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ARTICLE INFO ABSTRACT
Keywords: The limited selectivity of antimicrobial peptides (AMPs) can lead to unintended damage to healthy eukaryotic
Eukaryotic membran cells, a process strongly influenced by membrane physicochemical properties. Cholesterol (CHO) is a key

Human cathelicidin
LL-37
Membrane-peptide interactions

regulator of lipid packing, membrane order, and bilayer mechanical stability; however, its role in modulating
AMP-membrane interactions remain incompletely understood. Here, we examine how CHO alters pepti-
de-membrane interactions at the molecular level using eukaryotic membrane models composed of phosphati-
dylcholine, sphingomyelin, and increasing CHO fractions.

Fourier-transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), isothermal titration
calorimetry (ITC), and fluorescence spectroscopy were employed to probe both structural and thermodynamic
changes upon interaction with the human cathelicidin LL-37. FT-IR and DSC revealed that LL-37 preferentially
perturbs sphingomyelin-enriched membranes, inducing shifts in phase transition temperatures and signatures of
domain segregation. These perturbations were pronounced in the absence of CHO and remained detectable up to
10 mol% CHO, but were markedly attenuated at 20 mol% CHO. ITC measurements confirmed a higher binding
affinity of LL-37 for sphingomyelin-rich regions, whereas fluorescence permeabilization assays demonstrated a
progressive increase in membrane resistance to peptide-induced disruption with increasing CHO content.

Collectively, these results suggest that LL-37 preferentially partitions into cholesterol-poor membrane do-
mains, destabilizing their structure. In contrast, cholesterol incorporation stabilizes the surface of cholesterol-
rich domain without necessarily promoting peptide anchoring within the bilayer. This study provides mecha-
nistic insights into AMP cytotoxicity toward eukaryotic membranes and underscores cholesterol's protective role
offering guidance for designing peptides with enhanced therapeutic selectivity.

1. Introduction antimicrobial activity, antivirus, antifungal and antituberculosis [2-4].
More recently, evidence indicates that cathelicidins have more extensive

Cathelicidins are a family of mammalian antimicrobial peptides roles in host defense, whereas dysregulated expressions of them lead to
(AMPs) first discovered in 1995 [1]. They have gained immense interest the onset and perpetuation of diseases [5,6]. Host defense peptides
in the past few years due to their properties of both innate and adaptive characteristically contain large sequences of basic amino acids, which
immune responses such as regulation of inflammation/chemotaxis, are conserved in many cathelicidins [7]. Most of the cathelicidins
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characterized to date also exhibit immunomodulatory effects, some of
them with host-beneficial properties [8]. It is indeed possible to state
that from an evolutionary point of view, the cathelicidin family of
molecules appears in the mammalian animal group as an important part
of the innate immune defense, providing a sort of interface that connects
the innate host defense with T-cell immune responses [6,8].

LL-37 (human cathelicidin, and a 37 amino acid peptide) is a
multifunctional antimicrobial peptide with both antimicrobial and
immunomodulatory properties. This peptide is expressed in neutrophils,
skin, lung, intestine and other epithelia, where it contributes to the
body's first line defense against infectious agents. LL-37 modulates
inflammation by chemotaxis of neutrophils, monocytes, and T-cells,
promoting wound healing and suppressing pro-inflammatory responses
[9-11]. LL-37 also exerts anti-inflammatory effects through the inhibi-
tion of production of pro-inflammatory cytokines like IL-6, TNF-a and
IL-1B [12]. However, LL-37 exhibits a high degree of cytotoxicity in both
neutrophils and various epithelial and immune system-derived cells at
concentrations not far above those occurring in inflamed tissues. Under
physiological conditions, LL-37 accumulates in the sputum of bronchial
epithelial cells where it can directly damage the function of the cilia
lining the respiratory airways [13]. The mechanism by which LL-37
exert its antimicrobial activity has been primarily described based on
electrostatic attraction to bacterial lipid membranes, insertion into the
bilayer, and disruption via carpet- or toroidal pore-like mechanisms,
leading to permeabilization and cell death [14].

Cholesterol (CHO) is the predominant sterol in eukaryotic mem-
branes, comprising 10-50% of total lipids depending on cell type [15].
The biophysical and biochemical characteristics of membranes are
strongly influenced by their lipid composition and organization [16]. In
the CHO molecule, the hydroxyl group positions close to the hydro-
philic/hydrophobic interface of the bilayer, with the ring structure
extending into the acyl chain region and positioning itself parallel to the
acyl chains, resulting in a reduction in rotational conformations of the
chains. Acyl chain alignment induces an increase in bilayer thickness in
regions enriched in CHO. The unique structure of CHO makes it espe-
cially important in modulating key membrane features such as lipid
packing, fluidity, lateral organization, and bilayer curvature [17]. A
molecule that can alter the physicochemical properties of the membrane
also has the potential to influence the activity of membrane-active
agents, such as AMPs [18].

This study investigated the effect of CHO on the membrane-
disruptive effect of the human cathelicidin LL-37 with POPC:SM and
POPC:SM:CHO membrane models through biophysical techniques.
Because CHO markedly influences the activity of membrane-active
peptides by strengthening lipid packing, inhibiting bilayer disruption,
and hindering peptide interaction or insertion, CHO inclusion provides
critical insight into peptide-membrane interactions under more physi-
ologically relevant conditions [19-21]. In the previous work of our
group we discussed the current interest in understanding how CHO can
affect the interaction between AMPs and lipid membranes and how this
can be used in the design of new peptides that act as antimicrobial agents
without causing harm to human cells [18]. Synthetic lipid systems were
built based on the representative phospholipids that constitute a
eukaryotic membrane and analyzed by infrared spectroscopy (FT-IR),
differential scanning calorimetry (DSC), isothermal titration calorimetry
(ITC), and fluorescence spectroscopy. The outcomes offer valuable in-
sights into how the lipid profile affects membrane-peptide interactions
and help to understand how CHO is a key part of eukaryotic cell
protection.

2. Material and methods
2.1. Reagents

1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine  (POPC, Lot
160-181PC-204-100MG), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
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(DPPC, Lot 160PC-318), egg sphingomyelin (Egg SM, Lot 860061P-
1G-A-116), and cholesterol (CHO, Lot 700000P) were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). The length of the acyl chains
was selected for being the most abundant in the eukaryotic cells [22,23].
The N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) was
from Sigma-Aldrich (St. Louis, MO, USA). All other reagents of analyt-
ical grade were from Sigma-Aldrich.

