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Abstract

The valorization of aquaculture side-streams represents a pivotal strategy for the circular blue economy,
providing high-value biomolecules for cosmetic applications. This study characterizes a < 3 kDa protein
fraction, referred to as Marine Hydrolyzed Peptides (MHP), derived from sea bream and sea bass side-
streams, and evaluates its cosmetic-relevant biological activity in human skin models. Biochemical
analysis confirmed a high hydroxyproline content, corresponding to 42% of the total protein fraction,
together with intrinsic antioxidant potential. In human keratinocytes (HaCaT cells), MHP was tested as
an aqueous solution (S-MHP) and exhibited cytoprotective and restorative effects against H,0,-induced
oxidative stress and UVA radiation. Subsequently, MHP was incorporated into a cosmetic formulation (F-
MHP) and applied to a reconstructed 3D human skin model for 24 h. A single topical application of F-
MHP modulated extracellular matrix-related genes associated with structural organization, elasticity and
hydration. Histological and two-photon microscopy analyses revealed an improved matrix fiber
organization. Overall, this study demonstrates the feasibility of transforming aquaculture side-streams
into biologically validated marine-derived cosmetic actives and establishes a transferable human-
relevant workflow for the biological validation of sustainable marine cosmetic ingredients, supporting
their translation from circular bioeconomy resources to formulated cosmetic products.

1. Introduction

The blue economy framework increasingly promotes the valorization of fish side streams as sustainable
sources of high-value bioactive compounds, moving beyond traditional by-product management toward
a circular economy model (Venugopal et al. 2023). Within this strategic context, the H2020 EcoeFISHent
project aims to establish a sustainable territorial cluster to demonstrate the upcycling of fish-processing
side streams into high-added-value products (EU-CORDIS 2021). Marine fish processing currently
generates significant amounts of by-products, including heads, skins, bones and viscera, which represent
a rich reservoir of proteins, lipids, vitamins, minerals and other bioactive compounds (Véalimaa et al.
2019; Orlandi et al. 2023). However, recovering bioactive molecules from marine side streams is only the
first step. The major challenge is demonstrating that these fractions possess sufficient biological
efficacy and technological suitability to become viable cosmetic active ingredients. Addressing this
challenge requires experimental strategies capable of progressively validating ingredients, from the
identification of biologically active concentrations to the assessment of their efficacy after incorporation
into cosmetic formulations.

Recently, enzymatic hydrolysis and fractionation of pre-processed side streams from sea bream and sea
bass have enabled the production of protein hydrolysate fractions with distinct chemical profiles,
molecular weight distributions, techno-functional properties and biological activities (Babu and Kudre
2026). These marine-derived fractions may be particularly relevant for skin-related applications, as low-
molecular-weight peptides can interact with cellular pathways involved in stress response, tissue repair,
and extracellular matrix homeostasis (Dondero et al. 2025b).
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Human skin is constantly exposed to both intrinsic and extrinsic stressors that disrupt cellular
homeostasis and contribute to skin ageing. Intrinsic ageing is a physiological process associated with
the progressive decline of cellular and extracellular matrix functions, whereas extrinsic ageing is mainly
driven by environmental factors, including solar radiation, pollution and other pro-oxidant stimuli. Despite
their different origins, both intrinsic and extrinsic ageing share oxidative stress as a key underlying
mechanism, leading to the generation of reactive oxygen species (ROS)(Tang et al. 2025), including
hydrogen peroxide (H,0,), superoxide anion and singlet oxygen. Excessive ROS production can damage
DNA, lipids and proteins in keratinocytes and fibroblasts, thereby impairing epidermal barrier function,
dermal matrix homeostasis, and skin regenerative capacity. Strategies aimed at protecting the skin from
oxidative damage include both the use of sunscreens, which reduce UV-induced ROS generation, and
cosmetic formulations containing antioxidant molecules, which help counteract oxidative stress and
support skin homeostasis (Chaiprasongsuk and Panich 2022).

Antioxidants have been reported to help counteract ROS-mediated damage and attenuate some of the
cellular and tissue alterations associated with skin ageing (Podda and Grundmann-Kollmann 2001;
Masaki 2010). In this context, low-molecular-weight peptides (< 3 kDa) have attracted growing interest
as cosmetic ingredients with potential protective, regenerative and anti-ageing properties (Sibilla et al.
2015). However, the cosmetic potential of these ingredients cannot be inferred solely from their
biochemical composition or antioxidant capacity but requires experimental validation in human-relevant
models able to capture both cellular stress responses and tissue-level effects.

In the European Union, animal testing for cosmetic products and cosmetic ingredients is prohibited
(Chapter V, art. 18 of Regulation (EC) No 1223/2009 of the European Parliament and of the Council of 30
November 2009 on cosmetic products) (Regulation (EC) No 1223/2009 2009), making human-relevant in
vitro approaches essential for cosmetic assessment (Pistollato et al. 2021). In this context, OECD-
validated Test Guidelines based on reconstructed human epidermis models have established robust
Standard Operating Procedures for safety endpoints, such as skin irritation and corrosion, thereby paving
the way for the broader use of reconstructed human skin models in cosmetic research (OECD 2025;
OECD 2026a). However, efficacy testing of cosmetic actives is not yet covered by specific regulatory
NAMs or harmonized OECD guidelines and therefore relies on the scientific robustness of the
experimental design, the biological relevance of the selected models and the mechanistic consistency of
the endpoints investigated (Lautan et al. 2026).

Our previous work established a stepwise in vitro strategy combining 2D and 3D models to evaluate
marine-derived cosmetic ingredients (Dondero et al. 2025a). While 2D cellular assays proved suitable for
the preliminary screening of active-ingredient biocompatibility and biological efficacy, allowing the
identification of the concentrations to be incorporated into the cosmetic formulation, reconstructed full-
thickness 3D human skin models provided a more physiologically relevant platform for evaluating the
efficacy of the formulated product under conditions that more closely resemble topical application.
However, the biological performance of marine protein hydrolysates depends on their source,
processing, and formulation (Grasso et al. 2023). The low-molecular-weight protein fraction investigated
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in the present study, obtained from sea bream and sea bass aquaculture side-streams, had previously
demonstrated the ability to enhance HaCaT keratinocytes viability and promote wound closure,
supporting its potential for skin-related cosmetic applications.

Building on this methodological framework and on the preliminary biochemical and biological
characterization of a low-molecular-weight (< 3 kDa) protein hydrolysate obtained from sea bream and
sea bass aquaculture side streams, the present study established a stepwise human-relevant validation
strategy for its translation into a cosmetic active ingredient. Following preliminary biochemical analyses,
the hydrolysate was evaluated as an aqueous solution (S-MHP) in HaCaT keratinocytes and RAW 264.7
murine macrophages to identify biologically active concentrations suitable for cosmetic formulation
based on their antioxidant, photoprotective and immunomodulatory activities. Since the incorporation of
bioactive molecules into delivery systems can markedly influence their stability, release kinetics and
biological performance (Venkataramani et al. 2020; Hu and He 2021; De Negri Atanasio et al. 2022;
Campardelli et al. 2023), the selected concentrations were subsequently incorporated into a cosmetic
cream (F-MHP) and evaluated in a reconstructed full-thickness human skin model. This model was used
to determine whether the biological efficacy observed for the active ingredient was retained after
formulation and translated into anti-ageing efficacy under physiologically relevant conditions by
assessing extracellular matrix-related gene expression, dermal architecture and collagen organization
through histological and two-photon microscopy analyses. Importantly, the purpose of the 3D model was
not simply to confirm the biological activity observed in 2D, but to verify that the selected active
concentrations remained effective after formulation, thereby reproducing the intended conditions of
cosmetic application. This integrated workflow provides a stepwise human-relevant framework for
translating fish-processing side-stream-derived bioactive fractions into marine-derived cosmetic active
ingredients, thereby supporting their rational development from sustainable biomass to formulated
cosmetic products.

2. Materials and Methods
2.1 Biomass, enzymatic hydrolysis and fractionating

Marine Hydrolyzed Peptides (MHP) were produced by NOFIMA (Tromsg, Norway) from fish processing
side streams of sea bream and sea bass provided by Aqua De Ma Srl (Lavagna, Genova, ltaly) as
previously described (Jenssen et al. 2025). Briefly, the biomass was mixed with water and subjected to
enzymatic hydrolysis in a temperature-controlled reactor using Corolase® 8000 (AB Enzymes GmbH,
Darmstadt, Germany). The hydrolysis was carried out at 65°C, followed by thermal inactivation. The
hydrolysate was sieved to remove bones and large particles and subsequently centrifuged to separate
phases. The aqueous phase was collected, filtered to remove residual oil and fine particles. The sample
was further fractionated by tangential flow filtration using a 3 kDa molecular weight cut-off membrane,
yielding permeate (MHP) and retentate fractions. The MHP was freeze-dried, vacuum-packed, and stored
at 4°C until further use. The molecular weight of MHP is below 3 kDa.
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2.2 Chemicals

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), Trizol reagent, Crystal violet (cod.
61135), chloridric acid, chloroform, and 2-propanol have been supplied by Sigma-Aldrich Chemical
Company (Steinheim, Germany). Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose w/I-
glutamine w/sodium pyruvate), fetal bovine serum (FBS), L-Glutamine, trypsin, and Dulbecco’s Phosphate
Buffered Saline w/o calcium w/o magnesium (DPBS), used for cell culture were purchased from
Euroclone (Pero, Italy). The Hyp kit (perchlorate-free) from Cell Biolabs was used for collagen
quantification.

For gene expression assays, the extracted RNA was reverse transcribed using the iScript cDNA
Synthesis Kit (Biorad, Milano, Italy).

2.3 Total Protein quantification

The total protein quantification was performed using the Bradford assay. Briefly, the standard curve of
Bovine Serum Albumin (BSA) was used to calculate the concentration of the protein in the MHP sample.

