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Résumé

SHI Zhenxing. (2022). Activité Anti-obésité des Extraits Enrichis en α-AI du Haricot Blanc et Son Application aux Aliments d'impression 3D (Thèse de Doctorat en Anglais) Gembloux Agrobio Tech, University of Liege, Belgique, 151 pages, 11 tableaux, 22 chiffres.
Des études récentes ont montré que la consommation d'aliments à base de haricot commun (Phaseolus Vulgaris L.) contribue à la prévention et au traitement de l'obésité, Cet effet repose principalement sur le rôle de bloqueur de l'amidon de l'inhibiteur de l'α-amylase (α-AI) présent dans les graines de haricot commun. Dans cette étude, (1) les effets inhibiteurs in vitro et in vivo des extraits enrichis en inhibiteur de l'α-amylase (α-AIE) de haricot blanc sur l'accumulation de graisse ont été étudiés; (2) les effets régulateurs de l'α-AIE sur la composition du microbiote intestinal chez des rats obèses alimentés par un régime riche en graisses ont été également abordés; (3) l’impact la fabrication additive sur l’activité α-AI d'extraits protéique de haricots communs (CBPE) ont été évaluées ainsi que sa valorisation dans le domaine de l’impression 3D alimentaire.
Premièrement, l'α-AIE a été isolée à partir de graines de haricot blanc (Cultivar Longquanjiuli) et son activité α-AI a été déterminée à 1027.1±154.2 (U·mg-1 de protéine). Les effets de l'a-AIE sur la différenciation des adipocytes 3T3-L1 ont été ensuite évalués. Les résultats de la coloration au “Oil Red O” ont montré que l'a-AIE inhibait la différenciation des adipocytes 3T3-L1. Une faible dose (2 mg/mL) et une dose élevée (4 mg/mL) d'α-AIE réduisaient le contenu lipidique dans les adipocytes matures respectivement à 90.20% et 68.28%. De plus, la dose élevée d'α-AIE a montré une diminution significative d’une part, du niveau d'expression de l'ARNm et, d’autre part, du niveau d'expression protéique (1) du récepteur γ activé par les proliférateurs de peroxysomes (PPARγ), (2) de la protéine de liaison aux amplificateurs CCAAT α (C/EBPα) et (3) de la protéine de liaison aux acides gras (ap2).

Deuxièmement, l'effet anti-obésité et les propriétés de modulation du microbiote intestinal de l'α-AIE ont été vérifiés chez des rats obèses alimentés par un régime riche en graisses. L’absorption d'α-AIE a significativement réduit le gain de poids corporel, l'accumulation de graisse intra-abdominale et a amélioré les taux de lipides sériques (p<0.05, R=0.94, 0.92 and 0.95), suggérant des effets inhibiteurs sur l'accumulation de graisse in vivo. De plus, les rats nourris avec le régime α-AIE présentaient des concentrations totales d'acides gras à chaîne courte (AGCC) plus élevées (p<0.05, R=0.91) dans leur contenu colique. L'analyse de la β-diversité et des principaux composants ainsi que le diagramme de Venn ont montré que l'administration d'α-AIE modifiait la composition du microbiote intestinal. Au niveau du phylum, les abondances relatives de Firmicutes et de Protéobactéries ont diminué et les abondances relatives de Bacteroidetes et d'Akkermansia ont augmenté. Quatre-vingt-neuf unités taxonomiques opérationnelles (OTU) répondant de manière significative à un régime riche en graisses et 30 OTU répondant de manière significative à l'α-AIE ont été identifiées. Les OTU enrichies en α-AIE étaient principalement attribuées à des bactéries productrices de SCFA, notamment les Bacteriodes, Butyricoccus, Blautia et Eubacterium. Vingt-deux des OTU étaient significativement corrélées aux indices d'obésité.

Finalement, des poudres de CBPE avec une pureté de 76,25% et une activité α-AI de 961.30±29.43 (U·g-1 de protéine) ont été broyées et homogénéisées en fonction de différentes moutures (de fines à ultrafines) pendant 0, 6, 12 et 24 minutes. Ensuite, les mélanges CBPE de Formule A (CBPE: 40%, alginate: 0.5% et gélatine: 6.0%) et de Formule B (CBPE: 12%, xanthane: 0.05% et gélose: 3.5%) ont été sélectionnés pour être appliqués dans deux types d'imprimantes 3D (extrudeuse au moyen d’un seringue et du kit L3D). Le broyage superfin (p<0.05, R=0.99) a considérablement diminué la taille des particules du CPEB, et a entraîné une réduction de l’imprimabilité des systèmes d’encre alimentaire principalement par l’augmentation (p<0.05, R=0.99) de l’adhérence des matériaux pour l’imprimante alimentaire 3D à base de seringue, et l’augmentation de la poudre de gonflement (p<0.05, R=0.98) des matériaux pour l’imprimante alimentaire 3D à base de réducteurs. La diminution de la stabilité des produits imprimés par l’imprimante alimentaire 3D à seringue est principalement due à la réduction de la capacité de liaison à l’eau (p< 0.05, R=0.91) par broyage superfin. En outre, il a été démontré que le processus d’extrusion par seringue n’a pas d’effet évident (p> 0.05, R=0.37) sur l’activité de l’io-prol de la CBPE. Les produits 3D de l’imprimante 3D en kit L3D avec la formule B ont perdu l’activité α-AI mais présentaient une très grqnde stabilité.

Tous ces résultats indiquent plusieurs doses d’α-AIE provenant du haricot blanc coommun peuvent inhiber l’accumulation de graisse à la fois in vitro et in vivo; l’apport d’α-AIE a atténué l’obésité et modulé la composition du microbiote intestinal chez les rats obèses induits par un régime riche en graisses. L’ajout de colloïde hydrophile améliore les performances d’impression 3D du CBPE, mais le broyage ultra-fin les dégrade. Les résultats de notre étude devraient améliorer nos connaissances sur l'α-AIE du haricot commun et ses effets d'inhibition sur l'obésité ainsi que sur sa valorisation et son application en fabrication additive alimentaire
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Abstract
SHI Zhenxing. (2022). Anti-Obesity Activity of α-AI Enriched Extracts From White Common Bean and Its Application In 3D Printing Foods (PhD Dissertation in English). Gembloux AgroBio Tech, University, Gembloux Belgium, 151 pages, 11 tables, 22 figures.
Recent studies have shown that consumption of common bean (Phaseolus Vulgaris L.) foods contributes to the prevention and treatment of obesity, which mainly based on the starch blocker role of α-amylase inhibitor (α-AI) in common bean seeds. In this study, (1) the in vitro and in vivo inhibitory effects of α-amylase inhibitor enriched extracts (α-AIE) from white common bean on fat accumulation was studied, respectively; (2) the regulatory effects of α-AIE on the gut microbiota composition in high-fat diet-induced obese rats was investigated; (3) the 3D printing performance of common bean protein extracts (CBPE) which possess α-AI activity was evaluated.

Firstly, α-AIE was isolated from white common bean seeds (Cultivar Longquanjiuli) and its α-AI activity was determined to be 1027.1±154.2 (U·mg-1 protein). The effects of α-AIE on 3T3-L1 adipocytes differentiation were evaluated. Results of Oil Red O staining showed that a-AIE inhibited 3T3-L1 adipocytes differentiation. The quantitative results revealed that low dose (2 mg/mL) and high dose (4 mg/mL) of α-AIE reduced the lipid content in the mature adipocytes to 90.20% and 68.28%, respectively. Additionally, high dose of α-AIE showed significant suppression effects on the mRNA expression level and the protein expression level of (1) peroxisome proliferator-activated receptor γ (PPARγ), (2) CCAAT-enhancer-binding protein α (C/EBPα), and (3) fatty acid binding protein (ap2). 

Secondly, the anti-obesity effect and gut microbiota modulation properties of α-AIE were verified in high-fat diet-induced obese rats. Intake of α-AIE significantly reduced the body weight, intra-abdominal fat accumulation and improved the serum lipid levels (p<0.05, R=0.94, 0.92 and 0.95), suggesting its inhibitory effects on fat accumulation in vivo. In addition, rats fed the α-AIE diet exhibited higher total short-chain fatty-acid (SCFA) concentrations (p<0.05, R=0.91) in their colonic contents. β-Diversity analysis, principal components analysis and a Venn diagram showed that α-AIE administration changed the gut microbiota composition. At the phylum level, the relative abundances of Firmicutes and Proteobacteria decreased and the relative abundances of Bacteroidetes and Akkermansia increased. Eighty-nine of operational taxonomic units (OTUs) significantly responding to high-fat diet and 30 OTUs significantly responding to α-AIE were identified. The OTUs enriched by α-AIE were mainly assigned to putative SCFA-producing bacteria, including Bacteriodes, Butyricoccus, Blautia and Eubacterium. Twenty-two of OTUs were found to be significantly correlated with obesity indexes. 

Finally, CBPE powders with the α-AI activity of 961.30±29.43 (U·g-1 protein) were further smashed to different superfine grinds for 0, 6, 12 and 24 minutes. Then, the CBPE mixtures of Formula A (CBPE: 40%, alginate: 0.5% and gelatin: 6.0%) and Formula B (CBPE: 12%, xanthan: 0.05%, and agar: 3.5%) were confirmed with the addition of suitable additives, which can be applied in two types of printers (syringe extruder 3D printer and L3D kit 3D printer). Superfine grinding significantly (p<0.05, R=0.99) decreased the particle size of CBPE, and resulted in a reduction in the printability of the food-ink systems mainly through increasing (p<0.05, R=0.99) the adhesiveness of materials for the syringe-based 3D food printer, and increasing the swell powder (p<0.05, R=0.98) of materials for the gear-based 3D food printer. The decrease in the stability of printed products by the syringe-based 3D food printer was mainly due to the reduced water binding capacity (p<0.05, R=0.91) by superfine grinding. Besides, the syringe-based extrusion process was demonstrated to have no obvious effect (p>0.05, R=0.37) on the α-AI activity of CBPE. The 3D products of the L3D kit 3D printer with Formula B lost the α-AI activity but had very high stability. 

All these results indicate that several dose of α-AIE from white common bean can inhibit the fat accumulation both in vitro and in vivo; Intake of α-AIE attenuated obesity and modulated gut microbiota composition in high-fat diet-induced obese rats. The addition of hydrophilic colloid improves the 3D printing performance of CBPE, but ultra-fine grinding degrades it. The results of our study should improve our knowledge of common bean α-IEA and its inhibitory effects on obesity as well as its valorisation and application in food additive manufacturing.

Keywords: Common bean; α-AI; obesity; 3T3-L1 cells; gut microbiota; 3D printing
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- 104 -Figure 20 Supplement datas for the rheological properties of food-ink systems.


- 109 -Figure 21 The hydration property of CBPE mixtures. A1-A2 and B1-B2 represent the swelling power (A1 and B1) and water binding capacity (A2 and B2) for Formula A and Formula B, respectively. Different letters superscripted on the results were significantly different at p<0.05. Abbreviation: CBPE, common bean protein extract; N, normal common bean protein powder; S-6, superfine grinding for 6 minutes, S-12, superfine grinding for 12 minutes; S-24, superfine grinding for 24 minutes; NAG, the mixture of N(40%), alginate (0.5%) and gelatin (6.0%); S-6AG, the mixture of S-6 (40%), alginate (0.5%) and gelatin (6.0%); S-12AG, the mixture of S-12 (40%), alginate (0.5%) and gelatin (6.0%); S-24AG, the mixture of S-24 (40%), alginate (0.5%) and gelatin (6.0%); NAgX, the mixture of N (12%), agar (3.5%) and xanthan (0.05%); S-6AgX, the mixture of S-6 (12%), agar (3.5%) and xanthan (0.05%); S-12AgX, the mixture of S-12 (12%), agar (3.5%) and xanthan (0.05%); S-24AgX, the mixture of S-24 (12%), agar (3.5%) and xanthan (0.05%).
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 Chapter 1

General Introduction
1. General context General 
With the development of society and the change in lifestyle, obesity has become a serious public health problem. A World Health Organization (WHO) report has shown that, the number of obese people has nearly tripled from 1975 to 2016. Obesity, once seen as a problem in high-income countries, is now widespread in low- and middle-income countries. As many as 3.4 million deaths are directly caused by obesity every year, making it the second largest risk factor after smoking
.
1.1. Obesity

It is pointed out that obesity is attributed to the abnormal accumulation of excess adipose tissue. The pathogenesis of obesity is very complex, which is widely believed to be jointly determined by genetic factors (congenital) and environmental factors (acquired) (Caballero, 2007; Prentice & Hennig et al., 2008). However, poor eating habits, sedentary lifestyle and lack of physical activity are important reasons for the development of obesity (Hanefeld & Köhler, 2002; Lalić & Marković et al., 2013). In general, obesity results from a chronic imbalance between energy intake and energy expenditure. Excessive energy intake cannot be consumed and is converted into fat and stored in adipose tissue, which results in an increase in the weight of adipose tissue, especially in the abdominal adipose tissue (Gariani & Menzies et al., 2016).

1.1.1. Obesity and chronic diseases 

Obesity not only greatly lowers people's quality of life, epidemiological studies show that obesity is also related to the occurrence and development of various chronic metabolic diseases (Caballero, 2007), such as insulin resistance, abnormal glucose metabolism, abnormal lipid metabolism, and chronic inflammation, which in turn contribute to the development of obesity (Hand & Armstrong et al., 1989). According to the search results from the keywords of “obesity” and “chronic disease” in the title and abstract, there are more than 20,000 papers in the Web of Science from 2015 to 2020, which indicates that the relationship between obesity and chronic diseases is drawing the attention of many researchers and organizations. Then the highly cited papers were screened out and the bibliographic data was transferred to VOSviewer software for data visualization (Figure 1), except “chronic disease”, the word of “mechanism”, “inflammation” and “patient” were the top three words from the co-occurrence network of the keywords, which may indicate that now the research hotspot on obesity is concentrated at the relation between obesity and sub-health state of the body, as well as the mechanism involved. On the other hand, the words of “gut microbiota” and “cell” were also screened. In these years, it was reported that gut microbiota and obesity are interactional, intestinal flora interacts with host energy metabolism and influence carbohydrate metabolism and obesity, and to help host correct metabolic dysfunction (Dinesh et al., 2017; Lee & Yacyshyn et al., 2018). 
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During the fat accumulation, in case that energy consumption is less than energy intake for a long time, cells are in a state of high encircle energy, which leads to a decrease in the efficiency of insulin in promoting glucose uptake and utilization, and compensatory excessive secretion of insulin causes insulin resistance. It is pointed out that insulin resistance leads to obesity by reducing energy consumption of cells and changing the balance between energy consumption and energy intake in the body (Xu & Barnes et al., 2004). At the same time abnormal glucose metabolism is often accompanied by abnormal lipid metabolism, which is due to the conversion between glucose and lipids via acetyl-CoA. It has been shown that excessive energy intake not only causes abnormal lipid metabolism, but also leads to abnormal glucose metabolism (Louis & Hold et al., 2014).

The abnormality of lipid metabolism is mainly characterized by changes in the serum lipid level. Excessive lipid intake or excessive conversion and accumulation of fat in the body will lead to changes in serum lipid levels, including the increase of the serum total cholesterol (TC), triglycerides (TG) and low-density lipoprotein (LDL), and the decrease of high-density lipoprotein (HDL) (Garcés & Gutierrez-Guisado et al., 2012; Kotsis & Antza et al., 2017). Excessive lipid metabolism will inhibit the activity of citrate synthase, resulting in the disable of acetyl-CoA to synthesize citric acid with oxaloacetate acid, thus inhibiting the tricarboxylic acid (TCA) cycle. Inhibition of the TCA cycle leads to a large amount of accumulation of nutrients that cannot be smoothly degraded, leading to disorders of other metabolic pathways, including lipomatosis, glycolysis, protein metabolism, oxidative phosphorylation and nicotinamide metabolism, etc. (An et al., 2013; Schmid & Converset et al., 2010; Vial et al., 2011; Walley & Asher et al., 2009; Xie et al., 2010; W. Yang & Kelly et al., 2007). Moreover, this is another important cause of such as symptoms as abnormal lipid metabolism, abnormal glucose metabolism, ketosis and other symptoms.
Obesity can also cause many other symptoms, and these factors, in turn, may promote the occurrence and development of obesity, such as, microbial metabolism disorders, etc. (Zhou & Zhao et al., 2019).

1.1.2. Gut microbiotas are a key player in obesity

The human gastrointestinal tract is colonized by a wide variety of microorganisms, including Bacteria, Archaeans, Bacteriophages and Eukaryotes. Bacteria, which account for more than 99 percent of the population, are defined as gut microbiotas. The number of gut microbiotas in adults is up to 1014 (Jones & Zhu et al., 2018). 

