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Abstract

:

Auricularia cornea var. Li., as an edible mushroom rich in various nutrients, could be widely used in noodle food. This study aimed to investigate the effect of Auricularia cornea var. Li. (AU) powder on the gel properties, structure and quality of starch noodles. Taking the sample without adding AU powder as a control, the addition of AU powder enhanced the peak viscosity, trough viscosity, final viscosity, breakdown, setback, peak time, gelatinization temperature, G′ (storage modulus) and G′′ (loss modulus). Meanwhile, the incorporation of AU powder significantly enhanced the stability of the starch gel structure and contributed to a more ordered microstructure also promoting the short-term aging of starch paste. In vitro digestion results displayed lower rapid digestibility (21.68%) but higher resistant starch content (26.58%) with the addition of AU powder and increased breaking rate, cooking loss, swelling index and a* and b* values. However, it decreased dry matter content and L*, particularly the reducing sugar content significantly increased to 4.01% (p < 0.05), and the total amino acid content rose to 349.91 mg/g. The GC-IMS library identified 51 VOCs, and the OPLS-DA model classified 18 VOCs (VIP > 1). Overall, the findings indicate that starch noodles with the addition of AU powder may provide greater nutritional quality, gel stability and starch antidigestibility.
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1. Introduction


Starch noodles, as a staple food dominated by starch, are widely popular in Asia [1]. Starch noodles are different from other types of noodles (such as pasta and wheat noodles) because they are made from gluten-free starch (such as mung bean starch, pea starch and sweet potato starch). Moreover, starch noodles are convenient to eat, rich in taste and diverse in cooking methods [2]. Mung bean starch is considered the best raw material for preparing starch noodles, with excellent quality, smooth taste and resistance to cooking. However, due to its limited availability and high price, other starch sources are often used as partial or complete substitutes for starch noodles [3,4]. Sweet potato starch noodles are not only widely produced in China but also deeply influenced by consumers in East and Southeast Asia, playing an important role in global food production, such as being an effective substitute for expensive mung bean starch [5]. To address these issues, this study partially substituted starch by complexing commonly used mung bean starch and sweet potato starch in starch noodles.



Auricularia cornea var. Li. (AU), titled as Yu Muer, is a white mutant strain, homologous to food, with high yield and good quality [6,7]. Moreover, AU has excellent rehydration properties and is convenient for storing after drying [8]. AU is abundant in nutrients and has anti-inflammatory, anti-cancer, hypoglycemic and other functions [6,9,10]. Related research revealed that A. cornea var. Li. polysaccharides (APS) and enzymatically extracted APS both exhibited potential inhibitory effects on alcoholic liver disease [11]. A similar report explored the antidiabetic and antinephritic effects of AU in db/db diabetic models, and possible antioxidant and anti-inflammatory mechanisms, and detected the composition of AU [6]. Wang et al. investigated that Auricularia cornea var. Li. polysaccharides (ACP) not only could be used as a protein stabilizer and thickener in yogurt production but also enhanced the water-holding capacity, viscosity, firmness, and cohesiveness of yogurt, while imparting its characteristic mushroom flavor and promoting the activity of antioxidant enzymes [7]. However, using AU powder in food production to evaluate its effect on food quality, gel properties and flavor characteristics has been rarely reported to date.



The objective of this work was to utilize AU powder in starch noodles and to analyze and compare the pasting properties, rheological behavior, gel properties, microstructure, quality characteristics, amino acids and volatile organic compounds (VOCs) with and without the addition of AU powder, which might provide guidance for the potential utilization of AU powder in the food industry.




2. Materials and Methods


2.1. Raw Material


Auricularia cornea var. Li. (AU) was supplied by Anhui Qin’er Fungi Co., Ltd. (Suzhou, China). The preparation for the material (dried AU) involved drying the fresh AU with an electric thermostatic blast drying oven (DHG-9053A, Shanghai Shenxian thermostatic equipment factory), where the drying parameters were as follows (temperature: 55 °C, time: 6 h). Subsequently, the material underwent high-speed crushing, and the resulting powder was sifted through 120 mesh sieves before being stored at room temperature for later use (Figure 1). Sweet potato starch (83% carbohydrate) was obtained from Sichuan Youjia Food Co., Ltd. (Chengdu, China), while mung bean starch (86.4% carbohydrate) was acquired from Shandong Jincheng Co., Ltd. (Zhaoyuan, China). The sodium carboxymethyl cellulose (food-grade) originated from Zhejiang Yinuo Biotechnology Co., Ltd. (Lanxi, China), and the sodium alginate (food-grade) was obtained from Henan Qiaoshou Food Additives Co., Ltd. (Zhengzhou, China). Salt (food-grade) was supplied by China Salt Dongxing Salt Co., Ltd. (Chuzhou, China). α-amylase (CAS: 9001-19-8, 100 U/mg) and gluco-amylase (CAS: 9032-08-0, 100 U/mg) were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China). All other reagents were analytical grade.




2.2. Preparation of Starch Slurry and Starch Noodles


2.2.1. Preparation of Starch Slurry


Starch slurry was prepared following the method, with some modifications, described in [12]. The detailed process for preparing the starch slurry was as follows: a starch base was created using a 1:2 ratio of sweet potato starch to mung bean starch. Other additions were proportionally adjusted based on this starch base. Sodium carboxymethyl cellulose was added at 0.6%, sodium alginate at 0.4%, table salt at 0.6% and AU powder at 4.8%. The detailed acquisition of additions is summarized in the Supplementary Materials (Tables S1 and S2). These raw materials were fully mixed to achieve a uniform premixed material. Subsequently, water was added to the premixed material in a ratio of 13:6 (water to starch), creating a well-mixed and properly dissolved mixture. This slurry was then fully blended using a mixer for use in the experimental group. The control group was prepared without the addition of AU powder.




2.2.2. Preparation of Starch Paste


First, place the uniformly mixed starch slurry (20 g) and five glass beads into a 50 mL conical flask and then place them into a water bath thermostatic oscillator for gelatinization. Repeat three times for each sample. The measurement parameters were as follows: the vibration was set to reciprocating with a rotation rate of 250 r/min and heated at 95 °C for 20 min.




2.2.3. Preparation of Starch Noodles


Starch noodles were prepared on the basis of [12]. The starch slurry was spread in a rectangular stainless steel tray and steamed in a steam boiler for 180 s to form a starch sheet. After steaming, the starch sheet was allowed to cool naturally. Subsequently, the sheet was taken out and cut into strips, creating starch noodles. These starch noodles were dried twice in an oven before being used as the experimental group. The control group was prepared without the addition of AU powder.





2.3. Determination of Nutritional Components


Essential nutrients were determined for all samples according to national standards for food safety, which included total starch, protein, ash, fats, soluble dietary fiber, insoluble dietary fiber and reducing sugars. Total starch was determined through acid hydrolysis methods, proteins were measured by the Kjeldahl method, ash by the incineration method, fats utilized the Soxhlet extraction method, while soluble dietary fiber and insoluble dietary fiber were determined by enzyme gravimetric method and reducing sugars by Fehling reagent (AOAC) [13].




2.4. Gel Properties


2.4.1. Pasting Properties


Accurately weigh the sample (3.0 g) and place it into the special aluminum box of the rapid viscosity analyzer (RVA 4800, Perten, Newport Co. Ltd., Killara, Australia). Then distilled water (25.0 g) was added, fully dispersed with a rotary slurry and measured. The standard 1 program involved the following steps: the initial temperature was 50 °C, the samples were kept at 50 °C over 120 s, the temperature was heated to 95 °C at 6 °C/min, the samples were kept at 50 °C over 300 s, and then the temperature was decreased to 50 °C at 6 °C/min and the samples were kept at 50 °C over 120 s. At first, the stirring speed was 960 r/min for 10 s, and then was kept at 160 r/min [14,15].




2.4.2. Rheological Properties


The samples were derived from starch paste obtained by RVA gelatinization, then analyzed for rheological properties by a rheometer fitted with Peltier elements (DHR-1, TA Instruments, New Castle, DE, USA). The dynamic and static shear modeling was performed with a parallel plate geometry system (diameter: 40 mm, gap: 1 mm), where the test temperature was set to 25 °C. An appropriate amount of starch paste (2.0–3.0 g) was then placed on the Peltier plate of the rheometer and balanced for 3 min prior to the rheological test [16,17]. During the test, the starch paste was positioned between the parallel plates. The edges of the starch paste were carefully trimmed and methyl silicone oil was used to seal the edges to prevent water loss during the trial.



Dynamic Frequency Sweep


The linear viscoelasticity of the sample was evaluated by varying amplitudes, employing the following test parameters: a fixed frequency of 1 Hz, a strain range from 0.01% to 100% and an ambient temperature of 25 °C. Through analysis of the results, a strain value of 2% was determined, affirming that the sample was within its linear viscoelastic range [17].



The sample underwent shear at a 2% strain during a frequency sweep ranging from 0.1 to 10 Hz, all at an ambient temperature of 25 °C. This test provided data for the storage modulus (G′), loss modulus (G′) and loss tangent (Tan δ = G′′/G′).




Static Rheological


The apparent shear viscosity of the gelatinized starch slurry was tested at an ambient temperature of 25 °C within a range of shear rates from 0.1 to 10 1/s. The outcomes expressed that the apparent viscosity varied with the shear rate under stable conditions [18].





2.4.3. Gel Textural Properties


The method for determining the gel texture was adapted from the literature [19]. Following the RVA determination, the pasted samples were collected in 30 mL measuring cups and refrigerated at 4 °C for 24 h. Subsequently, the gel samples were brought to room temperature and subjected to texture analysis using a Texture Analyzer (Stable Micro Systems, Goldalming, UK) equipped with a P/0.5 probe. The pre-test, test, and post-test speeds were set to 1 mm/s each. A trigger force of 5 g and strain of 30% were applied.