1 mL of Bradford reagent was mixed with 0.1 mL of tested item and read at 595 nm (Implen, Munich,
Germany) after 5 min incubation in the dark at ambient temperature.

2.4 Hydroxyproline (Hyp) Quantification

Total Hyp content was determined using a perchlorate-free assay kit (Cell Biolabs, Inc., USA). Samples
(100 pL) underwent acid hydrolysis in 12 N HCI at 100°C for 3 h. After evaporation at 80°C (45 min), 10
uL of the hydrolyzed product was reacted with 100 pL of Chloramine T mixture (30 min, RT), followed by
100 L of Ehrlich’s reagent (45 min, 60°C). After cooling (4°C, 5 min) and centrifugation (6000 x g, 15
min), the supernatant absorbance was measured at 560 nm (Absorbance 96, Byonoy, Germany).

2.5 Antiradical power

The antiradical power of MHP was established by the Trolox equivalent antioxidant capacity (TEAC),
carrying out the ABTS assay following the protocol reported by Ferrari et al. (Ferrari et al. 2021). The
antioxidant activity was expressed as micrograms of Trolox equivalents per L of extract (ugTE/L).

2.6 Cell culture

Human Keratinocytes (HaCaT) cells were supplied by CLS Cell Lines Service GmbH (Eppelheim,
Germany). Cells were cultured in Dulbecco’s modified eagle’s medium High Glucose (D-MEM)
supplemented with 1% L-Glutamine and 10% Fetal Bovine Serum (FBS) at 37° C with 5% CO2 in
humidified air and 95% relative humidity.

The murine monocyte/macrophage cell line RAW 264.7 (ATCC TIB-71) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; ATCC-30-2002) supplemented with 10% heat-inactivated FBS and 1%
antibiotic solution at 37°C in a 5% CO2 atmosphere and 95% relative humidity.
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2.7 Preparation of active principle S-MHP for cell
treatments

The active principle MHP was initially prepared as a 10 mg/mL stock solution in distilled water (S-MHP)
and subsequently diluted in culture medium to obtain different concentrations for testing on celluar
models.

2.8 Formulation of S-MHP for tissues treatments

S-MHP was incorporated as an active ingredient into a cosmetic formulation (F-MHP) at final
concentrations of 0.03% (w/v) and 0.1% (w/v), which was then applied to three-dimensional
reconstructed human skin models in vitro. The commercial face cream employed to prepare F-MHP was
kindly supplied by Ardes s.r.I. (Sarissola, Genova, Italy).

INCI: aqua (water), polyglyceryl-3 rice branate, cetearyl alcohol, glyceryl stearate, prunus amygdalus
dulcis oil (prunus amygdalus dulcis (sweet almond) oil), simmondsia chinensis seed oil (simmondsia
chinensis (jojoba) seed oil), glycerin, glyceryl caprylate, parfum (fragrance), hydrolyzed protein, sodium
hyaluronate, rosa rugosa flower extract, sodium carboxymethyl beta-glucan, phenoxyethanol, ethylhexyl
stearate, tocopheryl acetate, xanthan gum, caprylic/capric triglyceride, tetrasodium glutamate diacetate,
ethylhexylglycerin, citric acid, hexamethylindanopyran, linalyl acetate, tetramethyl
acetyloctahydronaphthalenes, dimethyl phenethyl acetate, geranyl acetate, benzyl alcohol, coumarin,
hexyl cinnamal, hydroxycitronellal, citronellol

2.9 Cell viability assay

15 x 10° HaCaT cells were seeded in each well of a 96-well plate. After overnight incubation, cells were
treated with different concentrations of MHP and incubated for 24h with 5% CO, at 37°C, 95% relative

humidity. After that, cell viability was analyzed using MTT assay.

MTT was solubilized in PBS at a concentration of 5 mg/mL and filtered using 0.22 ym membrane. The
working solution was diluted in culture medium at the final concentration of 0.5 mg/mL. The cells were
then incubated for 3h in a humified atmosphere with 5% CO2 at 37°C. Formazan crystals were then
solubilized in acid-alcohol (1 N HCI in 2-propanol) solution. The absorbance was read
spectrophotometrically at 570 nm using a microplate reader (Byonoy absorbance 96, Germany).

2.10 Experimental models for curative and preventive
evaluation

To comprehensively evaluate the biological efficacy of the S-MHP extract, two distinct experimental
strategies were implemented, reflecting different application scenarios: The curative and preventive
effect model (Fig. 1).
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The curative model was designed to simulate a therapeutic intervention following established cell
damage. In this experimental design, the stress stimulus (specifically for HaCaT cell: H,0, 1.1 mM and

UVA irradiation 2.0 mW/cm?, or inflammatory stimulation only for RAW 264.7 cell with LPS 100 ng/mL)
was applied first to induce a state of cellular oxidative or inflammatory stress, followed by a 24h
treatment with S-MHP (0.03% and 0.1% w/v). Conversely, the preventive approach was designed to
assess the extract’s capacity to prime cells against subsequent insults. In this model, cells (HaCaT or
RAW 264.7) were pre-treated with S-MHP (0.03% or 0.1% w/v) for 24 h before being exposed to the same
stress stimuli.

2.11 Evaluation of curative and preventive effects against
H202-induced oxidative stress.

To evaluate the curative and preventive effects of the active principle against oxidative stress, HaCaT
cells were exposed to hydrogen peroxide (H,0,, 1.1 mM) using two different experimental setups. For
the curative approach, cells were first treated with H,0, for 2 h, after which the oxidant compound was
removed, and cells were incubated with MHP at different concentrations (0.03% and 0.1% w/v) for 24 h.
For the preventive approach, cells were pre-treated with the active compound at the same
concentrations for 24 h, followed by exposure to H,0, (1.1 mM) for 2 h. In both cases, cell viability was
subsequently assessed by MTT assay as described above.

2.12 Evaluation of curative and preventive effects against
UVA-induced damage on HaCaT cells

The curative and preventive effects of the active compound against UV-induced cellular damage were
investigated in HaCaT cells exposed to UVA radiation. Irradiation was performed using a solar simulator
(Honle 500) equipped with an H1 filter (UVA + visible light) (OECD 2019; OECD 2026b), positioned at
approximately 60 cm from the cell monolayer, providing an irradiance of 2.0-2.5 mW/cm? for 1 h.
Parallel control plates were kept in the dark under the same conditions. For the curative protocol, cells
were first subjected to UVA exposure and then treated with the active compound (0.03% and 0.1% w/v)
for 24 h. In the preventive setting, cells were pre-incubated with the compound for 24 h prior to
irradiation. Cell viability was finally determined by using the MTT assay, as previously described.

2.13 S-MHP anti-inflammatory capacity

The anti-inflammatory assay was performed using the murine monocyte/macrophage cell line RAW
264.7 (ATCC TIB-71).

Initially, cell viability was evaluated in the presence of the samples. Firstly, RAW cells were seeded at 5 x
104 cells/well in growth medium on 96-well plates and incubated for 24 h. After cells were treated with
different concentrations of S-MHP, cells were incubated for 24 h, and the MTT assay was conducted as
described above (supplementary, figure S2A).
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To evaluate the immunomodulatory effects, the lipopolysaccharide (LPS) stimulation assay was
performed following a previously described protocol by Jenssen et al. (Jenssen et al. 2025).

Briefly, to investigate both the preventive and curative potential of the active principle, two distinct
treatment protocols were applied. For the preventive protocol, cells were pre-treated with the selected
concentration of S-MHP extract before the induction of inflammation via LPS exposure (100 ng/mL). For
the curative protocol, cells were first stimulated with LPS and subsequently treated with the S-MHP.

Hydrocortisone (HdC, 100uM) was used as positive control. Additionally, an untreated LPS-stimulated
control (to monitor maximum inflammation) and a medium control (negative control) were maintained.
After a 24h incubation at 37°C with 5% CO2, cell-free supernatants were collected to measure nitric oxide
(NO), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a) levels. NO production was determined
using a Griess reagent kit (Invitrogen Thermo Fisher, Massachusetts, United States), while IL-6 cytokine
and TNF-a levels were quantified using ELISA kits (IL-6 and TNF-a ELISA Kit; Invitrogen Thermo Fisher,
Massachusetts, United States) according to the manufacturer’s instructions.

2.14 EpiDerm-FT culture

The normal human 3D skin model at full thickness (EpiDerm-FT; MatTek In Vitro Life Science
Laboratories., Bratislava, Slovakia) comprises Normal Human Epidermal Keratinocytes (NHEK) and
Normal Human Dermal Fibroblasts (NHFB), cultured to form a multilayered model of the human dermis
and epidermis (Dehelean et al. 2022). Upon delivery, tissues were immediately transferred to 6-well
plates and cultured in 2.5 mL DMEM (EFT-400-ASY medium) (MatTek In Vitro Life Science Laboratories).
Tissues were restored in 5% CO2 at 37°C, 95% relative humidity overnight (16—-18 h). At the end of the
equilibration, fresh medium was added, and EpiDerm-FT Tissues were treated topically with F-MHP
(0.03% and 0.1% w/v) and then cultured at 5% C02, 37°C for 24 hours.

2.15 RNA Extraction

After treatments, RNA was extracted from 3D EpiDerm-FT (MatTek In Vitro Life Science Laboratories,
Bratislava, Slovakia) tissues using Trizol reagent according to Dondero et al. 2025 (Dondero et al.
2025a). Briefly, each tissue sample was homogenized in 1T mL of Trizol reagent. After allowing the
mixture to incubate for 5 minutes at room temperature, 200 pL of chloroform was added. The samples
were then incubated for an additional 10 minutes at room temperature before being centrifuged at
15,294 x g for 15 minutes at 4°C, leading to the formation of three separate phases. The upper phase
was carefully transferred to a new tube and mixed with 500 pL of 2-propanol. The mixture was incubated
for 10 minutes at room temperature and centrifuged again at 15,294 x g for 10 minutes at 4°C. The
resulting RNA pellet was collected, washed with 1T mL of 75% ethanol, and centrifuged for 5 minutes at
5,974 x g at 4°C. After removing the ethanol, the pellet was air-dried until no residual liquid remained.
Finally, the RNA pellet was dissolved in 50 pL of RNase-free water, and both RNA concentration and
purity were assessed for each sample using a Nanophotometer NP80 (IMPLEN, Munich, Germany).

