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ABSTRACT: Background: The efficient transdermal delivery of biologically active molecules remains a major challenge
because of the structural barrier of the stratum corneum, which limits the penetration of large or hydrophilic molecules.
Low-molecular-weight protamine (LMWP) has a structure similar to that of the HIV TAT protein-derived peptide
and is a representative cell-penetrating peptide (CPP) used to increase cell permeability. However, protamine has been
reported to have many toxicities and side effects. Objectives: We developed human-derived low-molecular-weight
protamine (hLMWP), which is based on fish-derived LMWP but designed using human protein sequences to improve
safety and functionality. As it is derived from human proteins, it may reduce side effects and immune rejection during
long-term or repeated administration. Additionally, we confirmed in our preliminary study that hLMWP enhances
permeability compared to LMWP. In this study, we evaluated physiological activities and skin cell penetration of
hLMWP conjugates to assess the potential applications of hLMWP. Methods: cDNA sequences for hLMWP-EGF
(His) and hLMWP-SOD-1 (His) were synthesized by connecting hLMWP (RSRRRRRRSCQTRRR) to the N-terminus
of Epidermal growth factor (EGF) and Superoxide dismutase 1 (SOD-1), respectively, with a 6 His-tag added to the
C-terminus. The constructs were cloned into a pET-41b(+) expression vector and expressed in E. coli BL21-CodonPlus
(DE3)-RIL cells. Expressed proteins were purified using a nickel column and eluted with imidazole buffer. Protein
purity was confirmed by SDS-PAGE, and concentrations were quantified using a BCA assay. To evaluate the functional
properties of these hLMWP-protein conjugates, a series of in vitro assays were conducted using keratinocyte and
macrophage cell lines. These included assessments of permeability, proliferation, wound healing, and anti-inflammatory
activity. Results: The results demonstrated that hLMWP-EGF and hLMWP-SOD-1 exhibited superior biological
activities, including increased cell proliferation, wound healing, and anti-inflammatory effects, compared to EGF and
SOD-1. Moreover, hLMWP-EGF and hLMWP-SOD-1 significantly enhanced the skin permeability of both EGF and
SOD-1, as shown by Franz diffusion cell assay and immunofluorescence analysis. Conclusion: Our findings demonstrate
that hLMWP significantly enhances skin permeability and biological activity of functional proteins such as EGF and
SOD-1 while maintaining safety. This suggests its potential for application in transdermal drug delivery, regenerative
medicine, and cosmeceutical formulations.
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1 Introduction
The skin is the largest organ in the human body and serves as a barrier as well as a primary target for

delivering drugs and active ingredients [1]. The outermost layer of the skin epidermis is the stratum corneum,
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which acts as the first barrier from the external environment and is very important for drug absorption [2–4].
However, owing the structural characteristics of the skin, the delivery of drugs and bioactive substances
through the skin and transdermal routes remains difficult.

Cell-penetrating peptides (CPPs) and Protein Transduction Domains (PTDs), which are able to trans-
port various molecules through the cell membrane, have received considerable attention [5,6]. Among these,
low-molecular-weight protamine (LMWP) is primarily derived from natural protamine, which is extracted
mainly from the sperm of fish, such as salmon [7]. Although protamine is commonly used in clinical practice,
it remains a drug with toxicity and adverse effects. According to various studies, protamine toxicity can
cause mild hypotension, vascular collapse, and cardiac arrest [8–10]. It has also been reported to cause a
wide range of adverse effects, including cardiovascular effects, hypersensitivity reactions, and hemostatic
function [11–13].

Epidermal growth factor (EGF) is a protein composed of 53 amino acids with three disulfide bonds.
It promotes skin regeneration, wound healing, cell growth, proliferation, differentiation, and modulates the
inflammatory response by specifically binding to the epidermal growth factor receptor (EGFR) present on
the cell surface. EGF has also been studied as a potential therapeutic agent for skin aging, atopic dermatitis,
and other inflammatory skin disorders [14–16]. Recently, the use of EGF in the field of dermatology has
increased due to advancements in drug delivery systems and nanotechnology [17–20].

