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Abstract

:

The growing demand for minimally processed foods with a long shelf life and environmentally friendly materials has forced industry to develop new technologies for food preservation and handling. The use of edible films has emerged as an alternative solution to this problem, and mixtures of carbohydrates and proteins, may be formulated to improve their properties. The objective of this work was to evaluate the effect of protein cross-linking with transglutaminase (TG) of two varieties of quinoa protein isolate (Chenopodium quinoa) [Willd (QW), and Pasankalla (QP)] on the physicochemical and barrier properties of edible films based on chitosan (CT)-quinoa protein. The evaluated properties were water vapor permeability (WVP), solubility, adsorption, roughness determined by atomic force microscopy, and the interactions among the main film components determined by Raman spectroscopy. The results indicated that TG interacted with lysine of QW and QP. CT:QW (1:5, w/w) showed the lowest solubility (14.02 ± 2.17% w/w). WVP varied with the composition of the mixture. The WVP of CT:quinoa protein ranged from 2.85 to 9.95 × 10−11 g cm Pa−1 cm−2 s−1 without TG, whereas adding TG reduced this range to 2.42–4.69 × 10−11 g cm Pa−1 cm−2 s−1. The addition of TG to CT:QP (1:10, w/w) reduced the film surface roughness from 8.0 ± 0.5 nm to 4.4 ± 0.3 nm. According to the sorption isotherm, the addition of TG to CT-QW films improved their stability [monolayer (Xm) = 0.13 ± 0.02 %]. Films with a higher amount of cross-linking showed the highest improvement in the evaluated physical properties, but interactions among proteins that were catalyzed by TG depended on the protein source and profile.
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1. Introduction


Edible films and coatings have attracted great interest due to their ability to preserve the quality and safety of foods, maintaining their flavor, color, and nutritional value during storage [1]. Edible coatings are defined as a thin layer of material that is used to coat foods to prolong their shelf life, which can be consumed along with it [2]. Edible films that are based on proteins are transparent and show good gas barrier properties; the most popular are zein, collagen, whey protein concentrate or isolate, wheat gluten, egg white protein, myofibrillar protein, keratin, and quinoa protein [3]. Quinoa is a pseudocereal with a relatively high protein content and better essential amino acid balance than cereals, providing (per 100 g of protein) high levels of lysine (4–7.8 g), methionine (0.3–9.1 g), histidine (2.4–5.4 g), and threonine (2.1–8.9 g) [4]. Quinoa protein concentrate has been used in edible films to extend the shelf life of food products, showing good extensibility due to its plasticizing effect [5]. These films display good mechanical properties, but poor water vapor barrier, thus lipids have been incorporated into the matrix. However, lipids have demonstrated an adverse effect on mechanical properties [6] and, for this reason, some studies have focused on chitosan-quinoa protein mixtures, since chitosan (CT) allows the formation of hydrogen bonds and other intermolecular interactions with quinoa protein producing films with enhanced mechanical properties [5].



CT is a linear copolymer of 2-acetamido-2-deoxy-β-d-glucopyranose and 2-amino-2-deoxy-β-d-glucopyranose linked by β-(1→4) bonds; this polysaccharide is obtained from chitin deacetylation [6]. CT is a polymer that is capable of forming edible films with a range of mechanical, barrier, and antimicrobial properties, which depend on the source and solvents that are used for its extraction. One report shows that quinoa protein can interact through anionic sulfide groups with chitosan protonated amino groups, generating a synergistic effect on the mechanical and barrier properties of films [7]. Plasticizers and cross-linking agents have been used to improve the mechanical and barrier properties of films [3]. Cross-linking is a process whereby polymer chains are linked through covalent or non-covalent bonds and it has been applied in protein based films, which can be mixed with carbohydrate biopolymers. Cross-linking improves the mechanical and barrier properties of films due to the reduction of polymer mobility, water solubility, and free volume, which hinders biodegradation [8].



Transglutaminase (TG) is a transferase enzyme (EC 2.3.2.13) that is used as cross-linking agent that catalyzes covalent and intermolecular bond formation between glutamine and lysine. The optimum pH of TG is between 5 and 7, and it has residual activity at pH 4 and 9 [9]. Some studies have shown that films that are made from CT-quinoa protein are poor water vapor barriers, whereas the addition of lipid compounds has a negative effect on the mechanical properties [5]. Thus, the aim of this work was to evaluate the effect of protein cross-linking of two different varieties of quinoa on the physicochemical and barrier properties of edible films based on CT-quinoa protein.




