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Background and Objective: In recent years, the consumption of fish products has led to a worrying trend where approximately two-thirds of the total amount of fish is discarded as waste. At the same time, scientific interest in exploring natural collagen sources for cosmetics and dietary supplements has increased. This study explores the potential of valorizing sardine scales (Sardina pilchardus), a by-product of the canning industry, through the extraction of collagen for potential use in dermocosmetic formulations and food supplements.Methods: Collagen from sardine scales was obtained though acid and enzymatic extraction. The collagen extracts were characterized by UV-Vis, FTIR spectroscopy, SDS-PAGE, powder X-ray diffraction (PXRD) and scanning electron microscopy (SEM). The collagen was hydrolysed with papain to small peptides. Subsequently, the biological activities of acid-soluble collagen as well as the collagen peptides in terms of antioxidant and antimicrobial activity were evaluated. Furthermore, the capacity of collagen peptides to permeate the intestinal barrier, simulated with caco-2 cells, was evaluated.Results: Purified collagen extracts were obtained from sardine scales, with enzymatic extraction method having a yield three times higher than the acid method. The SDS-PAGE analysis confirmed the extraction of type I collagen as well as its hydrolysis into small fragments (25–12 kDa). In terms of biological activities, collagen and collagen peptides have not demonstrated antimicrobial activity. However, regarding antioxidant activity, collagen peptides showed three times more capacity compared to non-hydrolyzed collagen. Meanwhile, in 6 h, about 6.37% of collagen peptides could permeate the intestinal barrier.Conclusion: This work represents a continuous effort to advance our understanding and utilization of Portuguese marine waste resources, with focus on the valorization of sardine co-products for the development of food supplement or cosmetic formulations, contributing to the sustainable evolution of the circular blue economy.Keywords: sardine scales, collagen, circular economy, natural compounds, skin products
1 INTRODUCTION
Over 70% of the Earth’s surface is covered by seas and oceans, which represents and plays a pivotal role in global economies, particularly the fisheries industry. However, intensive exploitation of marine resources has led to significant production of waste. According to the Food and Agriculture Organization (FAO), in 2018, approximately 12% of the total fish production, reaching 179 million tons, was directed to non-food purposes, raising concerns about the environmental and economic impact of such waste (Rudovica et al., 2021). Despite the recognized benefits of fish products for a balanced diet and healthy lifestyle, nearly two-thirds of the total fish harvested ends up discarded as waste, with scales, viscera, heads, and tails constituting the major by-products (Coppola et al., 2021).
Marine biomass, comprising a rich and diverse array of natural products, holds immense potential due to its varied composition and functional properties, which include bioactive compounds, such as polyphenols, peptides, and polysaccharides. These compounds exhibit both biocompatibility and diverse bioactivities, making them ideal candidates for the development of renewable, low-cost, and abundant bioactive materials (Manivasagan et al., 2017). Sardine consumption, particularly in Europe, has been steadily increasing, with sardine waste becoming a focal point for the canning industry in terms of valorising unused biomass (The European market potential for, 2021).
Research has highlighted the potential of sardine by-products, such as Sardina pilchardus scales, as promising sources of chitin and chitosan (Aboudamia et al., 2020). Additionally, a separate study on the scales of Sardinella longiceps have revealed a high concentration of collagen (Muthumari et al., 2016). Studies on other fish species, like Tilapia (Oreochromis niloticus), have also shown that the collagen in its skin possesses unique physicochemical properties, making it valuable for biomedical and dermocosmetics applications (Reátegui-Pinedo et al., 2022; Sánchez-Tuesta et al., 2021).
The growing demand for sardines has prompted exploration into various methods of valorising sardine by-products, not only for sustainable energy and feed (Bahammou et al., 2019), but also for extracting high-value bioactive compounds such as collagen, chitin, enzymes, gelatine, glycosaminoglycans, polyunsaturated fatty acids (PUFA), minerals, vitamins, and antimicrobial peptides.
Collagen, a major structural protein in connective tissues (Venkatesan et al., 2017), is particularly noteworthy for its applications in food supplements and cosmetics, once has been described with capacity to prevent signs of aging and improving skin conditions such as brightness, firmness, hydration, among other factors (Chen et al., 2018; León-López et al., 2019a). Collagen hydrolysates are also used in seasonings, non-allergic preservatives for drugs, ingredients for dietary materials, and parenteral nutrition products (Nakayama et al., 2000), as well as antioxidant and antimicrobial agents (Gómez-Guillén et al., 2011; Lima et al., 2015).
Recent studies have highlighted the remarkable benefits of using fish skin in treating burns and amputation patients, revealing the untapped potential of fish by-products (Magnusson et al., 2017; Lau et al., 2019). Biologic materials derived from the extracellular matrix (ECM) of human or animal tissues are commonly used as scaffolds to support tissue and organ regeneration. Decellularization, a process that removes cells from a tissue or organ, leaves behind an acellular ECM rich in structural and functional proteins that promote cell proliferation and tissue regeneration. There is increasing interest in using decellularized tissues from non-mammalian sources due to concerns over religious restrictions and the risk of zoonotic diseases. Marine-derived ECMs, in particular, offer a promising alternative because of their structural and functional similarities to mammalian ECMs. Additionally, the seafood industry generates a substantial amount of waste—about 75% of fish weight—including skins, scales, bones, and internal organs. Repurposing these underutilized resources into valuable products could enhance revenue and reduce waste (Lau et al., 2019).
In Europe, these findings contribute to a broader understanding of marine-derived compounds’ potential across various industries. Recognizing the importance of addressing waste in the marine industry, the concept of a circular economy has gained momentum. The Portuguese company “Conservas Pinhais & Cia, Lda.”, primarily focused on sardines, discards significant biomass as waste, including fish scales. In an attempt to redirect this waste into novel uses, the extraction of bioactive compounds from these by-products has become a priority, leading to the discovery of a plethora of compounds with potential applications in human consumption, pharmaceuticals, and dermocosmetics (Rudovica et al., 2021; Khawli et al., 2019).
In this context, this study explores the collagen extraction derived from the scales of S. pilchardus with the addition of an acid solution and the aid of pepsin enzyme. The biological activities and characterization of the extracted collagen were thoroughly evaluated. The findings of this research seek to enhance the value of sardine scales, transforming this fishery by-product into a valuable resource while promoting environmental sustainability. Additionally, the study provides foundational data that could inform and guide future research in this area.
2 MATERIALS AND METHODS
2.1 Reagents
Methanol and Acetonitrile of HPLC-grade were purchased from VWR Chemicals (Fontenay-sous-Bois, France). Trifluoroacetic acid (TFA), Glacial acetic acid, tris(hydroxymethyl)aminomethane (Tris) and sodium chloride were purchase from Merck (Darmstadt, Germany). SnakeSkin™ Dialysis Tubing 10 k MWCO, 22 mm, Thermo Scientific. Ethanol 96% was bought from Carlo Erba (Peypin, France).
2,2-diphenyl-1-picrylhydrazyl (DPPH), quercetin, papain from papaya latex (≥ 10 U/mg protein), caffeine, pepsin from porcine gastric mucosa (≥ 250 units/mg solid), 3-(4,5-dimethylthiazol-1-yl)-2,5-diphenyltetrazolium bromide (MTT), sodium dodecyl sulfate (SDS), Bovine Serum Albumin (BSA) and Mueller-Hinton broth were obtained from Sigma (Barcelona, Spain). Sabouraud agar was purchased to Biokar Diagnostics (Allone, France).
