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Abstract

:

To explore the effects of particle size distribution on its physicochemical, functional, and structural properties, alfalfa leaf powders with mean particle sizes (D50) of 506.1, 246.3, 209.8, 92.01, and 20.68 μm were prepared by sieving. The physicochemical, functional, and structural properties of alfalfa were compared, and correlation and principal component analyses were conducted. As the D50 of alfalfa leaf decreased, the bulk density, tap density, and the swelling capacity increased first and then decreased, but the compressibility, transition temperature, and melting temperature exhibited an opposite trend. The solubility, lightness, and inhibition of angiotensin-converting enzymes and tyrosinase were enhanced. Specifically, the alfalfa leaf with a D50 of 209.8 μm exhibited a higher bulk density and swelling capacity and a lower compressibility, transition temperature, and melting temperature. The alfalfa leaf with a D50 of 20.68 μm presented better solubility, lightness, and inhibition of angiotensin-converting enzymes and tyrosinase. Additionally, the surface roughness and the number of surface hydroxyls improved and the crystallinity index decreased, but the type of surface functional groups was unchanged. These changes in microstructure can provide an explanation for the trend of the physicochemical and functional properties. Moreover, based on the results of the correlation analysis and principal component analysis, it can be concluded that there are strong correlations among the particle size, physicochemical properties, and functional properties of alfalfa leaf. Overall, this conclusion can help determine the appropriate grinding particle size range for alfalfa leaf in different functional food products.
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1. Introduction


Alfalfa (Medicago sativa L.), a herbaceous legume, is widely planted around the world. It contains high contents of protein with a balanced amino acid composition, soluble dietary fiber, flavonoids, and other active ingredients [1]. Researchers have demonstrated that these active ingredients can remove excessive free radicals and absorb harmful substances in the human body, and they can prevent hypertension, hyperlipidemia, cancer, and other diseases [2,3,4]. In addition, modern society is focused on seeking protein foods of high quality to meet the needs of the global population [5,6]. For this reason, there has recently been a significant amount of research focusing on utilizing proteins from different plant sources. Alfalfa leaf, with a high protein content, is a promising source. However, only a minimal amount of the upper alfalfa leaf is used for food when it is in bloom. The vast majority of alfalfa is mainly utilized as livestock feed due to its undesirable sensory attributes (taste and darkness), leading to low resource utilization [5].



Most studies have proven that the particle size affects the physicochemical properties of powder, which in turn affect the product’s quality. When the particle size of purple sweet potato flour decreased from 269 to 66 μm, noodles became more compact and had an orderly microstructure, better cooking properties, and higher sensory score [7]. In addition, as the particle size of grape pomace powder decreased, the total anthocyanins, total phenol content, and antioxidant activity increased, while muffin hardness and lightness were negatively influenced [8]. As the median particle size of highland barley flour decreased from 223.25 to 19.26 μm, it showed higher viscosity and water absorption, and the noodles presented a higher hardness [9]. Our previous research has found a strong correlation between the particle size of wheat bran and its physicochemical properties, as well as the sensory quality of noodles [10].



Micronization is a necessary treatment for alfalfa leaves as a raw food material. Minimal studies are available that involve the effect of particle size on the properties of alfalfa leaf. Therefore, to expand the application of alfalfa leaf in the food sector, its particle size distribution, bulk density, tap density, compressibility, solubility lightness, thermal characteristics, swelling capacity, and inhibition of angiotensin-converting enzymes and tyrosinase were explored. Additionally, the surface micromorphology, functional groups, and crystallinity index of alfalfa leaf were analyzed in this study.




2. Materials and Methods


2.1. Materials


Alfalfa (Golden Queen) was supplied by the forage practice teaching base of Shanxi Agricultural University (longitude: 112.58; latitude: 37.42; altitude: 799 m), located in Jinzhong, Shanxi, China. The average annual amount of precipitation is 547.1 mm, and the day/night cycle is 13 h day/11 h night in this area. The plant was harvested manually in the initial flowering stage (May 2020), at a height of 86–93 cm.




2.2. Reagents


Angiotensin-converting enzymes (≥2 U/mg) were supplied by Shifeng Biotechnology Co., Ltd. (Shanghai, China). Hippuril-L-Histidy-L-Leucine (≥98%) and tyrosinase (≥500 U/mg) were supplied by Solarbio Technology Co., Ltd. (Beijing, China). KBr crystal (spectroscopically pure) was supplied by Brandon Technology Co., Ltd. (Tianjin, China). Ethanol, ethyl acetate, disodium hydrogen phosphate, and sodium dihydrogen phosphate (≥99.7%) were supplied by Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China).




