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Abstract

:

The present study investigated the potential use of blackmouth catshark (Galeus melastomus) skins for gelatin production by employing a combined alkaline and acidic process. The yield of dry gelatin was relatively high (13.95%), showing a high protein content (87.80%), but low moisture (10.64%), ash (1.34%) and lipid (0.03%) contents, on a wet weight basis. Fish skin gelatin showed better color properties (>L*, <+b* values) than porcine skin gelatin and exhibited similar gel strength (315.4 g) and higher viscosity (5.90 cP) than the latter (p < 0.05). Although the electrophoretic study revealed that fish skin gelatin was degraded to a lesser extent than its mammalian counterpart, the resulting fish skin gelatin gels melted at a significantly lower temperature (Tm = 21.5 °C), whereas the reverse process (i.e., gelling) also occurred at a lower temperature (Ts = 10.6 °C) and required more time (ts = 29.5 min) compared to porcine skin gelatin gels (Tm = 30.4 °C, Ts = 19.4 °C and ts = 20.7 min). These differences were attributed to the different imino acid content, which was greater in mammalian gelatin (p < 0.05). The results suggested that the skins from blackmouth catshark can be potentially used as an alternative raw material for gelatin production, which will fill the needs of more diverse cultures that do not consume pork- or cow-related products.
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1. Introduction


Gelatin, which derives from the partial hydrolysis of native collagen, is among the most popular hydrocolloids with a variety of applications in the food, drug and cosmetic industries [1,2,3]. On a large commercial scale, gelatin is mainly produced from pig skins and cattle hides and to a lesser extent, pig and cattle bones [4]. Depending on the method to which the aforementioned raw materials are subjected, two types of gelatins are obtained, i.e., type A (acidic treatment) and type B (alkaline treatment) gelatin [5]. The acidic treatment is employed in collagenous raw materials with a low degree of collagen cross-linkage (e.g., pig skins), while the alkaline treatment is considered suitable for more complex collagens, such as those found in cow hides [6].



Over the last two decades, significant research has been conducted on the potential use of fish processing by-products (FPBs) as an alternative to mammalian gelatin [7]. Fish gelatin has several advantages compared to that derived from the traditional mammalian sources; (i) it is halal and acceptable by Judaism and Hinduism with minimum restrictions, and (ii) it has not been related to concerns regarding the transmission of pathogenic agents, such as prions [8,9]. Furthermore, the by-products from the fish processing industry, which can make up as much as 75% of the initial fish weight, usually end up as low-commercial-value products (e.g., silage, fertilizer and fish meal) or are dumped into landfills or the sea [7,10]. Utilization of these by-products, which typically consist of skins, bones, heads, scales and viscera, for gelatin manufacture, will not only eliminate potential harmful environmental effects, but it will also help create value-added products, such as gelatin [3,11].



In this direction, many researchers across the world have studied the suitability of various FPBs from their own locales for potential conversion into gelatin. Most of the investigations that have been conducted thus far have largely focused on exploiting fish skins which, unlike bones, heads and scales, do not require decalcification prior to gelatin extraction and provide relatively good-quality gelatin. [3,7,11]. Although fish gelatin is of inferior quality compared to that derived from mammalian sources, especially as regards its rheological and gelling properties (e.g., gel strength, viscosity setting and melting point) [12], it is produced to some extent on a large commercial scale. In Europe, for example, less than 5% of the edible gelatin produced comes from fish [4]. Regarding its applications in the food industry, fish gelatin is being used for the production of various food products, such as confectionery, bakery and dairy products among others [13]. Besides the aforementioned food applications, the potential use of fish gelatin as a functional food has been reviewed. In particular, fish gelatin has been reported to prevent bone marrow density decrease, which is related to osteoporosis, while it has been found that collagen peptides exhibit antihypertensive, antioxidant and anticancer properties [14].



So far, gelatin extraction and characterization have been reported from the skins of various fish species, such as saithe (Pollachius virens) [15], rohu (Labeo rohita), common carp (Cyprinus carpio) [16], yellowfin tuna (Thunnus albacares) [17], Baltic cod (Gadus morhua) [18] and megrim (Lepidorhombus boscii) [19] among others. To the best of our knowledge, there is no information available regarding gelatin extraction from blackmouth catshark skins. The blackmouth catshark (BC) is a small shark that is distributed in the eastern Atlantic Ocean and throughout the Mediterranean Sea [20,21]. In Greece, BC and other shark species (e.g., school sharks) are caught by bottom trawls and marketed as fresh skinless fillets for human consumption. As a result, its skin, which is relatively thick, is one of the main by-products formed during the filleting process and may be considered a potential source of gelatin.



