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Abstract

Efficient delivery of bioactive hydrophilic peptides across the stratum corneum (SC) is a
major challenge due to the restricted permeation by the highly ordered lipid matrix, partic-
ularly for large or polar molecules. Oligopeptide-215 (OP215) is a biomimetic peptide with
reported benefits in promoting cellular repair through enhanced proliferation, adhesion,
and migration, but its size and polar/charged residues may limit transport through the
SC. Here, we used atomistic molecular dynamics (MD) simulations to investigate whether
caffeoyl hexapeptide-9 (CH-9), an anti-aging peptide-caffeic acid conjugate with enhanced
skin permeation, can improve OP215 diffusivity across an SC lipid bilayer model. Both
OP215 and CH-9 adsorbed onto the bilayer surface and partially inserted below the lipid
headgroup region, with OP215 insertion mediated primarily by methionine sidechains
and CH-9 insertion by the caffeoyl group. In the co-peptide system, CH-9 co-clustered
with OP215 and modestly disrupted free fatty acid packing within the SC lipid bilayer.
Position-dependent diffusivity calculations further showed that CH-9 increased the ef-
fective diffusivity of OP215 across the bilayer interior by approximately 13%, primarily
by enhancing local diffusivity just below the bilayer surface. These results suggest that
on top of being an effective anti-aging peptide, CH-9 may act as a permeation-enhancing
co-peptide by inducing lipid packing disorder, thereby facilitating OP215 diffusion through
the SC lipid matrix. This research provides molecular-level insight into the design of
multi-peptide systems for improved topical delivery of functional skincare peptides.

Keywords: skin permeation; stratum corneum; biomimetic peptides; anti-aging; molecular
diffusivity

1. Introduction

Peptides are essentially short sequences of amino acids that carry out various biological
functions. Use of peptides as therapeutics have various advantages such as biocompat-
ibility, high selectivity, low toxicity, high mechanical stability, and ease of synthesis, to
name a few [1-3]. Peptides have been adopted as skin-targeting molecules for various
purposes, including anti-aging, wound healing, and the treatment of skin disorders [4-9].
However, natural peptides face several limitations as therapeutic agents: they are suscep-
tible to proteolytic degradation and oxidative instability, and they typically exhibit poor
membrane permeability due to the abundance of charged and polar amino acid residues
and their relatively large size [2]. Hence, modifications of peptide backbone or amino acids,
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and conjugation of moieties, have been undertaken to improve stability and membrane
permeability [3].

To deliver a therapeutic peptide or any small-molecule drug into the skin, the peptide
or molecule would have to transverse across the outermost layer of the skin epidermis
known as the stratum corneum (SC). The SC protects the skin against water loss, injury
and exogeneous substances that may be harmful, and thus serves as the main barrier to
the transdermal delivery of therapeutic molecules for skincare [10,11]. The SC consists of
multiple layers of dead corneocytes surrounded by lipid-enriched intercellular domains [12].
The intercellular domains are considered to be the primary permeation passage for any
molecules, as the domains are continuous throughout the SC [12,13]. The lipid-enriched
domains are composed of highly saturated long-chain ceramides (hydrocarbon chains
ranging from 16 to 32 carbon atoms) and free fatty acids (FFAs; hydrocarbon chains ranging
from 16 to 34 carbon atoms) [10,14,15]. Together with cholesterol, the intercellular domains
are highly ordered, gel-phase membranes [11,16,17]. Such an organization of lipid species
confers the barrier property of the SC but also makes it challenging for compound delivery
into the SC, especially for hydrophilic compounds.

Oligopeptide-215 (OP215), a biomimetic peptide derived from frog skin secretions,
was believed to promote wound healing and cellular repair via enhanced cell proliferation
and was found to restore skin barrier homeostasis through the concurrent modulation
of JAK-STAT and NF-«B signaling pathways [9]. By replacing the oxidation-susceptible
cysteine residue in the parent peptide CW49 with methionine, the thermodynamic stability
was much improved without affecting the biological function. However, as OP215 contains
11 amino acid residues and has a molecular weight of 1254 Da, it is a rather large molecule
for skin permeation. Compounds heavier than 500 Da (>about 6 amino acids) are known to
have very low diffusivities across the skin [18]. Furthermore, OP215 contains a large and
positively charged Arginine residue as well as polar residues Threonine and Glutamine,
also making the peptide unfavorable for the apolar interior of the SC lipid matrix. Hence,
OP215 may have limited skin permeability.

