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Abstract

:

To investigate the mechanism of the texture formed by protein thermal denaturation, the profile and formation of texture and thermal denaturation of protein were evaluated using texture profile analysis (TPA) and transmission electron microscopy (TEM) combined with differential scanning calorimeter (DSC). Results indicated that the surface temperature of Beijing roast duck increased from 23.9 to 174.4 °C, while the center temperature rose from 20.6 to 99.3 °C during roasting. Shear force decreased significantly during the first 20 min, and the texture profile largely changed at 20 and 40 min. Firstly, Band I was broken and twisted, Band A was overstruck, and Z-line was diffused and finally disappeared, resulting in a blurred myofibril structure. The sarcomere considerably contracted within 30 min. Secondly, the main myofibrillar proteins were denatured at 20 and 40 min, respectively. The formation of hydrophobic interactions and the reduction of ionic bonds were observed. Thirdly, roasting induced protein thermal denaturation, which was correlated with interprotein forces, texture profile, and the shear force. Muscle fibers were damaged and shrunken, accompanied by the formation of hydrophobic interactions and the reduction of ionic bonds. The turning points were at 20 and 40 min, and the main proteins were denatured, leading to the formation of tenderness of Beijing roast duck.
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1. Introduction


Beijing roast duck is a kind of traditional Chinese food, which is very popular among consumers [1]. Traditionally, the roasting process of Beijing roast duck is empirically controlled by the operators, and how to maintain the traditional texture after industrial production is a great challenge for the industrialization of Beijing roast duck. Tenderness is one of the important indicators of roast duck and is a general summary of the structural characteristics of proteins. High correlations have been found between heat-, glycolysis-, energy metabolism-, muscle fiber structure-, oxidation-, and degradation-related protein and meat tenderness or tenderization [2,3].



When meat is exposed to heat, proteins will denature and coagulate, thereby reducing the space of myofibrils, and finally forming the texture of the product [3]. Roasting time and temperature affect protein aggregation, muscle fiber contraction, and sarcomere length, and then eventually affect meat tenderness. Different shear forces and textures were formed under different roasting temperatures, and meat was less tender after roasting in general. A good correlation between tenderness and the heat treatment process was found in some reports [4,5].



Hydrolysates produced by protein degradation are abundant in meat [6], and some of these tenderness-related proteins differ greatly between tender and tough samples [7]. The muscle fiber was found to be broken, and the connective tissue was intact after roasting [8]. The temperature and time of roasting had a great influence on the denaturation and contraction of the myofibril [4]. The hydrophobicity and aggregation of proteins in meat increased after heat treatment [9,10]. Actin, myosin heavy chain, and sarcoplasmic protein are aggregated after roasting [11]. Whereas myosin light chain and tropomyosin are heat-stable [3,4,9] and the polymerization of proteins is increased, and heating induces the cleavage of proteins near aspartic acid residues [12]. No noticeable degradation of myosin has been observed at 80 °C, and actin did not degrade during heating [4]. However, the thermal denaturation of meat proteins and its influence on the texture properties of processed products during roasting, such as Beijing roast duck, are still not well-understood. Beijing ducks were processed according to traditional techniques, such as air inflation, blanching, drying, coloring, etc., and finally hung in the oven for roasting by the experienced roast duck chef. The traditional hanging ovens (Gua-lu) differ greatly from other ovens in that they have an arched mouth but no door. The duck is hung on an iron hook in the oven, and fruitwood is used to roast the duck by fire.



Therefore, it is essential to study the change of temperature, protein, and muscle fiber structure during roasting, and thus the texture change rule of traditional Beijing roast duck. This will be conducive to the application of new manufacturing technologies and the development of new roasting equipment, and to further realize the industrialization and intelligent transformation of roast duck.




2. Materials and Methods


2.1. Sample Preparation


The raw duck was supplied by Beijing Jinxing Ducks Co., Ltd. (Jiugong Town, Daxing District, Beijing, China). The same batch of Beijing four-series stuffed ducks, 42 days old, were used as experimental materials, and the weight of each duck was 2000 ± 300 g. After slaughter, the ducks were cooled and then transported to the restaurant for processing. The ducks were processed according to traditional techniques at Dongxinglou restaurant in Beijing (located in Dongzhimen, Chaoyang District). Air inflation was a necessary step in which air was pumped into the duck between the skin and subcutaneously, making the duck look appealing. Then, boiling water (100 °C) was poured onto the surface of the duck 3 times, and the time of this procedure was controlled to 3~5 s. After blanching, the duck was dried for 2~4 h in a room at 2~4 °C. To make the body color acceptable, caramel and maltose were used before freezing. The mass ratio of caramel and maltose to water was 1:8. Afterward, the ducks were frozen at −5 °C for 2–3 days to make the skin of the duck thicker and more delicious. Before roasting, the ducks were thawed at 2~4 °C and heated to room temperature. Finally, the ducks were hung in the traditional oven (Gua-lu) for roasting by the experienced roast duck chef.



The top and bottom temperatures of the oven were between 202 and 203 °C, and the center temperature was 224 °C during roasting. According to experience, the roast duck chef determined that the roasting time of the experimental duck was 60 min. Six ducks were removed from the oven at 0, 10, 20, 30, 40, 50, and 60 min, respectively, and the duck breast muscles were separated and measured immediately. Beijing duck is roasted with fruitwood as fuel in a closed oven (Men-lu) or a hanging oven (Gua-lu). Gradually, the Gua-lu procedure dominated the preparation practice of Beijing roast duck and was further refined in the imperial kitchen of the Qing Dynasty (1644–1911). The arched mouth of the oven characterizes the Gua-lu, and no door exists. The duck is hung on an iron hook in the oven, and fruitwood (pear or jujube wood is the best) is used to roast the duck by fire [13]. Figure 1 shows how Beijing roast duck is processed according to traditional technology (Gua-lu) and how the experiment was designed. The surface temperature of the duck was measured 3 times with an infrared detector every 10 min, and the specific monitoring points are shown in Figure 1. The center temperature was continuously observed by a multichannel temperature inspector, and the probe position is shown in Figure 1. To obtain the temperature rise law of the duck breast, Origin software was used to carry out model fitting.