Roswell Park Memorial Institute (RPMI) medium, fetal bovine serum (FBS), pen-strep (penicillin 100 U/mL and streptomycin 100 U/mL), trypsin (10 ×) and L-glutamine (2 Mm), Phosphate-Buffered Saline (PBS) and Hanks balanced salt solution (HBSS) were purchase to Lonza (Basel, Switzerland). Coomassie Brilliant Blue R-250 was supplied by Bio-Rad (Hercules, CA, United States). Mini Protein Gel Nu-PAGE™ 4 to 12% Bis-Tris, Bolt® MOPS SDS Running Buffer (20 ×) were obtained from Thermo Fisher Scientific (Waltham, MA, United States). Protein marker NZYBlue and 5 × SDS-PAGE Sample Loading Buffer were purchased from NZYTech (Lisbon, Portugal).
2.2 Fish scales
The fish scales from S. pilchardus were obtained from the Portuguese company “Conservas Pinhais & Cia, Lda.” located in Matosinhos. The scales were frozen and, prior to extraction, underwent a thorough cleansing with tap water to ensure the removal of any residual blood and skin.
2.3 Collagen extraction
2.3.1 Acid soluble collagen (ASC) and pepsin soluble collagen (PSC)
Firstly, to remove non collagen proteins the scales were washed with 10% NaCl (w/v) and then the process of demineralization was carried out following the protocol outlined in Muthumari et al. (2016). Sardine scales were extracted with 0.5 M acetic acid, with a ratio of 1:10 (w/v) over a 4-days period. Then the scales were filtered and transferred to a separated conical flask, followed by centrifugation at 8,000 × g for 30 min. After centrifugation, the supernatant was salted out by adding NaCl to reach a final concentration of 2.5 M in the presence of 0.05 M tris(hydroxymethyl) aminomethane (pH 7.0) (Ahmad et al., 2010) and was left undisturbed overnight. During this phase, the collagen protein was isolated by precipitation. The precipitated collagens were separated by centrifugation at 8,000 × g for 30 min (Muthumari et al., 2016). The resulting precipitated collagen were dissolved in 0.5 M acetic acid and subsequently dialyzed against 10 volumes of 0.1 M acetic acid and distilled water for 24 h, respectively. The collagen extract was lyophilized, identified as “Acid soluble collagen” (ASC) extract and stored at 4°C until analysis.
To obtain the “Pepsin soluble collagen” (PSC) extract the scales residues from the acid extraction were suspended in 0.5 M acetic acid with 0.5% (w/v) pepsin for 72 h. The following extraction steps of PSC extract were the same as the extraction of ASC (Zhang et al., 2011). All procedures were performed at 4°C.
2.4 Characterization of collagen extracts
2.4.1 Ultraviolet (UV)-Vis spectroscopy
The UV-Vis analyses of ASC and PSC extracts (1 mg/mL) were conducted following the procedure outlined by Srinivasan and Durairaj (2021).
2.4.2 Fourier transforms infrared spectroscopy (ATR-FTIR)
The FTIR spectra of ASC and PSC extracts were obtain using the PerkinElmer® Spectrum TWO (PerkinElmer Inc, Waltham, MA, United States) equipped with an attenuated total reflectance (ATR) device. The procedure follows the method described by Srinivasan and Durairaj (2021).
2.4.3 Powder X-ray diffraction (PXRD)
The powder X-ray patterns for ASC and PSC extracts were performed using CuKα radiation source on a D8 Advance Bruker AXS θ-2θ diffractometer (40 kV, 40 mA) equipped with a LYNXEYE-XE detector and a Ni filter. Data was collected in the 4 ≤ 2θ ≤ 60° range with a step size of 0.02°. Crystallography Open Database (COD) was used to identify the presence of NaCl in the samples.
2.4.4 Scanning electron microscopy (SEM)
For the morphological analysis of ASC and PSC extracts, scanning electron microscopy (SEM) analysis was performed with Phenom ProX G6 (Thermo Fischer Scientific).
2.5 Enzymatic hydrolysis of acid soluble collagen extract
The collagen hydrolysis was performed from ASC extract according to protocol by Hema et al. (2017) with some modifications. Briefly, ASC extract was dissolved in distilled water at 10 mg/mL and incubated at 60°C for 5 min. Then ASC extract was incubated with papain dissolved in distilled water in a ratio of 4.5% E/S, pH 6.3 at 55°C during 4.25 h, according to the optimal reaction temperature conditions described by Chen et al. (2023). The hydrolysis products (named collagen peptides) were subjected to a 95°C water bath for 10 min and then it was centrifuged at 10,000 × g for 10 min. The supernatant was freeze-dried and kept at 4°C until further analysis.
2.6 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
The samples of ASC extract and collagen peptides were dissolved in acetic acid 0.5 M, and the total protein in each sample was quantified using the modified Bradford method for collagen rich samples, described in López et al. (1993).
The SDS-PAGE analysis was performed as described in André et al. (2023). The samples of ASC extract and collagen peptides, containing 20 ug of protein, were loaded onto NuPAGE 4 to 12% gradient gels (Invitrogen™, Waltham, MA, United States) using a Mini Gel Tank (Invitrogen™). The conditions of electrophoresis followed the manufacturer’s instructions. The gels were stained for 1 h with a solution of 40% Coomassie R-250 blue, 50% methanol and 10% glacial acetic acid and subsequently distaining overnight in a solution of 7.5% glacial acetic acid, 10% ethanol and 82.5% distilled water.
Finally, the gels were photographed using ImageQuant LAS 50 (GE Healthcare Life Sciences®, Chicago, IL, United States), and analyzed using ImageJ software (NIH, Bethesda, MD, United States).
2.7 Biological activities of collagen
2.7.1 Antioxidant capacity
The antioxidant potential of ASC extract and collagen peptides was evaluated through the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical method as described by Hernández-Ruiz et al. (2023). ASC extract and collagen peptides were tested at final concentration of 5 mg/mL, while the positive control, quercetin, was tested at 0.1 mg/mL. The results were expressed in percentage (%) of antioxidant activity.
2.7.2 Antimicrobial activity
The antimicrobial activity of the ACS extract and collagen peptides was assessed using the well diffusion method, following the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (CLSI, 2023). The samples were tested against Gram-negative bacteria (Pseudomonas aeruginosa ATCC 27853 and Escherichia coli ATCC 25922), Gram-positive bacteria (Staphylococcus aureus ATCC 25923 and ATCC 6538, Staphylococcus epidermidis ATCC 12228) and yeast strains (Saccharomyces cerevisiae ATCC 2601 and Candida albicans ATCC 10231). Samples were reconstituted in distilled water to a concentration of 10 mg/mL concentration. Positive controls consisted of reference antibiotics at 1 mg/mL: vancomycin for Gram-positive bacteria, norfloxacin for Gram-negative bacteria and nystatin for yeasts strains. Distilled water was used as the negative control.
Agar plates (Mueller–Hinton agar for the bacteria and Sabouraud agar for the yeasts) were inoculated with a standardized inoculum solution of each microorganism, corresponding to a 0.5 McFarland standard solution. Small wells (approximately 5 mm in diameter) were then made in the solid medium, where 50 μL of the samples and controls were placed. The Petri dishes are incubated at 37°C for 24 h. The method was tested in triplicate.
2.8 Cellular assays
2.8.1 Cell culture
Caco-2 cells (ATCC#HTB37), a human colorectal adenocarcinoma epithelial cell line, were cultured in RPMI supplemented with 10% FBS, 100 U/mL penicillin, 100 U/mL streptomycin, and 2 mM L-glutamine in T25 flasks at 37°C in an atmosphere with 5% CO2. The culture medium was changed every 48–72 h.
2.8.2 Determination of cytotoxicity
The cytotoxicity effect of collagen peptides (0.1–1 mg/mL) in Caco-2 cells was evaluated by MTT viability test as previously described (André et al., 2019). The cytotoxicity assays were done in 3 × 2 replicates for each concentration of sample. 3% of SDS was used as a positive control.
2.8.3 Caco-2 cell culture