2. Materials and Methods


2.1. Material


Peruvian quinoa (Chenopodium quinoa Willd; QW) was acquired from Hanseatik (Puno, Peru), while Bolivian quinoa (C. quinoa Pasankalla; QP) was supplied by Tiqua quinoa (La Paz, Bolivia). Chitosan (Cat. 417963), sorbitol (Cat. W302902), pepsin from porcine gastric mucosa (Cat. 107192), trypsin (Cat. D4793), and α-chymotrypsin (Cat. 102307) from bovine pancreas were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Microbial transglutaminase that was derived from Streptoverticillium sp., with 92 IU/g (Active WM) was obtained from Ajinomoto (Paris, France). All other chemicals were of analytical grade and purchased from Sigma-Aldrich.




2.2. Methods


2.2.1. Extraction of Quinoa Protein


The two varieties of quinoa seeds were ground while using a coffee grinder (Krups Model GX410011, Solingen, Germany) and passed through a sieve with a 200-μm pore opening (No. 9, Tyler standard). The flour was degreased three times while using a 2:1 (v/v) chloroform:methanol solution in a 10:1 (w/w) solution:flour ratio and then stirred at 300 rpm (Thermolyne SP-131325, Waltham, MA, USA) for 2 h at room temperature [4]; the extraction was carried out according to Ruiz [10]. The defatted flours were suspended in distilled water (10%, w/v), adjusted to pH 11 using 1N NaOH, followed by stirring on a hot plate (Thermolyne) for 1 h at room temperature (25 °C). Subsequently, the samples were centrifuged at 3200× g, at 10 °C for 30 min. The supernatant pH was adjusted to 4.5, followed by centrifugation for 30 min. under the same conditions. The precipitate was resuspended in distilled water and neutralized with 2N NaOH, and the extracts were dried at 50 °C in an oven (ED, Binder, Tuttlingen, Germany). Finally, the protein isolates were ground using a coffee mill (Krups), for 2 min. and passed through a No. 9 mesh (Tyler standard).




2.2.2. Moisture and Protein Content


Moisture was evaluated by using a thermobalance (Precisa, XM 50, Dietikon, Switzerland). Protein was determined by the Kjeldahl method [11] while using a conversion factor of N × 5.54.




2.2.3. Electrophoresis (SDS-PAGE)


The protein profiles of concentrates were evaluated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), using 12 T (weight % acrylamide in the mixture acrylamide plus bis-acrylamide). The samples were separated in a Bio-Rad chamber (Mini-PROTEAN II, Hercules, CA, USA) at 100 V for 15 min. and then at 150 V for 45 min., and low molecular weight markers (GE Healthcare, Little Chalfont, Bucks, UK) were used. Gels were subjected to a digital imaging system (ProteinSimple, AlphaImager, Kent, UK), and analysis was carried out using the Gelanalyzer 2010a software [12].




2.2.4. Quinoa Protein Edible Films


Two protein suspensions (QP and QW) were prepared (2% w/v) in distilled water and adjusted to pH 11 with 1 N NaOH, and the same procedure was used to produce films. The suspensions were heated in a water bath at 70 °C for 30 min. and then sorbitol was added as plasticizer (40% w/w, based on protein). Finally, the films were produced by the casting method and dried (T = 40 °C, relative humidity (HR) = 50%, 24 h) [13].




2.2.5. Chitosan Edible Films


Chitosan films were produced according to Escamilla-García [14] with some modifications. A chitosan suspension (1% w/v) in lactic acid (0.5% w/v) was prepared with constant stirring for 1 h at 80 °C. After cooling, sorbitol was added in a 1:1 (w/w) ratio and then stirred for 10 min. Film was formed by the casting method and dried at 40 °C and 50% RH for 24 h in a climatic chamber (Binder, KBF 115, Tuttlingen, Germany).




2.2.6. Chitosan-Quinoa Protein Films


Quinoa and chitosan protein solutions (with and without TG), as described in Section 2.2.4 and Section 2.2.5, respectively, were mixed in ratios (chitosan:protein, w/w) of 1:5, 1:10, 1:15, and 1:20; plasticizer addition and film formation were conducted as directed in the respective sections.




