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Abstract :   
 
Marine animal by-products of the food industry are a great source of valuable biomolecules. Skins and 
bones are rich in collagen, a protein with various applications in food, cosmetic, healthcare, and medical 
industries in its native form or partially hydrolyzed (gelatin). Salmon gelatin is a candidate of interest due 
to its high biomass production available through salmon consumption, its biodegradability, and its high 
biocompatibility. However, its low mechanical and thermal properties can be an obstacle for various 
applications requiring cohesive material. Thus, gelatin modification by cross-linking is necessary. 
Enzymatic cross-linking by microbial transglutaminase (MTG) is preferred to chemical cross-linking to 
avoid the formation of potentially cytotoxic residues. In this work, the potential of salmon skin gelatin was 
investigated, in a comparative study with porcine gelatin, and an enzymatic versus chemical cross-linking 
analysis. For this purpose, the two cross-linking methods were applied to produce three-dimensional, 
porous, and mechanically reinforced hydrogels and sponges with different MTG ratios (2%, 5%, and 10% 
w/w gelatin). Their biochemical, rheological, and structural properties were characterized, as well as the 
stability of the material, including the degree of syneresis and the water-binding capacity. The results 
showed that gelatin enzymatically cross-linked produced material with high cross-linking densities over 
70% of free amines. The MTG addition seemed to play a crucial role, as shown by the increase in 
mechanical and thermal resistances with the production of a cohesive material stable above 40 °C for at 
least 7 days and comparable to porcine and chemically cross-linked gelatins. Two prototypes were 
obtained with similar thermal resistances but different microstructures and viscoelastic properties, due to 
different formation dynamics of the covalent network. Considering these results, the enzymatically cross-
linked salmon gelatin is a relevant candidate as a biopolymer for the production of matrix for a wide range 
of biotechnological applications such as food packaging, cosmetic patch, wound healing dressing, or 
tissue substitute. 
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1. Introduction 

Gelatin is a protein obtained from partial hydrolysis of collagen (Lv et al. 2019). Collagen is the most 

abundant protein in vertebrate organisms, as a primordial extracellular component representing up to 30% of 

their total proteins (Bae et al. 2008; Berendt et al. 2008; Gu et al. 2019). Its structure is a three-dimensional triple 

helix combining α-chains connected by hydrogen bonds. The collagen molecules are linked together to form 

fibers providing flexibility, stability and resistance to tissues (Gelse et al. 2003; Bhagwat and Dandge 2018). The 

gelatin is formed by free α chains that can arrange themselves in a triple helix, like collagen structure, if the 

gelling temperature is reached (coil → helix transition) (Harrington and Rao 1970; Djabourov 1988; Bello et al. 

2020). Gelatin, as collagen, is a biopolymer used in various industrial fields such as food, cosmetic, healthcare 

and medical industries (Gómez-Estaca et al. 2009; Huang et al. 2019; Lv et al. 2019). This protein has been 

attracting the attention of manufacturers and scientists for decades due to its wide range of applications as 

stabilizer, texturizer, cohesion agent, protein provider, film protector or moisture preserver (Ehrlich 2015; Lv et 

al. 2019). Gelatin has promising applications in food manufactures as packaging or edible coatings for meat 

products (Battisti et al. 2017; Díaz-Calderón et al. 2017; Prasad 2021), in healthcare as edible capsules releasing 

bioactive nutrients or in medicine with recent developments as polymer for wound healing dressing and tissue 

engineering with the 3D printing (Van Vlierberghe et al. 2011; Acevedo et al. 2019; Echave et al. 2019; Bello et 

al. 2020; Da Silva et al. 2021; Prasad 2021). This molecule enables the recovery of animal parts intended for 

animal meal production as it is extracted from by-products of the food industry, such as skin and bones. This 

recovery is environmentally beneficial with a zero-waste approach but also economically by obtaining high 

value-added products from discarded biomass (Silvipriya et al. 2015; Huang et al. 2019; Nitsuwat et al. 2021).  

Gelatin-based biomaterials are widely used as basic matrices due to their biocompatibility, biodegradability, low 

antigenicity, cell growth potential and adaptable mechanical properties (Broderick et al. 2005; Van Vlierberghe 

et al. 2011; Echave et al. 2019; Lv et al. 2019). Generally, used gelatin has mammalian origin, mainly bovine 

and porcine (Ferraro et al. 2010; Nitsuwat et al. 2021). This origin raises health concerns with the possible 

transmission of infectious vectors such as prions and may not conform to certain cultural and religious 

restrictions for some Muslim and Jewish communities (representing almost 23% of world's population) 

(Charulatha and Rajaram 2003; Song et al. 2006; Karim and Bhat 2009; Huang et al. 2019). To overcome these 

constraints other gelatin sources with high biocompatibility and similar structural and mechanical properties 

have to be found.  

Marine gelatin from fishing by-products could be an interesting alternative since it represents a huge source of 

collagen that can provide gelatin. Currently, about 50-75% of the total catch weight represents a waste of raw 

materials that contains about 30% of skin and bones very rich in collagen (Jongjareonrak et al. 2005; Bode et al. 

2011; Bhagwat and Dandge 2018). Marine gelatin is as biocompatible as mammalian gelatin but it is less stable 

due to a lower content of proline and hydroxyproline, which stabilize the gel structure by creating hydrogen 

bonds (Jongjareonrak et al. 2006; Gómez-Estaca et al. 2009; Ferraro et al. 2010; Da Silva et al. 2014). This 

difference results in lower gelling and melting temperatures, but also in poorer physical and rheological 

properties for marine gelatin biomaterial (Gomez-Guillén et al. 2001; Haug and Draget 2011; Huang et al. 2019). 