The permeation study was performed using as a model of the intestinal lining an in vitro method using Caco-2 cells differentiated simulating the intestinal barrier as previously described (Falé et al., 2013), using polycarbonate filters, 12 mm diameter, 0.4 µm pore diameter (Transwell®, Corning Inc. Lowell, MA, United States). Briefly, the Caco-2 cells at a density of 2 × 104 cells/cm2 were seeded in 12-well transwell plate inserts with 10.5 mm diameter, 0.4 mm pore size (BD Falcon™). The differentiation of Caco-2 cells were verified by measuring the integrity of the monolayers was evaluated by measuring the transepithelial electrical resistance (TEER) with a Millicell ERS-2 V-Ohm Meter, from Millipore (Darmstadt, Germany), after 21 days of differentiation. The Caco-2 cells were considered differentiated when the TEER was higher than 250 Ω cm2. When differentiated, the cells were washed with HBSS and 0.5 mL of samples (dissolved in HBSS) were applied into the apical side of the transwell system. In the basolateral side (plate well) 1.5 mL of HBSS were added. The samples applied in apical side were caffeine (0.8 mg/mL), as a positive control and collagen peptides (0.5 mg/mL). High-Performance Liquid Chromatography (HPLC) Fingerprints was used to analyse the collagen peptides presented in apical and basolateral solutions at 0 and 6 h of incubation, as well as to analyse the caffeine solution used as a positive control. The HPLC analysis was performed in an Elite LaChrom® VWR Hitachi liquid chromatograph (Tokyo, Japan) equipped with a Column oven L-2300 and Diode array detector L-2455 (VWR, United States). The column used was an Inertsil ODS C18 column (Thermo fisher). The HPLC conditions and gradient elution system was defined according to conditions described by Wang et al. (2018). To determine the total amount of peptides in both the apical and basolateral solutions, the areas of the peaks present in each chromatogram were added. The apparent permeability coefficient (Papp) was calculated from the permeation rate and compound concentration at 0 and 6 h of incubation, using the equation: Papp = [dQ/dt (A × Ci)] × (Cf × t).
Where V is the apical side volume in mL, A is the membrane area of the insert in cm2 (0.9 cm2), Ci is the initial concentration on the apical side (mg/mL), Cf is the concentration on the basolateral side (μM), and t is the time (s).
3 RESULTS
3.1 Collagen extraction
Acid- and pepsin-soluble collagens (ASC and PSC) were successfully extracted and characterized from the scales of S. pilchardus. The yield of ASC was 0.18% (w/w) based on the dry weight of scales, while the yield for PSC was significantly higher, reaching 0.55% (w/w), approximately three times that of ASC. Similar studies have reported comparable yields from other fish species. For instance, Jaziri et al. (2022) reported ASC and PSC yields of 0.18% and 0.60%, respectively, from lizardfish (Saurida tumbil) scales. In a subsequent study, Jaziri et al. (2023) reported yields of 1.17% ± 0.19 for ASC and 1.00% ± 0.19 for PSC from parrotfish (Scarus sordidus Forsskål, 1775) scale waste. Kittiphattanabawon et al. (2019) reported yields of 0.77% for ASC and 0.71% for PSC from the scales of Nile tilapia (O. niloticus).
Moniruzzaman et al. (2019) investigated the extraction of collagen from carp (Cyprinus carpio) scales in different regions, reporting ASC and PSC yields of 0.97% and 1.37%, respectively for carp caught in Japan, and higher yields of 1.21% for ASC and 1.73% for PSC for carp from Bangladesh. They also found that lizardfish (Saurida wanieso) scales yielded of 0.44% for ASC and 0.72% for PSC in Japan, compared to 0.91% for ASC and 1.15% for PSC in Vietnam (Moniruzzaman et al., 2019).
The observed variation in collagen yields across different fish species may be influenced by factors such as extraction methods, tissue composition and structure, as well as differences in the size and age of the fish (Jaziri et al., 2023).
3.2 Characterization of collagen
3.2.1 UV-Vis and FTIR spectra
The UV–Vis absorption spectrum serves as a crucial parameter for assessing collagen isolation efficiency, as the maximum absorption peak of collagen typically occurs at 230 nm, attributed to the C=O, -COOH, CONH2 groups within the collagen polypeptide chains (Jaziri et al., 2022). The results are shown in Figure 1 that illustrates the UV-Vis absorption spectra of the collagen extracted with acid (ASC) and with pepsin (PSC). The two collagen extracts exhibit maximum absorption peaks at 233 and 236 nm for ASC and PSC, respectively. This finding is consistent with Yu et al. (2018), who identified the peak absorption of collagen at 230 nm. Additionally, in the PSC, an absorption peak in the range of 250–300 nm is observed, indicative of impurities within the collagen peptide sample. Jaziri et al. (2022) elucidated this absorption peak in their study, attributing it to the presence of aromatic amino acids such as tryptophan (Trp) and tyrosine (Tyr), which are less abundant in collagen.
[image: Figure 1]FIGURE 1 | UV-Vis absorption spectra of ASC (acid soluble collagen) and PSC (pepsin soluble collagen) measured at a final concentration of 1 mg/mL of each sample from 200 to 400 nm.
FTIR spectroscopy provides an easy way for researchers to explore functional groups and evaluate three-helix structure of collagen and its derivates (Ideia et al., 2020). The results of ASC and PSC extracts are shown in Figure 2, where the peaks indicate the presence of the characteristic groups present in collagen. The bands observed in the analyzed samples belong to Amide A, Amide I, Amide II, and Amide III.
[image: Figure 2]FIGURE 2 | FTIR spectra of ASC (acid soluble collagen) and PSC (pepsin soluble collagen) freeze-dried extracts.
Hernández-Ruiz et al. (2023) described the characteristic vibrations of amide groups as follows: Amide A vibrations (N–H stretching) occur between 3,270 and 3,310 cm−1, varying depending on the presence of hydrogen bonds; Amide B involves the asymmetrical stretch of CH2 within the region approximately between 2,850 and 3,100 cm−1; Amide I involve hydrogen bonding between N–H stretch and C=O within the range from 1,600 to 1,700 cm−1, while Amide II encompasses N–H bend and C–N stretching vibration spanning between 1,510 and 1,580 cm−1. Lastly, Amide III, characterized by C–N stretching and N–H deformation, falls within the range of 1,200 to 1,400 cm−1 (Hernández-Ruiz et al., 2023).
In the ASC sample, Amide A was observed at 3,304 cm−1, Amide I at 1,632 cm−1, Amide II at 1,551 cm−1, and Amide III at 1,239 cm−1. In other hand, PSC sample, Amide A was detected at 3,281 cm−1, Amide B at 2,939 cm−1, Amide I at 1,633 cm−1, Amide II at 1,537 cm−1, and Amide III at 1,241 cm−1. These findings validate that enzymatic treatment did not alter the inherent structure of collagen.
Similar findings in collagen extracted from marine samples have been reported by other researchers, including Abbas et al. (2022) and León-López et al. (2019b).
3.2.2 Powder X-ray diffraction
The X-ray diffraction diffractograms obtained from ASC and PSC extracts (Figure 3) were obtained under similar conditions. The main difference between both sampled concerns the presence in ASC sample of the broad peak that spans between 4.5° and 9.5° diffraction angles (2θ). According to the literature, this peak is associated with the triple-helical structure of collagen (Zhang et al., 2011; Giraud-Guille et al., 2000; Sun et al., 2017; Chen et al., 2016). The presence of this peak in ASC extract, indicates that the strength of the cross-linked pure collagen material and the density of collagen fiber molecular chains in the ASC extract is higher than in the PSC extract. This reinforces that ASC is a more ordered structure than PSC, justifying the hypothesis of cross-linked molecules (Tziveleka et al., 2022).
[image: Figure 3]FIGURE 3 | PXRD patterns for experimental ASC (acid soluble collagen) (black) and PSC (pepsin soluble collagen) (blue) samples and the NaCl pattern (COD 4300180) deposited in crystallography open database.
The second broad peak 11°–22° diffraction angles (2θ) is common to both ASC and PSC samples, and ii is due to the diffuse scattering triggered by many structural layers inside collagen fibers. The third peak found within the 26°–34° diffraction angles (2θ), similar in both samples, is related to the height of collagen triple-helical structural unit (Giraud-Guille et al., 2000).
Also in both samples, NaCl is detected (sharp peaks identified in Figure 3), and its identification was made recurring to the Crystallography Open Database. The PSC extract contains a higher amount of NaCl than ASC extract.
3.2.3 Scanning electron microscopy (SEM)
