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Abstract

Fucoidan (FPS), a sulfated polysaccharide isolated from brown algae with a molecular
weight ranging approximately from 5 to 200 kDa, exhibits diverse bioactivities, yet its
high molecular weight (HMW) restricts topical bioavailability. This study explored the
molecular-weight-dependent transdermal behavior of FPS and its underlying interaction
mechanisms with the skin barrier. To address this, FPS fractions (6 to 103 kDa) were
prepared via controlled oxidative degradation. In vitro permeation studies combined with
Confocal Laser Scanning Microscopy (CLSM) visualization revealed a critical molecular
weight threshold of approximately 11 kDa. HMW-FPS were mainly retained on the skin
surface, whereas low molecular weight FPS (LMW-FPS, ≤11 kDa) penetrated into the
viable epidermis and dermis. ATR-FTIR spectroscopy was employed to elucidate the
underlying mechanism, which revealed that LMW-FPS overcomes the skin barrier through
synergistic structural modulations: (1) it enhances intercellular lipid fluidity, accompanied
by a reduction in CH2 stretching vibration intensity; (2) it induces conformational changes
in keratin via direct electrostatic interactions, promoting the transition from α-helices to
β-sheets. Furthermore, histological evaluation confirmed that FPS treatment caused no
obvious skin irritation. These findings demonstrate that LMW-FPS acts as a safe, reversible
modulator of the stratum corneum (SC) barrier, providing a promising strategy for the
design of polysaccharide-based transdermal delivery systems.

Keywords: fucoidan; various molecular weights; transdermal penetration; stratum
corneum barrier; cosmetic biomaterials

1. Introduction
As the body’s largest organ and primary physical barrier, skin is structurally organized

into the epidermis, dermis and subcutaneous tissue [1]. Its protective barrier function is
primarily attributed to the SC, the outermost layer of the epidermis. This layer features a
compact microstructure; closely packed corneocytes are embedded within organized inter-
cellular lipids, constructing a robust protective barrier that blocks penetration and invasion
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of external substances [2,3]. However, this formidable defensive barrier also presents a
significant challenge for dermatological therapy and cosmeceuticals, as it severely limits
the percutaneous penetration of hydrophilic bioactive ingredients into the deeper viable
layers. Despite these barriers, there is a growing scientific interest in exploiting natural
biopolymers for transdermal applications. Existing studies have clearly demonstrated that
molecular weight is one of the core factors regulating the transdermal absorption efficacy
of hydrophilic macromolecules. For instance, despite its name, hyaluronic acid (HA) is
essentially a polymer. Studies have shown that its interaction with the SC exhibits obvious
molecular size dependence, and LMW fractions possess superior skin penetration [4–6].
Similarly, the structure–activity relationships of other polysaccharides (e.g., heparin, galac-
tomannan and dextran) further confirm that LMW fractions generally possess enhanced
bioactivity and skin permeation properties [7–10].

Fucoidan is a prominent sulfated polysaccharide derived from brown algae cell walls,
and possesses diverse structures linked to a wide range of biological activities relevant to
skin health [11]. Its characteristic structure consists primarily of fucose units connected
via α-l-(1 → 4) and α-l-(1 → 3) glycosidic bonds, with sulfate groups typically esterified
at positions C-2, C-3, and/or C-4 [12]. Depending on the algal source and extraction
method, the molecular weight of FPS varies considerably, ranging from approximately
5 kDa to over 200 kDa [13]. Research has confirmed that FPS exhibits superior proper-
ties suitable for dermal cosmetic applications, including prominent moisture retention,
antibacterial activity, strong antioxidant capacity, inhibitory effects on melanin synthesis,
and anti-photoprotection against UV irradiation [14–16]. Combined with its favorable
biocompatibility, these characteristics render FPS a promising functional ingredient for
skincare and topical dermatological therapy.

