Soft Matter, 2025, 21, 6058-6069

variation in the LPP electron density across the bilayer. The
latter is a combination of three Gaussian functions, represent-
ing the electron-poor lipid core of the bilayer and the electron-
rich headgroup regions (Fig. 2). The sum of the hollow cylinder
and Gaussian bilayer form factors represents an approximate
convolution of the two terms and also allows for the presence of
unclosed or partially closed nanotubes in many peptide and
lipopeptide-based systems, for which twisted tape bilayers,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 SAXS data measured for 1 wt% samples (a) native pH (open
symbols) along with fitted form factor (lines) as described in the text. (b)
Measured data at pH 8. For convenience, only every 5th data point is
shown and the data for C15-KWK has been scaled by a factor 0.1, and that
for C16-KYK by a factor of 0.01.

453 d,36/53,66,67

scrolls (‘cochleates’”) and ribbon structures are observe
This model can be seen to fit the data satisfactorily, including the
amplitude and position of the oscillations over much of the g
range (except the peak at the lowest ¢, which may be influenced by
structure factor), which arise due to the interference from the
nanotube wall diameter and the form factor maximum at high g,
which is due to the wall thickness. Consistent with the cryo-TEM
results, which show twisted tape structures, the SAXS data for Cy-
KYK and C,,-KWK can be fitted just using a Gaussian bilayer form
factor to represent the structure within the nanotapes. The SAXS
data at pH 8, shown in Fig. 3b, are very similar to those at native
pH (and in fact nearly superpose and have the same low g scaling
behaviour of a bilayer structure), consistent with the cryo-TEM
images (Fig. 1), which show that the morphologies are stable
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across this pH range. Additional SAXS data were obtained at other
pH values up to pH 12 and the data (Fig. S2, ESIT) show that the
nanotape structure is retained across the range from the native
pH to the highest pH measured (pH 10 or pH 12). Although there
are, in some cases, changes in the sharpness of form factor
maxima, and in some cases nanotube form factor maxima at
low g; the intensity scaling at low g is I ~ ¢ >.

To further probe the ordering within the remarkable nano-
tube structures formed by C;6-KFK, fibre XRD was performed.
The pattern shown in Fig. 4 shows clear features resulting
from the helical wrapping of the LPP in the nanotube walls,
in particular the characteristic X-pattern of off-axis reflec-
tions from a helical structure (at +38° with respect to the
equator).’®?*%%%% The equatorial reflections at 16.84 and
7.96 A are assigned as the second and fourth orders of reflec-
tion from a lamellar structure with layer spacing 33 A (the first
order reflection can just be seen on the right-hand side of the
2D image), close to the layer spacing estimated from the fitting
of the solution SAXS data (Table S1, ESIt). The presence of well-
defined equatorial spacings along with a strong meridional
reflection at d = 4.57 A provides clear evidence for B-sheet
structures,”®*>7°7? while the other smaller d-spacings can also
be assigned to spacings within B-sheet structures.*>”%”"

The critical aggregation concentration (CAC) was next esti-
mated using fluorescence probe measurements. Since cryo-TEM
and SAXS indicate the formation of extended fibrillar types of
nanostructures, we used Thioflavin T (ThT), a dye sensitive to the
formation of ‘amyloid’ B-sheet structures.>*”>”* The dependence
of the peak fluorescence I (relative to the fluorescence of a
reference ThT solution without lipopeptide, I;) is plotted in
Fig. 5 for the three LPPs (original fluorescence spectra are shown
in Fig. S3, ESIT). The CAC for all three lipopeptides is the same
within uncertainty, (0.01 =+ 0.01) wt%. The data for C;6-KWK show
lower intensities and more noise than the other two samples,
which is ascribed to the possible mixing of fluorescence from the
tryptophan residue and ThT. This may also affect the gradient of
the fluorescence intensity versus concentration at low concen-
tration values. Similar values for CAC for the LPPs are obtained at
pH 8 (Fig. S4, ESI%).

The conformation and chirality of the tripeptides in the LPP
assemblies (above the CAC) were investigated using circular
dichroism (CD) spectroscopy. The spectra of 0.25 wt% samples
at native pH (pH ~ 2) are shown in Fig. 6, with additional
spectra of samples at pH 8 in Fig. S5 (ESIt). The spectra at both
pH values show similar features. The spectra of C,,-KFK and
C;6-KYK show peaks in the range 210-240 nm, which are due to
the n-n* and m-n* transitions in the aromatic Phe and Tyr
groups;”>”® however, such features are absent for C;s-KWK that
shows a spectrum with a single broad negative maximum near
220 nm, which can be assigned in part to a red-shifted spec-
trum arising from B-sheet structures,”® although there may also
be a contribution from excitonic coupling. This sample forms a
notably more dense network of fibrillar structures according to
cryo-TEM and SAXS. The spectra of C;5-KWK and C;,-KYK show
features similar to those reported for LPPs with the same
residues in different sequences C;,-WKK and C,6-YKK reported
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Fig. 5 ThT fluorescence peak intensity (//lo, where Ig is the peak intensity
for the ThT only solution) assay to determine critical aggregation concen-
tration (CAC) of the three lipopeptides, as indicated, at native pH.

