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KEY WORDS Abstract Transdermal drug delivery relies heavily on the skin permeability of therapeutic agents. In
order to develop a peptide-based delivery strategy for promoting transdermal absorption, the key physi-
cochemical factors influencing skin permeability are first identified through cell-penetrating peptides
(CPPs) screening and computational simulation. Penetratin exhibits the most outstanding permeability
and safety among CPPs from various origins, and positive surface patch area emerges as the key property

Cell-penetrating peptides;
Cutaneous administration;
Computational simulation;

giﬁ?;?;; correlated with skin permeability of the peptides. Based on these findings, a precise model to predict skin
AlphaFold; permeability of the peptides is established, leading to the computational redesign of penetratin’s amino
Transdermal drug acid sequence. The transdermal delivery efficiency of optimized penetratin derivative (589WP) is signif-

delivery; icantly improved in vitro compared with wild-type penetratin and visualized through in vivo imaging.
Penetratin Furthermore, the anti-metabolic drug floxuridine (FUdR) is covalently conjugated with 589WP via ester

linkage, leading to accelerated FUdR release due to esterase degradation. Subsequently, this conjugate is
formulated into an anhydrous gel, which significantly inhibits melanoma growth with topical application,
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outperforming a higher dose of free FUdR without observed skin irritancy or toxicity. The peptide pre-
diction and design approaches established herein hold great potential for advancing transdermal drug

delivery.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Transdermal drug delivery systems (TDDS) offer numerous
advantages, including consistent and stable plasma levels, avoid-
ance of the first-pass effect in the liver, good patient compliance,
and cessation of treatment as needed, all of which are highly
significant in medical practice' >. However, the skin, being the
body’s natural protective barrier, exhibits low permeability to most
small molecules, which restricts the entry of pathogens and toxins
but also hinders transdermal drug delivery*>. The primary per-
meation barrier in the skin is the outermost layer, the stratum
corneum, consisting of tightly packed and highly keratinized dead
cells embedded in a lipid matrix®’. Therefore, for transdermal
delivery, the drugs must penetrate through the intricate lipid
pathways surrounding the keratin-rich cells, or repeatedly parti-
tion between these cells and the lipid matrix, or traverse the skin
appendage pathways. In general, strategies that promote trans-
dermal drug delivery can be categorized into two classes: active or
passive means. Active means include iontophoresis, sonophoresis,
electroporation, microneedles, and so on, while passive means
include permeation enhancers and various nanoscale delivery
systems® ™ '°.

As novel skin permeation enhancers, peptides have garnered
much attention in the last two decades. Peptide-based drug
delivery systems offer advantages such as excellent biodegrad-
ability and biocompatibility'""'?, avoiding safety concerns asso-
ciated with traditional chemical enhancers and substantially
improving the feasibility of clinical translation. There are three
categories of peptides with efficient skin permeability, including
cell-penetrating peptides (CPPs), antimicrobial peptides (AMPs),
and phage peptides'>. CPPs are typically made up of 5—30 amino
acids and can be utilized as molecular transporters to facilitate the
passage of therapeutic agents across physiological barriers'®'>.
AMPs are known to form pores in bacterial cell membranes, and
have been shown to increase skin permeability by disrupting the
stratum corneum lipid structure'®'”. Phage peptides are obtained
by phage display technology, where a random amino acid
sequence is displayed on each phage particle, and libraries of such
peptides can be screened for skin penetration'®'°.

In the field of TDDS, the mechanisms governing the skin pene-
tration of peptides have not been fully elucidated due to variations in
the physicochemical properties of different peptides. These specific
mechanisms include interactions between peptides and keratin®*?!,
increased lipid fluidity?>*, peptide transduction domains**?,
shielding of drug negative charges®®?’, amphipathy®®, reversible
modulation of intercellular junction proteins®, etc. In these studies,
peptides are employed as permeation enhancers, primarily through
covalent conjugation with drugs®®>', while in some cases, they are
applied non-covalently with the drugs®***. These approaches have
increased the skin permeability of various agents by several to
dozens-fold. However, due to the lack of systematic comparison,
optimization, and theoretical guidance, the design of peptides as

efficient transdermal enhancers was deficient in reliable predictive
models and primarily explored by the trial-and-error process. Thus,
there remains still ample room for improving transdermal drug
delivery efficiency.

AlphaFold2, developed by DeepMind, is a revolutionary tool
for predicting the three-dimensional structures of proteins and
peptides. Traditional experimental methods like X-ray crys-
tallography and nuclear magnetic resonance (NMR) spectroscopy,
though accurate, are both time-consuming and costly. Moreover,
they also struggle with certain proteins or peptides that are diffi-
cult to crystallize or are highly dynamic. This emphasizes the need
for efficient computational approaches to complement exper-
imental techniques34. Utilizing deep learning, AlphaFold2 com-
pares protein sequences with extensive databases of known
structures, leveraging evolutionary information and phys-
icochemical principles to achieve near-experimental accuracy in
its predictions™>.

Melanoma is the most aggressive and fatal form of skin
cancer’®. Systemic chemotherapies against melanoma exhibit
limited antitumor potential and high toxicity®’. TDDS can deliver
therapeutic molecules directly to the site of melanoma, making it a
promising treatment approach. Floxuridine (5-fluoro-2’-deoxyur-
idine, FUdR) is a metabolite of 5-fluorouracil (5-FU) and can be
convert to 5-FU by thymidine phosphorylase®. It exerts antitumor
effects through the inhibition of thymidylate synthase and incor-
poration of its metabolites into RNA and DNA*. 5-FU cream is
recommended for topical therapy of basal cell carcinomas*’, a
type of skin cancer, and it has been approved by the US Food and
Drug Administration (FDA) for clinical application*'**>. However,
due to the limited skin permeability of hydrophilic 5-FU and
FUdR, their topical administration typically requires high con-
centrations, usually 2.5% or 5%, increasing the risk of side effects
such as skin erythema, itching, and burning sensation™’.

In this research, we systematically compared, analyzed, and
predicted the skin permeabilities of CPPs from different sources
with the assistance of computational simulation. We tried to elu-
cidate the key factors determining transdermal delivery efficiency,
considering aspects of peptide structure depicted by AlphaFold2
algorithm and corresponding physicochemical properties. Our
investigation aimed to reveal the underlying principles and
develop novel approaches for designing skin-penetrating peptides.
Building on these findings, we identified the optimized peptide
derivatives and validated their application in the topical delivery
of FUdR for treatment of melanoma.