However, a critical determinant governing topical bioavailability is the capacity of
cosmetic and therapeutic agents such as FPS to penetrate the skin barrier and reach the
targeted active sites. Although the inherent hydrophilicity and macromolecular structure
of polysaccharides theoretically restrict SC permeation, inconsistent experimental obser-
vations have been reported. Several investigations have confirmed that FPS is capable
of skin penetration; for example, Pozharitskaya et al. verified the effective transdermal
delivery of FPS across rat skin into underlying cutaneous tissues and systemic circulation,
particularly upon combination with essential oils [17]. Similarly, Barbosa et al. reported
significantly enhanced skin permeability coefficients for FPS/alginate formulations in-
corporated with essential oil components [18]. Mechanistically, FPS may interact with
SC keratin via hydrogen bonding, thereby modulating skin barrier integrity, promoting
transdermal permeation, and ameliorating cutaneous physiological status [19,20]. Notably,
our prior related work demonstrated that FPS fractions with varying molecular weights
exhibit superior hygroscopicity and moisturizing capacity compared with HA, highlighting
their potential as innovative raw materials for dermal cosmetic systems [21]. It should be
noted that strong hygroscopicity will not impair the moisturizing performance of the mate-
rial. Instead, it efficiently absorbs ambient moisture to supply sufficient water and further
improve skin hydration. Nevertheless, these studies often involve complex formulations,
and the specific role of molecular weight in the intrinsic permeation behavior of FPS, along
with the molecular-level mechanisms of its interaction with skin lipids and proteins, re-
mains insufficiently elucidated. Therefore, this study aims to systematically investigate the
influence of molecular weights on the transdermal penetration and retention mechanisms
of FPS. We prepared FITC-labeled FPS fractions with defined molecular weight ranges
(6–103 kDa) to visually assess their penetration depth and distribution within ex vivo pig
skin using CLSM. Furthermore, the specific interactions between FPS and skin compo-
nents (lipids and keratin) were probed using Attenuated Total Reflectance Fourier Trans-
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form Infrared spectroscopy (ATR-FTIR), complemented by histological safety evaluations
(H&E staining). The insights gained aim to clarify the structure-permeability relationships
of sulfated polysaccharides, providing a theoretical foundation for developing LMW-FPS
as a functional carrier or enhancer in novel transdermal formulations.

2. Materials and Methods
2.1. Materials

Saccharina japonica was collected from Rongcheng (Shandong, China). Hydrogen
peroxide and ascorbic acid were purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. Bama ex vivo pig skin (dorsal tissue) was purchased from Beijing Jixing
Dacheng Technology Co., Ltd., Beijing, China. All other chemicals used in this study were
of analytical grade.

2.2. Preparation of FPS with Different Molecular Weights via Oxidative Degradation

The raw material used was fucoidan (designated as F-4) extracted from Saccharina
japonica in the laboratory. Briefly, dried seaweed was treated in high-temperature and
high-pressure water at 115–125 ◦C (0.10–0.15 MPa) for 3–4 h, followed by filtration, dial-
ysis, concentration, precipitation with 75% ethanol, and freeze-drying to obtain crude
fucoidan [21]. To obtain fucoidan fractions of different molecular weights (F-1, F-2, and F-3),
an oxidative degradation approach adapted from Li et al. [22] was employed, as outlined
in Table 1. Briefly, F-4 was completely dissolved in water at specific temperatures (60 ◦C,
80 ◦C, or 100 ◦C) under continuous stirring to prepare a 2% (w/v) stock solution. Hydrogen
peroxide and ascorbic acid were then added in a 1:1 volume ratio to final concentrations
of 5 mM, 20 mM or 30 mM, while adjusting the final sugar concentration to 1% (w/v).
After the reaction was complete, the liquid degradation products were then desalted us-
ing dialysis membranes (F-2 and F-3, MWCO: 3.5 kDa) and Sephadex G-10 gel filtration
chromatography (F-1), followed by lyophilization to obtain solid FPS samples. Finally, the
physicochemical properties of the resulting fractions were characterized to confirm the
consistency and stability of the preparation process.

Table 1. The preparation parameters of degraded FPS.