Superoxide dismutase 1 (SOD-1) is an antioxidant enzyme that protects skin cells from oxidative damage
and inflammation by scavenging reactive oxygen species (ROS) [21]. SOD is classified into three types
according to its location. For example, SOD-1 is distributed in the cytoplasm [22]. SOD-1 has been studied for
its protective effects against oxidative stress-related skin damage, inflammation and cancer, and is considered
a potential therapeutic agent for conditions such as UV-induced aging and chronic dermatitis [23–25]. It is
also considered to show high potential for use in the pharmaceutical, cosmetic, and food industries [26].
However, EGF and SOD-1 have large molecular weights and hydrophilic properties, that limit their skin
permeability and result in low bioavailability [27,28].

To overcome these limitations, we developed a human-derived low-molecular-weight protamine
(hLMWP) that is similar to LMWP but originates from human proteins. LMWP consists of a representative
14-residue sequence (VSRRRRRRGGRRRR) derived from fish protamine and is rich in arginine residues
that impart strong cell penetrability. In contrast, hLMWP was designed using human-derived sequences
(RSRRRRRRSCQTRRR) while retaining similar physicochemical characteristics, such as high positive
charge, to ensure membrane permeability. It maintains the unique cationic and low-molecular-weight
characteristics of LMWP, allowing the active substance to interact effectively with the cell membrane and
achieve efficient cell penetration.

Moreover, non-human-derived therapeutic agents have been associated with issues of toxicity and
immunogenicity. One strategy to address these issues is humanization, which involves modifying human-
derived sequences to reduce immune responses and improve biocompatibility [29,30]. hLMWP is derived
from human proteins, it may exhibit low toxicity and reduce immune responses. Therefore, in this study, we
evaluated the physiological activity and skin cell permeability of the hLMWP conjugates hLMWP-EGF and
hLMWP-SOD-1.

2 Materials and Methods

2.1 Gene Synthesis and Recombinant Plasmid Cloning
LMWP-EGF and SOD-1 synthesized by BIO-FD&C Co. Ltd. (Hwasun, Jeonnam, Republic of Korea).

The gene sequences for hLMWP-EGF (His) and hLMWP-SOD-1 (His) were engineered by linking the
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hLMWP peptide (RSRRRRRRSCQTRRR) to the N-terminal end of EGF and SOD-1, respectively, and adding
a 6×His-tag to the C-terminal region for purification (Table 1). Based on the synthesized cDNA sequences of
hLMWP-EGF (His) and hLMWP-SOD-1 (His), primers containing the Nde I and Xho I restriction enzyme
recognition sites were designed for the sense and antisense ends, respectively. Using a purified TA cloning
plasmid as a template, PCR was carried out. The resulting PCR products were purified via agarose gel
electrophoresis and then enzymatically digested with Nde I (New England Biolabs, Ipswich, MA, USA,
R0111S) and Xho I (New England Biolabs, R0146S).

Table 1: Genetic protein information of hLMWP-EGF and hLMWP-SOD-1

hLMWP-
EGF

Amino acid
composition

RSRRRRRRSCQTRRRNSDSECPLSHDGYCLHDGVCMYIEA
LD KYACNCVVGYIGERCQYRDLKWWELRHHHHHH

Nucleotide
Sequence

AGAAGTCGCAGACGAAGGAGGCGGAGCTGCCAGACA
CGGAGGAGAAATAGTGACTCTGAATGTCCCCTGTCCCA
CGATGGGTACTGCCTCCATGATGGTGTGTGCATGTATAT
TGAAGCATTGGACAAGTATGCATGCAACTGTGTTGTTG-
GCTACATCGGGGAGCGATGTCAGTACCGAGACCTGAAGT
GGTGGGAACTGCGCCATCATCATCATCATCAT

hLMWP-SOD-1 Amino acid
composition

RSRRRRRRSCQTRRRATKAVCVLKGDGPVQGIINFEQKESN
GPVKVWGSIKGLTEGLHGFHVHEFGDNTAGCTSAGPHFN-
PLSRKHGGPKDEERHVGDLGNVTADKDGVADVSIEDSVISL
SGDHCIIGRTLVVHEKADDLGKGGNEESTKTGNAGSR-
LACGVIGIAQHHHHHH