2.2.7. Determination of the Extent of Cross-Linking


The degree of cross-linking was determined according to Al-Hassan and Prasertsung [15,16]. 1 mL of 0.5% (w/v) 2,4,6 trinitrobenzene sulfonic acid (TNBS) and 1 mL of 4% (w/v) sodium bicarbonate solution (pH 8.5) were added to 5 mg of film, and the mixture was heated at 40 °C for 2 h. Subsequently, 2 mL of 6 N HCl was added and the solution was stirred at 60 °C for 1.5 h, cooled to 25 °C, and absorbance was measured at 415 nm in a microplate reader (GENESYS UV-Vis, Thermo Scientific, Waltham, MA, USA). Non-crosslinked amino groups react with TNBS to form a soluble yellow complex. The degree of cross-linking (%CTG) was calculated while using Equation (1) and expressed as mean ± standard deviation (n = 4).


  %  C  TG   =   1 −  A  wTG      A  oTG     × 100  



(1)




where AwTG = absorbance of crosslinked protein in the film and AoTG = absorbance of non-crosslinked protein in the film.




2.2.8. Edible Film Characterization


• Thickness and Solubility



Film thickness was determined while using a micrometer (Mitutoyo, Series 293 Imp, IL, USA). Portions of films (2 cm × 2 cm) were dried at 70 °C for 24 h and the initial weight of each film was recorded. The films were placed in 20 mL of sodium benzoate solution (0.01% w/w) and stirred in a water bath for 24 h at 25 °C. The solutions were passed through a filter paper previously subjected to constant weight and they were dried at 70 °C for 24 h, and then the filter paper and film residue were weighed. Solubility was determined by Equation (2) [17].


   % SP  =    P  1 s   −  P  2 s      P  1 s     × 100  



(2)




where %SP is percentage solubility, P1s is initial weight of dry film, and P2s is final weight of the dry film.



• Water Vapor Permeability



Water vapor permeability (WVP) was determined according to Escamilla-García [18]. In this test, the permeability cells of known cross sectional area (A) were used. Films of known thickness (L) were placed on top of cells containing a saturated NaCl solution (HR = 75%) and then placed in a desiccator containing saturated KNO3 solution (HR = 95.6%) to generate a pressure difference (ΔP). The weight increase (ΔW) was registered every 15 min. until equilibrium was reached at time t and constant temperature (25 °C). WVP was obtained from Equation (3).


  WVP =   Δ W   t   A   ×  L  Δ P    



(3)







• Adsorption Isotherms



Saturated solutions of lithium chloride, potassium acetate, magnesium chloride, potassium carbonate, magnesium nitrate, sodium bromide, sodium chloride, and potassium chloride were prepared and placed in different desiccators to obtain water activity (aw) of 0.11, 0.23, 0.33, 0.43, 0.58, 0.76, and 0.85, respectively. Before the test, the initial moisture content of films was determined by using a thermobalance (Precisa XM 50). Film sections of 1.5 cm × 1.5 cm were cut and conditioned at RH = 53% and 23 ± 1 °C. Afterwards, the films were placed in different desiccators and weight variations were recorded until equilibrium was reached [19]. The data were fitted to the Guggenheim-Anderson-de Boer (GAB) sorption isotherm model (Equation (4)).


  X =    X m  C K  a w     (  1 − K  a w   )   (  1 − K  a w  + C K  a w   )     



(4)




where X is the moisture content (kg water/kg dry solid); Xm is the monolayer value (kg water/kg dry solid), C is the Guggenheim constant characteristic of the films and related to the heat of adsorption of the monolayer, and K is a correction factor that is related to the multilayer heat of sorption.



• Atomic Force Microscopy



Atomic force microscopy (AFM) was used to evaluate the surface roughness of edible films, following Escamilla-García et al. [18], while using an atomic force microscope (di Multimode V, Veeco, Plainview, NY, USA) in contact mode. Images were obtained by measuring force changes between the cantilever and samplewhile using silicon tips (Bruker RTESP Cantilever, Karlsruhe, Germany). Film portions of 0.5 cm × 0.5 cm were used, and the resonance frequency of scanning was 286–362 kHz with a spring constant of 20–80 N m−1, scanning speed of 1 Hz, and resolution of 256 × 256 pixels. The results were analyzed while using the Gwyddion Version 2.53 software (Okružní, Czech Republic).