2.3. Preparation of Alfalfa Leaf


Leaves were obtained from the upper part (above 60 cm) of the alfalfa. Then, the leaves were washed, dried (55 °C, 200 min), crushed using high-speed smashing machines (6202, Zhong Ke Hao Yu Technology Development Co., Ltd., Beijing, China) at 25,000 r/min for 4 min, and sieved through square-hole sieves with side lengths of 0.250, 0.200, 0.160, 0.125, 0.080, and 0.063 mm, successively. The alfalfa leaf on each sieve was collected and recorded as G1 (0.200–0.250 mm), G2 (0.160–0.200 mm), G3 (0.125–0.160 mm), G4 (0.08–0.125 mm), and G5 (0.063–0.08 mm), respectively. The samples were stored at 4 °C and kept away from light. The average contents of protein, fat, ash, and dietary fiber in the alfalfa leaf were 28.62%, 6.23%, 11.35%, and 50.27%, respectively [11].




2.4. Particle Size Distribution


The particle size distribution was measured in the wet dispersion mode with ethanol and ultrasonication using a laser particle size analyzer (2600E, Bettersize Instrument Ltd., Dandong, China). A refraction index of 1.53 and an absorption parameter of 0.7 were adopted [12]. The results were reported as the D10, D50, and D90, representing the corresponding particle sizes when the cumulative particle size distribution reached 10%, 50%, and 90%, respectively. The volume average particle size (VAPS) was also obtained.




2.5. Bulk Density, Tap Density and Compressibility


The bulk density (    ρ   1    ), tap density (    ρ   2    ), and compressibility were determined according to the method described by [13] with slight modification. Then, 0.5 g (m) of the powder was transferred into a measuring cylinder (10 mL) and leveled gently, and the volume (    V   1    ) of powder was noted. Then, the cylinder was tapped on the experimental table until the powder showed a constant volume (    V   2    ). Each sample was tested 10 times. The     ρ   1    ,     ρ   2    , and compressibility were calculated using Equations (1)–(3):


    ρ   1   = m /   V   1    



(1)






    ρ   2   = m /   V   2    



(2)






  Compressibility   ( % ) = (   ρ   2   −   ρ   1   ) /   ρ   2   × 100 %  



(3)








2.6. Solubility


The solubility was determined according to the method described by [13] with slight modification. First, 1.0 g (m) of powder was mixed with 30 mL of distilled water. The mixture was mixed at 10 r/min for 30 min at 25 °C. Then, the mixture was filtered, and the filtrate was dried to a constant weight (    m   1    ) at 105 °C. The solubility of the alfalfa was calculated using Equation (4):


  Solubility   ( % ) =     m   1   / m × 100 %  



(4)








2.7. Color


The color was measured using a spectrophotometer (CM-5, Wengkaier Trading Ltd., Foshan, China), and the results were presented according the CIELAB color parameters. The lightness (L*) was recorded (0–100: black to white).




2.8. Transition Temperature and Melting Temperature


The transition temperature (    T   P 1    ) and melting temperature (    T   P 2    ) were measured using a differential scanning calorimeter (Q20, TA Instruments Ltd., New Castle, DE, USA) according to the method of Huang et al. [14]. The baseline, cell constant, and temperature were calibrated before testing. Then, 50 mg of powder was transferred to an aluminum crucible and sealed. The crucible was placed in a test furnace and measured under the following test conditions: the same crucible was used as a reference; nitrogen at 0.1 MPa and 50 mL/min was used as a protective gas; the test temperature increased from 20 °C to 200 °C, increasing by10 °C/min.




2.9. Swelling Capacity


The swelling capacity (SC) was determined according to the method described by [15]. First, 0.5 g (m) of powder was added to a 10 mL of measuring cylinder. Then 8 mL of distilled water was mixed in, and the volume (V0) of the suspension was recorded. The cylinder was sealed with plastic wrap and incubated at 25 °C for 24 h, and then the volume (V1) of the suspension was recorded. The SC of the alfalfa was calculated using Equation (5):


  S C   m L / g   =     V   1   −   V   0     m    



(5)








2.10. Angiotensin-Converting Enzyme Inhibitory Activity


The angiotensin-converting enzyme (ACE) inhibitory activity was determined according to the method of Rodríguez-Hernández et al. [16]. First, 0.5 g of powder was extracted with 50 mL of 60% (V/V) ethanol for 30 min under ultrasonic power of 100 W and an ultrasonic temperature of 35 °C using ultrasonic equipment (JP-040S, Jiemeng Cleaning Equipment Co., Ltd., Shenzhen, China). The mixture was centrifuged at 2432× g for 20 min using a centrifuge (SC-2546, USTC Zonkia Scientific Instrument Co., Ltd., Anhui, China), and the supernatant was diluted to 0.5 mg/mL. Then, 20 μL of diluent, 45 μL of 0.05 U/mL ACEs, and 280 μL of phosphate buffer were mixed and preincubated at 37 °C for 3 min. Then, 75 μL of 7.6 mmol/L Hippuril-L-Histidy-L-Leucine (HHL) was added, and the mixture was preincubated at 37 °C for 30 min again. And then, 150 μL of HCl was added to stop the reaction. After that, 1.4 mL of ethyl acetate was added and centrifuged for 20 min at 4000 r/min. The supernatant of 1.2 mL was transferred into another tube and dried, and the solid obtained was re-dissolved in 0.5 mL of distilled water. The absorbance of the solution was measured at 228 nm using a spectrophotometer (UV-1200, Mapada Co., Ltd., Shanghai, China). The ACE inhibitory activity was calculated using Equation (6):