This latter cannot therefore be used in applications requiring a thermal stability and high bloom degree (Karim 

and Bhat 2009; Ferraro et al. 2010). However, cross-linking reactions can improve these properties by 
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amplifying the formation of new covalent bonds within the material (Bigi et al. 2001; Song et al. 2006). Stronger 

network removes the thermoreversible ability of gelatin to change state (Gomez-Guillén et al. 2001). Most 

commonly, chemical cross-linking agents are used, such as glutaraldehyde (GTA) or carbodiimides, as they are 

very effective. However, they present risks of cytotoxicity, and produce inflammatory reactions or tissue 

calcification (Chau et al. 2005; Chen et al. 2005; Barnes et al. 2007; Annamalai et al. 2019), which should be 

avoided in food, cosmetic or healthcare applications. An alternative method such as enzymatic cross-linking with 

microbial transglutaminase (MTG, EC.2.3.2.13) is then necessary. This food grade enzyme has a good 

cytocompatibility and it is recognized as safe for human ingestion (Huang et al. 2019; Adamiak and Sionkowska 

2020). MTG catalyzes acyl transfer reactions between γ-carboxyamide groups of peptide-bound glutamine 

residues (acyl donor) and ε-amino groups of mainly lysine residues (acyl acceptor) that creates intermolecular or 

intramolecular ε-(γ-glutamyl)lysine bonds (Folk 1970). Mechanical and proteolytic resistances are then increased 

without creating cytotoxic residues (Stachel et al. 2010; Zhao et al. 2016; Liu et al. 2020).  

In this study, the gelatin was obtained from Atlantic salmon (Salmo salar) skins. This species was 

chosen because its annual world production is 2.4 million tons (4.5% of the aquaculture fish production) for the 

food industry, which allows for sustainability, consistency of quality and traceability of the resource (FAO 

2020). The properties of the gelatin were improved with MTG to obtain a biomaterial harboring mechanical and 

thermal properties adaptable to the different applications. To understand this subject, a deeper knowledge of the 

protein enzymatic cross-linking phenomena is required by the study of gelling properties. Thus, the objective of 

this study is to determine the optimal amount of enzyme needed to obtain a biomaterial capable of competing 

with chemical cross-linking and mammalian gelatin. The developed biomaterial was analyzed as hydrogel 

(highly hydrated matrix) and sponge (freeze-dried matrix). The efficiency of the cross-linking by MTG was 

performed with structural, biochemical and mechanical analyses. Attained results could find a practical 

application in controlling the structure of salmon gelatin with well-defined physical properties adaptable for 

various applications such as food packaging, cosmetic patch, wound healing dressing or tissue substitute 

(Morimura et al. 2002; Bhagwat and Dandge 2018; Prasad 2021). 

 

2. Materials and methods 

2.1. Material origins 

2.1.1. Biological materials 

Gelatin from salmon was extracted by YSLAB company (Quimper, France) from skins obtained from 

MerAlliance company (Quimper, France) according to the patent WO 2016/142633 (Hemon et al. 2016). Salmon 

skins were cleaned, coarsely ground to increase the extraction yield and washed twice with 0.45M NaCl and 

clear water. Subsequently, thermal hydrolysis was performed at 45°C for 60 min under stirring followed by 

successive filtrations down to 0.4 mm. The supernatant containing gelatin was frozen at -20°C and freeze-dried. 

The resulting dry material was solubilized at 6% (w/v) in distilled water at 40°C and clarified by a 10-min 

centrifugation at 8000 g at 20°C to remove hydrophobic components (centrifuge 5810 R, Eppendorf, France). 

The supernatant was collected and freeze-dried for use in the following tests. Type A gelatin from porcine skin 

(300 bloom, BioReagent, Sigma-Aldrich, USA) extracted by acid procedure was used for comparison in cross-
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linking impacts. MTG was donated by BDF ingredients (Girona, Spain) in a powder form. The enzyme was 

obtained from the bacteria Streptomyces mobaraensis and the nominal activity was 125 U.g-1 of powder.  

 

2.1.2. Chemical materials 

All chemicals and reagents used in this study were analytical grade. Buffer reagents, as sodium 

dihydrogen phosphate (NaH2PO4•H2O), di-sodium hydrogen phosphate dodecahydrate (Na2HPO4•12H2O) and 

sodium chloride (NaCl), were purchased from Carlo Erba Reagents (France). SDS-PAGE assay reagents and 

materials were received from Bio-Rad Laboratories (USA). Protein molecular weight markers for size-exclusion 

chromatography (SEC-HPLC), sodium dodecyl sulfate (SDS), sodium azide, albumin from bovine serum (BSA), 

2-mercaptoethanol (BME), L-Leucine and o-phthalaldehyde (OPA) were obtained from Sigma-Aldrich (USA). 

GTA (25% aq. solution) was purchased from Alfa Aesar (Germany). 

 

2.2. Material characterization 

The proximate analysis of the salmon gelatin were performed by UpScience (Vannes, France). Moisture 

content was determined gravimetrically by oven drying at 103°C for 4 h (Internal method EAU-H 14). Fat 

content was obtained by gravimetric method after a hot treatment with hydrochloric acid followed by filtration, 

extraction with petroleum ether, solvent removal by distillation and residue drying (Internal method MGRA-H 15 

– process B). Protein content was assessed by Dumas methodology (with a conversion factor of 5.4) (Internal 

method DUMAS-H 14) (Jongjareonrak et al. 2006). Total ash content was determined gravimetrically by a 

furnace (Internal method CEND-H 13). 

Salmon and porcine gelatins were characterized by SDS-PAGE according to the method of 

Laemmli (1970) and the supplier instructions. Briefly, freeze-dried samples were dissolved in distilled water to 

1 g.L-1 and kept in a water bath at 40°C for 30 min. Solubilized samples were mixed at 1:1 (v/v) ratio with the 

Laemmli sample buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 25% (v/v) glycerol, 0.01% bromophenol blue and 

5% (v/v) BME freshly added). The mixtures were denatured in boiled water at 95°C for 5 min. Samples (20 µL) 

and protein markers (10 µL of Precision Plus Protein Standards Dual Colors) were loaded onto 4-20% 

polyacrylamide gel (Mini-Protean TGX) and submitted to electrophoresis at 150V using Mini-Protean Tetra 

System. After electrophoresis, gel was rinsed with distilled water and fixed with a solution of 50% (v/v) 

methanol and 10% (v/v) acetic acid for 30 min. Then, gel was stained with Bio-Safe Coomassie G-250 Stain 

overnight and destained with a solution of 10% (v/v) acetic acid for 30 min four times. The profiles of salmon 

and porcine gelatins were compared using a Gel Doc EZ Imager and the software Image lab 5.0. 