From images of edible films, roughness was obtained by estimating the square root of the deviation from an average plane of the peaks and surface valleys (Rq) (Equation (5)). The mean absolute value of surface height deviations, as measured from the middle plane (Ra), was calculated by using Equation (6).


   R q  =     ∑   Z i  2   N     



(5)






   R a  =  1 N    ∑   j = 1  N   Z j   



(6)




where Ra and Rq are the roughness values (nm), Zi and Zj are height difference of i and j relative to the average of the heights, and N is the number of points on the image.



• Raman Spectroscopy



The interactions of film components were evaluated while using a Raman spectrometer (Olympus BX41 Horiba, Yvon, Kyoto, Japan), coupled to a microscope (Olympus BX 41). The samples were radiated with a 735 nm laser with a 50× objective, aperture number 0.55, and diffraction limit of 702 nm. Spectral resolution was 0.16 cm−1, with 1800 g/mm while using a Charge Coupled Device (CCD) detector with a spectral range of 450 to 950 nm. Confocal opening and the monochromator inlet slit were set at 400 μm. Readings were obtained in the spectral range of 500 to 3500 cm−1, and data were processed while using the Spectragraph 1.1.2 program [14].




2.2.9. Simulated Gastric and Duodenal Digestion


Five milligrams of each film was placed in 600 μL of simulated salivary fluid (SSF), comprising 4 mM urea in 150 mM NaCl at pH 6.9 and incubated at 37 °C for 5 min. under constant agitation (170 rpm). Afterwards, 75 μL of films previously incubated in SSF were combined with 100 μL of simulated gastric fluid (SGF) containing 0.15 M NaCl, pH = 2.5, and digestion was started by adding pepsin solution at a 1:20 enzyme:protein (w/w) ratio. Simulated gastric digestion was evaluated at minutes 1, 2, 5, 10, 20, 40, and 60, while using a control without pepsin, and the reaction was stopped by adding 40 μL of 0.5 M NH4(HCO3). After 60 min. of gastric digestion, the samples were adjusted to pH = 6.5 with 0.5 M bis-Tris HCl and simulated duodenal fluid (SDF) was prepared by dissolving NaCl to 0.15 M and bile salts (sodium taurocholate and glycodeoxycholate) to 4 mM and pre-incubated at 37 °C for 10 min. Subsequently, trypsin and chymotrypsin were added in a ratio of 1:400 and 1:100 (w/w) (enzyme:quinoa protein), respectively. Aliquots were taken during proteolysis at minutes 1, 2, 5, 10, 20, 40, and 60, and duodenal proteolysis was stopped by the addition of trypsin-chymotrypsin Bowmann-Birk inhibitor [20]. The extent of hydrolysis was determined by SDS-PAGE, as depicted in Section 2.2.3.




2.2.10. Statistical Analysis


All the tests were conducted in triplicate and, when edible film samples were analyzed, measurements were taken at five different points (ends and center). Data were evaluated by one-way analysis of variance (ANOVA) while using the Sigma Stat 3.5 software program (San Jose, CA, USA). Significant differences were determined by using the Tukey test, with a p < 0.05 level of significance.






3. Results and Discussion


3.1. Protein Isolate Characterization


From SDS-PAGE electrophoresis, changes in QW and QP proteins were identified, together with the extent of cross-linking. Differences were found between the QP and QW protein profiles in the presence and absence of TG (Figure 1). Both quinoa varieties clearly showed cross-linking, the WP protein profile is shown in lane 1 and, after TG addition (lane 3), the first band of lane 1 (about 97 kDa) disappeared, whereas a faint band was noticed close to the top of the gel (lane 3: >97 kDa), and a distinct band appeared at about 30 kDa (see arrow, Figure 1). The QP profile (lane 4) showed a similar band close to 30 kDa after TG addition. Although cross-linking is observed in both quinoa varieties, the newly formed protein bands showed different molecular weights.



Characteristic bands of globulin fractions are observed for both quinoa varieties in the presence and absence of TG (Figure 1), such as 11S basic subunit (28 kDa), 11S acid (40.5 kDa), 7s (43 kDa), and the 2S fraction of albumin (<20 kDa). These results coincide with Kaspchak et al. [20], who found polypeptides of 59 kDa, 43 kDa, 35 kDa, 26 kDa, 24 kDa, and 22 kDa in quinoa protein, which are characteristic of acidic and basic subunits of 11S quinoa globulin [21]. QW showed bands of molecular weight >66 kDa that were not observed in the QP variety, in addition to clearly defined bands of 58.4 kDa, 40.5 kDa, and three more bands close to 27 kDa, which are characteristic of this quinoa variety (Figure 1) [22].