Inhibition (%) = (B − A)/(B − C) × 100%



(6)




where A is the absorbance of the ACEs and diluent; B is the absorbance of the ACEs and HHL solution; C is the absorbance of the HHL solution.




2.11. Tyrosinase Inhibitory Activity


The tyrosinase inhibitory activity was determined according to the method of Lu et al. [17]. The extract was obtained in the same way as determining the ACE inhibitory activity, and the extract was diluted to 0.1, 0.2, 0.3, 0.4, and 0.5 mg/mL. Then, 100 μL of the diluent and 100 μL of 50 U/mL L-tyrosinase were mixed, and the mixture was placed at 37 °C for 10 min. Then, 100 μL of 0.1 mg/mL L-tyrosine was added and placed at 37 °C for 30 min. After that, the absorbance was measured using a microplate reader (SpectraMax i3x, Molecular Devices, Silicon Valley, CA, USA) at 475 nm. The tyrosinase inhibitory activity was calculated using Equation (7):


Inhibition (%) = [1 − (C − D)/(A − B)] × 100%



(7)




where A is the absorbance of the L-tyrosine and L-tyrosinase solution; B is the absorbance of the L-tyrosine solution; C is the absorbance of the diluent, L-tyrosine, and L-tyrosinase solution; D is the absorbance of the diluent and L-tyrosine solution.




2.12. Surface Micromorphology


A proper amount of alfalfa was spread evenly on a conductive film and sprayed with gold in a vacuum environment. Then, the surface micromorphology of the alfalfa was observed using a scanning electron microscope (JSM–6490LV, JEOL Co., Ltd., Tokyo, Japan) at magnifications of 500 and 1000 times.




2.13. Functional Groups


First, 200 mg of KBr crystal was ground, and then 2 mg of alfalfa was added, mixed, and pressed into sheets. The sheet was scanned using a near-infrared spectrometer (Spectrum Two N, PerkinElmer Co., Ltd., Hopkinton, MA, USA), in which the wave number ranged between 450 and 4000 cm−1.




2.14. Crystallinity Index


The crystallinity was measured using an X-ray diffractometer (DX-2700, Haoyuan Instrument Co., Ltd., Dandong, China) according to the method of Zhang et al. [18]. A proper amount of alfalfa leaf powder was put into the groove of the sample plate and pressed into a sheet. Then, the sheet was scanned with Cu-Kα radial under 40 kV and 30 mA, and the diffraction angle (2θ) ranged between 5° and 40° at 2°/min. The crystallinity index (CI) of the alfalfa was calculated using Equation (8):


  C r y s t a l l i n i t y   i n d e x   %   =     I   002   −   I   a m       I   002     × 100  



(8)




where I002 is the maximum intensity of the diffraction angle, and Iam is the diffraction intensity at 2θ = 18°.




2.15. Statistical Analysis


All experiments were conducted at least in triplicate, and the results were presented as the means ± standard error. Duncan’s test was used to analyze the variance (ANOVA) using SPSS17.0 software for Windows, and the difference was considered significant at p < 0.05. Pearson’s correlation and principal component analyses were performed with Origin v2022 software for Windows.





3. Results and Discussion


3.1. Physicochemical Properties of Alfalfa Leaf Powder


3.1.1. Particle Size Distribution


The particle size distribution of powder affects its physicochemical properties, functional properties, and processing qualities, which further affects the quality of the end-product [19]. The particle size distribution patterns of alfalfa leaf sieved through the different pore-sized sieves are shown in Figure 1, and the statistical results are shown in Table 1. The particle size of G1 presents a trimodal distribution. The particle sizes of G2, G3, G4, and G5 present bimodal distributions, and the center of the bimodal was approached gradually. In addition, the difference between D90 and D10 reduced gradually (Table 1). These changes suggest that the size distribution of alfalfa leaf is more concentrated, and the particle size is more uniform. As Table 1 shows, the D50 alfalfa leaf decreased significantly from 506.1 to 20.68 μm (p < 0.05), suggesting that the sieve could control the particle size distribution of alfalfa leaf, which is agreement with Bala’s findings [5]. Additionally, the VAPS of the alfalfa leaf increased significantly from 33.08 to 577.4 μm (p < 0.05). Zhang et al. [20] reported that the physicochemical and functional properties of tobacco leaf changed with its particle size. Therefore, the physicochemical and functional properties of G1, G2, G3, G4, and G5 were further studied in this study.