Molecular weight distribution and proportion of salmon and porcine gelatins were estimated by 

SEC-HPLC according to GE Healthcare instructions on a device Dionex Ultimate 300 UHPLC+ focused 

(ThermoFisher Scientific, France). Samples were suspended at 20 g.L-1 in the mobile phase (0.05 M phosphate 

buffer containing 0.15 M NaCl and 0.02% (w/v) sodium azide, pH 7.2) and heated at 40°C for 30 min before 

filtration on 0.22 µm Millex PTFE filters (Merck Millipore, Ireland). Samples (10 µL) were loaded on a 

Superdex 200 10/300 GL column (GE Healthcare, Sweden) previously equilibrated with the mobile phase. The 

flow rate was 0.5 mL.min-1 and all the system was heated at 35°C. Compounds leaving the column were detected 

at 220 and 280 nm and data were analyzed with Chromeleon 7 (ThermoFisher Scientific, France). The column 

was calibrated with standard compounds: thyroglobulin (669 kDa), apoferritin (443 kDa), β-amylase (200 kDa), 
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alcohol dehydrogenase (150 kDa), albumin (66 kDa) and carbonic anhydrase (29 kDa) from Gel filtration 

markers kit 29-700 kDa (Sigma-Aldrich, USA) and cytochrome c (12.3 kDa) (Sigma-Aldrich, USA). The 

relation between retention time (RT) and molecular weight (MW) was: log (MW) = -0.113 x RT + 5.0793. 

The amino acid compositions of salmon and porcine gelatins were determined by UpScience (Vannes, 

France) according to an internal method adapted from the EC regulation 152/2009 of January 27, 2009 

(Commission 2009). Briefly, samples were hydrolyzed in hydrochloric acid and/or oxidized with performic acid. 

They were separated on ion exchange chromatography and then characterized by reaction with ninhydrin using 

photometric detection at 440 and 570 nm. Amino acid contents of samples were reported as g/100g of protein.  

 

2.3. Cross-linking procedures 

Freeze-dried salmon and porcine gelatins were hydrated in phosphate buffer 0.1 M (pH 6) containing 

0.02% (w/v) sodium azide at 40°C for 30 min, to obtain a complete dissolution. This temperature is optimal for 

MTG and it partially denatures gelatin network to subsequently improve cross-linking (Stachel et al. 2010). 

Then, MTG solubilized in phosphate buffer was added, and the mixture was stirred manually until 

homogenization. At the end, the gelatin was at 6.67% (w/v) (Jongjareonrak et al. 2006; Arnesen and Gildberg 

2007; Mohtar et al. 2013) and MTG was tested at three concentrations: 2%, 5% and 10% (w/w gelatin) 

(representing 2.5, 6.25 and 12.5 U.g-1 of gelatin respectively) (Table 1). The mixtures were incubated in a water 

bath at 40°C for 30 min and the enzyme was inactivated by heating the samples up to 70°C for 15 min (Gomez-

Guillén et al. 2001; De Carvalho and Grosso 2004). The hydrogels were left at room temperature for 20 min and 

then at 4°C for at least 18 h. Samples were used for measurements under hydrogel or sponge forms after a 

freeze-drying step. 

The negative control (called native is the untreated gelatin) was made using the same procedure with phosphate 

buffer instead of the MTG solution. The positive control was a chemical cross-linking with 1% (v/v) GTA 

without heating after GTA addition. All the following tests were carried out in triplicate. 

  

2.4. Rheological characterization 

Rheological measurements were carried out in oscillatory shear on a MCR 702 MultiDrive rheometer 

(Anton Paar, France), following a previously proposed procedure (Mohtar et al. 2013). The storage modulus 

(G’), which characterizes the elastic energy stored in the sample, and the loss modulus (G’’), which characterizes 

the viscous dissipation within the sample, were studied at a constant frequency of 1 Hz and at a strain amplitude 

of 1%, chosen in the linear regime. All viscoelastic data were analyzed with the software Anton Paar 

RheoCompass 1.24. 

 

2.4.1. State transitions of native gelatins (sol-gel and gel-sol) 

State transitions of native gelatins (S-NAT and P-NAT) were measured in a concentric-cylinder 

geometry stainless steel and titanium (17 mm diameter bob and cup, inner diameter: 16.65 mm, outer diameter: 

18.08 mm, length: 25 mm, gap: 0.71 mm). Approximately 4.6 mL of 5% (w/v) gelatin solution were loaded into 

the geometry and a thin layer of paraffin oil was applied over the sample and the geometry to prevent drying. 

Sample was cooled down at a rate of 0.5°C.min-1 from 40°C to about 3°C under the sample gelling temperature. 

Sample was maintained at the lowest temperature for 1 h in order to complete the gelling process. The melting 
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temperature was obtained by increasing the temperature to 40°C at a rate of 0.5°C.min-1. The gelling point (or 

the sol-gel transition) and the melting point (or gel-sol transition) were determined as the cross-over points of G’ 

and G’’ (Djabourov et al. 1988b). 

 

2.4.2. Cross-linking impact on thermal resistance 

Thermal resistances of native and cross-linked gelatins were carried with a sandblasted stainless steel 

parallel-plate geometry of 25 mm diameter. Hydrogels were prepared as previously described in Petri dishes in a 

layer of 1 mm thick and left at 4°C for at least 18 h. A piece of hydrogel was removed with a punch of 25 mm 

diameter and placed on the geometry with a 1 mm gap. A thin layer of paraffin oil was applied around the 

sample and the geometry. The G’ and G’’ moduli were analyzed by heating samples from 1 to 40°C at a rate of 

0.5°C.min-1 and the melting point was determined. 

 

2.5. Biochemical and structural analyses 

2.5.1. Determination of cross-linking degree 

The formation of covalent bonds during cross-linking was estimated by the quantification of free 

amines with an OPA procedure according to Nielsen et al. (2001) with slight modifications. Briefly, an OPA 

solution was prepared daily with 25 mL of 0.1 M sodium tetraborate, 2.5 mL of 20% (w/v) SDS, 40 mg of OPA 

in 1 mL of absolute ethanol, 100 µL of BME and distilled water to a final volume of 50 mL (Church et al. 1983). 