2.4.4. Freeze–Thaw Cycle (FTC) and Syneresis Measurement


The determination of syneresis was conducted with certain modifications based on the method in [19,20]. The gel samples obtained after gelatinization using RVA were collected in centrifuge tubes. The tube was then placed in a refrigerator at −20 °C for 24 h. Afterward, it was thawed for half an hour in a water bath at 30 °C. Subsequently, the tube was centrifuged at 2250× g for 15 min. The apparent aqueous layer was discarded. This process constituted one freeze–thaw cycle (FTC-1). The procedure was replicated for 7 freeze–thaw cycles. The syneresis was calculated as in Equation (1):


  S y n e r e s i s   ( % ) =   W e i g h t   o f   l i q u i d   s e p a r a t e d   f r o m   g e l   ( g )   T o t a l   w e i g h t   o f   g e l   b e f o r e   c e n t r i f u g a t i o n   ( g )   × 100  



(1)









2.5. Structural Properties of Starch Noodles


2.5.1. Low-Field NMR (LF-NMR) Measurement


The 18 MHz LF-NMR analyzer (NMI20-15, Shanghai, China) was applied to determine the transverse relaxation time of water protons in starch noodles [21,22]. The starch noodle samples were placed into NMR tubes. Following the Q-FID calibration program, the CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence was employed as the testing sequence. The CPMG pulse sequence was set to 8 scans, an echo number of 8000 and an echo time of 0.5 ms. The image was inverted using the device software.




2.5.2. Scanning Electron Microscopy (SEM)


Scanning electron microscopy (SEM, JSM-6490LV, JFOL Ltd., Tokyo, Japan) was used to scan the surface and cross-section of starch noodles, with the test conducted at an accelerating voltage of 5.0 kV and the magnifications of 100×, 500× and 4000×, respectively. Microscopic images at various magnifications were presented in the figures. Samples with suitable magnification were selected as representative micrographs [23].




2.5.3. Fourier Transform Infrared Spectroscopy (FTIR)


In an agate mortar, the powder obtained from starch noodles (powder sieved by 200 meshes) was mixed with KBr (100 mg of powder per 150 mg of KBr) and ground evenly. The mixture was then compressed into thin tablets using a tablet press. The IR spectra were scanned in the range of 4000–500 cm−1 and the resolution was 4 cm−1. The IR spectra of starch noodle samples were corrected and experimental curves were generated using Origin 9.11 software [23].




2.5.4. In Vitro Digestibility


The determination of in vitro digestion characteristics was based on the references [22,24]. Initially, the starch noodles were crushed into sample powder, and then 0.2 g of the sample powder was weighed and placed into a centrifuge tube. A solution of sodium acetate buffer (5 mL, pH 5.2) was boiled for 10 min and added to the centrifuge tube. After cooling in a 37 °C water bath, a mixture of 16 mL of a-amylase and 4 mL of glucoamylase was prepared and added to the centrifuge tube. The enzyme solution was incubated at 37 °C. Subsequently, 1 mL of the sample solution at different time points (0, 10, 20, 30, 60, 90, 120 and 180 min). To stop enzymatic digestion, 4 mL of 95% ethanol was quickly added to the collected samples, followed by centrifugation at 2250× g for 5 min. The supernatant was collected, and the DNS method was used to determine the glucose contents [25].



The hydrolysis rate and the content of rapidly digestible starch (RDS), slowly digested starch (SDS) and resistant starch (RS) were calculated using the formula below [22,24,25].


  R D S   %   =         T   20   − F G   × 0.9     T S C   × 100  



(2)






  S D S   %   =         T   120   −   T   20         T S C   × 100  



(3)






  R S   %   =     T S C −   R D S + S D S       T S C   × 100  



(4)




where FG means the glucose content in starch before digestion (mg), TSC means the total starch content of the sample (mg), T20 means the Glucose content generated at 20 min of digestion (mg) and T120 means the Glucose content generated at 120 min of digestion (mg).



The starch digestion profile usually conforms to the first-order kinetic equation, as follows [22]:


    C   t   =   C   ∞     1 −   e   − k t      



(5)




where Ct represents the hydrolysis rate of starch when the digestion time is t, C∞ represents the equilibrium concentration of hydrolyzed starch at infinite time and k is the kinetic constant of starch hydrolysis, and t represents the digesting duration.





2.6. Quality Characteristics and Volatile Compounds (VOCs) of Starch Noodles


2.6.1. Cooking Properties


The breaking rate (BR), cooking loss (CL), swelling index (SI) and dry matter content (DMC) of the samples were determined based on the method of Yang et al. with modifications [1,23]. The samples were approximately 10 cm long and dried in an oven at 105 °C for 28 h. Subsequently, the sample was cooked in 800 mL of distilled water for 12 min. After cooking, the samples were rapidly cooled and the water adhering to the surface of the starch noodles was absorbed using blotting paper. The cooked samples were then placed in an oven at 105 °C and dried to a constant weight. The calculated equations were as follows:


  B r e a k i n g   r a t e     %   =   S t r a n d s   o f   b r o k e n   n o o d l e s   S t r a n d s   o f   u n c o o k e d   b r o k e n   n o o d l e s   × 100  



(6)






  C o o k i n g   l o s s   %   =       M   1   −   M   3         M   1     × 100  



(7)






  S w e l l i n g   i n d e x   %   =     M   2       M   3     × 100  



(8)






  D r y   m a t t e r   c o n t e n t =     M   1       M   0     × 100  



(9)




where M0 = weight of sample (5.0 g starch noodles), M1 = mass of starch noodles after 28 h of drying (g), M2 = mass of starch noodles after cooking (g) and M3 = weight of starch noodles dried to constant weight (g).




2.6.2. Color Measurement


All the starch noodles were cut into uniform strips, which were then neatly arranged. The color of the samples was determined using a colorimeter (CR-400, Konica Minolta, Tokyo, Japan). The Hunter colorimetry reflectance values L* (white/black), a* (red/green) and b* (yellow/blue) were used to measure the apparent color of the starch noodles [26].




2.6.3. Determination and Scoring of Hydrolyzed Amino Acids


The determination of hydrolyzed amino acids was modified following the method of Li et al. [27,28], where 100 mg samples (dry powder) were placed into the hydrolysis tube, then 10 mL of 6 mol/L HCL (analytically pure AR) was added and sealed by filling with N2. The hydrolysis tube was placed in an oven at 105 °C for 24 h, then, the hydrolyzed samples were diluted to 50 mL with ultrapure water (Watson’s) and 1 mL of the samples (solution) was taken into a small beaker and placed in a vacuum drying oven at 60 °C until dry. Then, 1 mL of 0.02 mol/L HCL (superior grade GR) was added to the beaker, 1 mL of the sample (solution) was taken in a small beaker and dried in a vacuum drying oven at 60 °C and 1 mL of 0.02 mol/L HCL (superior grade GR) was added to the beaker to re-dissolve the solution, which was then passed through a disposable aqueous membrane of 0.22 μm. Finally, the amino acid analysis was carried out by an automated amino acid analyzer (L-8900, Hitachi, Tokyo, Japan) for amino acid analysis and determination. The amino acid score was calculated based on the FAO/WHO recommendations [29].




2.6.4. Determination of VOCs by GC-IMS


The GC-IMS analytical method was slightly modified according to the literature [30]. The volatile headspace components in the samples were determined using GC-IMS (FlavourSpec, G.A.S, Dortmund, Germany) for the analysis of volatile organic compounds (VOCs). The specific analysis parameters were set as follows: the sample powder (2.0 g) was transferred into the headspace vial (20 mL). For automatic headspace injection, the injection volume was 200 μL. The incubation time was 15 min, with an incubation temperature of 80 °C, an injection needle temperature of 85 °C and an incubation speed of 500 rpm.



The GC-IMS parameters included a chromatographic column (MXT-WAX, 30 m × 0.53 mm i.d., 1.0 μm df, RESTEK, Newport Co. Ltd., Australia) with a column temperature of 60 °C. N2 was used as the carrier gas, and the IMS detector temperature was set to 45 °C. Under the gas chromatography conditions, the carrier gas (N2) was maintained at a constant flow rate of 150 mL/min. The initial carrier gas flow rate was 2 mL/min for 2 min, followed by a linear increase to 10 mL/min over 5 min and maintenance for 20 min. Finally, the flow rate was linearly increased to 100 mL/min over 25 min and maintained for 5 min.





2.7. Statistical Analysis


Data analysis was conducted using IBM SPSS 25.0 software (SPSS, Chicago, IL, USA) for statistical purposes. The samples were analyzed from different perspectives using the FlavourSpec matched analysis software (VOCal, Reporter, Gallery Plot, Dynamic PCA) in GC-IMS. VOCal (spectral analysis, as well as qualitative and quantitative measurement of data), Reporter (direct comparison of spectral differences), Gallery Plot (visual and quantitative comparison of VOCs variations) and Dynamic PCA (for sample clustering analysis and rapid classification of unknown sample categories). SIMCA-P 14.1 software (Umetrics, Umea, Sweden) was used to perform orthogonal PLS-DA (OPLS-DA) to identify VOCs with variable importance (VIP) value > 1.0. Analysis of variance (ANOVA) was employed, followed by post hoc multiple comparisons using the LSD and Duncan tests. The options for description and homogeneity of variance test were utilized as well. All results are presented as the mean ± standard deviation, with all tests repeated in triplicate. Experimental curves were generated using Origin 2021 software. A significance level of p < 0.05 was considered statistically significant.





3. Results and Discussion


3.1. Nutritional Composition Analysis


As shown in Table 1, the contents of total starch, protein, ash, fat, soluble dietary fiber, insoluble dietary fiber and reducing sugar in the control group were 84.09%, 0.94%, 0.71%, 0.15%, 0.52%, 5.05% and 0.27%, respectively. However, the total starch content of the experimental group decreased significantly. The contents of ash, soluble dietary fiber, insoluble dietary fiber and reducing sugar increased significantly. In particular, the content of the reducing sugar increased to 4.01%, which agreed with the reported findings [6]. This indicated that the addition of AU powder not only increased the content of the reducing sugar in starch noodles but also improved the nutritive value; it enhanced the nutritional quality of starch noodles.




3.2. Pasting Properties


In the studies of starch pasting properties, viscosity change is an essential indicator for assessing the behavior of starch in different applications. As presented in Figure 2A and Table 2, the viscosity of starch increased with the addition of AU powder, and the trough viscosity (TV) increased most significantly. These results revealed that the addition of AU powder significantly affected the physical properties of starch, particularly by promoting the swelling of starch granules and the release of amylose, which modified the pasting properties of starch. The addition of AU powder facilitated the water absorption and swelling of the starch granules, leading to the release of amylose from the granules into the solution, subsequently increasing the concentration of amylose in the solution. During the cooling process, amylose molecules formed a tighter network structure through enhanced intermolecular interactions (such as hydrogen bonding), which facilitated the formation of gels, thereby further increasing the TV. Similar studies have also indicated that the addition of Mesona chinensis polysaccharides can improve the gelatinization temperature (GT) of starch [14]. Zhou’s findings revealed that there was no significant difference (p < 0.05) in the peak viscosity (PV) of different concentrations of oligosaccharides, whereas it was in accordance with the results of this study on the PV values [31].