2. Materials and methods
2.1. Materials

Peptides and fluorescence-labeled peptides were synthesized
by Allpeptide Biotechnology, Hangzhou, China. Floxuridine
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(5-fluoro-2'-deoxyuridine, FUdR), dimethyl sulfoxide (DMSO),
acetonitrile, 4-maleimidobutyric acid, 4-dimethylaminopyridine
(DMAP), N,N'-dicyclohexylcarbodiimide (DCC) were purchased
from Aladdin Industrial Corporation, Shanghai, China. Phosphate
buffer solution (PBS), 5-carboxyfluorescein (FAM), Cy5
N-hydroxy succinimide ester (Cy5-NHS), glycerin, polyethylene
glycol (PEG) 200, PEG 400, Cell Counting Kit-8 (CCK-8),
Calcein-AM/PI double staining kits were commercially obtained
from MeilunBio, Dalian, China. All other reagents used in the
experiment were of analytical grade and no further purification
was required. Hematoxylin-eosin (HE) staining solution and IL-18
antibody were provided by Servicebio Technology, Wuhan, China.

2.2.  Animals

Sprague—Dawley (SD) rats, Institute of Cancer Research (ICR)
mice, and C57BL/6 mice were provided by Laboratory Animal
Center of School of Pharmacy, Fudan University (Shanghai,
China). The skin of Berkshire pig was provided by Meisheng
Trading Company (Chongqing, China). All the animal experi-
ments were performed following the guidelines evaluated and
approved by the Institutional Animal Care and Use Committee
(IACUC), School of Pharmacy, Fudan University (Ethical appro-
val number: 2020-04-YJ-WG-01).

2.3.  Invitro skin penetration

The purity and molecular weight of FAM-labeled peptides were
verified using High Performance Liquid Chromatography (HPLC,
Agilent, 1260, SC, USA) and mass spectrometry (MS, AB Sciex,
4000 Q TRAP, MA, USA), respectively. The skin permeability of
FAM and FAM-CPPs was investigated for rats and pigs. All the
CPPs were conjugated with FAM at the N-terminus, and their
concentrations were measured based on fluorescence intensity. In
brief, 1 mmol of FAM or FAM-peptide was initially dissolved in
100 pL DMSO and then further diluted with 20 mL of 0.9% NaCl
solution, resulting in a final solution containing 50 pmol/L FAM
or FAM-peptide and 0.5% (v/v) DMSO. The transdermal pene-
tration experiment was carried out using the Valia-Chien diffusion
cells (Kaiyue, TK-6H1, Shanghai, China). The experiment tem-
perature was maintained by a water bath at 37 £+ 0.5 °C with a
stirring speed of 250 rpm. Each diffusion cell had a volume of
3.5 mL, and the skin samples were obtained from either SD rats or
Berkshire pigs. All the in vitro skin penetration experiments were
performed in at least 4 replicates for each peptide to enhance the
statistical significance and reliability of the results.

At time points 0, 0.5, 1, 2, 3, 4, and 5 h, 0.2 mL of receiver
solution was withdrawn and immediately replaced with an equal
volume of fresh 0.9% NaCl solution. Fluorescence intensity was
immediately measured at 492 nm using the multimode reader
(BioTek, Synergy 2, VT, USA). The calculation formula for the
in vitro data is as Eq. (1):

-1

Q,=nxc,+/ Vo x G (1)

t=0

where Q; is the cumulative penetration amount of the drug, C; is
the drug concentration of the receiver solution at each sampling
time, C; is the drug concentration of the sample, and V, and V are
the volumes of the receiver solution and the sample, respectively.
The obtained data were expressed as the cumulative drug per-
meation per unit of skin surface area, Q,/S. Apparent permeability

coefficient (P,pp) was calculated by linear regression interpolation
of the experimental data, as shown by Eq. (2):

AQ
Pypp=——7—+ 2
A xS x Cy ( )
where Cj is the drug concentration in the donor compartment
(50 pmol/L), while the drug content in the receiver is negligible
compared with that in the donor.

2.4.  Physicochemical parameters of peptides

The folding structures of peptides were predicted using the
AlphaFold2 algorithm (DeepMind Technologies, AlphaFold2,
London, UK) based on ColabFold (Google Research, ColabFold
v1.5.2, CA, USA). The predictions were made following the
instructions available at https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb#Instructions**.
ColabFold was combined with MMseqs2’s fast homology search
and AlphaFold2 or RoseTTAFold to accelerate the prediction of
protein structures. ColabFold predicts protein structures through
AlphaFold2 and Alphafold-Multimer, where sequence alignments/
templates were generated through MMseqs2 and HHsearch.

Then various physicochemical parameters of peptides were
computed using the Maestro software (Schrodinger, Maestro
2020-2, NY, USA)*. Surface areas for all peptides were computed
and visualized using the Protein Surface Analyzer module. The
OPLS3e force field was utilized for the calculation protocol. All
initial structures were prepared and processed through the Protein
Preparation Wizard function. Notably, energy minimization was
intentionally omitted, as the AlphaFold2 algorithm had already
determined the 3D fold structure, and applying energy mini-
mization could alter the structure.

The MilogP value was calculated using the website www.
molinspiration.com.

2.5.  Prediction of peptide sequences

The prediction was conducted by introducing mutations into the
amino acid sequence of wild-type penetratin. The maximum
allowable mutations were limited to 3. The positive surface patch
area (PSPA) and hydrophobic surface patch area (HSPA) values
for these mutated sequences were computed. The top 3 peptide
sequences with the highest PSPA or score of amphipathy (SOA)
values were the focus of our investigation. These selected
sequences were then subjected to in vitro skin penetration testing.