A detailed physicochemical analysis by scanning electron microscopy (SEM), shows that both samples are uniform with larger and thinner stripes ranging from 5–100 µm (Figure 4A). Both ASC and PSC extracts have well-dispersed lighter structures in their polymeric matrix, with PSC harbouring a larger amount compared with ASC (Figure 4A). These entities, analysed by energy-dispersive X-ray spectroscopy (EDS) (Figure 4B), revealed the presence of Na and Cl. This data agrees with PXRD data where NaCl crystalline structures were depicted (Figure 3). Increased signal intensities for both Na and Cl, when compared with that of, agree with the higher number of crystals depicted in PSC sample compared with ASC (Figure 4). The presence of C, and O, is related to both the polymeric matrix and underneath carbon tape used in SEM analysis, whereas S links solely to the polymeric ASC and PSC matrixes (Figure 4B).
[image: Figure 4]FIGURE 4 | Physicochemical characterization of ASC (acid soluble collagen) and PSC (pepsin soluble collagen) extracts derived from Sardina pilchardus scales; (A) scanning electron microscopy (SEM) images, with the insert showing detailed PSC morphology, and (B) energy-dispersive X-ray spectroscopy (EDS) spectra.
3.3 Enzymatic hydrolysis of collagen
3.3.1 Analysis of ASC and collagen peptides by SDS-PAGE
The protein pattern of ASC extract and collagen peptides (PEP) were analysed by SDS-PAGE electrophoresis (Figure 5), to confirm the type of collagen extracted and its purity, as well as to confirm the hydrolysis of collagen into small peptides. The protein pattern of ASC demonstrated its purity and the presence of three intense bands with, approximately, 200, 130, and 127 kDa, which can be attributed to β, α1, and α2 chains of type 1 collagen, respectively (Rabotyagova et al., 2008). The triple helix of type I collage is formed by two α1 chains, and one α2 chain, so the typical protein patterns of collagen Type I present the alpha 1 and alpha 2 bands in a 2:1 ratio among 120–150 kDa (Rabotyagova et al., 2008; Carvalho et al., 2018). The protein pattern of collagen type I also presents the β band that is a dimer with 200–250 kDA, corresponding to α1 and α2 chains together or two α -chains, and present the γ band, a trimer that represent tree alpha chains together (Carvalho et al., 2018; Gelse et al., 2003). In accordance with the typical protein pattern of collagen type I, the extracted collagen in this study presents the α1 band with higher intensity compared to α2 band (Figure 5). These results are also in accordance with previous studies with ASC extracted from scales of different fish species (Tziveleka et al., 2022; Rabotyagova et al., 2008).
[image: Figure 5]FIGURE 5 | SDS-PAGE of collagen (ASC) and collagen peptides (PEP). Protein markers are depicted as M.
The protein pattern of collagen peptides demonstrated the efficiency of the collagen hydrolysis method with papain, with no bands corresponding to the β and α chains being observed. Most of the protein bands of collagen peptides are found between 25 and 12 kDa, with a weak band of approximately 116 kDa also being observed.
3.4 Biological activities of collagen and collagen peptides
3.4.1 Antioxidant capacity
The antioxidant activity of ASC extract and collagen peptides was assessed though the DPPH method. This method is the most frequently employed due to its quick and simple analysis (Hernández-Ruiz et al., 2023; León-López et al., 2019b). Nonetheless, reports on the antioxidant capacity of bioactive peptides are scarce (Hernández-Ruiz et al., 2023). Once the collagen was hydrolysed into small peptides, its antioxidant capacity increased by 3.6 times compared to the values obtained when analysed in its native form (Table 1).
TABLE 1 | Antioxidant activity using DPPH method of collagen samples at 5 mg/mL.
[image: Table 1]Previous studies demonstrated an association between the molecular weight of collagen and its antioxidant capacity (Hernández-Ruiz et al., 2023; León-López et al., 2019b). The IC50 of ASC was not defined due to its low antioxidant capacity, but the IC50 of collagen peptides was defined as 19.79 ± 0.85 mg/mL. Hernández-Ruiz et al. (2023) reported a IC50 values for DPPH of 48.83 ± 2.35 mg/mL for hydrolyzed collagen extracted from fish scales from tilapia (Oreochromis aureus). However, for a fraction of peptides with molecular mass between 5 and 10 kDa, they reported an IC50 value of 20.22 ± 0.75, a value similar to our result for collagen peptides. In another study, with a fraction of collagen peptides (10–30 kDa), González-Serrano et al. (2022) reported a percentage of antioxidant capacity of 70.93 ± 0.97, at 5 mg/mL, concluding that the antioxidant capacity of collagen peptides is influenced by the molecular weight and also by the presence of hydrophobic amino acids as glicine, alanine, or glutamic acid which contribute to greater antioxidant activity.
3.4.2 Antimicrobial activity
The well diffusion method, a widely used screening technique for evaluating the antimicrobial potential of natural products (Balouiri et al., 2016), was used to assess the antimicrobial activity of the collagen and collagen peptides. The results indicated that none of the samples exhibited antimicrobial activity at a concentration of 10 mg/mL.
In a related study, Hernández-Ruiz et al. (2023) investigated the inhibitory effects of various collagen preparations of tilapia scales—pre-hydrolyzed collagen, hydrolyzed collagen, collagen peptides F1 (5–10 kDa), and collagen peptides F2 (<5 kDa)—on the growth of E. coli and S. aureus of clinical origin. The results demonstrated that for the E. coli strain, collagen peptides F1 induced the greatest inhibition of microbial growth. Specifically, the percent inhibition increased significantly to 50% for F1 compared to hydrolyzed collagen, indicating that fractionated collagen peptides with molecular weights of 5–10 kDa exhibit a superior antimicrobial effect. However, the growth of S. aureus was not inhibited by any of the collagen preparations (Hernández-Ruiz et al., 2023). Additionally, in the study by Lima et al. (2015), the peptide profile revealed several peptides with molecular weights lower than 2 kDa, which exhibited antibacterial activity against E. coli, Bacillus subtilis, and S. aureus (Lima et al., 2015). Similarly, the study of Song et al. (2012) tested the microbiological activity of peptides generated with different proteases and found that using pepsin to obtain peptides was the most effective. For E. coli CGMCC 1.1100, an inhibition zone of 11 mm was observed, while S. aureus CMCC 26003 showed an inhibition zone of less than 6 mm (Song et al., 2012).
It is important to nete that different strains of bacteria were tested in our study, which can influence the results. Additionally, our study found the protein bands of collagen peptides ranging between 12 and 25 kDa, and the size of the peptide can significantly impact their antimicrobial activity.
3.5 Permeation study with differentiated Caco-2 cells
To evaluate the ability of collagen peptides to permeate the intestinal barrier, Caco-2 cells grown and differentiated in the Transwell® system for 21 days. After differentiation, Caco-2 cells present morphological and functional characteristics similar to small intestinal enterocytes (Ferruzza et al., 2012). This Caco-2 cell permeability assay is approved by the European Medicines Agency (EMA) and Food and Drug Administration (FDA) to evaluate the intestinal permeability of compounds (European Medicines Agency EMA, 2020; FDA, 2021).
Before the evaluation of collagen peptides capacity to permeate the intestinal barrier, the cytotoxicity effects of the peptide towards Caco-2 cells line was evaluated. At the different concentrations studied, collagen peptides do not present cytotoxicity effects (Figure 6). Similar results were previously reported with collagen peptides from tilapia scales (Lee et al., 2014).
[image: Figure 6]FIGURE 6 | The effect of collagen peptides (in concentrations of 0.1, 0.2, 0.5 and 1 mg/mL) on Caco-2 cells viability.
The collagen peptides (0.5 mg/mL) and caffein (0.8 mg/mL, positive control) were applied in the apical side of the Transwell® system and incubated for 6 h, the normal range for small intestinal transit time (Lee et al., 2014). The fingerprint profiles of collagen peptides (Figure 7) and caffeine were analysed by Reverse Phase-High Performance Liquid Chromatography (RP-HPLC).