The pasting parameters are presented in Table 2. The increase in the breakdown (BD) value reflects the higher sensitivity of starch paste with AU powder added to the shearing force, which means lower stability during processing. Ma et al. revealed that the BD was correlated with the PV, where increased PV values demonstrated greater granule swelling and severity of rupture, as well as severe amylose leaching [14,16]. In this study, when AU powder was added, we observed not only the increase in PV values but also a significant increase in BD values. This further confirms that the addition of AU powder promotes the water absorption and swelling of starch granules. Moreover, this process was often accompanied by excessive swelling and rupture of the granules, thus leading to a greater release of amylose and amylopectin. The setback (SB) value represented the difference between final viscosity (FV) and TV. Meanwhile, the increase in SB value revealed the enhanced stability of the starch paste after cooling with the addition of AU powder. Higher SB values reflected the improved stability and recrystallization tendency of the starch paste during cooling and reheating, which was associated with the reinforced interactions between amylose molecules. To summarize, the addition of AU powder promoted the swelling of starch granules and the release of amylose, and improved the gel-forming ability of the starch paste, as reflected in the improvement in TV. Moreover, it also affected its processing performance, as illustrated by the increase in SB value. The findings have significant meaning for a better understanding of the effect of AU on the starch pasting properties, which provide valuable information for the development of starch materials and optimization for applications.




3.3. Rheological Properties


3.3.1. Dynamic Rheological Properties


As displayed in Figure 2B, both the G′ (storage modulus) and G′′ (loss modulus) of different samples displayed a noteworthy increase as the frequency ranged between 0.1–10 Hz. Additionally, G′ consistently surpassed G′′, which indicated that the elastic modulus occupied the main position, and the samples were solid. While the subsequently prepared slurry was also in the solid gel state after gelatinization [32]. Comparatively, the experimental group exhibited higher G′ and G′′, indicating that the experimental group exhibited stronger hindrance to the flow of substances and showed a higher loss modulus in the dynamic rheology. This might be attributed to the addition of AU powder providing a certain amount of reducing sugars. The characteristic structure of reducing sugar -OH imparted greater hydrophilicity. Simultaneously, its molecular chain structure could entangle with amylose or amylopectin molecules, thereby bestowing the experimental group with higher viscoelasticity.



G′ and G′′ represented the elastic modulus and viscous modulus of the samples, respectively. The ratio between these two values was the loss angle (Tanδ), used to measure the viscoelasticity of the samples. As shown in Figure 2B, both the G′ and G′′ in the two samples increased. With the value of G′ remaining consistently greater than that of G′′. Additionally, Tanδ was less than 1 (Figure 2C). This pattern indicated a typical weak gel rheological mode, suggesting that the starch paste was a viscoelastic non-Newtonian fluid primarily exhibiting elastic properties [32]. The magnitude of tanδ could reflect the proportion of viscosity and elasticity in the gel system. A higher tanδ value indicated a larger proportion of viscosity within the system, suggesting significant fluidity in the gel. Conversely, a smaller tanδ value indicated greater elasticity, emphasizing more pronounced solid properties in the gel [33]. As observed in Figure 2C, the tanδ value was low, which indicated strong elasticity. Furthermore, in comparison to the control group, the experimental group exhibited higher viscosity but lower elasticity.




3.3.2. Static Rheological Properties


As depicted in Figure 2D, the apparent viscosity of the samples decreased with increasing shear rate. This phenomenon was a characteristic example of shear thinning, indicating that all samples belonged to pseudoplastic fluid. However, the viscosity changes were significantly different due to the composition differences of the samples [34]. The control group exhibited a higher viscosity, which is probably attributed to its elevated content of amylose in the gel structure, resulting in increased shear stress and, consequently, higher viscosity. Conversely, the sample in the experimental group, due to the addition of AU powder, experienced a greater combination of reducing sugars and starch within the mixed system. This circumstance somewhat weakened its gel structure, leading to a reduction in apparent viscosity.





3.4. Gel Texture and Freeze–Thaw Stability Analysis


The essence of food texture pertained to the sensory manifestation of food structure and material properties. It was influenced by several factors, such as food composition, structure and state. To mitigate subjective biases, mechanical devices were commonly employed to subject samples to controlled deformations, simulating the mastication process in human teeth. This approach objectively reflected the textural attributes of the food. The effect of AU powder on starch gel texture properties at different time intervals is shown in Table 3. Among the critical parameters in texture analysis, hardness assumes particular significance as a fundamental indicator of sample quality. The hardness of the starch gel was primarily governed by the expansion force exerted by starch particles. The observed trend of an initial increase followed by a subsequent decrease in hardness over time highlights the complex interplay of various factors during the gelatinization process. Notably, the hardness of the starch gel was closely linked to the swelling of starch particles and the exudation of contents, which significantly influenced the overall gel matrix. During samples pasting, the addition of AU powder promoted the exudation of amylose from the starch particles. This molecular behavior, combined with the subsequent aggregation and rearrangement of starch molecules, fosters the formation of a robust gel network, facilitating the establishment of starch gels with higher hardness during the early storage period (1 day/3 days). Previous findings revealed that the addition of mulberry leaf polysaccharides retarded the degradation of starch after FTC in starch gels and stabilized the microstructure of starch gels [19]. As shown in Table 3, starch gels with added AU powder exhibited significant variation in cohesiveness during the initial period of storage (1 day/3 days). Such increased cohesiveness and the subsequent improved stability of the gel structure are most likely attributable to the AU polysaccharides contained in the added AU powders [35]. The hardness of the starch gels decreased significantly during the later storage stages (7 days/14 days). The decrease in hardness could be attributed to the prolonged aging of starch, resulting in a looser gel structure characterized by water exudation and reduced molecular interactions [19]. The comprehensive understanding of these intricate interactions between AU powder, starch gel structure and textural properties provided valuable insights for optimizing food formulations and processing techniques to enhance food quality and consumer satisfaction.



As illustrated in Table 4, the syneresis of the control group was 17.14% after one freeze–thaw cycle. It progressively increased with the number of freeze–thaw cycles, reaching its peak value after six cycles. Subsequently, the water precipitation rate decreased to 41.62%. This phenomenon suggested that freeze–thawing promoted synergism within the control group. However, this synergism tended to lead to a decrease in the quality of starchy foods during the freezing process [20]. With the increased freeze–thaw cycles, the syneresis of the experimental group gradually increased from 21.72% to 39.79%. After three freeze–thaw treatments, the water precipitation rate of the experimental group was lower compared to that of the control group. It indicated that the addition of AU powder effectively mitigated the phenomenon of dehydration and shrinkage, which improved the freeze–thaw stability of the gel.




3.5. LF-NMR Analysis


LF-NMR, a rapid and efficient technique, was applied to investigate the distribution and migration of water molecules in food systems [36]. According to the water mobility, the water in the food matrix could be divided into three parts: T21 (bound water), T22 (semi-bound water) and T23 (free water) [22]. The morphology and distribution of water molecules were strongly associated with the structure and functional properties of gelatinized starch gels. The transverse relaxation time (T2) of starch noodles was exhibited in Figure 3: there was a big peak at 0.1–3 ms, a small peak at 6–30 ms and 150–300 ms, respectively. The transverse relaxation time presented the water freedom. Changes in the relaxation time distribution revealed the effect of AU powder on the distribution of various water groups within starch pastes, which meant the combined state and free movement degree of water under each state. The percentage of relaxation peak area of relaxation times T21, T22, T23 and P21, P22 and P23 are detailed in Table 5, which could be used to estimate various states of water [37]. As depicted in Figure 3, the starch paste contained the highest content of bound water, followed by semi-bound water and small free water. This indicated that the starch slurry formed a dense network structure after gelatinization and retrogradation, effectively impeding the outward migration of water. However, the addition of AU powder facilitated the migration of water; both T21 and T22 decreased, and the stability of the gel network structure decreased (Figure 3). The addition of AU powder promoted the swelling of starch, leading to the exudation of amylose and the interaction between amylose molecules. It promoted the short-term aging of starch and led to the reduction of bound water components to some extent.




3.6. SEM Test


In order to study the morphological features of starch noodles and distinguish differences between samples, the microscopic images of the samples were recorded by scanning electron microscopy [38]. The SEM images (Figure 4A–D) revealed the distinct differences between the samples. The experimental group exhibited smoother surfaces with numerous cracks on the cross-section, possibly attributed to glassy transitions and imbalanced shrinkage under the moisture-induced stresses [39]. Conversely, the control group displayed a characteristic bulk and lamellar ribbon structure in the cross-section [21,23]. The formation of this structure might be related to damage in the crystalline region and amylose exudation during the processing of starch slurry under hot and humid conditions. Additionally, new associations among starch chains occurred during cooling. Similar findings were reported by Yang et al. [23], showing the formation of small pores with a more uniform distribution. It indicated that the addition of AU powder greatly affected the cross-linked or phase separation behaviors. The addition of AU powder led to a denser and tightly structure, highlighting its role in promoting uniform water distribution and establishing a more orderly and stable microstructure [33]. According to the literature, when the addition of Lycium barbarum pulp (LBP) was 5%, the cross-sectional microstructure of noodles had the highest degree of connectedness. However, this finding is consistent with the findings of this paper (cross-sectional microstructure of starch noodles with added AU powder) [40].




3.7. FTIR Analysis


The FTIR spectra of starch noodles are presented in (Figure 5A). The samples exhibited broad and strong absorbing peaks within the spectral range of 4000–500 cm−1. The change in the -OH stretching vibration represented the energy conversion among the O-H bonds, and the greater the wavenumber shift of the -OH peak, the weaker the intermolecular hydrogen bonding interactions [23].