2.2. Texture Profile Evolution


Shear force and texture profile analysis as well as microstructure analysis are usually used to evaluate the tenderness of meat products, and shear force and texture profile analysis represent macro-changes, while microstructure analysis indicates the formation of micro-texture profile evolution. The samples in this experiment were directly cooled after roasting for shear force, texture profile, and microstructure measurement, without freezing.



2.2.1. Shear Force


The duck breast meat was cut into 3 × 1 × 1 cm sections along the direction of the muscle fiber, and the shear force was measured using a TA-XT2i texture analyzer (Stable Micro Systems Ltd., Godalming, UK), referring to the description of Wyrwisz et al. with slight modifications [14]. The test parameters were as follows: the cutter probe was adopted with a 25 kg arm, the pretest speed was 2 mm/s, the feed speed was 1 mm/s, and the feed distance was 33 mm. The results were analyzed using Texture Expert Exceed 2.64 software, which was provided by the instrument manufacturer (Stable Micro Systems Ltd., Godalming, UK). A total of ten replicates were measured, and the average value was obtained. The shear force (kg) for Beijing roast duck breast roasted for different times is shown in Figure 2.




2.2.2. Texture Profile Analysis


Samples were cut into 1 × 1 × 1 cm sections along the direction of the muscle fiber, and a TA-XT2i texture analyzer (Stable Micro Systems Ltd., Godalming, UK) was used to measure the texture profile. The number of replicates was ten, and the data were averaged. Measurements were conducted according to a published report [15], with some modifications. The diameter of the probe was 50 mm, the compression ratio was 70%, the induction force was 5.0 g, the interval time was 5.0 s, and the trigger type was automatic. The speeds of the pretest, in-test, and posttest were 2.0, 1.5, and 1.0 mm/s, respectively. Hardness, adhesiveness, springiness, cohesiveness, gumminess, chewiness, and resilience were calculated using Texture Expert Exceed 2.64 software, which was supplied by the instrument manufacturer (Stable Micro Systems Ltd., Godalming, UK). The texture profile analysis of Beijing roast duck during Gua-lu roasting is shown in Table 1.





2.3. Microstructure Analysis


The microstructure was based on the method of Zhang et al., with slight modifications [16], using transmission electron microscopy (TEM). The muscles were cut into strips (10 × 1 × 1 mm) according to the direction of myofibrils, and 2.5% glutaraldehyde fixative solution (pH 7.2) was immediately added to fix for one week. Samples were rinsed 3 times (10 min each time) with phosphate buffered solution (PBS, pH 7.4) and then fixed in 1% osmium tetroxide for 2–3 h. Afterward, the samples were rinsed 3 times (10 min each time) again and then dehydrated with 30%, 50%, 60%, 70%, 80%, 90%, and 100% ethanol solution for 7–15 min at each concentration, respectively, with constant agitation. The solvent was then switched to acetone, and the samples were mixed with increasing concentrations of epoxy (33%, 50%, 66%, 2 h intervals). After polymerization (12 h at 37 °C, 12 h at 40 °C, 12 h at 45 °C, 12 h at 50 °C, and 48 h at 60 °C) and cooling at room temperature for more than 2 days, a UC6 ultrathin slicing machine was used for ultrathin slicing. The slices were stained with uranium acetate and lead citrate (0.4% lead citrate, 0.3% lead nitrate, and 0.3% uranium acetate). Pictures were collected using a transmission electron microscope (Hitachi LTD, Tokyo, Japan). More than ten sarcomere lengths were measured by Image-pro-plus (Media Cybernetics Inc., Rockville, MD, USA) for each fiber. The microstructure of Beijing roast duck during roasting is shown in Figure 2.




2.4. Protein Thermal Stability


Protein thermal stability can be reflected by protein thermal denaturation, which was measured by a differential scanning calorimeter (DSC) (Perkin Elmer Co., Ltd., Waltham, MA, USA), according to Zhao et al.’s [17] method with slight modifications. The isolated samples were placed in aluminum pans after accurately weighing and hermetically sealing. A 15 mg sample was placed into an aluminum box for sealing. Then, it was put into the DSC instrument for determination. Air was used as a reference gas, and nitrogen was used as a protective gas. An empty pan was used as a reference. The samples were balanced at 20 °C for 2 min and then heated at a rate of 5 °C·min−1 to 100 °C. Thermograms were recorded for estimating peak temperature, peak area, and enthalpy (ΔH). Calculations were performed to determine the mean and standard deviations of four replicate samples. Protein thermal denaturation of Beijing duck during roasting is shown in Table 2.




2.5. Intermolecular Forces of Actomyosin


Samples were prepared according to Glorieux’s method with some modifications [18]. One hundred grams of ground meat was placed in a 500 mL beaker. Then, 300 mL of 0.05 M KCl potassium phosphate buffer (0.02 M K2HPO4, 0.02 M KH2PO4, pH 7.0) was added, and a high-speed homogenizer was applied at a speed of 10,000 r·min−1. The homogenate was allowed to stand for 1 min, followed by 30 s for homogenization. The mixed slurry was then transferred to a 500 mL centrifuge tube and centrifuged at 10,000× g for 5 min at 4 °C. The precipitate was collected and centrifuged again. Next, 300 mL of 0.6 M KCl phosphoric acid buffer (0.02 M K2HPO4, 0.02 M KH2PO4, pH 7.0) was added to the precipitate, which was then homogenized at 10,000 r·min−1 for 30 s, dispersed for 1 min, centrifuged (10,000× g × 5 min, 4 °C), and homogenized at 10,000 r·min−1 for 30 min. Then, 600 mL of potassium phosphate buffer (0.02 M K2HPO4, 0.02 M KH2PO4, pH 7.0) was used to dilute the filtrate. The liquid was stirred evenly by a magnetic stirrer for 30 min and then centrifuged (10,000× g × 10 min, 4 °C). The precipitate was resuspended in 100 mL of 0.05 M KCl phosphate buffer (0.02 M K2HPO4, 0.02 M KH2PO4, pH 7.0) and centrifuged (10,000× g × 10 min, 4 °C). The precipitate was actomyosin. Then, samples were stored at 4 °C and analyzed immediately.