The total number of coding genes of these microbiotas is 100 times more than that of human genes, which are collectively known as metronome, and also considered as the "second genome" of humans (Chen & Yuan et al., 2021). In the level of phylum, the gut microbiota of humans is dominated by Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes, and in general, Firmicutes and Bacteroidetes account for almost 90% of all the bacteria (Morgan & Altabella et al. , 2013). Significant differences in the relative abundance of bacteria have also been observed between different populations; these differences are associated with age, living environment, diet, genetic factors, etc. In recent years, an increasing number of studies have shown that the gut microbiota plays an important role in human health. More and more information and data have shown that the gut microbiota is closely related to the development of obesity, insulin resistance and other related metabolic disorders (Louis & Hold et al., 2014; Wang & Ames et al., 2016). Certain gut microbiota have been identified as being involved in energy metabolism, which also results in excessive fat storage, leading to obesity ( Yang & Jeong, 2016).

1.1.2.1. Changes in the gut microbiotas composition of obese people

In recent years, many studies have demonstrated that the occurrence of obesity is closely related to the changes in the gut microbiotas composition. In general, the richness and diversity of obese people have been significantly reduced. A decrease in the relative abundance of Bacteroidetes and an increase the abundance of Firmicutes and Proteobacteria are the typical changes in obese people, compared with the lean ones. In addition, it was observed that the Bacteroidetes/Firmicutes ratio in the subjects who have lost weight would be recovered (Cani & Bibiloni, 2008). In obese children, a positive correction between the abundance of Lactobacillus spp. as well as Staphylococcus spp. and the body mass index (BMI) was reported, however, a negative correction between the abundance of Bacteroidetes vulgatus as well as Bifidobacterium spp. and energy intake were observed. Flint & Duncan et al. (2014) reported that body fat percentage was negatively correlated with the abundance of Akkermansia spp. (belonging to Verrucomicrobia Phyla)(Bäckhed & Ley et al., 2005; Schéle & Grahnemo et al., 2013). Further research speculated that the gut microbiotas of the obese animals were more efficient in extracting energy from food and influence the secretion of adipocyte cytokines such as leptin and adiponectin . Therefore, modulation of the gut microbiota affects appetite control and energy balance, both of which can help prevent the development of obesity (Huang & Krishnan et al., 2016).

1.1.2.2. Dietary components affect gut microbiota composition in different ways

The gut microbiota is influenced by many factors such as the living environment, host genotype, host physiology, lifestyle and dietary structure. Among them, diet can change the composition of the gut microbiota over a very short period of time, and is considered the most important factor (David et al., 2014). Carmody et al (2015) found that, although host genotypes differ, a high-fat, high-sugar diet can repeatedly alter the composition of the gut microbiota; they also highlighted that changed in diet (high or low-fat compositions) can lead to reversible changes in gut microbiota composition. Different food components have distinct influences on the composition of the gut microbiota. In general, most foods are digested and absorbed by the human digestive system. Only indigestible residual food can enter the large intestine and be used by the gut microbiota to provide energy for growth and to produce various metabolites. As indicated by a series of previous studies, all non-digestible food, including carbohydrates, proteins, fats and polyphenols, plays a role in the regulation of the gut microecosystem. The relevant publications have been summarized and presented in Figure 2. The most familiar indigestible component of food is dietary fiber which includes non-starch polysaccharides and resistant starch. A previous study found that β-glucan specifically promotes the proliferation of probiotics like Lactobacillus spp. and Bifidobacterium spp. and inhibit the growth of harmful bacteria Escherichia coli (Shen & Dong et al., 2012). The in vivo study demonstrated that β-glucan and pentosan can reduce the Firmicutes/Bacteroidetes ratio, increase the relative abundance of Prevotella, and the diversity of gut microbiotas (Wang & Ames et al., 2016). Resistant starch (RS) is actually a kind of starch that can not be digested by human gastrointestinal digestive enzymes thus entering the large intestine. Zhu & Dong et al. (2020) found similar effects of RS with β-glucan on gut microbiotas in vivo. The proliferation of Bifidobacterium in the intestine is generally accompanied by an increase in short-chain fatty-acids (SCFAs) including acetic acid, propionic acid, and butyric acid. Acetic acid is mainly absorbed by colonic epithelial cells to promote the growth of colonic mucosa. The excess acetic acid can be further absorbed by butyrate producing bacteria (Roseburia spp. and Eubacterium rectale, etc.) and produce more butyric acid, which explains why β-glucan, pentosan and resistant starch can significantly increase the number of butyrate producing bacteria (Tiwari & Singh et al., 2019). Butyric acid has a series of bioactivities, such as promoting water and electrolyte absorption, providing energy for intestinal cells, and enhancing intestinal epithelial barrier. In addition to dietary fiber, phytochemicals in food, such as polyphenols can regulate gut microbiota composition. More than 95% of polyphenols are conjunct with dietary fiber, thus cannot be absorbed by the small intestine. Besides, gut microbiotas can degrade plant cell walls and release the bound polyphenols. Polyphenols was reported to have improvement effects on growth of Bifidobacterium spp., Lactobacillus spp., Bacteroides spp. and Eubacterium spp (Most & Penders et al., 2017). Polyphenols can be further metabolized by gut microbiotas to form phenolic acids with stronger antioxidant activity(Sirk & Friedman et al., 2011).
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Figure 2 Schematic diagram of dietary components affecting gut microbiota composition in different ways.
In summary, obesity not only makes our body out of shape, changes our life-style, but also may lead to various chronic diseases. In consideration of the harm of obesity to health, obese people urgently need a safe and healthy way to lose weight without side effects. 

1.2.  The introduction and research progress of α-amylase inhibitor (α-AI) from common bean
It was reported that α-AI exists in numerous sources. Natural α-AIs are generally extracted from microorganisms and various plants, and are classified into three types including nitrogenous carbohydrate with an oligonucleotides biogenic amine unit, peptides, and macromolecular protein (Ngoh & Gan, 2016; Sales, Souza, Simeoni, Magalhães, & Silveira, 2012; Sumitani & Tsujimoto et al., 2000). Owing to the role of “starch blocker”, α-AI is getting more and more attention of researchers. As shown in Figure 3A, the term “α-AI” in the title, abstract, or keywords were searched from the Web of Science (1970 to 2020, totally 1841 records limited to “article” and “review”). Especially after 2006, the number of publications increased rapidly. In 2020, 231 publications were shared on the web, which may indicate that the bioactivity of α-AI has attracted an increasing interest. Then the publications data was analyzed by the VOSviewer software Figure 3B (2015-2020, 1286 articles). From the co-occurrence network of keywords, except the “alpha- amylase inhibitor”, researches recently pay more attention on the “extract”, “protein” and “alpha amylase activity”, which indicate that the α-AI extract method, protein source, were research hotspots. 
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Figure 3 Number of scientific publications reported by Web of Science containing the term “α-Amylase Inhibitor” in the title, abstract, or keywords within the years from 1990 to 2020 (A). Co-occurrence network of keywords in bibliographic data from 2015 to 2020 via Vosviewer software. Circles with a larger size represent the keywords appeared at a higher frequency. the top three keywords with the highest frequency are “extract”, “protein”, and“alpha amylase activity” (B).

1.2.1. Different plant sources of α-AI

Nowadays, α-AI extracted from various plants is widely studied and applied. As shown in Table 1, α-AI has been found in edible beans, cereals and Amaranthus sp. The secretion of α-AI in plants was originally used to prevent from being eaten by pests (Mohammad & Ali et al., 2010). The main type of α-AI extracted from different plant sources is macromolecular protein, and different sources of α-AI have various characters. The molecular weights range from 0.9 kDa (Wild Amaranthus) to 45 kDa (Barley and Common bean), and some subunits have been found. 
Rebello & Finley (2014) reported that increased consumption of legumes in dietary contributes to weight control for obese people. Nowadays, common bean (Phaseolus vulgaris L.) has been regarded as one of ingredients for diet foods, due to the high α-AI activity (503.8 to 1925.5 Units per mg protein) and easy access property of extraction. Among various colored common bean varieties, white common bean was reported to be more suitable raw material for extraction of α-AI, because of the low phytohemagglutinin concentration (Carai et al., 2009). Previous studies have demonstrated that α-AI from white common bean, as a role of “starch blocker”, can inhibit the digestion of carbohydrate and starch, thus reducing the energy absorption, and finally showing an anti-obesity activity (Yao et al. 2016). Nowadays, the α-AI extracts from white common bean have become a commercially available raw material for functional food. 
The α-AI extracted from white common bean is a tetramer (α2β2) glycoprotein with a molecular weight (MW) ranging from 15 to 56 kDa (Moreno, Altabella, & Chrispeels, 1990; M. Y. Yang et al., 2008). The varied MW of α-AI may be due to the degradation into small peptides during electrophoresis. This could also be due to genetic varieties or different treatments during the extraction process, which remains to be researched. White common bean α-AI can inhibit the activity of saliva and pancreatic amylase in gastrointestinal tract, hinder or delay the hydrolysis and digestion of main carbohydrates in food by human gastrointestinal tract, lower the decomposition and absorption of starch and carbohydrate, reduce blood sugar, secretion of insulin, and role of fat synthesis, which has be used to treat diabetes and obesity patients diet (Barrett & Udani, 2011). 

Table 1 The details of α-AI protein from different plants.
	Plant 

source
	Molecular weight
	Number of subunits
	Isoelectric point
	Reference

	Wheat
	21 kDa
	4
	7.2
	Kuzovlev & Beskempirova et al., 2018

	Barley
	45 kDa
	
	5.1
	Rodenburg & Vallée et al., 2000

	Millet
	36 kDa
	
	
	Rajendran & Thayumanavan et al., 2000

	Sorghum
	5 kDa
	1
	
	Jr & Richardson., 1991

	Common bean
	36 kDa, 45 kDa
	2
	
	Qin & Wang., 2019; Yang & Zhang et al., 2008; M. Y. Yang et al., 2008

	Peanut
	25 kDa
	
	
	Irshad & Sharma., 1981

	Wild Amaranthus
	0.9 kDa
	1
	
	Wang, Lin & De., 2015

	Rice
	17 kDa
	
	
	Adachi & Izumi., 1993

	Vigna sublobata
	14 kDa
	
	6.0
	Kokiladevi, Manickam & Thayumanavan., 2005


1.2.2. Extraction and purification of α-AI from white common beans
Bioactive α-AI extracts are generally obtained using water extraction method and Supercritical CO2 extraction method. However, there are various purification methods, according to different purposes and costs.
1.2.2.1. Water extraction method and supercritical CO2 extraction method
As shown in Figure 4, water is regarded as a common solvent to isolate bioactive α-AI. Therefore, in general, crude α-AI enriched extracts are obtained from white common beans by water extraction methods. The temperature is the most important factor that affect the extraction efficiency and bioactivity during the extraction process. As reported by Wang et al (2011), the best temperature was 70 ℃. When the temperature was lower than 60 ℃, there would be high lectin content in the extracts, which is slightly toxic to human body. However, when the temperature is higher than 85 ℃, the α-AI extracts will almost be inactive. 

Physical extraction method also has been used to extract and purify α-AI from white common beans. Compared with chemical extraction methods, physical extraction method has various advantages, including higher efficiency, lower pollution, and being suitable for large-scale production. Skop & Chokshi (2005) reported that such impurities as fat and flavor substances were removed by supercritical CO2, and α-AI extracts were then obtained. Nowadays, some factories and companies have, modified and optimized the patent of the Skop and Chokshi, thus realizing large-scale production of commercial α-AI extracts.
1.2.2.2. Purification of α-AI
In essence, crude α-AI enriched extracts are protein, three phase partitioning and chromatography methods are two commonly used methods to purify α-AI (Figure 4). The three phases partitioning method is a simple and effective method of protein purification. The solvent can directly contact with the crude extracts to separate and purify protein. However, α-AI purified by three phases partitioning method has lower bioactivity. Chromatography methods is a method to obtain α-AI with higher bioactivity. Yao et al. (2016) and Wang et al (2011) purified α-AI by tert-butanol treatment and Sephax G-25 chromatography. The optimal conditions are as follows: volume ratio of crude extracts to tert-butanol 1:1, ammonium sulfate saturation 30%, pH 5.25 (Yao, Hu, Zhu, Gao, & Ren, 2016a; Wang et al., 2011). Cellulose column and reversed phase column also can be used to purify α-AI (Marshall & Lauda., 1975; Gibbs, et al.,1998). Gibbs et al., (1998) reported that the α-AI purified by RP-HPLC showed the inhibitory activity of 46131 Units per mg protein, which is the height value in the relevant literatures. 
In summary, for the purification of α-AI protein, the purity of α-AI obtained by three-phase extraction is lower than that by chromatography, but it is low-cost and not environmentally friendly; chromatography process is the earliest method for α-AI extraction and the inhibitory activity of α-AI obtained is the highest, but this method is cumbersome, time-consuming and expensive. While supercritical CO2 extraction method has attracted more and more interests, and it is believed that the shortcomings will be overcome, in the future.
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Figure 4 A summary of α-AI extract and purification with different methods (Yao, Hu, Zhu, Gao, & Ren, 2016a; Wang et al., 2011; Yang et al., 2008; Gibbs et al., 1998; Marshall & Lauda., 1975; Skop & Chokshi., 2005)
1.2.3. The anti-obesity activity mechanism of α-AI

According to previous research, there were two explanations for the inhibition in α-amylase by white common bean α-AI. One suggests that α-AI decomposes α-amylase and inactivates it, thus making it unable to decompose starch (Layer et al., 1986). The other indicates that a complex is formed by α-AI and α-amylase, which prevents the enzyme from contacting the substrate, thus inhibiting enzymatic hydrolysate of starch (Doi et al., 1995). And more evidences support the second explanation that white common bean α-AI inhibits amylase effectively by forming an enzyme-inhibitor complex with α-amylase (Bo-Linn et al., 1983). The specific interaction between α-AI and pig pancreatic a-amylase has also been graphically reported by Bompard & Rousseau et al. (1996), as shown in Figure 5. As tetramer structure, α-AI bind to α-amylase protein as both dimer and tetramer (Nahoum et al., 1999). Intaking the α-AI can prevent the digestion of carbohydrates in small intestine, and reduce energy intake in the body. While if the undigested carbohydrates reach to the large intestine and be used by the gut microbiota are remained to be researched.
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Figure 5 The interaction structure between α-AI and pig pancreatic a-amylase (Bompard & Rousseau et al., 1996). Pig pancreatic a-amylase is shown with α-helices in red and β-strands in blue. Connecting loops are shown in yellow; α-AI is colored purple.
1.2.4. The application of α-AI in functional food production
WHO has claimed that common bean α-AI has no side effect to the human body and can be used as a safe diet agent (C. H. Yang & Chiang, 2014). In recent years, the α-AI enriched extracts from white common beans has been utilized to control appetite and energy intake (Ghorbani & Fatemeh et al., 2018), which is popular in North America and Japan. α-AI from white common bean named Phaseollin Ⅱ is now commercially available, and has been used in the production of various kinds of foods. As shown in Table 2, the main form of α-AI product in the market now is capsule, the content of α-AI extract is higher than 80%, and the hypromellose, gum arabic and magnesium as supplementary materials are added in the capsules. Tablet is another form of α-AI products, but the α-AI extract content ranges from 1.8% to 3.3% in tablets from different companies, so the loss weight activity of the tablets should be questioned. Besides, α-AI extracts have also been researched to add into other forms of food products. Ma & Rang (2018) stated that with the increase of α-AI addition in rice porridge from 0% to 5%, the glycemic index (GI) of rice porridge is continuously decreased from 86.63 to 32.03. 
According to the above research, we can conclude that (1) α-AI extracted from white common beans has high inhibitory activity on the α-amylase; (2) supercritical CO2 extraction method can be used to extract α-AI in actual production with a suitable inhibitory activity and cost; (3) the effect of α-AI on the differentiation of adipocytes and gut microbiota are remained to be studied; (4) α-AI products are limited, while obese people need more α-AI products to lose weight, hence there are lot of different paths for this cause.
Table 2 The different forms of a-AI products.
	Food Forms
	Production
	Content of α-AI extract (%)
	Reference or Manufacturer

	Solid drink powder
	Instant porridge with low GI
	3.0
	Ma & Rang., (2018)

	Solid drink powder
	Keep
	0.2
	Beijing Calorie Technology Co., CN

	Colloidal
	Jelly
	2.5
	Chen., (2019)

	Capsule
	Phase 2
	82
	Healthy Origins Co., USA.

	Capsule
	Phase 2
	81.3
	Natrol LLC Co., USA.

	Capsule
	Phase 2
	82
	Vitobest Co., ESP.

	Tablets
	Sweetycube
	1.8
	Guangdong Yirui Bio Co., CN.

	Tablets
	Heiling
	3.3
	Huaxi Bio Co., CN.