In Figure 5A, 1047 cm−1 was strongly associated with the degree of order in the starch granules. It was extremely sensitive to changes in the crystal structures on the surface of the starch granules. Moreover, this portion of the amorphous area was more organized. However, 1022 cm−1 was strongly associated with the amorphous area in starch granules [15,41]. FTIR was sensitive to short-range order, and the ratios of 1047/1022 cm−1 could be used to characterize not only the change in short-range order of the starch structure but also related to the retrogradation degree of the starch in the sample [42]. The water molecules released from starch simultaneously as the double helices reorganize together during the aging process would contribute to the mobility of the starch chains. Moreover, the rearrangement of starch chains made the short-range ordering higher [43]. In this experiment, the addition of AU powder increased the absorbance and promoted the short-term aging of starch, which was consistent with the results in similar reports [14,42]. The IR1047/1022 values with and without the addition of AU powder were 1.01 and 1.02 (Table 6). The proportion of crystalline regions was higher in the experimental group and the formed double helix was more ordered. Meanwhile, the starch short-range order was higher, which promoted the short-term aging of the starch paste. The outcomes exhibited that the addition of AU powder promoted the short-term aging of starch paste, which corresponded to the outcomes of the RVA test.




3.8. In Vitro Digestibility


Figure 5B plots the percentages of digested starch versus the time of starch noodles within the first 180 min [15,22,24]. All samples displayed similar hydrolysis trends in their digestion curves. The addition of AU powder resulted in lower hydrolysis of the starch noodles [40]. Initially, the hydrolysis rate of the samples increased rapidly within 0–20 min and then increased relatively flatly from 20–120 min. Subsequently, the hydrolysis rate maintained lower rates after 120 min. Finally, at 180 min, the digestion rates with and without AU powder were 88.59% and 85.22%, respectively.



As depicted in Figure 5C and Table 7, the RDS and RS values of starch noodles also changed substantially with the addition of AU powder, with RDS decreasing from 26.46% to 21.68% and RS increasing from 23.14% to 26.58%. The result could be attributed to the following reasons: (1) The addition of AU powder promoted the dissolution of amylose and affected the mutual association of starch molecules; consequently, the addition of AU powder caused fluctuations in RDS content [22]; (2) AU contained more dietary fiber that was difficult to digest by digestive enzymes, which might contribute to the increase of RS content; (3) the addition of AU powder formed a denser microstructure which may possibly inhibit the movement of enzyme molecules to the granules and alter the swelling pattern of the starch granules during the pasting process, ultimately affecting the enzymatic digestion rate [44].



To better investigate the effect of AU powder addition on starch digestibility, the first-order kinetic equation was used to fit the starch hydrolysis rate curve, and the digestion kinetic parameters were calculated. Table 7 illustrated that the maximum degree of hydrolysis (C∞) and kinetic constant (k) obtained from starch digestion kinetics also had the same trend with the rate of starch hydrolysis. C∞ decreased significantly from 97.73% to 94.71%, and K decreased from 0.0128 min to 0.0123 min. As Hu et al. reported, with the addition of LBP, the starch hydrolysis rate of noodles decreased significantly (p < 0.05) [40].




3.9. Quality Characteristic


3.9.1. Cooking Properties


Cooking properties were used to evaluate the water absorption capacity and cooking resistance of starch noodles [9,23]. Cooking loss was used as an indicator to evaluate the cooking resistance of starch noodles. Meanwhile, the swelling index was used to assess the amount of water absorption capacity of starch noodles. As shown in Table 8, the experimental group exhibited a higher breaking rate and cooking loss of starch noodles, with values of 38.33% and 8.15%, respectively. The experimental group had a higher swelling index (514.18%), which could be attributed to the fact that the dietary fibers in the AU powder made the structure of the starch noodles itself more prone to water absorption. This facilitated the entry of water molecules from the outside into the starch noodles during the cooking process. Furthermore, the dry matter content of both types of starch noodles complied with the current national standard (GB/T 23587-2009 Vermicelli) [45]. Finally, although textural properties (taste, etc.) were not examined but they are important for consumer acceptance.




3.9.2. Color Difference


As presented in Table 8, the L* (white) value of the experimental group was significantly reduced to 27.1 ± 1.07. It might be due to the fact that the addition of AU powder inhibited the swelling of the starch so that there were residual starch granules in the starch noodles. Moreover, the experimental group had higher a* and b* values. It could be attributed to the color properties of the added AU powder itself, affecting the variation of a* (red) and b* (yellow) of starch noodles.




3.9.3. Hydrolyzed Amino Acid Analysis and Amino ACID Score


As shown in Table 9, the control group detected 13 amino acids, which included 5 essential amino acids and 8 non-essential amino acids. In contrast, 15 kinds of amino acids were detected in the experimental group, including 6 kinds of essential amino acids and 9 kinds of non-essential amino acids. In terms of amino acid content, the experimental group had the highest total amount of amino acids, totaling 349.91 mg/g. The content of 15 amino acids in the experimental group increased significantly compared with that in the control group.



This important aspect of evaluating the nutritional value of food was mainly measured by the content of essential amino acids. As illustrated in Figure 6, the experimental group had a higher content of five essential amino acids (Met, Thr, Ile, Leu, and Val). The findings revealed that the experimental group not only contained phenylalanine (Phe) but also promoted an increased in the total content of essential amino acids (EAA) in starch noodles. The Phe detected in this study was similar to the report of Wang et al. [6]. Furthermore, due to the inability of phenylketonuria (PKU) patients to metabolize phe, thus an intake of foods containing AU-associated needs to be strictly controlled for PKU patients [46,47].



In Figure 6, as compared to the experimental group, the control group had a lower content of the eight non-essential amino acids (Gly, Ala, Tyr, Ser, Asp, Glu, His and Arg). In addition, cysteine (Cys) was not detected in samples, but only proline (Pro) was detected in the experimental group.



The figure presented that the addition of AU powder not only demonstrated the presence of proline (Pro) in AU but also promoted a higher total content of non-essential amino acids (NEAA) in starch noodles. The addition of AU powder promoted the increase of total essential amino acids and total non-essential amino acids in starch noodles, which indicated that AU possessed richer amino acids [6]. As shown in Table 10, it is calculated according to the reference amino acid composition of different consumer groups recommended by FAO/WHO [29]. As the outcomes indicated, for different age groups (pre-schoolchildren, schoolchildren and adults), the limiting amino acid was Val among the samples with or without the addition of AU powder. Compared with the non-adult group, Adult samples had higher estimates, particularly with the addition of AU powder. Nevertheless, this finding is consistent with the findings of Srimarut et al. [48]. Furthermore, we had higher estimated values with the added AU powder, particularly the Val values (2.81).




3.9.4. GC-IMS Detection


F1 and F2 are used to represent the different samples, respectively (Figure 7B–E). Figure 7A presents a direct comparison of VOC differences between samples. However, for the sake of convenience in observation, the top view was utilized for the difference comparison plot (Figure 7B). In this plot, the entire spectrum depicted the VOCs of the sample. The normalized red vertical line on the left side of the spectrum represented the reactive ion peak (RIP). The vertical coordinate represented the retention time of gas chromatography (s), while the horizontal coordinate represented the ion mobility time. Each point on both sides of the RIP symbolized a VOC, with colors on the plot indicating substance concentration. Darker colors indicate higher concentrations, red color indicates high concentration and white color indicates low concentration.



To compare the VOC distributions between samples, time regions of the main substances mentioned above were intercepted and exhibited in Figure 7C. The results revealed significant differences in VOCs among different samples. Specifically, the experimental group exhibited the most diverse VOC distributions, while the control group displayed comparatively less variation (Figure 7C). PCA analysis results indicated no overlap in volatile odor regions between samples. This shows that the VOCs of the samples differed significantly (Figure 7D).



A visualization was made to investigate the differences in the composition of trace VOCs in samples (Figure 7E) [30]. The detailed peak volume data on volatile organic compounds are shown in the Supplementary Materials (Table S3). In this visualization, each row depicts all signal peaks selected from a single sample, while each column portrays signal peaks of the same VOC across different samples. By comparing the differences among the fingerprints (Figure 7E), the results demonstrate that the VOCs of samples with and without the addition of AU powder differ substantially. A total of 67 VOCs were identified (51 were specifically identified by the GC-IMS library, and 16 unidentified VOCs were assigned numerical designations). The composition aligned with the GC-IMS library, encompassing 18 aldehydes, 14 esters, 11 alcohols, 4 ketones, 2 acids, and 2 heterocyclics (Table 11) [49]. Compared with F1, the content of 28 VOCs increased (the area marked with a yellow rectangle), and the content of 16 VOCs decreased (the area marked with a red rectangle). As illustrated in the red box, 16 VOCs could be classified as aldehydes (pentanal-M, pentanal-D, hexanal-D, hexanal-M, E-2-pentenal-M, 2-methylpentanal), alcohols (1-butanol-M, 2-propanol-M, 1-propanol-M, 1-butanol-D), esters (butyl butanoate, isobutyl acetate, butyl acetate-M), acids (acetic acid-M), ketones (2-butanone-M), furans (2-ethylfuran). The yellow box was dominated by 28 VOCs could be divided into 7 aldehydes (2-methyl-2-pentenal, heptanal-D, E-2-heptenal, E-2-pentenal, N-heptanal-M, E-2-hexenal, E-2-pentenal-D), 3 alcohols (2-butanol-D, 1-propanol-D, 1-propanol-2-methyl), 7 esters (ethyl butanoate-D, ethyl lactate-D, ethyl hexanoate-D, ethyl hexanoate-M, ethyl butyrate-M, ethyl lactate-M, methyl 2-methylbutanoate), 1 acid (acetic acid-D), 3 ketones (4-Methyl-2-pentanone, Ethane-1-1-diethoxy-, 2-Butanone-D), 1 furans (tetrahydrofuran) and 6 unidentified VOCs. For further analysis, the following studies were, therefore, conducted.