Ten milliliters of 40 mg/mL actomyosin solutions were sealed in a 10 mL centrifuge tube and heated to the inner temperature of duck breast meat, such as 20.6, 63.2, 86.8, and 99.3 °C, which corresponded to roasting times of 0, 20, 40, and 60 min, respectively. According to the methods used by Gómez-Guillén, Liu, and Ni [19,20,21], the solutions were treated with chemicals to cleave certain kinds of bonds. Each treatment was measured four times. Variations of intermolecular forces of actomyosin are shown in Figure 3.




2.6. Statistical Analysis


SPSS, Origin, and Image-pro-plus were used to process the experimental data. The analysis of variance and the relationship were generated using one-way ANOVA and Bivariate correlation of SPSS 22.0 (IBM Corporation Inc., New York, NY, USA), respectively. Figure 1, Figure 2 and Figure 3 were drawn and performed by Origin 8.6.0 (OriginLab Corporation, Rockville, MD, USA). The sarcomere length was spatially calibrated and measured by Image-pro-plus 6.0 (Media Cybernetics Inc., Rockville, MD, USA). The roasting time (0, 10, 20, 30, 40, 50, and 60 min) was considered a fixed effect, and the breast muscles from the roasted Beijing ducks were considered a random effect. The results are expressed as the mean ± standard deviation.





3. Results


3.1. The Center and Surface Temperature of Duck Breast Meat


As shown in Figure 1, during roasting at 220–230 °C, the surface temperature of Beijing roast duck increased from 23.9 to 174.4 °C, while the center temperature rose from 20.6 to 99.3 °C within 60 min. The surface temperature of the ducks increased fast in the first 10 min, with 99.5 °C elevation, then changed slightly after 30 min. Whereas the center temperature increased by 42.6 °C rapidly within 20 min, then kept stable after 50 min. The center temperature took a longer time to stabilize than the surface temperature. The center temperature is closely related to the degree of protein denaturation and the integrity of muscle structure. The ending center temperature of roasting has a great influence on the tenderness, color, and flavor of the Beijing roast duck, and is the key control point of standardized production. In order to obtain the relationship between the surface temperature and the center temperature, the prediction equation of Beijing roast duck was established by Origin software. The increasing tendency of the center temperature was fitted by a nonlinear fitting (p < 0.05, Figure 1). The fitting equation of the center temperature (Y) with the surface temperature (X) was Y = 35.049 − 0.736 X + 0.006 X² (Adj. R2 = 0.9424). The equation fitting was significant.




3.2. Changes in Shear Force and Texture Profile Analysis


Consumer acceptance of meat is strongly influenced by the eating quality, and tenderness is thought to be the most important characteristic of eating quality. Shear force has been widely used to estimate the tenderness of raw and cooked meat. The shear force decreased significantly from 5.50 (53.9 N) to 3.00 kg (29.4 N) after 20 min of roasting (p < 0.05), then changed slightly from 20 to 60 min (p > 0.05, Figure 2). The center temperature rose to 63.2 °C at 20 min, indicating that the first 20 min was the critical time for the formation of shear force. In order to obtain the relationship between the shear force and the roasting time, the prediction equation of the Beijing roast duck was established. The decreasing tendency of shear force was fitted by a polynomial fitting method (p < 0.05, Figure 2). The fitting equation of shear force (Y) with roasting time (X) was Y = 5.53170 − 0.12282 X + 0.00127 X2 (Adj R2 = 0.8333).



As shown in Table 1, all texture indexes of the duck breast muscle changed significantly (p < 0.05) with different variation trends during roasting. The hardness, chewiness, and gumminess of roast duck meat first increased and then decreased. Adhesiveness, springiness, and cohesiveness increased while resilience decreased with roasting time (p < 0.05). The hardness increased from 6221.15 to 9394.92 g in the first 20 min (p < 0.05). Similarly, for gumminess and chewiness, they also increased to the maximum at 20 min, and the maximums were 4249.31 and 1957.54 N, respectively. In addition, adhesiveness decreased from 15.06 to 6.43 N·s (p < 0.05), reaching the maximum (16.40 N·s) at 20 min and the minimum (6.43 N·s) at 60 min, but the values did not change after 30 min (p > 0.05). Similarly, springiness values increased from 0.38 to 0.45 mm in the first 20 min (p < 0.05), and to the maximum of 0.52 mm at 40 min, and remained stable after 20 min (p > 0.05). Cohesiveness values increased from 0.37 to the maximum of 0.48 at 40 min (p < 0.05) and did not change after 20 min (p > 0.05). In contrast, resilience values decreased from 0.24 at the beginning to the minimum of 0.15 at 60 min and did not change after 40 min (p < 0.05).




3.3. Microstructure Changes


The myofibrils of fresh duck breast muscle were well-organized. The M-line, Z-line, Band A, Band I, and H zones were visible, and no significant change was observed in the first 10 min of roasting, and during the next 20–40 min, Band I shrinkage, M-line and Band A overstriking, and Z-line diffusion were observed (Figure 3A). Moreover, the Z-line disappeared, Band I broke, and the M-line was visible after roasting for 50 min. In the end, Band I broke and twisted, and the myofibril structure became blurred.



After roasting, the sarcomere of breast meat contracted, and the sarcomere length decreased significantly from 1.62 to 1.47 microns within 30 min (p < 0.05). Additionally, the sarcomere length could not be measured after continuous roasting for 50 min (Figure 3B).




3.4. Changes in Intermolecular Forces of Myofibrillar Proteins


Molecular interactions, including ionic bonds, hydrogen bonds, and hydrophobic interactions of actomyosin in solution, were analyzed to study their contribution to the formation and maintenance of the gel structure (Figure 4). The ionic bond of actomyosin in duck breast muscle decreased with the largest variation after roasting for 20 min (p < 0.05), and then rose slightly at 40 min and decreased after 40 min, which indicated that actomyosin aggregated. The hydrogen bond first showed a rising and then reducing trend and reached a maximum at 20 min and a minimum at 40 min (p < 0.05). It was suggested that the higher temperature would make the ionic bond and hydrogen bond unstable. In addition, the hydrophobic interaction increased gradually as well, and the rising rate was large at 20–40 min (p < 0.05).