Therefore, the aim of the present study was to investigate the potential use of BC skins for gelatin manufacture by evaluating the efficiency of the production process, as well as the chemical (proximate composition, protein and amino acid profile) and physical properties (color, gel strength, viscosity, Tm, Ts and ts) of extracted gelatin in comparison to porcine skin gelatin.




2. Materials and Methods


2.1. Materials


BC (G. melastomus) skins were obtained from a fish auction in Nea Michaniona (Thessaloniki, Greece). The skins were stored in insulated boxes filled with ice packs and transferred to the Department of Food Science and Technology of the International Hellenic University (Sindos, Greece) for further processing. Upon arrival, whole skins were cleaned by scraping off adherent tissue with a knife and clipping the fins. The cleaned skins were then cut into small pieces (≤2 cm2) and stored at −20 °C until used.




2.2. Reagents


Precast linear gradient polyacrylamide gels (4–15%) and a prestained protein standard covering a broad range (10–250 kDa) were procured from Bio-Rad Laboratories (Hercules, CA, USA). Gelatin from porcine skin (type A, gel strength of ~300 g) was obtained from Sigma-Aldrich (St. Louis, MO, USA). All other reagents used were of analytical grade.




2.3. Gelatin Extraction Process


Gelatin extraction from BC skins was carried out following the patented method developed by Karayannakidis et al. [22]. Briefly, thawed fish skins (~10 °C) were subjected to two successive alkaline treatments using 0.2 M NaOH solution with a skin-to-solution ratio of 1:4 w/v. Each alkaline treatment was carried out for 30 min under continuous stirring followed by draining. After the second alkaline treatment, the fish skins were drained and subsequently neutralized by washing with tap water, until drained water reached neutrality to slight alkalinity (pH 7.0–7.5). The skins were then subjected to an acidic treatment using a 0.1 M acetic acid solution with a skin-to-solution ratio of 1:4 w/v. The acidic treatment was carried out for 1 h under continuous stirring and was followed by draining and neutralization in a similar manner as described above (pH 6.5–7.0). Gelatin was then extracted with water (1:4 w/v, fish skin-to-water ratio) at 55 °C for 6 h under continuous stirring. Following extraction, the resulting mixture was vacuum-filtered through filter paper (Grade 601, Filtres Fioroni, Ingré, France) using a Büchner funnel and the filtrate was passed through a vertical column containing granular activated carbon using a peristaltic pump. This processing step has been previously demonstrated to be critical in order to obtain gelatin free of the unpleasant fishy odor [22]. The resulting gelatin solution was placed in disposable food containers (220–240 g capacity) and stored at −20 °C overnight. The frozen extract was then freeze-dried to recover the end product referred to as gelatin.




2.4. Gelatin Yield


Gelatin yield (GY) was determined by weighing the gelatin obtained after drying and the original amount of fish skins used according to the following formula:


  % G Y =   W e i g h t   o f   g e l a t i n   r e c o v e r e d   a f t e r   d r y i n g   g     W e i g h t   o f   f i s h   s k i n s   g     × 100  











GY was then expressed as g dry gelatin/100 g fish skins.




2.5. Proximate Composition


Moisture and ash contents were determined following the Official Methods of Analysis of the Association of Official Analytical Chemists [23]. Total nitrogen was determined by the Kjeldahl method. A conversion factor of 5.4 was then used to calculate protein content, considering that collagen is the main protein in fish and pig skins [10]. Lipid content was estimated following the method of Bligh et al. [24] as modified by Hanson et al. [25].