We have previously presented the design, synthesis and anti-photoaging properties of
a cosmetic peptide-caffeic acid conjugate, caffeoyl hexapeptide-9 (CH-9) [8]. Hexapeptide-9
(H-9) is a well characterized synthetic collagen-mimetic peptide with anti-aging properties
with the sequence Gly-Pro-GIn-Gly-Pro-Gln, which mimics specific fragments of human
collagen. Caffeic acid is a phenolic compound widely used in cosmetics for its antioxi-
dant, anti-inflammatory and photoprotective properties [19]. As H-9 peptide is highly
susceptible to enzymatic degradation [6], and caffeic acid has poor water solubility and
dermal absorption [20], we have shown that CH-9 effectively overcame these limitations
and exhibited superior anti-photoaging and transdermal efficiency compared to H-9 [8].
Given the success of CH-9, we would like to investigate whether a co-peptide system of
CH-9 and OP215 could enhance the molecular diffusivity of OP215 compared to OP215
alone across the SC lipid bilayer.

Molecular dynamics (MD) simulations, whereby detailed interactions between
molecules are calculated by solving Newton’s equation of motion, have offered important
physical insights into the interaction of various peptides with phospholipid bilayers [21-23],
the atomistic structure of SC lipid bilayers [24,25], and also the permeation of small
molecules through the SC lipid bilayers [26—28]. In this study, we employed MD sim-
ulations to model the detailed interaction between OP215 peptides with an SC lipid bilayer
model, in the absence or presence of CH-9 peptides. We found that both OP215 and CH-9
can partially insert under the bilayer surface via methionine sidechains for OP215 and via
the caffeoyl group for CH-9. The OP215/CH-9 co-peptide system was found to slightly
reduce the lipid packing of FFAs in the SC lipid bilayer compared to the OP215-only system.
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We have also calculated the diffusivity of OP215 across the SC lipid bilayer for both systems
and found a significant increase of about 13% in the effective diffusivity in the co-peptide
system, whereby the local diffusivity just below the bilayer surface is enhanced. Hence,
the presence of CH-9 may induce lipid packing disorder, which enhanced the diffusion of
OP215 across the SC lipid bilayer.

2. Materials and Methods
2.1. Generation and Equilibration of SC Lipid Bilayer Model

The SC lipid bilayer model is the same as we have previously constructed and
equilibrated [29]. Briefly, the lipid bilayer consists of 100 molecules of ceramide Cer24
NS (C24:0 fatty acid tail and C18:1 sphingosine tail), 100 molecules of cholesterol and
100 molecules of protonated FFA (with equal numbers of C16:0/palmitic acid, C18:0/stearic
acid and C20:0/arachidic acid) generated with PackMol version 20.15.3 software [30]. The
CHARMM-GUI webserver was used to obtain CHARMMS36 force-field parameters for
the lipids [31,32]. GROMACS MD simulation package version 2023 was used for energy
minimization and MD simulations [33-35].

2.2. Generation of Peptide Models and Simulation of Peptide—SC Lipid Bilayer Interactions

The three-dimensional coordinates of each peptide was generated using Accelrys Dis-
covery Studio version 4.5 (for CH-9) or using Avogadro software version 1.2.0 (for OP215)
and input into the CHARMM-GUI webserver, which generated the all-atom CHARMM36
force-field (FF) parameters for the CH-9 and OP215 peptides [31,32]. CH-9 combined
parameters based on CHARMM Generalized FF (CGenFF) for the caffeoyl group using
CHARMM-GUI Ligand Reader & Modeler with H-9 peptide parameters based on standard
CHARMM FF and was studied previously [8]. The OP215 peptide was simulated using
GROMACS in a periodic simulation box filled with TIP3 water models, and the system
was electrically neutralized with potassium and chloride ions at 0.15 M concentration.
After energy minimization to relax any possible steric clashes and 125 ps of simulation
with peptide-heavy atoms restrained, unrestrained simulation was then carried out with
a 2 fs simulation time-step for 100 ns under a temperature of 303 K and pressure of 1 bar.
Electrostatic interactions were computed using the Particle Mesh Ewald method with a
cut-off distance of 1.2 nm. Van der Waals (vdW) interactions were computed using a cut-off
method with forces smoothly switched to zero between 1.0 and 1.2 nm. For post-processing,
Visual Molecular Dynamics (VMD) software v1.9.4 was used for visualization of the simu-
lation trajectories, and the GROMACS tool was used to calculate the temporal evolution of
the radius of gyration of OP215.

