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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 hydradysf collagen (Lv et al. 2019). Collagen is thesino
abundant protein in vertebrate organisms, as agpdial extracellular component representing up @63of
their total proteins (Bae et al. 2008; Berendtle2@08; Gu et al. 2019). Its structure is a thde@aensional triple
helix combininga-chains connected by hydrogen bonds. The collageleaules are linked together to form
fibers providing flexibility, stability and resistae to tissues (Gelse et al. 2003; Bhagwat and @a8618). The
gelatin is formed by free chains that can arrange themselves in a triplix,Héte collagen structure, if the
gelling temperature is reached (ceH helix transition) (Harrington and Rao 1970; Djabmu1988; Bello et al.
2020). Gelatin, as collagen, is a biopolymer usedarious industrial fields such as food, cosmétealthcare
and medical industries (Gomez-Estaca et al. 20Q@&ng et al. 2019; Lv et al. 2019). This protein bagn
attracting the attention of manufacturers and sigenfor decades due to its wide range of apptioat as
stabilizer, texturizer, cohesion agent, proteinvter, film protector or moisture preserver (Ehuli2015; Lv et
al. 2019). Gelatin has promising applications indananufactures as packaging or edible coatingsnieet
products (Battisti et al. 2017; Diaz-Calderén e8l17; Prasad 2021), in healthcare as edible tzpeeleasing
bioactive nutrients or in medicine with recent depenents as polymer for wound healing dressing téssilie
engineering with the 3D printing (Van Vlierberghteaé 2011; Acevedo et al. 2019; Echave et al. 2&Eo et
al. 2020; Da Silva et al. 2021; Prasad 2021). Tinidecule enables the recovery of animal parts dednfor
animal meal production as it is extracted from bgeducts of the food industry, such as skin and boidis
recovery is environmentally beneficial with a zevaste approach but also economically by obtainiigip h
value-added products from discarded biomass (et al. 2015; Huang et al. 2019; Nitsuwat etaR1).
Gelatin-based biomaterials are widely used as bmaatcices due to their biocompatibility, biodegraidity, low
antigenicity, cell growth potential and adaptablechmnical properties (Broderick et al. 2005; VareNerghe
et al. 2011; Echave et al. 2019; Lv et al. 201%n&ally, used gelatin has mammalian origin, mabdyine
and porcine (Ferraro et al. 2010; Nitsuwat et 821). This origin raises health concerns with tlssible
transmission of infectious vectors such as priond aay not conform to certain cultural and religiou
restrictions for some Muslim and Jewish communit{espresenting almost 23% of world's population)
(Charulatha and Rajaram 2003; Song et al. 2006nKand Bhat 2009; Huang et al. 2019). To overconesé
constraints other gelatin sources with high biocatillity and similar structural and mechanical pedies
have to be found.
Marine gelatin from fishing by-products could beiateresting alternative since it represents a rsmece of
collagen that can provide gelatin. Currently, ab®@t75% of the total catch weight represents a evatraw
materials that contains about 30% of skin and beregrich in collagen (Jongjareonrak et al. 20B&de et al.
2011; Bhagwat and Dandge 2018). Marine gelatirsibiacompatible as mammalian gelatin but it is Eable
due to a lower content of proline and hydroxyprelimnvhich stabilize the gel structure by creatingrogen
bonds (Jongjareonrak et al. 2006; Gomez-Estacd @0@9; Ferraro et al. 2010; Da Silva et al. 20I®)is
difference results in lower gelling and melting maratures, but also in poorer physical and rheo#gi
properties for marine gelatin biomaterial (GomezH@n et al. 2001; Haug and Draget 2011; Huand.e2Gi9).
This latter cannot therefore be used in applicaticyuiring a thermal stability and high bloom asg(Karim

and Bhat 2009; Ferraro et al. 2010). However, clioging reactions can improve these properties by
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amplifying the formation of new covalent bonds witkhe material (Bigi et al. 2001; Song et al. 20(&ronger
network removes the thermoreversible ability ofagjel to change state (Gomez-Guillén et al. 2001pstV
commonly, chemical cross-linking agents are usedh &is glutaraldehyde (GTA) or carbodiimides, &y tre
very effective. However, they present risks of ¢gxicity, and produce inflammatory reactions orstis
calcification (Chau et al. 2005; Chen et al. 20B&rnes et al. 2007; Annamalai et al. 2019), whicbusd be
avoided in food, cosmetic or healthcare applicatidn alternative method such as enzymatic croksAlg with
microbial transglutaminase (MTG, EC.2.3.2.13) iernthnecessary. This food grade enzyme has a good
cytocompatibility and it is recognized as safeiaman ingestion (Huang et al. 2019; Adamiak andiRiaska
2020). MTG catalyzes acyl transfer reactions betwgearboxyamide groups of peptide-bound glutamine
residues (acyl donor) argamino groups of mainly lysine residues (acyl ategthat creates intermolecular or
intramoleculae-(y-glutamyl)lysine bonds (Folk 1970). Mechanical gmdteolytic resistances are then increased
without creating cytotoxic residues (Stachel eR8I0; Zhao et al. 2016; Liu et al. 2020).