3.5. Analysis of Protein Thermal Stability


Differential scanning calorimetry (DSC) was adopted to reflect the unfolding condition and protein denaturation degree of muscle protein. Peak I represents myosin head degeneration caused by heat flux changes (approximately 55 °C), peak II represents myosin changes in the tail and muscle plasma protein denaturation (approximately 60~64 °C), and peak III represents actin denaturation (approximately 78 °C) [21,22]. The results of the DSC determination of duck breast meat are shown in Table 2. It was observed that the thermal denaturation of proteins occurred step-by-step during roasting. The degree of protein denaturation gradually intensified with increasing temperature. There were 3 peaks in the duck meat samples after roasting for 10 min, and peak I and peak II disappeared after roasting for 10 and 20 min, respectively, which indicated the denaturation of the myosin head and the myosin tail, respectively. Accordingly, the main proteins contained in the meat were entirely denatured and data were not shown after 40 min.





4. Discussion


4.1. Effects of Temperature on Protein Denaturation and Interprotein Forces


In this study, the denaturation of myosin in roast duck occurred between 10 and 20 min after roasting, and the center temperature was 63.2 °C at 20 min, indicating that myosin in meat was denatured at or under this temperature. However, the thermal denaturation of actin happened between 30 and 40 min, at which time the center temperature was 86.8 °C. After 40 min, most of the main proteins were completely denatured. The ionic bond of actomyosin decreased, and the decline rate was large at 0–20 min, but it increased slightly at 40 min and even started to decline again after 40 min (p < 0.05). The hydrogen bond reached the maximum at 20 min and the minimum at 40 min (p < 0.05). The results were consistent with the protein thermal degeneration, which showed that myosin head thermal degeneration occurred at 20 min and that the main myofibrillar proteins denatured completely at 40 min. The hydrophobic, aromatic amino acid side chain was exposed to the protein surface, changed the protein conformation, and eventually led to the formation of hydrophobic interactions, which was consistent with previous studies [11,23,24,25,26]. In addition, the ionic bond was positively correlated with the temperature of peak I as well as the area and enthalpy (ΔH) of peaks II and III, the hydrogen bond was positively correlated with the temperature, area, and enthalpy (ΔH) of peak II, and the hydrophobic interaction was negatively correlated with the temperature, area, and enthalpy (ΔH) of peak I as well as the area and enthalpy (ΔH) of peaks II and III (p < 0.05, Figure 5). The results showed that intermolecular forces were related to major myofibrillar protein thermal denaturation during roasting (p < 0.05), which was consistent with a previous study [20]. When meat is heated, protein is thermal denatured and functional groups such as hydrophobic groups are unfolded and exposed. Meanwhile, hydrogen bonds and ionic bonds are formed, which could result in the aggregation of proteins and the emergence of a three-dimensional network [10,27,28,29,30,31,32,33]. However, the turning points of duck breast meat were different with various final cooked temperatures [34].



Therefore, although the traditional roasting is inconsistent with the industrial procedure, the relationship between protein denaturation and the center temperature is in line with the normal law, so the key point to achieve industrialization is to control the center temperature, and find the relationship between the industrial heat treatment temperature and the center temperature.




4.2. Microstructural Changes Caused by Protein Denaturation and Interprotein Forces


Muscle fibers are the building blocks of muscle. The overall structure of myofibrils shrinks after heating, and the shrinkage might be along the direction of vertical or parallel myofibrils, but the degree is different. Myofibril lateral shrinkage occurs mainly at 45–60 °C, while longitudinal contraction occurs at 60–90 °C [35,36,37,38]. Transverse shrinkage of the fiber in low-temperature long-term (LTLT)-treated pork Longissimus dorsi increased in order between 53 and 59 °C [35]. In this study, after roasting for 20–40 min, Band I shrinkage, M-line and Band A overstriking, and Z-line diffusion were observed, and the Z-line disappeared, but Band I broke, and the M-line was visible after roasting for 50 min. With the increasing roasting time, the sarcomere of breast meat contracted (p < 0.05, Figure 3). Sarcomere length decreased continuously from 1.62 to 1.47 microns within 30 min (p < 0.05), and the overall structure tended to be close. Palka et al. [36] found that the myofibril structure was destroyed by increasing the roasting time. After roasting for 50 min, the structure of the myofibrils of the Beijing duck breast muscle was damaged, and sarcomere length could not be measured (Figure 3). However, heat distribution damaged the surface of muscle fibers and caused some fiber shrinkage, which was still visible at 100 °C [37]. It was suggested that this difference could be attributed to different raw materials and heat resistance. Roasting causes more structural damage than other cooking methods, and protein thermal denaturation causes some fiber shrinkage [8]. Roasting time has a significant effect on muscle fiber shrinkage [39]. In addition, the sarcomere length was positively correlated with the ionic bond, and negatively related to the hydrophobic bond (p < 0.05, Figure 5), which was consistent with previous reports [3,40].



The three-dimensional structure of myofibrils such as myosin and actin is maintained by hydrophobic interaction, hydrogen bond, electrostatic interaction, van der Waals force, and disulfide bond. Heat could change the interprotein forces, and then lead to protein denaturation [4], furthermore causing structural changes of muscle fibers [17]. With the increase of temperature, the hydrophobic interaction becomes stronger, while the hydrogen bond, van der Waals force, and electrostatic interaction become weaker, which makes most proteins unfold. The double-helix structure of denatured myosin expands, and then forms a special extension structure [41]. At the same time, the hydrophobic group is exposed outward. Further myosin aggregates and shortens the sarcomere [42]. Although the heating method and raw materials are different, the change of interprotein interaction force and the protein denaturation that led to the shrinkage degree of muscle fiber are different, but they all follow similar rules.