2.16 cDNA synthesis and quantitative Real-Time PCR
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One pg of total RNA was converted to cDNA using iScript cDNA Synthesis Kit according to the
manufacturer’s instructions. Expression of the following biomarkers was evaluated, based on previous
studies conducted on beneficial effects of hydrolysed fish collagen Aquaporin (AQP3, commercial assay
IDs: qHsaCEP0053552) (proteins involved in the transport of water, glycerol and urea across cell
membrane) (McDaniel et al. 2020), Collagen Type lll Alpha 1 Chain (COL3A1, commercial assay IDs:
gHsaCEP0053821), Collagen Type | Alpha 1 Chain (COL1A1, commercial assay IDs: qHsaCEP0050510)
(both involved in the regulation of collagen expression), Elastin (ELN, commercial assay IDs:
gHsaCEP0057837) (involved in the assembly of elastic fibers) and Fibronectrin-1 (FN-1, commercial
assay IDs: qHsaCEP0050873) (involved in cell adhesion, migration and tissue repair) (Bio-Rad
Laboratories, Hercules, CA, USA) (Katsuta 2008).

Quantitative RT-PCR was performed in triplicate using SYBR Green Supermix (Bio-Rad) and IQ supermix
(Bio-Rad) on CFX96 Real-Time system (C1000 Thermal Cycler; Bio-Rad). The cDNA was subjected to
PCR amplification cycle according to the following parameters: 95°C x 3min, 40 cycles at 95°C x 15s and
60°C x 40s. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression served as housekeeping
gene (GAPDH Fwd: 5'- GACCCCTTCATTGACCTCAAC-3'; GAPDH Rev: 5™
CGCTCCTGGAAGATGGTGATGGG - 3').

2.17 Tissues histological analysis

EpiDerm-FT tissues subjected to the same treatments used for gene expression analysis were fixed in
10% buffered formalin (Sigma-Aldrich, Germany), rinsed in PBS (pH 7.4), dehydrated through graded
ethanol solutions, cleared in Bioclear (Bio-Optica, Italy), and embedded in paraffin. Tissue sections (5 pm
thick) were mounted on glass slides and stained with either hematoxylin—eosin or Sirius Red.
Histological evaluation was performed using a Leica DMRB light microscope (Leica Microsystems,
Wetzlar, Germany) equipped with polarized light and a Flexacam camera (Leica Microsystems, Wetzlar,
Germany). Sirius Red-stained sections were used to assess collagen distribution within the dermal
compartment, whereas hematoxylin—eosin-stained sections were analyzed to determine fibroblast
number and dermal thickness using ImageJ software (Schneider et al. 2012).

2.18 Sirius Red staining for collagen — polarized light
microscopy

Picrosirius red staining is not entirely specific for collagen, as the dye may also bind to a limited number
of other tissue components. However, these structures do not exhibit birefringence under polarized light
microscopy. Consequently, when sections are examined under polarized light, the method becomes
highly specific for collagen fibers (Junqueira et al. 1979). Under polarized light, Sirius Red-stained
sections exhibited shiny collagen fibers appearing in green, yellow, and orange against a dark
background (Fig. 5).

For each treatment, five sections were imaged and the dermal region was selected using ImageJ
software. Collagen content was then quantified by applying the “Color Threshold” function to generate
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binary images, where white pixels corresponded to collagen fibers and black pixels to the background.
The percentage of white pixels relative to the total area was used as a semiquantitative measure of
collagen content.

2.19 Fibroblasts count within dermis

For each treatment, three hematoxylin—eosin-stained sections were randomly selected and imaged. In
each image, three regions of interest (ROIs) of 200 x 200 pixels (corresponding to 0.068 mm?2 under the
adopted imaging conditions) were randomly defined within the dermal area, resulting in a total of nine
ROIs analyzed per treatment. Fibroblast nuclei were automatically quantified using ImageJ software.
Briefly, the extracellular matrix appeared light pink to whitish, whereas fibroblast nuclei were stained
purple, enabling segmentation through the “Color Threshold” function. This procedure generated binary
images with a white background and black particles corresponding to fibroblast nuclei, which were
subsequently counted using the “Analyze Particles” function. Objects smaller than 6 pixels were
excluded to minimize artifacts related to the staining procedure. To rule out potential staining artifacts or
false positives during automated particle analysis, the automated counts were manually spot-checked
and verified by an experienced operator on the exact same ROls.

2.20 Dermis thickness measurement

The thickness of the dermal portion of the tissues was randomly measured in five different hematoxylin-
eosin-stained histological sections for each treatment. To avoid biases due to different cuts, we used the
thickness of the filter as a normalization factor for sections that are not precisely orthogonal.

2.21 Two-photon Excitation Microscopy

EpiDerm-FT tissues treated as for the gene expression analysis were fixed in 10% buffered formalin
(Sigma-Aldrich, Germany) and rinsed in PBS (pH 7.4). Two photon excitation microscopy was performed
on a custom setup based on a BX51 (Olympus, Japan) upright microscope equipped with water
immersion long working distance objectives (XL Plan N, 25x%, NA = 1.05, Olympus, Japan or LUMFI 60x,
N.A. = 1.1, Olympus, Japan). Raster scanning images were acquired through a M610 (ISS Inc., Urbana-
Champaign, USA) scanning head coupled to a Ti:Sapph laser (MaiTai DeepSee, Newport, USA) and to
two analog photomultiplier tubes (HC125-02, Hamamatsu, Japan). A quarter-wave plate was inserted
before the objective to generate circularly polarized excitation light. Second Harmonic Generation (SHG)
and Two-Photon Excitation Fluorescence (TPEF) signals were collected through bandpass filters
centered at 400/40 nm and 535/50 nm respectively. Z-stack images were acquired from the dermal side
of the tissue. As illustrated in Fig. 2A, samples were inverted during imaging on the upright microscope
configuration to allow optical access from the dermal side, thereby avoiding signal attenuation and
scattering from the overlying epidermal layer.

2.22 SHG imaging and quantification of the collagen fibers
anisotropy
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SHG signal, generated exclusively by non-centrosymmetric structures, is highly sensitive to the
organization and orientation of collagen fibers (Chen et al. 2012). For all samples, label-free SHG image
stacks covering a volume of 450 x 450 x 260 pm? within the dermal matrix were acquired (Fig. 2A).
Collagen fibers anisotropy was quantified on the SHG images by calculating the two-dimensional spatial
autocorrelation function (g (A z, A y),) which measures how similar a pattern, texture, or signal is to a
shifted version of itself. After subtraction of the mean image intensity,

0 Ispc (z,y) = Ispc (z,y) — (Isma)

the normalized autocorrelation function was computed according to the Wiener—Khinchin theorem:

F1 {\F 6 Ispc (=, y)]‘z}
(6 I3ne)

where F' and F_1 denote the two-dimensional Fourier transform and inverse Fourier transform,

g(Az,Ay) =

respectively. A representative autocorrelation map is shown in Fig. 2B. The elongated shape of the
central autocorrelation peak indicates a preferential alignment of collagen fibers. The peak was fitted
with a two-dimensional asymmetric Lorentzian function (Fig. 2C-E):

L(z,y) = a — + background

2 )
1_|_9C__|__
dz, di

where djs and d,,, are the characteristic widths of the fitted peak along the major and minor principal
axes, respectively. Collagen anisotropy was quantified as the ratio A = dj;/d,, where A =1
corresponds to an isotropic collagen distribution, and larger values indicate increasing preferential
alignment of collagen fibers. All image processing and quantitative analyses were performed using
custom Python scripts.

2.23 TPEF imaging and quantification of the nuclei area
fraction

Fibroblast nuclei were stained with Hoechst to perform TPEF imaging covering a volume of 150 x 150 x
260 pm?3 within the dermal matrix. Samples were first permeabilized with 0.1% Triton X-100 (Mattek,
Slovakia) in water for 1 h. Nuclei were then stained with Hoechst 33342 (ThermoFisher Scientific, ltaly)
in a dilution ratio of 1:1000 in PBS for 40 min. After staining, samples were thoroughly washed in PBS for
1 h to remove excess dye prior to imaging. Two-photon excited fluorescence (TPEF) imaging of cell
nuclei was subsequently performed as described above. Nuclear area fraction was quantified from TPEF
images using intensity-based segmentation. Specifically, binary masks were obtained using Otsu'’s
thresholding method implemented in the skimage.filters.threshold_otsu Python routine. The nuclear area
fraction was then calculated as the ratio between the total segmented nuclear area and the total image
area.
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2.24 Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 (GraphPad Software Inc., La Jolla, CA,
USA). Differences between groups were compared using one-way ANOVA using Tukey’s post hoc testing.
A p value < 0.05 was considered statistically significant. Results are presented as mean + SD.

3. Results
3.1 Preliminary Characterization of S-MHP

The first phase of this study involved the biochemical characterization of the S-MHP. Quantitative
analysis revealed a protein concentration of 29.36 + 6.34 pg/mL. A significant portion of this protein
content was identified as collagen-derived, as evidenced by a hydroxyproline concentration of 12.5+2.12
pug/mL. Hydroxyproline represented approximately 42% of the measured protein concentration, indicating
a substantial collagen-associated component (Shahidi and Saeid 2025; Jeyachandran and Aman 2025;
Gallo et al. 2026). Additionally, the antioxidant capacity of the extract was evaluated via TEAC assay,
revealing a Trolox equivalent concentration of 1.253 + 0.002 pg/L (Table 1.). This baseline antioxidant
activity provides a preliminary chemical rationale for the cytoprotective effects against oxidative stress
(H202) and UV radiation subsequently observed in the cellular models.