In this study, the gelatin was obtained from Atlargalmon $almo salay skins. This species was
chosen because its annual world production is 2lifbomtons (4.5% of the aquaculture fish produndidor the
food industry, which allows for sustainability, cistency of quality and traceability of the resau(&AO
2020). The properties of the gelatin were improwdith MTG to obtain a biomaterial harboring mechahiand
thermal properties adaptable to the different aagilbns. To understand this subject, a deeper ledge of the
protein enzymatic cross-linking phenomena is rexfulvy the study of gelling properties. Thus, thgective of
this study is to determine the optimal amount ofyame needed to obtain a biomaterial capable of ebimgy
with chemical cross-linking and mammalian gelafiihe developed biomaterial was analyzed as hydrogel
(highly hydrated matrix) and sponge (freeze-driealrir). The efficiency of the cross-linking by MT®as
performed with structural, biochemical and mechahianalyses. Attained results could find a prattica
application in controlling the structure of salmgalatin with well-defined physical properties addpée for
various applications such as food packaging, casmtch, wound healing dressing or tissue sultstitu
(Morimura et al. 2002; Bhagwat and Dandge 2018s&i&021).

2. Materials and methods

2.1. Material origins
2.1.1. Biological materials

Gelatin from salmon was extracted by YSLAB compé@Quimper, France) from skins obtained from
MerAlliance company (Quimper, France) accordinght patent WO 2016/142633 (Hemon et al. 2016). 8&alm
skins were cleaned, coarsely ground to increasettraction yield and washed twice with 0.45M Na@d
clear water. Subsequently, thermal hydrolysis wagopmed at 45°C for 60 min under stirring followbg
successive filtrations down to 0.4 mm. The supamatontaining gelatin was frozen at -20°C andzeedried.
The resulting dry material was solubilized at 6%vjwin distilled water at 40°C and clarified by &-fnin
centrifugation at 8000 g at 20°C to remove hydrdpb@omponents (centrifuge 5810 R, Eppendorf, Fepnc
The supernatant was collected and freeze-driedderin the following tests. Type A gelatin from @iae skin

(300 bloom, BioReagent, Sigma-Aldrich, USA) extestby acid procedure was used for comparison igsero



linking impacts. MTG was donated by BDF ingredie(@®rona, Spain) in a powder form. The enzyme was

obtained from the bacterBtreptomyces mobaraensisd the nominal activity was 125 U.gf powder.

2.1.2. Chemical materials

All chemicals and reagents used in this study wamalytical grade. Buffer reagents, as sodium
dihydrogen phosphate (NaPiQ:H20), di-sodium hydrogen phosphate dodecahydrateHR@12H,O) and
sodium chloride (NaCl), were purchased from CartbaEReagents (France). SDS-PAGE assay reagents and
materials were received from Bio-Rad Laboratori¢SA4). Protein molecular weight markers for sizetagion
chromatography (SEC-HPLC), sodium dodecyl sulf&®g), sodium azide, albumin from bovine serum (BSA)
2-mercaptoethanol (BME), L-Leucine anegphthalaldehyde (OPA) were obtained from Sigma-igldi(USA).
GTA (25% ag. solution) was purchased from Alfa Adgermany).

2.2.Material characterization

The proximate analysis of the salmon gelatin wendgpmed by UpScience (Vannes, France). Moisture
content was determined gravimetrically by oven migyat 103°C for 4 Hinternal method EAU-H 14)Fat
content was obtained by gravimetric method aftbotatreatment with hydrochloric acid followed bitrfition,
extraction with petroleum ether, solvent removabistillation and residue dryingnternal method MGRA-H 15
— process B Protein content was assessed by Dumas methgd@hdth a conversion factor of 5.4)nernal
method DUMAS-H 14(Jongjareonrak et al. 2006). Total ash contens datermined gravimetrically by a
furnace [nternal method CEND-H 13

Salmon and porcine gelatins were characterized BYS-BAGE according to the method of
Laemmli (1970) and the supplier instructions. Byiefreeze-dried samples were dissolved in digtiNeater to
1 g.L'* and kept in a water bath at 40°C for 30 min. Sitilzdrl samples were mixed at 1:1 (v/v) ratio witiet
Laemmli sample buffer (62.5 mM Tris-HCI pH 6.8, 8BS, 25% (v/v) glycerol, 0.01% bromophenol blue and
5% (v/v) BME freshly added). The mixtures were dared in boiled water at 95°C for 5 min. Sample3 |(2.)
and protein markers (10 uL of Precision Plus PmotStandards Dual Colors) were loaded onto 4-20%
polyacrylamide gel (Mini-Protean TGX) and submitteed electrophoresis at 150V using Mini-Protean detr
System. After electrophoresis, gel was rinsed vdistilled water and fixed with a solution of 50%\v
methanol and 10% (v/v) acetic acid for 30 min. Thgel was stained with Bio-Safe Coomassie G-25(hSta
overnight and destained with a solution of 10% )\deetic acid for 30 min four times. The profilelssalmon
and porcine gelatins were compared using a GelE2btmager and the software Image lab 5.0.