Samples Temperature/◦C Final Oxidant Concentration/mM Time/h

F-1 100 30 4
F-2 80 20 1
F-3 60 5 2

2.3. Analysis of Physicochemical Properties

Fucose content was determined via the cysteine hydrochloride method using L-fucose
as the standard [23], while sulfate content was measured by the gelatin-BaCl2 method with
potassium sulfate solution as the standard, adapted from Chen et al. [24]. Uronic acid
content was analyzed through the carbazole colorimetric method with D-glucuronic acid
as the standard [25]. The total sugar content was quantified using the sulfuric acid–phenol
method with L-fucose as the standard [26]. Additionally, molecular weight was assayed
using an HP-GPC system [27].

2.4. Interaction Between FPS with Different Molecular Weights and the Skin
2.4.1. Determination of Skin Distribution of FITC-FPS

The distribution profile of FPS with different molecular weights within skin tissue was
assessed using fluorescein isothiocyanate (FITC)-labeled polysaccharides. The method for
FITC labeling of the polysaccharides was performed according to the protocol described by
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Yu-Hao et al. [28], with minor revisions. Vertical Franz diffusion cells were employed for
this analysis. Ex vivo pig skin was mounted in the diffusion cells with SC facing the donor
compartment and dermis contacting the receptor compartment filled with 3 mL PBS buffer
(pH 7.4). The assembly was maintained at 32 ± 0.5 ◦C with receptor solution stirred at
400 rpm. Subsequently, 1 mL of FITC-FPS solution was applied to the donor compartment.
Skin samples were harvested at predetermined intervals (1, 4, 12, and 24 h), rinsed with
normal saline, and surface-dried with filter paper. Each sample was then embedded in
OCT compound, flash-frozen in liquid nitrogen, and cryosectioned. Transverse sections
(thickness: 10 µm) were mounted on glass slides for visualization of FITC fluorescence
distribution across skin layers using CLSM (Olympus, Shinjuku City, Japan).

2.4.2. ATR-FTIR Measurement

The molecular interactions between FPS fractions and key skin barrier components
were investigated using ATR-FTIR spectroscopy (Thermo Fisher Scientific, Waltham, MA,
USA), focusing on hydration state, keratin conformation, and lipid organization. SC
membranes were prepared by incubating porcine skin sections (0.25 cm2) dermal-side
down in 24-well plates containing PBS (pH 7.4) with 0.2% trypsin at 37 ◦C for 8 h to
separate the epidermis. After enzymatic treatment, the SC was gently separated from
underlying tissue, washed thoroughly with deionized water, and vacuum-desiccated for
24 h. Dried SC membranes were then immersed in either 3 mL normal saline (control)
or 3 mL of 1% (w/v) FPS solutions (various molecular weights) within 6-well plates for
12 h at room temperature. Following incubation, membranes were rinsed three times with
distilled water and vacuum-desiccated (silica gel) for 12 h. ATR-FTIR spectra were acquired
with the following parameters: resolution of 2 cm−1, number of scans of 100, and scanning
range of 650–4000 cm−1. The spectra were analyzed using Origin 2024 software (OriginLab,
Northampton, MA, USA).

2.5. Hematoxylin–Eosin (H&E) Staining of Ex Vivo Pig Skin

Histological examination via H&E staining was performed to evaluate potential mi-
crostructural changes in porcine skin following exposure to FPS solutions. Skin samples,
equilibrated at room temperature for 30 min after removal from −20 ◦C storage, were
treated with 100 µL of 1% (w/v) FPS solution (experimental groups) or left untreated
(control). Both groups were incubated under identical conditions for 1, 4, 8, and 24 h. After
treatment, specimens were embedded in OCT medium, snap-frozen in liquid nitrogen, and
stored at −20 ◦C until sectioning. The specific staining procedure was as follows: Cryosec-
tions (5–7 µm thickness) were affixed on glass slides and stained following the standard
H&E protocol: stained with hematoxylin (2 min), rinsed with water (5–10 s), placed in
differentiation solution (3 s), thoroughly rinsed with tap water (2 min), counterstained
with eosin (3 s) and finally rinsed with tap water (1 min). The stained tissue images were
visualized under a microscope (Olympus, Shinjuku City, Japan).