For simulation of peptide interactions with other peptides and with SC lipid bilayer,
two copies of OP215 peptides (taken from 50 ns simulation snapshot in water showing
compact configuration) were randomly placed in the aqueous phase above the bilayer for
the “OP215 only” system. For the “OP215 with CH-9” system, 10 copies of previously
simulated CH-9 peptides followed by two copies of OP215 peptides were randomly placed
above the bilayer. Because OP215 peptides were placed after CH-9, the initial positions
of OP215 in the latter system were not the same as that in the former system. Energy
minimization and positional restrained simulation with decreasing restraints on the lipid
head-groups was performed. Production simulation was then performed at 310 K and 1 bar
for 300 ns, with a Nose-Hoover thermostat with time constant of 1 ps and semi-isotropic
pressure coupling with the Parrinello-Rahman barostat with a time constant of 5 ps and
compressibility of 4.5 x 107 bar~!. Electrostatic and vdW interactions were calculated
as above.
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To monitor the adsorption of peptides onto the SC lipid bilayer surface, the shortest
distance along the Z-axis (bilayer normal) of each peptide atoms and bilayer midplane
(defined using the average position of the last carbon atom along arachidic acid chains)
was calculated using an in-house VMD script. For peptides that bind to the bottom leaflet
of the bilayer, the distance turned out to be negative and was converted to a positive value.
The final shortest distances from the bilayer midplane for each peptide were averaged. The
GROMACS “gmx order” command was used to calculate the order parameter S.4. For the
CH-9-only system, simulation data (0-100 ns) was taken from [8].

The area per lipid of the SC lipid bilayer was calculated from the time-averaged
(200-300 ns) bilayer X-Y projected area divided by half the number of lipids (cholesterol ex-
cluded). The bilayer thickness was calculated by taking the difference between the average
Z-coordinates of Cer24 NS head-group N atoms in the top and bottom monolayers and then
averaging this difference over time as in a previous study [36]. The area compressibility
modulus measuring the resistance of the bilayer to in-plane stretch was computed based
on the fluctuation of the bilayer X-Y projected area as K4 = kgT(A)/(5A?), where (A)
is the average projected area, (§A?) is the mean square fluctuation, kp is the Boltzmann
constant and T is the temperature in Kelvin [37,38]. The Spatial (2D) lipid order parameter
was calculated using MOSAICS v1.1 software with the “p2_mpi” command for the rank
2 order parameter using 200-300 ns simulation data and for the top and bottom leaflets
separately [39]. Mass density profiles of water, palmitic acid, stearic acid, arachidic acid
and peptides were calculated using the GROMACS “gmx density” command.

2.3. Calculation of Position-Dependent Diffusivity of Peptides Across the SC Lipid Bilayer

For the calculation of position-dependent diffusivity, we utilized a similar approach to
generate configurations for position-dependent diffusivity calculations from our previous
studies [29,40]. One of the peptides bound on the bilayer surface was selected from the
final simulation configuration and pulled into the bilayer center (as well as away from
the surface) to generate configurations at various depths (along Z) relative to the bilayer
center. To do this, the GROMACS pull code was used where a virtual spring with a
spring constant of 1000 k] /mol/nm? was moved at a rate of 0.005 nm/ps. Next, umbrella
sampling was performed at each of these Z-positions for 40 ns with a force constant of 2000
or 3000 k] /mol/nm? to maintain the peptide Z-positions. To avoid any lipids being pulled
into the bilayer interior and changing the polarity of the bilayer interior during pulling and
umbrella sampling simulations, the headgroup atom of each lipid was restrained in the
Z-location with a spring constant of 200 k] /mol/nm?. Constrain forces were stored at every
0.1 ps during the last 10 ns of each sampling simulation and then used to calculate the
following position-dependent diffusivity in terms of a time correlation function involving
constrain forces [26]:

(RT)?