Molecular weight distribution and proportion of m&in and porcine gelatins were estimated by
SEC-HPLC according to GE Healthcare instructions eordevice Dionex Ultimate 300 UHPLECocused
(ThermoFisher Scientific, France). Samples wer@eanded at 20 g:Lin the mobile phase (0.05 M phosphate
buffer containing 0.15 M NaCl and 0.02% (w/v) sadiazide, pH 7.2) and heated at 40°C for 30 min rigefo
filtration on 0.22 um Millex PTFE filters (Merck Mipore, Ireland). Samples (10 pL) were loaded on a
Superdex 200 10/300 GL column (GE Healthcare, Smedeeviously equilibrated with the mobile phas@eT
flow rate was 0.5 mL.mihand all the system was heated at 35°C. Compogading the column were detected
at 220 and 280 nm and data were analyzed with Gélemn 7 (ThermoFisher Scientific, France). The oiu
was calibrated with standard compounds: thyrogiob{@69 kDa), apoferritin (443 kDappramylase (200 kDa),
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alcohol dehydrogenase (150 kDa), albumin (66 kDa&j aarbonic anhydrase (29 kDa) from Gel filtration
markers kit 29-700 kDa (Sigma-Aldrich, USA) and agtirome ¢ (12.3 kDa) (Sigma-Aldrich, USA). The
relation between retention time (RT) and moleculaight (MW) was: log (MW) =-0.113 x RT + 5.0793.

The amino acid compositions of salmon and porcrlatms were determined by UpScience (Vannes,
France) according to an internal method adaptech ftbe EC regulation 152/2009 of January 27, 2009
(Commission 2009). Briefly, samples were hydrolyretlydrochloric acid and/or oxidized with perfoaracid.
They were separated on ion exchange chromatograpthythen characterized by reaction with ninhydsmg

photometric detection at 440 and 570 nm. Amino aocigtents of samples were reported as g/100g ¢€ipro

2.3.Cross-linking procedures

Freeze-dried salmon and porcine gelatins were lgdrim phosphate buffer 0.1 M (pH 6) containing
0.02% (w/v) sodium azide at 40°C for 30 min, toaibta complete dissolution. This temperature isnagdtfor
MTG and it partially denatures gelatin network ttbsequently improve cross-linking (Stachel et &1®).
Then, MTG solubilized in phosphate buffer was addedd the mixture was stirred manually until
homogenization. At the end, the gelatin was at %.§&/v) (Jongjareonrak et al. 2006; Arnesen andiitzirg
2007; Mohtar et al. 2013) and MTG was tested atethconcentrations: 2%, 5% and 10% (w/w gelatin)
(representing 2.5, 6.25 and 12.5 Uaf gelatin respectively) (Table 1). The mixturesrevincubated in a water
bath at 40°C for 30 min and the enzyme was inaigtt/dy heating the samples up to 70°C for 15 mioni€z-
Guillén et al. 2001; De Carvalho and Grosso 2004 hydrogels were left at room temperature fon0 and
then at 4°C for at least 18 h. Samples were usednfasurements under hydrogel or sponge forms after
freeze-drying step.
The negative control (called native is the untreéaelatin) was made using the same procedure witisghate
buffer instead of the MTG solution. The positiventol was a chemical cross-linking with 1% (v/v) 6T

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

2.4.Rheological characterization

Rheological measurements were carried out in asoily shear on a MCR 702 MultiDrive rheometer
(Anton Paar, France), following a previously progebrocedure (Mohtar et al. 2013). The storage isdu
(G"), which characterizes the elastic energy stanetie sample, and the loss modulus (G”), whibhracterizes
the viscous dissipation within the sample, werelisi at a constant frequency of 1 Hz and at arsaaiplitude
of 1%, chosen in the linear regime. All viscoelastiata were analyzed with the software Anton Paar

RheoCompass 1.24.

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

State transitions of native gelatins (S-NAT and RN were measured in a concentric-cylinder
geometry stainless steel and titanium (17 mm diamedb and cup, inner diameter: 16.65 mm, outeneitar:
18.08 mm, length: 25 mm, gap: 0.71 mm). Approxirtyade6 mL of 5% (w/v) gelatin solution were loadito
the geometry and a thin layer of paraffin oil wapléed over the sample and the geometry to preggying.
Sample was cooled down at a rate of 0.5°C¥fiiom 40°C to about 3°C under the sample gellinggerature.

Sample was maintained at the lowest temperaturé foin order to complete the gelling process. Trtedting
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temperature was obtained by increasing the temperad 40°C at a rate of 0.5°C.minThe gelling point (or
the sol-gel transition) and the melting point (et-gol transition) were determined as the cross-peats of G’
and G” (Djabourov et al. 1988b).