3. Results
3.1. Chemical Analysis

Fucoidan extracted from Saccharina japonica in the laboratory (designated as F-4) was
used as the raw material. Three degraded samples (F-1, F-2, and F-3) with different
molecular weights were obtained under various experimental conditions. To elucidate
the influences of degradation modification on the chemical profiles of FPS, systematic
characterization and comparative analysis of physicochemical properties were performed
across the four fractions. As summarized in Table 2, polysaccharide fractions exhibited a
well-defined gradient distribution in molecular weight after stepwise degradation, ranging
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from 6 kDa to 103 kDa (Supplementary Figure S1). Total carbohydrate contents fluctuated
slightly from 55.62% to 56.57%. Uronic acid levels remained relatively low throughout all
samples (2.04–7.26%), and no significant linear correlation was identified between uronic
acid content and molecular mass. As the predominant characteristic monosaccharide of FPS,
fucose constituted the major component in all tested fractions, accounting for 25.15–29.75%
of the total mass. In addition, sulfate groups, as critical structural moieties closely associated
with biological bioactivity, were detected at contents of 23.44–25.72%. Although minor
variations in total carbohydrate and sulfate contents were observed during degradation, no
pronounced loss of typical functional groups occurred in the overall structural framework.

Table 2. The chemical composition of FPS with different molecular weights.

Samples Fucose
(%)

Sulfate
(%)

Uronic Acid
(%)

Total Sugar
(%)

Molecular
Weight
(kDa)

F-1 26.16 ± 0.38 24.57 ± 1.12 2.44 ± 0.05 58.81 ± 1.32 6.10
F-2 27.55 ± 0.20 25.72 ± 0.82 2.04 ± 0.16 57.61 ± 1.57 11.10
F-3 27.71 ± 0.04 23.44 ± 0.35 2.26 ± 0.47 56.57 ± 0.33 33.70
F-4 29.75 ± 0.35 25.63 ± 0.43 2.64 ± 0.05 55.62 ± 0.95 103.25

Data shown represent mean ± standard deviation.

3.2. Interaction Results of Different Molecular Weights with Skin
3.2.1. CLSM Analysis of FITC-FPS Distribution in Ex Vivo Pig Skin with Different
Molecular Weights

FITC-FPS samples with different molecular weights were applied to ex vivo pig skin,
and their transdermal profiles were observed via CLSM. As shown in Figure 1, free FITC
served as the control group; its molecules diffused throughout skin tissues within 4 h
and gradually accumulated predominantly around hair follicles (outlined in red circles).
All FITC-FPS conjugates initially adhered to the SC surface (pointed by yellow arrows).
However, only F-1 and F-2 demonstrated progressive penetration through the SC barrier
into the dermis. The fluorescent signals of F-1 and F-2 were first detected in the dermis
at 4 h, peaked between 4 h and 12 h, and remained clearly detectable at 24 h, indicating
sustained dermal retention. In contrast, F-3 showed delayed penetration, with dermal
fluorescence first observed at 12 h. Although signal intensity gradually increased during
the 12–24 h period, it remained substantially weaker than that of F-1 and F-2. F-4 exhibited
negligible dermal penetration, with fluorescence persistently concentrated on the SC surface
throughout the 24 h observation period and no measurable signal detected in deeper tissues.
These findings demonstrate that molecular weight critically influences the transdermal
penetration of FPS. LMW-FPS (≤11 kDa) efficiently crossed the skin barrier, achieving
significant dermal accumulation and prolonged retention (≥24 h), likely facilitated by
specific interactions with SC components that enable penetration without permanent
structural disruption. This sustained dermal presence suggests their potential utility as
carriers in transdermal drug delivery systems. By contrast, HMW-FPS (>11 kDa) remained
largely confined to the SC surface, exhibiting minimal penetration capability.
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Figure 1. Confocal laser imaging of different molecular weights FPS-FITC in ex vivo pig skin (scale
bar: 100 µm). Note: FITC is shown in green, the yellow arrow refers to the SC layer, and hair follicles
are outlined in red circles.