1.3. Food 3D printing technology
1.3.1. 3D printing technology

3D printing technology is also known as additive manufacturing technology (Godoi, Prakash, & Bhandari, 2016). It refers to a method of manufacturing three-dimensional structural objects based on the superposition and deposition of layers (Calignano et al., 2017). Compared with the traditional subtractive manufacturing, it has the following advantages: (1) reducing the waste of raw materials and economic cost; (2) processing rapidly and saving time; (3) free shape of products (Dimas, Bratzel, Eylon, & Buehler, 2013). 
1.3.2. Development of Food 3D printing technology
Currently, due to the advantages of free design of the shape, accurate nutrition, flavor taste, and texture of foods, extrusion-based 3D printing technology has been rapidly developed and widely applied in food technology (Figure 6) (Jingwang Chen et al., 2019; F. Yang, Zhang, Bhandari, & Liu, 2018). It has been reported that 3D printing performance and self-supporting ability are directly related to the rheological and gel properties of food materials (H. Jiang et al., 2019). Therefore, the key factor for the 3D printing of food is tantamount to design raw materials suitable through exploring and regulating their physicochemical properties. Wang et al. (2018), for the first time, got suitable minced fish gel system for extrusion-based 3D printing through improving the gel strength, viscosity and rheological property by addition of NaCl and solid fat (L. Wang, Zhang, Bhandari, & Yang, 2018). Liu et al. (2018) improved printing property of whole mashed potato through addition of 2% potato starch. They concluded that the mixture exhibits good shear dilution behavior, appropriate elastic coefficient and increased viscosity (Zhenbin Liu, Zhang, Bhandari, & Yang, 2018). Cohen et al. (2009) claimed that combining hydrogels with a variety of food ingredients can create printable materials with different textures and tastes (Cohen et al., 2009). Lille et al. (2017) studied the printing property of proteins from different sources. Oat protein and faba bean protein can be well printed, when the solid-liquid ratio respectively reached 35% and 45% (Lille, Nurmela, Nordlund, Metsä-Kortelainen, & Sozer, 2018a). In addition, particle sizes of raw materials will influence their application in 3D printing. Lee et al. (2019) indicated that the particle sizes of spinach powder can affect the rheological properties and printing performance (J. H. Lee, Won, Kim, & Park, 2019).
In summary, the plant-based protein as promising materials is being used in the production of 3D printing food. While if the common bean protein extract (CBPE), enriched α-AI, can be used in the 3D food printers, it may be helpful to the production of α-AI lose-weight foods, which requires further research.
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Figure 6 Products from extrusion-based 3D printing Technology. (Jingwang Chen et al., 2019; F. Yang, Zhang, Bhandari, & Liu, 2018).
2. Objective and outline of the thesis
2.1. Objective and hypothesis
The main objectives of this thesis are to (1) improve our knowledge on the anti-obesity effect of α-AI enriched extracts (α-AIE) from white common beans; (2) explore the relationship between the anti-obesity effects and gut microbiota composition modulation effects of α-AIE; (3) evaluate the 3D printing performance of common beans protein extracts (CBPE) which possess α-AI activity.

To achieve these objectives, for the first part of our research, α-AIE was isolated and purified from white common beans. The effects on differentiation of 3T3-L1 pre-adipocytes was evaluated via Oil red O staining. Furthermore, the potential involved signaling pathway was discussed by RT-PCR and Western Blot analysis.
In the second part, to verify the hypothesis that the indigested starch or carbohydrate prevented by α-AIE may play a similar role to resistant starch in improving gut microbiotas composition, high-fat diet-induced obese rats were administrated with different doses of α-AIE. After 6 weeks, the obesity indexes (body weight gain and serum lipid levels) and gut microbiota composition were analyzed. In addition, a Spearman Correlation Analysis was performed to explore the relationship between the changes in the gut microbiotas and the obesity indexes. 

In the third part, CBPE powders with a-AI activity were further smashed by different superfine grinding durations with 0, 6, 12 and 24 minutes (N, S-6, S-12 and S-24), respectively. Then the CBPE mixtures were applied in two types of 3D printer (syringe extruder 3D printer and gear-based 3D printer), with addition of different additives, respectively. Besides, the rheological and textural properties of the mixtures were analyzed. The effects of 3D printing on the a-AI activity of CBPEs were also evaluated.
2.2. Outline of the thesis

This thesis is based on three scientific papers that have been published or are under review. It is structured as follows:

Chapter 1 (current chapter) introduces the subject of the thesis, gives an overview of the context and describes the overall structure of the PhD thesis (Figure 7).

Chapter 2 investigates the effects of α-AIE from white common beans on the proliferation and differentiation of 3T3-L1 pre-adipocytes. Furthermore, the potential involved signaling pathway was discussed by RT-PCR and Western Blot analysis.
Reference: Shi, Z., Zhang, X., Zhu, Y., Yao, Y & Ren, G. (2020). Natural extracts from white common bean (Phaseolus vulgaris L..) inhibit 3t3-l1 adipocytes differentiation. Applied Sciences, 11(1), 167. https://doi.org/10.3390/app11010167.
Chapter 3 investigates the anti-obesity effects and gut microbiota composition modulation effects of α-AIE in high-fat diet-induced obese rats. The relationship between the changes in the gut microbiotas and the obesity indexes was analyzed.
Reference: Shi, Z., Zhu, Y., Teng, C., Yao, Y., Ren, G & Richel, A. (2020). Anti-obesity effects of α-amylase inhibitor enriched-extract from white common beans (Phaseolus vulgaris L.) associated with the modulation of gut microbiota composition in high-fat diet-induced obese rats. Food & function, 11(2), 1624-1634.
Chapter 4 investigates the 3D printing performance of CBPEs, and evaluates the effects of 3D printing on the a-AI activity of CBPEs.
Reference: Shi, Z., Blecker C., Richel A., Ren G, Yao Y & Haubruge E. Three-dimensional (3D) printability assessment of food-ink systems with superfine ground white common bean (Phaseolus vulgaris L.) protein based on different 3D food printers (Submitted).
Chapter 5 discusses the main results of the thesis and perspectives. Finally, the conclusion of our research is given.
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Figure 7 The experimental design of this thesis.
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Chapter 2

α-AI Enriched Extracts from White Common Bean (Phaseolus Vulgaris L.) Inhibit 3T3-L1 Adipocytes Differentiation

Introduction to Chapter 2
According to chapter 1, α-AI is the responsible component for the anti-obesity effect of white common bean. The anti-obesity dominant mechanism of α-AI is restraining the α-amylase activity in digestive system to further hinder the carbohydrate digestion, and finally help people reduce energy intake. While the direct reason of obesity is the excessive mass of adipogenesis during pre-adipocyte differentiation into mature adipocyte after the body intake too much energy. Hence, if the α-AI can inhibit the differentiation of pre-adipocyte is unknown. Therefore, in chapter 2, the α-AI enriched extracts was isolated from white common bean seeds, and the inhibitory effects on the differentiation of 3T3-L1 adipocytes was evaluated.
Adapted from a published article: Shi, Z., Zhang, X., Zhu, Y., Yao, Y., & Ren, G. (2020). Natural extracts from white common bean (Phaseolus Vulgaris L.) inhibit 3t3-l1 adipocytes differentiation. Applied Sciences, 11(1), 167. https://doi.org/10.3390/app11010167.
Abstract
Recent studies have shown that the consumption of common bean (Phaseolus Vulgaris L.) foods plays an essential role in the prevention and treatment of obesity. α-amylase inhibitor (α-AI) is the mostly focused component in white common bean. In this study, α-amylase inhibitor extract (α-AIE) was isolated from white common bean seeds (Cultivar Longquanjiuli) and its α-AI activity was determined to be 1027.1±154.2 (U·mg-1 protein). The effects of α-AIE on 3T3-L1 adipocytes differentiation were evaluated. Results of Oil Red O staining showed that a-AIE inhibited 3T3-L1 adipocytes differentiation. The quantitative results revealed that low dose (2 mg/mL) and high dose (4 mg/mL) of α-AIE reduced the lipid content in the mature adipocytes to 90.20% and 68.28%, respectively. Additionally, high dose of α-AIE showed significant suppression effects on the mRNA expression level and the protein expression level of peroxisome proliferator-activated receptor γ (PPARγ), CCAAT-enhancer-binding protein α (C/EBPα), and fatty acid binding protein (ap2). 

Keywords: Common bean; α-AI; 3T3-L1, PPARγ
Abbreviations: α-AI: α-Amylase Inhibitor; α-AIE: α-Amylase Inhibitor Extract; ap2: Adipocyte Fatty Acid-Binding Protein; C/EBPα: Ccaat-Enhancer-Binding Protein α; DEX: Dexamethasone; DMEM: Dulbecco’S Modified Eagle’S Medium; DMSO: Dimethyl Sulfoxide; IBMX: Insulin, 1-methyl-3-isobutylxanthine; FBS: Fetal Bovine Serum; PPARγ: Peroxisome Proliferator-Activated Receptor γ; SREBP-1c: Sterol-Regulatory Element Binding Proteins 1 c;

1. Introduction
In recent years, obesity has dramatically increased and becomes a worldwide public health concern (Chooi, Ding, & Magkos, 2019). To date, more than thirty percent of adults across the world are overweight, and almost ten percent of adults are obese (Masa et al., 2019). In China, it’s reported that the rates of overweight and obesity have reached to 23.7% among Chinese children, and 17.6% among Chinese adolescents in 2015 (J. Zhang et al., 2018). Obesity is related with increased occurrence of various chronic metabolic diseases, such as cancer, type 2 diabetes, and cardiovascular disease, which even decreases 5-20 years life depending on the severity of the condition and comorbid disorder (Blüher, 2019). A major and direct characteristic involved in obesity is hypertrophy of pre-existing adipocytes and increased deposition of cytoplasmic triglycerides during pre-adipocyte differentiation into mature adipocytes (Fu, Luo, Klein, & Garvey, 2005; Xiaojin Zhang et al., 2019). Previous studies suggested that several transcription factors, mainly PPAR and C/EBP families, will promote adipocyte differentiation (Kim, Park, Song, & Cha, 2015; Siraj, SathishKumar, Kim, Kim, & Yang, 2015; Tutunchi, Saghafi‐Asl, & Ostadrahimi, 2020). Accordingly, it is helpful to understand the mechanisms of specific nutrients that affect adipocyte differentiation in prevention of obesity and treatment of the associated diseases.

Increasing interests have focused on the use of natural extracts from plants as an alternative approach for the treatment of obesity. It is reported that many natural agents, such as polyphenol, glycoprotein, plant-derived peptides and polysaccharides, exert anti-obesity effects by inhibiting adipocyte differentiation (Toledo, de Mejia, Sivaguru, & Amaya-Llano, 2016; H. Zhu et al., 2013; Y. Zhu et al., 2016; Zingue et al., 2018). Common bean (Phaseolus Vulgaris L.) is one of the traditional food legumes in Africa and South America, and has attracted worldwide attention owing to its well-documented anti-obesity activity (Neil et al., 2019; Singh et al., 1991; Thompson, McGinley, Neil, & Brick, 2017). At present, α-AI is the mostly focused component responsible for the anti-obesity effects of common bean foods. α-AI is able to inhibit saliva and pancreatic amylase, hinder the hydrolysis of starch in food, and decrease the digestion of major carbohydrates, and modulate the gut microbiota composition in vivo, so it can be used to restrain of fat synthesis without side-effects (Layer, Carlson, & Dimagno, 1985; Shi et al., 2020). However, as a glycoprotein, limited research has focused on the effects of α-AI on the adipocyte differentiation.

Consequently, in the present study, we aimed to research the inhibitory effects of α-AIE from white common bean on 3T3-L1 adipocyte differentiation, thus providing a new insight into the anti-obesity effects of common bean foods. Based on this purpose, we firstly isolated α-AIE from white common bean seeds. Then the suppressive effect of α-AIE on 3T3-L1 adipocyte differentiation was evaluated. At last, the effects on the PPARγ signaling pathway were further investigated.
2. Material and Methods
2.1. Chemicals
Insulin, 1-methyl-3-isobutylxanthine (IBMX), dexamethasone (DEX), dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum (FBS), dimethyl sulfoxide (DMSO) and methylene blue were provided by Sigma Chemical Co. (St. Louis, MO). Other analytical grade chemicals were purchased from Tianjinfangzheng Chemical Co. (Tianjin, China).

2.2. Materials

3T3-L1 pre-adipocytes were provided by the Institutes of Biological Sciences of Chinese Academy of Sciences (Shanghai, China). White common bean seeds (Cultivar Longquanjiuli) were provided by the Pinzhen food Co. (Haerbin, China)

2.3. Preparation of α-AIE from common beans

The α-AIE was isolated from white common bean seeds as previously described, with little modification (Yao, Hu, Zhu, Gao, & Ren, 2016a). Briefly, the common bean seeds were ground into powder. The powder was passed through a 60-mesh sieve and extracted with distilled water (1:10 w/v) with constant stirring at room temperature for 2 h. Then, the suspension was centrifuged (12000 g, 60 min), and the supernatant was collected. The supernatant was heated in a bath for 15 min at 70 °C and recentrifuged (12000 g, 20 min). Then, 30% ammonium sulphate and tert-butanol were added into the supernatant. After 1 h, the mixture was centrifuged (2000 g for 10 min), and the lower aqueous layer was collected and desalted using a Sephax G-75 column (GE Healthcare, USA) equilibrated with a 10 mmol L-1 citrate/phosphate buffer (pH 8.0). Then, the α-AIE product was obtained by freeze drying. 

2.4. SDS-PAGE analysis

An SDS-PAGE analysis was performed according to the method reported by Yao et al (2016a) with some modification (Yao et al., 2016a). The α-AIE product was dissolved in distilled water (10 mg/mL). After preprocessing, a molecular weight standard (5 μL) and the α-AIE sample (20 μL) were loaded on a 12% (w/v) separating gel. The electrophoresis results were visualized by Coomassie brilliant blue staining. 

2.5. α-amylase inhibitory activity assay for α-AIE

The α-AI activity was determined as reported by Wang et al (H. H. Wang, Chen, Jeng, & Sung, 2011). Porcine pancreatic α-amylase (40 units/mL) and the α-AIE sample (1 mg/mL) were dissolved in a sodium succinate buffer (15 mM NaOH, 20 mM CaCl2, 0.5 M NaCl, pH 5.6). Soluble starch (2%, w/v) was dissolved in 20 mM PBS containing 6.7 mM NaCl (pH 6.9). The mixture of the porcine pancreatic α-amylase solution (100 μL) and α-AIE solution (100 μL) was incubated in a water bath (37 °C, 30 min). Then, 400 μL of soluble starch solution was added. The reaction was stopped after 1 min by adding 800 μL of 3,5-dinitrosalicylic acid and kept in a boiling water bath for 10 min. Finally, distilled water was added to bring the volume to 6 mL. A parallel trail was performed with the same amount of porcine pancreatic α-amylase but without α-AIE. The inhibition activity of the α-AIE was determined by comparison of the two results. One inhibitory unit was defined as the amount of α-amylase inhibitor that completely inhibited the activity of one unit of enzyme. 

2.6. Cell cultures

For the 3T3-L1 pre-adipocytes, 10% FBS, 1% penicillin and 1% streptomycin were added to the DMEM and cultured in a humidified atmosphere (37 °C, 5% CO2).

2.7. Cell cytotoxicity assay

The cytotoxicity was evaluated by a reported method (X. Jiang, Li, & Liu, 2016) with the concentrations from 0-4 mg/mL of α-AIE or DMEM medium. Three wells were used for each condition and values are average of three replicates. 

2.8. 3T3-L1 adipocyte differentiation

The method of Zhu et al. was used to evaluate the inhibition of α-AIE on the 3T3-L1 adipocyte differentiation following the 2 steps (Y. Zhu et al., 2016). Step 1: 3T3-L1 pre-adipocytes were firstly cultured in DMEM containing 10% FBS, 1% penicillin, and 1% streptomycin until fusion. Then differentiation medium I (0.1 μM DEX, 0.5 mM IBMX and 10 μg/mL insulin in DMEM) was added to replace the basic medium, and cultured for 48 h. Step 2: The differentiation medium II (5 μg/mL insulin in DMEM) was added to replace the medium I and cultured for additional 48 h. Finally, medium II were replaced with DMEM containing α-AIE (2 mg/mL or 4 mg/mL), and continued culture for 24 h. During the experiments, three wells were used for each condition and values are average of three replicates.

2.9.  Oil Red O Staining

The Oil Red O Kit (Solabio Life science, Beijing, China.) was used to stain 3T3-L1 cells. Olympus (Tokyo, Japan) microscope was used to capture Images. Then isopropanol was added to extract the stained Oil Red O. A microplate reader (Bio-Rad, Ma., U.S.A.) was used to determine the OD absorbance (492 nm). The final values are average of three replicates.