LL-37 peptide (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES,
Lot. U1440EE070-11/PE1324) was purchased from GenScript (Piscat-
away Township, NJ, USA) and synthesized according to the sequence by
solid-phase method. The purity of the peptide was determined to be
higher than 95% by analytical HPLC, TFA removal was performed, and
the molecular weight was confirmed with MALDI-TOF mass
spectrometry.

2.2. Fourier-transform infrared spectroscopy

Stock solutions (20 mM) of the individual lipids DPPC, SM, as well as
multi-component lipid systems (POPC:SM at 50:50 mol%, and POPC:
SM:CHO at 45:45:10, 40:40:20 mol%) were prepared in chloroform and
stored at —20 °C. Because the FTIR equipment operates reliably between
5 and 100 °C, DPPC was selected instead of POPC for phase transition
measurements, as its main melting transition occurs within this acces-
sible temperature range. Lipid transition measurements were performed
using a BioATR II cell coupled to a Tensor II spectrometer (Bruker Op-
tics, Ettlingen, Germany) equipped with Mercury Cadmium Tellurium
(MCT) detector. Spectra were acquired at a resolution lower than 0.4
em ™}, and 120 scans per measured temperature. Temperature control
was maintained with a Huber Ministat 125 circulating water bath
(Huber, Offenburg, Germany), with an accuracy +0.01 °C. For the phase
transition measurements, 20 pL of buffer 20 mM HEPES (pH 7.4) was
added to the silicon crystal of the ATR cell to record the background in a
programmed temperature ramp range from 30 to 52 °C for DPPC, 25 to
47 °C for SM, and 5 to 55 °C for the multi-component lipid systems. The
heating rate in all the experiments was 1 °C/min and equilibration time
of 120 s between each measurement. After recording the background,
the supported lipid bilayers (SLBs) were prepared in situ by adding 20 pL
of the 20 mM lipid stock solution on the crystal, the solvent was evap-
orated, and the lipid multilayer film was hydrated using 20 pL of the
same buffer at a temperature above the Ty, for 10 min for all lipid sys-
tems; then, the samples were analyzed under the same temperature
range set as the background. During hydration, the LL-37 peptide was
added in the same buffer at different concentrations (1 to 10 mol%).

Spectral data processing was performed using the OPUS 3D software
8.4.4 version (Bruker Optics, Ettlingen, Germany), background sub-
traction was applied automatically. Phase transition temperatures were
followed by the vibration of methylene groups (2970 to 2820 cm™1); for
that, the frequency range of the symmetric extension (2850 to 2853
em™ 1) was cut from the spectra with subsequent baseline correction
using the 20% sensitivity rubber band method. The maximum wave-
number for the symmetric extension of each temperature was obtained
using the peak picking tool of the OPUS software. Finally, the data were
plotted as a wavenumber as a function of temperature, and to determine
Tm, the experimental sigmoidal curve was fitted into a Boltzmann
function with a Levenberg-Marquardt iteration algorithm to calculate
the inflection point of the curve using Origin Pro 8.0 software (Origin-
Lab Corporation, Northampton, MA, USA) [24]. Three independent
experiments were performed to check the repeatability.

2.3. Liposomal preparation

Stock solutions of the pure lipids and the multi-component lipid
systems (POPC:SM at 50:50 mol%, and POPC:SM:CHO at 45:45:10,
40:40:20 mol%) were dissolved in chloroform and mixed into an airtight
amber borosilicate vial to be evaporated (55 °C and 550 rpm) under a
nitrogen stream for 40 min using the heat and magnetic stirring features
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of TA systems degasification station (TA systems, Rochester, USA). Dried
lipid film was hydrated using a filtered buffer (20 mM HEPES, pH 7.4)
prepared with deionized water (Milli-Q, 18.2 MQ cm) to reach a final
concentration of 1 mM. The hydrated sample was incubated during 45
min at 55 °C and 650 rpm to produce multilamellar vesicles (MLVs).

2.4. Isothermal titration calorimetry (ITC)

To investigate peptide binding to lipid systems, ITC experiments
were conducted using an Affinity ITC Low Volume (TA Instruments,
New Castle, DE, USA). MLVs sample was loaded into the calorimetric
cell (350 pl), while peptide solution (1.5 mM) prepared in the same
buffer was placed in the injection syringe. All samples were thoroughly
degassed prior to loading. Following thermal equilibration, pro-
grammed to titrate 10 injections of 2.5 pL (300 s interval and 125 rpm).
Heats of dilution for peptides in the buffer were subtracted from the
respective experiment. The total heat released or absorbed during each
experiment was calculated by integrating the area under each peak and
then plotted as a function of the [peptide]:[lipid] molar ratio. Ther-
mogram analysis was conducted through the NanoAnalyze software
(v4.0.2.0, TA Instruments, New Castle, USA). All titration experiments
were performed at 37 °C and were done by duplicate.

2.5. Differential scanning calorimetry (DSC)

After each duplicate of ITC experiment samples were collected and
transferred to the DSC cell (700 pl), previously equilibrated at 40 °C.
DSC measurements were performed using the Nano DSC Series III
platinum capillary cell system (TA Instruments, New Castle, DE, USA).
The reference cell was loaded with the same buffer solution. The cells
were pressurized at 3 atm and equilibrated for 10 min at the starting
temperature. All samples were analyzed by cooling scans performed at
1 °C per minute from —10 to 60 °C. For data processing, the reference
scan was subtracted from the sample scan. Each data set was analyzed,
and the values of transition temperature (Ty,) enthalpy (AH) and en-
tropy (AS) were calculated using the NanoAnalyze software 3.12.0
version (TA Instruments, New Castle, DE, USA). At least three inde-
pendent experiments were performed. The experimental data was
plotted using Origin Pro 8.0 software (OriginLab Corporation, North-
ampton, MA, USA).