D(z) = & (AF(z, t)AF(z,0))dt

(1)

where R is the gas constant, T is temperature in Kelvin, and AF(z, t) = F(z,t) — (F(z,t)) is
the instantaneous deviation of the constrain force from the average value over time (F(z, f)).
The time correlation function in the denominator of D(z) was written as a time integral
over different starting times t’,

(AF(z,t)AF(z,0)) = lim L [ AF(z,t')AF(z,t' 4 t)dt’ )

T—o0 0

The algorithm to compute D(z) was implemented in Python3 using the NumPy library.
For improved sampling, we repeated the procedure using simulation snapshots at
200 ns and 300 ns using each of the two OP215 peptides. Each peptide was pulled from the
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surface into the bilayer center as well as away from the surface and across to the opposite
surface. D(z) values calculated at similar z-positions on either side of the bilayer midplane
were then averaged for the 300 ns profile. Furthermore, for z = 0 nm and 0.1 nm, the
umbrella sampling simulations were extended to 50 ns and again the last 10 ns was used.
To characterize the difference in overall diffusivity in the bilayer interior and avoiding any
bias due to unequal spacing of data along z, we calculated the effective diffusivity (Deg) by
matching the area under each profile from 0 to 2.5 nm (or —2.5 nm to 0 nm) to a rectangular
area of side Dy¢ and 2.5 nm. The area under each profile was calculated as the sum of
trapezoidal areas. D¢ values estimated from each (half) profile for each system (OP215
only or OP215 with CH-9, 200 ns and 300 ns configurations) were then averaged.

3. Results
3.1. Peptide Adsorption onto SC Lipid Bilayer and Penetration Below Lipid Headgroups

We performed MD simulations to understand how OP215 peptides interact and bind
onto a model SC lipid bilayer in the absence and presence of CH-9 (Figure 1). The same
SC lipid bilayer model was used as we have previously [29], which has Ceramide24 NS,
FFAs and cholesterol in equimolar ratios. OP215 is an amphiphilic 11-amino acid peptide,
whereas CH-9 is a polar hexapeptide with a caffeoyl group attached and exhibits both
enhanced skin permeation in vivo and improved insertion into an SC lipid bilayer in silico
compared to H-9 [8].
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Figure 1. All-atom model of stratum corneum (SC) lipid bilayer interacting with skin-targeting
peptides. (a) Chemical structures of the lipids present in our SC lipid bilayer model. The numbers
of ceramide24 NS, cholesterol and protonated FFA molecules are at 1:1:1 ratio. The three FFAs are
also present in equimolar ratio. Ceramides and cholesterol are colored blue and orange, respectively,
while FFAs are colored as follows: palmitic acid in yellow, stearic acid in red and arachidic acid in
olive. Water layers above and below the bilayer are omitted for clarity. (b) Chemical structures of the
two short peptides considered in this study.