3.2.2. ATR-FTIR Analysis/Interaction with Skin Barrier

1. Interaction with skin keratin

ATR-FTIR spectroscopy was employed to investigate molecular interactions between
FPS and skin barrier components, with particular focus on conformational changes of
keratin in the SC. This technique monitors changes in molecular vibrations, whereby shifts
in characteristic absorption peaks reflect structural alterations in keratin—a dominant SC
protein accounting for 75–80% of its composition [29]. Changes in keratin’s secondary
structure were monitored using the amide I (≈1640 cm−1) and amide II (≈1540 cm−1)
bands, which are established markers of protein conformation [30]. As shown in Figure 2
(dashed box), the absorption peaks correspond to keratin vibrational modes in the SC.
Control samples treated with normal saline exhibited amide I and II peaks at 1643.78 cm−1

and 1537.25 cm−1, respectively. Treatment with 1% FPS solutions induced notable blueshifts
in these peaks. F-1 and F-2 produced the most significant displacements: F-1 caused a
maximum amide I blueshift of 2 cm−1, while F-2 resulted in the largest amide II shift of
6 cm−1. In contrast, F-3 and F-4 induced considerably smaller peak shifts.

These spectral alterations indicate molecular weight-dependent interactions between
FPS and keratin. The observed blueshifts suggest structural transitions in keratin’s sec-
ondary structure, characterized by an increase in β-sheet and random coil conformations
relative to α-helix. The magnitude of peak displacement exhibited an inverse correlation
with FPS molecular weight, pointing to stronger keratin interactions with LMW fractions
such as F-1 and F-2.

https://doi.org/10.3390/polysaccharides7020065

https://doi.org/10.3390/polysaccharides7020065


Polysaccharides 2026, 7, 65 7 of 13

Figure 2. Effects of 0.9% NaCl and different molecular weights FPS on vibrational peak shift of SC keratin
in ex vivo pig skin. (A) Full-range FTIR spectra. (B) Magnified view of the amide I and amide II bands.
(C) Comparison of amide II band peak positions. (D) Comparison of amide I band peak positions.

2. Interaction with skin lipids

ATR-FTIR spectroscopy was further employed to examine interactions between
FPS and SC lipids, which constitute 5–15% of the SC and critically maintain barrier in-
tegrity by limiting transepidermal water loss and blocking exogenous threats [31,32].
Lipid organization was evaluated through symmetric (≈2850 cm−1) and asymmetric
(≈2920 cm−1) C–H stretching vibrations of methylene groups in alkyl chains, where peak
shifts reflect changes in lipid packing density and fluidity [33,34]. As shown in Figure 3,
control samples treated with normal saline displayed characteristic peaks at 2850.72 cm−1

and 2919.92 cm−1. Application of 1% FPS solutions induced slight but consistent redshifts
in both C–H vibration bands across all treatment groups.

Figure 3. Effects of 0.9% NaCl and different molecular weights FPS on vibrational peak shift of SC
lipid in ex vivo pig skin. (A) Full-range FTIR spectra. (B) Magnified view of the C–H stretching
region. (C) Comparison of asymmetric C–H stretching peak positions. (D) Comparison of symmetric
C–H stretching peak positions.
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These spectral shifts indicate a transition from ordered trans conformations to disordered
gauche conformations within lipid alkyl chains, signifying increased molecular mobility
and reduced structural order in the lipid lamellae. The observed changes suggest weak yet
specific interactions between FPS molecules and SC lipids that transiently disrupt bilayer
organization. Importantly, LMW-FPS (≤11 kDa), particularly fraction F-1, induced more
pronounced effects compared with HMW-FPS (>11 kDa) counterparts. This molecular-weight-
dependent disruption synergizes with spectral shifts in keratin bands, including blue shifts of
∆2 cm−1 for amide I and ∆6 cm−1 for amide II (Section 3.2.2. 1. Interaction with skin keratin),
collectively enhancing lipid fluidity and compromising the barrier’s structural coherence.
The resultant increase in SC permeability provides a mechanistic basis for the enhanced
transdermal penetration of LMW-FPS documented in CLSM studies.