2.6. Fluorescence spectroscopy

Three lipid systems: POPC:SM (50:50 mol%), POPC:SM:CHO
(45:45:10 mol%) and POPC:SM:CHO (40:40:20 mol%) were prepared
for the calcein leakage experiments. An appropriate amount of the lipids
was dissolved using chloroform in glass test tubes to reach a concen-
tration of 10 mM. The solvent was evaporated under a stream of nitro-
gen, and the samples were then kept under vacuum for at least 12 h to
ensure complete solvent removal. The lipid films were hydrated and
resuspended in a buffer (20 mM HEPES, 125 mM NacCl at pH 7.4) con-
taining 50 mM calcein (400 mOsm). Test tubes were vortexed for 5 min
to obtain MLVs. The calcein buffer was prepared as follows: 778.2 mg of
calcein was dissolved in 5 mL of 1 M NaOH. After the calcein was fully
dissolved, 2.5 mL of 10 x HEPES solution (100 mM HEPES) was added
together with 5 mL of MilliQ water (Millipore, Bedford, MA, USA).
Volume was completed dropwise with HCl in order to reach pH 7.4. An
appropriate amount of NaCl solution was then added to reach a con-
centration of 400 mOsM. Finally, MilliQ water was then added to bring
the calcein buffer to a final volume of 25 mL and a final calcein con-
centration of 50 mM. The sample was warmed to 60 °C for 5 min and
vortexed for 1 min, this process was repeated five times.

Large Unilamellar Vesicles (LUVs) were obtained by extruding the
suspension 21 times through two polycarbonate filters of 100 nm pore
size, with the use of a mini extruder from Avanti Polar Lipids (Alabaster,
AL, USA). The dye-containing vesicles were separated from non-
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entrapped calcein using a size exclusion chromatographic column
Sephadex G50 (fine, 10 mm x 250 mm) eluted with HEPES buffer that
did not contain calcein (calcein-LUVs). The collected samples were al-
ways kept warm before measurements were conducted. The fluorometer
cuvette with buffer was always stabilized to a final temperature of 37 °C
before adding the vesicles. Calcein leakage caused by loss of membrane
integrity was induced by varying the concentration of peptide in the
sample or, in the case of the osmotic stress experiments in the absence of
peptides, by varying the ratio dHyO/bulffer in the cuvette. The complete
release of calcein was achieved through the addition of 1% volume
Triton-X. At least three independent experiments were performed to
ensure repeatability. The apparent percentage of calcein release
(normalized membrane leakage), was calculated according to the eq.
(1):

F—F,
Lr=—2 %100 (€]
" Fio — Fo
3. Results

3.1. Phase transitions measurements by FT-IR spectroscopy

Infrared spectroscopy experiments were conducted to investigate the
interaction between LL-37 and three multicomponent lipid model sys-
tems: POPC:SM (50:50), POPC:SM:CHO (45:45:10), and POPC:SM:CHO
(40:40:20). Using Attenuated Total Reflectance (ATR) mode, changes in
the packing of the lipid bilayer were monitored by tracking the meth-
ylene symmetric stretching (v;CHy) vibrational mode as a function of
temperature. This vibrational feature serves as a sensitive indicator of
lipid order and membrane packing [25,26]. Shifts in the peak wave-
number of the v;CH; band, originating from the hydrocarbon core of the
bilayer, were analyzed in response to variations in temperature and LL-
37 concentration. The results of the incubation of peptides with the
three lipid models are presented in Fig. 1. The gel (Lp) to liquid-
crystalline (L,) phase transition of the POPC:SM (50:50) mixture
exhibited a cooperative melting behavior, with the inflection point
indicating the phase transition temperature of the main melting event
(29.50 °C). At lower temperatures, corresponding to the lamellar gel
phase, the v,CH, band appears near 2850 cm™!. As the temperature
increases and the membrane transitions to the liquid-crystalline phase,
this band shifts toward approximately 2853 cm ™! (Fig. 1A). The incu-
bation of the supported lipid bilayers with LL-37 induces a strong
fluidization effect on the POPC:SM model system. Increasing concen-
trations of the AMP results in strong changes in the lipid packing in the
gel phase and liquid-crystalline phase temperature regimes, as evi-
denced by the upward shift in the vsCHz band (Fig. 1A). This was
accompanied by a shift of the T, to lower temperatures in a
concentration-dependent manner. At the lowest concentration evalu-
ated (0.1 mol%) a reduction of 2.74 °C was observed, and at the highest
concentration evaluated of the peptide (10 mol%), the change in the Ty,
was 7.8 °C (Table 1).

The incorporation of 10 and 20 mol% CHO into the POPC:SM model
membrane decreases the cooperativity of the main melting transition
and, as expected, results in a lower Tm for both lipid systems (Table 1).
This corresponds to the formation of SM/CHO-enriched liquid-ordered
phase domains (L) [27-29], characterized by ordered acyl chains with
high lateral mobility [30]. Results of the incubation of LL-37 with the
two lipid model systems containing CHO showed that increasing con-
centrations of CHO reduces the fluidizing activity of LL-37. At higher
concentrations of CHO, the destabilizing effect of the peptide is further
lowered (Fig. 1B-C). This effect can be observed when at fixed temper-
ature the wavenumbers of the same peptide concentrations are
compared for the lipid systems containing 10 and 20 mol% of CHO
(Fig. 2). At 10 mol% CHO, the membrane is in an intermediate regime
where cholesterol disrupts gel-liquid phase coexistence but does not yet
establish a fully ordered liquid-ordered phase. In this state, packing
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Fig. 1. Peak position of the symmetric stretching vibration band of the methylene groups as a function of temperature: Effect of different LL-37concentrations on (A)
POPC:SM (50:50), (B) POPC:SM:CHO (45:45:10), and (C) POPC:SM:CHO (40:40:20) supported lipid bilayers in HEPES buffer 20 mM. The results represent three

independent experiments.

Table 1

Phase transition temperatures (Ty,) of the synthetic lipid systems in the presence
of several concentrations of LL-37, as determined by FT-IR. Standard deviations

are <0.1 °C.

Lipid System

Tm (°C)

LL-37 (mol%)

0 0.1 0.5 1 5 10
POPC:SM 29.5 26.8 24.1 21.2 21.9 21.7
POPC:SM:CHO 10% 25.3 - - 27.7 20.4 7.8
POPC:SM:CHO 20% 17.7 - - 26.2 30.5 25.1
DPPC 40.7 - - 40.8 39.9 39.1
SM 38.6 - - 37.6 37.5 35.2

means not determined.

defects and lateral heterogeneity are maximized, which can enhance
peptide insertion. LL-37, being amphipathic and membrane-active,
likely exploits these defects, leading to greater perturbation compared
with POPC:SM without CHO. In contrast, at 20 mol% CHO, the mem-
brane more clearly adopts a liquid-ordered phase, characterized by
tighter lipid packing and reduced free volume. This limits peptide
insertion and penetration, explaining why the increase in wavenumber

2854.25

(i.e., disorder/fluidization) is smaller despite higher peptide concen-
tration. For POPC:SM without CHO, the bilayer lacks cholesterol-
induced ordering but also lacks the defect structures seen at interme-
diate CHO levels. As a result, LL-37 interaction produces a moderate,
more uniform perturbation, rather than the enhanced effect seen at 10%
CHO.