2.10. mRNA expression analysis

Tizol Reagent (Invitrogen, Carslbad, CA) and the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) were used to extract the total mRNA and to generate the Complementary DNA (cDNA), respectively. The mRNA expression level of PPARγ, C/EBPα, SREBP1c, lipoprotein lipase (LPL) and fatty acid binding protein (ap2) was analyzed by a 7300 Real Time PCR (RT-PCR) System (Applied Biosystems, Foster City, CA). The gene sequence of each primer was list in Table 3, and β-Actin gene was used as an internal standard gene. The relative amount of each gene was calculated using the 2-(∆∆Ct) method (Kowalska, Olejnik, Rychlik, & Grajek, 2015). Analysis was carried out in triplicates. 
Table 3 The gene sequence of each primer.

	Gene name
	Primer Sequence
	Accession No.

	PPARγ
	TTTTCAAGGGTGCCAGTTTC
	NM_011146

	C/EBPα
	TTACAACAGGCCAGGTTTCC
	NM_007678

	SREBP1c
	ACAGACAAACTGCCCATCCA
	NM 011480.3

	LPL
	CATCGAGAGGATCCGAGTGAA
	NM_008509

	ap2
	GGCCAAGCCCAACATGATC
	NM_024406

	β-actin
	CCACAGCTGAGAGGGAAATC
	X03672


2.11. Protein analysis 

The protein expression level of PPARγ, C/EBPα, SREBP1c, LPL and ap2 was evaluated by the Western Blot analysis as reported by a previous study (Y. Zhu et al., 2016). The anti- PPARγ, C/EBPα, SREBP-1c, ap2 and LPL, β-actin antibody and HRP-conjugated secondary antibody were provided by Protein tech Group (Chicago, IL). The Super Signal ELISA Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, Massachusetts) was used to detect signal. Analysis was carried out in triplicates.

2.12. Statistics

Values were expressed as the means ± SD, and all the above assays were repeated at least three times. SAS (STATISTICAL ANALYSIS SYSTEM) version 9.4 was used to process data by ANOVA and Tukey's test. Cell culture data were analyzed with one-way ANOVA followed by Dunnett’s t-test to compare treatments with control group.

3. Results and Discussion
3.1. Quality and cell cytotoxicity analysis of α-AIE from common bean

Firstly, we evaluated the quality of the α-AIE extract from white common bean seeds. The α-AI activity of α-AIE was determined to be 1027.1±154.2 (U mg-1 protein) and the protein content is 68.97%. A major band existed between 25 and 37 kDa (Figure 8). Our previous result showed that the α-AI activity of α-AIE from different common bean accessions varied from 613.40 to 1925.58 U mg-1 protein (Yao, Hu, Zhu, Gao, & Ren, 2016b). In order to exclude the effects of nonspecific toxicity on the adipogenesis physiological process, the toxicity of the above extracts was evaluated. α-AIE exhibited no cytotoxicity on 3T3-L1 adipocytes at the tested concentrations (0-4 mg/mL) (Figure 9). 
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Figure 8 SDS-PAGE of α-AIE. Abbreviation: α-AIE, α-amylase inhibitor extracts from common bean.
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Figure 9 The cytotoxicity of α-AIE. Cultures in basal medium served as control. Three independent experiments were performed and the data were shown as mean ± SD. There is no significant difference between experimental groups and control.
3.2. Intracellular lipid accumulation
A recent in vivo study revealed that consumption of whole common bean foods reduces the fat mass of obese rats and regulates expression level of genes implicated in lipid metabolism (Thompson et al., 2017). In this study, an in vitro experiment was performed to demonstrate the influence of α-AIE on lipid accumulation. Due to the starch blocker role, α-AI is always thought to be the major bioactive component responsible for the anti-obesity effects of common bean foods (Santimone et al., 2004; Zou et al., 2019). The present results showed that α-AIE form white common bean inhibit the 3T3-L1 adipocyte differentiation (Figure 10A). The O.D. absorbances are reduced to 90.20% and 68.28% by 2 mg/mL of a-AIE and 4 mg/mL of a-AIE, respectively (Figure 10B). These results give us a new sight into the mechanism of the anti-obesity effects of a-AI from common bean, except for the inhibition of starch digestion.

A

[image: image9.png]0-AIE (2mg/mL) 0-AIE (4 mg/mL)




B

[image: image10.png]Percentage of absorbance

c

Pre-Adipocyte  Adipocyte o-AIE 2 o-AIE 4
mg/mL mg/mL




Figure 10 Effects of α-AIE on lipid accumulation in 3T3-L1 cells. (A) Oil-red O staining, and (B) O.D. absorbance value. The data was expressed as mean ± SD. Different letters mean significant difference (p < 0.05, R=0.98).
3.3. mRNA and protein expression of PPARγ, C/EBPα and SREBP-1c
The PPARγ, C/EBPα and SREBP1c are sequentially and cooperatively expressed during 3T3-L1 adipocyte differentiation (Hadrich & Sayadi, 2018). PPARγ is an essential factor in adipocyte differentiation, which is involved in the regulation of adipocyte lipogenesis. C/EBPα triggers the expression of adipocyte-specific gene together with PPARγ. SREBP1c controls fatty acids synthesis during 3T3-L1 adipocytes differentiation (Sung, Suh, & Wang, 2019; Q.-Q. Yang, Gan, Ge, Zhang, & Corke, 2019). In present study, we investigated whether the reduced intracellular lipid contents were related to the decreased expression of these transcription factors. The results of the RT-PCR analysis and Western Blot analysis demonstrated that α-AIE suppress the mRNA expression level and protein expression level of PPARγ, C/EBPα and SREBP-1c, in a dose-dependent manner (Figure 11 and 12). No statistical significances (p>0.05, R=0.96, 0.99 and 0.97 respectively) are found in low dose of α-AIE (2 mg/mL). PPARγ, C/EBPα and SREBP1c are early expressed in adipocyte differentiation. Our results suggest that α-AIE inhibits adipogenesis of 3T3-L1 adipocytes at early stage of adipogenesis.
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Figure 11 Effects of α-AIE on the mRNA expression level of PPARγ, C/EBPα, SREBP1c, LPL and ap2. The data was expressed as mean ± SD. Different letters mean significant difference (p < 0.05, R values were 0.96, 0.99, 0.97, 0.93 and 0.97 for PPARγ, C/EBPα, SREBP1c, LPL and ap2, respectively).
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Figure 12 Effects of α-AIE on the protein expression level of PPARγ, C/EBPα, SREBP1c, LPL and ap2. The data was expressed as mean ± SD. Different letters mean significant difference (p < 0.05, R values were 0.97, 0.98, 0.99, 0.83 and 0.85 for PPARγ, C/EBPα, SREBP1c, LPL and ap2, respectively)
3.4. mRNA and protein expression of LPL and ap2

Since the inhibitory effect of α-AIE on the mRNA and protein expression of PPARγ and C/EBPα were demonstrated, we next evaluated the effects on the expression of ap2 and LPL. Excess ap2 secreted from adipose tissue acts as a hormone, supporting inter-organ communication and resulting in lipid derangement (Burak et al., 2019). As shown (Figure 11), obvious inhibition in the expression of ap2 was only observed for high dose of α-AIE (4 mg/mL). Excess fatty acids can enter into white fat cells under the action of LPL and be stored after esterification, it may tend to obese (Aranaz et al., 2019). α-AIE had no statistical effect on it. The western-bolt results show that the LPL and ap2 protein expression levels are consistent with mRNA expression and show a similar trend (Figure 12). These results further demonstrate that CBP showed better inhibitory effects on adipocyte differentiation than α-AIE. 

4. Conclusion

In conclusion, α-AIE inhibit 3T3-L1 adipocytes differentiation evidenced by the results of Oil red O staining. In addition, α-AIE downregulate the mRNA and protein expression level of PPARγ, C/EBPα, SREBP-1c and ap2.
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Chapter 3

Anti-obesity Effects of α-AI Enriched Extracts from White Common Beans (Phaseolus vulgaris L.) Associated with The Modulation of Gut Microbiota Composition in High-fat Diet-induced Obese Rats

Introduction to Chapter 3

According to the research of chapter 2, the in vitro inhibitory effects of α-AIE on lipid accumulation were evaluated. The results showed that only high dose of α-AIE can inhibit the 3T3-L1 adipocyte differentiation, which indicated that the inhibiting effect on 3T3-L1 adipocytes is not the dominant mechanism of the anti-obesity effects of α-AI. According to the review in chapter 1, α-AI inhibits the starch or carbohydrate digestion, and the undigested starch or carbohydrate prevented by α-AIE may reach to large intestine, which maybe fermented by gut microbiota. It was reported that regulation of gut microbiota composition plays an important role in anti-obesity. In other words, α-AI is likely to existed anti-obesity effect through regulation of gut microbiota composition. Therefore, in chapter 3, we further investigated the in vivo inhibitory effects of α-AI on the intra-abdominal fat accumulation and the relationship between gut microbiotas composition and the intake of α-AI in obese rats. 
Adapted from: Shi, Z., Zhu, Y., Teng, C., Yao, Y., Ren, G., & Richel, A. (2020). Anti-obesity effects of α-amylase inhibitor enriched-extract from white common beans (Phaseolus vulgaris L.) associated with the modulation of gut microbiota composition in high-fat diet-induced obese rats. Food & function, 11(2), 1624-1634.
Abstract
The anti-obesity effect and gut microbiota modulation properties of α-amylase inhibitor extract (α-AIE) was verified in high-fat diet-induced obese rats. Intake of α-AIE significantly reduced the body weight gain, intra-abdominal fat accumulation and improved the serum lipid levels, suggesting its inhibitory effects on fat accumulation in vivo. In addition, rats fed the α-AIE diet exhibited higher total short-chain fatty-acid (SCFA) concentrations (p<0.05, R=0.91) in their colonic contents. β-Diversity analysis, principal components analysis and a Venn diagram showed that α-AIE administration changed the gut microbiota composition. At the phylum level, the relative abundances of Firmicutes and Proteobacteria decreased and the relative abundances of Bacteroidetes and Akkermansia increased. Eighty-nine of operational taxonomic units (OTUs) significantly responding to high-fat diet and 30 OTUs significantly responding to α-AIE were identified. The OTUs enriched by α-AIE were mainly assigned to putative SCFA-producing bacteria, including Bacteriodes, Butyricoccus, Blautia and Eubacterium. Twenty-two of OTUs were found to be significantly correlated with obesity indexes. 

Keywords: α-AI, common beans, obesity, gut microbiota, SCFA
Abbreviations: α-AI: α-Amylase Inhibitor; α-AIE: α-Amylase Inhibitor Extract; BMI: Body Mass Index; BW: Body Weight; HDL-C: High-Density Lipoprotein Cholesterol; HFD: High-Fat Diet; HMG-CoA: 3-hydroxy-3-methylglutaryl-CoA; IaF: Intra-Abdominal Fat Accumulation; LDL-C: Low-Density Lipoprotein Cholesterol; LPL: Lipoprotein Lipase; OTUs: Operational Taxonomic Units; PCA: Principal Component Analysis; SCFA: Short-Chain Fatty-Acid; TC: Total Cholesterol; TCA: Tricarboxylic Acid; TG: Triacylglycerols;

1. Introduction
Obesity is the fifth leading risk for death globally, and 2.8 million people die worldwide every year due to obesity-associated complications (Parratte, Pesenti, & Argenson, 2014). Clinical studies indicate that dietary intervention can help in the prevention and treatment of obesity (Schmidt, Bechtold-Dalla Pozza, Bonfig, Schwarz, & Dokoupil, 2008). A recent meta-analysis showed that an increased proportion of legumes in the daily diet can effectively improve weight control for those who are obese (Ricci, Gaeta, Rausa, Macchitella, & Bonavina, 2014). The common bean (Phaseolus vulgaris L.) is one of the most important food legumes in the world, representing 50% of the grain legumes for direct human consumption (Pop & Ciulca, 2013).α-AI, which is a seed storage glycoprotein and inhibits the activity of mammalian α-amylases, can be extracted from most wild and cultivated common bean accessions.(Brain-Isasi, Álvarez-Lueje, & Higgins, 2017). Acting as a key enzyme for starch metabolism, mammalian α-amylase has been recognized as a therapeutic target for weight and obesity-associated complications, such as postprandial hyperglycemia and dyslipidemia (Lüthi et al., 2015). In recent years, the α-AIE from white common beans has been utilized to produce products known as starch blockers that are claimed to interfere with the breakdown of carbohydrates and reduce starch digestion and absorption (Champ, 2002). Several clinical studies support the beneficial use of α-AIE from common beans in the control of obesity and confirm its safety (Chokshi, 2006). 

The gut microbiota plays an essential role in human and animal health. Early studies have clarified significant differences in the gut microbiota composition in lean and in obese individuals. Both Ley et al (Ley et al., 2005). and Turnbaugh et al (Turnbaugh et al., 2006). demonstrated that, compare with lean mice, there was a 50% reduction in the abundance of Bacteroidetes and a proportional increase in Firmicutes in obese mice. Besides, obesity also affects the diversity of gut microbiota in mice. Further researches speculated that the gut microbiotas of the obese animals were more efficient in extracting energy from food and influence the secretion of adipocyte cytokines such as leptin and adiponectin (Bäckhed et al., 2005; Schéle et al., 2013). Therefore, modulation of the gut microbiota affects appetite control and energy balance, both of which can help prevent the development of obesity (H. Huang et al., 2016).
Diet composition has emerged as a major factor in shaping the gut microbiota and is even more important than the host genetic factors (David et al., 2014). Variations in the essential constituents of food, especially in the amounts and kinds of carbohydrates (starch and non-starch polysaccharides), affect the composition of the gut microbiota and the gut health status. A carbohydrate-restricted diet induces an increase in the relative abundance of Bacteroidetes (Turnbaugh et al., 2006). Accumulating evidence shows that increased consumption of non-starch polysaccharides, which mainly includes dietary fiber and dietary resistant starch, improves the diversity of the microbiota and increases the relative abundance of probiotics (Dong et al., 2016; Shen et al., 2012). Dietary resistant starch is reported to change 71 bacterial OTUs, including the enrichment of three Bacteroides species and one each of the Parabacteroides, Oscillospira, Blautia, Ruminococcus, Eubacterium, and Christensenella species (Upadhyaya et al., 2016). Both dietary fiber and resistant starch cannot be totally digested by the gastrointestinal tract and can be fermented by the gut microbiota as a carbon source, which results in a growth-promotion effect on the gut microbiota (Trompette et al., 2014; Upadhyaya et al., 2016). Therefore, based on the ‘starch blocker’ role of α-AI, we hypothesized that more undigested carbohydrates will reach to the large intestine and be used by the gut microbiota through supplementing the diet with α-AIE, thus indirectly modulating the gut microbiota composition. Verification of this hypothesis will establish a potential mechanism of the beneficial effects of common beans.

In this study, we isolated α-AIE from white common bean seeds and evaluated its anti-obesity effects on High-Fat Diet (HFD) rats. In addition, the SCFAs and composition of the gut microbiota in the colon were assessed using 16S rRNA gene sequencing.

2. Material and methods
1.1. Materials and reagents

Common bean seeds (cultivar Longquanjiuli) were commercially obtained from Pinzhen food Co. (Haerbin, China). Commercial assay kits for TC, TG, HDL-C, and LDL-C were purchased from Bio Sino Bio-technology and Science, Inc. (Beijing, China). The basic diet and 45% HFD (Research diet-D-12451) were purchased from Trophic Animal Feed High-Tech Co. (Nantong, China). An E.N.Z.A. ® Stool DNA isolation kit was purchased from Omega Bio-Tek, Inc. (Doraville, CA, USA). Acetic acid, propionic acid, isobutyric acid, butyric and crotonic acid standards were purchased from Sigma, Inc. (St. Louis, MO, USA). Formalin, hematoxylin, and all other chemicals were analytical reagent grade.

1.2.  Extraction of α-amylase inhibitor
Common bean was suspended in distilled water (1:10, w/v; pH 6.50), stirred for 2 h at room temperature, and centrifuged at 12,000 ×g for 60 min. The supernatant (pH 5.25) was heated for 15 min at 70 °C to denature heat-labile proteins, which were removed by centri- fugation at 12,000 ×g for 20 min. The remaining supernatants were subjected to 1 h protein partitioning by addition of 30% ammonium sulfate and tert-butanol. The mixture was then centrifuged (2000 ×g for 10 min) to facilitate the separation of phases. The lower aqueous layer was collected and desalted using a Sephax G-75 column (GE Healthcare, USA) equilibrated with 10 mmol L−1 citrate/phosphate buffer (pH 8.0). The α-AIE product was obtained by freeze drying.
1.3. Animals and the experimental design

Seventy male Sprague-Dawley rats (6 weeks of age, weighing 210±15 g) were obtained from the Animal Center of Peking University. The experiment was carried out according to the European Community Guidelines for the Use of Experimental Animals and approved by the Peking University Committee on Animal and Use. After 7 days of acclimatization, 9 randomly selected rats were fed a basic diet, and the other 61 rats were fed a 45% HFD. After 6 weeks, 36 obese rats (with weights of more than 110% of the average body weight of the rats fed a normal diet) were selected and randomly divided into 4 groups (n=9) as follows: L-α-AIE group (0.5% addition), M-α-AIE group (1.0% addition), H-α-AIE group (1.5% addition) and obese group. The 9 rats fed with a basic diet were considered to the normal group. Then, the rats in the five groups were fed with 5 different experimental diets for 10 weeks. The compositions of the experimental diets for each group are listed in the Table 4. The progress and allocation to diet group are shown in the Figure 13. The rats had free access to water and food during this period. The rats in each group were housed in five cages (two per cage) at 23 °C in a 12-hour light-dark cycle animal room.
Table 4 Experimental diets for rats in different groups.
	