3.3. H&E Staining of Ex Vivo Pig Skin

H&E staining of ex vivo pig skin treated with 1% FPS solutions showed structural
changes limited exclusively to the SC, with clear dependence on treatment time and
FPS molecular weight. As shown in Figure 4, saline-treated control skin maintained a
continuous, compact SC layer over 24 h, with only slight surface loosening and intact
dermal collagen. In contrast, FPS treatment induced SC swelling and separation from the
viable epidermis, driven by increased hydration. These changes peaked at 4–8 h and were
most prominent for LMW-FPS (F-1 and F-2, ≤11 kDa), which caused marked interlayer
expansion and partial detachment. F-3 induced milder separation, while F-4 showed
negligible changes. Importantly, these structural alterations were confined to the SC and
had no destructive impact on other skin layers. By 24 h, the SC largely recovered its normal
architecture, confirming that the modifications were transient and reversible.

Figure 4. H&E staining of ex vivo pig skin treated with FPS solutions of different molecular weights
at different times (scale bar: 100 µm). Note: yellow dotted circles denote SC separation, red dotted
circles denote SC swelling, and arrows point to the SC and epidermis, respectively.

4. Discussion
SC serves as the primary rate-limiting barrier restricting the transdermal delivery of

exogenous bioactive molecules. Molecular weight is a critical governing factor modulating
skin permeation behavior, as widely documented for HA. LMW-HA (≤10 kDa) exhibits
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superior transdermal penetration relative to HMW-HA, facilitating its deeper deposition
within the dermis via specific interactions with skin barrier components [5,6]. Similarly,
Farwick et al. confirmed that oligosaccharide HA fractions exhibit potent skin penetration
activity [4]. Despite exhibiting multiple beneficial bioactivities including moisture retention,
melanin inhibition, photoprotection and antioxidant capacity as a topical skincare agent, the
transdermal permeation mechanism of FPS and the regulatory contribution of molecular
weight remain poorly and systematically elucidated. This study addresses this critical
research gap, providing systematic evidence illustrating the molecular-weight-dependent
transdermal permeation enhancement of FPS, alongside confirming its satisfactory biocom-
patibility and unique barrier-interaction mechanisms.

To validate these properties under physiologically relevant conditions, we evaluated
the permeation of FPS using ex vivo pig skin, a validated model with structural and
compositional similarity to human skin [35,36]. CLSM tracking revealed critical molecular-
weight-dependent divergence: LMW-FPS (≤11 kDa) rapidly penetrated the SC within 4 h,
progressively accumulating in deeper tissues with sustained retention (>24 h). Conversely,
HMW-FPS (>11 kDa) showed delayed or negligible penetration, remaining largely confined
to the superficial SC. This pattern aligns with findings for HA, where fractions below
8 kDa permeate effectively while larger chains accumulate superficially [6,37]. Further-
more, the intense fluorescence signals observed in hair follicles indicate that LMW-FPS
utilizes the follicular pathway as a significant shunt route. This observation confirms
that the appendageal route complements the primary intercellular pathway, consistent
with the established penetration behavior of hydrophilic macromolecules [38,39]. This
molecular-weight-dependent permeation profile likely arises from structural and rheolog-
ical differences: LMW-FPS possesses shorter chains and lower viscosity, enabling rapid
penetration across the SC with minimal steric hindrance and efficient accumulation in the
viable epidermis and dermis. In contrast, HMW-FPS features longer chains and higher
viscosity, readily adsorbing to surface lipids and being restricted to the SC by combined
steric hindrance and viscous resistance.