2.6. Molecular Weight (MW) Distribution


The protein profile of BC and porcine skin gelatin was studied with sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) [26]. Sample preparation was carried out as previously described [27] using double-concentrated sample buffer (4% w/v SDS, 20% v/v glycerol, 0.005% w/v bromophenol blue and 0.125 M Tris-HCl, pH 6.8). The protein profile of BC skin gelatin was studied in the absence or presence of 10% v/v β-mercaptoethanol (β-ME) in the above sample buffer. The sample solutions (BC and porcine skin gelatins) were loaded onto the wells of a 4–15% precast linear gradient polyacrylamide gel, which was mounted into a CriterionTM electrophoresis cell (Bio-Rad, Hercules, CA, USA). Electrophoresis was carried out at a constant amperage of 45 mA using a power supply unit (E861, Consort nv, Turnhout, Belgium) at room temperature, until the dye in the sample buffer reached the bottom of the gel. Staining and subsequent destaining of the recovered gel was performed according to Merril et al. [28]. A prestained broad-range protein standard (10–250 kDa) was used to identify the MWs of separated proteins and peptides of BC and porcine skin gelatin, which were analyzed using the VisionWorksLS Image Acquisition and Analysis Software (Ultra-Violet Products Ltd., Upland, CA, USA).




2.7. Amino Acid Analysis


For the determination of amino acids in BC and porcine skin gelatin, the EZ:faastTM kit for protein hydrolysates was used (KG0-7168, Phenomenex, Torrance, CA, USA). Prior to amino acid determination, each dry gelatin was accurately weighed (~10 mg) in a test tube followed by the addition of 100 μL of 6 M HCl containing 4% v/v thioglycolic acid. The tube was then sealed under a stream of nitrogen and subsequently heated in an oven at 110 °C for 18 h. After cooling at room temperature, the resulting hydrolysate was further diluted (1:10 v/v) with 0.1 M HCl. Sample preparation and solid-phase extraction and derivatization were performed following the procedure described in the user’s manual. Two microliters of the extracted amino acids was then injected with an Autosampler in a GC-MS/MS (Ultra Trace Q Polaris, Thermo Electron, S.p.A., Rodano, Milan, Italy) operating in the split mode (1:15). The instrument was equipped with a 10 m × 0.25 mm Zebron ZB-AAA GC column with helium as a gas carrier (flow rate: 1.1 mL/min). The injection temperature was set at 250 °C, while the oven temperature program was as follows: initial oven temperature 110 °C and then raising to 320 °C with a scanning rate of 30 °C/min. The temperatures of the MS source, quad and auxiliary were set at 240, 180 and 310 °C, respectively. For the quantitative analysis, the MS detector was run at a scan range of 45–450 m/z. The concentration of each amino acid was determined as described in the user’s manual using norvaline as an internal standard. The results were expressed as g amino acid/100 g dry gelatin.




2.8. Color


Color measurements were conducted with a portable tristimulus colorimeter (Micro Color, Dr. Lange GmbH, Düsseldorf, Germany) using the CIE L*a*b* color space. Each dried gelatin was placed in a disposable Petri dish prior to performing the measurements. Instrument calibration was carried out using black and white standard plates (X = 77.7, Y = 82.8 and Z = 89.7).




2.9. Physical Properties


2.9.1. Gel Strength


Gel strength was determined using a texture analyzer equipped with a 1.27 cm flat-bottomed Teflon® plunger attached to a 30 kg load cell (TA.XTplus, Stable Micro Systems, Ltd., Godalming, Surrey, UK). The crosshead speed was set at 1 mm/s. Gelatin gels were prepared by weighing 1.334 g of gelatin into a 50 mL beaker (4 cm diameter, 6 cm height) and mixing with 20 mL of deionized water (dH2O) to obtain a final concentration of 6.67% w/v. The beakers were covered with aluminum foil and placed in a waterbath (WB-6; Witeg Labortechnik GmbH, Wertheim, Germany) adjusted at 60 °C for 1 h with occasional stirring, in order to dissolve the gelatin. The resulting gelatin solutions were allowed to cool at room temperature for 30 min and then stored at 10 ± 1 °C for 18 h prior to determining gel strength. Gel strength was defined as the maximum force (g) required to penetrate each gelatin gel by 4 mm at 10 °C [29].




2.9.2. Viscosity


Viscosity measurements were carried out in gelatin solutions at 40 °C with a DV-II cone/plate viscometer (Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA), which was equipped with a Haake P5 waterbath coupled with a Haake C10 immersion circulator (Thermo Electron GmbH, Karlsruhe, Germany), in order to maintain sample temperature. Following gel strength measurements, the beakers containing the gelatin gels were covered with aluminum foil and subsequently heated to 40 °C in a waterbath (WB-6; Witeg Labortechnik GmbH, Wertheim, Germany), until the complete sample gels melted. Two milliliters of each gelatin solution was then loaded with a pipette on the stationary plate of the viscometer, and viscosity (cP) was measured using the CP-41 spindle at 100 rpm.