	Diet (g/100g dried feed)

	
	Normal group
	L-α-AIE
	M-α-AIE
	H-α-AIE
	Obese group

	Basic diet*
	100.00
	--
	--
	--
	--

	HFD*
	--
	99.5
	99.0
	98.5
	100.0

	α-AIE
	--
	0.5
	1.0
	1.5
	--


*Basic diet and HFD were commercially available. Abbreviations: HFD, 45% high-fat diet; α-AIE, α-a-amylase inhibitor extracts from common bean; L-α-AIE, low dose of α-AIE group; M-α-AIE, medium dose of α-AIE group; H-α-AIE, high dose of α-AIE group.
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1.4. Measurement of the food intake, body weight gain and food efficiency ratio
During the experiment, the food intake of the rats was recorded and the body weights of the rats were measured after a 12 h overnight fast every 2 weeks (0 w, 2 w, 4 w, 6 w, 8 w and 10 w). The food efficiency ratio was calculated as body weight gain/cumulative food intake.

1.5. Measurement of the intra-abdominal fat accumulation and serum lipid level

After 10 weeks of oral administration of α-AIE, the abdominal fat, including the epididymal fat, perirenal fat and peribowel fat, was weighed. The serum TC, TG, HDL-C and HDL-C were quantified according to the manufacturer’s instructions using commercial enzymatic kits from BioSino Bio-technology and Science, Inc. (Beijing, China).

1.6. Measurement of the total colon weight, empty colon weight and colonic contents weight 

The whole colon was separated and weighted. The colonic contents were carefully collected and divided into three parts. Then, the colonic contents were immediately frozen in liquid N2 and stored at -80 °C for further analysis. The empty colon was weighed. The colonic content weight was calculated as the total colon weight minus the empty colon weight. 

1.7. Measurement of the colonic content pH and the SCFA concentration

The colonic contents were thawed at 4°C, diluted 10-fold (w/v) in distilled water and homogenized (Vortex-Genie 2, Service Science & Technology, Beijing, China). A pH meter (PB-10, Sartorius, Gottingen, Germany) was used to determine the pH values. 

The SCFA concentration was determined according to Han et al. and Dong et al., with modifications (F. Han et al., 2018; Muto et al., 2006). The frozen colonic contents (0.1-0.2 g) were diluted with 1 mL of ice-cold physiological saline. After centrifugation (12000 g, 5 min), the supernatant was collected, and then 25% (w/v) metaphosphoric acid solution was added to the mixture (9:1 v/v). The mixture was incubated at 4°C overnight, and the supernatant was collected for gas chromatography analysis after centrifugation (12000 g, 5 min). A GC-14A gas chromatograph equipped with a flame ionization detector (Shimadzu Corp, Kyoto, Japan) was used to analyze the SCFAs in the colonic contents. Acetic acid, propionic acid, isobutyric acid and butyric and crotonic acid were used as standards. A 30 m × 0.53 mm ID fused silica capillary column (PEG-20M stationary phase) was used with nitrogen as the carrier gas at a flow rate of 3 mL/min. The column temperature was 80°C, and the detector temperature was 240°C.

1.8. DNA extraction and Illumina HiSeq Sequencing

The total genomic DNA was extracted from the colonic contents according to the manufacturer’s instructions using a QIA amp DNA Stool Mini Kit (Qiagen, USA). The bacterial 16S rRNA gene V3 region was PCR amplified from the microbial genomic DNA using the forward primer 5’-CCTACGGGAGGCAGCAG-3’and reverse primer 5’-ATTACCGCGGCTGCTGG-3’. High-throughput sequencing of the amplicons was performed by Novo Gene Corporation using the Illumina HiSeq 2500 system.

1.9. Bioinformatics and statistical analysis

High quality paired-end reads from the original DNA fragments were merged with those that overlapped the reads generated from the opposite end of the same DNA fragment. Sequence analysis was performed by the QIIME software package, version 1.8.0 (http://qiime.org). The UCLUST method was used to select the OTUs and the representative sequences for each OTU. Then, the OTUs were annotated with taxonomic information based on the RDP classifier using the Green gene database. The relative proportion of each OTU was examined at the phylum and genus levels. Principal component analysis (PCA) and alpha (within a community) and beta (between communities) diversity analyses were performed using QIIME and the R program. 

1.10. Statistics

The obtained data were analyzed with the SAS (STATISTICAL ANALYSIS SYSTEM) version 9.4 method. The differences among the groups were evaluated for the significant difference (p<0.05) by the Tukey post hoc test. The results were expressed as the mean ± SD. 

3. Results and discussion

1.1. Effect of α-AIE on body weight gain, food intake and the food efficiency ratio

A 45% high-fat diet is similar to the western diet in human and is generally used to establish diet-induced obesity model. In this study, high-fat diet-induced rats were used to evaluate the anti-obesity effects of α-AIE. The body weight of each rat was recorded every two weeks (Table 5). At the baseline (0 w), no significant difference (p>0.05, R=0.89) was found in the body weights of the rats from obese group, L-α-AIE group, M-α-AIE group and H-α-AIE group. After 6 weeks of α-AIE administration, the rats from H-α-AIE group had significantly lower (p<0.05, R=0.92) body weights than those of the rats from obese group. After 10 weeks, the rats from the M-α-AIE group also showed significantly lower body weights (p<0.05, R=0.94) than those of the rats from obese group, and the body weights of the rats from H-α-AIE group were significantly higher (p<0.05, R=0.94) than those from the L-α-AIE group. Thus, the oral consumption of α-AIE (0.5-1.5% addition) inhibited body weight gain in the obese rats, and the body weight-lowering effect was time- and dose-dependent. These results are consistent with the study by Perricone et al., who reported that addition of common bean extract to the daily diet at a dose of 1000 mg/day for an adult could significant enhance weight loss in overweight men and women (Perricone, 2010). The food intake of the rats that had received α-AIE was lower than that of obese group, and the food efficiency ratio was also reduced. α-AI from common beans has been reported to inhibit mammalian α-amylases, reduce starch metabolism and decrease the production of simple sugars, thus reducing the energy derived from food (Brain-Isasi et al., 2017). In addition, Layer et al (1985) demonstrated the bioavailability of α-AI in vivo and found that a partially purified inhibitor with high activity was stable in human gastrointestinal secretions and could rapidly inactivate amylase in the human intestinal tract at doses of more than 2 mg/mL at 5 mL/min (Layer et al., 1985).

Table 5 Effect of α-AIE on body weight gain, feed intake and food efficiency ratio.
	
	
	0w
	2w
	4w
	6w
	8w
	10w

	Body weight

(g)
	Obese group
	574±17b
	617±19b
	652±13b
	684±15c
	711±14c
	736±18d

	
	L-α-AIE group
	574±15b
	621±12b
	649±17b
	677±13bc
	700±15bc
	721±14cd

	
	M-α-AIE group
	573±17b
	611±17b
	636±14b
	661±17bc
	679±15bc
	697±10bc

	
	H-α-AIE group
	574±16b
	609±19b
	630±17b
	653±19b
	670±14b
	688±11b

	
	Normal group
	506±9a
	538±16a
	566±15a
	591±13a
	617±16a
	640±11a

	Body weight gain

(g)
	Obese group
	
	43±4bc
	35±4b
	32±3b
	27±3b
	26±4b

	
	L-α-AIE group
	
	47±3c
	28±3ab
	28±4ab
	23±3ab
	21±3ab

	
	M-α-AIE group
	
	38±4abc
	25±4a
	25±4a
	19±3a
	17±3a

	
	H-α-AIE group
	
	35±4ab
	21±4a
	23±4a
	17±4a
	17±3a

	
	Normal group
	
	32±3a
	28±4ab
	26±3a
	26±3ab
	23±3ab

	Feed intake

(g)
	Obese group
	
	165±12a
	162±9bc
	157±12a
	145±14ab
	139±12ab

	
	L-α-AIE group
	
	165±13a
	154±12ab
	153±12a
	141±8a
	131±5a

	
	M-α-AIE group
	
	162±9a
	141±8a
	149±8a
	138±9a
	132±9a

	
	H-α-AIE group
	
	161±8a
	139±12a
	150±11a
	140±14a
	130±11a

	
	Normal group
	
	172±9a
	168±10bc
	163±12a
	165±10b
	152±5b

	  Food efficiency ratio
	Obese group
	
	0.26
	0.22
	0.2
	0.19
	0.18

	
	L-α-AIE group
	
	0.28
	0.18
	0.18
	0.16
	0.16

	
	M-α-AIE group
	
	0.23
	0.18
	0.17
	0.14
	0.13

	
	H-α-AIE group
	
	0.22
	0.15
	0.15
	0.12
	0.13

	
	Normal group
	
	0.19
	0.17
	0.16
	0.16
	0.15


Data are presented as the mean ± SD (n=9). Values in the same column that do not share the same lowercase letter are significantly different (p<0.05). Abbreviation: α-AIE, α-amylase inhibitor extracts from common bean.

1.2. Effect of α-AIE on intra-abdominal fat accumulation and serum lipid levels

Intra-abdominal fat accumulation plays an important part in the pathogenesis of lipid metabolism in obesity (Fujioka, Matsuzawa, Tokunaga, & Tarui, 1987) in this study, compared with the rats fed with a basic diet, the rats fed with the HFD had higher abdominal fat accumulation, and they developed the hallmark features of dyslipidemia, including elevated serum TC, TG and LDL-C levels and a reduced HDL-C level (Table 6). After oral administration of a medium dose and a high dose of α-AIE, the abdominal fat accumulation, serum TG and serum LDL-C levels elevated by the HFD were significantly reduced (p<0.05, R=0.92, 0.95, and 0.86 respectively). In addition, the α-AIE improved the serum TC and HDL-C levels; however, differences between obese group and the three α-AIE groups had no statistical significance (p>0.05, R=0.81 and 0.74 respectively). These results indicate that α-AIE mitigated HFD-induced dyslipidemia in a dose-dependent manner, which was consistent with a previous study by Yao et al., who reported that α-AI extracted from red kidney beans had a significant lipid-lowering effect in Kunming mice (L. Han et al., 2013).
Table 6 Effect of α-AIE on intra-abdominal fat accumulation and serum lipid level.
	
	Intra-abdominal fat (%)
	TG (mmol/L)
	TC (mmol/L)
	LDL-C (mmol/L)
	HDL-C (mmol/L)

	Obese group
	72±9c
	2.13±0.21d
	2.86±0.27b
	1.13±0.07d
	1.68±0.09a

	L-α-AIE group
	75±7c
	1.91±0.12c
	2.92±0.23b
	1.02±0.21cd
	1.66±0.12a

	M-α-AIE group
	61±8b
	1.42±0.20b
	2.74±0.29b
	0.94±0.16c
	1.7±0.11a

	H-α-AIE group
	57±7b
	1.37±0.19b
	2.63±0.27b
	0.76±0.19b
	1.85±0.13ab

	Normal group
	31±2a
	0.65±0.11a
	2.03±0.18a
	0.44±0.12a
	1.98±0.15b

	R value
	0.92
	0.95
	0.81
	0.86
	0.74


Data are presented as the mean ± SD (n=9). Values in the same column that do not share the same lowercase letter are significantly different (p<0.05). Abbreviation: α-AIE, α-amylase inhibitor extracts from common bean.

1.3. Effect of α-AIE on the weight of the colonic contents, the pH of the colonic contents and the SCFAs 

Because α-AIE can inhibit the absorption of starch in the gastrointestinal tract, we hypothesized that the undigested dietary starch reaches the colon and is fermented by the gut microbiota (YiChen et al., 2018). To support this hypothesis, we first evaluated the effects of α-AIE on the weight and pH of the colonic contents and the SCFA concentration as well as the SCFA profiles in the colonic contents. As shown in Table 7, the total colon weight, the empty colon weight and the colonic content weight of the rats from obese group were similar to those of the normal rats, indicating that the high-fat diet had no significant effect on the colon walls and colonic content during this experiment. After oral administration of medium and high doses of α-AIE, the colonic content was significantly increased compared to both the normal rats and the obese rats. In addition, consumption of α-AIE significantly decreased (p<0.05, R=0.93) the pH values of the colonic contents. The decreased pH value in the colon is closely associated with the increased SCFA concentration in intestinal digest (Poeikhampha & Bunchasak, 2010). SCFAs are the major fermentation products of carbohydrates broken down by the gut microbiota (Harris, Edwards, & Morrison, 2017). The results (Table 8) of the present study showed that the total SCFA concentration in the colonic contents was significantly increased by medium and high doses of α-AIE (p<0.05, R=0.91), which was consistent with the decreased pH value. SCFAs have been demonstrated to be beneficial to the host health (Fukuda et al., 2011). Degen et al. reported that increased production of SCFAs can affect lipogenesis and the secretion of peptide YY (PYY) (Degen et al., 2005). PYY is released postprandial and can reduce the appetite and inhibit food intake when administered to humans. Acetic acid was the dominant SCFA in the colonic contents. The acetic acid concentration in the colonic contents was significantly increased (p<0.05, R=0.93) by the medium and high doses of α-AIE. The same tendency was observed for the propionic acid concentration. Many previous studies have demonstrated that propionic acid has positive effects on metabolic health, especially for lipid-lowering (Laparra & Sanz, 2010). The synthesis of cholesterol is mainly mediated by 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase, which is a rate-limiting enzyme involved in cholesterol synthesis in the liver (Pezzini et al., 2016). Propionic acid can inhibit the activity of HMG-CoA in the liver and thereby cause a reduction of the serum lipid level (Bueld, Bannenberg, & Netter, 1996). Thus, one of the major potential mechanisms involved in the lipid-lowering effects of α-AIE may be related to the increase in propionic acid. Compared to acetic acid and propionic acid, isobutyric acid and butyric acid accounted for a small proportion of the SCFAs. The rats from the H-α-AIE group had the highest isobutyric acid and butyric acid concentrations in their colonic contents. 
Table 7 Effect of α-AIE on colonic contents weight and colonic contents PH.
	
	Total colon weight (g)
	Empty colon weight (g)
	Colonic content weight (g)
	Colonic content PH

	Obese group
	2.95±0.13ab
	2.03±0.21abc
	0.92±0.03a
	6.98±0.16b

	L-α-AIE group
	3.25±0.28b
	2.36±0.17c
	0.89±0.1a
	6.89±0.11b

	M-α-AIE group
	3.35±0.03b
	2.1±0.09bc
	1.25±0.17b
	6.35±0.20a

	H-α-AIE group
	3.33±0.44b
	1.92±0.11ab
	1.41±0.09c
	6.11±0.10a

	Normal group
	2.66±0.24a
	1.63±0.14a
	1.03±0.12a
	6.93±0.18b

	R value
	0.74 
	0.86 
	0.89 
	0.93 


Data are presented as the mean ± SD (n=9). Values in the same column that do not share the same lowercase letter are significantly different (p<0.05). Abbreviation: α-AIE, α-amylase inhibitor extracts from common bean.
Table 8 Effect of α-AIE on total SCFAs concentration and SCFA profile in colonic contents.