2.4.2. Cross-linking impact on thermal resistance
Thermal resistances of native and cross-linkedtigslavere carried with a sandblasted stainlesd stee
parallel-plate geometry of 25 mm diameter. Hydregeére prepared as previously described in Pethiediin a
layer of 1 mm thick and left at 4°C for at leasthl8A piece of hydrogel was removed with a punck®fnm
diameter and placed on the geometry with a 1 mm @athin layer of paraffin oil was applied arourtet
sample and the geometry. The G’ and G” moduli wemalyzed by heating samples from 1 to 40°C ateagh

0.5°C.min' 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-ligkiwas estimated by the quantification of free
amines with an OPA procedure according to Nielseal. (2001) with slight modifications. Briefly, an OPA
solution was prepared daily with 25 mL of 0.1 M swd tetraborate, 2.5 mL of 20% (w/v) SDS, 40 mgdfA
in 1 mL of absolute ethanol, 100 pL of BME anditledi water to a final volume of 50 mL (Church &t E983).
Gelatin sponges (0.2 g) were solubilized in 2 midistilled water at 90°C for 1 h. Then, 50 pL oé thixture
were homogenized in 1 mL of OPA reagent, 250 plevekposited in triplicate in a 96-well microplag@r¢iner
Bio-One, Germany) and incubated 2 min at room teatpee in the dark (Marco and Rosell 2008). The
absorbance was determined at 340 nm with a spédtometer SPECTROstar Omega (BMG Labtech,
Germany) using distilled water as control and addad range of L-Leucine (from 0.5 to 5 mM). Crdisging

degree was calculated as: Cross-linking degree=(¥)0 — (% free amines compared to the native).

2.5.2. Microstructural analyses
The microstructural analyses of gelatin spongesevearried out by scanning electron microscopy
(SEM) (Hitachi S-3200N, Germany) (PIMM core fagilitUniversity of Western Brittany, France). All spies
(d: 26 mm x h: 10 mm) were cut in the center inubdical plane and were fixed to a support to bated with
gold/palladium under vacuum. Pore size measurenfertslO per sample with two perpendicular measerdém
each) were conducted randomly from SEM images (Mgt 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-éurier-transform infrared spectrometer (FTIR)
analysis with a FT/IR-4600 spectrometer and IRT&b&0croscope (Jasco, France). The reflectance Isigas

collected on the region from 400 to 4000 cfar 32 scans at a resolution of 4-t&m

2.6. Material stability
2.6.1. Hydrogel stability and syneresis



The hydrogel stability and syneresis were deterchibg using a sample of 5 mL (diameter 2.6 cm)
weighed (WO0) and sealed on a sterile Petri dismfas were heated at 40°C for 24 h and 7 days Atfis,
hydrogels were wiped with absorbent paper to remexeess liquid and reweighed (Wf). The syneresis

percentage was calculated as follows: Syneresis=(#)0 - Wf) / WO x 100.

2.6.2. Sponge stability and water binding capacity

The water binding capacity was analysed for sporage®rding to Elanget al (2016) with slight
modifications. Briefly, the dried sample was weigh@Vd) before being sealed in a cup containing 5ahL
phosphate buffer 0.1 M (pH 6). After shaking, tlwp evas heated at 40°C for 7 days. Then, the weplsawas
wiped to remove excess liquid, and weighed @Wwhe sample was returned to the cup and 5 mlLrexhf
phosphate buffer were added to extend the tesD wa$s. At the end, the wet sample was wiped arighsd
again (Ww). The water binding capacity was calculated astéWhinding capacity (%) = (Ww - Wd) / Wd x
100.

2.7. Statistical analyses

Results were expressed as mean * standard devigsb) from three independent trials. The
significance of differences was determined by Asalyf variance (ANOVA) and the multiple comparissas
performed by Tukey’s test. Statistical analysesewgnrried out with the software R (v. 3.6.1) anthdaith 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 allawvsharacterize the salmon gelatin material before
the cross-linking procedure. Salmon gelatin comtdimainly proteins (93.6%) with low moisture (7.1%at

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

3.1.2. SDS-polyacrylamide gel electrophoresis

The first approach to characterize the native nateras the determination of the molecular weight
distribution of S-NAT by means of SDS-PAGE undeduging conditions in comparison to P-NAT (Fig. 1).
Both samples displayed two bands close to 250 kishtao close bands with molecular weights of 118 an
108 kDa for S-NAT, and 130 and 117 kDa for P-NAThe$e bands are characteristic of protein pattefns o
gelatin from collagen type I, namely tvgecomponent §11 andf12) about 245 kDa and twechains,al and
a2, between 101-120 kDa as previously publishedténature on salmon with other extraction methddsigu
et al. 2006; Moreno et al. 2012; Alves et al. 20D7az-Calderdén et al. 2017). This electrophoresiile
confirmed the presence of gelatin in the salmonen®ltobtained by thermal extraction and that bgetatin
contained natural crosslinks by the presencp-admponent. In fact, the-chains are the basic units of gelatin
and can connect by hydrogen bonds to forframponent (a dimer) or-triple helix (a trimer, not detected)