Nucleotide
Sequence

AGAAGTCGCAGACGAAGGAGGCGGAGCTGCCAGACAC
GGAGGAGAGCGACGAAGGCCGTGT GCGTGCTGAAGGG
CGACGGCCCAGTGCAGGGCATCATCAATTTCGAGCA-
GAAGGAAAGTAATGGACCAGTGAAGGTGTGGGGAAGCA
TTAAAGGACTGACTGAAGGCCTGCATGGATTCCAT
GCAGGTCCTCACTTTAATCCTCTATCCAGAAAACACG
GGCAATGTGACTGCTGACAAAGATGGTGTGGCCGATGT
TTGCATCATTGGCCGCACACTGGTGGTCCAT
AGTACAAAGACAGGAAACGCTGGAAGTCGTTTG-
GCTTGTGGTGTAATTGGGATCGCCCAACATCATCATCAT
CATCAT

Note: In the nucleotide sequences, the bold parts represent the corresponding DNA regions encoding hLMWP at the
N-terminus and the His-tag (CATCATCATCAT) at the C-terminus.

To clone hLMWP-EGF (His) and hLMWP-SOD-1 (His) into the pET-41b(+) protein expression vector,
the pET-41b(+) expression vector was double-digested with Nde I and Xho I enzymes to facilitate directional
cloning. The digestion products were analyzed using agarose gel electrophoresis, and only the vectors
confirmed to be properly digested with restriction enzymes were isolated and purified using gel extraction.
Recombinant plasmids were constructed by ligating the purified hLMWP-EGF (His) and hLMWP-SOD-1
(His) gene inserts into the pET-41b(+) vector at a 3:1 insert-to-vector molar ratio.
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2.2 Expression and Purification of Recombinant hLMWP-EGF and hLMWP-SOD-1
The constructed plasmids were introduced into BL21-CodonPlus (DE3)-RIL competent cells to initiate

protein expression. Transformed cells were plated on LB agar containing 100 μg/mL kanamycin (LPS
Solution, KAN025, Daejeon, Republic of Korea) and incubated at 37○C. The colonies were observed and
identified after 18 h of incubation. The colonies produced after culture were inoculated into 10 mL of LB
medium containing the same concentration of kanamycin, and when the absorbance at 600 nm reached
0.8, isopropyl β-D-1-thiogalactopyranoside (IPTG; GoldBio, I2481C50, St. Louis, MO, USA) was added
at a final concentration of 0.5 mM. Protein expression was induced by incubating the cultures either at
37○C for 3 h or overnight at 25○C. Colonies exhibiting confirmed protein expression in BL21-CodonPlus
(DE3)-RIL and Rosetta (DE3) strains were cultured under appropriate conditions, and glycerol stocks
were prepared for long-term storage. The cell cultures were collected by centrifugation, resuspended in
detergent-free lysis buffer, and subjected to ultrasonication. It was resuspended in 2% sarcosine buffer,
and the cell walls were disrupted by ultrasonic disruption. The supernatant was reacted on a Ni column
and hLMWP-EGF and hLMWP-SOD-1 were eluted with imidazole buffer. The purity of hLMWP-EGF and
hLMWP-SOD-1 was analyzed by SDS-PAGE and quantified using GelAnalyzer software 23.1.1 (Istvan Lazar,
http://www.gelanalyzer.com/, accessed on 3 July 2025). hLMWP-EGF and hLMWP-SOD-1 concentrations
were quantified using a BCA kit (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). To reduce the risk
of endotoxin contamination, purified proteins were treated using the ToxinCleanic Endotoxin Removal Kit
(Bioneer, Daejeon, Republic of Korea, L00351) prior to use in cell-based experiments.