4.3. Mechanism of Texture Formation during Roasting


Protein thermal denaturation and unfolding and exposure of functional groups, such as hydrophobic groups, occurs when muscle proteins are heated. At the same time, hydrogen bonds and ionic bonds form, which could result in the aggregation of proteins and the emergence of a three-dimensional network; finally, texture profile evolution is formed [10,27,28,29,30,31,42]. The relationships of the key indicators in this study were shown in Figure 5. The results demonstrated that the shear force was only highly negatively correlated with hydrophobic interactions, which was inconsistent with the negative correlation between shear force and sarcomere length [34]. In comparison, there was a strong positive correlation between shear force and ionic bond and temperature, area, and enthalpy (ΔH) of peak III (p < 0.05). Hardness was positively correlated with hydrogen bonds and the temperature of peak I (p < 0.05). Springiness was negatively correlated with sarcomere length and temperature, area, and enthalpy (ΔH) of peak I (p < 0.05). Sarcomere length was negatively correlated with hydrophobic interactions (p < 0.05), but positively correlated with ionic bonds (p < 0.05), which disagreed with the high correlation between the shrinkage of sarcomere and the tenderness of duck meat [34]. Ionic bonds were negatively correlated with hydrophobic interactions but positively correlated with main protein denaturation (p < 0.05). Hydrogen bonds were highly correlated with the temperature, area, and enthalpy (ΔH) of peak II (p < 0.05). Hydrophobic interactions were negatively correlated with the temperature, area, and enthalpy (ΔH) of peak I as well as the area and enthalpy (ΔH) of peaks II and III (p < 0.05). In general, protein thermal denaturation was negatively correlated with hardness, springiness, hydrophobic interactions, and hydrogen bonds (p < 0.05), and positively correlated with shear force and ionic bonds. Therefore, there might be some interaction between protein thermal denaturation and texture profile evolution during roasting.



Roasting affects the texture due to protein thermal denaturation. Roasting time has a significant effect on the tenderness of beef muscles [39]. Mitra et al. [3] pointed out that a longer cooking time could result in the variation of texture. Barbanti et al. [5] reported that a short cooking time results in the best meat tenderness. Shear force decreased with the increasing roasting time (p < 0.05, Figure 2), which disagrees with the results found by Li et al. [34] and Wattanachant et al. [37]. Li et al. [34] reported that shear force was found to increase in two separate phases, from an internal temperature of 40–50 °C and again from 60 to 95 °C, with a decrease from 50 to 60 °C. The shear value of chicken muscles significantly increased from 50 to 80 °C, but did not change from 80 to 100 °C [37]. The difference might be attributed to the variations in raw materials, protein thermal denaturation, and processing methods. We once tried to evaluate the tenderness of roast duck meat according to the shear force. The shear force decreased significantly from 5.50 kg (53.9 N, namely hard) to 2.66 kg (26.1 N, namely very tender) during roasting. However, no unified standard for studying tenderness was established, which agreed well with a previous study by Pathare et al. [32]. Some texture profile indexes, such as hardness, chewiness, and gumminess, first increased and then decreased, and adhesiveness, springiness, and cohesiveness increased, while resilience decreased (p < 0.05, Table 2), which was similar to previous results [5,39,43]. There was no significant correlation between protein thermal denaturation and texture profile (p < 0.05, Figure 5), which indicated that actin denaturation had a stronger effect on shear force changes, and myosin denaturation had a stronger impact on texture profile analysis. The results showed that actin denaturation had a more substantial effect on texture profile changes than myosin denaturation, which was consistent with published studies [44,45].



Heat treatment, such as roasting, could lead to changes in the intermolecular forces of proteins [11,24,25,26], and the protein denatures as heating temperature increases [19], further causing some fiber shrinkage [8,32,33,39,40] and the formation of gel in proteins at the same time [20,21,26], finally resulting in the formation of texture [3,45].





5. Conclusions


Results of this study showed that protein thermal denaturation was responsible for the texture profile evolution and the delicacy of the Beijing roast duck. The equation of surface temperature and center temperature could realize the real-time prediction of roast duck center temperature, and furthermore guide the equipment parameter setting during the industrialization and develop of new roasting equipment, finally realizing the industrialization and intelligent transformation of Beijing roast duck. Actin denaturation had a more significant effect on texture profile changes than myosin denaturation, and intermolecular forces were related to main myofibrillar protein thermal denaturation during roasting. Myosin thermal degeneration was conducted at 20 min, and the main myofibrillar proteins denatured completely at 40 min; therefore, 20 and 40 min were the turning points, and the temperatures corresponding to these two time points were also the key control temperatures. In order to form the traditional texture of Beijing roast duck, the center temperature should reach nearly 100 °C within 60 min. However, the difference between traditional Beijing roast duck and industrialized products at the same roasting temperature needs to be further verified. Further studies of the relationship between myofibrin and other proteins such as elastin and sarcoplasmin, as well as between proteins and fat, are still needed.







Author Contributions


Conceptualization, D.Z.; methodology, Y.L. and H.L.; formal analysis, Y.L.; investigation, Y.L.; resources, D.Z.; data curation, Y.L.; writing—original draft preparation, Y.L.; writing—review and editing, D.Z., Z.W., Q.S. and T.H.; visualization, T.P. and Y.L.; supervision, D.Z.; project administration, D.Z.; funding acquisition, D.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Technologies R&D Program of China (2019YFC1606200) and the National Agricultural Science and Technology Innovation Program (meat processing and Nutrition).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


The authors would like to thank Long Zhang of Dongxinglou restaurant for traditional Gua-lu roasting and considerable sampling.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lin, G.; Weigel, S.; Tang, B.; Schulz, C.; Shen, J. The occurrence of polycyclic aromatic hydrocarbons in peking duck: Relevance to food safety assessment. Food Chem. 2011, 129, 524–527. [Google Scholar] [CrossRef] [PubMed]

	



Bjarnadóttir, S.G.; Hollung, K.; Høy, M.; Bendixen, E.; Codrea, M.C.; Veiseth-Kent, E. Changes in protein abundance between tender and tough meat from bovine longissimus thoracis muscle assessed by isobaric tag for relative and absolute quantitation (itraq) and 2-dimensional gel electrophoresis analysis. J. Anim. Sci. 2012, 90, 2035–2043. [Google Scholar] [CrossRef] [PubMed]

	