Gelatin sponges (0.2 g) were solubilized in 2 mL of distilled water at 90°C for 1 h. Then, 50 µL of the mixture 

were homogenized in 1 mL of OPA reagent, 250 µL were deposited in triplicate in a 96-well microplate (Greiner 

Bio-One, Germany) and incubated 2 min at room temperature in the dark (Marco and Rosell 2008). The 

absorbance was determined at 340 nm with a spectrophotometer SPECTROstar Omega (BMG Labtech, 

Germany) using distilled water as control and a standard range of L-Leucine (from 0.5 to 5 mM). Cross-linking 

degree was calculated as: Cross-linking degree (%) = 100 – (% free amines compared to the native). 

 

2.5.2. Microstructural analyses 

 The microstructural analyses of gelatin sponges were carried out by scanning electron microscopy 

(SEM) (Hitachi S-3200N, Germany) (PIMM core facility, University of Western Brittany, France). All samples 

(d: 26 mm × h: 10 mm) were cut in the center in the vertical plane and were fixed to a support to be coated with 

gold/palladium under vacuum. Pore size measurements (n = 10 per sample with two perpendicular measurements 

each) were conducted randomly from SEM images (Murphy et al. 2010; Krieghoff et al. 2019; Zamani et al. 

2021). 

 

2.5.3. Chemical composition 

A small piece of gelatin sponge was cut and used for Fourier-transform infrared spectrometer (FTIR) 

analysis with a FT/IR-4600 spectrometer and IRT-5200 microscope (Jasco, France). The reflectance signal was 

collected on the region from 400 to 4000 cm-1 for 32 scans at a resolution of 4 cm-1.  

 

2.6. Material stability 

2.6.1. Hydrogel stability and syneresis 
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The hydrogel stability and syneresis were determined by using a sample of 5 mL (diameter 2.6 cm) 

weighed (W0) and sealed on a sterile Petri dish. Samples were heated at 40°C for 24 h and 7 days. After this, 

hydrogels were wiped with absorbent paper to remove excess liquid and reweighed (Wf). The syneresis 

percentage was calculated as follows: Syneresis (%) = (W0 - Wf) / W0 x 100. 

 

2.6.2. Sponge stability and water binding capacity 

The water binding capacity was analysed for sponges according to Elango et al. (2016) with slight 

modifications. Briefly, the dried sample was weighed (Wd) before being sealed in a cup containing 5 mL of 

phosphate buffer 0.1 M (pH 6). After shaking, the cup was heated at 40°C for 7 days. Then, the wet sample was 

wiped to remove excess liquid, and weighed (Ww1). The sample was returned to the cup and 5 mL of fresh 

phosphate buffer were added to extend the test to 30 days. At the end, the wet sample was wiped and weighed 

again (Ww2). The water binding capacity was calculated as: Water binding capacity (%) = (Ww - Wd) / Wd x 

100. 

 

2.7. Statistical analyses 

Results were expressed as mean ± standard deviation (SD) from three independent trials. The 

significance of differences was determined by Analysis of variance (ANOVA) and the multiple comparison was 

performed by Tukey’s test. Statistical analyses were carried out with the software R (v. 3.6.1) and data with P < 

0.05 were considered as statistically significant. 

 

3. Results and discussion 

3.1. Material characterization 

3.1.1. Proximate analysis 

Proximate composition presented in Table 2 allows to characterize the salmon gelatin material before 

the cross-linking procedure. Salmon gelatin contained mainly proteins (93.6%) with low moisture (7.1%), fat 

(1.2%) and ash (1.9%) contents confirming the effectiveness of the protein extraction.  

 

3.1.2. SDS-polyacrylamide gel electrophoresis 

The first approach to characterize the native material was the determination of the molecular weight 

distribution of S-NAT by means of SDS-PAGE under reducing conditions in comparison to P-NAT (Fig. 1). 

Both samples displayed two bands close to 250 kDa and two close bands with molecular weights of 118 and 

108 kDa for S-NAT, and 130 and 117 kDa for P-NAT. These bands are characteristic of protein patterns of 

gelatin from collagen type I, namely two β-component (β11 and β12) about 245 kDa and two α-chains, α1 and 

α2, between 101-120 kDa as previously published in literature on salmon with other extraction methods (Chiou 

et al. 2006; Moreno et al. 2012; Alves et al. 2017; Díaz-Calderón et al. 2017). This electrophoresis profile 

confirmed the presence of gelatin in the salmon material obtained by thermal extraction and that both gelatin 

contained natural crosslinks by the presence of β-component. In fact, the α-chains are the basic units of gelatin 

and can connect by hydrogen bonds to form a β-component (a dimer) or γ-triple helix (a trimer, not detected) 

(Gomez-Guillén et al. 2001; Cheng et al. 2019). The increase in temperature disturbed the gelatin structures and 
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the addition of denaturing products broke the bonds that released the β-component and α-chains. Both samples 

had an α1 band more pronounced than the α2 band, as there is twice more α1 than α2 in the triple helix (Ahmad 

et al. 2010). S-NAT has lower molecular weights than P-NAT which may be due to a different amino acid 

composition (Chiou et al. 2006; Silva et al. 2014).  

 

3.1.3. Size-exclusion chromatography  

Native gelatins were characterized by SEC-HPLC to separate them on the basis of their size while 

preserving their conformation. The chromatographic patterns and distribution are shown in Fig. 2 and Table 3. 

Both gelatins presented a high proportion of molecular weight above 300 kDa, 68.57% for S-NAT and 77.07% 

for P-NAT. This high molecular weight of 300 kDa reflects the presence of α-chain aggregates under coil or 

triple helix structures corresponding to a preservation of the tertiary structure of these native gelatin (Djabourov 

1991; Gomez-Guillén et al. 2001; Bode et al. 2011; Cheng et al. 2019). This difference with the SDS-PAGE 

results can be explained by the absence of denaturing conditions, so the weak bonds and the tertiary structures 

were preserved. The lower content of high molecular weight of S-NAT can be explained by a lower amount of 

intra- and inter-molecular cross-linked, resulting from a different amino acid composition (Haug and Draget 

2011). However, non-denatured S-NAT was a promising candidate for enzymatic cross-linking as MTG 

produces higher molecular weight polymers by catalysing new cross-links (Huang et al. 2019). 

 

3.1.4. Amino acid composition 

The amino acid profiles of native gelatin were established in order to better understand the previous 

differences recorded in molecular weight distributions and the following rheological measurements (Table 4). 