Table 1
Protein, hydroxyproline content and Antioxidant property of S-MHP.
Sample Protein Hydroxyproline Concentration Trolox equivalent
Concentration [pg/mL Concentration [ug/L]
[ng/mL]
S-MHP  29.36+6.34 12.5+2.12 1.253 +£0.002

3.2 Cytoprotective and Restorative Effects of S-MHP
against H202 and UV-Induced Stress in HaCaT Cells

To evaluate the biocompatibility and bioactivity of S-MHP, HaCaT cells were initially exposed to a wide
range of concentrations (0.006-0.25% w/v). The MTT assay revealed no cytotoxic effects across the
tested range (Fig. 3A). Notably, concentrations of 0.03%, 0.05%, and 0.1% w/v induced a statistically
significant increase in cell viability compared to the negative control (CTRL), suggesting enhanced
cellular viability under basal conditions of the fish-derived peptides on human keratinocytes. Based on
the results of the cell viability assay, the 0.03% and 0.1% (w/v) concentrations were selected for
subsequent experiments.

To further investigate whether the proliferative effects observed under basal conditions translated into
protection against skin-relevant insults, the cytoprotective potential of S-MHP was evaluated using both
oxidative and UV-induced stress models.

Page 13/33



In the H,0, curative model (Fig. 3B), exposure to 1.1 mM H,0, for 2 h induced a marked and statistically
significant reduction in HaCaT cell viability compared with the negative control (CTRL), confirming the
establishment of oxidative damage. Treatment with S-MHP for 24 h after the oxidative insult significantly
restored cell viability at both 0.03% and 0.1% (w/v) compared with the H,0,-treated positive control.
Notably, the 0.1% concentration not only restored cell viability but increased it to values significantly
higher than those observed in the negative control, suggesting that S-MHP exerted biological effects
extending beyond the recovery of H,0,-induced damage. In the H,0, preventive model (Fig. 3D), pre-
treatment with S-MHP for 24 h significantly protected HaCaT cells against the subsequent oxidative
challenge. Both concentrations effectively prevented the H,0,-induced loss of viability, restoring cell
viability to levels comparable with the negative control.

A similar response was observed when HaCaT cells were subjected to UVA-induced stress (2.0 mW/cm?
for 1 h). Exposure to UVA alone induced a significant reduction in cell viability compared with the
negative control (CTRL), confirming the establishment of photo-induced cellular damage. In the curative
protocol (Fig. 3C), treatment with S-MHP at both 0.03% and 0.1% (w/v) after UVA exposure significantly
restored cell viability at both tested concentrations compared with the UV-treated positive control. The
0.1% concentration produced the greatest recovery, restoring cell viability to values significantly higher
than the negative control. In the preventive protocol (Fig. 3E), pre-treatment with S-MHP significantly
protected HaCaT cells against the subsequent UVA challenge. Both concentrations significantly
improved cell viability compared with the UV-treated positive control. Nevertheless, cell viability
remained significantly lower than that of the negative control, indicating that S-MHP attenuated, but did
not completely prevent, UVA-induced cytotoxicity.

To verify that the observed effects, after UVA exposure, were not influenced by light-induced
modifications of the active ingredient during irradiation, the photostability of S-MHP was evaluated in a
cell-free system and compared with two reference solar organic filters, Benzophenone-3 (Bp3) and
Benzophenone-4 (Bp4) (Supplementary Figure S1). S-MHP was exposed to the same irradiation
conditions used in the cellular assays for 60 min in the absence of cells, and its absorbance profile was
subsequently analyzed. Spectrophotometric analysis at 270 nm for S-MHP and 290 nm for Bp3 and Bp4
showed no relevant changes in S-MHP absorbance after exposure to the solar simulator, suggesting that
the irradiation protocol did not induce detectable light-dependent modifications of the active ingredient
as compared with Bp3 and Bp4. These findings support the stability of S-MHP under the experimental
UV stress conditions used in this study.

3.3 Anti-inflammatory capacity of S-MHP on RAW 264.7
cells

To investigate the immunomodulatory potential of the S-MHP, RAW 264.7 murine macrophages were
used as an in vitro inflammatory model to evaluate its effects on LPS-stimulated macrophages in terms
of nitrite, IL-6 and TNF-a production under both curative and preventive conditions (Fig. 4).
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In the curative protocol, stimulation with LPS alone induced a marked and statistically significant
increase in nitrite production, IL-6 secretion and TNF-a release compared with the negative control,
confirming the establishment of an inflammatory response. In the LPS curative model (Fig. 4A-C), when
S-MHP was administered after LPS stimulation, its anti-inflammatory efficacy was limited. Regarding
nitrite production, only the highest concentration (0.1% w/v) induced a slight but significant reduction
compared with the LPS-treated positive control (p < 0.05; Fig. 4A). In contrast, post-treatment with S-
MHP did not reduce the production of the pro-inflammatory cytokines IL-6 and TNF-a (Fig. 4B, 4C).
Surprisingly, S-MHP post-treatment was associated with a significant increase in IL-6 secretion at 0.1%
(p<0.0001) and TNF-a secretion at 0.03% (p < 0.01) compared with the LPS-treated positive control.
Moreover, for all inflammatory parameters evaluated in the curative protocol, values remained
significantly higher than those of the negative control, indicating that the inflammatory response was not
fully reversed by post-treatment with S-MHP.

In contrast, in the preventive protocol, pre-treatment with S-MHP demonstrated an anti-inflammatory
effect. Exposure of RAW 264.7 cells to LPS alone induced an increase in nitrite production, as well as IL-
6 and TNF-a secretion, compared to the negative control. Pre-treatment with S-MHP significantly
attenuated all these inflammatory parameters. Specifically, the 0.1% concentration significantly reduced
nitrite production (p < 0.0001; Fig. 4D). Likewise, S-MHP significantly decreased IL-6 and TNF-a secretion.
For IL-6, the 0.03% concentration exerted a greater inhibitory effect than the 0.1% concentration (Fig. 4E),
whereas both concentrations significantly reduced TNF-a release (p < 0.01; Fig. 4F). Despite these
protective effects, all S-"MHP-treated groups remained significantly different from the negative control,
indicating that pre-treatment attenuated, but did not completely prevent, the inflammatory response
induced by LPS. These findings demonstrate that S-MHP effectively mitigates, although does not fully
abolish, macrophage inflammatory activation under the experimental conditions tested.

3.4 Modulation of Collagen Synthesis in a 3D Skin Model

To evaluate the efficacy of the formulated product, F-MHP was topically applied to a reconstructed full-
thickness human skin model (RHE), comprising both epidermis and dermis compartments. The
corresponding placebo formulation, consisting of the same cosmetic base without added MHP, was
used as the negative control, allowing the specific contribution of the active ingredient to be
distinguished from that of the formulation itself. Gene expression analysis performed on RHE treated
with F-MHP at 0.03% and 0.1% (w/v) revealed a significant modulation of the two major fibrillar collagen
genes. Specifically, COL3AT mRNA expression showed a dose-dependent increase, reaching statistical
significance at both tested concentrations (Fig. 5A). Interestingly, COL1A1 expression was markedly
upregulated at the lower concentration (0.03% w/v), while returning to negative control levels at 0.1% w/v
(Fig. 5B), indicating a differential modulation of COL1A1 and COL3A1 expression by F-MHP. The
observed modulation of collagen-related genes was paralleled by increased collagen deposition, as
evidenced by Sirius Red staining (Fig. 5C). Qualitative evaluation under polarized light and subsequent
quantitative image analysis (Fig. 5D) confirmed a significant increase in total collagen content following
treatment with 0.1% (w/v) F-MHP.
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These findings were independently supported by label-free second harmonic generation (SHG)
microscopy. Unlike conventional histological staining, SHG provides a label-free and highly specific
readout of fibrillar collagen, enabling the simultaneous evaluation of collagen abundance and spatial
organization within the reconstructed dermal matrix (Chen et al. 2012). Representative three-
dimensional SHG reconstructions (Fig. 5F) revealed a denser and more aligned collagen network in F-
MHP-treated samples compared to the untreated control. Quantitative analysis of the integrated SHG
signal confirmed a significant increase in fibrillar collagen content at the 0.1% w/v dose (Fig. 5G),
consistent with the histological quantification obtained by Sirius Red staining (Fig. 5D). Together, these
results indicate that the transcriptional upregulation observed at the gene expression level translated
into increased collagen accumulation and maturation within the complex tissue environment.

Beyond collagen abundance, SHG imaging was used to quantify collagen fiber anisotropy, a parameter
describing the degree of preferential fiber alignment and structural organization of the extracellular
matrix (see Materials and Methods). The organization of collagen fibers is a major determinant of
dermal tissue quality, as the architecture of the collagen network contributes to the mechanical strength
and functional integrity of healthy skin (Cicchi et al. 2010). As shown in Fig. 5E, treatment with F-MHP at
both tested concentrations significantly increased collagen anisotropy compared with the control
condition. The higher anisotropy values indicate the formation of a more ordered and aligned collagen
network, suggesting that F-MHP not only stimulates collagen synthesis but also promotes the assembly
of a structurally organized extracellular matrix. Collectively, these findings demonstrate that the addition
of MHP to the cosmetic formulation enhances both the quantity and architectural quality of collagen
within the dermal compartment.