Mitra, B.; Rinnan, Å.; Ruiz-Carrascal, J. Tracking hydrophobicity state, aggregation behavior and structural modifications of pork proteins under the influence of assorted heat treatments. Food Res. Int. 2017, 101, 266–273. [Google Scholar] [CrossRef] [PubMed]

	



Huang, F.; Huang, M.; Xu, X.; Zhou, G. Influence of heat on protein degradation, ultrastructure and eating quality indicators of pork. J. Sci. Food Agric. 2011, 91, 443–448. [Google Scholar] [CrossRef] [PubMed]

	



Barbanti, D.; Pasquini, M. Influence of cooking conditions on cooking loss and tenderness of raw and marinated chicken breast meat. LWT-Food Sci. Technol. 2005, 38, 895–901. [Google Scholar] [CrossRef]

	



Laville, E.; Sayd, T.; Morzel, M.; Blinet, S.; Chambon, C.; Lepetit, J.; Renand, G.; Hocquettee, J.F. Proteome changes during meat aging in tough and tender beef suggest the importance of apoptosis and protein solubility for beef aging and tenderization. J. Agric. Food Chem. 2009, 57, 10755–10764. [Google Scholar] [CrossRef]

	



Paredi, G.; Sentandreu, M.A.; Mozzarelli, A.; Fadda, S.; de Almeida, A.M. Muscle and meat: New horizons and applications for proteomics on a farm to fork perspective. J. Proteom. 2013, 88, 58–82. [Google Scholar] [CrossRef]

	



Yarmand, M.S.; Nikmaram, P.; Djomeh, Z.E.; Homayouni, A. Microstructural and mechanical properties of camel longissimus dorsi muscle during roasting, braising and microwave heating. Meat Sci. 2013, 95, 419–424. [Google Scholar] [CrossRef]

	



Promeyrat, A.; Daudin, J.D.; Gatellier, P. Kinetics of protein physicochemical changes induced by heating in meat using mimetic models: (1) relative effects of heat and oxidants. Food Chem. 2013, 138, 581–589. [Google Scholar] [CrossRef]

	



Promeyrat, A.; Gatellier, P.; Lebret, B.; Kajak-Siemaszko, K.; Aubry, L.; Sante-Lhoutellier, V. Evaluation of protein aggregation in cooked meat. Food Chem. 2010, 121, 412–417. [Google Scholar] [CrossRef]

	



Yu, T.Y.; Morton, J.D.; Clerens, S.; Dyer, J.M. Proteomic investigation of protein profile changes and amino acid residue-level modification in cooked lamb longissimus thoracis et lumborum: The effect of roasting. Meat Sci. 2016, 119, 80–88. [Google Scholar] [CrossRef] [PubMed]

	



Yu, T.Y.; Morton, J.D.; Clerens, S.; Dyer, J.M. Proteomic investigation of protein profile changes and amino acid residue level modification in cooked lamb meat: The effect of boiling. J. Agric. Food Chem. 2015, 63, 9112–9123. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J. The dining experience of Beijing roast duck: A comparative study of the Chinese and English online consumer reviews. Int. J. Hosp. Manag. 2017, 66, 117–129. [Google Scholar] [CrossRef]

	



Wyrwisz, J.; Poltorak, A.; Polawska, E.; Pierzchala, M.; Wierzbicka, A. The impact of heat treatment methods on the physical properties and cooking yield of selected muscles from limousine breed cattle. Anim. Sci. Pap. Rep. 2012, 30, 339–351. [Google Scholar]

	



Ojha, K.S.; Granato, D.; Rajuria, G.; Barba, F.J.; Kerry, J.P.; Tiwari, B.K. Application of chemometrics to assess the influence of ultrasound frequency, lactobacillus sakei culture and drying on beef jerky manufacture: Impact on amino acid profile, organic acids, texture and colour. Food Chem. 2017, 239, 544–550. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Li, F.; Diao, X.; Kong, B.; Xia, X. Moisture migration, microstructure damage and protein structure changes in porcine longissimus muscle as influenced by multiple freeze-thaw cycles. Meat Sci. 2017, 133, 10–18. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Xing, T.; Chen, X.; Han, M.; Xu, X.; Zhou, G. Yield, thermal denaturation, and microstructure of proteins isolated from pale, soft, exudative chicken breast meat by using isoelectric solubilization/precipitation. Process Biochem. 2017, 58, 167–173. [Google Scholar] [CrossRef]

	



Glorieux, S.; Steen, L.; Paelinck, H.; Foubert, I.; Fraeye, I. Isothermal gelation behavior of myofibrillar proteins from white and red chicken meat at different temperatures. Poult. Sci. 2017, 96, 3785–3795. [Google Scholar] [CrossRef]

	



Gómez-Guillén, M.C.; Borderías, A.J.; Montero, P. Chemical interactions of nonmuscle proteins in the network of sardine (Sardina pilchardus) muscle gels. LWT-Food Sci. Technol. 1997, 30, 602–608. [Google Scholar] [CrossRef]

	



Liu, R.; Zhao, S.; Xie, B.; Xiong, S. Contribution of protein conformation and intermolecular bonds to fish and pork gelation properties. Food Hydrocoll. 2011, 25, 898–906. [Google Scholar] [CrossRef]

	



Ni, N.; Wang, Z.; He, F.; Wang, L.; Pan, H.; Li, X.; Wang, Q.; Zhang, D. Gel properties and molecular forces of lamb myofibrillar protein during heat induction at different pH values. Process Biochem. 2014, 49, 631–636. [Google Scholar] [CrossRef]

	



Wright, D.J.; Leach, I.B.; Wilding, P. Differential scanning calorimetric studies of muscle and its constituent proteins. J. Sci. Food Agric. 1977, 28, 557–564. [Google Scholar] [CrossRef] [PubMed]

	



Wright, D.J.; Wilding, P. Differential scanning calorimetric study of muscle and its proteins: Myosin and its subfragments. J. Sci. Food Agric. 1984, 35, 357–372. [Google Scholar] [CrossRef] [PubMed]

	



Cai, L.; Feng, J.; Cao, A.; Zhang, Y.; Lv, Y.; Li, J. Denaturation kinetics and aggregation mechanism of the sarcoplasmic and myofibril proteins from grass carp during microwave processing. Food Bioprocess Technol. 2017, 11, 417–426. [Google Scholar] [CrossRef]