With the aim of identifying if the membrane-disrupting activity of
the peptide is specific to the phospholipids constituting the lipid models,
separate thermotropic measurements by FT-IR were conducted with LL-
37 and the pure phosphatidylcholine or sphingomyelin components of
the mixture. The results of these experiments are summarized in Fig. 3.
The SLBs of DPPC in HEPES showed a Ty, of 40.7 °C, this result is in
accordance with previous publications [31,32]. Incubation with LL-37
induced a fluidization effect in the gel and liquid-crystalline phase
temperature regimes. In addition, the phase transition temperature is
observed to decrease in a concentration-dependent manner.

In comparison, the sphingomyelin phase transition, in the absence of
peptide, is characterized by a broad gel to liquid-crystalline transition
centered at 38.6 °C, that is in accordance with previous reports in the
literature [33,34]. At lower peptide concentrations (1-5 mol%), only a
slight effect on the phase transition temperature is observed, while at 10
mol% the cooperativity of the transition is significantly broadened. The
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Fig. 2. Effect of LL-37 concentration on the symmetric CH: stretching vibration at 37 °C of POPC:SM (m, solid line), POPC:SM:CHO 10 mol% (e, dashed line), and
POPC:SM:CHO 20 mol% (A, dotted line) bilayers. Data are presented as mean + SD of at least three independent measurements.
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ATR-FTIR setup does not permit measurements at lower temperatures
without significant distortions in the data due to ice formation. For this
reason, it is not possible to measure the gel to liquid-crystalline phase
transition of pure POPC in the absence of CHO since this phase transition
occurs below 5 °C.

3.2. Affinity of lipid-peptide interactions by ITC

Isothermal titration calorimetry (ITC) is one of the most utilized
techniques to obtain information regarding the thermodynamic

properties of the interaction between two molecules. This technique is
based on the measurement of the heat generated or absorbed due to the
interaction during the binding process at constant temperature [35,36].

To characterize the interaction between LL-37 and lipid membranes,
ITC was employed. Fig. 4 shows the heat of binding curves as a function
of peptide to lipid molar ratio for the individual lipid components POPC,
and SM vesicles. By observing the raw heats response, the titration of LL-
37 produced homogeneous exothermic peaks with POPC (Fig. 4A), while
a combination of exothermic-endothermic patterns with SM system
(Fig. 4B). The bindings isotherms, derived from the integration of these
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Fig. 5. Representative ITC thermograms of the interaction between LL-37 and (A) POPC:SM (50:50 mol%), (B) POPC:SM:CHO (45:45:10 mol%), and (C) POPC:SM:
CHO (40:40:20 mol%) membrane models. While (D—F) correspond to the respective enthalpy changes as function of the peptide-to-lipid molar ratio. The exper-

iments were performed at 37 °C in duplicate.

signals, revealed a clear lipid-dependent affinity for AMP where SM
showed higher affinity than POPC system. It is important to note that the
exothermic signals are primarily attributed to molecular association
phenomenon through various interactions, including hydrogen bonding,
coulombic forces and van der Waals interactions. However, regardless of
the nature of the interaction, exothermic peaks may indicate peptide
association with the membrane surface in a concentration-dependent
manner. It can be observed that negative AH values reflect a signifi-
cant association between LL-37 peptide and the lipid membrane.
Nevertheless, SM not only exhibits a slightly higher interaction but also
demonstrates a gradual increase in endothermic peaks, which can be
linked to membrane destabilization due to peptide accumulation.

To further investigate a more robust membrane model and examine
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Fig. 6. Total enthalpy change (AHro)) of the peptide-lipid interaction as a
function of lipid composition. AHTotal was calculated as the cumulative heats
obtained from the integration of the peaks across the 10 injections depicted in
Figs. 4 and 5.

how CHO modulates these interactions, Fig. 5 presents the ITC ther-
mograms for LL-37 and ternary lipid systems. The raw thermograms
systematically sampled only the appearance of initial exothermic peaks
that progressively increased with larger CHO content (Figs. 5A-C). The
binding isotherm for LL-37 into POPC:SM (50:50 mol%) vesicles showed
an initial enthalpy of AH = —6.5 kJ mol™! (see Fig. 5D), reflecting
similar homogeneous behavior as depicted by POPC (see Fig. 4A).
Notably, upon the addition of 10 mol% CHO, the binding became
enthalpically more favorable (AH = —14.7 kJ mol™), more than
doubling of the binary system (Fig. S5E). This trend was further amplified
in the presence of 20 mol% CHO, yielding an initial AH = —23.8 kJ
mol ! (Fig. 5F), which might indicate a higher affinity of the peptide to
the lipid bilayer when CHO is present after adding peptide to the system.

To better illustrate the multi-component influence of lipids in the
binding affinities of LL-37, Fig. 6 presents the integration of all ITC peaks
across the 10 titrations shown in Figs. 4 and 5, named as total enthalpy
change (AHrota1)- These results clearly demonstrated an interesting lipid
composition dependence of the AHrq,) values. All together, these results
highlight the role of CHO as a linker in the peptide-membrane interac-
tion. This can be interpreted as either a peptide association with the
membrane surface or peptide anchoring/partitioning within the lipid
bilayer. However, to further inquire how AMP influences the final sta-
bilization or destabilization state of lipid membranes, we next per-
formed DSC analysis.

3.3. Thermotropic behavior by DSC

DSC technique has been widely applied in combination with infrared
spectroscopy to study the thermotropic phase behavior of lipid mem-
brane models and the effects associated with drug-membrane in-
teractions [37,38]. To evaluate the influence of LL-37 peptide on the
thermotropic phase behavior of the lipid membrane models, samples
were analyzed by DSC right after the peptide ITC experiments. Fig. 7
illustrates the thermograms for individual lipid components POPC and
SM. Fig. 7a shows the characteristic main gel to liquid-crystalline phase
transition of POPC centered around —5.59 °C and presenting a change in
enthalpy of AH = 18.5 kJ mol~!. This result is in accordance with
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Fig. 7. Representative DSC thermograms of individual lipid species after AMP ITC experimenst. MLVs (1 mM) of (A) POPC and (B) SM in the absence and presence of
LL-37 (10 mol%). Experiments were conducted under the same conditions as in the previous section and represent three independent experiments.