Profiles revealed a wide variety of amino acids. The main amino acids of S-NAT and P-NAT were glycine 

(23.10% and 21.61% respectively), proline (11.06% and 13.66% respectively) and hydroxyproline (7.24% and 

11.30% respectively). Glycine was present in high concentration as this small amino acid occurs at every third 

amino acid in the helical domain of an α chain allowing compact triple helices (Bhagwat and Dandge 2018; 

Huang et al. 2019). The amount of glycine can vary between 20-36% for mammalian gelatin or cold fish gelatin 

(including salmon) depending on the extraction technique (Arnesen and Gildberg 2007; Eysturskard et al. 2009; 

Acevedo et al. 2015; Díaz-Calderón et al. 2017). Proline and hydroxyproline are the amino acids most often 

cited to complete the triplet sequences with glycine. These both amino acids were in a higher proportion in 

P-NAT (24.96% combined) than in S-NAT (18.30% combined) which is close to literature (Arnesen and 

Gildberg 2007; Ferraro et al. 2010; Acevedo et al. 2015). This promotes the creation of bonds and may explain 

the higher proportions of high molecular weight for P-NAT than for S-NAT (Gómez-Estaca et al. 2009; Ferraro 

et al. 2010). Moreover, proline and hydroxyproline are also considered responsible for the resistance of gelatin 

and a lower concentration in S-NAT than in P-NAT would imply lower thermostability and bloom degree 

(Gomez-Guillén et al. 2001; Silva et al. 2014; Annamalai et al. 2019; Huang et al. 2019). 

 

3.2. Rheological results 

3.2.1. State transitions of native gelatins (sol-gel and gel-sol) 

 Linear viscoelastic properties of native gelatins were measured to determine the temperatures of state 

transitions. Samples were first cooled and the sol-gel transition, corresponding to G’ = G”, was shown to occur at 
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5.0 ± 1.0°C for S-NAT and at 23.6 ± 0.1°C for P-NAT, as illustrated in Fig. 3A. The gelation is a non-

instantaneous process; first, the gelatin molecules change from a coil conformation to a helix by the random 

formation of hydrogen bonds. The gel is then formed when sufficient helicoidal regions are produced (Chen and 

Shi 2013). Helices will grow and stabilize the structure through crystal junction zones (Achet and He 1995; Chen 

and Shi 2013). The time-induced gel structurating is rheologically characterized by a sharp increase of the 

storage modulus G', from about 1 Pa at the gelling point for both S-NAT and P-NAT (Fig. 3A), to 

1146.9 ± 952.4 Pa for S-NAT and 1170.7 Pa for P-NAT after one hour equilibration, highlighting the significant 

enhancement of gel elastic properties with time (Arnesen and Gildberg 2007). Gelatin is a material with a 

thermoreversible nature, when heated, the material loses cohesion and a gel-sol transition is obtained. S-NAT 

showed a lower thermal resistance than P-NAT with melting point at 16.7 ± 1.1°C and at 33.2°C, respectively 

(Fig. 3B). Ionic forces, pH, triple helix rate or molecular weight can impact the processes of state change 

(Djabourov et al. 1988a). Thus, the differences between S-NAT and P-NAT could be due to the higher amount 

of proline and hydroxyproline in P-NAT that are favorable to nucleation due to their stiffness (Djabourov 1988; 

Arnesen and Gildberg 2007). The adaptation to the body temperature has also a role in these differences as 

salmon is an ectothermic, living at 6-16°C, its temperature is lower than the temperature of terrestrial mammals 

(Jongjareonrak et al. 2006; Haug and Draget 2011; Diogo et al. 2021). 

 

3.2.2. Cross-linking impact on thermal resistance 

Sample thermal resistance after cross-linking was rheologically studied by analyzing G’, G” as a 

function of temperature, as presented in Fig. 4 and Fig. 5. Melting temperatures of S-NAT and S-MTG2 were 

respectively 17.5 ± 0.3°C and 20.7 ± 0.1°C. The results showed that a weak network has developed in S-MTG2, 

but still not efficient enough to suppress the thermoreversibility of the material at the higher tested temperatures 

(Fig.  4). A study on the hoki fish gelatin has shown a similar increase of the melting temperature by 4.5°C with 

enzyme addition (Mohtar et al. 2013). The storage modulus G’ of both S-MTG5 and S-MTG10 were shown to 

slightly decrease in the vicinity of the melting temperature of S-NAT, which could be due to the breaking of a 

weak physical network, with non-covalent cross-links present at low temperatures (Bode et al. 2011; Da Silva et 

al. 2014). However, the results show that the elastic properties were maintained at 40°C, due to the presence of a 

network with covalent cross-links (De Carvalho and Djabourov 1997; Bode et al. 2011). This loss of 

thermoreversibility was also obtained on porcine gelatin with the three enzyme concentrations (Fig. 5). Other 

studies on porcine gelatin cross-linked with MTG at 10 or 12 U.g-1 of gelatin, showed an increase of the melting 

temperature above 50°C (Chen et al. 2003; Liu et al. 2020).  

For both gelatins, the results plotted in Fig. 4 and Fig. 5 showed that enzymatic cross-linking result in hydrogels 

that were as mechanically and thermally resistant at 40°C as hydrogels obtained by chemical cross-linking. 

However, the G' modulus at 40°C of S-GTA (139.2 ± 14.6 Pa) is four times lower than that of S-MTG10. 

Moreover, it is interesting to note that S-MTG10 exhibited elastic properties similar to those of P-MTG5 and 

P-MTG10 at 40°C, meaning that, above a given enzyme concentration threshold, marine gelatin could provide 

similar mechanical characteristics to those of mammalian gelatin and thus be a relevant substitute. 

 

3.3. Biochemical and structural analyses 

3.3.1. Determination of cross-linking degree 
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 The sample cross-linking degrees were estimated based on the free amines in comparison to native 

gelatin with the OPA procedure; results are shown in Fig. 6, some data were obtained in a heterogeneous 

environment due to cross-linking. For salmon gelatin, the degree of cross-linking showed a significant increase 

for S-MTG5, S-MTG10 and S-GTA where covalent networks had developed to more than 70% of free amines. 