3.1.2. Bulk Density, Tap Density, and Compressibility


The bulk density, tap density, and compressibility of powder are important considerations in food processing and affect the packing, transportation, and processing of powder or food [21]. With decreases in the particle size of alfalfa leaf powder, its bulk density and tap density first decreased and then increased; the bulk density and tap density of G4 was the highest (0.32 mL/g and 0.42 mL/g, respectively) (Table 2). Relatively finer powder results in less space between the particles, contributing to higher bulk density and tap density [19]. Powders with too-small particle sizes would agglomerate due to electrostatic attraction, leading to a decrease in the bulk density and tap density [22]. He et al. [23] found that a smaller particle size of wheat bran powder displayed lower bulk density and tap density, where the average particle size ranged from 102.64 to 22.35 μm. However, Liang et al. [19] found that a smaller particle size of rice flour displayed higher bulk density and tap density, where the average particle size ranged from 330.3 to 54.7 μm. These opposite results may be attributed to the different materials, crushing methods, and crushing degree.



Compressibility reflects the flowability of powder, and higher compressibility means poorer flowability. As illustrated in Table 2, the compressibility values of G1, G2, G4, and G5 were higher than 16%, suggesting that the flowability of the alfalfa leaf was poor. With the decrease in the particle size of alfalfa leaf, the compressibility of the alfalfa leaf powder first decreased and then increased. The compressibility of G3 was the lowest (15.63%), indicating that the flowability of G3 was better than the other samples (Table 2). With the decrease in the particle size of alfalfa leaf, the increasing sphericity of the particles and the decreasing friction resistance between the particles contributed to its better flowability. But the increasing cohesive force and electrostatic attraction resist flow, leading to worse flowability [24,25]. The balance between these two mechanisms provides a basis for the results of the flowability of alfalfa leaf powder in this study.




3.1.3. Solubility and Color


The solubility of powder affects its physicochemical properties, nutritional properties, and functional properties. With the decrease in the particle size of alfalfa leaf, the solubility increased from 24.15% to 29.09% (Table 3), indicating that decreasing the particle size of alfalfa leaf promotes the dissolution of water-soluble substances. Similar to our results, Bala et al. [26] also found that the solubility of grass pea flour increased from 9.7 to 19.58% as the particle sizes decreased from 179 to 74 μm. The increasing solubility can be attributed to the damage to the cells, leading to more leached substances (e.g., soluble proteins and carbohydrates).



Food color plays an important role in sensory evaluation and affects consumer acceptance [27]. As shown in Table 3, with the decrease in the particle size of alfalfa leaf, the L* value significantly increased from 55.48 to 60.80 (p < 0.05). The increasing L* value may be ascribed to the increasing surface area of alfalfa leaf, which produced more light reflection [19]. Drakos et al. [12] reported that the L* values of barley and rye increased with decreases in the particle size of their flours, which is good agreement with our findings. A higher L* value of alfalfa leaf is advantageous in terms of incorporating it into certain foods, leading to a higher appetite for it and a higher commodity value [27].




3.1.4. Transition Temperature and Melting Temperature


DSC is typically used to analyze the thermal properties of materials. Alfalfa leaf powder is a mixture of various nutrients, including 28.62% protein, 6.23% fat, 11.35% ash, and 50.27% dietary fiber [11]. Hence, there are chemical changes in alfalfa leaf as the temperature rises. As shown in Figure 2a, obvious endothermic peaks were observed at around 80 °C and 170 °C (Figure 2a), and according to Huang et al. [14], the two peak temperatures were defined as the transition temperature (TP1) and the melting temperature (TP2), respectively. It is quite possible that the thermal changes in the polysaccharide and protein in alfalfa leaf are responsible for the endothermic peaks of TP1, and the thermal decomposition of cellulose and hemicellulose of alfalfa leaf powder is responsible for the endothermic peaks of TP2 [14]. With the decrease in the particle size of alfalfa leaf, the TP1 and TP2 first decreased and then increased (Figure 2b). The TP1 and TP2 of G3 were the lowest (79.00 °C and 160.54 °C, respectively). Lapčíková et al. suggested that exposing more polysaccharide and protein and reducing the crystallinity index are responsible for the decreases in TP1 and TP2 [28]. However, at the same time, exposing more chemical groups enhances the interactions among molecules, and thus, greater energy is required to destroy the internal structure, contributing to the increases in TP1 and TP2. Compared to the thermal transition temperature of sugar beet pulp, the higher thermal transition temperature of alfalfa leaf could be ascribed to its higher protein content [14]. In summary, the TP1 and TP2 of G1, G2, G3, G4, and G5 were higher than 70 °C, indicating that alfalfa leaf powder is stable in storage and transportation at room temperature.