(Gomez-Guillén et al. 2001; Cheng et al. 2019). Foeease in temperature disturbed the gelatircitras and
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the addition of denaturing products broke the bahds released thg-component and-chains. Both samples
had anol band more pronounced than ti#band, as there is twice mar# thano2 in the triple helix (Ahmad
et al. 2010). S-NAT has lower molecular weightsnti&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-HPLCédpasate them on the basis of their size while
preserving their conformation. The chromatogragdtterns and distribution are shown in Fig. 2 aatil@ 3.
Both gelatins presented a high proportion of mdEcweight above 300 kDa, 68.57% for S-NAT and 7%0
for P-NAT. This high molecular weight of 300 kDsfleets the presence efchain aggregates under coil or
triple helix structures corresponding to a presgowaof the tertiary structure of these native galéDjabourov
1991; Gomez-Guillén et al. 2001; Bode et al. 20Qkheng et al. 2019). This difference with the SDSIFA
results can be explained by the absence of dengtaanditions, so the weak bonds and the tertianctires
were preserved. The lower content of high molecwlaight of S-NAT can be explained by a lower amoafnt
intra- and inter-molecular cross-linked, resultingm a different amino acid composition (Haug anchdet
2011). However, non-denatured S-NAT was a promisiagdidate for enzymatic cross-linking as MTG

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

3.1.4. Amino acid composition

The amino acid profiles of native gelatin were klshed in order to better understand the previous
differences recorded in molecular weight distribng and the following rheological measurements kg &h.
Profiles revealed a wide variety of amino acidse Thain amino acids of S-NAT and P-NAT were glycine
(23.10% and 21.61% respectively), proline (11.06%@ &3.66% respectively) and hydroxyproline (7.248d a
11.30% respectively). Glycine was present in highcentration as this small amino acid occurs atyetrérd
amino acid in the helical domain of anchain allowing compact triple helices (Bhagwat @wahdge 2018;
Huang et al. 2019)The amount of glycine can vary between 20-36% fammalian gelatin or cold fish gelatin
(including salmon) depending on the extraction tégie (Arnesen and Gildberg 2007; Eysturskard.e2@09;
Acevedo et al. 2015; Diaz-Calderén et al. 2017dliRe and hydroxyproline are the amino acids mdtno
cited to complete the triplet sequences with glgcifihese both amino acids were in a higher proporith
P-NAT (24.96% combined) than in S-NAT (18.30% condol) which is close to literature (Arnesen and
Gildberg 2007; Ferraro et al. 2010; Acevedo eR@ll5). This promotes the creation of bonds and exgjain
the higher proportions of high molecular weight FeNAT than for S-NAT (Gomez-Estaca et al. 20097&®
et al. 2010). Moreover, proline and hydroxyprolare also considered responsible for the resistahgelatin
and a lower concentration in S-NAT than in P-NAT uleb imply lower thermostability and bloom degree
(Gomez-Guillén et al. 2001; Silva et al. 2014; Amadai et al. 2019; Huang et al. 2019).

3.2.Rheological results
3.2.1. State transitions of native gelatins (sol-gel amdgpl)
Linear viscoelastic properties of native gelativere measured to determine the temperatures & stat
transitions. Samples were first cooled and theggsbtransition, corresponding to G’ = G”, was shawrmccur at
8



5.0 £1.0°C for S-NAT and at 23.6 £ 0.1°C for P-NA&s illustrated in Fig. 3A. The gelation is a non-
instantaneous process; first, the gelatin molecakemge from a coil conformation to a helix by ta@dom
formation of hydrogen bonds. The gel is then forméen sufficient helicoidal regions are produceddand
Shi 2013). Helices will grow and stabilize the sture through crystal junction zones (Achet andli85; Chen
and Shi 2013). The time-induced gel structuratisgheologically characterized by a sharp incredsth®
storage modulus G', from about 1 Pa at the gellgnt for both S-NAT and P-NAT (Fig. 3A), to
1146.9 + 952.4 Pa for S-NAT and 1170.7 Pa for P-N&&€r one hour equilibration, highlighting the rsficant
enhancement of gel elastic properties with timengsen and Gildberg 2007). Gelatin is a materiah it
thermoreversible nature, when heated, the matksals cohesion and a gel-sol transition is obtaiSeNAT
showed a lower thermal resistance than P-NAT wigitimg point at 16.7 £ 1.1°C and at 33.2°C, respebt
(Fig. 3B). lonic forces, pH, triple helix rate orofacular weight can impact the processes of sthtnge
(Djabourov et al. 1988a). Thus, the differencesveen S-NAT and P-NAT could be due to the higher amo
of proline and hydroxyproline in P-NAT that are da&ble to nucleation due to their stiffness (Djaiooul988;
Arnesen and Gildberg 2007). The adaptation to thdykemperature has also a role in these differease
salmon is an ectothermic, living at 6-16°C, its pemature is lower than the temperature of terdstnammals
(Jongjareonrak et al. 2006; Haug and Draget 201dgdet al. 2021).