First, an OP215 peptide was simulated in water for 100 ns and the configuration at
50 ns was extracted and used for simulation with the SC lipid bilayer, as the configuration
is more compact with a small radius of gyration (Rg) (Figure 2a). Next, two OP215 peptides
were placed slightly above the SC bilayer surface in the OP215-only system, and the
peptide-SC lipid interaction was simulated for 300 ns (Figure 2b). OP215 peptides were
observed to adsorb onto the bilayer surface, and peptide atoms inserted slightly below the
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SC lipid headgroup region (see inset in Figure 2b). One OP215 peptide bound quickly to
the top surface whereas the other OP215 peptide crossed the top periodic boundary and
adsorbed onto the bottom surface. Thereafter, both peptides remained stably bound to
the bilayer (Figure 2c). Peptide atoms were able to reach below the SC lipid headgroup
region (denoted by ceramide NF atoms) and reach close to ceramide C9F atoms (8th carbon
along the fatty acid chain counting from the carbonyl carbon) located 1.5 nm from the
bilayer midplane or 0.8 nm below the bilayer surface (Figure 2c). We found that methionine
(a hydrophobic residue) at position 5 or 8 is the part of the peptide that inserts the deepest
below the lipid headgroup atoms.
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Figure 2. MD simulations of the interaction between OP215 peptides and the equilibrated SC lipid
bilayer. (a) Left Model of OP215 peptide before MD simulation (t = 0 ns). Peptide is shown in stick
representation with atoms colored as follows: carbon in cyan, oxygen in red, nitrogen in blue, sulphur
in yellow and hydrogen in white. Middle Selected model of OP215 (at t = 50 ns) for simulation with
SC lipid bilayer on the basis of compactness, i.e., low values for radius of gyration (Rg) shown on
Right with circle at t = 50 ns, in order to pack more peptides on the SC bilayer surface. (b) Simulation
snapshots showing the initial and final configurations of the peptides relative to the SC bilayer
surface for model with only OP215 or with OP215 and CH-9. Water molecules on either side of
the bilayer are omitted for clarity. In the system with CH-9, the 10 copies of CH-9 included are
shown in gray. Periodic simulation box shows changes in dimensions during simulation as the
molecules rearrange. Zoomed-in views show snapshots of OP215 peptide on the bilayer surfaces
(only arachidic acid molecules are shown for clarity and in olive as in Figure 1). (c) The temporal
evolution of the minimum distance along bilayer normal (z-axis) between peptide atoms and the
middle of SC lipid bilayer (based on terminal carbons of arachidic acids, black dashed line) showing
depth of penetration of the peptides, averaged over all peptides of the same type (OP215 or CH-9).
The z-position of ceramide head-group nitrogen atom (Cer-NF, black line) demarcates the bilayer
surface whereas the z-position of ceramide carbon atom (Cer-C9F, green line) provides a guide to
the degree of bilayer penetration of the peptides. Final simulation snapshots of individual OP215
peptides and CH-9 cluster of three peptides are also shown with Cer-NF and Cer-C9F atoms in blue
and green, respectively.

https://doi.org/10.3390 /membranes16110355


https://doi.org/10.3390/membranes16110355

Membranes 2026, 16, 355

70f13

For the system with CH-9 peptides, 10 CH-9 and two OP215 peptides were placed
randomly above the SC lipid bilayer. The CH-9 peptide configuration was taken from our
previous study [8]. Here, both OP215 and CH-9 peptides adsorb onto the bilayer surface.
The degree of bilayer penetration for OP215 is slightly higher for this system (Figure 2c).
Similarly, methionine at position 5 was observed to be the part of the OP215 peptide that is
deepest into the bilayer. CH-9 peptides form clusters, and caffeoyl groups were observed
to insert below the bilayer headgroups. The caffeoyl groups of CH-9 inserted deepest into
the bilayer, showing up as dips in the minimum distance between CH-9 and the bilayer
midplane (Figure 2c). Caffeoyl groups were also found to orient towards the SC bilayer
surface, and CH-9 showed stronger interaction energy with SC lipids than H-9 in our
previous study [8]. CH-9 also showed enhanced skin permeation in vivo compared to
H-9 [8], with the enhancement being attributed to the caffeoyl group conjugation.

To understand the interaction among the molecular species, we also calculated the
interaction energies between OP215 peptides and SC lipids, between CH-9 peptides and
SC lipids, and between OP215 and CH-9 peptides (Figure Sla). Although the average total
interaction energy (coulombic + dispersive) between an OP215 peptide and SC lipids is
lower in the system with CH-9 compared to the system with OP215 only, this is because
the OP215 peptides also interact with CH-9. This resulted in co-clustering of OP215 with
CH-9. CH-9 peptides also interact with SC lipids to a larger degree than CH-9 interaction
with OP215. In terms of the total interaction energies between all peptides (OP215 or CH-9)
and SC lipids (Figure S1b,c), CH-9 interaction with SC lipids is quite strong and stable.
We also computed the interaction energies between each OP215 peptide and each CH-9
peptide. The energies of interacting OP215-CH-9 pairs are shown in Figures S2 and S3 for
each of the two OP215 peptides, which show contributions of both coulombic interaction
and vdW (L]) interactions. Simulation snapshots taken during the interaction windows are
also shown, which suggest that the OP215-CH-9 interactions are mostly hydrogen bonds,
which have both coulombic and vdW components involving hydrophilic sidechains and
backbone atoms (Figures 52 and S3). Cation-Pi interaction between Arg sidechain of OP215
and the caffeoyl group of CH-9 was also observed (Figure S2, 100 ns and 125 ns snapshots).
Hence, OP215 interactions with CH-9 are hydrophilic in nature.