3.2. Functional Properties of Alfalfa Leaf Powder


3.2.1. Swelling Capacity


Food with a swell capacity can provide a sense of satiety and promote gastrointestinal motility, thus having the function of preventing obesity and colon cancer [29]. With the decrease in the particle size of alfalfa leaf, the SI first increased and then decreased. The SI of G3 was the largest (4.39 mL/g) (Figure 3). Based on the results of previous research, reducing the particle size of alfalfa leaf powder promoted the dissolution of its protein and polysaccharides [11]. In addition, Lapčíková et al. found that high contents of carbohydrates and proteins contributed to a stronger capacity for retaining water [28]. Thus, the SI increased with the decrease in the particle size of alfalfa leaf powder. But Auffret et al. found that excessive crushing might damage the fiber matrix and cause the collapse of pores, causing a decreased SI [30]. Similarly, structure collapse of the fiber matrix in alfalfa leaf powder was seen in our study (Figure 3). These results indicate that the SI of alfalfa leaf was not only related to the chemical group but also affected by its physical structure. Based on the analysis above, G3 exhibits a better capacity for preventing obesity and colon cancer.




3.2.2. Angiotensin-Converting Enzyme Inhibitory Activity


Angiotensin-converting enzymes (ACEs) participate in the renin angiotensin system by converting inactive angiotensin-I into active angiotensin-II, which activates inflammatory cascade in the vasculature [31]. Inhibiting the ACE activity and controlling the formation of angiotensin-II is an effective way to treat hypertension. As illustrated in Figure 4, G1, G2, G3, G4, and G5 all inhibited the ACE activity, suggesting that alfalfa leaf can alleviate hypertension to a certain degree. The extract of alfalfa leaf contains hydrophobic aromatic amino acids, and the residues alone or in combination could link to the active sites of ACEs, which is conducive to decreasing the ACE activity [32]. With the decrease in the particle size of alfalfa leaf, the ACE inhibitory activity significantly increased from 9.63% to 54.59% (p < 0.05). These results suggest that G5 is a more attractive option than the other samples for use as a nutraceutical or functional ingredient for the management and prevention of hypertension. Gammoh et al. [32] suggested that sonication enhanced the ACE inhibitory activity of camel milk casein due to the decreasing average particle size and the net negative surface charge of the casein particles. In addition, Lai et al. found that a decrease in the particle size of alfalfa leaf contributed to increased protein dissolution [11]. These reports are consistent with the results of our study. Overall, the results indicate that a decrease in the particle size of alfalfa leaf powder is conducive to inhibiting ACE activity.




3.2.3. Tyrosinase Inhibitory Activity


Tyrosinase contains copper and is distributed widely in plants and animals. It usually leads to an undesirable color of food or skin. Tyrosinase inhibitors have been adopted to prevent undesirable colors in the food industry and cosmetic industry. Especially inhibitors from natural sources are considered to have no side effects and are popular among consumers and the food industry. The tyrosinase inhibitory activity of alfalfa leaf was evaluated, and the results are shown in Figure 5. Compared to G1, G2, and G3, the tyrosinase inhibitory activity of G4 and G5 was higher, indicating that G4 and G5 could better prevent enzymatic browning and protect color in food. The changing trend of the curve reveals that the decrease in the particle size of alfalfa leaf powder improved the tyrosinase inhibitory activity. Fan et al. [33] proved that flavonoids possess a tyrosinase inhibition ability. Fan et al. [33] also found that the hydroxy groups of flavonoids could interact with the active cavity of tyrosinase by forming a hydrogen bond. This interaction not only blocks substrate access but also realizes the direct interaction with the amino acid residues of active sites [33]. Moreover, Lai et al. suggested that the decrease in the particle size of alfalfa leaf powder enhanced the dissolution of flavonoids [11], which could be responsible for increasing the tyrosinase inhibitory activity. Therefore, the decrease in the particle size of alfalfa leaf powder is also conducive to inhibiting tyrosinase activity.





3.3. Structural Properties of Alfalfa Leaf Powder


3.3.1. Surface Micromorphology


The superficial microstructure reflects the surface structure of particles intuitively, and scanning electron microscopy is usually used to observe it. The surface of alfalfa leaf powder was magnified by a scanning electron microscope, and the results are shown in Figure 6. It can be seen in Figure 6a–e that the particle size of alfalfa leaf powder decreased, which is consistent with the results of the particle size distribution. Figure 6f shows that numerous fine particles were attached to the surface of G1. The fine particles may be the exposing macromolecular substances (fiber or starch cluster) after the cell structure was damaged. By comparing Figure 6f–j, it can be seen that the surface of G1 was relatively complete and smooth. Part of the surface of G2 was destroyed and looked rough, although a few smooth structures can still be seen. The surfaces of G3 and G4 were further damaged, and their surface roughness increased. The surface structure of G5 was seriously damaged, and some small particles were adsorbed on the surface of the larger particles. With the decrease in the particle size of alfalfa leaf, the increasingly damaged surface enhanced the dissolution of certain nutrients, which is consistent with the results of the solubility, ACE, and tyrosinase inhibitory activity in our study. Moreover, the agglomeration resulted in poor flowability of the alfalfa leaf, which is consistent with the results of compressibility in our study [22]. The damaged surface structure also provided evidence for the decreasing SI when the particle size was less than a certain degree, which is in agreement with Auffret’s report [30].