[image: Figure 7]FIGURE 7 | The high-performance liquid chromatography (HPLC) fingerprints of collagen peptides presents in apical solution at 0 h of incubation (–) and in basolateral solution after 6 h of incubation (–).
Following the international guidelines approved for permeability assays with Caco-2, the apparent permeability coefficient (Papp) values should be calculated to determine the permeability experimental values. The Papp value indicates the rate at which a substance is transported across the Caco-2 monolayer. A substance is classified as a low-permeability drug if its Papp is below 1.0 × 10−⁶ cm/s, as a moderate-permeability drug if its Papp is between 1.0 × 10−⁶ cm/s and 10 × 10−⁶ cm/s, and as a high-permeability drug if its Papp is above 10 × 10−⁶ cm/s. The Papp values obtained for collagen peptides and caffeine are resumed in Table 2.
TABLE 2 | Apparent permeability coefficient (Papp: cm/s), apical to basolateral side, of collagen peptides (0.5 mg/mL) and caffeine (0.8 mg/mL) in Caco-2 permeability assay.
[image: Table 2]The Papp of caffeine demonstrates that it is a high-permeability drug, as previously described in the literature. On the other hand, collagen peptides have been shown to have moderate permeability. Similar results were previously obtained in a study on the intestinal permeability of bioactive peptides from collagen hydrolysates, with Papp values between 1 and 10 × 10−⁶ cm/s (Larder et al., 2021). It’s known that the peptides intestinal transport can occur through: paracellular transport, transcytosis, and carrier mediated transport (Renukuntla et al., 2013). The capacity of polypeptides to permeate through paracellular transport are inversely proportional to its molecular size, and also depends on their physicochemical properties, secondary structure and ionic charge (Renukuntla et al., 2013; Dodoo et al., 2000). Previous studies reported that some oligopeptides as well as di- and tripeptides can permeate the intestinal barrier by paracellular transport, being consider an important absorption pathway for peptides in intact forms (Quirós et al., 2008; Satake et al., 2002; Shimizu et al., 1997). Small contribution of transcytosis pathway has been described for hydrophobic and basic polypeptides (Satake et al., 2002; Sai et al., 1998). Most of the di and tri-peptides intestinal absorption has been described trough carrier mediated transport (Miguel et al., 2008). Shimizu et al. (2010) reported that size-dependent paracellular transport plays a major role in the transepithelial transport of fish collagen peptides across Caco-2 monolayers. Additionally, a previous study with collagen peptides obtained from tilapia scales reported a permeation rate of 32% after 2 h for peptides with 1 kDa, demonstrating that intestinal permeation of collagen peptides increased as molecular weight decreased (Je et al., 2019). These previous results may explain the moderate level of permeability observed with the collagen peptides under study, since as observed in the SDS-PAGE gel (Section 3.1), the peptides have masses between 25 and 10 kDa.
Previous in vivo studies have reported that hydrolyzed collagen oral supplementation has significantly improve skin conditions as: hydration, elasticity, firmness, reduce wrinkles, among others (Jhawar et al., 2020; Bolke et al., 2019; Addor et al., 2018; Kim et al., 2018), while also promoting orthopedic benefits such as increased bone strength, density, mass, improved joint mobility, and reduced pain (Wei et al., 2009; Bruyère et al., 2012; McAlindon et al., 2011).
Given the potential of collagen peptides as an oral supplement, it will be important to develop future studies to verify whether optimizing the hydrolysis process of collagen extracted from sardine scales leads to an increase in intestinal permeation of the collagen peptides.
4 CONCLUSION
In conclusion, the present study extracted and characterized acid-soluble (ASC) and pepsin-soluble (PSC) collagens from sardine scales (S. pilchardus), demonstrating their potential as sustainable sources of bioactive collagen. The yield of PSC (0.55%, w/w) was significantly higher than that of ASC (0.18%, w/w), which aligns with previous findings from similar studies on other fish species. The UV-Vis and FTIR spectra confirmed the presence of characteristic collagen functional groups, while the X-ray diffraction analysis indicated that ASC retains a more ordered, cross-linked triple-helical structure than PSC. This structural integrity of ASC suggests it may have higher mechanical strength and stability, whereas PSC exhibited a higher NaCl content, potentially due to the enzymatic extraction process.
Further physicochemical characterization using SEM and EDS revealed uniform polymeric matrices with dispersed NaCl crystals, particularly in PSC samples. SDS-PAGE analysis identified the presence of Type I collagen in ASC extracts, while collagen peptides showed smaller molecular weights, confirming the effective hydrolysis of collagen. The antioxidant activity of collagen peptides was markedly higher compared to native collagen, demonstrating a 3.6-fold increase in activity, likely due to their smaller size and the presence of hydrophobic amino acids.
Despite their moderate antioxidant capacity, neither the ASC nor the collagen peptides exhibited significant antimicrobial activity against the bacterial strains tested. However, the permeability assays using Caco-2 cells indicated that collagen peptides possess moderate intestinal permeability, suggesting potential for oral absorption and bioavailability. This aligns with the existing literature that shows the absorption of smaller peptides is favored due to their size and structural properties.
These findings highlight the potential of sardine scale collagen peptides in dermocosmetic and nutritional applications, particularly as oral supplements that could enhance skin health and provide orthopedic benefits. Future research should focus on optimizing the hydrolysis process to further increase the intestinal permeability and bioavailability of these collagen peptides, thereby expanding their utility in sustainable, health-promoting products.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
MS: Investigation, Methodology, Writing–original draft. RA: Investigation, Visualization, Writing–review and editing. MF: Resources, Writing–review and editing. AD-L: Visualization, Writing–review and editing. VA: Methodology, Validation, Writing–review and editing. MA: Methodology, Validation, Writing–review and editing. RP: Methodology, Writing–review and editing. PR: Conceptualization, Funding acquisition, Project administration, Supervision, Validation, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The authors are grateful to the Fundação para a Ciência e Tecnologia (FCT, Portugal) for their financial support through the projects with DOIs 10.54499/UIDP/04567/2020 and 10.54499/UIDB/04567/2020 (https://doi.org/10.54499/UIDP/04567/2020), awarded to CBIOS; and the projects UIDB/00100/2020 (DOI 10.54499/UIDB/00100/2020), UIDP/00100/2020 (DOI 10.54499/UIDP/00100/2020), LA/P/0056/2020 (DOI 10.54499/LA/P/0056/2020) awarded to CQE and IMS, and contract CEECIND/00283/2018 (DOI 10.54499/CEECIND/00283/2018/CP1572/CT0004)) awarded to VA.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abbas, A. A., Shakir, K. A., and Walsh, M. K. (2022). Functional properties of collagen extracted from catfish (silurus triostegus) waste. Foods 11 (5), 633. doi:10.3390/foods11050633
 Aboudamia, F. Z., Kharroubi, M., Neffa, M., Aatab, F., Hanoune, S., Bouchdoug, M., et al. (2020). Potential of discarded sardine scales (sardina pilchardus) as chitosan sources. J. Air Waste Manage Assoc. 70 (11), 1186–1197. doi:10.1080/10962247.2020.1813840
 Addor, F., Cotta Vieira, J., and Abreu, C. (2018). Improvement of dermal parameters in aged skin after oral use of a nutrient supplement. Clin. Cosmet. Investig. Dermatol 11, 195–201. doi:10.2147/CCID.S150269
 Ahmad, M., Benjakul, S., and Nalinanon, S. (2010). Compositional and physicochemical characteristics of acid solubilized collagen extracted from the skin of unicorn leatherjacket (Aluterus monoceros). Food Hydrocoll. 24 (6–7), 588–594. doi:10.1016/j.foodhyd.2010.03.001