2.9.3. Melting and Setting Points and Setting Time


The melting and setting points of gelatins were determined with a Bohlin rheometer (C-VOR 150, Malvern Instruments Limited, Malvern, Worcestershire, UK) using parallel plate geometry (serrated plates). The rheometer operated with an oscillating applied stress of 1.5 Pa, a constant frequency of 0.5 Hz and a gap size of 1 mm. For performing the measurements, each freshly prepared gelatin solution (6.67% w/v) was carefully loaded with a disposable pipette on the bottom plate, so as to avoid bubble formation, and subsequently covered perimetrically with a thin layer of paraffin oil, in order to prevent evaporation. The gelatin samples were then subjected to cooling followed by heating (40 → 5 → 40 °C) with a scanning rate of 1 °C/min. For the determination of melting and setting points of BC and porcine skin gelatin, the storage (G′) and loss (G″) moduli data obtained were subjected to logarithmic transformation and then plotted against temperature. The temperatures corresponding to the intersection of the transformed data of G′ and G″ during the cooling and heating scans employed were the setting (Ts) and melting points I of the gelatins, respectively [30]. Setting time (min) was determined from the cooling scan (40 → 5 °C) according to the following formula:


    t   s   =       T   i   − T   s       Q  ˙     








where Ti is the initial temperature of the gelatin solution (40 °C), Ts is the setting temperature of gelatin (°C) and     Q  ˙    is the cooling rate (1 °C/min).





2.10. Statistical Analysis


A two-sample independent t-test was employed on the variables of this study to find potential significant differences between fish and porcine skin gelatin. Homoscedasticity assumptions were evaluated by Levene’s test, while the normality test employed was that of Ryan–Joiner. Significance was established at p < 0.05 [31]. Statistical analysis was performed using the Minitab statistical software package (Minitab version 21, State College, PA, USA)





3. Results and Discussion


3.1. Gelatin Yield


As mentioned in the Materials and Methods section, the skins of BC were initially treated with dilute alkaline and acidic solutions, each treatment being followed by washing with tap water, in order to neutralize fish skins. During these chemical treatments, known in the gelatin industry as the conditioning process [32], the fiber-like structures of native collagen were broken down to such an extent yielding warm water-soluble collagen (i.e., gelatin), which was recovered at a later stage from fish skins through extraction with water at 55 °C for 6 h. Following vacuum filtration and activated carbon treatment, in order to eliminate the unpleasant fishy odor [33], the gelatin solution obtained was freeze-dried. The dried gelatin extract was then weighed and the amount recovered was used to compute gelatin yield. In the present study, the production process employed yielded 13.95 ± 0.61 g dried gelatin/100 g fish skins (n = 2). The yield of gelatin found in this study was significantly higher than that previously reported for gelatin extracted from saithe (Pollachius virens) skins with an average yield of 8.9 ± 0.8 g/100 g fish skins [12], as well as the yield (5.67 g/100 fish skins) reported for gelatin extracted from grey triggerfish (Balistes capriscus) skins [34]. However, higher recoveries have also been reported for gelatin extracted from giant catfish (Pangasianodon gigas) and tilapia (Oreochromis niloticus) skins with estimated yields of 19.50 and 23.34 g/100 g fish skins, respectively [35]. Generally, the yield of gelatin derived from aquatic organisms varies depending on several factors, such as the species and type of collagenous raw materials used (e.g., skins, bones, scales, fins, swim bladders), as well as the processing conditions (e.g., extraction temperature and time, number of extraction steps, pretreatment conditions) and age of fish among others [10,36,37,38].




3.2. Proximate Composition


As shown in Table 1, the major constituent of gelatins extracted from BC and porcine skins was protein, followed by moisture and ash, while the amount of lipids present in both gelatin samples was negligible. Statistical analysis showed that there were no significant differences between the two gelatins studied with respect to protein and moisture content (p ≥ 0.05); still, fish skin gelatin exhibited higher ash content when compared to its mammalian counterpart (p < 0.05). The higher content of inorganic compounds in fish skin gelatin may be due to the use of NaOH in the alkaline pretreatment, as well as the use of tap water for neutralizing fish skins [39]. However, the inorganic compounds present in fish skin gelatin may have also been recovered or insufficiently removed from BC skins, as a result of the gelatin production process employed. Nevertheless, the results from the proximate composition analysis of fish skin gelatin were within the range of the values reported for commercial gelatins, which are typically fat-free and contain 85–90% protein, 8–13% moisture and 0.5–2% ash [40].