3.3.2. Functional Group


Fourier transform near-infrared spectroscopy (FTIR) was used to reflect the functional groups of the alfalfa leaf powder. The position of the absorption peak in the infrared spectrum indicates the type of functional group, and the height of the absorption peak indicates the number of functional groups. The FTIR results of the alfalfa leaf powder are shown in Figure 7. The positions of the G1, G2, G3, G4, and G5 absorption peaks are similar, and the intensities of their absorption peaks are varied. These results indicate that the types of functional groups were unchanged, but the number of functional groups changed. Based on the above analysis, the decreases in the particle size of the alfalfa leaf powder only involved physical changes. A strong and broad absorption peak at 3300–3500 cm−1 is caused by the O–H stretching vibration within or between cellulose and hemicellulose molecules [34]. The absorption peaks of G1, G2, G3, G4, and G5 were wide and strong at 3367.25 cm−1, indicating the presence of hydroxyl in alfalfa leaf. Moreover, the heights of the absorption peaks were different significantly among G1, G3, G4, and G5, but there was no significant difference between G1 and G2. With the decreases in the particle size of the alfalfa leaf powder, the number of hydroxyls on the surface increased, which is conducive to the formation of intermolecular hydrogen bonds [34]. According to Fan’s study, the increasing hydroxyls provide a theoretical basis for the tyrosinase inhibitory activity of alfalfa leaf in our study [33].




3.3.3. Crystal Structure


X-ray diffraction usually is used for analyzing crystal structures. The X-ray diffraction pattern and crystallinity index of the alfalfa leaf powder are shown in Figure 8. It can be seen in Figure 8a that there were strong diffraction peaks at 21.5° for G1, G2, G3, G4, and G5, indicating the presence of a (101) crystal plane of cellulose type I in the alfalfa leaf. The diffraction peaks of G1, G2, G3, and G4 appeared near 15.4° but did not occur for G5. The peak disappearing around 15.4° for G5 suggests that the (200) crystal plane structure of cellulose type I was destroyed [20,35]. The diffraction peaks of G1, G2, G3, and G4 appeared around 24.4° and 38.2° but did not occur for G5. Based on the above analysis, G5 has a different crystal structure from the other samples. The alfalfa leaf was subjected to shear, friction, and other forces in the crushing process, and the unstable crystallization zone was activated, leading to a changed crystal structure [36]. Meanwhile, the CIs of G1, G2, G4, and G5 were significantly different, but there was no significant difference between G2 and G3 (p < 0.05) (Figure 8b). With the decrease in the particle size of the alfalfa leaf powder, the CI decreased from 39.86% to 30.88%, indicating that the strength of the cellulose fiber was gradually reduced [37]. The decreasing CI in alfalfa leaf may be ascribed to the fact that part of the cellulose chain was broken by mechanical crushing, and the crystalline region was reduced [38]. Similar results in our previous research on wheat bran were reported [15]. The decrease in the CI indicates that the alfalfa leaf powder presented a looser structure, which is conducive to contact with other substances, and thus, the inhibitory effects on angiotensin-converting enzymes and tyrosinase were enhanced.





3.4. Analysis of Correlation and Principal Components


3.4.1. Correlation Analysis


To explore the correlation among the physicochemical, functional, and structural properties of alfalfa leaf, the Pearson analysis method was used for correlation analysis. As illustrated in Figure 9, the D50 was significantly positively correlated with the VAPS (r = −0.991, p < 0.01) and CI (r = 0.976, p < 0.01). The D50 was significantly negatively correlated with the solubility (r = −0.984, p < 0.01), L* value (r = −0.882, p < 0.05), angiotensin-converting enzyme inhibitory activity (r = −0.883, p < 0.05), and tyrosinase inhibitory activity (r = −0.913, p < 0.05). Additionally, there were strong correlations between the swelling capacity and compressibility, the tap density and Tp2, and among other properties. If all collinear indicators are included in the evaluation method, it is hard to accurately describe the relationships among the indicators. Therefore, principal component analysis (PCA) was applied to reduce the dimensions of the original data.