3.5 Fibroblast proliferation on dermal portion of 3D skin
model

To assess the effect of the F-MHP treatment on the cellular component of the dermal compartment,
fibroblast abundance was evaluated using two complementary approaches, namely conventional
histology and multiphoton fluorescence imaging (Fig. 6). Histological examination of H&E-stained
sections from the reconstructed 3D skin models (Fig. 6A) revealed an increase in fibroblast density
following F-MHP treatment. Quantitative analysis showed that fibroblast density was significantly
increased only in tissues treated with 0.1% (w/v) F-MHP compared with the negative control, whereas
the 0.03% (w/v) concentration did not differ significantly from the control (Fig. 6B). These findings
suggest that the higher F-MHP concentration may support dermal cellularity under the experimental
conditions used. To independently assess fibroblast abundance within the dermal compartment,
fibroblast nuclei were stained with Hoechst 33342 and imaged by two-photon excitation fluorescence
microscopy. Representative three-dimensional reconstructions of the dermal region up to 260 pm depth
are shown in Fig. 6C. Quantification of the nuclei area fraction (Fig. 6D) revealed a significant increase in
the fraction of tissue occupied by fibroblast nuclei following treatment with F-MHP, with the highest
effect observed at the 0.1% w/v dose. This result is consistent with the increase in fibroblast density
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measured by H&E staining, providing independent confirmation of the enhanced cellularity of the dermal
compartment.

3.6 Enhancement of Dermal Architecture, Elasticity, and
Hydration Markers on 3D skin model

To further characterize the regenerative effects of the formulated product (F-MHP) on RHE, the
expression of key genes involved in skin elasticity and hydration was investigated. The results revealed a
significant upregulation of Fibronectin-1 (FN1), Elastin (ELN), and Aquaporin-3 (AQP3) mRNA expression
exclusively at the lower concentration tested. Specifically, tissues treated with 0.03% (w/v) F-MHP
showed a statistically significant increase in FN1 (Fig. 7A), ELN (Fig. 7B), and AQP3 (Fig. 7C) expression
compared with the control. These findings suggest an enhancement of the adhesive glycoprotein
network and elastic component of the extracellular matrix, together with the activation of molecular
pathways associated with skin hydration and barrier function (De Luca et al. 2016). Notably, these
transcriptional effects were observed only at the lower F-MHP concentration.

On the contrary, histological analysis (Fig. 7D) revealed a significant increase in dermal thickness only in
tissues treated with 0.1% (w/v) F-MHP compared with the control (Fig. 7E). This effect was
accompanied by a significant increase in fibroblast density at the same concentration (Han et al. 2025).

4. Discussion and conclusion

Beyond the biological characterization of a single marine hydrolysate, the present work proposes a
stepwise human-relevant strategy for the development and efficacy assessment of marine-derived
cosmetic active ingredients obtained through circular valorization. The proposed workflow (Fig. 8)
integrates biomass valorization, biochemical characterization, active-ingredient screening in simplified
cellular models, formulation development, and tissue-level efficacy assessment in reconstructed human
skin models. Rather than representing independent experimental steps, these approaches provide
complementary information, progressively supporting the translation of marine side streams into
candidate cosmetic active ingredients. Within this framework, the present study demonstrates the
feasibility of transforming a low-molecular-weight protein hydrolysate obtained from sea bream and sea
bass side streams into a marine-derived cosmetic active exhibiting measurable biological efficacy in
both simplified cellular models and advanced reconstructed human skin models.

The workflow integrates biomass valorization, extraction and fractionation, biochemical characterization
of the active fraction, efficacy screening of the active ingredient in 2D cellular models relevant to skin
protection and inflammation (HaCaT keratinocytes and RAW 264.7 macrophages), formulation
development and efficacy assessment of of the formulated product in reconstructed 3D human skin
models. The stepwise approach enables the translation of marine side streams into candidate cosmetic
active ingredients through a scientifically robust, human-relevant efficacy assessment strategy.
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Following the proposed workflow, the first level of evaluation focused on the biochemical
characterization of the active fraction, providing the biochemical basis for its subsequent biological
assessment. The biochemical characterization of S-MHP confirmed its nature as a protein-rich, low-
molecular-weight marine fraction with a relevant collagen-associated component, as indicated by its
hydroxyproline content. Hydroxyproline is a distinctive marker of collagen-rich matrices (Eastoe 1957);
however, S-MHP should not be interpreted as an exclusively collagen-derived material, but rather as a
complex mixture of protein-derived peptides in which collagen-associated sequences coexist with other
bioactive peptides. This compositional complexity may contribute to the multifunctional biological
responses observed in the subsequent human-relevant models.

The second step of the workflow consisted of identifying biologically active and non-cytotoxic
concentrations of marine hydrolysate. HaCaT keratinocytes were initially exposed to a broad
concentration range of S-MHP. Among the tested concentrations, 0.03% and 0.1% (w/v), corresponding
to the lowest and highest concentrations capable of significantly increasing basal cell viability, were
selected for subsequent investigations. This preliminary screening provided the rationale for selecting
biologically active concentrations to be further evaluated under skin-relevant stress conditions. The
selected concentrations were subsequently investigated in simplified 2D cellular models to determine
whether the increase in basal cell viability was translated into biologically relevant protective responses.
In HaCaT keratinocytes, S-MHP was evaluated as an aqueous solution against oxidative and photo-
induced stress. Both concentrations significantly protected cells from H,0,-induced oxidative stress and
UVA-induced damage, demonstrating that the active ingredient retains cytoprotective activity under
conditions relevant to skin ageing (Vibhute et al. 2023). Interestingly, the lower concentration was
already sufficient to exert protective effects comparable to those observed at the higher dose,
suggesting that the biological activity of S-MHP is not directly proportional to concentration in simplified
cellular models.

The second component of the 2D evaluation focused on the immunomodulatory properties of S-MHP.
RAW 264.7 macrophages stimulated with LPS were employed to compare the preventive and curative
activity of the active ingredient. A clear difference emerged between the two experimental approaches.
When administered after the inflammatory stimulus, S-MHP showed limited anti-inflammatory activity,
producing a modest reduction in nitrite production at the highest concentration while failing to reduce IL-
6 and TNF-a secretion. Moreover, post-treatment increased IL-6 or TNF-a release at selected
concentrations. Conversely, pre-treatment with S-MHP significantly attenuated the subsequent
inflammatory response, reducing nitrite production, IL-6, and TNF-a secretion. The contrasting outcomes
of the preventive and curative protocols indicate that the immunomodulatory activity of S-MHP is
strongly dependent on macrophage activation state and on the timing of peptide exposure relative to the
inflammatory stimulus. Interestingly, a remarkably similar context-dependent response has been
reported for collagen-derived peptides in RAW 264.7 macrophages: peptide pre-incubation before LPS
challenge tended to attenuate inflammation, whereas administration after LPS activation enhanced IL-6
and TNF-a production and NF-kB signaling (Li et al. 2022). Moreover, different collagen hydrolysates can
produce distinct cytokine profiles in macrophages, indicating that peptide composition may further
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influence the direction of the immune response (Fernandes et al. 2025). Thus, S-MHP appears primarily
effective in modulating the establishment of the inflammatory response, whereas administration after
LPS activation may interact with an already established inflammatory program and enhance selected
cytokine responses. The mechanisms underlying this context-dependent effect remain to be determined.
Importantly, these findings should not be interpreted as evidence of a general pro-inflammatory effect of
S-MHP, since the direction of the response differed markedly according to the sequence of exposure.
Rather, they highlight the importance of experimental context when assessing the immunomodulatory
activity of complex peptide mixtures. Together with the cytoprotective data obtained in keratinocytes,
these results demonstrate that the 2D models not only allowed the identification of biologically effective
concentrations but also provided information on the biological profile of the active ingredient before
formulation.

The information generated during the 2D evaluation was subsequently translated into formulation
development. The concentrations identified as biologically active were incorporated into a cosmetic
emulsion (F-MHP) and evaluated in a reconstructed full-thickness human skin model. This transition did
not simply represent an increase in biological complexity, but also a shift from evaluating the active
ingredient in solution to assessing the efficacy of the final formulated product under conditions that
more closely resemble topical cosmetic application.

Gene expression analysis demonstrated that the lower concentration of F-MHP induced the broadest
transcriptional response, significantly modulating extracellular matrix-related genes involved in collagen
organization, elasticity, and hydration (Cole et al. 2018; Jiang et al. 2025). In contrast, histological
analyses revealed that the higher concentration produced more evident structural changes, including
increased fibroblast density and dermal thickness, while both concentrations improved collagen fiber
organization, as demonstrated by increased anisotropy measured by two-photon microscopy. These
findings indicate that the two concentrations do not simply differ in efficacy but rather generate distinct
biological response profiles. Whereas the lower concentration preferentially modulated molecular
pathways associated with extracellular matrix homeostasis, the higher concentration appeared to exert
more pronounced effects on tissue architecture.

A particularly relevant observation emerging from this study is therefore the absence of a simple linear
concentration-response relationship. Non-linear concentration-response profiles have also been reported
for collagen-derived peptides. In human dermal fibroblasts, Dierckx et al. observed greater COL1A1 and
VCAN induction at 0.01% than at 1% collagen peptides after 24 h; notably, collagen accumulation was
also markedly greater at the lower concentration, indicating that increasing peptide concentrations do
not necessarily result in proportionally greater biological responses (Dierckx et al. 2024). Several non-
mutually exclusive mechanisms could contribute to this behavior, including concentration-dependent
feedback regulation or saturation of peptide-responsive cellular pathways. In the present 3D model,
additional complexity may arise from the incorporation of MHP into a cosmetic emulsion and its topical
application, as concentration-dependent differences in peptide release, diffusion through the
reconstructed tissue and local bioavailability may influence the responses of different cellular and tissue
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compartments. These mechanisms were not directly investigated and therefore remain hypotheses
requiring dedicated mechanistic studies.