2.6.  Preparation of Cy5-589WP gel

The anhydrous gel matrix consisted of 50% (w/w) glycerin, 30%
PEG 200, and 20% PEG 400. To synthesize the Cy5-589WP
conjugate, 3.0 mg Cy5-NHS and 4.9 mg 589WP were weighed
and dissolved in 1 mL PBS buffer (pH 8.3) and stirred at 4 °C for
3 h. The conjugate was purified by preparative HPLC (Agilent,
Prep-1260, SC, USA) and lyophilization (Zirbus, VaCoS, Bad
Grund, Germany). Subsequently, 1.58 mg of the lyophilized
powder was reconstituted in 3 mL of the gel matrix to achieve a
final concentration of 0.525 mg/mL Cy5-589WP solution
(equivalent to Cy5 0.2 mg/mL). Similarly, 0.6 mg Cy5 was dis-
solved with 3 mL of the gel matrix to yield a 0.2 mg/mL Cy5
solution.
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2.7.  Invivo skin penetration

To further investigate the skin permeability of 589WP in vivo,
merged images of fluorescence molecular tomography (FMT) and
computed tomography (CT) were captured using the vivo imaging
system (Caliper PerkinElmer, IVIS Spectrum, MA, USA). The
dorsal hair of ICR mice was shaved to the minimum length, and
20 uL of Cy5 or Cy5-589WP gel was administered along the
centerline of the back. At the O h time point, photographs of the
mice were recorded with the gels on their back. After 4 or 8 h of
administration, the gels were carefully wiped using wet cotton
balls. Subsequently, photographs of the mice were recorded to
observe the fluorescent probes that penetrated the skin.

2.8.  Synthesis of FUdR-589WP

Initially, 250 mg of FUdR (1.0 mmoL) was dissolved in 25 mL of
acetonitrile. Simultaneously, 186.8 mg of 4-maleimidobutyric acid
(1.0 mmoL) as the linker, 12.4 mg of DMAP (0.1 mmoL), and
230.7 mg of DCC (1.1 mmoL) were dissolved separately in 3 mL
of dichloromethane. The FUdR and DCC solutions were mixed
and allowed to react at room temperature for 2 h. Subsequently,
the solutions of DMAP and the linker were added to the reaction
mixture, which was then stirred at room temperature overnight.
The mixture was then filtered, and the filtrate was collected. The
solvent was removed by rotary evaporation (Shen Sheng Tech-
nology, R213, Shanghai, China), and the residue was resuspended
in 7.2 mL of ultrapure water-methanol (1:1, v/v) using sonication.
Purification was performed using preparative HPLC, followed by
lyophilization. The product FUIR-MAL was verified using 'H
NMR (Varian, 400 MHz, CA, USA) and MS.

10 mg of FUdAR-MAL and 62.1 mg of Cys-589WP were dis-
solved individually in 10 mL of methanol. After mixing, 10 pL of
triethylamine was added, and the mixture was allowed to react at
37 °C on a shaker for 30 min. Methanol and triethylamine were
subsequently removed by rotary evaporation, and the residue was
then resuspended in an appropriate solvent using sonication. The
crude product was purified by preparative HPLC, followed by
lyophilization. The final product FUdR-589WP was verified using
MS.

2.9.  Invitro cytotoxicity

The cytotoxicity of various CPPs, 589WP, FUdR, FUdR-Mal, and
FUdR-589WP against BI6F10 cells was assessed using the CCK-
8 assay kit. The cells were seeded in 96-well plates and after 24 h
incubation, a series of solutions at various concentrations were co-
incubated with the cells for 48 h. Subsequently, the cytotoxicity
was detected by CCK-8 solution. The absorbance values of each
well were measured at 450 nm with the multimode reader
(BioTek). To visualize the difference in cytotoxicity, BI6F10 cells
were treated with 15 pumol/L agents for 48 h. Subsequently, the
cells were stained using the Calcein-AM/PI double staining Kkits
and observed under an inverted fluorescence microscope (Leica
Microsystems, DMI4000D, Hesse, Germany).

2.10.  In vitro drug release

The release of FUdR from the conjugate FUdR-589WP in solution
was investigated. The FUdR-589WP solutions were prepared
using PBS buffer (pH 5.5, 6.5, 7.4, or 8.3) to achieve a final
concentration of 0.5 mmol/L FUdR-589WP and a pig liver

esterase concentration of 0, 3, or 30 U/mL. Under a condition of
37 °C and 200 rpm, the concentrations of released FUdR were
measured using HPLC at 1, 2, 4, 8, 24, 48, and 96 h.

2.11.  Preparation of FUdR-589WP gel

The composition of the anhydrous gel matrix was identical to that
of Cy5-589WP gel. The blank gel consisted solely of the gel
matrix. The FUdR gel contained free FUdR at a concentration of
either 0.5% or 2.5% (w/w). The FUdR/589WP gel was prepared
through physical mixing of FUdR and 589WP at a 1:1 M ratio,
resulting in a final FUdR concentration of 0.5% (w/w). The FUdR-
589WP gel contained a covalent compound of FUdR and 589WP,
with a final FUdR concentration of either 0.05% or 0.5% (w/w).

2.12.  Anti-tumor efficacy

To evaluate whether FUdR-589WP gel could improve skin pen-
etration and enhance in vivo therapeutic efficacy, a subcutaneous
xenograft tumor model was established by inoculating
BI16F10 cells (1 x 10°) in the left back of the male C57BL/6 mice.
The mice were randomly divided into six groups: (i) blank gel, (ii)
0.5% FUdR gel, (iii) 2.5% FUdR gel, (iv) 0.5% FUdR/589WP gel,
(v) 0.05% FUdR-589WP gel, and (vi) 0.5% FUdR-589WP gel.
Treatment commenced when the tumor reached an approximate
volume of 100 mm?, with 30 uL gel administered to the skin once
a day. The mice were euthanized when the tumors grew to a
volume of approximately 2000 mm?. Their main organs (liver,
kidney, lung, spleen, heart) and the skin covering the melanoma
were collected for histopathological analysis using HE staining.

2.13.  Skin irritancy

Healthy CS7BL/6 mice were used to evaluate skin irritation
caused by the gels. The mice were randomly divided into five
groups: (i) blank gel, (ii) 0.5% FUdR gel, (iii) 2.5% FUdR gel, (iv)
0.5% 589WP gel, and (v) 0.5% FUdR-589WP gel. Thirty
microliters of gel were administered to the skin once daily, and the
mice were euthanized after 7 days of administration. Skin samples
from the administration site were collected for immunohis-
tochemical staining with the IL-18 antibody to assess the degree
of inflammation as an indicator of skin irritation.

2.14.  Statistical analysis

All statistical data analyses were performed using GraphPad Prism
8 software. The two-tailed, unpaired Student’s 7-test was used for
comparation between two groups. One-way analysis of ANOVA
and Tukey’s post hoc tests were used when more than two
groups were compared. Data are expressed as mean + standard
deviation (SD). A significant level of P < 0.05 was considered
statistically significant for all tests.