 André, R., Catarro, J., Freitas, D., Pacheco, R., Oliveira, M. C., Serralheiro, M. L., et al. (2019). Action of euptox a from ageratina adenophora juice on human cell lines: a top-down study using FTIR spectroscopy and protein profiling. Toxicol. Vitro 57, 217–225. doi:10.1016/j.tiv.2019.03.012
 André, R., Pacheco, R., Alves, A. C., Santos, H. M., Bourbon, M., and Serralheiro, M. L. (2023). The hypocholesterolemic potential of the edible algae fucus vesiculosus: proteomic and quantitative PCR analysis. Foods 12 (14), 2758. doi:10.3390/foods12142758
 Bahammou, Y., Lamsyehe, H., Kouhila, M., Lamharrar, A., Idlimam, A., and Abdenouri, N. (2019). Valorization of co-products of sardine waste by physical treatment under natural and forced convection solar drying. Renew. Energy 142, 110–122. doi:10.1016/j.renene.2019.04.012
 Balouiri, M., Sadiki, M., and Ibnsouda, S. K. (2016). Methods for in vitro evaluating antimicrobial activity: a review. J. Pharm. Anal. 6 (2), 71–79. doi:10.1016/j.jpha.2015.11.005
 Bolke, L., Schlippe, G., Gerß, J., and Voss, W. (2019). A collagen supplement improves skin hydration, elasticity, roughness, and density: results of a randomized, placebo-controlled, blind study. Nutrients 11 (10), 2494. doi:10.3390/nu11102494
 Bruyère, O., Zegels, B., Leonori, L., Rabenda, V., Janssen, A., Bourges, C., et al. (2012). Effect of collagen hydrolysate in articular pain: a 6-month randomized, double-blind, placebo controlled study. Complement. Ther. Med. 20 (3), 124–130. doi:10.1016/j.ctim.2011.12.007
 Carvalho, A., Marques, A., Silva, T., and Reis, R. (2018). Evaluation of the potential of collagen from codfish skin as a biomaterial for biomedical applications. Mar. Drugs 16 (12), 495. doi:10.3390/md16120495
 Chen, J., Li, L., Yi, R., Xu, N., Gao, R., and Hong, B. (2016). Extraction and characterization of acid-soluble collagen from scales and skin of tilapia (oreochromis niloticus). LWT - Food Sci. Technol. 66, 453–459. doi:10.1016/j.lwt.2015.10.070
 Chen, X., Xia, P., Zheng, S., Li, Y., Fang, J., Ma, Z., et al. (2023). Antioxidant peptides from the collagen of antler ossified tissue and their protective effects against H2O2-induced oxidative damage toward HaCaT cells. Molecules 28 (19), 6887. doi:10.3390/molecules28196887
 Chen, Y. P., Wu, H. T., Wang, G. H., and Liang, C. H. (2018). Improvement of skin condition on skin moisture and anti-melanogenesis by collagen peptides from milkfish (chanos chanos) scales. IOP Conf. Ser. Mater Sci. Eng. 382 (2), 022067. doi:10.1088/1757-899X/382/2/022067
 Clinical and Laboratory Standards Institute (CLSI) (2023). Performance standards for antimicrobial susceptibility testing. CLSI supplement M100. 33rd edn. United States: Clinical and Laboratory Standards Institute. 
 Coppola, D., Lauritano, C., Palma Esposito, F., Riccio, G., Rizzo, C., and de Pascale, D. (2021). Fish waste: from problem to valuable resource. Mar. Drugs 19 (2), 116–139. doi:10.3390/md19020116
 Dodoo, A. N. O., Bansal, S., Barlow, D. J., Bennet, F. C., Hider, R. C., Lansley, A. B., et al. (2000). Systematic investigations of the influence of molecular structure on the transport of peptides across cultured alveolar cell monolayers. Pharm. Res. 17 (1), 7–14. doi:10.1023/a:1007514121527
 European Medicines Agency (EMA) (2020). ICH M9 guideline on biopharmaceutics classification system-based biowaivers. Available at: https://www.ema.europa.eu/en/documents/scientific-guideline/ich-m9-biopharmaceutics-classification-system-based-biowaivers-step-5_en.pdf.
 Falé, P. L., Ferreira, C., Maruzzella, F., Helena Florêncio, M., Frazão, F. N., and Serralheiro, M. L. M. (2013). Evaluation of cholesterol absorption and biosynthesis by decoctions of annona cherimola leaves. J. Ethnopharmacol. 150 (2), 718–723. doi:10.1016/j.jep.2013.09.029
 FDA (2021). M9 biopharmaceutics classification system-based biowaivers guidance for industry. Available at: https://www.fda.gov/vaccines-blood-biologics/guidance-compliance-regulatory-information-biologics/biologics-guidances.
 Ferruzza, S., Rossi, C., Scarino, M. L., and Sambuy, Y. (2012). A protocol for differentiation of human intestinal Caco-2 cells in asymmetric serum-containing medium. Toxicol. Vitro 26 (8), 1252–1255. doi:10.1016/j.tiv.2012.01.008
 Gelse, K., Pöschl, E., and Aigner, T. (2003). Collagens—structure, function, and biosynthesis. Adv. Drug Deliv. Rev. 55 (12), 1531–1546. doi:10.1016/j.addr.2003.08.002
 Giraud-Guille, M. M., Besseau, L., Chopin, C., Durand, P., and Herbage, D. (2000). Structural aspects of fish skin collagen which forms ordered arrays via liquid crystalline states. Biomaterials 21 (9), 899–906. doi:10.1016/s0142-9612(99)00244-6
 Gómez-Guillén, M. C., Giménez, B., López-Caballero, M. E., and Montero, M. P. (2011). Functional and bioactive properties of collagen and gelatin from alternative sources: a review. Food Hydrocoll. 25 (8), 1813–1827. doi:10.1016/j.foodhyd.2011.02.007
 González-Serrano, D. J., Hadidi, M., Varcheh, M., Jelyani, A. Z., Moreno, A., and Lorenzo, J. M. (2022). Bioactive peptide fractions from collagen hydrolysate of common carp fish byproduct: antioxidant and functional properties. Antioxidants 11 (3), 509. doi:10.3390/antiox11030509
 Hema, G. S., Joshy, C. G., Shyni, K., Chatterjee, N. S., Ninan, G., and Mathew, S. (2017). Optimization of process parameters for the production of collagen peptides from fish skin (epinephelus malabaricus) using response surface methodology and its characterization. J. Food Sci. Technol. 54 (2), 488–496. doi:10.1007/s13197-017-2490-2
 Hernández-Ruiz, K. L., López-Cervantes, J., Sánchez-Machado, D. I., Campas-Baypoli, O. N., Quintero-Guerrero, A. A., de Lourdes Grijalva-Delgado, M., et al. (2023). Collagen peptide fractions from tilapia (oreochromis aureus steindachner, 1864) scales: chemical characterization and biological activity. Food Biosci. 53, 102658. doi:10.1016/j.fbio.2023.102658
 Ideia, P., Pinto, J., Ferreira, R., Figueiredo, L., Spínola, V., and Castilho, P. C. (2020). Fish processing industry residues: a review of valuable products extraction and characterization methods. Waste Biomass Valorization 11 (7), 3223–3246. doi:10.1007/s12649-019-00739-1
 Jaziri, A. A., Shapawi, R., Mokhtar, R. A. M., Noordin, W. N. Md., and Huda, N. (2022). Biochemical and microstructural properties of lizardfish (saurida tumbil) scale collagen extracted with various organic acids. Gels 8 (5), 266. doi:10.3390/gels8050266
 Jaziri, A. A., Shapawi, R., Mokhtar, R. A. M., Noordin, W. N. Md., and Huda, N. (2023). Extraction and characterization of type I collagen from parrotfish (scarus sordidus forsskål, 1775) scale solubilized with the aid of acetic acid and pepsin. Int. J. Biomater. 2023, 7312447–7312510. doi:10.1155/2023/7312447
 Je, H. J., Han, Y. K., Lee, H. G., and Bae, I. Y. (2019). Anti-aging potential of fish collagen hydrolysates subjected to simulated gastrointestinal digestion and Caco-2 cell permeation. J. Appl. Biol. Chem. 62 (1), 101–107. doi:10.3839/jabc.2019.015
 Jhawar, N., Wang, J. V., and Saedi, N. (2020). Oral collagen supplementation for skin aging: a fad or the future?. J. Cosmet. Dermatol 19 (4), 910–912. doi:10.1111/jocd.13096
 Khawli, F. Al., Pateiro, M., Domínguez, R., Lorenzo, J. M., Gullón, P., Kousoulaki, K., et al. (2019). Innovative green technologies of intensification for valorization of seafood and their by-products. Mar. Drugs 17 (12), 1–20. doi:10.3390/md17120689
 Kim, D. U., Chung, H. C., Choi, J., Sakai, Y., and Lee, B. Y. (2018). Oral intake of low-molecular-weight collagen peptide improves hydration, elasticity, and wrinkling in human skin: a randomized, double-blind, placebo-controlled study. Nutrients 10 (7), 826. doi:10.3390/nu10070826
 Kittiphattanabawon, P., Sriket, C., Kishimura, H., and Benjakul, S. (2019). Characteristics of acid and pepsin solubilized collagens from Nile tilapia (oreochromis niloticus) scale. Emir J. Food Agric. 95, 95. doi:10.9755/ejfa.2019.v31.i2.1911
 Larder, C. E., Iskandar, M. M., and Kubow, S. (2021). Assessment of bioavailability after in vitro digestion and first pass metabolism of bioactive peptides from collagen hydrolysates. Curr. Issues Mol. Biol. 43 (3), 1592–1605. doi:10.3390/cimb43030113
 Lau, C. S., Hassanbhai, A., Wen, F., Wang, D., Chanchareonsook, N., Goh, B. T., et al. (2019). Evaluation of decellularized tilapia skin as a tissue engineering scaffold. J. Tissue Eng. Regen. Med. 13 (10), 1779–1791. doi:10.1002/term.2928