3.9.5. Distinction of Samples by OPLS-DA and Modeling Evaluation Analysis


OPLS-DA was a valid discriminant analysis statistical method for predicting the classification of samples. In order to better investigate the variation of volatile components in starch noodles, a further analysis was conducted with OPLS-DA. As presented in Figure 8A, the reliable OPLS-DA model revealed a significant difference between samples, demonstrating satisfactory variance and model predictive capability (R2X = 0.955, R2Y = 0.992, Q2 = 0.976). Additionally, the scatter plot of OPLS-DA scores effectively differentiated the samples and exhibited a classification effect similar to that of the PCA scatters. Moreover, the OPLS-DA model could further exclude irrelevant differences and achieve better separation of VOCs in the samples. The validation of model reliability was shown in Figure 8B. After 200 cross-validations (R2 = 0.403, Q2 = −0.808), all replacement test values for R2 and Q2 were lower than that of the original values. It indicated that the model was not overfitted and the constructed OPLS-DA model was stable and reliable. This analysis further supported the VOCs varied greatly between samples [50].




3.9.6. Candidate Differential VOCs in Samples


After visualizing the 51 VOCs in the samples (Figure 7E), the contribution of each variable to the classification was quantified using the variable importance in the projection (VIP) approach. Based on the reliable OPLS-DA model construction (Figure 8A,B), the substances marked in red indicated that the VIP value of their VOCs was greater than 1 (Figure 8C) [33]. From the screening process, a total of 18 VOCs (VIP > 1) were identified, encompassing 9 aldehydes, 5 esters, 2 alcohols, 1 ketone and 1 heterocycle (Figure 8D). In this study, The control group identified nine key contributing VOCs (VIP > 1), including 6 aldehydes (hexanal-D, E-2-pentenal-M, 2-methylpentanal, pentanal-D, pentanal-M, hexanal-M), 2 alcohols (1-butanol-M, 1-propanol-M) and an ester (butyl acetate-M). Conversely, eight key contributing VOCs (VIP > 1) were identified by the experimental group, including 4 esters (ethyl lactate-D, ethyl lactate-M, ethyl hexanoate-M, ethyl hexanoate-D), 2 aldehydes (E-2-pentenal, N-heptanal-M), 1 ketone (4-methyl-2-pentanone) and 1 heterocycle (tetrahydrofuran). Notably, aldehyde (propanal-D) emerged as a common VOC (VIP > 1) in all samples.





3.10. Pearson Correlations Analysis


The Pearson’s correlation analysis elucidated the correlation between pasting parameters and starch noodles qualities (Figure 9). The pasting parameters (PV, TV, BD and SB) were positively correlated with cooking and textural parameters (BR, CL, SI, a*, b* and hardness). However, the negative correlations with DMC, L*, springiness, cohesiveness and gumminess [51]. Meanwhile, FV positively correlated with BR, CL, SI, a*, b*, hardness, springiness, cohesiveness and gumminess, which was consistent with previous reports [51]. Furthermore, pasting parameters (PT, GT) were positively correlations with cooking and textural parameters (CL, DMC, L*, springiness, cohesiveness, gumminess), whereas negative correlated with BR, SI, a*, b* and hardness.



The value of L* was considerably negatively related to the TV (r = −0.83*, p < 0.05), which agreed with previous reports [51]. Furthermore, The value of b* was significantly positively correlated with TV (r = 0.88*, p < 0.05) and BD (r = 0.84*, p < 0.05), respectively. These outcomes partially differed from reports of on modeling dried noodle quality [52]. In summary, the quality parameters (BR, CL, SI, a*, b*, hardness) of samples increased with the pasting parameters (PV, TV, BD, SB).





4. Conclusions


The effects of adding AU powder on the gel properties, structure and quality were investigated and the changes of VOCs in starch noodles were discussed by GC-IMS. The results show that the addition of AU powder contributed to the stability of starch gels. The structural characteristics indicate that the addition of AU powder was conducive to the formation of a more ordered microstructure, as well as a higher proportion of crystalline regions and a more ordered double helix structure. Notably, the addition of AU powder enriched the amino acid content of starch noodles. A total of 67 VOCs were detected by GC-IMS, and 51 VOCs were successfully identified. The OPLS-DA model classified 18 VOCs (VIP > 1), including 9 aldehydes, 5 esters, 2 alcohols, 1 ketone and 1 heterocycle. Pearson’s correlation analysis indicated that starch pasting parameters such as peak viscosity, trough viscosity, breakdown and setback should be the key indicators that synergistically affected the cooking characteristics of starch noodles. This study provided valuable information for the application of AU powder in starch noodles.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods13081185/s1, Table S1: Effect of Auricularia cornea var. Li. (AU) powder on comprehensive scores (texture score and sensory score); Table S2: Orthogonal experimental design of starch noodles quality improver; Table S3: Peak volume data for all compounds within each sample (Corresponds to Gallery Plot in GC-IMS).





Author Contributions


Conceptualization, Y.G. and X.Z.; methodology, Y.G. and X.Z.; software, Y.G., X.Z. and R.W.; validation, X.L.; formal analysis, X.Z. and R.W.; investigation, Y.G.; resources, J.L.; data curation, R.W.; writing—original draft, Y.G.; writing—review and editing, Y.G. and J.L.; supervision, Y.S. and X.L.; project administration, Y.S., X.L. and J.L.; funding acquisition, J.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the Scientific research project of the Anhui Provincial Department of Education (No. KJ2020A0136), the Anhui Natural Science Foundation (No. 2108085MC122), the Anhui Provincial Key Research and Development Program (No. 202204c06020031), the Anhui Provincial Central Government Guided Local Science and Technology Development Project (No. 202107d06020015), the Fuyang City School Cooperation Science and Technology Special Project (No. SXHZ202106) and the Anhui Province Graduate Education and Teaching Reform Research Project (No. 2022jyjxggyj190).




Institutional Review Board Statement


The sensory evaluation of starch noodles in this study was approved by the Ethics Committee of Anhui Agricultural University (Approval No. KJLL2024002, Approval date: 2023.1.02).




Informed Consent Statement


Participants gave informed consent through the statement “I understand that my answers are confidential and I agree to participate in this sensory evaluation” and entered the sensory evaluation after answering affirmatively. They could withdraw from the sensory evaluation at any time without giving a reason.




Data Availability Statement


The original contributions presented in the study are included in the article and Supplementary Material, further inquiries can be directed to the corresponding author.




Acknowledgments


The authors are grateful for the constructive advice on the revision of this manuscript from anonymous reviewers.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Chen, Z.; Sagis, L.; Legger, A.; Linssen, J.P.H.; Schols, H.A.; Voragen, A.G.J. Evaluation of starch noodles made from three typical Chinese sweet-potato starches. J. Food Sci. 2002, 67, 3342–3347. [Google Scholar] [CrossRef]

	



Tan, H.Z.; Li, Z.G.; Tan, B. Starch noodles: History, classification, materials, processing, structure, nutrition, quality evaluating and improving. Food Res. Int. 2009, 42, 551–576. [Google Scholar] [CrossRef]

	



Kasemsuwan, T.; Bailey, T.; Jane, J. Preparation of clear noodles with mixtures of tapioca and high-amylose starches. Carbohydr. Polym. 1998, 36, 301–312. [Google Scholar] [CrossRef]

	



Muhammad, K.; Kusnandar, F.; Mat Hashim, D.; Rahman, R.A. Application of native and phosphorylated tapioca starches in potato starch noodle. Int. J. Food Sci. Technol. 1999, 34, 275–280. [Google Scholar] [CrossRef]

	



Menon, R.; Padmaja, G.; Jyothi, A.N.; Asha, V.; Sajeev, M.S. Gluten-free starch noodles from sweet potato with reduced starch digestibility and enhanced protein content. J. Food Sci. Technol. 2016, 53, 3532–3542. [Google Scholar] [CrossRef] [PubMed]

	



Wang, D.; Jiang, X.; Teng, S.; Zhang, Y.; Liu, Y.; Li, X.; Li, Y. The antidiabetic and antinephritic activities of Auricularia cornea (an albino mutant strain) via modulation of oxidative stress in the db/db mice. Front. Immunol. 2019, 10, 1039. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Liu, B.; Qi, Y.; Wu, D.; Liu, X.; Liu, C.; Min, W. Impact of Auricularia cornea var. Li polysaccharides on the physicochemical, textual, flavor, and antioxidant properties of set yogurt. Int. J. Biol. Macromol. 2022, 206, 148–158. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Guo, M. Purification and structural characterization of polysaccharides isolated from Auricularia cornea var. Li. Carbohydr. Polym. 2020, 230, 115680. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Lv, Z.; Liu, Z.; Li, X.; Li, C.; Sossah, F.L.; Li, Y. Effect of different drying temperatures on the rehydration of the fruiting bodies of Yu Muer (Auricularia cornea) and screening of browning inhibitors. Food Sci. Nutr. 2020, 8, 6037–6046. [Google Scholar] [CrossRef]

	



Muszyńska, B.; Grzywacz-Kisielewska, A.; Kała, K.; Gdula-Argasińska, J. Anti-inflammatory properties of edible mushrooms: A review. Food Chem. 2018, 243, 373–381. [Google Scholar] [CrossRef]

	



Wang, X.; Lan, Y.; Zhu, Y.; Li, S.; Liu, M.; Song, X.; Jia, L. Hepatoprotective effects of Auricularia cornea var. Li. polysaccharides against the alcoholic liver diseases through different metabolic pathways. Sci. Rep. 2018, 8, 7574. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.-Y.; Woo, K.S.; Lim, J.K.; Kim, H.I.; Lim, S.T. Effect of processing variables on texture of sweet potato starch noodles prepared in a nonfreezing process. Cereal Chem. 2005, 82, 475. [Google Scholar] [CrossRef]

	



AOAC. Official Methods of Analysis, 17th ed.; The Association of Official Analytical Chemists: Gaithersburg, MD, USA, 2000. [Google Scholar]

	



Xiao, Y.; Liu, S.; Shen, M.; Jiang, L.; Ren, Y.; Luo, Y.; Xie, J. Effect of different Mesona chinensis polysaccharides on pasting, gelation, structural properties and in vitro digestibility of tapioca starch-Mesona chinensis polysaccharides gels. Food Hydrocoll. 2020, 99, 105327. [Google Scholar] [CrossRef]

	



Zhu, Z.; Wang, C.; Mei, L.; Xue, W.; Sun, C.; Wang, Y.; Du, X. Effects of soy protein isolate hydrolysate on physicochemical properties and in vitro digestibility of corn starch with various amylose contents. LWT 2022, 169, 114043. [Google Scholar] [CrossRef]

	



Ma, S.; Zhu, P.; Wang, M. Effects of konjac glucomannan on pasting and rheological properties of corn starch. Food Hydrocoll. 2019, 89, 234–240. [Google Scholar] [CrossRef]