The apparent discrepancy between transcriptional and structural responses should also be considered in
relation to their different biological kinetics. In particular, COL1A1 was significantly upregulated at 0.03%
but not at 0.1% F-MHP, whereas COL3A1 increased at both concentrations. Although 24 h represents a
relatively short exposure period, early changes in collagen metabolism can occur within this time frame.
Collagen-derived peptides have been reported to induce collagen-related gene expression and
measurable collagen synthesis/secretion in dermal fibroblasts within 8—24 h (Tokudome et al. 2012;
Dierckx et al. 2024), and we previously observed increased COLT1A1/COL3A1 expression together with
enhanced collagen deposition after a single 24-h treatment in the same reconstructed full-thickness skin
model (Dondero et al. 2025a). Importantly, mRNA expression measured at a single 24-h endpoint does
not necessarily parallel extracellular collagen accumulation at the same time point, since collagen
abundance reflects the integrated outcome of transcription, synthesis, secretion/deposition and turnover
over the preceding period. Accordingly, the increased fibrillar collagen detected at 0.1% F-MHP cannot be
attributed specifically to COL3A1 upregulation, nor does the absence of significant COL1A1 upregulation
at 24 h exclude a contribution of type | collagen.

The interpretation of collagen birefringence under polarized light remains a matter of debate, as different
colors have been associated with collagen maturity, packing density or fibril thickness in different
studies. Because no consensus has been reached regarding the biological significance of these color
differences, all birefringent fibers were considered as collagen irrespective of their color (Piérard 1989).
This conservative approach allowed us to focus on the overall abundance of organized collagen,
minimizing interpretative bias while maintaining a robust comparison among treatments (Lattouf et al.
2014).

Interestingly, while Sirius Red staining provides information on collagen abundance, SHG-derived
anisotropy reflects the spatial organization of the collagen network. Therefore, the increase in anisotropy
observed following F-MHP treatment suggests that collagen remodeling involves not only greater matrix
deposition but also the establishment of a more organized fibrillar architecture. Such an organized
collagen network has been associated with improved mechanical competence of connective tissues,
although dedicated biomechanical studies would be required to directly demonstrate this effect. The
combination of Sirius Red staining and SHG imaging therefore provide complementary information on
both the quantity and the quality of collagen remodeling induced by F-MHP.

Dermal thickness should be interpreted with appropriate caution. Reconstructed full-thickness skin
models inherently exhibit a certain degree of variability in dermal thickness between individual tissues
due to the manufacturing process. Consequently, this parameter is generally considered less robust than
molecular or biochemical endpoints. Nevertheless, despite these intrinsic limitations, the increase in
dermal thickness observed at 0.1% (w/v) F-MHP was in agreement with the independent histological and
imaging data, including the increase in fibroblast density, collagen deposition and collagen fiber
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organization. For this reason, dermal thickness was not interpreted as an isolated endpoint but rather as
part of an integrated evaluation including molecular, histological, and biophysical analyses.

In conclusion, this study demonstrates that sea bream and sea bass by-products can be converted into a
low-molecular-weight marine protein hydrolysate with measurable biological activity and concrete
cosmetic application potential. Moreover, the distinctive attribute of the S-MHP extract investigated in
this study lies in its capacity to exert remarkable biological efficacy across multiple protective and
immunomodulatory pathways already upon a first topical application, highlighting its strong potential as
a fast-acting active ingredient for cosmetic formulations. Indeed, S-MHP was biocompatible and
cytoprotective in human keratinocytes exposed to oxidative and UVA-induced stress, highlighting its
potential for anti-pollution cosmetic formulations and as a complementary photoprotective active or
sunscreen booster. Finally, once incorporated into a cosmetic formulation, it modulated extracellular
matrix-, elasticity- and hydration-related markers in a reconstructed 3D human skin model. Moreover, the
observed effects on dermal architecture, collagen deposition, fibroblast number and collagen fiber
organization support its relevance as a functional cosmetic active compound.

More broadly, this study demonstrates that marine side streams can move beyond the concept of waste
and be transformed into scientifically validated, high-value cosmetic ingredients through a human-
relevant biological validation strategy. Beyond the specific marine hydrolysate investigated, the
integrated workflow presented here provides a transferable framework for the biological validation of
marine-derived cosmetic ingredients obtained from circular bioeconomy processes. Future studies
should investigate whether incorporation of MHP into sunscreen formulations could reduce the amount
of conventional UV filters required while maintaining photoprotective efficacy, thereby contributing to a
One Health approach that integrates human skin protection with environmental sustainability.

Declarations

Acknowledgments:

The authors acknowledge Ardes S.r.I. for providing the cosmetic base/formulation used to incorporate
MHP and for technical support related to formulation development.

Author Contributions: For research articles with several authors, a short paragraph specifying their
individual contributions must be provided. The following statements should be used “Conceptualization,
E.G..; methodology, L.D.,, M.AM,, S.L., J.M,,K.L,M.J,, M.C,, G.C,,S.F, G. D.N.A, and E.G., .formal analysis
L.D., ET,PS, EL,MAM, MM, M.C, G.R. and G.D.N.A,; resources, R.V.S,,S.L.,, .M, KJ.,M.C,, G.C, S.F,
and E.G. ,; data curation, L.D., F.T., M.AM., M.M,, G.R. and G.D.N.A..; writing—original draft preparation,
L.D., M.AAM.,, M.M,, G.R. and G.D.N.A.; writing—review and editing, L.D., M.Z.R,FR,M.S, S.L., J M., KL,
M.J., M.M,, G.C,, S.F, G.D.N.A, and E.G. supervision, M.C., G.C., S.L., S.F, and E.G.; funding acquisition,
R.V.S,, K.L., and E.G.. All authors have read and agreed to the published version of the manuscript.”
Please turn to the CRediT taxonomy for the term explanation. Authorship must be limited to those who
have contributed substantially to the work reported.

Page 21/33



Funding:

This study was carried out within the framework of the EcoeFISHent project Horizon 2020 Program—
Green Deal (Innovation Action. Grant agreement ID: 101036428), which includes the valorization of fish-
processing side streams into high-added-value products among its expected outputs.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

References

1

. Babu NS, Kudre TG (2026) Production of bio-functional meat protein hydrolysate from Piaractus

brachypomus using Pediococcus pentosaceus fermentation: Optimization and characterization.
Journal of Microbiological Methods 244:107438. https://doi.org/10.1016/j.mimet.2026.107438

. Campardelli R, Carotenuto C, Griffo R, Ahmed EN, Corrales-Gonzalez M, Wei J, Tuju PE, Mazzino A,

Pralits JO (2023) Rotor-Stator Emulsification in the Turbulent Inertial Regime: Experiments toward a
Robust Correlation for the Droplet Size. Langmuir 39:18518-18525.
https://doi.org/10.1021/acs.langmuir.3c02868

. Chaiprasongsuk A, Panich U (2022) Role of Phytochemicals in Skin Photoprotection via Regulation

of Nrf2. Front Pharmacol 13:823881. https://doi.org/10.3389/fphar.2022.823881

. Chen X, Nadiarynkh O, Plotnikov S, Campagnola PJ (2012) Second harmonic generation microscopy

for quantitative analysis of collagen fibrillar structure. Nat Protoc 7:654-669.
https://doi.org/10.1038/nprot.2012.009

. Cicchi R, Kapsokalyvas D, De Giorgi V, Maio V, Van Wiechen A, Massi D, Lotti T, Pavone FS (2010)

Scoring of collagen organization in healthy and diseased human dermis by multiphoton microscopy.
Journal of Biophotonics 3:34-43. https://doi.org/10.1002/jbio.200910062

. Cole MA, Quan T, Voorhees JJ, Fisher GJ (2018) Extracellular matrix regulation of fibroblast

function: redefining our perspective on skin aging. J Cell Commun Signal 12:35-43.
https://doi.org/10.1007/s12079-018-0459-1

. De Luca C, Mikhal’chik EV, Suprun MV, Papacharalambous M, Truhanov Al, Korkina LG (2016) Skin

Antiageing and Systemic Redox Effects of Supplementation with Marine Collagen Peptides and
Plant-Derived Antioxidants: A Single-Blind Case-Control Clinical Study. Oxidative Medicine and
Cellular Longevity 2016:4389410. https://doi.org/10.1155/2016/4389410

. De Negri Atanasio G, Ferrari PF, Campardelli R, Firpo G, Perego P, Palombo D (2022) Bevacizumab-

Controlled Delivery from Polymeric Microparticle Systems as Interesting Tools for Pathologic
Angiogenesis Diseases. Polymers 14:2593. https://doi.org/10.3390/polym14132593

. Dehelean CA, Coricovac D, Pinzaru |, Marcovici |, Macasoi IG, Semenescu A, Lazar G, Cinta Pinzaru S,

Radulov |, Alexa E, Cretu O (2022) Rutin bioconjugates as potential nutraceutical prodrugs: An in
vitro and in ovo toxicological screening. Front Pharmacol 13:1000608.

https://doi.org/10.3389/fphar.2022.1000608
Page 22/33



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Dierckx S, Patrizi M, Merino M, Gonzalez S, Mullor JL, Nergiz-Unal R (2024) Collagen peptides affect
collagen synthesis and the expression of collagen, elastin, and versican genes in cultured human
dermal fibroblasts. Front Med 11:1397517. https://doi.org/10.3389/fmed.2024.1397517

Dondero L, De Negri Atanasio G, Lertora E, Tardanico F, Demori |, Storace P, Allaria G, Rispo F, Robino
F, Perata E, Zanotti-Russo M, Ferrando S, Grasselli E (2025a) Effects of a single application of
hydrolyzed fish collagen on dermal protein expression and tissue architecture in human skin
models. Sci Rep 15:29391. https://doi.org/10.1038/s41598-025-11372-5

Dondero L, De Negri Atanasio G, Tardanico F, Lertora E, Boggia R, Capra V, Cometto A, Costamagna
M, Fi.L.S.E, Feletti M, Garibaldi F, Grasso F, Jenssen M, Lanteri L, Lian K, Monti M, Perucca M, Pinto C,
Poncini I, Robino F, Rombi JV, Ahsan SS, Shirmohammadi N, Tiso M, Turrini F, Zaccone M, Zanotti-
Russo M, Demori |, Ferrari PF, Grasselli E (2025b) Unlocking the Potential of Marine Sidestreams in
the Blue Economy: Lessons Learned from the EcoeFISHent Project on Fish Collagen. Marine
Biotechnology 27:63. https://doi.org/10.1007/s10126-025-10438-9

Eastoe JE (1957) The amino acid composition of fish collagen and gelatin. Biochemical Journal
65:363—-368. https://doi.org/10.1042/bj0650363

EU-CORDIS EP (2021) Demonstrable and Replicable Cluster Implementing Systemic Solutions
through Multilevel Circular Value Chains for Eco-Efficient Valorization of Fishing and Fish Industries
Side-Streams (EcoeFISHent) (EU-CORDIS, 2021).