3.2.2. Cross-linking impact on thermal resistance

Sample thermal resistance after cross-linking welpgically studied by analyzing G’, G” as a
function of temperature, as presented in Fig. 4 Bigd 5. Melting temperatures of S-NAT and S-MTG2&ra/
respectively 17.5 £ 0.3°C and 20.7 = 0.1°C. Thailteshowed that a weak network has developedMI&2,
but still not efficient enough to suppress the tiaeversibility of the material at the higher telstemperatures
(Fig. 4). A study on the hoki fish gelatin has whaa similar increase of the melting temperaturel s/ C with
enzyme addition (Mohtar et al. 2013). The storagelutus G’ of both S-MTG5 and S-MTG10 were shown to
slightly decrease in the vicinity of the meltingnigerature of S-NAT, which could be due to the bieglof a
weak physical network, with non-covalent cross4imkesent at low temperatures (Bode et al. 2011Silva et
al. 2014). However, the results show that the ielpsbperties were maintained at 40°C, due to tlesgnce of a
network with covalent cross-links (De Carvalho abgabourov 1997; Bode et al. 2011). This loss of
thermoreversibility was also obtained on porcintatye with the three enzyme concentrations (Fig. Gther
studies on porcine gelatin cross-linked with MTG.@tor 12 U.d of gelatin, showed an increase of the melting
temperature above 50°C (Chen et al. 2003; Liu.€2GR0).
For both gelatins, the results plotted in Fig. 4 &ig. 5 showed that enzymatic cross-linking resultydrogels
that were as mechanically and thermally resistart08C as hydrogels obtained by chemical crossrimk
However, the G' modulus at 40°C of S-GTA (139.2461Pa) is four times lower than that of S-MTG10.
Moreover, it is interesting to note that S-MTG1(hibited elastic properties similar to those of P-GH and
P-MTG10 at 40°C, meaning that, above a given enzgomeentration threshold, marine gelatin could mev

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

3.3.Biochemical and structural analyses

3.3.1. Determination of cross-linking degree



The sample cross-linking degrees were estimatsgdan the free amines in comparison to native
gelatin with the OPA procedure; results are showrfFig. 6, some data were obtained in a heterogeneou
environment due to cross-linking. For salmon gelatie degree of cross-linking showed a signifidantease
for S-MTG5, S-MTG10 and S-GTA where covalent netwonad developed to more than 70% of free amines.
Overall, S-MTG5 and S-MTG10 developed a network@falent bonds as rich as P-MTG2, P-MTG5 and even
P-MTG10 for S-MTG10. Cross-linking degree seemedgach a plateau between 70-85% at the enzyme
concentrations tested. This can be explained byptbgressive reduction of intermolecular space twueew
covalent bonds that would have limited the mobibfythe enzyme and its interaction with the ensvbstrate
(Elango et al. 2016; Cheng et al. 2019). This isdntrast to chemical cross-linking, which was dastith the
small size of the GTA and its diversity of actidtes accepting more amino acids (Chatterji 1989nBs et al.
2007; Huang et al. 2019). The degree of cross+imkeached in our study was higher than 98%. Byparing
rheology results, 70% of amino groups involvedhia bonding network seem enough to obtain a coheside

resistant material at 40°C for both gelatins.

3.3.2. Microstructural analyses

Microstructural analyses of gelatin sponges areesgary to know the pore size and shape. These
parameters are important as they affect the funatiand mechanical properties of the material (Sengl.
2006). SEM images show that all native and enzyralyi cross-linked salmon gelatins possessed porous
structures with interconnected cavities (Fig. 7hisTfeature is important as it allows diffusion afygen,
nutrients, and liquid into the matrix (Song et2006; Bermueller et al. 2013). SEM image analysas wsed to
determine the average pore size (Table 5). Poeevgs significantly impacted by cross-linking i t8-MTG10
sponges. Indeed, the pores decreased from an avdiageter of 720 + 287 um for S-NAT, to 461 + 268
for S-MTG10 by the increase of the internal netwotkdecrease in pore size was also observed oméovi
collagen following the addition of MTG (Cheng et 2D19). The pore size influences the diffusiorhisitthe
material. For potential medical applications asuéssubstitute, the diameter of S-MTG10 seems tihdoenost
appropriate for cell development as previous stidigne on mammalian collagen sponges have concthded
pores between 300 and 500 um are favorable to al@welnt of primary mesenchymal stem cells and oistsh
(Murphy et al. 2016; Krieghoff et al. 2019). Thischeter allows the development of tissue due tdaitge
interface between the material and the cells. Téve ghapes were irregular from round to flattened the
homogeneity of the material was increased concothjtawith the augmentation of enzyme’s amount.
Enzymatic cross-linking allows to modify the intatstructure of the material to adapt it to thedseef future

applications in terms of shape and pore size.

3.3.3. Chemical composition
The chemical structures of the sponges were ardlpgeFTIR to observe the changes brought by
cross-linking (Fig. 8). The sponges had a protguncture characterized by amide peaks. The peaks lveated
as follows: amide | about 1700-1600 nm (correspoiwd€=0 stretching vibrations), amide Il about 1590
1500 nm (corresponds to C-N stretching coupled WiH bending), amide Ill about 1200 nm (correspotals
C-N stretching coupled with N-H bending), amide Boat 3295 nm (corresponds to N-H stretching coupled

10



with hydrogen bound) and amide B about 2900-292(e¢oresponds to CH3 and CH2 asymmetric stretching)
(Ahmad et al. 2017; Cheng et al. 2019).