	



Feng, Y.Y.; Mu, T.H.; Zhang, M.; Ma, M.M. Effects of different polysaccharides and proteins on dough rheological properties, texture, structure and in vitro starch digestibility of wet sweet potato starch noodles. Int. J. Biol. Macromol. 2020, 148, 1–10. [Google Scholar] [CrossRef]

	



Luo, Y.; Xiao, Y.; Shen, M.; Wen, H.; Ren, Y.; Yang, J.; Xie, J. Effect of Mesona chinensis polysaccharide on the retrogradation properties of maize and waxy maize starches during storage. Food Hydrocoll. 2020, 101, 105538. [Google Scholar] [CrossRef]

	



Fu, Y.; Zhou, J.; Liu, D.; Castagnini, J.M.; Barba, F.J.; Yan, Y.; Wang, X. Effect of mulberry leaf polysaccharides on the physicochemical, rheological, microstructure properties and in vitro starch digestibility of wheat starch during the freeze-thaw cycles. Food Hydrocoll. 2023, 144, 109057. [Google Scholar] [CrossRef]

	



Ye, J.; Yang, R.; Liu, C.; Luo, S.; Chen, J.; Hu, X.; Wu, J. Improvement in freeze-thaw stability of rice starch gel by inulin and its mechanism. Food Chem. 2018, 268, 324–333. [Google Scholar] [CrossRef]

	



Chen, C.; Fu, W.; Chang, Q.; Zheng, B.; Zhang, Y.; Zeng, H. Moisture distribution model describes the effect of water content on the structural properties of lotus seed resistant starch. Food Chem. 2019, 286, 449–458. [Google Scholar] [CrossRef]

	



Luo, Y.; Han, X.; Shen, M.; Yang, J.; Ren, Y.; Xie, J. Mesona chinensis polysaccharide on the thermal, structural and digestibility properties of waxy and normal maize starches. Food Hydrocoll. 2021, 112, 106317. [Google Scholar] [CrossRef]

	



Yang, S.; Zhang, M.N.; Shan, C.S.; Chen, Z.G. Evaluation of cooking performance, structural properties, storage stability and shelf life prediction of high-moisture wet starch noodles. Food Chem. 2021, 357, 129744. [Google Scholar] [CrossRef] [PubMed]

	



Shao, Z.; Han, J.; Wang, J.; Sun, Y.; Li, X.; Liang, J. Process optimization, digestibility and antioxidant activity of extruded rice with Agaricus bisporus. LWT 2021, 152, 112350. [Google Scholar] [CrossRef]

	



Englyst, K.N.; Englyst, H.N.; Hudson, G.J.; Cole, T.J.; Cummings, J.H. Rapidly available glucose in foods: An in vitro measurement that reflects the glycemic response. Am. J. Clin. Nutr. 1999, 69, 448–454. [Google Scholar] [CrossRef] [PubMed]

	



Guo, X.N.; Wu, S.H.; Zhu, K.X. Effect of superheated steam treatment on quality characteristics of whole wheat flour and storage stability of semi-dried whole wheat noodle. Food Chem. 2020, 322, 126738. [Google Scholar] [CrossRef] [PubMed]

	



Jo, Y.; An, K.A.; Arshad, M.S.; Kwon, J.H. Effects of e-beam irradiation on amino acids, fatty acids, and volatiles of smoked duck meat during storage. Inn. Food Sci. Emer. Technol. 2018, 47, 101–109. [Google Scholar] [CrossRef]

	



Li, J.; Ma, J.; Fan, S.; Mi, S.; Zhang, Y. Comparison of the nutritional and taste characteristics of 5 edible fungus powders based on the composition of hydrolyzed amino acids and free amino acids. J. Food Qual. 2022, 2022, 3618002. [Google Scholar] [CrossRef]

	



FAO/WHO Protein Quality Evaluation: Report of the Joint FAO/WHO Expert Consultation; Food and Agriculture Organization of the United Nations: Rome, Italy, 1991.

	



Zhang, X.; Gao, Y.; Wang, R.; Sun, Y.; Li, X.; Liang, J. Effects of Adding Blueberry Residue Powder and Extrusion Processing on Nutritional Components, Antioxidant Activity and Volatile Organic Compounds of Indica Rice Flour. Biology 2022, 11, 1817. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, D.N.; Zhang, B.; Chen, B.; Chen, H.Q. Effects of oligosaccharides on pasting, thermal and rheological properties of sweet potato starch. Food Chem. 2017, 230, 516–523. [Google Scholar] [CrossRef]

	



Lan, X.; Wang, Y.; Deng, S.; Zhao, J.; Wang, L.; Yao, K.; Jia, D. Physicochemical and rheological properties of Tremella fuciformis polysaccharide fractions by ethanol precipitation. CYTA-J. Food. 2021, 19, 645–655. [Google Scholar] [CrossRef]

	



Zhang, L.; Chen, J.; Xu, F.; Han, R.; Quan, M. Effect of Tremella fuciformis and Different Hydrocolloids on the Quality Characteristics of Wheat Noodles. Foods 2022, 11, 2617. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Li, C.; Du, G.; Zhang, X.; Zhang, H. Characteristics and rheological properties of polysaccharide nanoparticles from edible mushrooms (Flammulina velutipes). J. Food Sci. 2017, 82, 687–693. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wang, C.; Guo, M. Effects of ultrasound treatment on extraction and rheological properties of polysaccharides from Auricularia cornea var. Li. Molecules 2019, 24, 939. [Google Scholar] [CrossRef]

	



Chen, L.; Tian, Y.; Tong, Q.; Zhang, Z.; Jin, Z. Effect of pullulan on the water distribution, microstructure and textural properties of rice starch gels during cold storage. Food Chem. 2017, 214, 702–709. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Jia, Z.; Wang, M.; Wang, Q.; Barba, F.J.; Wan, L.; Fu, Y. Effects of Laminaria japonica polysaccharides on gelatinization properties and long-term retrogradation of wheat starch. Food Hydrocoll. 2022, 133, 107908. [Google Scholar] [CrossRef]

	



Sangpring, Y.; Fukuoka, M.; Ratanasumawong, S. The effect of sodium chloride on microstructure, water migration, and texture of rice noodle. LWT 2015, 64, 1107–1113. [Google Scholar] [CrossRef]

	



Xiang, Z.; Ye, F.; Zhou, Y.; Wang, L.; Zhao, G. Performance and mechanism of an innovative humidity-controlled hot-air drying method for concentrated starch gels: A case of sweet potato starch noodles. Food Chem. 2018, 269, 193–201. [Google Scholar] [CrossRef] [PubMed]

	



Hu, F.; Li, J.Y.; Zou, P.R.; Thakur, K.; Zhang, J.G.; Khan, M.R.; Wei, Z.J. Effects of Lycium barbarum on gluten structure, in vitro starch digestibility, and compound noodle quality. Food Biochem. 2023, 54, 102915. [Google Scholar] [CrossRef]

	



Van Soest, J.J.; Tournois, H.; de Wit, D.; Vliegenthart, J.F. Short-range structure in (partially) crystalline potato starch determined with attenuated total reflectance Fourier-transform IR spectroscopy. Carbohydr. Res. 1995, 279, 201–214. [Google Scholar] [CrossRef]

	



Wang, S.; Li, C.; Copeland, L.; Niu, Q.; Wang, S. Starch retrogradation: A comprehensive review. Compr. Rev. Food Sci. Food Saf. 2015, 14, 568–585. [Google Scholar] [CrossRef]

	



Ambigaipalan, P.; Hoover, R.; Donner, E.; Liu, Q. Retrogradation characteristics of pulse starches. Food Res. Int. 2013, 54, 203–212. [Google Scholar] [CrossRef]

	



Srikaeo, K.; Laothongsan, P.; Lerdluksamee, C. Effects of gums on physical properties, microstructure and starch digestibility of dried-natural fermented rice noodles. Int. J. Biol. Macromol. 2018, 109, 517–523. [Google Scholar] [CrossRef] [PubMed]

	



GB/T 23587-2009; Vermicelli. China National Centre for Quality Supervision and Test of Agriculture Sideline Production and Wine; Standards Press of China: Beijing, China, 2009.

	



Hasanzadeh, M.; Zargami, A.; Baghban, H.N.; Mokhtarzadeh, A.; Shadjou, N.; Mahboob, S. Aptamer-based assay for monitoring genetic disorder phenylketonuria (PKU). Int. J. Biol. Macromol. 2018, 116, 735–743. [Google Scholar] [CrossRef] [PubMed]

	



Burlina, A.P.; Cazzorla, C.; Massa, P.; Polo, G.; Loro, C.; Gueraldi, D.; Burlina, A.B. Large neutral amino acid therapy increases tyrosine levels in adult patients with phenylketonuria: A long-term study. Nutrients 2019, 11, 2541. [Google Scholar] [CrossRef]

	



Srimarut, Y.; Phanphuet, A.; Trithavisup, T.; Rattanawongsa, W.; Saenmuangchin, R.; Klamchuen, A.; Malila, Y. Estimating In Vitro Protein Digestion and Protein Digestibility Corrected Amino Acid Score of Chicken Breasts Affected by White Striping and Wooden Breast Abnormalities. Foods 2024, 13, 159. [Google Scholar] [CrossRef] [PubMed]

	



Liu, N.; Shen, S.; Huang, L.; Deng, G.; Wei, Y.; Ning, J.; Wang, Y. Revelation of volatile contributions in green teas with different aroma types by GC–MS and GC–IMS. Food Res. Int. 2023, 169, 112845. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Qian, M.C.; Deng, Y.; Yuan, H.; Jiang, Y. Insight into aroma dynamic changes during the whole manufacturing process of chestnut-like aroma green tea by combining GC-E-Nose, GC-IMS, and GC× GC-TOFMS. Food Chem. 2022, 387, 132813. [Google Scholar] [CrossRef] [PubMed]

	



Hou, G.G.; Saini, R.; Ng, P.K. Relationship between physicochemical properties of wheat flour, wheat protein composition, and textural properties of cooked Chinese white salted noodles. Cereal Chem. 2013, 90, 419–429. [Google Scholar] [CrossRef]

	