3. Results

3.1.  Screening for outstanding skin-penetrating peptide among
CPPs

The major challenge for drugs delivered transdermally is their
limited ability to penetrate intact skin. Enhancing permeability
holds the benefit of improving drug absorption and efficacy while
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Figure 1 Skin permeability of FAM—CPP conjugates across
excised rat skin. (A) Cumulative amount-time curves of FAM and
FAM—CPP conjugates across excised rat back skin. (B) Corre-
sponding apparent permeability coefficients (P,p,) of FAM and
FAM—CPP conjugates. All CPPs were conjugated with FAM at the
N-terminus, and concentrations were measured based on fluorescence
intensity. The donor chamber contained 50 pmol/L concentration of
either FAM or FAM—CPP conjugates. Data are presented as
mean = SD (n = 4-5). *P < 0.05, **P < 0.01, ***P < 0.001, and
*¥#%F%P < 0.0001 vs. indicated; ns, not significant.

reducing potential side effects. Therefore, we selected 20 kinds of
known CPPs from various sources and labeled them with fluo-
resceinamine (FAM) (Details in Supporting Information
Table S1). Then, we performed a comparison between the skin
permeability of free FAM and these FAM-CPP conjugates using
excised rat skin. The results are depicted by the cumulative
amount-time curves (Fig. 1A) and the apparent permeability
coefficients (P,pp) (Fig. 1B). All the cumulative amounts of the
conjugates in the receiver chamber were linearly increased with
time, revealing the transdermal permeation was mainly driven by
passive diffusion. The P,,, value of free FAM was only
3.42 x 10~* cm/s, while the P, value of the FAM-CPP con-
jugates ranged from 1.71 x 107" to 1.92 x 107 cm/s, which
meant that the skin permeability of FAM had been improved by 5
to 56 times. Meanwhile, the improvement effects induced by the
CPPs revealed great differences. For CPPs GALA, MAP12, R8,
VTS5, MAP, DPV, MPG, TAT, CADY, and Bac7, there was no
significant difference in their P,p, values compared to free FAM
(P > 0.05). In contrast, for CPPs pVEC, PFYLI, C105Y, LMWP,
hCT, SPACE, ARF, Pep-1, penetratin, and transportan, they
demonstrated significantly higher permeability than free FAM
(P < 0.05 to P < 0.0001). Notably, penetratin and transportan
displayed outstanding skin permeability, which was significantly
higher than the other CPPs (P < 0.01).

To visualize penetration depth and distribution of FAM-CPP
conjugates, we examined frozen sections of the recovered skin from

Figure 2 Ex vivo distribution in rat skin and cellular toxicity of
FAM—CPP conjugates. (A) Merged fluorescence images of free FAM
and FAM-labeled TAT, penetratin, and transportan. (B) Distribution of
fluorescence within 200 pm depth of excised rat skin. (C) Heka cell
viability after administration of 50 umol/L FAM or FAM—CPP con-
jugates for 48 and 72 h (n = 3). Frozen sections of skin exposed to
either FAM or FAM—CPP conjugates were visualized in merged
images displaying DAPI and FAM fluorescence (Scale
bar = 500 um). The penetration depth of FAM—CPP conjugates
along the arrow was depicted in the intensity-distance curves. For the
convenience of comparison, the maximum fluorescence intensity of all
groups was normalized to 255. Cell viability was determined using the
Cell Counting Kit-8 (CCK-8).

the ex vivo evaluation under a fluorescence microscope. The typical
images are presented in Fig. 2A, and full sets are provided in Sup-
porting Information Fig. S1. Clear differences in both penetration
depth and fluorescence distribution distinguished penetratin and
transportan from other CPPs. Furthermore, penetratin exhibited a
continuously high-level distribution compared to other peptides
within 200 pum of the outermost skin (Fig. 2B), which meant it
penetrated the complete stratum corneum and epidermis efficiently.
Importantly, compared to transportan, penetratin did not display
cytotoxicity even after exposure to human keratinocyte cells (HeKa
cells) for 72 h (Fig. 2C). In addition, penetratin is composed of only
16 amino acids, substantially shorter than transportan (27 amino
acids). Considering both safety and cost-effectiveness, penetratin
was selected for further modification.

3.2. Correlations between P, values and physicochemical
parameters of peptides

To identify the key parameters influencing skin permeability, we
computed various physicochemical properties of the peptides
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using the AlphaFold2 algorithm and Maestro software (Supporting
Information Table S2). Subsequently, we analyzed these parame-
ters correlated with P, values. When all peptides were analyzed
together, we found that no individual physicochemical parameter
of the peptides exhibited a good correlation with the Py, values,
as demonstrated by the correlation coefficient () value lower than
0.5 (Fig. 3A), and no general rule emerged. The poor correlations
may be attributed to variations in the mechanisms of membrane
permeability among different peptides. However, for specific
classifications of peptides, such as cationic, amphipathic, and

Figure 3

hydrophobic peptides, certain correlation coefficients exceeded
0.5, including molecular weight (MW), charge, number of basic
residues (NBR), hydrogen bond donor area (HBDA), hydrophobic
moment (HM), positive surface patch area (PSPA), sum of agg-
score (SA), and hydrophobic surface patch area (HSPA)
(Fig. 3B—D). This improvement likely reflects shared structural
features within each class. For instance, amphipathic peptides
often exhibit similar secondary structures, including «-helix or -
sheet*®. Furthermore, we observed the correlation coefficients
between P,,, values and parameters PSPA, charge, and HBDA

Revealing key parameters in skin permeability through statistical analysis. (A—D) Correlation coefficients between P, values and

various physicochemical parameters for different classifications of peptides: (A) all CPPs, (B) cationic CPPs, (C) amphipathic CPPs,
(D) hydrophobic CPPs. (E—G) Correlations between P, value and (E) PSPA, (F) charge, (G) HBDA. All correlation analyses were based on
Pearson correlation coefficients, with P-values calculated using a two-tailed test. Data are presented as mean + SD (n = 4-5).
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exceeded 0.5 for all cationic, amphipathic, and hydrophobic
peptides (Fig. 3E—G). However, only the correlations of PSPA
were statistically significant (P = 0.0411 for hydrophobic pep-
tides, P = 0.0427 for amphipathic peptides, and P = 0.0024 for
cationic peptides). Thus, PSPA is the primarily predictor of pep-
tide skin permeability.