3.3. MW Distribution


The electrophoretic profile of BC skin gelatin under non-reducing and reducing conditions, as well as of porcine skin gelatin, is shown in lanes 1, 2 and 3 of the electrophoregram, respectively (Figure 1). No noticeable differences were observed in the protein patterns of fish skin gelatin in the presence or absence of β-ME (lanes 1 and 2), suggesting that disulfide bonds do not contribute to the stabilization of the protein gel structure. As shown in Figure 1, the MW distribution of fish skin gelatins was typical of gelatin preparations comprising α- (monomer), β- (two covalently cross-linked α-chains, dimer) and γ-chains (three covalently cross-linked α-chains, trimer), which are the undisputed protein fragments in gelatin extracts [27]. In particular, the α component displayed two α-chains, namely, the α2- and α1-chains with MWs of ~101 and 114 kDa, respectively, while the MWs of the β- and γ-chains were approximately 217 and 340 kDa, respectively. These findings were in good agreement with those previously reported for gelatin extracted from the bones of Atlantic mackerel (Scomber scombrus) and blue whiting (Micromesistius poutassou), as well as from bovine corium [41,42]. Besides the aforementioned components, three additional discernible protein bands were observed in both lanes (1 and 2) with MWs of ~382, 92 and 80 kDa, which were characterized as high-MW (HMW) and low-MW (LMW) components.



Regarding porcine skin gelatin, its protein profile was quite similar to that of fish skin gelatin, in the sense that it consisted of protein bands corresponding to the same major components. However, the band intensity of the HMW components, as well as of the α1-, α2- and β-chains, was higher in fish skin gelatin (lanes 1 and 2), while a higher intensity was observed in porcine skin gelatin (lane 3) regarding the γ-chain and LMW components (MW < 80 kDa). These findings suggest that BC skin gelatin was less degraded than porcine skin gelatin. Such differences in the MW distribution of gelatins are expected and have been attributed to the greater extent of collagen hydrolysis, as a result of the variable processing conditions employed during gelatin manufacture [35,43]. Because MW distribution affects the functional properties of gelatin, the primary objective of a gelatin manufacturer is to carry out a controlled process, where partial hydrolysis of the cross-links and peptide bonds of the parent compound (i.e., collagen) leads to the ideal MW distribution for the application envisaged [32].




3.4. Amino Acid Analysis


Table 2 shows the amino acid composition of gelatins extracted from BC and porcine skins. The most abundant amino acid in both gelatins was glycine (Gly), followed by proline (Pro), glutamine/glutamic acid (Gln/Glu) and hydroxyproline (Hyp). The high content of Gly, Pro and Hyp found in both gelatins was not surprising considering that the distinctive triple helical structure of the parent compound (i.e., collagen) is due to the repeating pattern of the Gly-X-Y triplet, where X and Y can be any amino acid, but in most cases are Pro and Hyp, respectively [44]. Statistical analysis showed that the concentration of each of the aforementioned amino acids was significantly higher in porcine than in fish skin gelatin (p < 0.05) and, as expected, similar differences were observed in total imino acid content (Pro + Hyp).



Regarding alanine (Ala), isoleucine (Ile), phenylalanine (Phe) and lysine (Lys) contents, no statistically significant differences were observed between BC and porcine skin gelatin (p ≥ 0.05). Higher proportions of threonine (Thr), asparagine/aspartic acid (Asn/Asp), methionine (Met), arginine (Arg), histidine (His) and hydroxylysine (Hys) were found for BC skin gelatin, while porcine skin gelatin showed higher amounts of valine (Val), leucine (Leu), serine (Ser), cysteine (Cys) and tyrosine (Tyr) (p < 0.05). Generally, both gelatins had relatively high amounts of Ala, Leu, Asn/Asp and Lys, but low amounts of Thr, Met and Cys. Similarly to previous studies, where gelatin was extracted from Atlantic cod (Gadus morhua) heads and Nile perch (Lates niloticus) heads and skins [10,45], tryptophan (Try) and cystine (Cys2) were not detected. It should also be noted that the low amounts of Cys and the lack of Cys2 in BC skin gelatin further support our previous assumption from the electrophoretic study that disulfide bonds do not contribute to the development of the gelatin gel structure.