	
	Total SCFAs
	Acetic acid
	Propionic acid
	Isobutyric acid
	Butyric acid

	Obese group
	201±13b
	186±8bc
	10±1a
	1.69±0.19a
	4.07±0.24ab

	L-α-AIE group
	196±11b
	178±8b
	12±1a
	2.01±0.2b
	3.65±0.19a

	M-α-AIE group
	236±15c
	212±11cd
	19±1b
	1.99±0.13b
	3.87±0.21ab

	H-α-AIE group
	242±20c
	217±18d
	18±1b
	2.62±0.09c
	4.12±0.28b

	Normal group
	158±14a
	140±9a
	12±1a
	1.78±0.17ab
	3.75±0.11a

	R value
	0.91
	0.93
	0.95
	0.91
	0.68


Data are presented as the mean ± SD (n=9). Values in the same column that do not share the same lowercase letter are significantly different (p<0.05). Abbreviation: α-AIE, α-amylase inhibitor extracts from common bean; SCFA, short chain fatty acid.
1.4. Effects of α-AIE on the diversity, richness and composition of the gut microbiota
Many factors, such as the host genotypes, health condition, lifestyle, medication, and diet, appear to influence the composition of the gut microbiota (Jia Chen, He, & Huang, 2014). Diet composition changes are recognized as the most important factor and account for 57% of the changes in the microbiota (C. Zhang et al., 2010). Though supplementation of α-AIE to the HFD did not obviously change the diet composition, based on the inhibitory effects of α-AIE on the absorption of starch, we hypothesized that supplementation of α-AIE may play a similar role to that of resistant starch. The above results for SCFAs showed that oral administration of α-AIE increased the total SCFA concentration and SCFA profile in the colon, which reportedly can be affected by the composition of the gut microbiota (Rose, 2014). Thus, α-AIE may influence the composition of the gut microbiota in rats. We therefore analyzed the composition of the gut microbiota using the 16S rRNA gene in the rats in the H-α-AIE, normal and obese groups and observed dramatic changes in the microbial ecology when the rats were treated with different diets. The results of the α- and β-diversity analyses and the PCA are presented in Figure 14 and Figure 15. The HFD significantly (p<0.05) reduced the observed species (R=0.97), Chao index (R=0.86), Ace index (R=0.93) and Shannon index (R=0.77) and increased the Simpson index (R=0.91) (Figure 14A-14E), which suggested that the HFD significantly reduced the gut microbiota diversity and richness. In addition, as shown in Figure 15A and 15B, The HFD also significantly changed the β-diversity and the overall structure of the gut microbiota of the rats. Thus, a high-fat diet resulted not only in obesity but also in the dysbiosis of the gut microbiota. Zhang et al (2017) reported that the gut microbiome exerted major influence on the metabolic balance in obesity (Xiuying Zhang et al., 2017). Modulation of the gut the microbiota composition is beneficial for host health in the context of obesity. In the present study, although there was no significant effect on the species diversity and richness after oral administration of α-AIE, the β-diversity analysis showed that the composition of the gut microbiota of the rats in the H-α-AIE group was different than that of the obese rats. Furthermore, the PCA results showed that the rats were clustered into relatively distinct groups based on their different diets. A Venn diagram was used to show the shared and unique OTUs (Figure 15C). The three groups shared 303 OTUs in their colonic contents. The number of unique OTUs was the highest in the normal group, which suggested that there was a distinct difference in the composition of the gut microbiota between the normal group and the other two groups. There were 31 and 78 unique OTUs in the obese group and H-α-AIE group, respectively, indicating that the α-AIE shaped the composition of the gut microbiota of the obese rats. 
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Figure 14 Effects of α-AIE on the diversity and richness and overall structure of gut microbiota. α-Diversity was observed determined using observed species (A), chao index (B), ace index (C), Shannon index (D) and simpson index (E); Different lower case letters indicate significant difference between two groups. Abbreviation: α-AIE, α- amylase inhibitor extracts from common bean.
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Figure 15 Effects of α-AIE on overall structure of gut microbiota. β-Diversity was showed using an unweighted_unifrac cluster tree (A); Principal component analysis (B) and a venndiagram (C) were used to evaluate the overall structure of gut microbiota. Abbreviation: α-AIE, α- amylase inhibitor extracts from common bean.

1.5. Effects of α-AIE on the gut microbiota composition at the phylum level
1.6. An overview of the gut microbiota composition at the phylum level is presented in Figure 16A and 16B. As shown, Firmicutes and Bacteroidete were the two dominant phyla among the gut microbiota in the colonic contents of rats. In the present study, α-AIE reduced the relative abundance of Firmicutes, increased the relative abundance of Bacteroidete and, of course, lowered the Firmicutes/Bacteroidete ratio of the obese rats. After the α-AIE was administered, the relative abundance of Proteobacteria was slightly reduced, and the relative abundance of Actinobacteria was slightly increased, compared with the obese group. Dietary intervention with resistant starch increases the numbers of Actinobacteria and Bacteroidetes and decreases the numbers of Firmicutes and Proteobacteria(Martínez, Kim, Duffy, Schlegel, & Walter, 2010; Z. Zhou et al., 2016). Thus, our hypothesis that α-AIE may play a similar role to that of resistant starch in the modulation of gut microbiota was reasonable. Orbe-Orihuela et al (2018) investigated the correlation between the two main gut microbiota phyla and the development of obesity and the associated metabolic diseases in children (Orbe-Orihuela et al., 2018). They claimed that obese children had a high relative abundance of Firmicutes that correlated with increased levels of proinflammatory cytokines. In addition, a recent clinical trial found that healthy lean individuals had lower Firmicutes/Bacteroidete ratios than those of obese individuals (Pasinetti et al., 2018).
1.7. Effects of α-AIE on the key phylotypes of the gut microbiota and their correlations with obesity indexes

In this study, the key phylotypes were identified among the three groups using Statistical Analyses of Metagenomic Profiles (STAMP) software. Compared with those of the normal rats, 61 OTUs were increased and 28 OTUs were decreased (Figure 16C) in the obese rats. At the genus level, the increased OTUs were partly assigned to Bacteroides (8 OTUs), Butyricicoccus (2 OTUs) and Prevotella (14 OTUs), while the OTUs assigned to Akkermansia (3 OTUs), Blautia (3 OTUs), Clostridium (1 OTUs), Eubacterium (4 OTUs), Lactobacillus (3 OTUs), Oscillospira (3 OTUs) and Ruminococcus (5 OTUs) were significantly decreased. After the rats were fed the α-AIE, a total of 30 significantly different OTUs (p<0.05) were found, compared with those in the rats of the obese group. Specifically, the relative abundances of Bacteroides (3 OTUs), Butyricicoccus (2 OTUs), Blautia (2 OTUs), Eubacterium (2 OTUs) and Lactobacillus (2 OTUs) increased remarkably, while that of Ruminococcus (2 OTUs) decreased notably. In addition, 17 generic, unclassified OTUs were also altered by the intake of a high dose of α-AIE, among which, 5 OTUs belonged to the Bacteroidetes phyla, 10 OTUs belonged to the Firmicutes phyla and 2 OTUs belonged to the Proteobacteria phyla. 

Among the gut microbiota enriched by the α-AIE, Bacteriodes, Butyricoccus, Blautia and Eubacterium belonged to the putative SCFA-producing bacteria. SCFA-producing bacteria have been shown to contribute to a reduced risk of obesity and obesity-associated chronic metabolic disease in humans by protecting the mucosa from the damage induced by pathogens and the mitigating inflammation, etc (De Filippo et al., 2010; Xu Zhang et al., 2012).
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Figure 16 Effects of α-AIE on the gut microbiota composition at Phylum Levels. (A) The Firmicutes/Bacteroidete ratio (B) was calculated. Heatmap of identified OTUs responded to high-fat diet and α-AIE and their correlations with obesity indexes (C). Different lowercase letters indicate significant difference between two groups (p<0.05). + and - indicated OTUs that increased or decreased. Abbreviation: α-AIE, α- amylase inhibitor extracts from common bean; BW, body weight; IaF, Intra-abdominal fat accumulation.
The genus Eubacterium spp. has been proved to be a butyrate-producing bacteria in the human intestine (Schwiertz, Lehmann, Jacobasch, & Blaut, 2002). Brahe et al (2013) suggested that an increased level of butyrate-producing bacteria in the intestinal microbiota might alleviate obesity-related metabolic complications based on the potential anti-inflammatory and intestinal barrier function benefits of butyrate (Brahe, Astrup, & Larsen, 2013). Based on the increased SCFA-producing bacteria, this study demonstrated that the total SCFA concentration in the colon was increased (Table 8). In addition, α-AIE showed superior eﬀects on Lactobacillus, which are well-known beneficial bacteria. Vajro et al. evaluated the effects of short-term probiotic Lactobacillus treatment in children with obesity-related liver disease, revealing the Lactobacillus strain has potential to treat hypertransaminasemia in hepatopathic obese children (Vajro et al., 2011). Additionally, Blandino et al (2016) reported that the relative abundance of Lactobacillus in the gut microbiota negatively correlates with the occurrence of high-fat diet-induced insulin resistance.(Blandino, Inturri, Lazzara, Di Rosa, & Malaguarnera, 2016). Thus, the present results suggest that α-AIE plays an important role in the selective modulations of gut microbiota, which is considered a potential mechanism for the anti-obesity effect of α-AIE. However, clinical studies are needed to further support this hypothesis. 

Furthermore, the correlations between the differential OTUs and 6 obesity indexes, including body weight, intra-abdominal fat accumulation and serum TG, TC, LDL-C and HDL-C levels, were established. Among the 89 OTUs, 22 OTUs were found to be significantly correlated with obesity indexes. Six OTUs assigned to Bacteroides were negatively correlated with body weight and intra-abdominal fat accumulation, which was consistent with the study of Nadal et al., who reported that a higher abundance of Bacteroides in fecal bacteria is associated with reduced body weight and BMI in obese adolescents (Nadal et al., 2009). Three OTUs assigned to Blautia were negatively correlated with body weight, intra-abdominal fat accumulation and serum TG, TC and LDL-C but were positively correlated with serum HDL-C levels. A previous study of HFD-induced obese rats reported a similar result: after a diet intervention, the obesity-associated metabolic disorders were improved, and the relative abundance of the Blautia genus was increased (Bai, Zhu, & Dong, 2018). In addition, 1 OTU assigned to Clostridium and 3 OTUs assigned to Lactobacillus showed negative correlations with body weight, intra-abdominal fat accumulation and serum TG, TC and LDL-C levels and showed positive correlation with serum HDL-C levels. Nadal et al. reported that reductions in Clostridium significantly correlated with weight and BMI reductions in the adolescent population (Nadal et al., 2009). Lactobacillus is the most well-known probiotic and has been clinically used to treat a series of metabolic disorders (Kang, Yun, & Park, 2010). Recent animal studies have demonstrated its negative correlations with body weight, serum lipid levels and fasting blood glucose level (Blandino et al., 2016). In addition to the classified bacteria at the genus level, 10 generic unclassified OTUs were found to be significantly correlated to the obesity indexes. Among these OTUs, 2 OTUs assigned to the Bacteroidetes phyla showed a negative correlation with obesity and 6 OTUs assigned to the Firmicutes phyla and 2 OTUs assigned to the Proteobacteria phyla showed positive correlations.

4. Conclusion

In conclusion, the anti-obesity effects and the gut microbiota modulation properties of α-AIE were verified. Supplement of α-AIE decreased the body weight and improved the serum lipid level of HFD-induced obese rats. Rats fed the α-AIE diet exhibited higher total SCFA concentrations (p<0.05, R=0.91) in their colonic contents. β-Diversity analysis, principal components analysis and a Venn diagram showed that α-AIE administration changed the gut microbiota composition of obese rats. At the phylum level, the relative abundances of Firmicutes and Proteobacteria decreased and the relative abundances of Bacteroidetes and Akkermansia increased. In addition, 89 OTUs significantly responding to high-fat diet and 30 OTUs significantly responding to α-AIE were identified. The OTUs enriched by α-AIE were mainly assigned to putative SCFA-producing bacteria, including Bacteriodes, Butyricoccus, Blautia and Eubacterium. Twenty-two OTUs were found to be significantly correlated with obesity indexes. The present work provided new insights into the health benefits of α-AI from common beans and is expected to provide a fundamental basis for the development of common bean-based functional foods. 
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 Chapter 4

Three-dimensional (3D) printability assessment of food-ink systems with superfine ground white common bean (Phaseolus vulgaris L.) protein based on different 3D food printers
Introduction to Chapter 4

According to the review of chapter 1, and descriptions from chapter 2 and 3, the anti-obesity effect of a-AI from white common bean has widely demonstrated, and it has indirectly regulation effects on gut microbiota composition in obese rats. Therefore, white common bean a-AI is a very promising raw material in functional food products, and has got great interest of field of food processing. While the application of a-AI is limited. Meanwhile, how about the retention of the bioactivity of a-AI during food processing are also limited. On the other hand, in recent years, 3D printing technology has been rapidly developed and widely applied in food technology. Especially the plant protein, with special rheology and texture properties, has been proved can be applied in 3D food printing. Common bean protein enriched α-AI is a potential raw material for customized foods to obese people as dietary protein. While its application in 3D food printing is not researched. Therefore, in the chapter 4, the application of different particle sizes of protein enriched α-AI from white common bean in two types of 3D printer was evaluated, and the a-AI activity of printed products were also measured.
Adapted from: Shi, Z., Blecker, C., Richel, A., Wei, Z., Chen, J., Ren, G., ... & Haubruge, E. (2022). Three-dimensional (3D) printability assessment of food-ink systems with superfine ground white common bean (Phaseolus vulgaris L.) protein based on different 3D food printers. LWT, 155, 112906. Doi: https://doi.org/10.1016/j.lwt.2021.112906
Abstract
Three-dimensional (3D) printing technology is innovatively used in creating customized healthy food for different population groups. It is necessary to investigate food formulas that suitable for various types of 3D food printers. This study provided two suitable food-ink systems with common bean protein extract (CBPE) for the syringe-based 3D food printer (0.5% of sodium alginate, 6% of gelatin, and 40% of CBPE) and the gear-based 3D food printer (3.5% of agar, 0.05% of xanthan, and 12% of CBPE), respectively. Superfine grinding significantly (p<0.05, R=0.99) decreased the particle size of CBPE, and resulted in a reduction in the printability of the food-ink systems mainly through increasing (p<0.05, R=0.97) the adhesiveness of materials for the syringe-based 3D food printer, and increasing the swell powder (SP) (p<0.05, R=0.98) of materials for the gear-based 3D food printer. The decrease in the stability of printed products by the syringe-based 3D food printer was mainly due to the reduced water binding capacity (WBC) (p<0.05, R=0.91) by superfine grinding. Besides, the syringe-based extrusion process was demonstrated to have no obvious effect (p>0.05, R=0.37) on the α-AI activity of CBPE. These findings were expected to provide new ideas for the potential application of white common bean protein in 3D food printing technology.

Keywords: 3D food printing; superfine grinding; common bean protein; physical properties; α-AI activity

Abbreviations: α-AI: α-Amylase Inhibitor; α-AIE: α-Amylase Inhibitor Extract; A: Alginate; Ag: Agar; CBPE: Common Bean Protein Extract; G: Gelatin; G′: Storage Modulus; G″: Loss Modulus; N: Normal common bean protein powder; NAG: N: 40%, Alginate: 0.5%, Gelatin: 6.0%; NAgX: N: 12%, Agar: 3.5%, Xanthan: 0.05%; S-12: Superfine Grinding For 12 Minutes; S-12AG: S-12: 40%, Alginate: 0.5%, Gelatin: 6.0%; S-12AgX: S-12: 12%, Agar: 3.5%, Xanthan: 0.05%; S-24: Superfine grinding for 24 minutes; S-24AG: S-24: 40%, Alginate: 0.5%, Gelatin: 6.0%; S-24AgX: S-24: 12%, Agar: 3.5%, Xanthan: 0.05%; S-6: Superfine Grinding for 6 Minutes; S-6AG: S-6: 40%, Alginate: 0.5%, Geltain: 6.0%; S-6AgX: S-6: 12%, Agar: 3.5%, Xanthan: 0.05%; SP: Swelling power; WBC：Water Binding Capacity X: Xanthan; 
1. Introduction

Three-dimensional (3D) printing, also known as additive manufacturing, is an emerging technology to manufacture personalized products from digital models through layer-by-layer superposition and deposition of raw materials (Calignano et al., 2017). In the last decade, 3D printing technology has been adopted in food engineering field and attracted accumulating interests, because of its potential advantages like free design of shape, taste, texture, flavor and particularly nutritional composition (Chen et al., 2019; Yang, Zhang, Bhandari, & Liu, 2018). This technology makes it possible to create customized food to meet the special requirements of various population groups. For instance, it can make suitable nutritional meals for children, seniors, and athletes which required highly nutritive foods such as high-quality protein, dietary fiber, and desirable fat (Hussain, Malakar, & Arora, 2021). 

Extrusion-based printers are the most commonly used machines in commercial 3D food printing. During the extrusion process, four mechanisms are usually applied as depicted in the Figure 17 In the syringe-based extrusion system, step motor impulses printable material via a plunger inside the tube to pass through the nozzle tip. This system is originally designed for plastic material and is gradually modified to be suitable for printing most semi-solid food materials (Jingwang Chen et al., 2019; F. Yang et al., 2018). In the gear-based extrusion system, food materials are pushed out by two reversely rotating gears at a controlled temperature. It is newly developed for those special food materials which are originally liquid at a high temperature while become solid at a lower temperature in a short time. The screw-based extrusion is a system that mixes and pushes out food materials with a screw inside the tube, and is only suitable for semi-solid materials with low mechanical strength and viscosity (Liu, Zhang, Bhandari, & Yang, 2018). The air pressure-based extrusion system is similar to the syringe-based ones. It pushes materials by compressed air instead of the plunger. For all of these extrusion-based 3D printing systems, the ability of being printed out smoothly and self-supporting is the common requirement for the food materials, which heavily depends on their physical properties that include rheological property, gelling property, and textural property (H. Jiang et al., 2019). Therefore, the hotspot on 3D food printing is to modify food materials be applicable to various types of 3D food printers (Maniglia, Lima, Junior, Oge, & Le-Bail, 2020).
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Figure 17 The schematic diagrams of different types of extrusion-based 3D food printers. A-D represent the syringe-based extrusion system, the gear-based extrusion system, the screw-based extrusion system, and the air pressure-based extrusion system.