 Lee, Y. Y., Erdogan, A., and Rao, S. S. C. (2014). How to assess regional and whole gut transit time with wireless motility capsule. J. Neurogastroenterol. Motil. 20 (2), 265–270. doi:10.5056/jnm.2014.20.2.265
 León-López, A., Fuentes-Jiménez, L., Hernández-Fuentes, A. D., Campos-Montiel, R. G., and Aguirre-Álvarez, G. (2019b). Hydrolysed collagen from sheepskins as a source of functional peptides with antioxidant activity. Int. J. Mol. Sci. 20 (16), 3931. doi:10.3390/ijms20163931
 León-López, A., Morales-Peñaloza, A., Martínez-Juárez, V. M., Vargas-Torres, A., Zeugolis, D. I., and Aguirre-Álvarez, G. (2019a). Hydrolyzed collagen—sources and applications. Molecules 24 (22), 4031. doi:10.3390/molecules24224031
 Lima, C. A., Campos, J. F., Filho, J. L. L., Converti, A., da Cunha, M. G. C., and Porto, A. L. F. (2015). Antimicrobial and radical scavenging properties of bovine collagen hydrolysates produced by penicillium aurantiogriseum URM 4622 collagenase. J. Food Sci. Technol. 52 (7), 4459–4466. doi:10.1007/s13197-014-1463-y
 López, J., Imperial, S., Valderrama, R., and Navarro, S. (1993). An improved bradford protein assay for collagen proteins. Clin. Chim. Acta 220 (1), 91–100. doi:10.1016/0009-8981(93)90009-s
 Magnusson, S., Baldursson, B. T., Kjartansson, H., Rolfsson, O., and Sigurjonsson, G. F. (2017). Regenerative and antibacterial properties of acellular fish skin grafts and human amnion/chorion membrane: implications for tissue preservation in combat casualty care. Mil. Med. 182 (S1), 383–388. doi:10.7205/MILMED-D-16-00142
 Manivasagan, P., Bharathiraja, S., Moorthy, M. S., Oh, Y. O., Seo, H., and Oh, J. (2017). Marine biopolymer-based nanomaterials as a novel platform for theranostic applications. Polym. Rev. 57 (4), 631–667. doi:10.1080/15583724.2017.1311914
 McAlindon, T. E., Nuite, M., Krishnan, N., Ruthazer, R., Price, L. L., Burstein, D., et al. (2011). Change in knee osteoarthritis cartilage detected by delayed gadolinium enhanced magnetic resonance imaging following treatment with collagen hydrolysate: a pilot randomized controlled trial. Osteoarthr. Cartil. 19 (4), 399–405. doi:10.1016/j.joca.2011.01.001
 Miguel, M., Dávalos, A., Manso, M. A., de la Peña, G., Lasunción, M. A., and López-Fandiño, R. (2008). Transepithelial transport across Caco-2 cell monolayers of antihypertensive egg-derived peptides. PepT1-mediated flux of Tyr-Pro-Ile. Mol. Nutr. Food Res. 52 (12), 1507–1513. doi:10.1002/mnfr.200700503
 Moniruzzaman, S. Md., Takahashi, K., Nesa, N. U., Keratimanoch, S., Okazaki, E., and Osako, K. (2019). Characterization of acid- and pepsin-soluble collagens extracted from scales of carp and lizardfish caught in Japan, Bangladesh and vietnam with a focus on thermostability. Food Sci. Technol. Res. 25 (2), 331–340. doi:10.3136/fstr.25.331
 Muthumari, K., Anand, M., and Maruthupandy, M. (2016). Collagen extract from marine finfish scales as a potential mosquito larvicide. Protein J. 35 (6), 391–400. doi:10.1007/s10930-016-9685-7
 Nakayama, T., Tsuruoka, N., Akai, M., and Nishino, T. (2000). Thermostable collagenolytic activity of a novel thermophilic isolate, Bacillus sp. strain NTAP-1. J. Biosci. Bioeng. 89 (6), 612–614. doi:10.1016/s1389-1723(00)80067-5
 Quirós, A., Dávalos, A., Lasunción, M. A., Ramos, M., and Recio, I. (2008). Bioavailability of the antihypertensive peptide LHLPLP: transepithelial flux of HLPLP. Int. Dairy J. 18 (3), 279–286. doi:10.1016/j.idairyj.2007.09.006
 Rabotyagova, O. S., Cebe, P., and Kaplan, D. L. (2008). Collagen structural hierarchy and susceptibility to degradation by ultraviolet radiation. Mater. Sci. Eng. C 28 (8), 1420–1429. doi:10.1016/j.msec.2008.03.012
 Reátegui-Pinedo, N., Salirrosas, D., Linda, S., Quiñones, C., Segundo, J., Barraza, G., et al. (2022). Characterization of collagen from three genetic lines (gray, red and F1) of oreochromis niloticus (tilapia) skin in young and old adults. Molecules 27 (3), 1123–1138. doi:10.3390/molecules27031123
 Renukuntla, J., Vadlapudi, A. D., Patel, A., Boddu, S. H. S., and Mitra, A. K. (2013). Approaches for enhancing oral bioavailability of peptides and proteins. Int. J. Pharm. 447 (1–2), 75–93. doi:10.1016/j.ijpharm.2013.02.030
 Rudovica, V., Rotter, A., Gaudêncio, S. P., Novoveská, L., Akgül, F., Akslen-Hoel, L. K., et al. (2021). Valorization of marine waste: use of industrial by-products and beach wrack towards the production of high added-value products. Front. Mar. Sci. 8. doi:10.3389/fmars.2021.723333
 Sai, Y., Kajita, M., Tamai, I., Wakama, J., Wakamiya, T., and Tsuji, A. (1998). Adsorptive-mediated endocytosis of a basic peptide in enterocyte-like Caco-2 cells. Am. J. Physiology-Gastrointestinal Liver Physiology 275 (3), G514–G520. doi:10.1152/ajpgi.1998.275.3.G514
 Sánchez-Tuesta, L., Reátegui-Pinedo, N., Salirrosas, D., Morocho-Jácome, A. L., Sarruf, F. D., Martinez, R. M., et al. (2021). Preliminary safety evaluation of n-butanol from the collagen extraction process and of collagen extract from oreochromis niloticus (tilapia) skin oriented for dermocosmetics. Biomed. Biopharm. Res. 18, 123–138. doi:10.19277/bbr.18.1.256
 Satake, M., Enjoh, M., Nakamura, Y., Takano, T., Kawamura, Y., Arai, S., et al. (2002). Transepithelial transport of the bioactive tripeptide, val-pro-pro, in human intestinal caco-2 cell monolayers. Biosci. Biotechnol. Biochem. 66 (2), 378–384. doi:10.1271/bbb.66.378
 Shimizu, K., Sato, M., Zhang, Y., Kouguchi, T., Takahata, Y., Morimatsu, F., et al. (2010). Molecular size of collagen peptide reverses the permeability of caco-2 cells. Biosci. Biotechnol. Biochem. 74 (5), 1123–1125. doi:10.1271/bbb.100015
 Shimizu, M., Tsunogai, M., and Arai, S. (1997). Transepithelial transport of oligopeptides in the human intestinal cell, caco-2. Pept. (NY) 18 (5), 681–687. doi:10.1016/s0196-9781(97)00002-8
 Song, R., Wei, R. B., Zhang, B., and Wang, D. F. (2012). Optimization of the antibacterial activity of half-fin anchovy (setipinna taty) hydrolysates. Food Bioproc Tech. 5 (5), 1979–1989. doi:10.1007/s11947-010-0505-3
 Srinivasan, S., and Durairaj, B. (2021). Collagen isolation and characterization from Sardinella longiceps. J. Adv. Vet. Anim. Res. 8 (4), 679–686. doi:10.5455/javar.2021.h560
 Sun, L., Hou, H., Li, B., and Zhang, Y. (2017). Characterization of acid- and pepsin-soluble collagen extracted from the skin of Nile tilapia (oreochromis niloticus). Int. J. Biol. Macromol. 99, 8–14. doi:10.1016/j.ijbiomac.2017.02.057
 Tziveleka, L. A., Kikionis, S., Karkatzoulis, L., Bethanis, K., Roussis, V., and Ioannou, E. (2022). Valorization of fish waste: isolation and characterization of acid- and pepsin-soluble collagen from the scales of mediterranean fish and fabrication of collagen-based nanofibrous scaffolds. Mar. Drugs 20 (11), 664. doi:10.3390/md20110664
 The European market potential for canned fish (2021). Available at: https://www.cbi.eu/market-information/fish-seafood/canned-fish/market-potential
 Venkatesan, J., Anil, S., Kim, S. K., and Shim, M. (2017). Marine fish proteins and peptides for cosmeceuticals: a review. Mar. Drugs 15 (5), 143. doi:10.3390/md15050143
 Wang, J., Luo, D., Liang, M., Zhang, T., Yin, X., Zhang, Y., et al. (2018). Spectrum-effect relationships between high-performance liquid chromatography (HPLC) fingerprints and the antioxidant and anti-inflammatory activities of collagen peptides. Molecules 23 (12), 3257. doi:10.3390/molecules23123257
 Wei, W., Zhang, L. L., Xu, J. H., Xiao, F., Bao, C. D., Ni, L. Q., et al. (2009). A multicenter, double-blind, randomized, controlled phase III clinical trial of chicken type II collagen in rheumatoid arthritis. Arthritis Res. Ther. 11 (6), R180. doi:10.1186/ar2870
 Yu, F., Zong, C., Jin, S., Zheng, J., Chen, N., Huang, J., et al. (2018). Optimization of extraction conditions and characterization of pepsin-solubilised collagen from skin of giant croaker (nibea japonica). Mar. Drugs 16 (1), 29. doi:10.3390/md16010029
 Zhang, F., Wang, A., Li, Z., He, S., and Shao, L. (2011). Preparation and characterisation of collagen from freshwater fish scales. Food Nutr. Sci. 02 (08), 818–823. doi:10.4236/fns.2011.28112
Conflict of interest: Author MF was employed by Pinhais and Cia, Lda.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author PR declared that she was an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Santos Filipe, André, Ferreira, Diaz-Lanza, André, Alves, Pacheco and Rijo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1443358-g005.gif