3.3.  Refinement of prediction model and optimization of peptide
sequences

We developed two prediction models based on single-factor or
two-factor fitting, respectively. In the single-factor fitting model,
the skin permeability was supposed to increase with PSPA. Single

Figure 4  Optimizing the fitting model based on amphipathy and predicting peptide sequences. (A) Experimentally measured P, values for
wild-type penetratin and its derivative *>*®Penetratin, predicted by single-factor fitting. (B) Calculated surface patch area distribution for wild-
type penetratin and 339Rpenetratin (Blue represents the positive surface patch, green represents the hydrophobic surface patch, and pink repre-
sents the negative surface patch). (C) Correlations between P, values and SOA (score of amphipathy) in rat and pig skin. (D) Impact of single
amino acid mutation on PSPA. (E) Impact of single amino acid mutation on HSPA. (F) Impact of two amino acid mutations on SOA. (G) Impact
of three amino acid mutations on SOA. Four penetratin derivatives were synthesized to refine our fitting model. Calculations of PSPA, HSPA, and
surface patch area distribution were performed using Maestro software (Schrodinger), and the top five amino acids improving PSPA or HSPA were
listed on the right. Each point in Fig. 4D—G represents a peptide sequence, and the diagrams in the upper sections of Fig. 4D—G illustrate the
logic behind the mutations. Data are presented as mean &+ SD (n = 4). *P < 0.05, *-** 0.001 < P < 0.05, *-*** 0.0001 < P < 0.05, and
kP < (0.0001 vs. indicated; ns, not significant.
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acidic amino acid mutation significantly reduced PSPA, while
single basic amino acid mutation significantly increased PSPA
(Supporting Information Fig. S2A), so we chose to introduce
lysine and arginine for penetratin modification. When the sub-
stituted amino acids were restricted to less than three, the deriv-
atives of three arginine (RRR) mutations (for example,
39Rpenetratin)  exhibited the highest increases in PSPA
(Fig. S2B). However, the determined P, value of 359Rpenetratin
was significantly reduced compared to the wild-type penetratin
(Fig. 4A), which meant skin permeability of the predicted peptide
did not align well with the single-factor fitting model. From the
molecular conformation perspective, *>*Penetratin showed a
looser structure than the wild-type penetratin (Fig. 4B). This
discrepancy suggests that PSPA is not the sole determinant of skin
permeability.

To refine the prediction model, we synthesized four derivatives
of wild-type penetratin, which were **"Penetratin, 2" Penetratin,
89Wpenetratin, and ***VPenetratin, respectively. Their sequences
are listed in Table 1. We proposed a two-factor fitting model,
which was defined as the score of amphipathy (SOA) and could be
presented by the equation “SOA = PSPA + 1/3 HSPA”, where
the coefficient “1/3” was determined through the best linear fit-
ting. When we conducted a fitting analysis based on SOA and the
P,pp data, the r values exceeded 0.9 for both rat and pig skin
(Fig. 4C), leading to significant improvements in correlations
(P = 0.0246 for rat skin and P = 0.0324 for pig skin). It’s worth
noting that PSPA and HSPA are interdependent variables, meaning
that changes in PSPA inevitably lead to changes in HSPA.
Therefore, the inclusion of HSPA in optimizing the model was
reasonable and also based on an understanding of amphipathy.

Using the refined two-factor fitting model, we aimed to predict
peptide sequences with the best skin permeability. To reduce
computational complexity, we simplified the process into three
steps—single, double, and triple mutations—instead of perform-
ing extensive calculations directly on triple mutations. Initially, we
evaluated the impacts of single amino acid (excluding acidic and
basic amino acids) mutation on both PSPA and HSPA (Fig. 4D and
E). Notably, mutations with amino acids proline (P) and trypto-
phan (W) ranked first in terms of APSPA and AHSPA, respec-
tively, while isoleucine (I) and methionine (M) ranked in the top
five for both APSPA and AHSPA. Consequently, we selected P, W,
I, and M to perform predictions of double amino acid mutations
(Fig. 4F). Among the various mutated penetratin derivatives, two
tryptophan (WW) and two methionine (MM) combinations dem-
onstrated the top two rankings and exhibited better distributions of
ASOA. Therefore, our final prediction of triple amino acid

mutations was based on the combination of M and W (Fig. 4G).
To prevent excessive disturbance of peptide structure, no more
than three mutations were introduced.

3.4.  Verification of transdermal penetration enhancement of
optimized peptides

After comparing more than 1500 peptide sequences, three pene-
tratin  derivatives (Sgngenetratin, M89Wpenetratin,  and
2W8Mpenetratin) were selected and synthesized based on the
above calculations (Table 1). Their cumulative amount-time
curves are depicted in Fig. 5A and B. As predicted, the P,
values of these peptides in both rat and pig skin showed a
remarkable improvement (Fig. 5C). Among them, >**VPenetratin
(589WP) performed best. Moreover, these peptides conformed to
the SOA fitting model in both rat (r = 0.7824, P = 0.0218) and
pig (r = 0.8689, P = 0.0051) skin. Additionally, to reveal the
effect of temperature on skin permeability, we compared the Py,
values of fluorescence-labeled S89WP at 32 and 37 °C; however,
the impact was minimal (Supporting Information Fig. S3).

To visualize the transdermal penetration efficacy of the peptide
in vivo, fluorescence molecular tomography (FMT) and computed
tomography (CT) images were recorded after the application of
anhydrous gels loading with free Cy5 or CyS5-labeled 589WP
(Fig. 5D). Initially, both Cy5 and Cy5-589WP gels displayed
similar fluorescence intensity at the administration site. Four or
8 h later, the gels were wiped off using wet cotton balls before the
mice were photographed. The mice treated with free Cy5 showed
no discernible fluorescence at 4 h, while the mice in Cy5-589WP
group exhibited significant fluorescence at the application site and
even in their body. At 8 h, the fluorescence intensity of Cy5-
589WP group was significantly stronger than that of Cy5 group.
Meanwhile, The semi-quantitative results indicated a significant
difference (P < 0.0001) in the residual amount of fluorescence
between the Cy5 and Cy5-589WP groups at both 4 and 8 h
(Fig. 5E). These results indicated that the peptide 589WP effec-
tively facilitated transdermal absorption of fluorescent probe Cy5
through covalent conjugation.