The different protein profiles of QP and QW are reflected in the physical properties of the produced edible films. The addition of TG to QW resulted in the disappearance of the 11S fraction, commonly known as chenoponide, which is rich in glutamine/glutamic acid, asparagine/aspartic acid, arginine, serine, leucine, and glycine and it has a low content of sulfur-containing amino acids (methionine and cysteine) [23,24]. The 11S fraction (acidic and basic) contains about 2.7%–2.9% lysine [25] and, thus, TG could have catalyzed covalent bond formation between glutamine and lysine of these units. The changes that were observed in bands of molecular weight ~50 kDa may also be associated with TG-catalyzed intra- and inter-molecular cross-linking between lysine and glutamine of varying extent, according to the variety of quinoa used [26]. A similar behavior was observed by Basman et al. [27], who conducted cross-linking of soy protein with TG that mainly affected acidic subunits, because basic subunits are not easily accessible to TG.



Pereira et al. [28], reported that the nutritional and biological properties of quinoa seed depend on the natural conditions, where they are cultivated (atmospheric pressure, climate, salinity, among others). The protein content of QW isolate was higher than that of QP isolate (Table 1), and both values are slightly lower than those that were reported for the same varieties ranging from 74.3% to 76.3% [22]. The moisture content agrees with Pereira et al. [28], who reported values between 4% and 13% (p/p) for QW, while Elsohaimy [4] reported 11.09%–12.72% for QP.




3.2. Cross-Linking


Films that were made from QP showed higher degree of cross-linking (61.45 ± 3.73%) than those made from QW (40.55 ± 3.61%) (Table 2). However, the addition of chitosan favored the cross-linking of QW, since the film made from CT-QW (1:15 w/w) showed the highest degree of cross-linking (67.61 ± 3.28%), but it did not significantly differ (p > 0.05) from that of CT:QW 1:10 (w/w) film. It has been reported that the degree of cross-linking is related to the number of free amino groups, which in turn depend on steric and conformational restrictions [15]. High molecular weight polypeptides are formed when TG is added to QP, but they are not observed when it is added to QW, which indicates a larger cross-linking effect on QP (Figure 1).




3.3. Physical Properties


The films are intended to be used as coating materials, being eaten together with the food product (mainly perishable foods), and thus the materials should partly dissolve in the tongue to avoid the sensation of a solid material which is not the food product. This is achieved by designing a partially soluble and relatively thin film, which in contact with the tong starts to dissolve and goes unnoticed by the consumer. Figure 2 shows an image showing the appearance of films produced from QW and QP.



The thicknesses of films that were made from a combination of CT with QW or QP varieties were not significantly different, but films that were made from quinoa protein only tended to be thinner than those made from protein-CT mixtures (Table 3). Films produced with a higher protein concentration (1:20 w/w), were the thinnest for both quinoa varieties.



The WVP of both quinoa protein varieties decreased in the presence of TG, but permeability significantly increased (p > 0.05) with the addition of CT (Table 3). The highest WVP was obtained for the CT:QW film (1:5, w/w), which decreased by 70% upon the addition of TG. Nonetheless, the QP variety showed superior barrier properties. The effect of cross-linking on WVP was lower in QP than QW, and the largest difference was found in the film made from CT:QP (1:5, w/w), changing from 4.97 ± 0.82 to 3.23 ± 0.43 × 10−13 g cm Pa−1 cm−2 s−1 in the presence of TG.