	



Jongberg, S.; Terkelsen, L.D.S.; Miklos, R.; Lund, M.N. Green tea extract impairs meat emulsion properties by disturbing protein disulfide cross-linking. Meat Sci. 2015, 100, 2–9. [Google Scholar] [CrossRef]

	



Xu, Y.; Xia, W.; Yang, F.; Nie, X. Protein molecular interactions involved in the gel network formation of fermented silver carp mince inoculated with Pediococcus pentosaceus. Food Chem. 2010, 120, 717–723. [Google Scholar] [CrossRef]

	



Chan, J.K.; Gill, T.A.; Paulson, A. Cross-linking of myosin heavy chains from cod, herring and silver hake during thermal setting. J. Food Sci. 1992, 57, 906–912. [Google Scholar] [CrossRef]

	



Lefevre, F.; Fauconneau, B.; Thompson, J.W.; Gill, T.A. Thermal denaturation and aggregation properties of atlantic salmon myofibrils and myosin from white and red muscles. J. Agric. Food Chem. 2007, 55, 4761–4770. [Google Scholar] [CrossRef]

	



Liu, R.; Zhao, S.; Xiong, S.; Xie, B.; Qin, L. Role of secondary structures in the gelation of porcine myosin at different pH values. Meat Sci. 2008, 80, 632–639. [Google Scholar] [CrossRef]

	



Xu, Y.; Xia, W.; Jiang, Q. Aggregation and structural changes of silver carp actomyosin as affected by mild acidification with d-gluconic acid δ-lactone. Food Chem. 2012, 134, 1005–1010. [Google Scholar] [CrossRef]

	



Yarnpakdee, S.; Benjakul, S.; Visessanguan, W.; Kijroongrojana, K. Thermal properties and heat-induced aggregation of natural actomyosin extracted from goatfish (Mulloidichthys martinicus) muscle as influenced by iced storage. Food Hydrocoll. 2009, 23, 1779–1784. [Google Scholar] [CrossRef]

	



Pathare, P.B.; Roskilly, A.P. Quality and Energy Evaluation in Meat Cooking. Food Eng. Rev. 2016, 8, 435–447. [Google Scholar] [CrossRef]

	



Wei, X.; Pan, T.; Liu, H.; Ingrid Boga, L.; Hussian, Z.; Suleman, R.; Zhang, D.; Wang, Z. The Effect of Age on the Myosin Thermal Stability and Gel Quality of Beijing Duck Breast. Food Sci. Anim. Resour. 2020, 40, 588–600. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Wang, D.; Xu, W.; Gao, F.; Zhou, G. Effect of final cooked temperature on tenderness, protein solubility and microstructure of duck breast muscle. LWT-Food Sci. Technol. 2013, 51, 266–274. [Google Scholar] [CrossRef]

	



Christensen, L.; Bertram, H.C.; Aaslyng, M.D.; Christensen, M. Protein denaturation and water-protein interactions as affected by low temperature long time treatment of porcine longissimus dorsi. Meat Sci. 2011, 88, 718–722. [Google Scholar] [CrossRef] [PubMed]

	



Palka, K.; Daun, H. Changes in texture, cooking losses, and myofibrillar structure of bovine m. semitendinosus during heating. Meat Sci. 1999, 51, 237–243. [Google Scholar] [CrossRef]

	



Wattanachant, S.; Benjakul, S.; Ledward, D.A. Effect of heat treatment on changes in texture, structure and properties of thai indigenous chicken muscle. Food Chem. 2005, 93, 337–348. [Google Scholar] [CrossRef]

	



Liu, H.; Xu, Y.; Zu, S.; Wu, X.; Shi, A.; Zhang, J.; Wang, Q.; He, N. Effects of High Hydrostatic Pressure on the Conformational Structure and Gel Properties of Myofibrillar Protein and Meat Quality: A Review. Foods 2021, 10, 1872. [Google Scholar] [CrossRef]

	



Fabre, R.; Dalzotto, G.; Perlo, F.; Bonato, P.; Tisocco, O. Cooking method effect on warner-bratzler shear force of different beef muscles. Meat Sci. 2018, 138, 10–14. [Google Scholar] [CrossRef]

	



Scussat, S.; Vaulot, C.; Ott, F.; Cayot, P.; Loupiac, C. The impact of cooking on meat microstructure studied by low field nmr and neutron tomography. Food Struct. 2017, 14, 36–45. [Google Scholar] [CrossRef]

	



Zaboli, G.; Huang, X.; Feng, X.; Dong, U.A. How can heat stress affect chicken meat quality?—A review. Poult. Sci. 2019, 98, 1551–1556. [Google Scholar] [CrossRef] [PubMed]

	



Vaskoska, R.; Ha, M.; Naqvi, Z.B.; White, J.D.; Warner, R.D. Muscle, Ageing and Temperature Influence the Changes in Texture, Cooking Loss and Shrinkage of Cooked Beef. Foods 2020, 9, 1289. [Google Scholar] [CrossRef] [PubMed]

	



Llave, Y.; Shibata-Ishiwatari, N.; Watanabe, M.; Fukuoka, M.; Hamada-Sato, N.; Sakai, N. Analysis of the effects of thermal protein denaturation on the quality attributes of sous-vide cooked tuna. J. Food Process. Preserv. 2017, 42, 13347–13358. [Google Scholar] [CrossRef]

	



Lee, Y.; Xiong, R.; Chang, Y.; Owens, C.M.; Meullenet, J.F. Effects of cooking methods on textural properties and water-holding capacity of broiler breast meat deboned at various postmortem times. J. Texture Stud. 2014, 45, 377–386. [Google Scholar] [CrossRef]

	



Li, C.; Wang, D.; Dong, H.; Xu, W.; Gao, F.; Zhou, G.; Zhang, M. Effects of different cooking regimes on the microstructure and tenderness of duck breast muscle. J. Sci. Food Agric. 2013, 93, 1979–1984. [Google Scholar] [CrossRef]








[image: Foods 11 00664 g001 550] 