3.4.2. Principal Component Analysis


The results of the PCA are shown in Table 4 and Table 5 and Figure 10. Based on the criterion of the dimensionality reduction analysis where the cumulative contribution rate exceeded 85% and the eigenvalue was larger than 1, the principal component was chosen [39]. As shown in Table 4, the contribution rate of PC 1 was 69.79%, the contribution rate of PC 2 was 25.90%, and the cumulative contribution rate of the first two principal components was 95.69%, which surpassed 85%. Additionally, the eigenvalues of PC 1 and PC 2 were larger than 1. Thus, PC 1 and PC 2 were extracted to represent most of the information on the properties of alfalfa leaf. In the component matrix, the absolute value of the variable reflects the contribution of each indicator to the principal component [39]. As shown in Table 5, the D10, D50, D90, VAPS, compressibility, solubility, L*, ACE inhibitory activity, tyrosinase inhibitory activity, and crystal index mainly reflect PC1. PC1 mainly reflects the indicators that were positively or negatively correlated with the particle size. The bulk density, compressibility TP1, TP2, and swelling capacity mainly reflect PC2. PC2 mainly reflects the indicators that were incompletely affected by the physical size of the particles. In the loading plot (Figure 10a), the properties display distinct spatial orientations. In the biplot (Figure 10b), there is not a noticeable clustering amongst the alfalfa leaf powders. These results suggest that the decrease in the particle size of the alfalfa leaf powder induced changes in the physicochemical, functional, and structural properties of the alfalfa leaf. These results are consistent with those obtained by correlation analysis.






4. Conclusions


In this study, the effects of the particle size distribution on the physicochemical, functional, and structural properties of alfalfa leaf powder were investigated. Alfalfa leaf powders with average particle sizes of 506.1, 246.3, 209.8, 92.01, and 20.68 μm were prepared and recorded as G1, G2, G3, G4, and G5, respectively. The alfalfa leaf powder with an average particle size of 209.8 μm exhibited a higher bulk density and swelling capacity and a lower compressibility, transition temperature, and melting temperature. The alfalfa leaf powder with an average particle size of 20.68 μm presented better solubility, lightness, and inhibition on angiotensin-converting enzymes and tyrosinase. And it displayed a higher surface roughness and an existing agglomeration phenomenon. Furthermore, it showed a lower crystallinity index and a larger number of surface hydroxyls. Specifically, the positions of the G1, G2, G3, G4, and G5 absorption peaks were similar, suggesting that the type of surface functional groups was unchanged. The microstructure of alfalfa leaf can provide an explanation for the trends in its physicochemical and functional properties. Based on the results of the correlation analysis and principal component analysis, it can be concluded that the particle size significantly affects the physicochemical and functional properties of alfalfa leaf. These results suggest that alfalfa leaves with an average particle size of 209.8 μm lead to a better sense of satiety, and alfalfa leaves with an average particle size of 20.68 μm are easily digested, which can better treat hypertension and maintain the color of food. In future research, the quality of alfalfa products will be considered to optimize the particle size of alfalfa powder.
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Figure 1. Particle size distribution patterns of alfalfa leaf. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. 
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Figure 2. Heat flow curves (a), transition temperature (b), and transition temperature (b) of alfalfa leaf. Tp1 refers to the transition temperature, and Tp2 refers to the melting temperature. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. Different letters on the same indicators indicate significant differences (p < 0.05). 
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Figure 3. Swelling capacity of alfalfa leaf. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. Different letters on the same indicators indicate significant differences (p < 0.05). 
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Figure 4. Angiotensin-converting enzyme inhibitory activity of alfalfa leaf. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. ACE stands for angiotensin-converting enzyme. Different letters on the same indicators indicate significant differences (p < 0.05). 






Figure 4. Angiotensin-converting enzyme inhibitory activity of alfalfa leaf. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. ACE stands for angiotensin-converting enzyme. Different letters on the same indicators indicate significant differences (p < 0.05).



[image: Agriculture 14 00634 g004]







[image: Agriculture 14 00634 g005] 





Figure 5. Tyrosinase inhibitory activity of alfalfa leaf powder. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. 
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Figure 6. Surface micromorphology of alfalfa leaf. (a–d) G1, G2, G3, and G4, respectively, magnified 60 times; (e) G5, magnified 500 times; (f–j) G1, G2, G3, G4, and G5, respectively, magnified 1000 times. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. 
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Figure 7. Fourier transform near-infrared spectroscopy of alfalfa leaf. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. 
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Figure 8. X-ray diffraction pattern (a) and crystallinity index (b) of alfalfa leaf. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. Different letters on the same indicators indicate significant differences (p < 0.05). 
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Figure 9. Heatmap of correlation analysis among the physicochemical, functional, and structural properties of alfalfa leaf. r is the correlation coefficient. D10, D50, and D90 are the mean particle sizes at 10%, 50%, and 90% of the volume distribution, respectively. VAPS indicates the volume average particle size. Tp1 refers to the transition temperature, and Tp2 refers to the melting temperature. ACE indicates angiotensin-converting enzyme. 
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Figure 10. Loading plot (a) and biplot (b) of the principal component analysis. G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. D10, D50, and D90 are the mean particle sizes at 10%, 50%, and 90% of the volume distribution, respectively. VAPS indicates the volume average particle size. Tp1 refers to the transition temperature, and Tp2 refers to the melting temperature. ACE indicates angiotensin-converting enzyme. 
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Table 1. Particle size distribution of alfalfa leaf.
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	Sample
	D10 (μm)
	D50 (μm)
	D90 (μm)
	VAPS (μm)