3.5. Color


Table 3 displays the color coordinates of gelatins extracted from BC and porcine skins. Based on the mean values for L*, a* and b*, both gelatins were characterized as being light red/yellow in color. However, fish skin gelatin was significantly lighter (higher L* values) than porcine skin gelatin, while the latter exhibited higher +b* values, indicating increased yellowness (p < 0.05). The Maillard reaction between proteins and traces of carbohydrates in the raw materials during the extraction process is responsible for the yellow color development in gelatins. Moreover, the color intensity has been reported to increase as extraction time increases [32]. Because commercial gelatins are traditionally produced by subjecting the collagenous raw materials to sequential extractions with drinking water at increasing temperatures, from 50 to 100 °C [32,45,46], the observed differences in the +b* values of gelatins may be due to the different extraction processes employed. As a result, porcine skin gelatin, presumably produced by employing sequential extractions, exhibited higher +b* values than fish skin gelatin, which was produced by applying a single extraction process at 55 °C for 6 h.



Regarding the a* values, no statistically significant differences were observed between the two gelatin preparations (p ≥ 0.05). As shown in Table 3, both gelatins exhibited low +a* values (indicating redness), close to the center (0) of the a* axis of the CIE L*a*b* color space. Therefore, the a* values were not considered to have significantly contributed to the color of gelatins. Furthermore, it is worth mentioning that in contrast to L* and b* values, the contribution of the a* values to the color of BC and porcine skin gelatin was not visually apparent.



Overall, the results from the instrumental color measurements suggest that fish skin gelatin, which was superior in terms of its color compared to porcine skin gelatin, may be used in food systems without introducing any undesirable color into the final product. However, further studies are required in order to clarify this.




3.6. Physical Properties


3.6.1. Gel Strength


Gel strength is the primary physical property that determines the value of commercial gelatins [47,48]. It is also referred to as Bloom value or Bloom strength, when the measurement is carried out under specific conditions [7]. Commercial gelatins exhibit a broad range of Bloom values from 50 to 325 g [32], including low Bloom (<150 g), medium Bloom (150–220 g) and high Bloom (>220 g) [7,49].



As shown in Table 4, the gelatin extracted from BC skins yielded gelatin gels that exhibited high gel strength (315.4 g). Although marked differences were observed in the protein band intensity of the gelatins under study (Figure 1), statistical analysis showed that there were no significant differences between the gel strength values of fish and porcine skin gelatin (p ≥ 0.05). Muyonga et al. [10] conducted an earlier study that found no differences in Bloom strength between gelatins from young and adult Nile perch (Lates niloticus) skins, despite their different electrophoretic profiles. Nonetheless, the high gel strength of fish skin gelatin suggests that it can be used as a food ingredient in smaller amounts to bring about the desired functional properties, which depend on the food application. In fruit gums, for example, gelatin may be added at a concentration ranging from 6.0 to 10.0% w/w, while for this particular application, gelatins exhibiting a Bloom strength ranging from 200 to 280 g are recommended [50]. From the example presented above, it is obvious that the higher the Bloom strength, the lower the amount of gelatin required to bring about the desired effect and vice versa.




3.6.2. Viscosity


Viscosity, which is the second key property in gelatin preparations, is of critical importance in many applications, since it reflects the average MW of gelatin to a greater extent than gel strength [32,50]. The viscosities of commercial gelatins range from 1.5 to 7 cP, but specialized gelatins may exhibit viscosities up to 13 cP [46]. Moreover, the price of high-viscosity gelatins increases accordingly [51].



The average viscosity of the gelatin from BC skins in this study was 5.90 ± 0.21 cP, which was much higher than the viscosity of the gelatin from porcine skins (p < 0.05, Table 4). The lower viscosity of gelatin derived from porcine skins may be associated with the higher proportions of LMW protein fragments compared to fish skin gelatin, as previously mentioned in the electrophoretic study (Figure 1). This has been clearly demonstrated in the study of Muyonga et al. [10], where the proportion of LMW protein fragments (MW < α-chains) negatively correlated (r = −0.79) with viscosity.