Cross-linking with TG creates a crosslinked spatial network decreasing intermolecular spaces that inhibit water molecule migration [29]; therefore, films undergoing a higher degree of cross-linking are expected to be superior water vapor barriers. Although cross-linking improved the WVP barrier, the addition of CT produced the opposite effect, which was probably due to a permeation mechanism occurring in CT films that comprises adsorption and diffusion. Initially, water is easily adsorbed in the polymer matrix by free hydrophilic groups of the chitosan structure followed by its diffusion. The hydrophilic groups of chitosan decrease when covalent and/or hydrogen bonds are formed, which affects the film’s affinity for water molecules, improving its diffusion. This might explain why increasing protein concentration generates hydrogen bond formation that allows for reduction in the WVP barrier [30]. Solubility decreased in the presence of CT and TG for both quinoa protein varieties. The most soluble film was QP (71.84 ± 1.58%) and the least soluble was CT-QW (1:5, w/w) film combined with TG (14.02 ± 2.17%) (Table 3). Protein films (QW and QP) showed the highest solubility values due to the pH used to produce the films because protein solubility depends on this value. At pH 11, 90% albumin and 50% globulins reach maximum solubility, and protein is negatively charged due to carboxyl group ionization and amino group deprotonation, which also favors solubility [23]. CT is semi-crystalline in nature, being mainly derived from inter- and intramolecular hydrogen bonds and thus, it is soluble at pH < 6 only [31]. TG decreases film solubility because cross-linking leads to the reduction of intermolecular spaces that inhibit water molecule diffusion [29]. QP comprises a larger number of highly soluble low molecular weight fractions than QW; therefore, edible films that were made from QP were more soluble than those made from QW [15].




3.4. Edible Film Sorption Isotherms


Good agreement was observed between experimental and modeled GAB isotherm values. Xm indicates the amount of water molecules that are attached to active sites present on the substrate surface and it is considered the optimal value to ensure stability of a substrate material. The lower the value of Xm, the higher the stability [32].



The lowest Xm determination coefficient (r2) was 0.90 for CT:QW 1:5 (w/w) films, whereas those showing the highest Xm were CT-quinoa protein (1:15 and 1:20, w/w) for both quinoa protein varieties (Table 4). However, the addition of TG produced CT-QW 1:20 (w/w) films showing the highest Xm, whereas its effect on CT-QP (1:20, w/w) was the opposite. Molecular interactions of quinoa proteins with CT could decrease the polar groups and, in turn, active sites on the film surface, modifying the monolayer value [33]. K values for both quinoa protein varieties were < 1, and the highest K value was obtained by the CT:QP 1:5 (w/w) film. The Guggehnheim constant C was higher for films without chitosan and it generally tended to decrease for both proteins when the CT proportion was increased in combinations of CT-QP and CT-QW, probably due to a decrease in hydrophilic groups. An exception was noticed for the mixture CT:QP 1:5 (w/w), which showed the highest C value for all CT-quinoa protein mixtures, irrespective of TG addition, whose effect was unclear. The constant C represents energy that is related to the difference in chemical potential of molecules adsorbed on the monolayer and superior sorption layers. K and C are temperature dependent constants that can be used to construct sorption isotherms at different temperatures [34]. The high value of C constant shows that water molecules are more strongly adsorbed onto matrix active sites [35], whereas K provides a measure of molecular interactions between the multilayers and adsorbent [36].




3.5. Atomic Force Microscopy


CT-quinoa protein films showing low solubility and WVP close to the lowest values were chosen for AFM tests, due to their potential applications as edible films for fresh food products.



From the micrographs that are shown in Figure 3 and Figure 4, it can be concluded that QP and QW films exhibit smooth surfaces because the temperature and pH conditions that are used for their assembly do not promote protein aggregation, which results in homogeneous matrices [10,37]. As already mentioned, TG addition to chitosan films produces a smoother surface, which is consistent with a report showing that the roughness of phaseolin films decreased when TG was added, because cross-linking allowed for the reduction of intramolecular spaces [38]. QP and QW films incorporating CT resulted in greater surface roughness due to the alkaline conditions used for their production, where CT tends to form aggregates. Inter- and intramolecular hydrogen bonding can be formed within the CT molecule instead of forming effective interactions with OH groups, which could generate rougher surfaces [31].



Thus, AFM micrographs of films that were made from QW, CT:QW (1:10, w/w) (Figure 3), and QP, CT:QP (1:10, w/w) (Figure 4) were carried out. QW film roughness (Figure 3a) did not exhibit significant differences when TG was added (Figure 3b), but the addition of CT revealed increased roughness (Figure 3c), which slightly decreased after cross-linking (Figure 3d). Films made from QP showed higher roughness than those made from QW; additionally, the cross-linking of QP films did not produce a significant effect on roughness (Figure 4a,b). CT-QP (1:10, w/w) film showed significantly (p < 0.05) higher roughness than QP film alone (Figure 3c), which significantly decreased (p < 0.05) with cross-linking (Figure 4d).