0.08

previously.’> The spectrum of C,¢-KFK shows features pre-
viously analysed in detail for Fmoc-FF.*° This includes some
contribution from the excitonic coupling of L, transitions, but
it is heavily positively biased. The spectrum of C;,-KWK seems
to have an excitonic couplet character with a slight negative
bias, whereas this contribution for C;6-KYK is only positive.
In summary, the CD spectra contain features of the excitonic
coupling of the aromatic residues. For C;,-KFK and C;4KYK,
these features arising from the chiral environment of the Phe
and Trp residues in the nanotube and twisted tape structures
formed by these LPPs dominate, whereas C;4-KWK shows some
features resembling those in classical B-sheet CD spectra.

To examine whether these cationic molecules act as bio-
surfactants, and to determine the CAC from an independent
method, surface tension measurements were performed.
The data shown in Fig. 7 show that all three LPPs behave as

6064 | Soft Matter, 2025, 21, 6058-6069
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Fig. 6 CD spectra for 0.25 wt% samples, as indicated, at native pH.

surfactants, reducing the surface tension from the value for
pure water (72 mN m '), to less than 50 mN m ™, with Cy¢-
KWK showing the greatest activity, with a surface tension
around 40 mN m™' at the highest concentration studied.
The CAC values indicated are in the range 0.01-0.02 wt%
and are consistent with the values from the ThT fluores-
cence assays. The areas per molecule were also obtained
from the Langmuir adsorption isotherm equation (eqn (1)
and (2)) and are in the range 32.8-39.7 A%, which is reasonable
for a lipopeptide packed in a monolayer at the air-water
interface.*”

The cytocompatibility of all three LPPs was determined
using an MTT assay, a colorimetric assay based in the capacity
of the eukaryotic cells to reduce tetrazolium salts into formazan
crystals using mainly mitochondrial enzymes that can be used
to evaluate the overall cell viability based on the mitochondrial
metabolic activity.*"®* Samples with concentrations from
0.0001 wt% to 0.05 wt% were evaluated and good cytocompatibility

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Surface tension data (native pH). Langmuir adsorption isotherms
for (a) Ci6-KFK, (b) Ci6-KYK and (c) Ci6-KWK. Indicated are values of the
CAC from the break points and the areas per molecule A from the slope of
the lines below the CAC using the Langmuir adsorption isotherm equation
(egn (1) and (2)).

was found. As shown in Fig. 8, for most concentrations of any of the
three LPPs, a non-significant decrease in cell viability is found,
according to the Welch ANOVA. The only exceptions were cells
incubated with C;¢-KFK and C;6-KYK at 0.0125 wt% (Fig. 8a and b)
and C;-KWK at 0.0625 wt% (Fig. 8c).

This journal is © The Royal Society of Chemistry 2025
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The LPPs generally show good cytocompatibility to human
cells (fibroblasts), which is one requirement to be useful as an
antibiotic. We then investigated antimicrobial activity against
Gram-positive and -negative species via determination of MIC
and MBC values for the three LPPs. Contrary to the expectation
for molecules bearing tripeptide sequences containing two
cationic lysine residues, none of the molecules show substan-
tial antibacterial activity against either Gram-positive S. aureus
and S. enterica or Gram-negative E. coli (Table 1). This can be
contrasted with our previous results'” for C;6-YKK that shows
an MIC of 31.25-62.5 pg ml~' against the Gram-positive and
Gram-negative strains studied (Table 1) or C;,-WKK that has a
slightly higher MIC of 62.5 ug ml™" except for S. enterica
(Table 1). Cy46-KFK, C;6-KWK and C;6-KYK were also tested
against P. aeruginosa (PA01) and MRSA (methicillin-resistant
S. aureus) and showed little activity, with MBC and MIC values
> 1000 pg ml~* for all three LPPs.

Discussion and conclusions

In summary, C;6-KFK, C16-KWK, and C;4-KYK form extended
bilayer structures across a pH range from native acidic pH
conditions to pH 8 and above. This can be contrasted with Cy-
WKK and C;6-YKK (and analogues with D-lysine residues) that
form micelles at native pH 4.6 but cylindrical fibrils at pH 8.">
This points to the significant effects of the sequence in tuning
the intermolecular interactions. To further examine whether
the sequence influences the electrostatics, pK, values were
calculated using web software H++, which is based on conti-
nuum electrostatics or Poisson-Boltzmann calculations.®*%*
Insignificant differences in the predicted pKa values for the
lysine ¢-amino group (and tyrosine -OH and termini) are
apparent on comparing C;6-KYK with C;,-YKK and C;6-KWK
with C;4-WKK (Table S2, ESIt). Therefore electrostatic effects
alone cannot explain the difference in self-assembly which is
pH-sensitive for C;4-XKK but not C;,-KXK (X =W or Y and F in
the latter case). The C16-KXK LPPs form planar bilayer struc-
tures, whereas the C;,-XKK analogues form cylindrical fibrils
at pH 8." This is due to the differences in the packing
and hydrogen bonding of the tripeptides for the two types of
sequences.