Overall, S-MTG5 and S-MTG10 developed a network of covalent bonds as rich as P-MTG2, P-MTG5 and even 

P-MTG10 for S-MTG10. Cross-linking degree seemed to reach a plateau between 70-85% at the enzyme 

concentrations tested. This can be explained by the progressive reduction of intermolecular space due to new 

covalent bonds that would have limited the mobility of the enzyme and its interaction with the entire substrate 

(Elango et al. 2016; Cheng et al. 2019). This is in contrast to chemical cross-linking, which was faster with the 

small size of the GTA and its diversity of action sites accepting more amino acids (Chatterji 1989; Barnes et al. 

2007; Huang et al. 2019). The degree of cross-linking reached in our study was higher than 98%. By comparing 

rheology results, 70% of amino groups involved in the bonding network seem enough to obtain a cohesive and 

resistant material at 40°C for both gelatins. 

 

3.3.2. Microstructural analyses 

Microstructural analyses of gelatin sponges are necessary to know the pore size and shape. These 

parameters are important as they affect the functional and mechanical properties of the material (Song et al. 

2006). SEM images show that all native and enzymatically cross-linked salmon gelatins possessed porous 

structures with interconnected cavities (Fig. 7). This feature is important as it allows diffusion of oxygen, 

nutrients, and liquid into the matrix (Song et al. 2006; Bermueller et al. 2013). SEM image analysis was used to 

determine the average pore size (Table 5). Pore size was significantly impacted by cross-linking in the S-MTG10 

sponges. Indeed, the pores decreased from an average diameter of 720 ± 287 µm for S-NAT, to 461 ± 233 µm 

for S-MTG10 by the increase of the internal network. A decrease in pore size was also observed on bovine 

collagen following the addition of MTG (Cheng et al. 2019). The pore size influences the diffusion within the 

material. For potential medical applications as tissue substitute, the diameter of S-MTG10 seems to be the most 

appropriate for cell development as previous studies done on mammalian collagen sponges have concluded that 

pores between 300 and 500 µm are favorable to development of primary mesenchymal stem cells and osteoblasts 

(Murphy et al. 2016; Krieghoff et al. 2019). This diameter allows the development of tissue due to its large 

interface between the material and the cells. The pore shapes were irregular from round to flattened and the 

homogeneity of the material was increased concomitantly with the augmentation of enzyme’s amount. 

Enzymatic cross-linking allows to modify the internal structure of the material to adapt it to the needs of future 

applications in terms of shape and pore size. 

 

3.3.3. Chemical composition 

The chemical structures of the sponges were analyzed by FTIR to observe the changes brought by 

cross-linking (Fig. 8). The sponges had a protein structure characterized by amide peaks. The peaks were located 

as follows: amide I about 1700-1600 nm (corresponds to C=O stretching vibrations), amide II about 1590-

1500 nm (corresponds to C-N stretching coupled with N-H bending), amide III about 1200 nm (corresponds to 

C-N stretching coupled with N-H bending), amide A about 3295 nm (corresponds to N-H stretching coupled 
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with hydrogen bound) and amide B about 2900-2920 nm (corresponds to CH3 and CH2 asymmetric stretching) 

(Ahmad et al. 2017; Cheng et al. 2019). 

The wavelengths of the peaks did not vary significantly between samples in contrast to their relative absorbance 

(Table 6). The major differences appeared to be on amides II and III with decreases in absorbance for S-MTG10 

and S-GTA. The absorbance decrease for amide II reflects a change from NH2 to NH through the creation of 

covalent intermolecular bonds between gelatin molecules for enzymatic cross-linking or between gelatin 

molecules and GTA for chemical cross-linking (Chen et al. 2014). The absorbance decrease for amide III reflects 

a decrease in the amount of triple helices. The creation of new covalent bonds disrupted the formation of triple 

helices during cooling, which remained partially coiled (Cheng et al. 2019). Furthermore, it has been shown that 

an amide III and 1450 nm ratio close to 1 indicates a triple helix structure, but this ratio decreased, in comparison 

to the native gelatin, when the enzyme concentration increased, proving the partial loss of the triple helices 

(Ahmad et al. 2010; Zhang et al. 2016). The rheological differences between S-MTG5 and S-MTG10 seemed to 

be explained by a different internal chemical structure, the covalent bonds were not formed in the same way. It 

appears that S-MTG5 had an intramolecular network with triple helix structures formed by covalent bonds 

because amide II and III absorbances were close to those of S-NAT while S-MTG5 had acquired high thermal 

and mechanical resistances.  

 

3.4. Biomaterial stability 

3.4.1. Hydrogel stability and syneresis  

The hydrogels were macroscopically identical with the exception of S-GTA that showed an orange 

color in contrast to the white color of the others (Fig. 9). This coloration is due to the consumption of aldehyde 

groups during chemical cross-linking, which does not occur with the enzyme (Chatterji 1989; Tian et al. 2016). 

The hydrogels were maintained for 7 days at 40°C to mimic an ageing process of the material in order to observe 

their stability on a longer period and with larger samples than rheological analyses (Fig. 9). Their ability to retain 

their hydration was also analyzed (Fig. 10). Indeed, in some domains of applications such as wound healing 

dressing or more broadly in tissue engineering, it is necessary for a hydrogel to maintain its structure as well as 

its hydration, because this influences the permeability to nutrients and potentially its biocompatibility (Zhao et 

al. 2016). S-NAT was completely liquefied in less than 1h30 that confirmed its thermoreversible ability. S-

MTG2 remained solid at 40°C, contrary to rheological analyses for 7 days (Fig. 4). Possible explanations for this 

are the absence of applied mechanical stress, the higher thickness of the sample or the slight drying of the 

hydrogel surface that maintained the structure. However, the structure of S-MTG2 was not completely cohesive; 

it was difficult to handle due to a high viscosity. S-MTG5, S-MTG10 and S-GTA retained their original gel 

form, which confirmed their acquisition of a durable thermal resistance. However, S-MTG5 and S-MTG10 had 

different behaviors at the end of the test, S-MTG5 was viscous and sticky while S-MTG10 was more rigid and 

not sticky that can be explained by the FTIR data, which showed different modifications in chemical structures 

(Fig. 8).  