3.6. Raman Spectroscopy


Raman spectroscopy was only applied to the films showing the highest potential for application in food products: QP, QW, CT:QW (1:10, w/w), and CT:QP (1:10, w/w). The spectrogram of Figure 5 shows QP and CT:QP (1:10, w/w) films. When TG was added, some signals were intensified (Figure 5a) at wavenumbers of 503.3 (C–C=O), 699.1 (γOH), and 757.9 cm−1, while another one appeared at 874.9 cm−1 (glutamic acid: C–C), which suggests interactions between the protein and crosslinker. Cross-linking is more evident in the presence of chitosan (Figure 5b), where a new peak is formed at 550.7 (C–C=O) cm−1, but other peaks that are characteristic of glutamic acid disappear, such as those at 875.5 (C–C), 974.7 (C–C–N), and 724.1 (OCO−) cm−1.



From Figure 5a,b, it is evident that the presence of CT results in the suppression of three peaks at 857.8 (lysine: C, γ twisting), 940.1 (C–C), and 478.2 cm−1 (C–C–C), which suggests interactions between protein and chitosan. Similarly, by comparing the spectra of Figure 5a,b, CT shifts the signal at about 858 cm−1 to 875.5 cm−1 (lysine: C γ twisting), but, in the presence of TG, the peak is inhibited. Figure 6 shows QW and CT:QW (1:10, w/w) with and without TG. Signal strength was increased by adding TG to QW (Figure 6a) at 782 cm−1, while the peak at 1312 was shifted to 1317 cm−1, a weak signal appeared at 1614 cm−1, and peak suppression was observed at 546 cm−1. CT:QW (1:10, w/w) spectra with and without TG are shown in Figure 6b. Cross-linking generated two peaks, one at 646.4 cm−1 and another at 701.6 cm−1, while enhancing the signal at 1319 cm−1.



From the spectra of Figure 5a, the presence of TG caused the suppression of two peaks, at 478.2 cm−1 (C–C–C) and 549.4 cm−1 (C–C=O). However, films containing CT (Figure 6b) TG addition led to two new signals, one at 546.4 cm−1 (C–C=O) that is probably a shift of the previous signal, and another at 854.8 cm−1 (Lysine: Cγ twistting). The suppression of peaks at 974.4, 873.3, and 940 cm−1 in the QW spectra (Figure 6a) indicates possible interactions between TG and protein, and these signals are characteristic of lysine [39], so cross-linking with TG is carried out while using the amino groups of lysine and glutamic acid [40].




3.7. Simulated Gastric and Duodenal Digestion


The hydrolysis of QP and QW using simulated salivary fluid is shown in Figure 7a,b, respectively. Molecular fractions less than 97 kDa from both quinoa protein varieties can be observed after gastric hydrolysis (Figure 7c,d), where the number of bands decreased. QW could not be hydrolyzed by pepsin, since the same bands appeared at all QW-CT ratios, which indicated that the pepsin-preferred hydrophobic and aromatic amino acid residues were partially or totally hidden from proteolytic cleavage.



After gastric hydrolysis, bands showing molecular weights of >66 kDa essentially disappeared, especially from the QP-CT films and, at the same time, the bands between 20.1 and 30 kDa were intensified, which indicated that pepsin hydrolyzed large protein molecules into smaller peptides [37].



Finally, duodenal simulated digestion with trypsin and chymotrypsin led to full protein hydrolysis (Figure 7e,f). These results indicate that, depending on the quinoa protein variety used to produce the films, partial or insignificant gastric hydrolysis was completed upon duodenal digestion. Some authors reported that, at high pH (>8), protein denaturation is high, which results in disulfide bond breakage, leading to tertiary structure disruption. Additionally, the temperature (90 °C) and pH (11), used for film production probably left exposed amino acids sensitive to duodenal enzymatic hydrolysis [41,42].



There are several studies on edible films that are based on protein cross-linked with TG to improve the mechanical and barrier properties. However, in some cases, crosslinking has promoted higher resistance to protein digestion [38,40]. The film that is produced in this work is intended for direct consumption with the food, and therefore it is important to evaluate film digestibility. Films presenting the best mechanical and barrier were evaluated, and those crosslinked with TG did not affect protein digestibility.