Transdermal penetration through the SC is dominated by passive transport, including
intercellular lipid diffusion and appendageal pathways [40]. Consistent with our CLSM
observations, the hair follicle route acts as a critical shortcut for FPS delivery. Energy-
dependent active processes, such as endocytosis and pinocytosis, mainly contribute to
cellular uptake in viable epidermal and dermal cells after SC penetration, rather than
participating in the initial barrier traversal.

Given these macroscopic disparities in penetration depth and distribution, we em-
ployed ATR-FTIR spectroscopy to interrogate the underlying molecular interactions respon-
sible for overcoming the barrier. Our analysis suggests that the enhanced permeation of
LMW-FPS arises from three interconnected mechanisms targeting specific SC components.
Initially, LMW-FPS (≤11 kDa) significantly enhances SC hydration, a process that reversibly
disrupts intercorneocyte junctions and the organization of lipid lamellae, thereby creating
a more permeable environment. Concurrent with hydration, LMW-FPS markedly induces
conformational rearrangement of keratin. The negatively charged sulfate groups in LMW-
FPS establish specific electrostatic interactions with the amino acid residues of SC keratin.
Unlike HMW chains, which are restricted to surface adsorption due to significant steric
hindrance, the reduced hydrodynamic radius of LMW-FPS grants it superior accessibility
to the internal binding sites within the keratin matrix. This accessibility allows LMW-FPS to
deeply penetrate and disrupt the intramolecular and intermolecular hydrogen-bonding net-
works of keratin, promoting the disassembly of compact α-helical and their transition into
looser β-sheets and random coils. The amide I band at ≈1640 cm−1 is assigned to the C=O
stretching vibration of peptide bonds, while the amide II band at ≈1540 cm−1 corresponds
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to N–H bending coupled with C–N stretching vibration [30,41]. Such secondary structural
transformation is supported by distinct blue shifts of the amide bands, with a shift of
∆2 cm−1 for amide I and ∆6 cm−1 for amide II. Reorganization of the keratin secondary
structure further opens the intracellular polar pathway, attenuating charge repulsion and
steric hindrance of the skin barrier. Consequently, LMW-FPS enhances bilayer fluidity and
expands molecular diffusion pathways much more effectively than its HMW counterparts.

In addition to protein modulation, LMW-FPS actively disrupts the ordered arrange-
ment of the SC lipid bilayer. This effect is strictly governed by molecular size: while
HMW-FPS is largely excluded from the dense lipid lattice, LMW chains are sufficiently
compact to physically intercalate into the lipid bilayer. Once inserted, the hydroxyl and
sulfate groups form dynamic hydrogen bonds with the polar headgroups of lipids, while
the hydrophobic fucose backbone intercalates into the lipid alkyl chain region, disrupting
the cross-linked network between lipid molecules. Simultaneously, the hydrophobic fucose
backbone intercalates into the lipid alkyl chain packing region, weakening van der Waals
forces and hydrophobic association between alkyl chains. The symmetric (≈2850 cm−1) and
asymmetric (≈2920 cm−1) C–H stretching vibrations are characteristic of alkyl chains in SC
lipids, widely used to evaluate lipid packing and fluidity [33,34,42]. The observed redshift
in these bands reflects a transition from ordered trans to disordered gauche conformations,
indicating lipid fluidization and increased bilayer permeability [43]. Notably, although the
FTIR instrument had a nominal resolution of 2 cm−1, its wavenumber precision (calibrated
by an internal He–Ne laser) is better than ±0.01 cm−1. Thus, 1–2 cm−1 peak shifts exceed
instrumental noise and reflect genuine physical changes, not measurement variability. Such
subtle shifts are widely accepted as valid evidence for lipid rearrangement in transdermal
research. For example, hyaluronic acid studies have reported meaningful lipid peak shifts
of only 0.2–0.8 cm−1 [6]. And flavonoid transdermal research considered a 1 cm−1 shift as
sufficient to indicate lipid disordering [41]. Consistently, the 1–2 cm−1 shifts observed here
represent genuine changes in lipid packing induced by FPS [42]. Consequently, LMW-FPS
enhances bilayer fluidity and expands molecular diffusion pathways much more effec-
tively than its HMW counterparts. While polysaccharides like LMW-HA and chitosan also
modulate lipids via hydrogen bonding or electrostatic interactions, FPS appears to offer
a unique advantage due to its sulfated modification. Beyond molecular weight, sulfate
groups are key functional moieties driving the barrier-modulating activity of FPS. Their
strong negative charge mediates electrostatic attraction to keratin, promoting structural
rearrangement; their high polarity strengthens hydrogen bonding with lipid headgroups,
increasing bilayer fluidity. These sulfate-driven interactions are more pronounced in LMW-
FPS, as smaller molecular size reduces steric hindrance and allows deeper access to SC
components. Together, molecular weight and sulfate substitution act synergistically to
determine the superior transdermal performance of LMW-FPS [6,44–46]. Importantly, de-
spite these structural modulations, histological analysis confirmed that all FPS fractions
maintained tissue biocompatibility without causing inflammation or irreversible damage.
This confirms that the barrier modulation by LMW-FPS is transient and safe.