Generally, the viscosity of fish skin gelatin was within the range of the values reported for gelatins extracted from the skins of other fish species, such as red (3.20 cP) and black (7.12 cP) tilapia, rohu (6.06 cP) and common carp (5.96 cP) [16,52]. The results from the viscosity measurements indicate that the gelatin extracted from BC skins can be used in food applications, such as the production of selected confectionary products (e.g., chewable sweets, marshmallows and nougat), where high-viscosity gelatins are commonly used to stabilize the foam [7].




3.6.3. Melting and Setting Points and Setting Time


Changes in the dynamic viscoelastic profile of BC and porcine skin gelatin as a function of temperature were monitored during cooling from 40 to 5 °C and subsequent heating from 5 to 40 °C with a scanning rate of 1 °C/min. (Figure 2 and Figure 3). Figure 2a indicates that fish gelatin forms a gel (i.e., setting point) at 10.5 °C, while the time required for gel formation (i.e., setting time) is 29.5 min. On the other hand, porcine skin gelatin forms a gel at a significantly higher temperature (19.4 °C) and shorter time (20.6 min) than fish skin gelatin (Figure 2b, Table 4, p < 0.05).



Upon subsequent heating, the gel from extracted fish skin gelatin melted at 21.5 °C (Figure 3a), while porcine skin gelatin showed a significantly higher Tm at 30.2 °C (Figure 3b). Similarly, to the study of Gudmundsson [30], a hysteresis effect was observed between the Tm and Ts of both gelatins, as shown in Table 4 (Tm > Ts), which can be eliminated by applying lower heating and cooling rates [30]. Nevertheless, the observed differences in Tm and Ts, as well as ts, between the two gelatins may be due to the different amino acid profiles. Gelatin derived from mammalian sources has been reported to have a higher imino acid (Pro + Hyp) content than that obtained from aquatic organisms [8]. It is believed that these two imino acids play an important role in the stabilization of the ordered conformation when gelatin forms a gel, the stability being proportional to the imino acid content [53,54]. Therefore, the higher Tm and Ts and the shorter ts of porcine skin gelatin with respect to BC skin gelatin were attributed to the higher imino acid content of the former compared to the latter, as previously demonstrated in the amino acid analysis (Table 2). However, the lower Tm of fish skin gelatin has been reported to be preferable, since it results in a faster dissolution in the mouth with no residual “chewy” mouthfeel [8]. Furthermore, in the study by Choi et al. [55], it was demonstrated through sensory analysis that the flavored fish gelatin dessert gel product had a more desirable release of flavor and aroma than the same product using porcine gelatin of higher Tm.






4. Conclusions


Gelatin was successfully produced from BC skins, one of the major by-products formed during the filleting process of this species. The production process employed for the extraction of gelatin from BC skins was very efficient, yielding 13.95 g dry gelatin/100 g fish skins, which is of significant importance if production is to be considered on a large commercial scale. The chemical composition of fish skin gelatin was similar to that of commercial gelatins, being fat-free and containing high amounts of protein and low amounts of moisture and ash. Based on the electrophoretic study, BC skin gelatin showed higher band intensity in the α- and β-chains, as well as the HMW components, while porcine skin gelatin contained more γ-chains and LMW components. Regarding its physicochemical properties, fish skin gelatin showed better color attributes and exhibited higher viscosity and similar gel strength, when compared to porcine skin gelatin. However, it showed significantly lower Tm and Ts and longer ts with respect to its mammalian counterpart, which was attributed to the lower imino acid content of the former compared to the latter. Overall, the results suggested that BC skins, which have been viewed as a waste product with no commercial value, can potentially be used for gelatin manufacture.
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Figure 1. Electrophoretic patterns of BC skin gelatin in the absence (lane 1) and presence (lane 2) of β-ME and porcine skin gelatin (lane 3). PM: protein marker. 
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Figure 2. Changes in logG′ and logG″ of BC (a) and porcine (b) skin gelatins upon cooling from 40 to 5 °C with a scanning rate of 1 °C/min. 






Figure 2. Changes in logG′ and logG″ of BC (a) and porcine (b) skin gelatins upon cooling from 40 to 5 °C with a scanning rate of 1 °C/min.