2.3 Cell Culture
To reduce the risk of endotoxin contamination, recombinant proteins were purified using the Tox-

inCleanic Endotoxin Removal Kit (Bioneer, Daejeon, Republic of Korea, L00351), and tested using the
ToxinSensor™ Gel Clot Endotoxin Assay Kit (GenScript, Piscataway, NJ, USA) to ensure endotoxin levels
were below acceptable in vitro thresholds, prior to use in cell-based experiments. HaCaT and RAW264.7
cells were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA,
11995123) containing 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, 26140079) and 1%
penicillin/streptomycin (Gibco, Thermo Fisher Scientific, 15140122) at 37○C in 5% CO2 incubator. The cells
were sub-cultured every 2–3 days. All cell lines used in this study were maintained under sterile conditions
according to standard aseptic techniques.

2.4 Cell Viability
3-(4,5-dimethylthiazol-2-yl)-2,5,-diphenyltetrazolium bromide (MTT, M2128) was purchased from

Sigma-Aldrich (St Louis, MO, USA). HaCaT and RAW264.7 cells were seeded at 1 × 104 cells/well in 96-well
plates, and incubated at 37○C, 5% CO2 for 24 h. Each cell was treated with the sample for 48 h and 24 h,
respectively. MTT solution (5 mg/mL in phosphate buffered saline) was added to the cells and incubated for
3 h. The medium was removed, and DMSO was added to dissolve the formazan crystals. The absorbance was
measured at 570 nm using a microplate reader (Thermo Fisher Scientific, Multiskan Sky, Seoul, Republic of
Korea, 51119500).

2.5 Cell Proliferation Assay
Cell proliferation was determined using the cell proliferation reagent WST-1 (Roche, Mannheim,

Germany, 5015944001) and a BrdU colorimetric kit (Roche Diagnostics, Penzberg, Germany, 11647229001)
according to the manufacturer’s recommended protocol. HaCaT cells were seeded at 1 × 104 cells/well

http://www.gelanalyzer.com/
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in 96-well plates and treated with hLMWP-EGF and hLMWP-SOD-1 for 48 h and 24 h, respectively.
Absorbance was measured at 450 nm using a microplate reader.

2.6 Wound Healing Assay
When the cells reached approximately 80% confluence, a wound was created by scratching the mono-

layer with a 200 μL tip, and the wells were washed with PBS. HaCaT cells were treated with hLMWP-EGF and
hLMWP-SOD-1 for 24 h. Images were acquired with EVOS™ M5000 imaging system (Invitrogen, Thermo
Fisher Scientific), and quantification was performed using ImageJ software (National Institutes of Health,
Bethesda, MD, USA; https://imagej.net/, accessed on 3 July 2025).

2.7 Measurement of Hyaluronic Acid Content
The hyaluronic acid content was measured using the Quantikine R© ELISA Hyaluronan immunoassay

kit (R&D system, Minneapolis, MN, USA, DHYAL0). HaCaT cells were treated with hLMWP-EGF and
hLMWP-SOD-1 for 24 h. Hyaluronic acid levels were determined using the centrifuged cell supernatant,
following the instructions provided by the assay manufacturer.

2.8 Nitric Oxide (NO) Assay
NO radical scavenging activity was measured using Griess reagent (Sigma-Aldrich, G4410). RAW264.7

cells were treated with hLMWP-EGF and hLMWP-SOD-1 for 24 h. The culture medium was collected and
centrifuged at 12,000 rpm for 10 min at 4○C using a Combi-514R centrifuge (Hanil Science Industrial Co.,
Ltd., Incheon, Repubblic of Korea). Next, 50 μL of the supernatant was mixed with an equal volume of 1X
Griess reagent and incubated at room temperature for 15 min. The absorbance was then recorded at 540 nm
using a microplate spectrophotometer (Thermo Fisher Scientific, Waltham, USA).