Comparing wild-type penetratin  with the derivatives
2W891\/[Penetratin, 3M89Wpenetratin, and 589WPenetratin, we
observed that they maintained similar folding structures, and
exhibited larger HSPA due to the introduction of extra hydro-
phobic tryptophan and methionine (Fig. SF). From the perspective
of the three-dimensional structure of peptides, it was the
replacement of hydrophobic surface patches for some of the
negative surface patches, as well as slight changes in the folded

Table 1  Sequences and characteristics of penetratin and its derivatives.
Name Sequence PSPA (10\) HSPA (10\) Pgpp in rat skin (x 10~ cm/s) Pgpp in pig skin (x 10~ cm/s)
Penetratin RQIKIWFQNRRMKWKK 983.2 636.3 1.75 £ 0.25 1.11 + 0.26
28Wpenetratin RWIKIWFWNRRMKWKK 967 829.6 1.83 + 0.12 121 + 0.14
29Wpenetratin RWIKIWFQWRRMKWKK  975.5 871.1 1.90 + 0.17 1.45 + 0.17
89Wpenetratin RQIKIWFWWRRMKWKK  996.7 858.9 1.95 £ 0.25 1.48 + 0.17
29Wpenetratin -~ RWIKIWFWWRRMKWKK ~ 976.1 934.3 1.88 + 0.22 1.39 + 0.18
89Wpenetratin -~ RQIKWWFWWRRMKWKK ~ 1047.7 965.3 247 + 021 1.80 + 0.13
M8Wpenetratin - RQMKIWFWWRRMKWKK ~ 1088.7 884.9 2.10 + 0.17 1.62 + 0.15
2W8Mpenetratin - RWIKIWFMMRRMKWKK ~ 1021.0 1004.2 1.97 £ 0.19 1.44 + 0.16

Data are presented as mean = SD (n = 4).

PSPA, positive surface patch area; HSPA, hydrophobic surface patch area; P,y,, apparent permeability coefficients.
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Figure 5  Experimental verification of transdermal penetration enhancement ex vivo and in vivo. (A, B) Cumulative amount-time curves of the
wild-type penetratin and its derivatives in excised skin: (A) rat skin, (B) pig skin (n = 4). (C) Correlations between P, values and SOA of the
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conformation, that collectively contributed to the increase in
PSPA, even in the absence of introducing basic amino acids.

After in vitro screening, computational simulation, model
refinement, sequence prediction, and experimental verification, we
have successfully developed a novel peptide, S89WP, with high
skin permeability. This peptide exhibited 41% and 62% increase
in P,p, values in rat and pig skin respectively compared to the
wild-type penetratin. In addition, FAM-589WP demonstrated a
72 and 60-fold increase in P,,, values in rat and pig skin
respectively compared to free FAM.

3.5.  Synthesis of FUdAR-589WP conjugate and in vitro
evaluation

Using 4-aminobutyric acid as the linker and through a two-step
process involving esterification and click chemistry reactions
(Fig. 6A), we successfully synthesized the isomeric FUdR-589WP
conjugates. Products were purified by HPLC and characterized by
NMR and MS analyses (Supporting Information Figs. S4 and SS5).
To evaluate whether covalent conjugation could impact the anti-
tumor efficacy of FUdR, we compared the cytotoxicity of free
589WP, free FUdR, intermediate FUdR-Mal, and final product
FUdR-589WP in BI6F10 cells (Fig. 6B and C). It is
specifically noted that the isomers of both FUdR-Mal-1/2 and
FUdR-589WP-1/2  exhibited similar inhibitory effects on
B16F10 cells and comparable ICs values (Supporting Information
Fig. S6). Therefore, they were combined and collectively des-
ignated as FUdR-Mal and FUdR-589WP. Free S§89WP showed low
toxicity to melanoma cells with an ICsg higher than 150 pmol/L. In
comparison to free FUdR, the ICs, of FUdR-Mal and FUdR-589WP
significantly increased (P < 0.0001 for FUdR-Mal and P < 0.01 for
FUdR-589WP), indicating that covalent conjugation attenuated the
antitumor effect. However, due to the penetration-enhancing
effect of 589WP, FUdAR-589WP still improved the inhibition
effect on BI6F10 cells at a relatively low concentration (ICs about
15 pmol/L) compared with FUdR-Mal. This was visualized by
Calcein-PI staining of B16F10 cells after being treated with
15 pmol/L various agents for 48 h (Fig. 6D). Calcein can stain live
cells green, while PI can stain dead cells red. In the control group
and the group treated with free S89WP, similar live cell density and
no dead cells were observed, indicating that 589WP alone did not
affect tumor cell survival. In contrast, the group treated with free
FUdR exhibited a notable decrease in live cell density, while the
FUdR-Mal group showed only a slight decrease. Meanwhile, the
FUdR-589WP group displayed a nearly 50% live cell density. Dead
cells could be observed in all of the FUdR, FUdR-Mal, and FUdR-
589WP groups. It’s worth noting that the majority of the dead cells
could not be observed as they floated in the cell culture medium due
to the lack of cell adhesiveness.

FUdR can be barely released at weakly acidic pH, slowly
released from FUdR-589WP at physiological pH, and released
more rapidly at weakly basic pH (Fig. 6E). It has been demon-
strated that the release of FUdR is controlled by cleavage of the
ester bond between FUdR and the linker. Moreover, porcine liver
esterase (PLE) can accelerate the release of FUdR, which is

concentration-dependent (Fig. 6F). Hence, the in vivo process of
FUdR-589WP can be depicted by cumulative release-time
curves. When it penetrates across the epidermis and dermis,
the majority of FUdR-589WP remains intact, while only a small
amount of FUdR is released at a relatively slow rate under low
concentrations of esterase in the weakly acidic skin micro-
environment. However, upon reaching the tumor tissue area,
where the strong growth demand of melanoma induces a sig-
nificant increase in esterase concentration®’, FUdR can be rapidly
released, thereby exerting its antitumor effects in both FUdR-
589WP and free FUdR forms.