[image: Biomass 04 00017 g002]







[image: Biomass 04 00017 g003] 





Figure 3. Changes in logG′ and logG″ of BC (a) and porcine (b) skin gelatins upon heating from 5 to 40 °C with a scanning rate of 1 °C/min. 
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Table 1. Proximate composition of BC and porcine skin gelatin (g/100 g gelatin).
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	Component
	Fish Skin Gelatin
	Porcine Skin Gelatin





	Moisture
	10.64 ± 0.45 a
	10.19 ± 0.11 a



	Protein
	87.80 ± 0.17 a
	87.29 ± 1.45 a



	Ash
	1.34 ± 0.17 a
	0.48 ± 0.03 b



	Lipid
	0.03 ± 0.01 b
	0.09 ± 0.01 a







Values are presented as mean ± standard deviation of triplicate determinations (n = 3). Means with different superscripts in the same row are statistically significant (p < 0.05).













 





Table 2. Amino acid composition of BC and porcine skin gelatin (g/100 g dry gelatin).






Table 2. Amino acid composition of BC and porcine skin gelatin (g/100 g dry gelatin).





	Amino Acid
	Fish Skin Gelatin
	Porcine Skin Gelatin





	Alanine
	5.28 ± 0.45 a
	5.18 ± 0.35 a



	Glycine
	20.35 ± 0.67 b
	21.54 ± 0.14 a



	Valine
	1.75 ± 0.08 b
	2.50 ± 0.23 a



	Leucine
	2.20 ± 0.17 b
	3.39 ± 0.05 a



	Isoleucine
	1.35 ± 0.20 a
	1.62 ± 0.08 a



	Threonine
	0.48 ± 0.04 a
	0.09 ± 0.02 b



	Serine
	1.09 ± 0.18 b
	3.72 ± 0.53 a



	Proline
	10.46 ± 0.32 b
	12.47 ± 0.38 a



	Asparagine/Aspartic acid
	7.50 ± 1.09 a
	2.69 ± 0.35 b



	Methionine
	0.97 ± 0.16 a
	0.59 ± 0.10 b



	Hydroxyproline
	7.63 ± 0.13 b
	8.60 ± 0.17 a



	Glutamine/Glutamic acid
	10.41 ± 0.36 b
	12.23 ± 0.06 a



	Phenylalanine
	1.81 ± 0.10 a
	1.89 ± 0.15 a



	Cysteine
	0.14 ± 0.02 b
	0.25 ± 0.01 a



	Arginine
	2.93 ± 0.20 a
	0.96 ± 0.07 b



	Lysine
	3.77 ± 0.38 a
	3.75 ± 0.15 a



	Histidine
	3.49 ± 0.48 a
	1.35 ± 0.06 b



	Hydroxylysine
	2.13 ± 0.42 a
	1.17 ± 0.01 b



	Tyrosine
	ND
	0.66 ± 0.01



	Tryptophan
	ND
	ND



	Cystine
	ND
	ND



	ΣImino acids
	18.20 ± 0.50 b
	20.90 ± 0.07 a







Values are presented as mean ± standard deviation of triplicate determinations (n = 3). Means with different superscripts in the same row are statistically significant (p < 0.05). ND: not detected.













 





Table 3. Color coordinates of BC and porcine skin gelatin.
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	Color Coordinates
	Fish Skin Gelatin
	Porcine Skin Gelatin





	L*
	70.0 ± 2.3 a
	63.5 ± 1.4 b



	a*
	0.2 ± 0.7 a
	0.8 ± 0.7 b



	b*
	4.6 ± 0.3 b
	16.3 ± 1.1 a







Values are presented as mean ± standard deviation of quintuplicate determinations (n = 5). Means with different superscripts in the same row are statistically significant (p < 0.05).













 





Table 4. Physical properties of BC and porcine skin gelatin.
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	Physical Properties
	Fish Skin Gelatin
	Porcine Skin Gelatin





	Gel strength (g)
	315.4 ± 10.8 a
	297.9 ± 8.1 a



	Viscosity (cP)
	5.90 ± 0.21 a
	4.88 ± 0.28 b



	Tm (°C)
	21.5 ± 0.1 b
	30.4 ± 0.2 a



	Ts (°C)
	10.6 ± 0.1 b
	19.4 ± 0.1 a



	ts (min)
	29.5 ± 0.3 a
	20.7 ± 0.1 b







Values are presented as mean ± standard deviation of triplicate determinations (n = 3) for gel strength and viscosity and duplicate determinations (n = 2) for Tm, Ts and ts. Means with 