2.9 Measurement of Inflammatory Cytokine Levels
The inhibitory effect of pro-inflammatory cytokine (TNF-α, IL-6 and IL-1β) production in LPS-treated

RAW264.7 cells was treated with hLMWP-EGF and hLMWP-SOD-1 for 24 h. The inhibitory effect on the
production of inflammatory cytokines (TNF-α, IL-6, and IL-1β) was confirmed by ELISA according to the
manufacturer’s (R&D Systems, MTA00B, M6000B and MLB00C) instructions. The supernatant obtained
after collecting the culture medium following treatment with hLMWP-EGF and hLMWP-SOD-1 was used
for analysis.

2.10 Immunofluorescence (IF) Assay
HaCaT cells treated with hLMWP-EGF or hLMWP-SOD-1 for 48 h were fixed with 4% paraformalde-

hyde and permeabilized using 0.25% Triton X-100. Next, the cells were blocked with 1% BSA in PBS for
1 h and incubated overnight at 4○C with 6× His-tag antibodies (1:400; Invitrogen, Carlsbad, CA, USA).
Chamber slides were incubated with Alexa Fluor Plus 555 secondary antibodies (Invitrogen, A32732) for
1 h at room temperature. The samples were mounted ProLong R© Gold Antifade Mountant-DAPI (Thermo
Fisher Scientific, P36935) and analyzed using the EVOS™ M5000 imaging system (Invitrogen, Thermo Fisher
Scientific). Quantification of the data was performed by measuring the fluorescence intensity using ImageJ
software and the average values were calculated.

https://imagej.net/
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2.11 Franz Diffusion Cell Assay
Permeability analysis using of the transdermal absorption system was conducted using a DHC-6TD

Franz diffusion cell (Logan Instruments Corp., Somerset, NJ, USA) in a static diffusion cell format. The
PermeaPlain Barrier Membrane (PB-M) was placed on top of the receptor chamber, and the lower part
of the Franz diffusion cell was filled with 5 mL of the receptor fluid (distilled water). The hLMWP-EGF
and hLMWP-SOD-1 at a concentration of 1 mg/mL were placed in the donor chamber, and the system was
maintained at 32○C and 600 rpm for 24 h to mix the receptor fluid. Distilled water, which was used to dissolve
the samples, used as a control in this assay. The samples were collected from the receptor chamber of the
static diffusion apparatus. A sample was collected from the receiving chamber of the static diffusion device
and quantitative analysis was performed by measuring the concentration of the transmitted protein using
the Human EGF Quantikine ELISA Kit (R&D system, Minneapolis, MN, USA, DEG00) and the Human
Superoxide Dismutase 1 ELISA kit (Abcam, Cambridge, UK, ab119520).

2.12 Statistical Analysis
Statistical analysis of the experimental data points was performed by ANOVA and Duncan’s multiple

range test using SPSS software (version 22.0; IBM, Armonk, Chicago, IL, USA) and Student’s t-test. p < 0.05
was considered statistically significant.

3 Results

3.1 Construction of Expression Vector and Expression and Purification of hLMWP-EGF and hLMWP-
SOD-1
The cDNA was inserted into the pET-41b(+) vector using Nde I and Xho I restriction sites and

transformed into BL21-CodonPlus (DE3)-RIL cells for expression (Fig. 1a). hLMWP-EGF showed a single
band at 9.24 kDa, and hLMWP-SOD-1 showed a single band at 18.96 kDa, consistent with their expected
molecular weights. hLMWP-EGF and hLMWP-SOD-1 exhibited high purity levels of 95.2% and 96.56%,
respectively (Fig. 1b,c). hLMWP-EGF, EGF, hLMWP-SOD-1, and SOD-1 were not cytotoxic at concentrations
of up to 500 ng/mL in HaCaT keratinocytes (Fig. 1d). These results suggest that hLMWP did not exhibit
cytotoxicity in vitro and may have potential as a carrier for safe skin-penetrating peptides within cells.