Figure 1. Changes in the surface temperature and center temperature of the Beijing roast duck during roasting. The thermograph probes were inserted into the middle of the duck breast for determining the center temperature. The surface temperature was measured with an infrared detector. Means (±SE) of surface temperature and center temperatures for the Beijing roast duck roasted for different times (0–60 min) are shown (A). The different letters indicate that the center temperature and surface temperature showed significant differences (p < 0.05). The fitting equation of the center temperature and surface temperature was obtained by using Origin software and the actual monitoring points are represented by black dots (B). 
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Figure 2. Changes of shear force of Beijing roast duck during roasting. Shear force (kg) for Beijing roast duck breast roasted for different times (0–60 min). Data are presented as Mean ± SE. Shear force values lacking a common letter differ (p < 0.05). The fitting equation of shear force with roasting time was obtained using Origin software. 
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Figure 3. Changes of microstructure and sarcomere of Beijing roast duck during roasting, as shown by (A) transmission electron microscopy (TEM) photographs, together with the sarcomere length (B). Beijing roast duck breasts were roasted for different times (0–60 min). The microstructure was obtained by transmission electron microscopy of 30,000 times. Sarcomere length could not be measured after roasting for 50 min or longer. Bars lacking a common letter differ (p < 0.05). 
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Figure 4. Variations of intermolecular forces of actomyosin. Solutions were heated to the inner temperature of duck breast meat, such as 20.6, 63.2, 86.8, and 99.3 °C, corresponding to the roasting times of 0, 20, 40, and 60 min, respectively. Of the same parameter, values lacking a common letter differ (p < 0.05). 
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Figure 5. Correlation analysis between protein thermal denaturation and texture profile evolution of Beijing duck during roasting. Correlation coefficient between two indicators is shown. *, **, and *** indicate significant difference in correlation coefficients p < 0.05, p < 0.01, and p < 0.001, respectively. The size of the circle is determined by the value of the correlation coefficient. If the correlation coefficient is high, the circle is large, and vice versa. Blue represents the negative correlation between indicators, while red represents the positive correlation. The higher the correlation coefficient is, the darker the color will be, otherwise, it will be lighter. 
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Table 1. Change of texture profile analysis of Beijing roast duck during Gua-lu roasting.
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	Roasting Time/min
	Hardness/g
	Adhesiveness/N·s
	Springiness/mm
	Cohesiveness
	Gumminess
	Chewiness/N
	Resilience





	0
	6221.15 ± 1581.25 b
	−15.06 ± 3.47 ab
	0.38 ± 0.06 c
	0.37 ± 0.07 b
	2372.63 ± 806.90 b
	966.06 ± 305.66 b
	0.24 ± 0.05 ab



	10
	7719.40 ± 1606.31 ab
	−14.10 ± 3.79 abc
	0.38 ± 0.08 bc
	0.37 ± 0.06 b
	3150.43 ± 1032.03 ab
	1303.33 ± 348.11 ab
	0.24 ± 0.06 ab



	20
	9394.92 ± 1628.89 a
	−16.40 ± 4.29 ab
	0.45 ± 0.07 a
	0.44 ± 0.05 ab
	4249.31 ± 837.18 a
	1957.54 ± 412.57 a
	0.21 ± 0.04 b



	30
	6819.49 ± 1092.67 b
	−8.62 ± 2.11 c
	0.51 ± 0.05 a
	0.47 ± 0.06 a
	3197.49 ± 373.18 ab
	1626.57 ± 217.55 a
	0.20 ± 0.03 b



	40
	6725.24 ± 1081.84 b
	−9.20 ± 3.03 bc
	0.52 ± 0.06 a
	0.48 ± 0.07 a
	3221.04 ± 513.96 ab
	1677.39 ± 322.01 ab
	0.19 ± 0.04 bc



	50
	7887.75 ± 1240.04 ab
	−10.04 ± 3.55 abc
	0.51 ± 0.08 a
	0.44 ± 0.04 ab
	3468.84 ± 612.06 ab
	1844.42 ± 320.75 ab
	0.16 ± 0.02 c



	60
	7085.69 ± 968.19 ab
	−6.43 ± 3.91 c
	0.47 ± 0.08 ab
	0.45 ± 0.06 ab
	3253.19 ± 538.99 ab
	1563.02 ± 332.22 ab
	0.15 ± 0.03 c







Note: Mean ± standard deviation. Within the same column, means lacking a common letter differ (p < 0.05).
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Table 2. Protein thermal denaturation of Beijing duck during roasting.
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Roasting Time/min

	
Peak Ⅰ

	
Peak Ⅱ

	
Peak Ⅲ




	
Temperature/°C

	
Area/mJ

	
ΔH/J/g

	
Temperature/°C

	
Area/mJ

	
ΔH/J/g

	
Temperature/°C

	
Area/mJ

	
ΔH/J/g






	
0

	
55.10 ± 0.48 a

	
1.05 ± 0.62 a

	
0.07 ± 0.04 a

	
62.02 ± 1.10 b

	
3.06 ± 0.69 b

	
0.20 ± 0.05 b

	
78.12 ± 0.14 ab

	
4.63 ± 0.95 a

	
0.31 ± 0.06 a




	
10

	
36.99 ± 27.74 b

	
0.74 ± 0.07 a

	
0.05 ± 0.04 a

	
61.25 ± 1.12 b

	
5.78 ± 4.54 a

	
0.40 ± 0.33 a

	
78.29 ± 0.19 a

	
4.45 ± 1.44 a

	
0.30 ± 0.10 a




	
20

	
UD

	
UD

	
UD

	
63.71 ± 1.13 a

	
1.23± 0.39 bc

	
0.08 ± 0.03 bc

	
78.24 ± 0.36 ab

	
3.90 ± 0.71 a

	
0.25 ± 0.05 a




	
30

	
UD

	
UD

	
UD

	
UD

	
UD

	
UD

	
78.02 ± 0.12 b

	
1.85 ± 1.98 b

	
0.12 ± 0.13 b








Note: The measurement results of 40, 50, and 60 min showed no peak. Mean ± standard deviation. Within the same column, means lacking a common letter differ (p < 0.05). UD = undetectable.
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