Table 2

Main phase transition temperatures (Ty,), global enthalpy (AH) and entropy (AS)
changes from DSC thermograms of pure POPC, and SM vesicles including
mixture with LL-37 at 10 mol%. The main phase transition temperature and
enthalpy accuracy were + 0.01 °C and + 0.8 kJ mol !, respectively.

Lipid System Thermodynamics Parameters

T (°C) AH (kJ mol ™) AS (kJ mol ™' K1)
POPC —5.59 185 0.07
POPC + LL-37 -5.53 10.8 0.04
SM 38.71 24.2 0.05
SM + LL-37 36.86 13.3 0.04
4T e +LL-37 10%
1 IO,S kJ mol? K

-1 -1
C, (kJ mol” K™)

Temperature (°C)

Fig. 8. Representative DSC thermograms of eukaryotic membrane models after
AMP Kkinetics. MLVs (1 mM) of (A) POPC:SM (50:50), (B) POPC:SM:CHO
(45:45:10), and (C) POPC:SM:CHO (40:40:20) in the absence and presence of
LL-37 (10 mol%, —-- dashed lines). Experiments were conducted under the
same conditions as in the previous section and represent three independent
experiments.

previous literature reports [39-41]. The interaction of LL-37 with POPC
vesicles altered the cooperativity of the chain-melting event, signifi-
cantly reducing the peak height and enthalpy, down to AH = 10.8 kJ
mol~! without showing significant changes in Ty, (~0.1 °C).

The thermogram record of pure SM vesicles, the second most abun-
dant lipid in the model system, is presented in Fig. 7B. Its calorimetric
record shows an endothermic event characterized by a single sharp peak
at 38.71 °C with a change in enthalpy of AH = 24.2 kJ mol ™}, consistent
with previous literature reports [42-44]. Interaction of LL-37 with SM
vesicles remarkably reduces the height of the peak and alters the
cooperativity of the SM transition with a change in enthalpy value (AH
= 10.9 kJ mol™). However, the Ty, of transition was only slightly
affected according to the DSC thermogram, only a mild shift of ~1.8 °C
was observed. The thermodynamics parameters associated with the
change of phase from lamellar gel phase (Lg) to the lamellar liquid-
crystalline (L), also known as L-disordered (Lg) phase, including the
main transition temperature (Ty,), and the change in enthalpy (AH), the
amount of energy involved in the calorimetric event, are summarized in
Table 2.

The thermotropic behavior of the multi-component systems are
shown in Fig. 8. The binary lipid mixture POPC:SM (50:50 mol%)

Table 3

Main phase transition temperatures (Tm), global enthalpy (AH) and entropy
(AS) changes from DSC thermograms of mixture systems POPC:SM (50:50 mol
%) vesicles with 10-20 mol% CHO addition, including mixture with LL-37 at 10
mol%. The main phase transition temperature and enthalpy accuracy were +
0.01 °C and + 0.8 kJ mol ™, respectively.

Lipid System Thermodynamics Parameters

T, T, T AH (kJ AS (kJ mol™?
(o) (O] (9} mol 1) K™Y
POPC:SM 1.96 1473  19.86 26,5 0.09
POPC:SM + LL-37  0.95 18.46 - 7.0 0.03
POPC:SM:CHO 0.20 17.99 3866 7.1 0.03
10%
POPC:SM:CHO
0% 4 1137 113 - - 7.2 0.03
POPC:SM:CHO
o - - - 4.2 0.01
POPC:SM:CHO _ _ _ 6.7 0.02

20% + LL-37

— means not determined.
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Fig. 9. Relative change in the enthalpy of the global lipid phase transition with
and without LL-37 for determined lipid systems, where A(AH) = AH. 137 —
AH_;;37. Individual AH values were taken from Tables 2 and 3.

exhibits a complex profile with at least three endothermic peaks under
the envelope (see Fig. 8A). This complexity may be associated with an
heterogeneous lipid distribution, or non-ideal mixing, due to the hy-
drocarbon chain diversity between these two lipid components [29]. It is
important to emphasize that thermodynamic theory permits only two
coexisting phases in a two-component system. However, although Egg
SM extract primarily contains an 86% of 16:0 for the average fatty acid
distribution, as indicated by the manufacturer, other lipid species pre-
sent could be responsible for the observed multipeak response at 14.73
°C.

It is well-known that adding CHO leads to the formation of a third
phase in this type of ternary mixtures, known as the liquid-ordered (L)
phase, in addition to Lg and Lq phases [45-47]. Due to the specific
composition used in this study such phase separation is expected to
occur in a broad temperature regime [29]. Indeed, when incorporating
10 mol% CHO, our DSC results illustrate a broader thermogram,
reflecting the transition between L, to Lgq phase (see Fig. 8B). Addi-
tionally, it is also observed that CHO significantly reduces the AH of the
cooperative melting event (Cp), indicating the formation of the L, phase
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[48-50]. The presence of LL-37 significantly alters the shape of the
thermogram, broadening the phase transition within the same temper-
ature range, suggesting that AMP promotes mixing when CHO is present.

On the other hand, the addition of 20 mol% CHO to the membrane
model resulted in an even larger broadening of the endothermic peak
and an overall reduction in the AH (see Fig. 8C). Interestingly, when
treated with LL-37, membranes require higher AH for the melting event,
suggesting that AMP not only promotes lipid miscibility as in Fig. 8b, but
also leads to an increase in membrane cohesion (AH) when CHO is
present at this concentration. Table 3 summarizes the thermodynamic
parameters of various binary and ternary lipid mixtures, both with and
without the interaction of LL-37.