3.2. CH-9 Adsorption onto SC Lipid Bilayer Perturbs the Bilayer and Enhances Diffusivity of
OP215 Across the Bilayer

How does the presence of CH-9 on the SC lipid bilayer modulate the bilayer and the
absorption/insertion of another peptide such as OP215? The FFA lipid order parameter that
reflects the packing of lipids in the bilayer showed some differences between the systems
with OP215 only, OP215 with CH-9 and CH-9 only (Figure 3). Order parameters (S.q) for
palmitic acid (C16:0) and stearic acid (C18:0) are lower in the presence of CH-9, whereas the
order parameter for arachidic acid (C20:0) is the same in the presence of CH-9. The lowering
of S.q is especially pronounced in the palmitic and stearic acid head-group regions (low
atom numbers) in the presence of CH-9 (both “OP215 with CH-9” and “CH-9 only”) due to
insertion of the caffeoyl group. This suggests that the lipids in the SC bilayer containing
CH-9 might be slightly more disordered and more loosely packed, and the disruption
level is highly dependent on the FFA chain length with the most severe disruption to the
shortest FFA. We also calculated 2D maps of the lipid order parameter using all three
FFAs and ceramides for the OP215-only and OP215 with CH-9 systems (Figure S4), which
show a lower order parameter in the latter system. The reduction in lipid order is over a
wide region but not completely over the entire bilayer, as revealed by regions of higher
order parameters.
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Figure 3. Free fatty acid carbon chain order parameters (averaged over lipids and 200-300 ns
simulation time) for the systems OP215 only, OP215 with CH-9, and CH-9 only.

Mass density profiles indicate no water penetration during the 200-300 ns simulation
of OP215 with CH-9 (or OP215 only) (Figure S5a,b). Furthermore, the density of the
peptides indicates that OP215 peptides are bound slightly deeper on the bilayer surface
in the system with CH-9 (Figure S5c vs. S5d). The density profiles for the FFAs are very
similar with or without CH-9 though slightly lower, just below the head-group regions
for palmitic and stearic acid densities (around 2 nm from bilayer center) (Figure S5e), in
agreement with lipid order parameter plots in Figure 3.

Characterization of the physical properties of the SC bilayers in each system further
revealed that, although both bilayers have very similar areas per lipid and similar average
thicknesses, the area compressibility modulus is relatively smaller for the bilayers with
CH-9 (Table 1). This is consistent with the lipid order parameter results presented above,
indicating that CH-9 perturbs the bilayer and reduces its compactness and stiffness.

Table 1. Physical properties of the SC lipid bilayers with OP215 and/or CH-9.

Bilayer Thickness Area
System Area/Lipid (nm?) y (nm) Compressibility
Modulus (mN/m)
OP215 only 0.49 4.53 £ 0.03 2765
OP215 with CH-9 0.49 4.55 £ 0.03 2349
CH-9 only 0.49 4.57 +0.03 2353