Figure 1: (Continued)
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Figure 1: Evaluation of the expression, purification, and cellular effects of hLMWP-conjugated EGF and SOD-1
proteins. (a) Plasmid map of pET-41b(+)-hLMWP EGF and pET-41b(+)-hLMWP-SOD-1. Purity of (b) hLMWP-EGF
and (c) hLMWP-SOD-1 by SDS-PAGE analysis. Effects of hLMWP-EGF and hLMWP-SOD-1 on (d) cell viability in
HaCaT keratinocytes. Data are expressed as the mean ± standard (SD) of three independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001 compared to the control

3.2 Effects of hLMWP-EGF and hLMWP-SOD-1 on Cell Proliferation
The WST-1 assay results showed that hLMWP-EGF, EGF, hLMWP-SOD-1, and SOD-1 induced superior

cell proliferation compared to the control group at all concentrations (Fig. 2a). Moreover, hLMWP-EGF and
hLMWP-SOD-1 showed enhanced cell proliferation compared to EGF and SOD-1. The BrdU assay results
also indicated a significant increase in cell proliferation at concentrations of 250 ng/mL or higher compared
to the control group (Fig. 2b). Consistent with the WST-1 assay results, the conjugation of hLMWP to EGF
and SOD-1 resulted in superior cell proliferation.

(a) (b)

Figure 2: Effects of hLMWP-EGF and hLMWP-SOD-1 on (a) WST-1 and (b) BrdU in HaCaT keratinocytes. Data are
expressed as the mean ± standard (SD) of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared
to the control

3.3 Effects of hLMWP-EGF and hLMWP-SOD-1 on Cell Migration
We performed wound healing assays to evaluate the effects of hLMWP-EGF and hLMWP-SOD-1 on

the migration of HaCaT keratinocytes. When hLMWP-EGF, EGF, hLMWP-SOD-1, and SOD-1 were used
to treat the wounded cells for 24 h, the wound distance was significantly reduced (Fig. 3a,c). Specifically,
hLMWP-EGF decreased the wound distance by 30.4% and 27.6% compared with EGF at concentrations of
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250 and 500 ng/mL, respectively (Fig. 3b). hLMWP-SOD-1 reduced the wound distance by 21.4% and 8.7%
compared to SOD-1 alone at concentrations of 250 and 500 ng/mL, respectively (Fig. 3d).

Figure 3: Effects of (a,b) hLMWP-EGF and (c,d) hLMWP-SOD-1 on wound healing and (e) hyaluronic acid production
in HaCaT keratinocytes. Cells were treated with 100–500 ng/mL of hLMWP-EGF, EGF, hLMWP-SOD-1, and SOD-1
for 24 h. Data are expressed as the mean ± standard (SD) of three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001 compared to the control. Scale bars: 50 μm (a,c)

Hyaluronic acid, a major component of the extracellular matrix, plays an important role in tissue
regeneration by promoting cell migration and proliferation [31]. hLMWP-EGF, EGF, hLMWP-SOD-1 and
SOD-1 increased hyaluronic acid content in HaCaT keratinocytes (Fig. 3e). In particular, hLMWP-EGF and
hLWP-SOD-1 significantly affected hyaluronic acid production compared to EGF and SOD-1. hLMWP-EGF
increased hyaluronic acid content by 14.0% compared with EGF, and hLMWP-SOD-1 increased hyaluronic
acid content by 12.5% compared with SOD-1 at a concentration of 500 ng/mL. These results implied that
hLMWP binding can increase cell migration.
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3.4 Effects of hLMWP-EGF and hLMWP-SOD-1 on Inflammation Inhibition
To confirm the anti-inflammatory effects of hLMWP-EGF and hLMWP-SOD-1, we investigated their