	G1
	86.85 ± 5.00 a
	506.1 ± 7.41 a
	1152 ± 24.19 a
	577.4 ± 6.56 a



	G2
	10.02 ± 1.32 b
	246.3 ± 5.74 b
	395.8 ± 5.31 b
	225.1 ± 7.90 b



	G3
	9.128 ± 0.36 b
	209.8 ± 3.55 c
	321.4 ± 8.51 c
	192.1 ± 7.72 c



	G4
	6.055 ± 0.48 c
	92.01 ± 2.95 d
	188.0 ± 8.44 d
	92.7 ± 5.50 d



	G5
	3.789 ± 0.36 d
	20.68 ± 1.80 e
	82.66 ± 3.62 e
	33.08 ± 7.11 e







G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. D10, D50, and D90 are the mean particle sizes at 10%, 50%, and 90% of the volume distribution, respectively. VAPS indicates the volume average particle size. Different letters within the same column indicate significant differences (p < 0.05).













 





Table 2. Bulk density, tap density, and compressibility of alfalfa leaf.
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	Sample
	Bulk Density (mL/g)
	Tap Density (mL/g)
	Compressibility (%)





	G1
	0.22 ± 0.02 b
	0.28 ± 0.02 c
	19.57 ± 1.85 c



	G2
	0.30 ± 0.02 a
	0.37 ± 0.02 b
	17.6 ± 1.47 cd



	G3
	0.32 ± 0.01 a
	0.38 ± 0.02 b
	15.63 ± 1.60 d



	G4
	0.32 ± 0.02 a
	0.42 ± 0.01 a
	24.93 ± 1.76 b



	G5
	0.25 ± 0.02 b
	0.37 ± 0.02 b
	32.50 ± 1.15 a







G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. Different letters within the same column indicate significant differences (p < 0.05).













 





Table 3. Solubility and color of alfalfa leaf.






Table 3. Solubility and color of alfalfa leaf.





	Sample
	Solubility (%)
	L*





	G1
	24.15 ± 0.34 e
	55.48 ± 0.17 d



	G2
	25.99 ± 0.39 d
	56.68 ± 0.27 c



	G3
	27.13 ± 0.32 c
	56.87 ± 0.07 c



	G4
	28.19 ± 0.42 b
	58.14 ± 0.29 b



	G5
	29.09 ± 0.36 a
	60.80 ± 0.96 a







G1, G2, G3, G4, and G5 are the alfalfa leaf powders on sieve surfaces with specific side lengths of 0.200, 0.160, 0.125, 0.080, and 0.063 mm, respectively. Different letters within the same column indicate significant differences (p < 0.05).













 





Table 4. Eigenvalue, contribution rate, and cumulative contribution rate of principal components.
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	Principal Component
	Eigenvalue
	Contribution Rate (%)
	Cumulative Contribution Rate (%)





	1
	10.47
	69.79
	69.79



	2
	3.88
	25.90
	95.69



	3
	0.45
	3.03
	98.72



	4
	0.19
	1.29
	100



	5
	0
	0
	100










 





Table 5. The loading of each variable in the principal components.
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Indicators

	
Component Matrix




	
PC1

	
PC2






	
D10 (μm)

	
0.28

	
0.20




	
D50 (μm)

	
0.31

	
0




	
D90 (μm)

	
0.30

	
0.10




	
APS (μm)

	
0.31

	
0.06




	
Bulk density (mL/g)

	
−0.15

	
−0.42




	
Tap density (mL/g)

	
−0.26

	
−0.22




	
Compressibility (%)

	
−0.20

	
0.39




	
Solubility (%)

	
−0.31

	
0.04




	
L*

	
−0.27

	
0.22




	
TP1 (°C)

	
0.11

	
0.43




	
TP2 (°C)

	
0.25

	
0.28




	
Swelling capacity (mL/g)

	
0.16

	
−0.43




	
ACE inhibitory activity (%)

	
−0.28

	
0.22




	
Tyrosinase inhibitory activity (%)

	
−0.29

	
0.11




	
Crystal index (%)

	
0.30

	
−0.10








D10, D50, and D90 are the mean particle sizes at 10%, 50%, and 90% of the volume distribution, respectively. VAPS indicates the volume average particle size. Tp1 refers to the transition temperature, and Tp2 refers to the melting temperature. ACE indicates angiotensin-converting enzyme.
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