To compare in a more quantitative way the impact of LL-37 on the
thermotropic behavior of the various lipid membrane models, global AH
values from Tables 2 and 3 were utilized. Fig. 9 depicts the relative
change in calorimetric enthalpy, A(AH), upon addition of 10 mol%
peptide to five membrane models. A(AH) is defined as AH,j;37 —
AH_j137. Thus, negative values of A(AH) indicate an overall reduction
of transition enthalpy or membrane cohesion after AMP treatment,
whereas positive values designate an increase. Surprisingly, it is
observed that the POPC:SM system undergoes a reduction in the energy
required for this melting event by approximately 75%, indicating that
peptide was particularly effective at disrupting the membrane cohesion
and lipid packing. By contrast, incorporation of 10 mol% cholesterol
into the POPC:SM model almost completely suppressed the destabilizing
effect of LL-37, restoring A(AH) to within approximately 5% of the
control values. This finding indicates that cholesterol, by enhancing
lipid packing in the liquid phase and promoting the formation of a
liquid-ordered (L,) phase, markedly reduces the membrane-disruptive
capacity of LL-37.

Remarkably, when 20 mol% CHO was present in the mixture, the
enthalpy increases by a factor of 59.5% with addition of LL-37 indicating
that the AMP augmented thermal cooperativity, and therefore mem-
brane cohesion, rather than disrupting it. This likely reflects preferential
interaction of LL-37 with larger CHO-rich domains (L, phase). In
contrast, vesicles composed of pure POPC and SM displayed moderate
negative shifts (~ —20 and — 10%, respectively) in the presence of LL-
37, which corresponds to a reduction of the acyl chain order and lower
packing density.

The combined calorimetric results suggest that LL-37 exhibits
stronger binding affinity and specifically enhances membrane cohesion
in CHO-rich domains in a concentration-dependent manner, but only

100 A i
0] /" g

801 5

0y A

501
/|
40|/
I.
304 &
1
201 /&

Calcein Leakage (%)

1¥ e
G0 I I
/
]

00 01 02 03

04 05 06 07

[LL-37]/[Lipid Model|

Fig. 10. Percentage of dye leakage as a function of the peptide to lipid molar ratio (P/L) for LL-37 on calcein-LUVs containing POPC:SM (50:50 mol%,

, solid line),

POPC:SM:CHO (45:45:10 mol%, @, dashed line), and POPC:SM:CHO (45:45:20 mol%, A, dotted line) vesicles in HEPES buffer. All measurements were performed at

37 °C. The results represent three independent experiments.



J.M. Giraldo-Lorza et al.

successfully destabilizes cholesterol-poor ones. This may be responsible
for the protective effect of CHO against antimicrobial peptide activity.
This is supported by an increase in the cooperativity of the phase tran-
sitions measured by FT-IR in the presence of 1 mol% LL-37 for the sys-
tems that contain CHO (Fig. 1B-C). In summary, while ITC results help us
to understand the peptide interaction with the lipid membrane surface,
DSC allows us to explore the final thermal-structural state of the mem-
brane once the peptide interplay is established.

3.4. LL-37-induced vesicle leakage as measured by fluorescence
spectroscopy

In order to evaluate how lipid composition modulates the mem-
branolytic activity of the LL-37 peptide, calcein release assays were
performed. The results of the three lipid systems evaluated with
different concentrations of AMP are presented in Fig. 10. In the absence
of peptide, no leakage of fluorescent dye from LUVs was observed
indicating vesicles stability. Analysis of the LL-37-induced calcein
leakage reveals a marked dependence on the lipid composition of the
membrane; the inclusion of CHO in the POPC:SM membrane model
severely limits the membranolytic activity. For POPC:SM 0.001 P/L
molar ratio (or slightly less than 0.1 pM LL-37) was required for 50%
leakage, whereas models containing 10 and 20 mol% CHO required
~47-fold (~1.7 pM) and ~ 188-fold (~6.4 pM) higher P/L ratios,
respectively, to achieve the same leakage percentage. This substantial
loss of activity directly demonstrates that CHO significantly attenuates
the LL-37's membranolytic activity.

This ~188-fold increase in the required P/L ratio could confirm the
role of CHO as potent structural modulator, rigidifying the bilayer and
significantly raising the energetic barrier to AMP insertion and mem-
brane destabilization [19,51]. These results are consistent with the
structural data observed in FT-IR and DSC experiments, indicating that
the LL-37 acts preferentially on CHO-lacking membranes, which showed
that membrane ordering induced by this lipid inhibits the peptide's
permeabilization mechanism. Furthermore, the non-linear, concentra-
tion-dependent effect presented in all cases confirms the ability of the
peptide to induce vesicle breakdown, as reported previously [52,53].
The evident difference in LL-37 concentration required in the CHO
presence points directly to the decisive importance of the membrane's
physical properties. CHO is well-known for increasing the packing order,
mechanical rigidity, and reducing superficial density charge of lipid
bilayers while reducing their fluidity.

In summary, with these findings we suggest that the LL-37's mem-
branolytic activity is instead governed by the biophysical properties of
the target membrane. Moreover, its potent effect on CHO-lacking
membranes, which are characteristic of bacterial or certain viral enve-
lope membranes, underscores its potential as a selective antimicrobial or
antiviral agent.

4. Discussion

Since the principal mode of interaction of antimicrobial peptides
occurs mainly by disrupting the lipid bilayer membrane of microor-
ganisms, the process involves direct interaction with lipids present in the
plasma membrane. The interaction and disruption of the lipid bilayer
have been described as occurring in two key steps. First, the AMPs
present a differential affinity toward different lipid bilayer surfaces,
usually, but not always, driven by electrostatic interactions. The pro-
portion of bound AMPs depends on the concentration of peptide in so-
lution and the affinity constant with the membrane. Secondly, after
reaching a threshold concentration, a fraction of the membrane bound
AMPs will assume an inserted conformation. The inserted peptides
located in the core of the bilayer cause membrane disruption, usually
associated with pore formation [54,55]. With the above in mind, it is of
biological importance to understand how these two processes can be
affected by the presence of different lipid components. Lipids that affect
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surface charge are likely to influence the binding affinity, and lipids that
modify mechanical properties of the membrane will influence the
insertion of the peptides. The CHO content of eukaryotic cells has been
shown to be a modulator of membrane mechanical properties. Since
cholesterol is absent in pathogenic unicellular microorganisms it is
therefore relevant to understand if the lytic activity of AMPs is modu-
lated by CHO. However, since membrane mechanical properties may
also affect binding affinities by modulating headgroup packing, the ca-
pacity of CHO to modulate binding should also be explored. This will
help determine if CHO acts as a protective factor that increases the
differential activity of AMPs toward microorganisms. The present work
contributes to studying the effect that cholesterol has on the activity of
the antimicrobial peptide LL-37 and how its content in membrane
models can affect the peptide-membrane interactions through bio-
physical techniques.