Fernandes R, Oliveira C, Ferreira-Sousa D, Costa-Barbosa A, Sampaio P, Reis L, Fidalgo J, Barros AN,
Teixeira JA, Botelho C (2025) Physalia physalis—A Source of Bioactive Collagen for the Cosmetic
Industry. IUMS 27:33. https://doi.org/10.3390/ijms27010033

Ferrari PF, Pettinato M, Casazza AA, Palombo D, Perego P (2021) Polyphenols from Nerone Gold
26/6, a new pigmented rice, via non-conventional extractions: antioxidant properties and biological
validation. J of Chemical Tech & Biotech 96:1691-1699. https://doi.org/10.1002/jctb.6694

Gallo N, Bettini S, Nito A, laconisi G, Russo F, Quarta A, Capobianco L, Valli L, Pennetta A, De
Benedetto GE, Sannino A, Salvatore L (2026) Development and In Vitro Characterization of Light
Responsive Zinc-Based Nanoparticles Embedded in Collagen Sheets Intended for Wound Care
Oriented Applications. Macromolecular Bioscience 26:e70188. https://doi.org/10.1002/mabi.70188
Grasso F, Méndez-Paz D, Vazquez Sobrado R, Orlandi V, Turrini F, Grasselli E, Tiso M, Boggia R (2023)
Feasibility of Enzymatic Protein Extraction from a Dehydrated Fish Biomass Obtained from Unsorted
Canned Yellowfin Tuna Side Streams: Part |. Gels 9:760. https://doi.org/10.3390/gels9090760

Han SH, Suh HJ, Lee SJ, Chang YB (2025) Synergistic effects of oral milk ceramide-collagen
peptides mixtures in preventing UV-induced inflammation and photoaging through TGF-3 and NF-
kB/MAPK signaling pathways in UV-exposed hairless mice. Journal of Photochemistry and
Photobiology B: Biology 268:113171. https://doi.org/10.1016/j.jphotobiol.2025.113171

Hu X, He H (2021) A review of cosmetic skin delivery. J of Cosmetic Dermatology 20:2020-2030.
https://doi.org/10.1111/jocd.14037

Page 23/33



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Jenssen M, Sone |, Grasso F, Turrini F, Tardanico F, Atanasio GDN, Paz DM, Sobrado RV, Martinez MA,
Boggia R, Grasselli E, Lian K (2025) Valorization of aquaculture side streams from sea bream and
sea bass by enzymatic hydrolysis and fractionation: chemical and biological insights. Front Nutr
12:1663294. https://doi.org/10.3389/fnut.2025.1663294

Jeyachandran S, Aman M (2025) Valorisation of fish scales and bones: a sustainable source of
bioactive proteins and collagen for nutraceuticals. Bioresour Bioprocess 12:141.
https://doi.org/10.1186/s40643-025-00970-w

Jiang F, Tohgasaki T, Kami M, Sanuki R, Nakata Y, Kondo S, Chen X (2025) Influence of aging on
dermal elastin fiber architecture and skin firmness assessed by finite element modeling. Sci Rep
15:28598. https://doi.org/10.1038/s41598-025-14393-2

Junqueira LCU, Bignolas G, Brentani RR (1979) Picrosirius staining plus polarization microscopy, a
specific method for collagen detection in tissue sections. Histochem J 11:447-455.
https://doi.org/10.1007/BF01002772

Katsuta Y (2008) Fibulin-5 accelerates elastic fibre assembly in human skin fibroblasts. Fibulin-5
accelerates elastic fibre assembly in human skin fibroblasts. https://doi.org/10.1111/j.1600-
0625.2008.00709.x

Lattouf R, Younes R, Lutomski D, Naaman N, Godeau G, Senni K, Changotade S (2014) Picrosirius
Red Staining: A Useful Tool to Appraise Collagen Networks in Normal and Pathological Tissues. J
Histochem Cytochem 62:751-758. https://doi.org/10.1369/0022155414545787

Lautan O, Chen Y-Y, Cheng Y-H, Chen S-N, Chen H-L, Cheng H-J, Chen R-J, Wang Y-J (2026)
Predicting skin irritation, corrosion, and sensitization potential of nanomaterials using OECD-
validated new approach methodologies (NAMs). Environ Sci: Nano 13:2650-2669.
https://doi.org/10.1039/D5EN00955C

Li X, Cui L, Feng G, Yu S, Shao G, He N, Li S (2022) Collagen peptide promotes DSS-induced colitis by
disturbing gut microbiota and regulation of macrophage polarization. Front Nutr 9:957391.
https://doi.org/10.3389/fnut.2022.957391

Masaki H (2010) Role of antioxidants in the skin: Anti-aging effects. Journal of Dermatological
Science 58:85-90. https://doi.org/10.1016/j.jdermsci.2010.03.003

McDaniel DH, Dover JS, Wortzman M, Nelson DB (2020) In vitro and in vivo evaluation of a moisture
treatment cream containing three critical elements of natural skin moisturization. J of Cosmetic
Dermatology 19:1121-1128. https://doi.org/10.1111/jocd.13359

OECD (2025) Test No. 439: In Vitro Skin Irritation: Reconstructed Human Epidermis Test Method.
OECD Publishing

OECD (2026a) Test No. 442E: In Vitro Skin Sensitisation: In Vitro Skin Sensitisation assays
addressing the Key Event on activation of dendritic cells on the Adverse Outcome Pathway for Skin
Sensitisation. OECD Publishing

OECD (2026b) Test No. 498: In vitro Phototoxicity - Reconstructed Human Epidermis Phototoxicity
test method. OECD Publishing

Page 24/33



34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

OECD (2019) Test No. 432: In Vitro 3T3 NRU Phototoxicity Test. OECD

Orlandi V, Dondero L, Turrini F, De Negri Atanasio G, Grasso F, Grasselli E, Boggia R (2023) Green
Extraction and Preliminary Biological Activity of Hydrolyzed Collagen Peptides (HCPs) Obtained
from Whole Undersized Unwanted Catches (Mugil cephalus L.). Molecules 28:7637.
https://doi.org/10.3390/molecules28227637

Piérard GE (1989) Sirius Red Polarization Method is Useful to Visualize the Organization of
Connective Tissues but not the Molecular Composition of their Fibrous Polymers. Matrix 9:68-71.
https://doi.org/10.1016/S0934-8832(89)80021-6

Pistollato F, Madia F, Corvi R, Munn S, Grignard E, Paini A, Worth A, Bal-Price A, Prieto P, Casati S,
Berggren E, Bopp SK, Zuang V (2021) Current EU regulatory requirements for the assessment of
chemicals and cosmetic products: challenges and opportunities for introducing new approach
methodologies. Arch Toxicol 95:1867-1897. https://doi.org/10.1007/s00204-021-03034-y

Podda M, Grundmann-Kollmann M (2001) Low molecular weight antioxidants and their role in skin
ageing: Low MW antioxidants in skin ageing. Clinical and Experimental Dermatology 26:578—-582.
https://doi.org/10.1046/j.1365-2230.2001.00902.x

Regulation (EC) No 1223/2009 (2009) Consolidated text: Regulation (EC) No 1223/2009 of the
European Parliament and of the Council of 30 November 2009 on cosmetic products

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image analysis.
Nat Methods 9:671-675. https://doi.org/10.1038/nmeth.2089

Shahidi F, Saeid A (2025) Bioactivity of Marine-Derived Peptides and Proteins: A Review. Marine
Drugs 23:157. https://doi.org/10.3390/md23040157

Sibilla S, Godfrey M, Brewer S, Budh-Raja A, Genovese L (2015) An Overview of the Beneficial Effects
of Hydrolysed Collagen as a Nutraceutical on Skin Properties: Scientific Background and Clinical
Studies. TONUTRAJ 8:29-42. https://doi.org/10.2174/1876396001508010029

Tang Y, Nie T, Zhang L, Liu X, Deng H (2025) Peptides in Cosmetics: From Pharmaceutical
Breakthroughs to Skincare Innovations. Cosmetics 12:107.
https://doi.org/10.3390/cosmetics12030107

Tokudome Y, Nakamura K, Kage M, Todo H, Sugibayashi K, Hashimoto F (2012) Effects of soybean
peptide and collagen peptide on collagen synthesis in normal human dermal fibroblasts.