OPS/images/fphar-15-1443358-g006.gif
Rk i
EEEEEE





OPS/images/fphar-15-1443358-g003.gif





OPS/images/fphar-15-1443358-g004.gif
E

Ty





OPS/images/fphar-15-1443358-t002.jpg
Samples Papp (cm/s)

Collagen peptides 525 10°

Caffeine 26.54 x 10°°






OPS/images/fphar-15-1443358-g007.gif
T rechmete-th  —ecaede-






OPS/images/fphar-15-1443358-t001.jpg
Samples ioxidant activity

| ASC extract 520 +0.38

‘ Collagen peptides 1891 + 050

‘ Positive control 9535 + 0.82 ‘






OPS/xhtml/nav.xhtml
Contents

		Cover

		Valorizing sardine scales: a circular approach to sustainable collagen for cosmetics and nutrition applications		Background and Objective

		Methods

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Reagents

		2.2 Fish scales

		2.3 Collagen extraction

		2.4 Characterization of collagen extracts

		2.5 Enzymatic hydrolysis of acid soluble collagen extract

		2.6 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)

		2.7 Biological activities of collagen

		2.8 Cellular assays





		3 Results		3.1 Collagen extraction

		3.2 Characterization of collagen

		3.3 Enzymatic hydrolysis of collagen

		3.4 Biological activities of collagen and collagen peptides

		3.5 Permeation study with differentiated Caco-2 cells





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Valorizing sardine scales: a
circular approach to sustainable
collagen for cosmetics and
nutrition applications





OPS/images/fphar-15-1443358-g001.gif





OPS/images/fphar-15-1443358-g002.gif
P









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