In our eukaryotic model systems, CHO was mixed with two of the
most abundant components in the plasma membrane of eukaryotic cells
[18]; POPC as a monounsaturated phospholipid 16:0-18:1, and egg
sphingomyelin (SM) as a naturally occurring sphingolipid containing a
heterogeneous fatty acid distribution, 16:0 (86%), 18:0 (6%), 22:0 (3%),
24:1 (3%) and unknown (2%) of the sample [34,42]. Our combined FT-
IR spectroscopy, DSC, ITC, and fluorescence data demonstrate that the
interaction of the human cathelicidin LL-37 with zwitterionic lipid
membranes is strongly modulated by the presence of CHO, with clear
consequences on the capacity of LL-37 to disrupt bilayer order, ther-
motropic lipid behavior, and binding energetic cost. Downward shifts in
the phase transition temperature obtained through vsCH; band tracking
showed that LL-37 modifies lipid packing by increasing the fluidity of
the bilayer across all systems in a concentration dependent manner. This
FTIR-ATR data indicates that LL-37 reduces acyl chain order in POPC:
SM membranes, yet this effect is meaningfully attenuated by the pres-
ence of 10-20 mol% CHO. These findings are consistent with the
established role of CHO in condensing lipid bilayers and reducing free-
volume defects that favor peptide penetration [21,56]. DSC results
improve our understanding of these membrane models because they
provide a more detailed analysis of the miscibility of the lipid compo-
nents and the energetics involved in the melting event. For the pro-
portions of the mixtures used in this work, multiple studies have found
that these mixtures present temperature regimes of immiscibility which
led to lipid domain formation involving the coexistence of L, and Lgq
phases highlighting the importance of this type of mixtures when
mimicking the eukaryotic plasma membrane [47,57,58]. The addition of
10 mol% LL-37 lowers peak heat capacity and broadens transitions,
signifying diminished enthalpy and cooperativity of the main transition.
Similar phenomena have been observed with antimicrobial peptides
such as indolicidin and tritrpticin [59], and wild-type antimicrobial
peptide isolated from the venom of the spider LyeTx I [60], which also
lower and broaden DSC measured transition peaks. In this study, MLVs
were used in the DSC experiments due to their larger heat capacity
compared to LUVs. This technical choice enhances equipment sensitivity
and facilitates the detection of thermotropic changes in lipid mixtures
with low cooperativity, especially when peptides or drugs can reduce it
even further. Although MLVs limit peptide access to inner lipid layers,
this restriction is uniform across all experimental conditions and does
not compromise the conclusions regarding cholesterol's role in peptide-
membrane interactions.

The effect of AMPs on these thermodynamic properties is an indi-
cation of disrupted lipid-lipid interactions and diminished cooperativity.
This disruption is particularly evident in the DSC data, where the
broadening and lowering of transition peaks reflect the peptide's ability
to perturb lipid packing and fluidize the bilayer. In POPC:SM and the
mixtures containing CHO two points stand out. First, CHO by itself de-
presses and broadens transitions in the mixtures, reflecting the emer-
gence of heterogeneity and liquid-ordered domain formation. Second,
the effect of LL-37 on the phase transition is dampened by the presence
of CHO, where 20 mol% CHO reduces drastically the effect of the
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peptide on the transition temperature. This implies that the increased
packing induced by CHO dampens against peptide-driven membrane
disordering. The data point to a mechanism in which LL-37 perturbs
lipid packing, reduces cooperative melting, and fluidizes the bilayer; the
extent of this perturbation being dampened by cholesterol content. ITC
provides an energetic complement to these structural and thermotropic
behavior. LL-37 binding to SM is strongly exothermic, whereas inter-
action with POPC is weakly exothermic, indicating a preference for or-
dered, SM-rich environments as observed by FT-IR and DSC. These
results agree with investigations into gramicidin S, which demonstrate
reduced binding affinity and altered thermodynamic profiles in CHO-
containing membranes [61,62]. In addition, Qian and Heller demon-
strated that the melittin peptide can induce CHO redistribution into lipid
bilayers composed of DMPC:CHO, suggesting that peptide binding can
structurally reconfigure lipid domains, reinforcing the concept of
domain-driven interactions [63]. The addition of CHO reduces the total
AH in a concentration-dependent manner, consistent with reduced
insertion or a shift toward more superficial binding as CHO content
increases.

Although the main function of human cathelicidin LL-37 is antimi-
crobial activity, its ability to interact with eukaryotic membranes seems
contradictory. The results obtained by fluorescence spectroscopy for LL-
37 suggest that CHO content modulates the peptide's membranolytic
activity, consistent with other reports. Shahmiri and colleagues have
confirmed through the quartz crystal microbalance (QCM) study that LL-
37 can bind with different affinity to zwitterionic membrane (DMPC:
CHO) and negatively charged (DMPC:DMPG), thus suggesting that the
ordered liquid phase (L,) formed by the incorporation of CHO, as was
observed in this work by DSC, is essential to weaken the association of
LL-37 with the membrane and preserve the membrane of host cells from
peptide destabilizing effect [64]. Since CHO changes the viscoelastic
properties of the the core, representing a change in the mechanism of
action of LL-37 although it is widely described that this peptide can
promote pore formation in the lipid bilayer [53,65,66]. Our results are
related to the work of Zhang et. Al, who found that the addition of 20
mol% CHO counteracts the leakage of calcein in a membrane model
composed of POPC:POPG:CHO (eukaryotic membrane), compared to
the model POPC:POPG (bacterial membrane) [65]. While LL-37 is not
cytotoxic to human eukaryotic cells at concentrations up to 10 pM
[66,67], this observation is consistent with our fluorescence data. Spe-
cifically, the inclusion of 20 mol% CHO in the model membrane
significantly attenuates membrane destabilization, reducing the mem-
branolytic activity of LL-37 by approximately 55% compared to the
POPC:SM (50:50 mol%) system. In contrast, LL-37 exhibits bactericidal
activity at much lower concentration, being effective below 3 pM against
E. coli and as low as 0.25 pM against S. aureus [65,68]. These findings
indicate that the antimicrobial activity of the concentration at which LL-
37 occurs at concentrations below those associated with cytotoxic ef-
fects in the antimicrobial activity of eukaryotic cells. Additionally, it has
been reported that 20-40 pM of LL-37 is required to achieve ~10%
human erythrocyte hemolysis [69].