4. Conclusions


The quinoa protein varieties used to produce edible films showed significant effects on physical properties, such as solubility, water vapor permeability, roughness, and water sorption. Cross-linking with TG allowed for the enhancement of edible film properties; nevertheless, interactions among protein and TG depended on the quinoa protein variety in combination with its protein profile. CT added to QW films promoted interactions between protein and chitosan that were enhanced by the presence of TG, leading to improved physical properties. According to the sorption isotherm, CT-QP films combined with TG may be considered highly stable. Films exhibiting higher amount of cross-linking showed the highest improvement in the evaluated physical properties. TG and protein of both quinoa protein varieties primarily interacted through the amino acid lysine.
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Figure 1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of Pasankalla (QP) and Willd (QW) protein isolates with and without transglutaminase (TG). M: Molecular weight marker; 1: QW protein isolate; 2: QP protein isolate 3: QW protein isolate + TG; 4: QP protein isolate + TG. The arrow in lane 3 shows a protein band appearing after TG addition to WP. 






Figure 1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of Pasankalla (QP) and Willd (QW) protein isolates with and without transglutaminase (TG). M: Molecular weight marker; 1: QW protein isolate; 2: QP protein isolate 3: QW protein isolate + TG; 4: QP protein isolate + TG. The arrow in lane 3 shows a protein band appearing after TG addition to WP.



[image: Coatings 09 00736 g001]







[image: Coatings 09 00736 g002 550] 





Figure 2. Edible films. (a) QP edible film and (b) QW edible films. 
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Figure 3. Atomic force microscopy (AFM) micrographs of chitosan-quinoa protein edible films. (a) QW; (b) QW + TG; (c) CT:QW (1:10, w/w); (d) CT:QW (1:10, w/w) + TG. 
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Figure 4. AFM micrographs of chitosan-quinoa protein edible films. (a) QP; (b) QP + TG; (c) CT:QP (1:10, w/w); and (d) CT:QP (1:10, w/w) + TG. 






Figure 4. AFM micrographs of chitosan-quinoa protein edible films. (a) QP; (b) QP + TG; (c) CT:QP (1:10, w/w); and (d) CT:QP (1:10, w/w) + TG.



[image: Coatings 09 00736 g004]







[image: Coatings 09 00736 g005 550] 





Figure 5. RAMAN spectrogram of QP and CT:QP (1:10, w/w) films. (a) QP and QP + TG; (b) CT-QP (1:10, w/w) and CT:QP (1:10, w/w) + TG. QP = Quinoa Pasankalla; QW = Quinoa Willd; CT = chitosan; TG = transglutaminase. 
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Figure 6. RAMAN spectrogram of QW and CT:QW (1:10) films. (a) QW and QW + TG; (b) CT-QW (1:10, w/w) and CT:QW (1:10, w/w) + TG. QP = Quinoa Pasankalla; QW = Quinoa Willd; CT = chitosan; TG = transglutaminase. 
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Figure 7. Hydrolysis of quinoa protein-chitosan edible films. (a,c,e): QW protein; lanes: 1, QW; 2, QW + TG; 3, QW-CT (1:5, w/w); 4, QW-CT (1:5, w/w) + TG; 5, QW-CT (1:10, w/w); 6, QW-CT (1:10, w/w) + TG; 7, QW-CT (1:15, w/w); 8, QW-CT (1:15, w/w) + TG; 9, QW-CT (1:20, w/w); 10, QW-CT (1: 20, w/w) + TG. (b,d,f): QP protein; lanes: 1, QP; 2, QP + TG; 3, QP-CT (1: 5, w/w); 4, QP-CT (1: 5, w/w) + TG; 5, QP-CT (1:10, w/w); 6, QP-CT (1:10, w/w) + TG; 7, QP-CT (1:15, w/w); 8, QP-CT (1:15, w/w) + TG; 9, QP-CT (1:20, w/w); and, 10, QP-CT (1: 20, w/w) + TG. QP = Quinoa Pasankalla; QW = Quinoa Willd; CT = chitosan; TG = transglutaminase. 
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Table 1. Moisture and protein content of protein isolates of two quinoa varieties.
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	Parameter
	QW
	QP





	Moisture (%, w/w)
	12.42 ± 0.72
	10.07 ± 0.54



	Protein (N × 6.25, %, w/w)
	71.49 ± 1.99
	67.93 ± 2.01







QW = C. quinoa Willd; QP = C. quinoa Pasankalla.
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