The wavelengths of the peaks did not vary signifiiebetween samples in contrast to their relatibgeorbance
(Table 6). The major differences appeared to baroides Il and Il with decreases in absorbance&SfMTG10
and S-GTA. The absorbance decrease for amide ldctefa change from NHo NH through the creation of
covalent intermolecular bonds between gelatin moésc for enzymatic cross-linking or between gelatin
molecules and GTA for chemical cross-linking (Cle¢ml. 2014). The absorbance decrease for amidefléicts

a decrease in the amount of triple helices. Thatitne of new covalent bonds disrupted the formatibtriple
helices during cooling, which remained partiallyled (Cheng et al. 2019). Furthermore, it has b&ewn that
an amide Il and 1450 nm ratio close to 1 indicatésple helix structure, but this ratio decregsedomparison

to the native gelatin, when the enzyme concentraiticreased, proving the partial loss of the tripidices
(Ahmad et al. 2010; Zhang et al. 2016). The rheiokddglifferences between S-MTG5 and S-MTG10 seetoed
be explained by a different internal chemical g, the covalent bonds were not formed in theesauay. It
appears that S-MTG5 had an intramolecular netwoitk wiple helix structures formed by covalent bend
because amide Il and Il absorbances were closikose of S-NAT while S-MTG5 had acquired high thakm

and mechanical resistances.

3.4. Biomaterial stability
3.4.1. Hydrogel stability and syneresis
The hydrogels were macroscopically identical witke £xception of S-GTA that showed an orange
color in contrast to the white color of the oth@fgy. 9). This coloration is due to the consumptidraldehyde
groups during chemical cross-linking, which doesaezur with the enzyme (Chatterji 1989; Tian e28l16).
The hydrogels were maintained for 7 days at 40°@itnic an ageing process of the material in ordestiserve
their stability on a longer period and with largamples than rheological analyses (Fig. 9). THalityato retain
their hydration was also analyzed (Fig. 10). Indéedsome domains of applications such as woundirfiea
dressing or more broadly in tissue engineering; itecessary for a hydrogel to maintain its stmecas well as
its hydration, because this influences the perntigabd nutrients and potentially its biocompatibil (Zhao et
al. 2016). S-NAT was completely liquefied in leéan 1h30 that confirmed its thermoreversible apil-
MTG2 remained solid at 40°C, contrary to rheolobarzalyses for 7 days (Fig. 4). Possible explamnatior this
are the absence of applied mechanical stress, itierhthickness of the sample or the slight dryoigthe
hydrogel surface that maintained the structure. &l@s, the structure of S-MTG2 was not completelyesive;
it was difficult to handle due to a high viscosi§-MTG5, S-MTG10 and S-GTA retained their origirgl
form, which confirmed their acquisition of a duratthermal resistance. However, S-MTG5 and S-MTGAd h
different behaviors at the end of the test, S-MT&s viscous and sticky while S-MTG10 was more rigidl
not sticky that can be explained by the FTIR defaich showed different modifications in chemicalstures
(Fig. 8).
Concerning syneresis, S-MTG5 showed the lowess r@mound 8-15%) which did not vary significantlyeo
the analysis period (Fig. 10). S-MTG10 released embquid after 7 days showing a more developed
hydrophobicity, because during the cross-linkingct®sn, hydrophilic amino acids of the gelatin wesed to
form the bonds (Liu et al. 2020). This hydrophobféect was accentuated for S-GTA with higher anstefa
11



syneresis (34% in 24 h and 46% in 7 days) duestdigher cross-linking degree (Chen et al. 2014esE
differences in behavior can offer versatility inplipations to the material depending on the amatfirgnzyme

used.

3.4.2. Sponge stability and water binding capacity
The stability of the gelatin sponges in rehydratimmditions at 40°C was assessed in order to better
understand the impact of freeze-drying (Fig. 11)).the cross-linked sponges retained a solid sta&r the
period of analysis, including S-MTG2, which implitet freeze-drying strengthened its structure ¢6tlet al.
2001; Buttafoco et al. 2006). Buffer turnover dgrithe analysis did not affect the swelling ratestaswn in
Fig. 12. S-MTG2 and S-MTG5 showed swelling rate$8®-690% while lower water binding capacities were
observed for S-MTG10 and S-GTA with swelling ratds350-450%. Their higher hydrophobic abilities are
explained by the increase of their molecular weigitie to the formation of covalent bonds and thes lof
hydrophilic sites (Chen et al. 2014; Huang et 8L, Liu et al. 2020). These different degrees afewbinding
capacities are promising. Indeed, the materialsldcgo through a freeze-drying step to facilitateeith

preservation and then be rehydrated before its use.