3.6.  Invivo anti-melanoma efficacy of FUdR-589WP

To assess the in vivo therapeutic efficacy of FUAR-589WP gel, we
established a subcutaneous melanoma model in mice. The tumor
growth curves illustrated that topically applied 0.5% FUdR-589WP
gel significantly inhibited subcutaneous melanoma compared to all
other groups (Fig. 7A and B, P < 0.0001). This result indicates that
covalent conjugation with 589WP efficiently improved the skin
permeability of FUdR and therefore led to more powerful efficacy
even at a reduced concentration (only 1/5 of the 2.5% FUdR gel). In
addition, 0.5% FUdR/589WP gel exhibited similar tumor inhibition
compared to 2.5% FUdR gel (P > 0.05), and both significantly
inhibited subcutaneous melanoma compared to the blank gel
(P < 0.0001), implying physical mixture can also promote trans-
dermal absorption of FUdR. However, physical mixture was sig-
nificantly less efficient than covalent conjugation (P < 0.0001).
Neither 0.5% FUdR gel nor 0.05% FUdR-589WP gel exhibited
significant inhibition on tumor growth compared to the blank gel
(P > 0.05), indicating that the antitumor effect of FUdR and FUdR-
589WP is concentration-dependent. The differences among all
groups were also evident in the dissected melanoma tissues
(Fig. 7C). Furthermore, hematoxylin-eosin (HE) stained sections of
the main organs and the skin exposed to various formulations are
shown in Supporting Information Figs. S7 and S8, and no noticeable
toxicity was observed.

As high dosages of 5-FU and FUdR have the risk of causing
skin irritation in clinical practice®’, it is also crucial to improve the
safety of the marketed products. To evaluate the skin irritation
caused by the formulations, healthy mice were used as the animal
model. After administering the gels for 7 days, immunohis-
tochemistry (IHC) staining with the IL-18 antibody was per-
formed on the skin at the application site, and the brown color
represents immune-positive regions (Fig. 7D). The results
revealed that both the 0.5% FUdR and 2.5% FUdR gels induced
more immune-positive reactions (indicated by the black arrow)
and deeper brown staining compared to the control group. In
contrast, 0.5% 589WP or 0.5% FUdR-589WP gels did not show
similar effects, suggesting that these formulations are less likely to
cause obvious skin irritation. Further support for this conclusion
comes from the semi-quantitative average optical density (AOD)
values of all groups (Fig. 7E). The AOD values of 0.5% 589WP
and FUdR-589WP groups did not exhibit a statistically significant
difference compared to that of the control group (P > 0.05), and

wild-type penetratin and its derivatives in rat and pig skin (n = 4). (D) Fluorescence molecular tomography (FMT) and computed tomography
(CT) merged images of mice treated with Cy5 or Cy5-589WP gel (n = 3). (E) The semi-quantitative residual amount of Cy5 and Cy5-589WP
invivo (n = 3). (F) Predicted peptide folding structures and surface patch area distribution (The red circles mark the sites of mutated amino acids.
Blue represents the positive surface patch, green represents the hydrophobic surface patch, and pink represents the negative surface patch). Data
are presented as mean = SD. *P < 0.05 and ****P < (0.0001 vs. indicated; ns, not significant.
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Figure 6  Synthesis route of FUdR-589WP, in vitro cytotoxicity, and drug release. (A) Synthesis route of FUdR-589WP: (i) Esterification
reaction between FUdR and 4-maleimidobutyric acid catalyzed by DCC/DMAP. (ii) Click chemistry reaction between maleimide of FUdR-Mal
and sulfhydryl group of Cys-589WP. (B) B16F10 cell viability after treated with S§9WP, FUdR, FUdR-Mal, and FUdR-589WP for 48 h (n = 5).
(C) ICsq values of 589WP, FUdR, FUdR-Mal, and FUdR-589WP in B16F10 cells after co-incubation for 48 h (n = 5). (D) Calcein-PI staining
images of B16F10 cells after treated with 15 pumol/L 589WP, FUdR, FUdR-Mal, and FUdR-589WP for 48 h. (E) Cumulative release-time curves
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Figure 7  Anti-melanoma efficacy in mice and safety evaluation. (A) Independent tumor volume-time curves of blank gel, 0.5% FUdR, 2.5%
FUdR, 0.5% FUdR/589WP, 0.05% FUdR-589WP, and 0.5% FUdR-589WP gels (n = 8). (B) Comparison between tumor volume-time curves of
all groups (n = 8). (C) Dissected melanoma issues of all groups (n = 8). (D) Immunohistochemistry (IHC) staining with the IL-14 antibody of
skin sections. (E) Semi-quantitative average optical density (AOD) values of IHC sections (n = 3). All gels were administered once a day to the
skin above the melanoma area in C57BL/6 mice since tumor volume exceeded 100 mm?>, with blank gel used as a negative control. The gel matrix
consisted of 50% glycerin, 30% PEG 200, and 20% PEG 400 (w/w). Black arrows indicate the positive signals (scale bar = 50 pm). Data are
presented as mean £ SD. **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. indicated; ns, not significant.

meanwhile, they were significantly lower than that of the 2.5%
FUdR group (P < 0.01). This difference could be attributed to the
reduced dosage of 0.5% FUdR-589WP gel, which was only 1/5 of
the 2.5% FUdR formulation. Since 589WP is inherently safe as a

peptide, it contributes to the overall safety profile of the for-
mulation. Additionally, the sustained release of FUdR from the
conjugate also facilitates lower irritancy compared to free FUdR at
the same dosage. Taken together, the results of antitumor efficacy,

of FUdR at different pH conditions (n = 3). (F) Cumulative release-time curves of FUdR with various concentrations of porcine liver esterase
(PLE) at pH 7.4 and 5.5 (n = 3). Data are presented as mean + SD. **P < 0.01 and ****P < 0.0001 vs. indicated.
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HE, and IHC staining collectively indicate that 589WP is an
efficient and safe skin permeation enhancer.

4. Discussion

The majority of small molecule drugs and almost all biological
macromolecules are difficult to penetrate the skin barrier. Per-
meation enhancers are crucial for improving the transdermal drug
absorption. Classical permeation enhancers are mainly chemicals,
such as terpenes, esters, lactams, fatty acids or alcohols, and
derivatives of sugars, vitamins, or amino acids. They generally act
on the intercellular stratum corneum lipids, the main permeation
pathway for most drugs*®. Continuous application of non-
biodegradable chemicals at high concentrations would increase
the risk of potential irritation and toxicity. An ideal permeation
enhancer should enhance transdermal delivery without irreversibly
damaging skin or compromising its normal barrier function®.