Interestingly other molecules have similar behavior to cholesterol in
terms of membrane properties such as ergosterol, lanosterol because
they increase acyl chain order, decrease lipid mobility, and reduce the
area per lipid, thereby promoting tighter lipid packing and increased
bilayer rigidity [70,71]. These effects lead to reduced free volume and
enhanced lateral cohesion within the bilayer, which hinders peptide
insertion and limit membrane disruption. Consistently, it has been
shown that sterols that strongly promote tight lipid packing decrease
peptide binding, membrane leakage, and amyloid formation, high-
lighting the central role of membrane order in regulating membrane-
peptide interactions [72]. Moreover, increased cholesterol levels have
been associated with reduced membrane fluidity and decreased sus-
ceptibility to peptide-induced permeabilization, despite modulating
peptide clustering at the membrane interface [73].

In this sense, recently has been reported that Coenzyme Q10
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(CoQ10) a lipophilic isoprenoid residing mainly within the cell in the
inner membrane of mitochondrial present is minimal lipid content ratio
of lipid membrane (0.5-2 mol%) would influence membrane structure
and behavior [74]. Therefore, cholesterol and CoQ10 might have similar
protective role against membrane active peptides due to both changing
the physicochemical properties of lipid membrane.

As to AMP such as LL-37, this peptide shares important mechanics
with amyloidogenic peptides, including their ability to bind, insert to,
and disrupt lipid membrane through perturbation of lipid packing and
induction of membrane permeabilization. In this context, membrane
physicochemical properties play a central role in modulating peptide
activity. Recent studies have shown that increasing membrane packing
within the hydrophobic core, for example, through incorporation of
CoQ10 enhances membrane mechanical stability and significantly re-
duces both fibrillization and membrane permeabilization induced by
amyloidogenic peptides such as Ap and IAPP [74].

In agreement with this framework, our results indicate that choles-
terol attenuates LL-37 membrane interaction, likely by enhancing lipid
packing and reducing bilayer susceptibility to disruption. These findings
support the concept that modulation of membrane order and rigidity
represents a general mechanism governing the activity of both antimi-
crobial and amyloidogenic peptides.In general, CHO decreases the
driving force of the structural lipid work needed to accommodate LL-37.
Our results demonstrate that antimicrobial peptide interacts with lipid
bilayers in a non-selective way, but the mode and magnitude of
perturbation strongly depend on membrane order and CHO content. In
low-order or heterogeneous membranes, LL-37 acts predominantly as a
disordering and destabilizing agent, while in high-CHO systems, its
interaction leads to membrane stabilization or ordering. This non-
selective interaction profile underscores the importance of lipid
composition in modulating peptide function and suggests that peptide
association alone does not predict membrane disruption. The pertur-
bation of lipid bilayers by LL-37 is strongly modulated by membrane
composition, with the highest destabilizing effect observed in mixed
POPC:SM membranes lacking CHO, and a dramatic shift toward
enthalpy rising in highly CHO-enriched systems.

We notice that cholesterol counteracts these effects by stiffening and
ordering the membrane, reducing the extent of insertion and the asso-
ciated rearrangements. At 10 mol% CHO, the bilayer still presents
accessible ordered SM-enriched regions that LL-37 can destabilize,
whereas at 20 mol% CHO induced reduction of free-volume and defect
density likely limits but does not completely inhibit interaction or depth
penetration. The findings found in this work are in line with some bio-
logical contexts, McGee and colleagues observed that Helicobacter pylori
steal host CHO, this process attenuated antibacterial efficacy of LL-37
peptide [75]. The authors underscore the cell-surface protective role
of CHO and the ability of some microorganisms to incorporate it into
their cell membrane as a defense mechanism against antibiotics or AMPs
[76]. In contrast, Kiper et al. recently evaluated several antimicrobial
bioactive peptides, including LL-37, against Plasmodium falciparum (Pf),
the causative agent of human malaria. The authors demonstrated that
these peptides selectively interact with Pf-infected red blood cells
(RBCs) as a consequence of two major membrane alterations induced by
the parasite: a reduction in cholesterol content and an increased expo-
sure of negatively charged phosphatidylserine on the RBC membrane.
Importantly, their findings highlight that the presence of cholester-
ol—rather than the absence of PS—is the dominant factor inhibiting the
activity of antimicrobial peptides [77]. Additionally, few studies have
explored peptide interactions in ternary lipid systems POPC:SM:CHO.
One notable investigation found that AMPs induce less disruption in
liquid-ordered phase (L,) above a CHO threshold (~20 mol%) than in
liquid-disordered phase (Lq.), with steep reductions in permeabilization
past this barrier [78]. This threshold aligns closely with our observa-
tions, where 20 mol% CHO significantly dampened LL-37-induced ef-
fects and reinforces the idea that the selectivity of AMPs depends not
only on the lipid phase but also on the presence of phase separation in
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heterogeneous lipid systems. These case studies reinforce the idea that
CHO-rich membranes are less susceptible to peptide binding, consistent
with our results.

In summary, this work contributes to existing understanding of
modulatory effects of cholesterol on peptide-membrane interactions,
offering new insights using domain-forming lipid models, and integrated
biophysical techniques. It emphasizes that CHO not only modulates
peptide binding but also shifts the structural and energetic landscape of
interaction. The findings deepen our understanding of peptide selec-
tivity and membrane-targeted therapeutic design.

5. Conclusions

The present study provides novel insights into the CHO-dependent
modulation of LL-37 peptide interactions with lipid membranes,
combining structural, thermodynamic, and calorimetric evidence. Re-
sults consistently indicate that LL-37 perturbs acyl chain order and de-
stabilizes bilayer transitions in POPC:SM systems, whereas CHO
significantly mitigates these effects. The progressive reduction in bind-
ing enthalpy and the preservation of cooperative lipid transitions
highlight the central role of CHO in stabilizing bilayer structure.
Importantly, the use of ternary POPC:SM:CHO mixtures reflect the
complexity of eukaryotic membranes, surpassing the limitations of
single-component models and allowing a more realistic interpretation of
peptide activity. This biophysical study confirms the function of CHO as
a modulator of peptide selectivity and reinforces the concept that lipid
composition dictates the balance between peptide efficacy and mem-
brane protection. Collectively, the findings establish a framework for
future studies exploring bioactive peptides in biologically relevant sys-
tems, contributing to the rational design of new selective AMPs with
therapeutic potential applications.
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