Concerning syneresis, S-MTG5 showed the lowest rates (around 8-15%) which did not vary significantly over 

the analysis period (Fig. 10). S-MTG10 released more liquid after 7 days showing a more developed 

hydrophobicity, because during the cross-linking reaction, hydrophilic amino acids of the gelatin were used to 

form the bonds (Liu et al. 2020). This hydrophobic effect was accentuated for S-GTA with higher and faster 
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syneresis (34% in 24 h and 46% in 7 days) due to its higher cross-linking degree (Chen et al. 2014). These 

differences in behavior can offer versatility in applications to the material depending on the amount of enzyme 

used.  

 

3.4.2. Sponge stability and water binding capacity 

The stability of the gelatin sponges in rehydration conditions at 40°C was assessed in order to better 

understand the impact of freeze-drying (Fig. 11). All the cross-linked sponges retained a solid state over the 

period of analysis, including S-MTG2, which implies that freeze-drying strengthened its structure (Schoof et al. 

2001; Buttafoco et al. 2006). Buffer turnover during the analysis did not affect the swelling rates as shown in 

Fig. 12. S-MTG2 and S-MTG5 showed swelling rates of 630-690% while lower water binding capacities were 

observed for S-MTG10 and S-GTA with swelling rates of 350-450%. Their higher hydrophobic abilities are 

explained by the increase of their molecular weights due to the formation of covalent bonds and the loss of 

hydrophilic sites (Chen et al. 2014; Huang et al. 2019; Liu et al. 2020). These different degrees of water binding 

capacities are promising. Indeed, the materials could go through a freeze-drying step to facilitate their 

preservation and then be rehydrated before its use. 

 

4. Conclusion 

This study demonstrated the effect of enzymatic cross-linking by microbial transglutaminase (MTG) on 

Atlantic salmon skin gelatin. The result was a potential porous gelatin-based biomaterial for various applications 

by its structure, its mechanical and thermal resistances and its water conservation capacity. This enzyme-assisted 

modification improved the mechanical and thermal resistances of the gelatin. Depending on the amount of 

enzyme used, it was possible to adapt the properties of the biomaterial to different potential applications. A 

cross-linking with 5% enzyme (6.25 U.g-1 of gelatin) allowed the development of a sticky and viscous material 

that may be interesting as cosmetic patch or wound healing dressing, while the addition of 10% enzyme 

(12.5 U.g-1 of gelatin) allowed to obtain a rigid and non-sticky material interesting as packaging for food or 

scaffold for tissue engineering. Moreover, both biomaterials were resistant to temperatures above 40°C and to 

rehydration. This work is a premise for future work that should focus on cellular analysis to test its ability to 

support bone-marrow mesenchymal stem cells survival and its biocompatibility, as well as its degradation. 

Complementary mechanical tests such as compressive and tensile strength analyses must also be performed to 

use it in the medical field as tissue substitute. 
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Mechanically enhanced Salmo salar gelatin by enzymatic cross-linking: premise of a bioinspired material 

for food packaging, cosmetics and biomedical applications 

 

 

Fig. 1 SDS-PAGE profiles of the native gelatin samples. Lane 1: S-NAT: salmon native gelatin; lane 2: P-
NAT: porcine native gelatin; lane 3: Standards (in kDa).   
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for food packaging, cosmetics and biomedical applications 

 

 

Fig. 2 SEC-HPLC profiles of the native gelatin samples. S-NAT: salmon native gelatin (continuous line) and 
P-NAT: porcine native gelatin (dashed line). 
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Mechanically enhanced Salmo salar gelatin by enzymatic cross-linking: premise of a bioinspired material 

for food packaging, cosmetics and biomedical applications 

 

 

Fig. 3 State transitions of native gelatins. Storage modulus (G’ - squares) and loss modulus (G" - triangles), at a 
frequency of 1 Hz in the linear regime, as a function of temperature for native salmon (S-NAT - in black) and 
porcine gelatins (P-NAT - in grey) (n = 3). A: gelling temperature analyses and B: melting temperatures 
analyses. 
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for food packaging, cosmetics and biomedical applications 

 

Fig. 4 Cross-linking impact on thermal resistance of salmon gelatin. Storage modulus (G’ - squares) and loss 
modulus (G" - triangles), at a frequency of 1 Hz in the linear regime, as a function of heating temperature. Native 
gelatin is represented in light grey as control. S: salmon gelatin, MTG: enzymatically cross-linked gelatin (the 
associated number is the % of enzyme), and GTA: chemically cross-linked gelatin (n = 3). 
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Fig. 5 Cross-linking impact on thermal resistance of porcine gelatin. Storage modulus (G’ - squares) and loss 
modulus (G" - triangles), at a frequency of 1 Hz in the linear regime, as a function of heating temperature.. 
Native gelatin is represented in light grey as control. P: porcine gelatin, MTG: enzymatically cross-linked gelatin 
(the associated number is the % of enzyme), and GTA: chemically cross-linked gelatin (n = 3). 
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for food packaging, cosmetics and biomedical applications 

 

 

Fig. 6 Cross-linking degree (%) of native and cross-linked sponges for salmon (in dark grey) and porcine 
gelatins (in light grey) (n = 3). S: salmon gelatin, P: porcine gelatin, NAT: native gelatin, MTG: enzymatically 
cross-linked gelatin (the associated number is the % of enzyme), and GTA: chemically cross-linked gelatin. 
Different letters above the histogram bars indicate significant differences P < 0.05. 
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Fig. 7 Representative microstructures of vertical sections of gelatin sponges by SEM. (A) corresponds to S-
NAT, (B) to S-MTG2, (C) to S-MTG5 and (D) to S-MTG10. S: salmon gelatin, NAT: native gelatin, and 
MTG: enzymatically cross-linked gelatin (the associated number is the % of enzyme). Scale bar: 1 mm.  
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Fig. 8 FTIR spectra of the native and cross-linked samples of salmon gelatin (n = 3). S: salmon gelatin, 
NAT: native gelatin, MTG: enzymatically cross-linked gelatin (the associated number is the % of enzyme), and 
GTA: chemically cross-linked gelati 