Zhang, Q.; Jin, M.; An, D.; Ahmed, Z.; Qi, Y.; Xu, B. Modelling dried noodle quality: Contribution of starch and protein physicochemical properties of 32 wheat cultivars. Food Res. Int. 2023, 174, 113501. [Google Scholar] [CrossRef]








[image: Foods 13 01185 g001] 





Figure 1. Flow chart of preparation of Auricularia cornea var. Li. (AU) powder. 
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Figure 2. Pasting and rheological properties of the samples. (A) Pasting curves of samples; (B) Frequency sweeps of starch paste from 0.1 to 10 Hz. G′: storage modulus, G′′: loss modulus; (C) Steady shear flow curves of starch paste; (D) The relationship between tanδ and frequency of starch paste. 
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[image: Foods 13 01185 g002]







[image: Foods 13 01185 g003] 





Figure 3. The transverse relaxation time (T2) of starch noodles. 
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Figure 4. Micro-images of starch noodles. (A) The surface of the control group; (B) the surface of the experiment group; (C) the cross-section of the control group; (D) the cross-section of the experiment group. 
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Figure 5. (A) FTIR spectra of starch noodles; (B) Hydrolysis rate of starch noodles; (C) The starch fraction distribution of starch noodles. Results are presented as means ± standard deviations (n = 3). Means with different letters in the columns are significantly different (p < 0.05). 
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Figure 6. Essential amino acids (EAA) and non-essential amino acids (NEAA) contents of the samples. 
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Figure 7. GC-IMS 3D spectrum of VOCs in the samples (A); GC-IMS spectra of volatile organic compounds in the samples (direct comparison) (B); GC-IMS spectra of volatile organic compounds in the samples (difference comparison) (C); principal component analysis of the samples (D); fingerprint gallery of VOCs in the samples (E). 
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Figure 8. OPLS-DA analysis. Comparative analysis of VOCs between control and experimental samples based on OPLS-DA modeling. (A) OPLS-DA biplot (R2X = 0.955, R2Y = 0.992, Q2 = 0.976); (B) cross-validation by a 200-times permutation test (R2 = 0.403, Q2 = −0.808); (C) VIP-plot; (D) important VOCs (VIP > 1.0) among the samples determined by the GC-IMS. VOCs compounds marked in red (C) means VIP > 1. 
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Figure 9. Pearson correlation coefficients between pasting parameters and starch noodles qualities. * and ** correlations represent the significant difference at p < 0.05 and p < 0.01 level, respectively. PV: peak viscosity; TV: trough viscosity; FV: final viscosity; BD: breakdown; SB: setback; PT: peak time; GT: gelatinization temperature; BR: breaking rate; CL: cooking loss; SI: swelling index; DMC: dry matter content. 
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Table 1. Nutritional composition of the samples.
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	Samples
	Control Group
	Experimental Group





	Total starch (%)
	84.09 ± 0.81 a
	68.87 ± 0.37 b



	Protein (%)
	0.94 ± 0.004 a
	0.92 ± 0.02 a



	Ash (%)
	0.71 ± 0.007 b
	0.78 ± 0.02 a



	Fats (%)
	0.15 ± 0.004 a
	0.15 ± 0.003 a



	Soluble dietary fiber (%)
	0.52 ± 0.03 b
	0.88 ± 0.03 a



	Insoluble dietary fiber (%)
	5.05 ± 0.17 b
	6.89 ± 0.16 a



	Reducing sugar (%)
	0.27 ± 0.002 b
	4.01 ± 0.06 a







NOTE: Results are presented as means ± standard deviations (n = 3). Means within columns with different letters are significantly different (p < 0.05).













 





Table 2. Pasting parameters of the samples.
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	Samples
	Control Group
	Experimental Group





	PV (cP)
	2893 ± 50.51 a
	3093 ± 126.51 a



	TV (cP)
	2138 ± 49.01 b
	2296 ± 60.01 a



	FV (cP)
	3202 ± 83.76 a
	3489 ± 147.63 a



	BD (cP)
	755 ± 1.53 b
	797 ± 66.94 a



	SB (cP)
	1063 ± 34.93 a
	1193 ± 89.27 a



	PT (min)
	5.14 ± 0.04 a
	5.20 ± 0.07 a



	GT (°C)
	75.80 ± 0.00 a
	76.40 ± 0.52 a







NOTE: Results are presented as means ± standard deviations (n = 3). Means with different letters in the columns are significantly different (p < 0.05). PV, TV, FV, BD, SB, PT and GT represent peak viscosity, trough viscosity, final viscosity, breakdown, setback, peak time and gelatinization temperature, respectively.













 





Table 3. Textural properties of the gel samples.
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	Samples
	Hardness (g)
	Springiness
	Cohesiveness
	Gumminess





	CG-1d
	223.39 ± 5.29 c
	0.55 ± 0.02 b
	0.72 ± 0.02 b
	151.70 ± 5.04 b



	CG-3d
	308.77 ± 45.20 a
	0.72 ± 0.13 a
	0.39 ± 0.05 c
	121.56 ± 28.54 b



	CG-7d
	288.00 ± 3.35 ab
	0.47 ± 0.02 b
	0.82 ± 0.08 ab
	235.98 ± 25.83 a



	CG-14d
	249.34 ± 25.16 bc
	0.37 ± 0.01 c
	0.83 ± 0.02 a
	206.16 ± 18.18 a



	EG-1d
	246.60 ± 3.83 b
	0.44 ± 0.02 b
	0.77 ± 0.01 b
	188.84 ± 2.52 b



	EG-3d
	369.72 ± 71.69 a
	0.59 ± 0.02 a
	0.77 ± 0.03 b
	284.14 ± 50.18 a



	EG-7d
	267.65 ± 12.32 b
	0.43 ± 0.03 b
	0.83 ± 0.01 a
	222.51 ± 13.81 b



	EG-14d
	239.12 ± 11.90 b
	0.41 ± 0.01 c
	0.83 ± 0.04 a
	198.01 ± 18.61 b







NOTE: Results are presented as means ± standard deviations (n = 3). Means with different letters in the columns are significantly different (p < 0.05). CG: control group, EG: experimental group.













 





Table 4. Effects of freeze–thawing cycles (FTC) treatment on freeze–thawing stability of the gel samples.
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	Syneresis (%)
	Control Group
	Experimental Group





	FTC-1
	17.14 ± 0.90 e
	21.72 ± 0.48 e



	FTC-2
	28.14 ± 1.51 d
	29.00 ± 0.29 d



	FTC-3
	36.40 ± 0.50 c
	32.79 ± 1.20 c



	FTC-4
	39.60 ± 1.50 b
	36.32 ± 1.44 b



	FTC-5
	42.13 ± 1.60 b
	38.33 ± 1.29 a



	FTC-6
	45.71 ± 1.68 a
	38.65 ± 1.09 a



	FTC-7
	41.62 ± 1.62 b
	39.79 ± 0.96 a







NOTE: Results are presented as means ± standard deviations (n = 3). Means with different letters in the columns are significantly different (p < 0.05).













 





Table 5. Water distribution in the starch noodles.
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	Samples
	Control Group
	Experimental Group





	T21 (ms)
	0.93
	0.81



	P21 (%)
	99.493
	98.845



	T22 (ms)
	93.31
	16.52



	P22 (%)
	0.484
	1.057



	T23 (ms)
	982.84
	443.22



	P23 (%)
	0.023
	0.098







NOTE: P21, P22 and P23 represent the ratio of bound water, semi-bound water and free water to the total water, respectively. T21, T22 and T23 represent the relaxation time, respectively.













 





Table 6. The absorbance ratios of 1047/1022 cm−1 in starch noodles.
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	Samples
	Control Group
	Experimental Group





	1047 cm−1
	85.80
	75.28



	1022 cm−1
	85.31
	73.75



	IR ratio 1047/1022 cm−1
	1.01
	1.02










 





Table 7. The digestibility fractions and digestive kinetics constants of the starch noodles.
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	Syneresis (%)
	Control Group
	Experimental Group





	RDS (%)
	26.46 ± 0.6 a
	21.68 ± 0.49 b



	SDS (%)
	50.4 ± 1.69 a
	51.74 ± 1.9 a



	RS (%)
	23.14 ± 1.18 b
	26.58 ± 1.64 a



	C∞ (%)
	97.73 ± 0.51 a
	94.71 ± 1.03 b



	k (min−1)
	0.0128 ± 0.0003 a
	0.0123 ± 0.0008 a







NOTE: Results are presented as means ± standard deviations (n = 3). Means with different letters in the columns are significantly different (p < 0.05). RDS, SDS and RS indicate rapidly digestible starch, slowly digested starch and resistant starch, respectively. C∞: the equilibrium concentration of hydrolyzed starch at infinite time; k: the kinetic constant of starch hydrolysis.













 





Table 8. Cooking characteristics, dry matter content and color difference between the samples.
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	Samples
	Control Group
	Experimental Group





	BR (%)
	26.67 ± 2.89 b
	38.33 ± 2.89 a



	CL (%)
	7.55 ± 0.47 a
	8.15 ± 1.01 a



	SI (%)
	475.71 ± 6.84 b
	514.18 ± 15.14 a



	DMC (g/100g)
	0.90 ± 0.003 a
	0.88 ± 0.001 b



	L*
	37.27 ± 0.34 a
	27.1 ± 1.07 b



	a*
	0.17 ± 0.02 b
	0.30 ± 0.04 a



	b*
	0.22 ± 0.02 b
	1.05 ± 0.02 a







NOTE: Results are presented as means ± standard deviations (n = 3). Means with different letters in the columns are significantly different (p < 0.05). BR: breaking rate; CL: cooking loss, %; SI: swelling index, %; DMC: dry matter content, g/100 g.