The surface tension values for concentration values above
the CAC, below 50 mM m ! or 40 mM m ™' for C;,-KWK, are
similar to those previously reported by us for C;,-WKK and Cy-
YKK (and analogous lipopeptides with p-amino acid lysines).*®
However, it is important to note that here the lipopeptides self-
assemble as nanotapes, whereas the previous studies on Cie-
WKK and C,6-YKK were performed under conditions (native pH
4.6) where the lipopeptides form micelles. In fact, the determi-
nation of the CAC of fibrillar self-assembled peptide systems
from surface tension measurements has been rarely reported
(in one example, it has been demonstrated that amyloid
peptide fragments show surfactant properties®). The distinct
one-dimensional fibrillization process may be responsible for
the observation that the surface tension shows an inflection

Soft Matter, 2025, 21, 6058-6069 | 6065
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Table 1 Antimicrobial activity with comparison to previous data for C;6-YKK and C16—WKK.12

MIC (ug mL ™)

MBC (ug mL™Y)

E. coli (K12-ATCC S. enterica (NCTC S. aureus (ATCC

E. coli (K12-ATCC S. enterica (NCTC S. aureus (ATCC

Lipopeptide 25922) 5188) 12600) 25922) 5188) 12600)
CieKFK  >1000 >1000 >1000 >1000 >1000 >1000
CieKYK 500 >1000 500 1000 >1000 1000
Cy-YKK'2  31.25-ND 62.5 62.5 62.5-ND 125 62.5
CieKWK  >1000 >1000 >1000 >1000 >1000 >1000
C16WKK'  62.5-ND 250 62.5 250 250 250

MIC = minimum inhibitory concentration is the lowest concentration that inhibits visible bacterial growth after incubation. MBC = minimal
bactericidal concentration is the lowest concentration required to kill colony-forming units of bacterial population. ND = value not determined.

point (at the same concentration as the CAC from ThT dye
fluorescence) rather than a point at which the surface tension
levels off as in the case of a critical micelle concentration
(CMC),***" which corresponds to a closed association process
into zero-dimensional spherical aggregates. The one-dimensional
fibrillization is a nucleation and growth process with potential
secondary nucleation and other events as described, for example,
by the Oosawa model for homogeneous nucleation and one-
dimensional growth.®*%”

All three LPPs show good cytocompatibility to L929 fibro-
blasts; however, they showed unexpectedly low antimicrobial
activity to either Gram-positive or Gram-negative species, as
assessed via MIC and MBC determination. Clearly the sequence
swap of two residues significantly influences the antimicrobial

6066 | Soft Matter, 2025, 21, 6058-6069

activity, as shown by the much lower activity for C;s-KXK
compared to C;6-XKK (X = Y or W) reported in our previous
paper'? evident from the data in Table 1. With such cationic
lipopeptides, this activity is believed to be mediated by inter-
actions with oppositely charged membranes in the bacterial cell
walls (Gram-positive bacteria lack an outer lipid membrane but
have a peptidoglycan coating with a negative charge) and
the sequences with two C-terminal lysines show much greater
activity than those with the KXK pattern, where X is an aromatic
residue. This is ascribed to the distinct modes of assembly of
C16-XKK and C;6-KXK at pH 8 (and across neutral pH relevant to
the antimicrobial activity studies, see the SAXS data in Fig. S2,
ESIt). Lipopeptides C;5-WKK and C;6-YKK form cylindrical
fibrils, as evident from the SAXS data intensity scaling at a

This journal is © The Royal Society of Chemistry 2025
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low g, I ~ ¢ ',"> whereas C;-KWK and C;,-KYK form bilayer
nanotapes (SAXS intensity scaling I ~ g~ 2). We propose that the
difference in the curvature of the nanostructures influences the
antimicrobial activity. Specifically, we suggest that the cylind-
rical fibrils (wormlike micelles or ‘filomicelles’®*%°) of C;s-XKK
are able to induce a greater curvature in the bacterial
membrane than the planar bilayer of C;,-KXK. The ability of
cationic peptides to induce a curvature in lipid membranes is
demonstrated,’® and indeed proposed as one mechanism for
the interaction of cationic cell-penetrating peptides with lipid
membranes.’™ > This is an interesting topic for future research
on these systems, using model lipid membranes as in our
previous work on surfactants—like arginine-based peptides.***%°
The high-density presentation of peptide units at the surface of
fibrils has been shown to promote delivery of active compounds
and binding to targets in vivo, and thus there can be profound
effects of the shape of self-assembled nanostructures on bio-
activity, as discussed with examples, in a previous review.’®
Our results provide clear evidence that even subtle changes
in sequences can profoundly influence both self-assembly
(in particular, pH-dependence) and antimicrobial activity of
designer lipopeptides with short cationic peptide motifs.
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