International Journal of Food Sciences and Nutrition 63:689-695.
https://doi.org/10.3109/09637486.2011.652597

Valimaa A-L, Méakinen S, Mattila P, Marnila P, Pihlanto A, Maki M, Hiidenhovi J (2019) Fish and fish
side streams are valuable sources of high-value components. Food Quality and Safety 3:209-226.
https://doi.org/10.1093/fqsafe/fyz024

Venkataramani D, Tsulaia A, Amin S (2020) Fundamentals and applications of particle stabilized
emulsions in cosmetic formulations. Advances in Colloid and Interface Science 283:102234.
https://doi.org/10.1016/j.cis.2020.102234

Page 25/33



47. Venugopal V, Sasidharan A, Rustad T (2023) Green Chemistry to Valorize Seafood Side Streams: An
Ecofriendly Roadmap toward Sustainability. J Agric Food Chem 71:17494-175009.
https://doi.org/10.1021/acs.jafc.3c03126

48. Vibhute P, Radhakrishnan A, Jeyachandran S (2023) Antioxidant properties of marine proteins and
peptides. In: Marine Antioxidants. Elsevier, pp 11-25

Figures
S-MHP Curative effect model S-MHP Preventive effect model
HaCaT Stress stimulus HaCaT Stress stimulus
S-MHP .
s EhUnL L | 003%or0.1% e 0 o:%N::z . RzdoglalEM
keratinocytes or UVA 2.0 mW/cm? : g keratinocytes ; i or UVA 2.0 mW/cm?
RAW ?64.7 Infla_mmatory S-MHP RAW ?64.7 S-MHP Inflalmmatory
murine stimulus — 0.03% or 0.1% murine 0.03% or 0.1% —_— stimulus
macrophages LPS 100 pg/mL o macrophages Lo LPS 100 pg/mL
Figure 1

Schematic representation of the experimental design for assessing the biological activity of S-MHP. (A)
Curative model, where the stress stimulus was applied initially to induce cellular damage, followed by a
24 h post-treatment with S-MHP (0.03% or 0.1% w/v). (B) Preventive effect model, where cells were pre-
treated with S-MHP (0.03% or 0.1% w/v) for 24 h prior to the application of the stress stimulus. Both
models were applied to HaCaT and RAW 264.7 cells to evaluate the versatility and efficacy of the marine-
derived active principle in both curative and protective contexts.
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alignment. (C) Two-dimensional asymmetric Lorentzian fit of the autocorrelation peak. The fitted surface
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frame. The major and minor principal directions are indicated in gray, while the corresponding
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Figure 3

Evaluation of cell viability and cytoprotective effects of the S-MHP sample on HaCaT cells. (A) MTT
assay of HaCaT cells treated 24h with different concentrations of S-MHP (0.006-0.25% w/v). (B)
Curative effect against oxidative stress: cells were exposed for 2h to H,0,, followed by 24 h of treatment
with S-MHP (0.03% and 0.1% w/v). (C) Curative effect against UV stress: cells were irradiated with UVA
(2.0 mW/cm?) for 1 h, followed by 24 h of treatment with S-MHP. (D) Preventive effect against oxidative
stress: cells were pre-treated with the S-MHP for 24 h before 2 h of H,0, exposure. (E) Preventive effect

against UV stress: cells were pre-treated with S-MHP for 24 h before UVA irradiation (2.0 mW/cm?). Cell
viability was assessed by MTT assay and expressed as a percentage (%) relative to the negative control
(CTRL). Data are presented as mean * SD of at least three independent experiments. The significant
differences are indicated by symbols on bars (** p< 0.0001, ** p < 0.01 vs CTRL). Other significant
differences not indicated in the figure are reported below. Figure 3A: p< 0.0001: V vs 0.10%, 0.006% vs
0.10%, 0.012 vs 0.03,0.012 vs 0.05,0.012 vs 0.10, 0.025 vs 0.10, 0.10 vs 0.25; p< 0.001: 0.006 vs 0.03,
0.025vs 0.03,0.05vs 0.10; p=<0.01: V vs 0.03,0.03 vs 0.10,0.03 vs 0.25; p = 0.05: V vs 0.012, 0.006 vs
0.05; 0.025 vs 0.05. Figure 3B: p= 0.0001: CTRL-vs 0.03%; CTRL-vs 0.1%; 0.03% vs 0.1%; Figure 3C: p=
0.0001: CTRL-vs 0.03%; CTRL-vs 0.1%; 0.03% vs 0.1%,; Figure 3E: p< 0.0001: CTRL- vs 0.03%; CTRL-vs
0.1%; 0.03% vs 0.1%; Cells were treated with S-MHP (0.03% or 0.1% w/v). CTRL- represents untreated
cells (vehicle only), whereas CTRL+ represents cells exposed to the stress stimulus (H,0, or UVA)
without S-MHP treatment.
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Figure 4

Evaluation of Anti-inflammatory capacity of S-"MHP on RAW 264.7 cells under LPS-induced inflammation
(100 ng/mL). The restorative potential of the active principle was assessed by exposing cells to LPS
followed by 24h treatment with S-MHP (A, B, C). The preventive capacity was evaluated by pre-treating
cells with S-MHP for 24h prior to LPS stimulation (D, E, F). The following inflammatory markers were
quantified: Nitrite production (uM) via Griess assay (A and D); Interleukin-6 (IL-6) levels (pg/mL) via
ELISA assay (B and E); Tumor Necrosis Factor-a (TNF- a) levels (pg/mL) via ELISA assay (C and F).
Hydrocortisone (HdC) was employed as a positive anti-inflammatory control. Data are presented as
mean * SD of at least three independent experiments. The significant differences are indicated by
symbols on bars (**** p< 0.0001, *** p< 0.001, ** p < 0.01, * p < 0.05 vs CTRL+). Other significant
differences not indicated in the figure are reported below. Figure 4A: p< 0.0001: CTRL- vs 0.03%; CTRL-
vs 0.1%; CTRL- vs HdC; 0.03% vs HdC; 0.1% vs HAC; p = 0.01: 0.03% vs 0.1%; Figure 4B: p< 0.0001: CTRL-
vs 0.03%; CTRL-vs 0.1%; 0.03% vs HdC; 0.1% vs HdC; p< 0.001: CTRL- vs HAC; p = 0.01: 0.03% vs 0.1%;
Figure 4C: p< 0.0001: CTRL- vs 0.03%; CTRL- vs 0.1%; p=< 0.001: CTRL- vs HdC; 0.03% vs HdC; p < 0.01:
0.03% vs 0.1%; 0.1% vs HAC; Figure 4D: p< 0.0001: CTRL- vs 0.03%; CTRL- vs 0.1%; 0.03% vs 0.1%; 0.03%
vs HAC; p = 0.01: CTRL- vs HAC; 0.1% vs HdC; Figure 4E: p< 0.001: CTRL-vs 0.1%; p<0.01: CTRL- vs
0.03%; 0.1% vs HAC; p = 0.05: CTRL- vs HdC; 0.03% vs 0.1%; 0.03% vs HdC; Figure 4F: p < 0.01: CTRL-vs
0.03%; CTRL- vs 0.1%; p = 0.05: 0.03% vs HdC; 0.1% vs HdC; Cells were treated with S-MHP (0.03% or
0.1% w/v). CTRL- represents untreated cells (vehicle only), whereas CTRL+ represents cells exposed to

the stress stimulus (LPS) without S-MHP treatment.
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Figure 5

Effect of F-MHP on collagen expression and tissue architecture in a 3D skin model. (A) Relative mRNA
expression of COL3A1 and (B) COL1AT1 after 24 h of treatment, normalized to the control. (C)
Representative images of Sirius Red (S-Red) staining for the visualization of collagen fibers; Scale bar:
124 pm. (D) Quantification of S-Red signal intensity expressed as a percentage (%) of pixels per field. (E)
Representative volumetric reconstructions of Second Harmonic Generation (SHG) signal acquired by
two-photon microscopy showing the structural organization of collagen fibers in the dermal matrix. (F)
Quantification of the integrated SHG intensity in the dermal layers from two-photon microscopy images.
(G) Quantification of collagen fiber anisotropy derived from SHG images. Box plots represent the median,
interquartile range, and min-max values of at least three independent replicates. The significant
differences are indicated by symbols on bars (**** p< 0.0001, *** p< 0.001, ** p< 0.01 vs CTRL). Other
significant differences not indicated in the figure are reported below. Fig. 5B: p< 0.0001: 0.03% vs 0.1%;
Fig. 5D: p= 0.0001: 0.03% vs 0.1%; Fig. 5G:p= 0.001: 0.03% vs 0.1%; Samples were treated with F-MHP
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(0.03% or 0.1% w/v). CTRL corresponds to the placebo formulation, consisting of the same cosmetic
base without MHP.
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Figure 6

Effect of F-MHP on Fibroblasts count and Nuclei area fraction in a 3D skin model. (A) Representative
H&E images of Fibroblasts count (density/mm?) in a 3d skin models; Scale bar: 124 ym. (B) Quantitative
measurement of Fibroblasts count (density/mm?) across different experimental groups. (C)
Representative volumetric reconstructions of Hoechst-stained fibroblast nuclei acquired by two-photon
fluorescence microscopy. (D) Quantification of the nuclei area fraction in the dermal compartment from
two-photon fluorescence microscopy images. The significant differences are indicated by symbols on
bars (**** p< 0.0001, *** p< 0.001 vs CTRL). Other significant differences not indicated in the figure are
reported below. Fig. 6D: p= 0.0001: 0.03% vs 0.1%; Samples were treated with F-MHP (0.03% or 0.1%
w/v). CTRL corresponds to the placebo formulation, consisting of the same cosmetic base without MHP.
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Figure 7

Impact of F-MHP on dermal ECM components, hydration markers, and dermis thickness. (A) Relative
mRNA expression of FN1 (Fibronectin 1), (B) ELN (Elastin), and (C) AQP3 (Aquaporin-3) in the 3D skin
model after 24 h of treatment. (D) Representative H&E-stained histological sections highlighting the
dermal compartment; Scale bar: 124 pm. (E) Quantitative measurement of dermis thickness (um) across
the different experimental groups. The significant differences are indicated by symbols on bars (*** p=
0.001, ** p < 0.01, *p <0.05 vs CTRL). Other significant differences not indicated in the figure are reported
below. Fig. 7A: p<0.05: 0.03% vs 0.1%; Fig. 7C: p = 0.01: 0.03% vs 0.1%; Samples were treated with F-
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MHP (0.03% or 0.1% w/v). CTRL corresponds to the placebo formulation, consisting of the same
cosmetic base without MHP.
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Figure 8

Proposed stepwise workflow for the development and efficacy assessment of marine-derived cosmetic
active ingredients.
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