Collectively, our findings demonstrate that LMW-FPS (≤11 kDa) enhances transder-
mal permeation through a synergistic, multi-target mechanism. Hydration swells the SC
structure, while sulfate-mediated electrostatic interactions drive keratin rearrangement to
reduce protein barrier resistance. Simultaneously, hydrophobic intercalation and hydrogen
bonding drive lipid fluidization to expand intercellular diffusion space, with the follicular
route serving as an auxiliary channel. In contrast, HMW-FPS is limited by steric hindrance
and high viscosity, preventing deep structural perturbation. Building upon these insights,
this work establishes LMW-FPS as a potent, biosafe transdermal enhancer and a promising
multifunctional carrier for pharmaceutical and cosmetic applications.
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Future research directions arising from this study are proposed as follows. First,
in vivo human trials should be conducted to systematically validate the transdermal behav-
ior, skin tolerance, and safety profile of LMW-FPS, because human skin differs significantly
from porcine skin in metabolic activity, immune responses, and barrier microstructure.
Such trials will provide more clinically relevant evidence for its topical applications. Second,
further investigations are warranted to explore the potential of LMW-FPS as a functional
carrier for hydrophobic drugs. It is critical to evaluate the loading capacity, encapsulation
efficiency, in vitro release kinetics, and skin permeation performance of LMW-FPS-based
delivery systems. These efforts will facilitate the development of advanced polysaccharide-
derived transdermal formulations, thereby expanding the practical utility of LMW-FPS
beyond its intrinsic penetration-enhancing activity.

5. Conclusions
Experimental evidence confirms that FPS transdermal absorption is strictly dependent

on its molecular weight. LMW-FPS achieve superior transdermal absorption by over-
coming SC barrier resistance through a tripartite mechanism. First, hydration-driven SC
reorganization induces reversible corneodesmosome dissociation and lipid lamellae dis-
ruption. Second, keratin undergoes conformational shifts from α-helix to β-sheet/random
coil structures, reducing protein-mediated diffusion resistance. Third, lipid fluidization
expands intercellular pathways. This synergistic action enables rapid LMW-FPS perme-
ation (<4 h) into viable epidermal/dermal layers with sustained retention, while HMW FPS
exhibit minimal absorption due to steric exclusion. Critically, these processes occur without
barrier deterioration, preserving SC integrity and biocompatibility throughout absorption.
This intrinsic barrier-penetrating capability, coupled with inherent bioactive properties,
positions LMW-FPS (<11 kDa) as a promising candidate for enhancing the topical efficacy
of bioactive ingredients while maintaining physiological safety.

Supplementary Materials: The following supporting information can be downloaded at: https://
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weight distribution of FPS fractions.
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CLSM Confocal Laser Scanning Microscopy
SC Stratum corneum
HA Hyaluronic acid
ATR-FTIR Attenuated Total Reflectance Fourier Transform Infrared spectroscopy
H&E Hematoxylin–Eosin
FITC Fluorescein isothiocyanate
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