It was previously reported that amino acid-based amphiphiles
showed high and reversible activity, along with low dermal irri-
tation and toxicity®, which suggests a promising direction for
permeation enhancers development. CPPs have already been used
for transdermal delivery of various types of drugs, although still in
the early stages of development. For instance, penetratin®®, and
transportan®® were separately incorporated in the reversed hex-
agonal mesophases or microemulsions to improve the topical
absorption of sodium diclofenac and paclitaxel. In these studies,
the CPPs promoted a less than 2-fold increase in the cumulative
transport crossing the skin. We demonstrated herein that the skin
permeability of fluorescent probe FAM was enhanced more than
51-fold when conjugated with these CPPs. Covalent conjugation
with CPP is a more efficient strategy for transdermal drug deliv-
ery, which even could enable biological macromolecules to be
absorbed topically. The immunosuppressive protein FK506B
fused to Pep-1 effectively inhibited allergic dermatitis via trans-
dermal delivery®. In addition to linear CPPs, cyclic peptides are
also used as skin permeation enhancers. SPACE, a cyclic peptide
identified by phage display, facilitates the penetration of con-
jugated cargoes across the stratum corneum into the epidermis and
dermis®. The skin penetration of cyclosporine was also enhanced
by approximately 2.5-fold in the presence of SPACE'?. As shown
in Fig. 1, SPACE demonstrated significantly higher permeability
than free FAM; however, it exhibited only about half the perme-
ability of wild-type penetratin and about one-third the perme-
ability of the optimized peptide SSOWP.

Molecular level determinants of skin permeation remains
incompletely understood. The molecular transport theories attribute
permeation enhancement by chemical substances to their phys-
icochemical properties, described by the solubility parameters,
including hydrogen bonding, polar interactions, and dispersive
interactions”. For skin-penetrating peptides, previous studies have
shown that skin permeability was related to a-helix and charge
interactions”'. However, this simple rule couldn’t explain why those
peptides without a-helix or with less positive charges sometimes
performed better in transdermal delivery. This inspired us to conduct
a deeper exploration of the relationship between the phys-
icochemical properties of peptides and their skin permeability.

Through integrating the results from experimental determi-
nation and computer simulation, we found that among numerous
physicochemical properties, the skin permeability of CPPs was
related to their positive surface patch areas (PSPA), hydrogen
bond donor areas (HBDA), and net charge. Upon further analysis,
only PSPA emerged as a statistically significant factor, but it was

also demonstrated not the sole essential factor affecting the skin
permeability. A recent review highlighted that effective trans-
dermal CPPs are rich in charged residues, with low instability and
aliphatic indices®. We amended and quantified this theory by
introducing parameters PSPA and hydrophobic surface patch areas
(HSPA), and then proposed the concept of score of amphipathy
(SOA = PSPA + 1/3 HSPA). Using this predictive model, we
screened more than 1500 peptide sequences, and the accuracy
achieved a correlation coefficient higher than 0.85 for the selected
penetratin derivatives when validated using excised pig skin.
Moreover, the redesigned peptide, based on this predictive model,
exhibited enhanced in vivo skin permeability and topical anti-
melanoma efficacy when covalently conjugated with the chemo-
therapeutic drug FUdR.

As the name “score of amphipathy” suggests, the SOA aims to
link the microscopic peptide surface area with its macroscopic
amphipathy, highlighting its physical and chemical significance.
In previous studies, positive charge is a well-established deter-
minant of skin permeability. The cationic charge from arginine
and lysine residues in CPPs or CPP-drug conjugates enhances
their binding to negatively charged cell membrane and extrac-
ellular matrix (ECM) components like heparin sulfate, phospho-
lipids, and keratin in the stratum corneum (SC) barrier®. This
creates an electrical potential gradient, which generates inward-
pointing electric fields and provides a driving force that plays a
significant role in the translocation and penetration of CPPs into
different layers of the skin™. As shown in Fig. 3E and F, our
research has also revealed that skin permeability is closely related
to the parameters PSPA and charge. The relationship between
hydrophobicity and skin permeability is well-established and
widely recognized in pharmaceutical sciences. As shown in
Fig. 3B—D, our research has further demonstrated that skin per-
meability is closely related to the parameter HSPA in hydrophobic
CPPs, but not in cationic or amphipathic ones. It is worth noting
that PSPA and HSPA are interdependent variables, meaning that
changes in PSPA inevitably lead to changes in HSPA. Therefore,
the lack of correlation between skin permeability and HSPA in
cationic or amphipathic CPPs might be concealed by the more
influential factor, PSPA. Thus, the inclusion of HSPA in opti-
mizing the model was reasonable and also based on an under-
standing of amphipathy. Specifically, SOA reflects the peptide’s
positive charge and hydrophobicity, which influence skin perme-
ability and biological activity.

Currently, 5% 5-FU cream has been approved by the FDA for
the treatment of various skin conditions, including actinic kera-
tosis (AK)54, superficial basal cell carcinoma (BCC)40, and squ-
amous cell carcinoma in situ (Bowen’s Disease)’”. Additionally,
5-FU injections have been used for the treatment of other skin
disorders, such as keloids and hypertrophic scars®®. All these
conditions could potentially benefit from the topical delivery of
0.5% FUdR-589WP, which can be converted to 5-FU by thymi-
dine phosphorylase. This approach effectively replaces the higher
5% dosage of free 5-FU and significantly reduces potential skin
irritation in the treatment of AK, BCC, and Bowen’s Disease.
Moreover, for keloids and hypertrophic scars, it provides a less
painful and more convenient alternative to large-area, multiple
injections administered.

5. Conclusions

In conclusion, based on extensive comparison and screening, we
elucidated the main physicochemical factors affecting CPPs’
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permeability and designed a novel skin-penetrating peptide,
589WP. When one small molecule, for example, FAM, was
covalently conjugated with S589WP, its skin permeability could be
efficiently increased by up to 72 times. In the topical treatment of
melanoma, both the combination and conjugation of FUdR and
589WP significantly inhibited tumor growth at a reduced dosage
(only 1/5 of the standard dosage in clinical practice). As the
dosage was reduced, in addition to the inherent biodegradability
and biocompatibility of the peptide, the overall gel formulation
exhibited excellent safety. The remarkable transdermal efficiency
of 589WP was accurately predicted by the SOA model. To our
knowledge, the SOA model is the first quantitative method to
assess the amphipathy of peptides at the molecular level, and it
reveals the key properties of peptides correlated with skin per-
meability. The peptide prediction and design workflow established
in this study offers a great potential for guiding the development
of skin permeation enhancers. Nevertheless, it remains unknown
how the peptide transports cargo through intact skin barriers,
necessitating further research to elucidate the relevant processes
and mechanisms. Moreover, the applicability of the prediction
model based on SOA to other categories of CPPs still requires
further experimental validation.
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