Our previous studies demonstrated that α-amylase inhibitor (α-AI, also called “starch blocker”) isolated from white common bean (Phaseolus vulgaris L.) protein, a glycoprotein with a molecular weight of about 36 kDa, can inhibit adipocyte differentiation in vitro, and modulate the gut microbiotas composition of obese rats (Chokshi, 2006; Shi, Zhang, Zhu, Yao, & Ren, 2021; Shi et al., 2020; M. Y. Yang et al., 2008). Nowadays, white common bean protein has become a potential raw material to produce customized healthy food for obese or diabetic people, due to the α-AI enriched in it. However, at present, the assessment of the 3D printability of white common bean protein is limited. In general, plant proteins are preferable printable materials due to their proper rheological property and gelling property (Holland, Tuck, & Foster, 2018). In the pre-experiments, we found that simple white common bean protein gel was able to be printed out both by the syringe-based extrusion printer and the gear-based extrusion printer. But the printed products were unsound and prone to collapse. Several studies have uncovered that self-supporting ability of protein-based food-ink system was improved by enhancing the gel networks (Hussain et al., 2021). Gelation temperature and shear-thinning behavior were enhanced by addition the hydrocolloids (Liu, Bhesh, Sangeeta, Sylvester, & Min, 2018). Gel strength and gel hardness were promoted through increasing the calcium concentration (L. Zhang, Lou, & Schutyser, 2018). In addition, the association of particle size distribution with the physical properties of protein-based gel has also been well established. The rheological property, gelling property, solubility and protein surface hydrophobicity were significantly improved by decreased particle size of whey protein using superfine grinding (Sun et al., 2016, 2015). However, the modification for 3D printing application of white common bean protein-based gel is still under-explored in the literature, considering addition of hydrocolloids and using superfine grinding method. Besides, α-AI easily loses its activity due to the thermal instability (Zi et al., 2015), it is still unknown that how 3D printing process will affect the α-AI activity of white common bean protein.

Based on this context, the purposes of this research were (1) to assessment the 3D printability of the food-ink systems with superfine ground white common bean protein extract (CBPE) and hydrocolloids based on two extrusion-based printers, (2) to explain the changes in the 3D printability of food-ink systems caused by superfine grinding through evaluating the rheological, hydration and textural properties; and (3) to clarify the influence of 3D printing process on the α-AI activity of CBPE.

2. Materials and methods
2.1. Materials
CBPE powder was purchased from Xi'an Weite Biological Technology Co. (Shanxi, China), and ground to <0.15 mm (100-mesh sieve). Porcine pancreatic α-amylase was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Gelatin and alginate sodium were purchased from Atlas Ltd. (Harelbeke, West Flanders, Belgium). Agar and xanthan were purchased from MCC Trading International (Dusseldorf, Germany). Other chemical reagents used were of analytical grade.

2.2. Superfine grinding and characterization of CBPE

The superfine grinding of CBPE was performed using a superfine grinder (WFM20, Jiangyin Youxie Machinery Manufacturing Co., Ltd., Jiangyin, China) for 0 min (N), 6 min (S-6), 12 min (S-12), and 24 min (S-24), respectively. 

The characterization of superfine ground CBPE was performed by determining the nutritional composition, particle size distribution, and α-AI activity. The contents of protein, fat, total carbohydrates, ash and moisture were determined according to the Kjeldahl method (NY/T 3-1982), AOAC 1990, phenol-sulfuric acid method, combustion method, and constant weight method, respectively (Zhu et al., 2020). The particle size distribution of different samples was determined using a dry powder particle size NKT2010-L detector (Shandong NKT Analytical Instruments Co., Ltd., China) equipped with a laser beam. The D10, D50, and D90 value were recorded, and the particle size width span was estimated with the equation: Span=(D90-D10)/D50. The α-AI activity of different samples was evaluated as previously reported (Yao et al., 2016b). 

2.3. Preparation of food-ink systems for two types of 3D printers

The suitable food-ink system adopted for the syringe-based 3D printer (Formula A) were obtained according to our previous report with some modification based on the pre-experiments (Jingwang Chen et al., 2019). Briefly, the alginate sodium solution was prepared by dissolving alginate sodium in distilled water stirring for 2 h to a final concentration of 0.5% (w/v). Gelatin was added to the alginate sodium solution to reach a concentration of 6.0% (w/v). The mixture was incubated in a 45 °C water bath for 1 h. Then, CBPE (N) was added to the alginate and gelatin mixed solution to reach a final concentration of 40% (w/v), and stirred at approximately 100 rpm for 5 min. After storage at 4 °C overnight, the suitable food-ink system (NAG) was obtained. To assess the effect of superfine grinding, CBPE was replaced by S-6, S-12 and S-24, respectively, to prepare undertest food-ink systems named S-6AG, S-12AG, and S-24AG.

The suitable food-ink system adopted for the gear-based 3D printer (Formula B) were prepared based on the pre-experiments. Briefly, the agar and xanthan were added to distilled water at concentrations of 3.5% (w/v) and 0.05% (w/v), respectively, at room temperature with stirring for 40 min. Then CBPE (N) was added to the agar and xanthan mixed solution to reach a concentration of 12% (w/v) with stirring for 5 min to obtain the food-ink system (NAgX). To assess the effect of superfine grinding, CBPE was replaced by S-6, S-12 and S-24, respectively, to prepare undertest food-ink systems named NAgX, S-6AgX, S-12AgX, and S-24AgX.

2.4. Printing process in two types of 3D food printers

The 3D printing of Formula A was performed using a syringe-based 3D printer (3.0 Felix, Netherlands) as shown in Figure 18. A1. The prepared food-ink systems were heated to 35 ℃ by a water bath and were carefully loaded into the syringe. Then the materials were printed out continuously from the nozzle tip by a plunger, and the designed shape was deposited layer-by-layer. The maximum volume of the syringe was approximately 60 mL, and a nozzle tip with a diameter of 1.55 mm was used. A hollow cylinder (length×width×height=50×50×20 mm) was designed by the open-source software CURA 15.04.6 (Ultimaker B.V., Netherlands). The key parameters of the 3D printer include layer height (mm), shell thickness (mm), printing speed (mm/s), flow rate (%), and printing temperature (°C) were fixed at 0.6 mm, 1.55 mm, 10 mm/s, 80%, and 35 °C, respectively. 

The 3D printing of Formula B was performed using a gear-based 3D printer (L3D Extruder Kit, Choco, Ukraine) as shown in Figure 18. B1. A total of 30-40 mL of prepared food-ink systems were heated to 90 °C and immediately put into the L3D Extruder Kit before cooled to 70 °C. The materials were printed out from the nozzle tip by two gears which are reversely rotated, according to the designed shape. The maximum volume of the kit is approximately 50 mL, and the diameter of the nozzle tip is 0.5 mm. A hollow cylinder (length×width×height=50×50×20 mm) was designed by the open-source software CURA 15.04.6 (Ultimaker B.V., Netherlands). The printing parameters were fixed at a layer height of 0.6 mm, a shell thickness of 0.8 mm, a printing speed of 10 mm/s, a flow rate of 50%, and a printing temperature of 70 °C.

After printing, the samples were covered with an aluminum specimen box and stored under refrigeration (4 °C) to avoid dehydration. The diameters of the printed products were measured, after printing for 0, 20, 60, 90 and 120 min at room temperature by a vernier caliper.

2.5. Rheological property

The rheological property of food-ink systems was determined using a rheometer (DHR-1, TA Instruments, USA) according to our previous method with some modifications (Jingwang Chen et al., 2019). The steady flow property of different food-ink systems was examined in terms of the viscosity as a function of shear rate from 0.01 to 100 s−1. For samples in Formula A, the operating temperature was 35 °C. For samples in Formula B, the operating temperature was 70 °C. The temperature sweep of food-ink systems was conducted at a frequency of 1 Hz. For samples in Formula A, the viscosity, storage modulus (G'), loss modulus (G''), and loss tangent (tan δ) in the temperature range of 4-50 °C with a heating rate of 1 °C/min at a constant shear strain of 0.5% were obtained. For samples in Formula B, the temperature range was set from 5 °C to 100 °C. The frequency sweep property of food-ink systems was evaluated by changing the frequency from 0.1 to 100 Hz at a constant strain of 0.5%. The G', G'' and tan δ were recorded. For samples in Formula A and Formula B, the operating temperature was 35 °C and 70 °C, respectively. All measurements were repeated three times.

2.6. Textural property

The textural property of food-ink systems was measured using a TMS-PRO texture analyzer (FTC, USA). Samples were prepared as described in section 2.3 and were arranged adjacent to each other on the operating platform. The test conditions were as follows: texture profile analysis (TPA) mode; probe selection, P/50; parameter settings of pretest speed, test speed, and posttest speed of TPA were 1.00, 1.00, and 1.00 mm/s, respectively; test compression rate of TPA, 75%; test distance, 20.0 mm; trigger force, 5 g. All measurements were repeated three times.

2.7. Hydration property 

The swelling power (SP) was determined as follows (Nagar, Sharanagat, Kumar, Singh, & Mani, 2019): Three grams of prepared food-ink systems were mixed in 50 mL distilled water (W0). Samples in Formula A and samples in Formula B were respectively incubated in a water bath at 35 °C and 70 °C for 30 min under constant stirring, and then immediately cooled to room temperature under tap water. The supernatants were obtained by centrifugation at 8000×g for 20 min and the precipitates were weighed (W1), and SP was calculated using the following equation: 

SP=W1/W0

The water binding capacity (WBC) was determined as follow (Ulfa, Putri, Fibrianto, Prihatiningtyas, & Widjanarko, 2020): Three grams (W0) of prepared food-ink systems were centrifuge at 5000×g for 20 minutes at 4 °C. The excess water was removed, and the precipitates was weighted (W1) and calculated using following equation: 

WBC=W1/W0

2.8. α-AI activity

The α-AI activity of printed products was evaluated according to our previous report with some modifications (Yao et al., 2016b). Briefly, the printed products were freeze-dried and milled passed through a 60-mesh sieve. The α-amylase solution (6.5 U mL−1) was prepared by dissolving porcine pancreatic α-amylase in PBS buffer (pH 7.45). Two hundred microliter of α-amylase solution was mixed with 200 μL of CBPE equivalent (1 mg/mL) samples, and the mixture was incubated in a water bath at 37 °C for 10 min. Then, 200 μL of 2% (w/v) soluble starch solution was added to the mixture and the reaction was kept going for 10 min. Then, 1 mL of 3,5-dinitrosalicylic acid was added to the mixture. And the mixture was kept in a boiling water bath for 5 min. The volume of the mixture was finally increased to 6 mL with double-distilled water. A sample blank measurement was performed simultaneously with the inhibitor but without enzyme. One inhibitory unit was defined as the amount of α-AI that completely inhibited the activity of one unit of enzyme.

2.9. Statistics

Values were expressed as the means ± standard deviation (SD). One-way ANOVA, followed by the Tukey post-hoc test, was used to analyze the results by SAS (STATISTICAL ANALYSIS SYSTEM) version 9.4. The significance of differences was set to p<0.05.
3. Results and Discussion

3.1. Characterization of CBPE

The effects of superfine grinding on the nutritional composition, particle size distribution and α-AI activity of CBPE were presented in Table 9. Protein purity of the commercially available CBPE was 76.25%, and the rest of the components consisted of carbohydrates, fat, ash and moisture. No significant difference (p>0.05) in the contents of protein (R=0.99), total carbohydrates (R=0.84), fat (R=0.11), ash (R=0.99) and moisture (R=0.37) was observed among four samples, which suggested that the superfine grinding process did not change the nutritional composition of CBPE. It was reported that as an important factor, particle size influenced the physical properties of protein (W. H. Guo, Guan, Ke, & Zhan, 2015). The present results showed that, after superfine grinding, the particle size of CBPE was reduced evidenced by the changes in D10, D50, and D90 values, which were consistent with the previous study of Sun et al. (Sun et al., 2016). The D50 values of CBPE decreased from 37.43 to 3.42, 2.27, and 2.05 μm, after superfine grinding for 6, 12, and 24 min, respectively, which indicated that the superfine ground CBPE belong to superfine food powder grade (Hu, Chen, & Ni, 2012). A larger Span value indicates a wider particle size distribution (X. Huang, Liang, Liu, Qiu, & Zhu, 2020). The present results of Span values further explored the effects of superfine grinding duration on the particle size distribution of CBPE. As shown, though 6 min of superfine grinding decreased the particle size, it significantly widened (p<0.05, R=0.99) the particle size distribution. With the extension of the superfine grinding duration, the particle size distribution became uniform. There was no significant difference (p>0.05, R=0.37) among the four samples in α-AI activity, which suggested that superfine grinding have no obvious effect on the α-AI activity of CBPE. 

Table 9 The nutritional composition, particle size distribution and α-AI activity of superfine grinded CBPE1,2.

	Sample
	Nutritional composition
	Particle size distribution
	α-AI activity

(U g-1)

	
	Protein

(%)
	Total Carbohydrates

(%)
	Fat

(%)
	Ash

(%)
	Moisture 

(%)
	D10
(μm)
	D50
(μm)
	D90
(μm)
	Span
	

	N
	76.25±0.07a
	4.75±0.02a
	5.60±0.28a
	0.49±0.01a
	11.34±0.59a
	2.6±0.14a
	37.43±2.08a
	74.1±1.06a
	1.91±0.08bc
	961±29a

	S-6
	76.91±0.09a
	4.68±0.04a
	5.59±0.19a
	0.48±0.04a
	11.89±0.78a
	1.3±0.01b
	3.42±0.09b
	21.43±1.73b
	5.9±0.66a
	939±34a

	S-12
	76.49±0.08a
	4.88±0.09a
	5.62±0.09a
	0.51±0.02a
	11.56±0.51a
	1.06±0.03c
	2.27±0.05b
	7.3±1.58c
	2.76±0.75b
	959±31a

	S-24
	76.37±0.06a
	4.77±0.05a
	5.57±0.22a
	0.47±0.03a
	11.66±0.49a
	0.97±0.03c
	2.05±0.06b
	3.73±0.03d
	1.35±0.04c
	965±29a

	R Value
	1.00
	0.84
	0.11 
	1.00 
	0.37 
	0.99 
	0.99
	0.99
	0.97 
	0.37


1 Data are expressed as mean ± standard deviation of triplicate samples.

2 Different letters superscripted on the results were significantly different at p<0.05.

3.2. Effects of superfine grinding of CBPE on the printability of food-ink systems based on two types of 3D food printers

A suitable food-ink system with CBPE and hydrocolloids (0.5% of sodium alginate, 6% of gelatin, and 40% of CBPE) was established for the syringe-based 3D printer. To evaluate how superfine grinding affect the printability, CBPE was replaced by S-6, S-12, and S-24, respectively. As shown in Figure 18. A2, food-ink systems including NAG, S-6AG and S-12AG were able to be printed out continuously from the nozzle tip and the designed hollow cylinder was successfully deposited layer-by-layer. However, S-24AG blocked the nozzle and could not be printed out by the syringe-based 3D printer. As previously reported, the final products were defined as successful printings if they maintained their shapes for 20 min after printing (Fan, Zhang, Liu, & Ye, 2020). The stability of printed products was further assessed, we can see from Figure 18. A3 that deformation occurred in all the printed products, during 120 min of storage. The quantitative results (Figure 18. A4) showed that, for the printed product with NAG, there is no significant difference (p>0.05, R=0.97) in the diameters at 0 min and 20 min. However, the diameters of the printed products with S-6AG and S-12AG significantly decreased (p<0.05, R=0.97), after 20 min of storage. This might be because the gelatin-alginate and peptide chain mixture linked together to form a network gel structure and bind moisture to itself (Jingwang Chen et al., 2019), and the gel structure maintained its shape and supported its own weight in the short time. After 120 min, the diameters of printed products with NAG, S-6AG and S-12AG were reduced by 11.22%, 10.51%, and 15.01%, respectively. 