effects on the viability of RAW264.7 cells. hLMWP-EGF, EGF, hLMWP-SOD-1, and SOD-1 did not exhibit
cytotoxicity at concentration up to 500 ng/mL (Fig. 4a). hLMWP-EGF, EGF, hLMWP-SOD-1, and SOD-1
inhibited LPS-induced NO production in a dose-dependent manner (Fig. 4b). In particular, at 500 ng/mL,
hLMWP-EGF and hLMWP-SOD-1 inhibited NO production by 22.0% and 22.8%, respectively, compared
with EGF and SOD-1. Additionally, hLMWP-EGF, EGF, hLMWP-SOD-1, and SOD-1 reduced the lev-
els of inflammatory cytokines such as LPS-induced TNF-α, IL-1β, and IL-6. hLMWP-EGF reduced the
LPS-induced TNF-α, IL-6 and IL-1β levels by up to 24.9%, 28.8%, and 64.1%, respectively (Fig. 4c). hLMWP-
SOD-1 reduced LPS-induced TNF-α, IL-6 and IL-1β levels by up to 52.5%, 24.5%, and 58.7%, respectively
(Fig. 4d). These results suggest that hLMWP binding of enhances the anti-inflammatory activity.

(a) (b)

(c) (d)

Figure 4: Effects of hLMWP-EGF and hLMWP-SOD-1 on (a) cell viability in RAW264.7 cells. Inhibitory effects of
hLMWP-EGF and hLMWP-SOD-1 on (b) NO production and (c,d) inflammatory cytokines. Data are expressed as the
mean ± standard (SD) of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control
and ###p < 0.001 compared to the LPS

3.5 Effects of hLMWP-EGF and hLMWP-SOD-1 on Cell Penetration Enhancement
To compare cell permeability according to hLMWP binding, HaCaT keratinocytes were treated

with 500 ng/mL hLMWP-EGF, EGF, hLMWP-SOD-1, or SOD-1, and permeability was analyzed using
immunofluorescence staining. The 6× His-tag is used for protein purification and detection and interacts
with the Alexa 555-conjugated antibody to produce a fluorescent signal. Therefore, the red staining indicated
that permeation occurred through the cell membrane. Both hLMWP-EGF and hLMWP-SOD-1 exhibited
strong fluorescence signals (Fig. 5a,c). As quantified using ImageJ, hLMWP-EGF increased cell permeability
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by 32.4-fold compared to EGF, and hLMWP-SOD-1 increased cell permeability by 6.2-fold compared to
SOD-1 (Fig. 5b,d).

(a) (b)

(c) (d)

(e) (f)

Figure 5: Effect of (a,b) hLMWP-EGF and (c,d) hLMWP-SOD-1 on cell penetration rate in HaCaT keratinocytes. Scale
bars: 50 μm (a,c). Effect of (e) hLMWP-EGF and (f) hLMWP-SOD-1 on transdermal absorption using Franz cell. Uptake
differences between systems may result from barrier complexity, protein stability, and assay-specific permeability
mechanisms. Data are expressed as the mean ± standard (SD) of three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001 compared to the control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the EGF or SOD-1

Additionally, the effect of hLMWP binding on permeability was quantitatively assessed using Franz
cell diffusion assay. For permeation analysis using the transdermal absorption system, the sample that
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penetrated the receiving compartment was quantitatively recovered and analyzed using EGF and SOD-1
ELISA kits. hLMWP-EGF exhibited a 2.49-fold increase in permeability compared wiht EGF, and hLMWP-
SOD-1 achieved a 2.04-fold increase compared with SOD-1 (Fig. 5e,f). These results indicate that hLMWP
effectively enhanced permeability.

4 Discussion
The delivery of bioactive molecules through the skin barrier is a critical challenge in dermatological

and pharmaceutical research. Over the years, various strategies have been explored to overcome the problem
of penetration through the barrier [32–34]. Chemical enhancers, such as ethanol and surfactants, increase
the fluidity of the lipid layers in the stratum corneum but are often associated with irritation, cytotoxicity,
and skin barrier damage. Physical methods, including microneedling, iontophoresis, and ultrasound, have
shown considerable promise, but require specialized equipment and may not be suitable for all applications.
Lipid-based carriers, such as liposomes and nanostructured lipid carriers, may be more biocompatible, but
have limitations in terms of stability and encapsulation efficiency.