. 
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Fig. 9 Macroscopic demonstration of hydrogel stability after 7 days at 40°C (n = 3). S: salmon gelatin, NAT: 
native gelatin, MTG: enzymatically cross-linked gelatin (the associated number is the % of enzyme), and 
GTA: chemically cross-linked gelatin. Scale bar: 1 cm. 
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Fig. 10 Syneresis rate (%) of cross-linked salmon gelatin hydrogels after 24 h (T24h - hatched bars) and 7 days 
(T7d - filled bars) (n = 3). S: salmon gelatin, MTG: enzymatically cross-linked gelatin (the associated number is 
the % of enzyme), and GTA: chemically cross-linked gelatin. Different letters above the histogram bars indicate 
significant differences P < 0.05. nd: not determined. 
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Fig. 11 Macroscopic demonstration of sponge stability after 7 days in hydrated conditions at 40°C (n = 3). 
S: salmon gelatin, NAT: native gelatin, MTG: enzymatically cross-linked gelatin (the associated number is the % 
of enzyme), and GTA: chemically cross-linked gelatin. Scale bar: 1 cm. 
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Fig. 12 Swelling rate (%) of cross-linked salmon gelatin sponge after 7 days (T7d - hatched bars) and 1 month 
(T1m - filled bars) in hydrated conditions at 40°C (n = 3). S: salmon gelatin, MTG: enzymatically cross-linked 
gelatin (the associated number is the % of enzyme), and GTA: chemically cross-linked gelatin. Different letters 
above the histogram bars indicate significant differences P < 0.05.  
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Mechanically enhanced Salmo salar gelatin by enzymatic cross-linking: premise of a bioinspired material 

for food packaging, cosmetics and biomedical applications 

 

Table 1 Sample codes and compositions with corresponding gelatin source, microbial transglutaminase (MTG) 
or glutaraldehyde (GTA) concentrations. S: salmon gelatin, P: porcine gelatin, NAT: untreated sample, 
MTG: enzymatically cross-linked sample (the associated number is the % of enzyme), and GTA: chemically 
cross-linked sample.  

 

Sample code Gelatin % (w/v) MTG % (w/w protein) GTA % (v/v) 

S-NAT 6.67 - - 

S-MTG2 6.67 2 - 

S-MTG5 6.67 5 - 

S-MTG10 6.67 10 - 

S-GTA 6.67 - 1 

P-NAT 6.67 - - 

P-MTG2 6.67 2 - 

P-MTG5 6.67 5 - 

P-MTG10 6.67 10 - 

P-GTA 6.67 - 1 
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Table 2 Proximate composition of S-NAT. 

 

Analysis S-NAT 

Moisture (%) 7.1 ± 0.4 

Fat (%) 1.2 ± 0.5 

Protein (%) 93.6  ± 2.8 

Ash (%) 1.9 ± 0.2 
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Table 3 Molecular weight (MW) distribution of the gelatin samples by SEC-HPLC. S-NAT: salmon native 
gelatin and P-NAT: porcine native gelatin. 

 

MW (kDa)  Distribution (%)  

  S-NAT P-NAT 

> 600 41.81 59.84 

300-600 26.76 17.23 

100-300 20.01 15.03 

< 100 11.42 7.90 
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Table 4 Amino acid composition of native gelatin samples. S-NAT: salmon native gelatin, P-NAT: porcine 
native gelatin, Pro: proline, and Hyp: hydroxyproline. 

 

Amino acids g/100gprotein 

  S-NAT P-NAT 

Alanine 8.70 ± 0.70 8.78 ± 0.70 

Arginine 7.86 ± 0.63 7.71 ± 0.62 

Aspartic acid 6.18 ± 0.49 5.33 ± 0.43 

Cystine 0.17 ± 0.03 0.06 ± 0.03 

Glutamic acid  9.84 ± 0.79 9.91 ± 0.79 

Glycine  23.10 ± 1.85 21.61 ± 1.73 

Histidine 1.36 ± 0.11 0.66 ± 0.05 

Hydroxylysine 1.17 ± 0.09 1.00 ± 0.08 

Hydroxyproline 7.24 ± 0.58 11.3 ± 0.90 

Isoleucine 1.17 ± 0.09 1.12 ± 0.09 

Leucine 2.24 ± 0.18 2.75 ± 0.22 

Lysine  3.22 ± 0.26 3.48 ± 0.28 

Methionine 2.18 ± 0.17 0.71 ± 0.06 

Phenylalanine  1.89 ± 0.15 1.99 ± 0.16 

Proline 11.06 ± 0.88 13.66 ± 1.09 

Serine 4.37 ± 0.35 3.22 ± 0.26 

Threonine 2.33 ± 0.19 1.65 ± 0.13 

Tyrosine  0.47 ± 0.04 0.80 ± 0.06 

Valine 1.61 ± 0.13 2.29 ± 0.18 

Pro + Hyp 18.3 24.96 
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Table 5 Average pore cross-sectional size (µm) of salmon gelatin sponges. S: salmon gelatin, NAT: native 
gelatin, and MTG: enzymatically cross-linked gelatin (the associated number is the % of enzyme). Different 
letters next to values indicate significant differences P < 0.05. 

 

 

 

 

 

 

 

 Mean pore size (µm) 

S-NAT 720 ± 287 
a
 

S-MTG2 672 ± 277 
a
 

S-MTG5 630 ± 196 
a
 

S-MTG10 461 ± 233 
b
 



36 
 
 

 

Mechanically enhanced Salmo salar gelatin by enzymatic cross-linking: premise of a bioinspired material 

for food packaging, cosmetics and biomedical applications 

 

Table 6 FTIR relative absorbance of the native and cross-linked samples of salmon gelatin (n = 3). S: salmon 
gelatin, NAT: native gelatin, MTG: enzymatically cross-linked gelatin (the associated number is the % of 
enzyme), and GTA: chemically cross-linked gelatin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Relative absorbance 

Peaks  S-NAT S-MTG2 S-MTG5 S-MTG10 S-GTA 

Amide I 0.99 0.96 0.97 0.97 0.99 

Amide II 0.84 0.81 0.84 0.73 0.67 

Amide III 0.49 0.43 0.47 0.31 0.25 

Amide A 0.42 0.51 0.36 0.53 0.50 

Amide B 0.25 0.29 0.19 0.27 0.24 

Ratio  

amide III / 1450 nm  
0.88 0.86 0.78 0.67 0.65 