To reveal how binding of CH-9 to the SC lipid bilayer might modulate the trans-bilayer
diffusion of OP215, we computed the positional diffusivity of OP215 peptide along the
bilayer normal from outside (/z| > 4 nm) to the center of the bilayer (z = 0 nm). Positional
diffusivities averaged over both sides of the bilayer and then reflected about z = 0 nm
based on 300 ns configurations are shown in Figure 4, whereas the original profiles across
the bilayer are shown in Figure S6. As expected, the averaged diffusivity profiles show
similar diffusivity values for OP215 outside the bilayer in bulk water (1z| > 4 nm) as
CH-9 are all bound to the bilayer. As the OP215 peptides approach the bilayer surface, the
diffusivity value decreases as observed from diffusivity profiles calculated for many small
polar/apolar molecules [26]. Near the bilayer surface at between 2.5 to 3 nm, interaction
with polar lipid headgroups and CH-9 peptides reduces D(z). Below 2.5 nm, the peptide
enters the bilayer interior with higher density (due to the lipid packing) than in water. For
the OP215 peptide in the OP215-only system, D(z) further reduces slightly but starts to
increase near the bilayer center. This may be due to more free volume or less density at
the middle of the bilayer, as shown for a similar SC lipid bilayer [26]. In contrast, for the
OP215 peptide in the OP215 + CH-9 system, D(z) increases just below the bilayer surface
(I.5nm < |zl <2.5nm) before decreasing to a similar value as in the OP215-only system.
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Again, D(z) shows a peak in the center as in the OP215-only system. The effective diffusivity
(Deff) was then obtained by matching the area under each profile (z = —2.5 nm to 0 nm or
from 0 to 2.5 nm) to a rectangular area of side Dgg and 2.5 nm (Figure S6). The averaged
Deg from four areas (two each from the 200 ns and 300 ns profiles) is 1.09 x 107 4 3.55
x 108 cm? /s and 1.23 x 107 4+ 4.10 x 108 cm?/s for the OP215-only and OP215 + CH-9
systems, respectively, representing a 13% relative increase for the system with CH-9 over
the OP215-only system.

OP215 only OP215 w/ CH-9
1X10_6: L R 1><10_6: T T
| | | |
| | | |
‘“ﬁ | [ ‘“ﬁ | [
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I 0 e g DA
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Figure 4. Comparison of the diffusivity profiles across the SC lipid bilayer for OP215 peptides in the
absence (Left) and presence of CH-9 peptides (Right), calculated using configurations at 300 ns from
each system. The distance to the peptide center-of-mass from the center of the lipid bilayer is denoted
by z. Dashed vertical lines mark the locations of the bilayer surface determined based on the bilayer
thickness and bilayer center, with an image of the respective bilayer configuration superimposed.
Each data point is an average over two umbrella sampling simulations performed at +z value (i.e.,
on either side of the bilayer midplane). The profile for z > 0 nm is then reflected about z = 0 nm,
assuming the bilayer is symmetric in lipid composition.

4. Discussion

Despite the many strengths of peptides as skin-targeting actives, they suffer from the
challenges of skin permeation due to incompatibility between the polar amino acids in
the peptides and the apolar environment of the lipid-enriched intercellular domains in the
SC. Various strategies such as cyclization and conjugation to hydrophobic moieties (e.g.,
fatty acid chains and caffeic acid) have been proposed to improve the skin permeability of
therapeutic peptides [3,7,41]. Other techniques to enhance skin permeability of peptides in-
clude the use of chemical enhancers, physical enhancers (e.g., microneedles, iontophoresis),
encapsulation in liposomes or liquid crystal nanoparticles, etc. [41,42]. Here, we proposed
an alternative strategy that involves a co-peptide system whereby a caffeic acid-conjugated
peptide (CH-9), previously found to show improved SC bilayer insertion over H-9 [8], may
act as a chemical enhancer to increase the diffusivity across the SC bilayer of an unmodified
peptide (OP215), which is hydrophilic with a large positively charged amino acid. This
draws inspiration from our previous simulation work whereby amphiphilic skin bright-
ening agents that are also known skin penetration enhancers improved the diffusivity of
niacinamide (a polar, skin brightening agent) [40].

Using MD simulations, we investigated the adsorption of OP215 alone or OP215
together with CH-9 onto an SC lipid bilayer model. OP215 could partially insert under
the polar lipid headgroups via its apolar methionine amino acid residues in both systems,
and CH-9 inserts its caffeoyl group under the lipid headgroups. Although the degree
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of insertion of OP215 in conjunction with CH-9 is at best marginally better than OP215
alone, quantification of the FFA chain lipid order parameter, which reflects the degree of
lipid packing in the SC bilayer, reveals a small decrease in the lipid packing order in the
presence of CH-9. Consistent with our observations, Villanueva et al. also reported peptide-
and small-molecule-induced membrane perturbation using in vitro techniques, including
Langmuir isotherms and differential scanning calorimetry [43]. Calculation of OP215
diffusivity across the SC bilayer for each system using umbrella sampling further suggests
a different diffusivity profile whereby the diffusivity just under the lipid headgroups
is higher in the presence of CH-9, which might be attributed to perturbation by CH-9.
The effective diffusivity of OP215 also increases in the co-peptide system. Hence, CH-
9 might indeed function as a skin permeation-enhancing co-peptide to facilitate OP215
diffusion through the SC lipids. Our research raises the possibility of designing multi-
peptide systems that enhance topical delivery of skincare peptides that are either too large
or too polar, resulting in low SC permeability, with one or more peptides acting as skin
permeation enhancers.