Several well-known CPPs such as TAT and penetratin have demonstrated strong cell-penetrating
capabilities, but have also raised concerns regarding cytotoxicity and immunogenicity under certain condi-
tions [35,36]. LMWP, a CPPs, is derived from natural protamine extracted from fish sperm and is known
to enhance skin penetration by improving permeability without significantly disturbing the natural barrier
of the skin compared to chemical or physical methods. However, protamine has been reported to be toxic
and to have various adverse effects. In contrast, hLMWP was designed using human protein sequences to
improve both biocompatibility and permeability.

We manufactured human protein-derived hLMWP while maintaining the characteristics of LMWP,
and evaluated their effects on cytotoxicity, cell permeability, and physiological activity of these conjugates.
hLMWP conjugated to EGF and SOD-1 was found to significantly enhance skin permeability and biological
activity. hLMWP-EGF and hLMWP-SOD-1 were purified in high yields and expressed as single bands at
9.24 kDa and 18.96 kDa, respectively. These sizes were consistent with the calculated molecular weights,
indicating the successful expression and purification of the recombinant protein. hLMWP conjugates
demonstrated additional benefits, including the ability to promote cell migration, elevate hyaluronic acid
production, and reduce inflammatory cytokines (TNF-α, IL-1β, and IL-6).

Immunofluorescence analysis showed that hLMWP-EGF and hLMWP-SOD-1 significantly enhanced
the permeability of keratinocytes. Also, hLMWP-EGF and hLMWP-SOD-1 increased the permeability of
keratinocytes and enhanced the permeability of BP-M cellulose membranes, which have structural properties
similar to those of the skin epidermis, in a permeability assay using Franz diffusion cells. However, the
degree of permeability enhancement differed between the immunofluorescence assay and the Franz diffusion
assay. The differences in permeability seen between immunofluorescence and Franz diffusion data may be
due to differences in barrier complexity, protein stability, and transport mechanisms. Immunofluorescence
is derived from absorption through a single cell membrane, whereas Franz diffusion uses a dense PB-M
membrane. It can also be affected by long-term incubation and physical resistance during analysis.

This increase in permeability is important because it is directly related to increased biological activities,
including cell proliferation, wound healing, and anti-inflammation. In the WST-1 assay, although the
absorbance at 250 ng/mL appeared slightly higher than at 500 ng/mL, there was no statistically significant
difference between the two concentrations. In addition, WST-1 and BrdU assays are based on different
measurement principles—metabolic activity and DNA synthesis, respectively. Therefore, a discrepancy
between the results may be observed. Although this study focused on transdermal delivery, the ability of
hLMWP to enhance permeability through biological barriers is noteworthy. This property suggests potential
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applicability in other therapeutic areas where effective macromolecule delivery is needed, such as metabolic
or cardiovascular diseases.

In this study, we did not directly elucidate the cellular uptake mechanism of hLMWP. However, previous
studies have shown that many CPPs are internalized through various pathways, including clathrin-mediated
endocytosis, caveolin-mediated uptake, macropinocytosis, and receptor-independent translocation [37,38].
Given the structural similarity and cationic nature of hLMWP to protamine-based CPPs, similar uptake
mechanisms are likely involved. However, further studies using pathway-specific inhibitors and mechanistic
analyses are needed to clarify the exact internalization route of hLMWP.

5 Conclusion
In conclusion, hLMWP enhanced the permeability and physiological activity of growth factors and

functional proteins without cytotoxicity in vitro. These results suggest that hLMWP has the potential to
improve the transdermal delivery and efficacy of functional proteins or large molecules with low permeability
in the biomedical and cosmetic fields. However, further in vivo studies are required to evaluate its long-term
safety, immunogenicity, and pharmacokinetic properties. In particular, hLMWP-conjugated proteins may
hold promise for the delivery of macromolecules in chronic dermatoses or other skin-related conditions. In
addition, the detailed molecular mechanisms underlying its cellular uptake should be further elucidated to
support future clinical applications.
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