 





Table 9. Compositions of hydrolyzed amino acids in the samples.
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	Amino Acids (mg/g)
	Control Group
	Experimental Group





	EAA
	
	



	Lysine (Lys)
	ND
	ND



	Phenylalanine (Phe)
	ND
	8.89



	Methionine (Met)
	1.39
	3.20



	Threonine (Thr)
	6.62
	19.80



	Isoleucine (Ile)
	6.83
	9.95



	Leucine (Leu)
	8.40
	31.96



	Valine (Val)
	27.39
	36.59



	Tryptophan (Trp)
	ND
	ND



	Total
	50.62
	110.39



	NEAA
	
	



	Glycine (Gly)
	13.37
	29.33



	Alanine (Ala)
	8.30
	34.82



	Tyrosine (Tyr)
	0.79
	4.98



	Serine (Ser)
	6.29
	25.00



	Cysteine (Cys)
	ND
	ND



	Aspartic acid (Asp)
	16.52
	48.47



	Glutamic acid (Glu)
	17.33
	52.26



	Arginine (Arg)
	6.01
	21.07



	Histidine (His)
	2.42
	9.42



	Proline (Pro)
	ND
	14.16



	Total
	71.03
	239.53



	TAA
	121.66
	349.91







NOTE: EAA: essential amino acids, NEAA: non-essential amino acids, TAA: total amino acids. ND: not detectable.













 





Table 10. The amino acid score estimated for the starch noodles with or without Auricularia cornea var. Li. (AU) powder.
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	Amino Acids
	Reference a (mg/g Food Protein)
	Control Group
	Experimental Group





	Pre-schoolchildren

(2–5 years old)
	
	
	



	Histidine (His)
	19
	0.13
	0.50



	Isoleucine (Ile)
	28
	0.24
	0.36



	Leucine (Leu)
	66
	0.13
	0.48



	Lysine (Lys)
	58
	ND
	ND



	Methionine (Met) + cysteine (Cys)
	25
	0.06
	0.13



	Phenylalanine (Phe) + tyrosine (Tyr)
	63
	0.01
	0.22



	Threonine (Thr)
	34
	0.19
	0.58



	Valine (Val)
	35
	0.78
	1.05



	Schoolchildren

(10–12 years old)
	
	
	



	Histidine (His)
	19
	0.13
	0.50



	Isoleucine (Ile)
	28
	0.24
	0.36



	Leucine (Leu)
	44
	0.19
	0.73



	Lysine (Lys)
	44
	ND
	ND



	Methionine (Met) + cysteine (Cys)
	22
	0.06
	0.15



	Phenylalanine (Phe) + tyrosine (Tyr)
	22
	0.04
	0.63



	Threonine (Thr)
	28
	0.24
	0.71



	Valine (Val)
	25
	1.10
	1.46



	Adults (>18 years old)
	
	
	



	Histidine (His)
	16
	0.15
	0.59



	Isoleucine (Ile)
	13
	0.53
	0.77



	Leucine (Leu)
	19
	0.44
	1.68



	Lysine (Lys)
	16
	ND
	ND



	Methionine (Met) + cysteine (Cys)
	17
	0.08
	0.19



	Phenylalanine (Phe) + tyrosine (Tyr)
	19
	0.04
	0.73



	Threonine (Thr)
	9
	0.74
	2.20



	Valine (Val)
	13
	2.11
	2.81







NOTE: a FAO/WHO amino acid reference pattern [29] for three different age groups. Bold numbers denote the lowest amino acid score except for undetected. ND: not detectable.













 





Table 11. The information of identified volatile compounds by GC-IMS.
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	Category
	No.
	Compounds
	GAS
	Formula
	MW
	RI a
	Rt b
	Dt c
	Comment





	Alcohols
	
	
	
	
	
	
	
	
	



	
	1
	1-Butanol
	C71363
	C4H10O
	74.1
	1153.3
	422.751
	1.1828
	Monomer



	
	2
	1-Butanol
	C71363
	C4H10O
	74.1
	1153.3
	422.751
	1.3871
	Dimer



	
	3
	Ethanol
	C64175
	C2H6O
	46.1
	945.4
	271.931
	1.135
	



	
	4
	Pentanol
	C71410
	C5H12O
	88.1
	1260.9
	563.347
	1.2594
	



	
	5
	1-Propanol
	C71238
	C3H8O
	60.1
	1046.6
	330.38
	1.1111
	Monomer



	
	6
	1-Propanol
	C71238
	C3H8O
	60.1
	1046.6
	330.38
	1.2547
	Dimer



	
	7
	2-Propanol
	C67630
	C3H8O
	60.1
	928.4
	263.693
	1.0924
	Monomer



	
	8
	2-Propanol
	C67630
	C3H8O
	60.1
	927.8
	263.444
	1.2188
	Dimer



	
	9
	2-Butanol
	C78922
	C4H10O
	74.1
	1047.1
	330.749
	1.1521
	Monomer



	
	10
	2-Butanol
	C78922
	C4H10O
	74.1
	1047.1
	330.749
	1.3182
	Dimer



	
	11
	2-Methyl-1-propanol
	C78831
	C4H10O
	74.1
	1046.5
	330.348
	1.3831
	



	Aldehyde
	
	
	
	
	
	
	
	
	



	
	12
	Hexanal
	C66251
	C6H12O
	100.2
	1098.3
	367.534
	1.2655
	Monomer



	
	13
	Hexanal
	C66251
	C6H12O
	100.2
	1099.7
	368.822
	1.5635
	Dimer



	
	14
	Pentanal
	C110623
	C5H10O
	86.1
	992.1
	295.78
	1.1939
	Monomer



	
	15
	Pentanal
	C110623
	C5H10O
	86.1
	991.3
	295.333
	1.421
	Dimer



	
	16
	2-Methylpentanal
	C123159
	C6H12O
	100.2
	767.8
	197.452
	1.2277
	



	
	17
	Propanal
	C123386
	C3H6O
	58.1
	833.5
	222.289
	1.0706
	Monomer



	
	18
	Propanal
	C123386
	C3H6O
	58.1
	832.4
	221.851
	1.1443
	Dimer



	
	19
	(E)-2-Pentenal
	C1576870
	C5H8O
	84.1
	1140.6
	409.273
	1.1189
	Monomer



	
	20
	(E)-2-Pentenal
	C1576870
	C5H8O
	84.1
	1143
	411.809
	1.3617
	Dimer



	
	21
	(E)-2-Heptenal
	C18829555
	C7H12O
	112.2
	1329.3
	688.717
	1.2568
	



	
	22
	(E)-2-Hexenal
	C6728263
	C6H10O
	98.1
	1227.1
	513.589
	1.1835
	



	
	23
	Ethane, 1,1-diethoxy-
	C105577
	C6H14O2
	118.2
	891
	246.523
	1.1283
	



	
	24
	Butyraldehyde
	C123728
	C4H8O
	72.1
	906.5
	253.49
	1.096
	Monomer



	
	25
	Butyraldehyde
	C123728
	C4H8O
	72.1
	911.3
	255.73
	1.2884
	Dimer



	
	26
	2-Methyl-2-pentenal
	C623369
	C6H10O
	98.1
	1143.6
	412.414
	1.5154
	



	
	27
	N-heptanal
	C111717
	C7H14O
	114.2
	1140.3
	408.958
	1.3215
	Monomer



	
	28
	Heptanal
	C111717
	C7H14O
	114.2
	1144.7
	413.578
	1.6802
	Dimer



	
	29
	(E)-2-Pentenal
	C1576870
	C5H8O
	84.1
	1099
	368.147
	1.366
	



	Esters
	
	
	
	
	
	
	
	
	



	
	30
	Ethyl lactate
	C97643
	C5H10O3
	118.1
	1355.4
	747.429
	1.1421
	Monomer



	
	31
	Ethyl lactate
	C97643
	C5H10O3
	118.1
	1355.4
	747.429
	1.5427
	Dimer



	
	32
	Ethyl hexanoate
	C123660
	C8H16O2
	144.2
	1243.7
	537.384
	1.3441
	Monomer



	
	33
	Ethyl hexanoate
	C123660
	C8H16O2
	144.2
	1242
	534.913
	1.8007
	Dimer



	
	34
	Butyl acetate
	C123864
	C6H12O2
	116.2
	1086.1
	358.245
	1.2371
	Monomer



	
	35
	Butyl acetate
	C123864
	C6H12O2
	116.2
	1086.1
	358.245
	1.6172
	Dimer



	
	36
	Ethyl Acetate
	C141786
	C4H8O2
	88.1
	893.8
	247.767
	1.0967
	Monomer



	
	37
	Ethyl Acetate
	C141786
	C4H8O2
	88.1
	900.4
	250.753
	1.3373
	Dimer



	
	38
	Isobutyl acetate
	C110190
	C6H12O2
	116.2
	1027.7
	317.846
	1.2417
	



	
	39
	Methyl 2-methylbutanoate
	C868575
	C6H12O2
	116.2
	1003
	302.141
	1.1832
	



	
	40
	Ethyl butyrate
	C105544
	C6H12O2
	116.2
	1046.5
	330.348
	1.1995
	Monomer



	
	41
	Ethyl butanoate
	C105544
	C6H12O2
	116.2
	1046.5
	330.348
	1.5592
	Dimer



	
	42
	Butyl butanoate
	C109217
	C8H16O2
	144.2
	1195.4
	470.759
	1.337
	



	
	43
	(E)-2-Pentenal
	C1576870
	C5H8O
	84.1
	1099
	368.147
	1.366
	



	Ketones
	
	
	
	
	
	
	
	
	



	
	44
	4-Methyl-2-pentanone
	C108101
	C6H12O
	100.2
	1022.1
	314.223
	1.1795
	



	
	45
	Acetone
	C67641
	C3H6O
	58.1
	850.8
	229.302
	1.115
	



	
	46
	2-Butanone
	C78933
	C4H8O
	72.1
	912.5
	256.26
	1.0602
	Monomer



	
	47
	2-Butanone
	C78933
	C4H8O
	72.1
	913
	256.479
	1.2453
	Dimer



	Acids
	
	
	
	
	
	
	
	
	



	
	48
	Acetic acid
	C64197
	C2H4O2
	60.1
	1483.1
	1115.625
	1.0557
	Monomer



	
	49
	Acetic acid
	C64197
	C2H4O2
	60.1
	1482.4
	1113.194
	1.1562
	Dimer



	Heterocycles
	
	
	
	
	
	
	
	
	



	
	50
	2-Ethylfuran
	C3208160
	C6H8O
	96.1
	990.4
	294.886
	1.2953
	



	
	51
	Tetrahydrofuran
	C109999
	C4H8O
	72.1
	869.9
	237.316
	1.0594
	







a Represents the retention index (RI) calculated using n-ketones C4–C9 as external standard on FS-SE-54-CB column. b Represents the retention time (RT) in the capillary GC column. c Represents the drift time (Dt) in the drift tube.
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