This research adds specific value to the cosmetic and anti-aging field by providing a
mechanistic basis for improving the topical delivery of functional skincare peptides, which
often show promising biological activity but limited skin penetration due to their size and
polarity. By demonstrating that CH-9 can act as a permeation-enhancing co-peptide for
OP215 through localized perturbation of SC lipid packing and increased peptide diffusivity,
this study supports a formulation strategy in which anti-aging peptides can enhance
the delivery of another peptide without chemically modifying the active target. This is
particularly relevant for next-generation cosmetic products aiming to improve skin barrier
function, reduce visible signs of aging, and increase the bioavailability of peptide-based
actives in the skin. However, our study has some limitations, including the use of a
simplified SC lipid bilayer model with only one representative ceramide and three FFAs in
order to reduce computational demands and model complexity, and the effects of CH-9 on
lipid packing may depend strongly on lipid composition and bilayer organization. Hence,
our model can only inform about the molecular diffusivity of the OP215 peptide across
a single SC lipid bilayer, and the skin permeability enhancement of OP215 due to CH-9
would need to be demonstrated in future in vitro experiments such as measurements of
OP215 skin permeability in Franz cell experiments [44]. Further, Langmuir films consisting
of ceramide, cholesterol and FFA may be probed via various monolayer techniques to
characterize the effect of OP215 alone and in conjunction with CH-9 in terms of changes in
molecular area (surface pressure-molecular area isotherms) and surface compressibility
modulus, which measures film stiffness/elasticity [45].

Nevertheless, the approach highlights MD simulations as a potentially useful tool
for screening synergistic peptide combinations, guiding cosmetic formulation design,
and accelerating the development of peptide-based anti-aging technologies with stronger
scientific substantiation.

5. Conclusions

In this study, atomistic MD simulations were used to investigate whether CH-9 can
enhance the permeation of OP215 across a model SC lipid bilayer. Our simulations revealed
that the presence of CH-9 modestly perturbed the packing of FFAs in the SC lipid bilayer
with a slight increase in lipid disorder. This structural perturbation was accompanied by
an increase in the position-dependent diffusivity of OP215 just below the bilayer surface.
Overall, the effective diffusivity of OP215 across the bilayer interior was enhanced by
approximately 13% in the OP215 + CH-9 system. These findings suggest that CH-9 can
function as a permeation-enhancing co-peptide by locally disrupting SC lipid packing and
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facilitating OP215 diffusion through the lipid matrix. More broadly, the results support
the potential of rationally designed multi-peptide systems to improve the topical delivery
of functional skincare peptides that would otherwise exhibit limited permeability due to
their size and polarity. Future experimental validation will be valuable to confirm the
predicted enhancement in skin permeation and to guide further optimization of peptide
combinations for topical applications. In vitro experiments, such as using Franz diffusion
cells with artificial skin or skin explants that measure permeability of OP215 in the presence
of CH-9, would be useful to validate our simulation findings [44]. Further study of CH-9
to identify any potential adverse effects on the skin may be carried out, such as increased
trans-epidermal water loss (TEWL) due to lipid packing disruption or skin irritation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /membranes16110355/s1, Figure S1: Interaction energies between
peptides and SC lipids from each system; Figure S2: OP215 and CH-9 interaction energies and
co-cluster snapshots for the first copy of OP215. Figure S3: OP215 and CH-9 interaction energies
and co-cluster snapshots for the second copy of OP215; Figure S4: Spatial (2D) lipid order parameter
maps using 200-300 ns of simulation data for (a) OP215-only and (b) OP215 with CH-9 systems
using MOSAICS software; Figure S5: Mass density profiles; Figure S6: Comparison of the diffusivity
profiles across the SC lipid bilayer for OP215 peptides in the absence (Left) and presence of CH-9
peptides (Right) using the 300 ns and 200 ns configurations from the respective simulations.
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