4. Conclusion
This study demonstrated the effect of enzymatissilmking by microbial transglutaminase (MTG) on

Atlantic salmon skin gelatin. The result was a ptté porous gelatin-based biomaterial for variapplications
by its structure, its mechanical and thermal rasists and its water conservation capacity. Thigreazassisted
modification improved the mechanical and thermalistances of the gelatin. Depending on the amoéint o
enzyme used, it was possible to adapt the propedtieche biomaterial to different potential applioas. A
cross-linking with 5% enzyme (6.25 U.@f gelatin) allowed the development of a stickyl aiscous material
that may be interesting as cosmetic patch or wolkealing dressing, while the addition of 10% enzyme
(12.5 U.g* of gelatin) allowed to obtain a rigid and non-gficmaterial interesting as packaging for food or
scaffold for tissue engineering. Moreover, bothnéderials were resistant to temperatures above 40tCto
rehydration. This work is a premise for future wahiat should focus on cellular analysis to testaltdity to
support bone-marrow mesenchymal stem cells sunaval its biocompatibility, as well as its degradati
Complementary mechanical tests such as compreasiydéensile strength analyses must also be perébtme
use it in the medical field as tissue substitute.
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Fig. 1 SDS-PAGE profiles of the native gelatin sampleand. 1: S-NAT: salmon native gelatin; lane 2: P-
NAT: porcine native gelatin; lane 3: Standardsk@@a).

19



Mechanically enhancedSalmo salar gelatin by enzymatic cross-linking: premise of a ieinspired material

for food packaging, cosmetics and biomedical applitions

600 kDa
300 kDa
100 kDa

|
]
[}
1 — S-NAT
|
' — = P-NAT

Absorbance at 220nm (mAu)

Retention time (min)

Fig. 2 SEC-HPLC profiles of the native gelatin sampledN/ST: salmon native gelatin (continuous line) and
P-NAT: porcine native gelatin (dashed line).
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Fig. 7 Representative microstructures of vertical sestioh gelatin sponges by SEM. (A) corresponds to S-
NAT, (B) to S-MTG2, (C) to S-MTG5 and (D) to S-MTG.1S: salmon gelatin, NAT: native gelatin, and
MTG: enzymatically cross-linked gelatin (the asat@il number is the % of enzyme). Scale bar: 1 mm.
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Fig. 9 Macroscopic demonstration of hydrogel stabilityeaf7 days at 40°C (n = 3). S: salmon gelatin, NAT:
native gelatin, MTG: enzymatically cross-linked ajei (the associated number is the % of enzyme), an
GTA: chemically cross-linked gelatin. Scale bacni.
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Fig. 11 Macroscopic demonstration of sponge stability raftelays in hydrated conditions at 40°C (n = 3).
S: salmon gelatin, NAT: native gelatin, MTG: enzyitally cross-linked gelatin (the associated nunmibéhe %
of enzyme), and GTA: chemically cross-linked gelaScale bar: 1 cm.
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Fig. 12 Swelling rate (%) of cross-linked salmon gelatioisge after 7 days (T7d - hatched bars) and 1 month
(T1m - filled bars) in hydrated conditions at 40(C= 3). S: salmon gelatin, MTG: enzymatically adisked

gelatin (the associated number is the % of enzyama), GTA: chemically cross-linked gelatin. Diffetdetters
above the histogram bars indicate significant déffees P < 0.05.
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Table 1 Sample codes and compositions with correspondahatig source, microbial transglutaminase (MTG)
or glutaraldehyde (GTA) concentrations. S: salmatatin, P: porcine gelatin, NAT: untreated sample,
MTG: enzymatically cross-linked sample (the asdedarumber is the % of enzyme), and GTA: chemically
cross-linked sample.

Sample code Gelatin % (w/v) MTG % (w/w protein) GUA(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+05
Protein (%) 93.6 +2.8
Ash (%) 19+0.2
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Table 3 Molecular weight (MW) distribution of the gelatsamples 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 sampleaNAT: salmon native gelatin, P-NAT: porcine

native gelatin, Pro: proline, and Hyp: hydroxypneli

Amino acids 0/100grotein

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 (um) of salmelatip sponges. S: salmon gelatin, NAT: native
gelatin, and MTG: enzymatically cross-linked gelafithe associated number is the % of enzyme). iiffie
letters next to values indicate significant diffeces P < 0.05.

Mean pore size (um)

S-NAT 720 + 287
S-MTG2 672 + 277
S-MTG5 630 + 196

S-MTG10 461 + 233
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Table 6 FTIR relative absorbance of the native and crodget samples of salmon gelatin (n = 3). S: salmon
gelatin, NAT: native gelatin, MTG: enzymaticallyoss-linked gelatin (the associated number is th@f%
enzyme), and GTA: chemically cross-linked gelatin.

Relative absorbance

Peaks S-NAT S-MTG2 S-MTG5  S-MTG10 S-GTA
Amide | 0.99 0.96 0.97 0.97 0.99
Amide Il 0.84 0.81 0.84 0.73 0.67
Amide 111 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

0.88 0.86 0.78 0.67 0.65

amide Il / 1450 nm
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