It was reported that agar and xanthan showed synergistic effects on gel formation, which would contribute to maintaining the shape of 3D printed products (Gao, Dai, Chen, Xie, & Yue, 2017) . In addition, the viscosity of agar-based gel depends heavily on environment temperature. Therefore, agar and xanthan were selected to improve the printability of CBPE in gear-based extrusion system. After a suitable food-ink system with CBPE (3.5% of agar, 0.05% of xanthan, and 12% of CBPE) was established, S-6, S-12, and S-24 were used to replace CBPE, respectively. However, as shown in Figure 18. B2 and Figure 18. B3, only NAgX was able to be printed out and the printed product showed excellent stability. As shown in Figure 18. B4, the diameter had no significant decrease (p>0.05, R=0.85), after 90 min of storage. This might be caused by the property of agar to form strong gels in aqueous solutions, and after cooling from high temperature, the agar solutions were initiated by a coil-to-helix transition, followed by the aggregation of the helices to form a network structure (Dai & Matsukawa, 2012).
These results above indicated that superfine grinding of CBPE did affect the printability of food-ink systems both in the syringe-based 3D printer and the gear-based 3D printer. This phenomenon remained to be explained through determination of the physical properties.
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Figure 18 Three-dimensional print performance of food-ink systems. A1-A4 and B1-B4 represent the photographs 3D printer (A1 and B1), the printed products (A2 and B2), the stability of printed products (A3 and B3), and the deformation details of printed products (A4 and B4) for Formula A and Formula B, respectivey. Different letters superscripted on the results were significantly different at p<0.05. Abbreviation: CBPE, common bean protein extract; N, normal common bean protein powder; S-6, superfine grinding for 6 minutes, S-12, superfine grinding for 12 minutes; S-24, superfine grinding for 24 minutes; NAG, the mixture of N(40%), alginate (0.5%) and gelatin (6.0%); S-6AG, the mixture of S-6 (40%), alginate (0.5%) and gelatin (6.0%); S-12AG, the mixture of S-12 (40%), alginate (0.5%) and gelatin (6.0%); S-24AG, the mixture of S-24 (40%), alginate (0.5%) and gelatin (6.0%); NAgX, the mixture of N (12%), agar (3.5%) and xanthan (0.05%); S-6AgX, the mixture of S-6 (12%), agar (3.5%) and xanthan (0.05%); S-12AgX, the mixture of S-12 (12%), agar (3.5%) and xanthan (0.05%); S-24AgX, the mixture of S-24 (12%), agar (3.5%) and xanthan (0.05%).
3.3. Effects of superfine grinding of CBPE on the rheological property of food-ink systems

To a certain extent, rheological property determines the printability of food materials in the 3D printing process (Zhu, Stieger, van der Goot, & Schutyser, 2019). In general, viscous food materials should have appropriate viscosity to go through the nozzle of a 3D printer and stick together layer by layer (Liu et al., 2018). 

3.3.1. Shear rate sweep

Both Figure 19. A1 and Figure 19. B1 showed that all of the food-ink systems had shear-thinning behavior. This result indicated that the mixtures of CBPE and hydrocolloids were pseudoplastic liquids, where the viscosity was low at a high shear rate to make extrusion of materials from the nozzle easier (C. P. Lee, Karyappa, & Hashimoto, 2020). As shown in Figure 19. A1, the viscosities of S-6AG, S-12AG and S-24AG were lower than that of NAG, which suggested that superfine grinding enhanced the shear-thinning behavior. Similar results were discovered in whey protein, soy protein and egg white protein isolates, it has reported that, with the reduction in particle size of the protein, the viscosity decreased accordingly, which might be caused by the entanglement and intermolecular interactions among polymer molecules (Arzeni et al., 2012; C. Wang et al., 2020). As shown in Figure 19. B1, the viscosities of S-6AgX, S-12AgX and S-24AgX were similar to that of NAgX, which could be attributed to the different protein contents between the two formulas.

3.3.2. Temperature sweep

As shown in Figure 19. A2, with the increasing temperature, the viscosities of NAG, S-6AG, S-12AG and S-24AG reduced, and when the temperature exceeded approximately 28 °C, the viscosities maintained at a low level, which was consistent with our previous study (Jingwang Chen et al., 2019). As shown in Figure 19. B2, the increased temperature led to a rapid increase in the viscosity curves from 5 °C to 95 °C, and viscosities then decreased from 95 °C to 100 °C. The peaks presented at approximately 95 °C, which might be caused by the addition of agar (Dai & Matsukawa, 2012). Agar particles began to gradually dissolve in water, and the viscosity of the solution increased with the temperature rosing from 5 °C to 95 °C. When the temperature was higher than 95 °C, the dissolved agar particles began to present the liquid state, and the viscosity of the solution decreased. From the two figures, S-6AG, S-12AG, and S-24AG showed lower viscosity than NAG, and S-6AgX, S-12AgX, and S-24AgX showed lower viscosity than NAgX. These results suggested that superfine grinding did affect the viscosities of food-ink systems at different temperatures. 

3.3.3. The storage modulus (G′) and loss modulus (G′′)

The G′ and G′′ represent the elasticity and viscous properties of the materials, respectively (Lee, Won, Kim, & Park, 2019). Figure 20. A1-A2 and Figure 20. B1-B2 showed the curves of G′′ or G′ based on temperature sweeps. Figure 20. A3-A4 and Figure 20. B3-B4 showed the curves of G′′ or G′ based on frequency sweeps. The loss tangent (tan δ=G''/G′) can be used to analyze the elastic behavior (tan δ<1) or viscous behavior (tan δ>1) (Jingwang Chen et al., 2019; F. Yang et al., 2018). Figure 19. A3 and B3 showed the tan δ at different temperatures. The tan δ value of all food-ink systems were lower than 1, which indicated that they all had fluidity. For NAG, S-6AG, S-12AG, and S-24AG, there were positive peaks at approximately 28 °C, which might be due to the gelatin and peptides uniting and forming a highly ramified three-dimensional network, and the fluid semi-gel was converted into an elastic gel or “solid” at a lower temperature (Jingwang Chen et al., 2019). NAgX, S-6AgX, S-12AgX, and S-24AgX (Figure 19. B3) showed liquid-like state from 50 °C to 100 °C. Consistent with the tan δ values at different temperatures, all the tan δ values at different frequencies were also lower than 1 (Figure 19. A4 and B4). For NAgX, S-6AgX, S-12AgX, and S-24AgX, the curves of tan δ had peaks presented at 63.1 Hz (396.44 rad/s). It was possible that the softer agar samples could no longer be approximated as linearly viscoelastic when the frequency was below 100 Hz or above 200 Hz (Nayar, Weiland, Nelson, & Hodge, 2012).
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Figure 19 Rheological properties of CBPE mixtures. A1-A4 and B1-B4 represent the changes in viscosity with shear rate sweep (A1 and B1), the changes in viscosity with temperature sweep (A2 and B2), the tangent (tan δ=G′′/G′) with temperature sweep (A3 and B3), and the tangent (tan δ=G′′/G′) with frequency sweep (A4 and B4) for Formula A and Formula B, respectivey. Abbreviation: CBPE, common bean protein extract; N, normal common bean protein powder; S-6, superfine grinding for 6 minutes, S-12, superfine grinding for 12 minutes; S-24, superfine grinding for 24 minutes; NAG, the mixture of N(40%), alginate (0.5%) and gelatin (6.0%); S-6AG, the mixture of S-6 (40%), alginate (0.5%) and gelatin (6.0%); S-12AG, the mixture of S-12 (40%), alginate (0.5%) and gelatin (6.0%); S-24AG, the mixture of S-24 (40%), alginate (0.5%) and gelatin (6.0%); NAgX, the mixture of N (12%), agar (3.5%) and xanthan (0.05%); S-6AgX, the mixture of S-6 (12%), agar (3.5%) and xanthan (0.05%); S-12AgX, the mixture of S-12 (12%), agar (3.5%) and xanthan (0.05%); S-24AgX, the mixture of S-24 (12%), agar (3.5%) and xanthan (0.05%).
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Figure 20 Supplement datas for the rheological properties of food-ink systems. The changes in loss modulus (G′′) with temperature sweep (A1 and B1), the changes in storage modulus (G′) with temperature sweep (A2 and B2). the changes in loss modulus (G′′) with frequency sweep (A3 and B3) and the changes in storage modulus (G′) with frequency sweep (A4 and B4). Abbreviation: CBPE, common bean protein extract; N, normal common bean protein powder; S-6, superfine grinding for 6 minutes, S-12, superfine grinding for 12 minutes; S-24, superfine grinding for 24 minutes; NAG, the mixture of N(40%), alginate (0.5%) and gelatin (6.0%); S-6AG, the mixture of S-6 (40%), alginate (0.5%) and gelatin (6.0%); S-12AG, the mixture of S-12 (40%), alginate (0.5%) and gelatin (6.0%); S-24AG, the mixture of S-24 (40%), alginate (0.5%) and gelatin (6.0%); NAgX, the mixture of N (12%), agar (3.5%) and xanthan (0.05%); S-6AgX, the mixture of S-6 (12%), agar (3.5%) and xanthan (0.05%); S-12AgX, the mixture of S-12 (12%), agar (3.5%) and xanthan (0.05%); S-24AgX, the mixture of S-24 (12%), agar (3.5%) and xanthan (0.05%).
3.4. Effects of superfine grinding of CBPE on the textural property of food-ink systems

As shown in Table 10, the hardness, adhesiveness, springiness, cohesiveness, gumminess and resilience of food-ink systems were determined. Adhesiveness is also regarded as stickiness and has a significant impact on the binding strength of printed layers (Nida, Anukiruthika, Moses, & Anandharamakrishnan, 2021). Though stronger adhesiveness of materials could help to mold 3D printed products, it makes materials easier to block nozzles. The present results showed that the adhesiveness of S-24AG (-147 g·sec) was significantly stronger (p<0.05, R=0.99) than that of NAG (-79 g·sec), S-6AG (-85 g·sec) and S-12AG (-80 g·sec), which might explain the failed 3D printing of S-24AG.
Table 10 The texture analysis result of different CBPE mixtures 1,2.
	Sample
	Hardness
(g)
	Adhesiveness
(g·sec)
	Springiness
	Cohesiveness
	Gumminess
	Resilience

	Formula A
	NAG
	269±5A
	-79±1A
	0.81±0.02B
	0.63±0.02AB
	160±6A
	0.12±0AB

	
	S-6AG
	240±17A
	-85±5A
	0.9±0.06A
	0.67±0.04A
	162±32A
	0.12±0B

	
	S-12AG
	263±17A
	-80±7A
	0.71±0.02C
	0.58±0.04B
	152±22A
	0.13±0.01AB

	
	S-24AG
	189±8B
	-147±5B
	0.89±0.01AB
	0.7±0.02A
	129±5A
	0.14±0.01A

	
	R value
	0.92
	0.99
	0.92
	0.81
	0.37
	0.73

	Formula B
	NAgX
	287±16a
	-23.37±0.87a
	0.49±0.01a
	0.28±0ab
	78±3a
	0.06±0a

	
	S-6AgX
	267±10a
	-21.37±0.58a
	0.52±0.07a
	0.31±0.04a
	71±11a
	0.05±0a

	
	S-12AgX
	291±15a
	-21.76±1.03a
	0.44±0.07a
	0.24±0b
	72±4a
	0.05±0a

	
	S-24AgX
	200±14b
	-30.05±2.12b
	0.48±0.05a
	0.3±0.04ab
	58±13a
	0.06±0a

	
	R value
	0.94 
	0.94 
	0.48 
	0.72 
	0.65 
	0.73 


1 Data are expressed as mean±standard deviation of triplicate samples.
2 Means in a column with different letters differ significantly (p<0.05).

3.5. Effects of superfine grinding of CBPE on the SP and WBC of food-ink systems

The SP and WBC of food-ink systems were shown in Figure 21. There was no significant difference (p>0.05, R=0.12) in SP among NAG, S-6AG, S-12AG, and S-24AG (Figure 21. A1), while the WBC of S-6AG, S-12AG, and S-24AG were significantly lower (p<0.05, R=0.91) than NAG (Figure 21. A2). Liu et al. (2021) reported that higher WBC of materials helped to lock more moisture in the food and reduced food shrinkage caused by dehydration (Liu et al., 2021). This could be explained that the printed products from S-6AG and S-12AG were easier to lose moisture than NAG, and occurred more obvious deformation. As shown in Figure 21. B1, S-6AgX, S-12AgX and S-24AgX presented much higher SP than NAgX (p<0.05, R=0.98), which led to an expansion of the food-ink systems when passing through the nozzle tip, thus resulting in failed 3D printing process. These results agreed with Ullah et al., (2018) who claimed that material with smaller particle size had higher SP (Ullah et al., 2018). As shown in Figure 21. B2, the WBC of NAgX was strong, which might explain the stability of the printed products from NAgX. 
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Figure 21 The hydration property of CBPE mixtures. A1-A2 and B1-B2 represent the swelling power (A1 and B1, R=0.12 and 0.98, respectively) and water binding capacity (A2 and B2, R=0.91 and 0.95 respectively) for Formula A and Formula B, respectively. Different letters superscripted on the results were significantly different at p<0.05. Abbreviation: CBPE, common bean protein extract; N, normal common bean protein powder; S-6, superfine grinding for 6 minutes, S-12, superfine grinding for 12 minutes; S-24, superfine grinding for 24 minutes; NAG, the mixture of N(40%), alginate (0.5%) and gelatin (6.0%); S-6AG, the mixture of S-6 (40%), alginate (0.5%) and gelatin (6.0%); S-12AG, the mixture of S-12 (40%), alginate (0.5%) and gelatin (6.0%); S-24AG, the mixture of S-24 (40%), alginate (0.5%) and gelatin (6.0%); NAgX, the mixture of N (12%), agar (3.5%) and xanthan (0.05%); S-6AgX, the mixture of S-6 (12%), agar (3.5%) and xanthan (0.05%); S-12AgX, the mixture of S-12 (12%), agar (3.5%) and xanthan (0.05%); S-24AgX, the mixture of S-24 (12%), agar (3.5%) and xanthan (0.05%).
3.6. Effects of 3D printing on the α-AI activity of CBPE

The α-AI activity of 3D printed products was measured. As shown in Table 11, printed products by the syringe-based 3D printer from NAG, S-6AG, and S-12AG showed similar α-AI activity (p>0.05, R=0.37), which suggested that the syringe-based process had no influence on the α-AI activity of CBPE. However, the α-AI activity of printed products by the gear-based 3D printer from NAgX was undetected, which might be caused by the high environment temperature the presented during printing process. Zi et al. (2015) reported that the α-AI protein rapidly loses activity when the temperature was above 80 °C (Zi et al., 2015). 

Table 11 α-AI activity in different 3D printed products based CBPE 1,2.

	Samples
	Total activity (U g−1)

	Formula A
	NAG
	969±24a

	
	S-6AG
	964±24a

	
	S-12AG
	966±11a

	
	R value
	0.37

	Formula B
	NAgX
	ND


1 Data are expressed as mean±standard deviation of triplicate samples.
2 Means in a column with different letters differ significantly (p<0.05).

4. Conclusions
In this study, a suitable food-ink system with sodium alginate (0.5%), gelatin (6%), and CBPE (40%) was established for the syringe-based 3D food printer, and a suitable food-ink system with agar (3.5%), xanthan (0.05%), and CBPE (12%) was established for the gear-based 3D food printer. Superfine grinding of CBPE resulted in a reduction in the printability of food-ink systems and a reduction in the stability of printed products for the syringe-based 3D food printer, mainly through increasing their adhesiveness and lowering their WBC. Superfine grinding of CBPE also resulted in a reduction in the printability of food-ink systems for the gear-based 3D food printer, mainly through increasing their SP. CBPE in printed products by the syringe-based 3D food printer kept the α-AI activity, however, it lost the α-AI activity after the gear-based extrusion process. These findings were expected to provide new ideas for the potential application of white common bean protein in 3D food printing technology.
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Chapter 5

General discussion, conclusion and perspective
1. General discussion

During the past 20 years, obesity is developing with a high speed in the word, which not only makes our body out of shape, but also brings negative effects on health. Clinical studies showed that obesity is related to the occurrence and development of various chronic metabolic disease, such as dyslipidemia, insulin resistance, and chronic inflammation (Garcés et al., 2012; Kotsis et al., 2017; Louis et al., 2014). Increasing evidence has suggested that dietary intervention is the best strategy for the prevention and treatment of obesity. Now it has been reported that increasing the consumption of edible bean can help obese people to lose weight (Rebello & Finley., 2014). 
White common bean is getting more and more attention due to its anti-obesity activity, and is being progressively applied in diet foods. α-AI, as a role of “starch blocker”, is the responsible components for the anti-obesity of white common bean, but the research of its anti-obesity mechanism is limited. Therefore, investigation on the anti-obesity mechanism of α-AI from various aspects will be helpful to further support the health benefits of white common bean food. In this research, the effects of α-AI on 3T3-L1 adipocyte differentiation and gut microbiota composition were evaluated, which enriched the anti-obesity mechanisms of α-AI. Then the CBPE, enriched in α-AI, was used as a raw material to perform 3D printing food, which further expend the production field of α-AI.
1.1. The anti-obesity effect of α-AIE from white common bean on cellular and animal levels
α-AI can inhibit the digestion of starch, reduce the energy absorption and further reducing weight in obese people (Barrett & Udani, 2011). Therefore, the first objective of this thesis was to systemically study the anti-obesity effect of α-AIE from white common bean both in vitro and in vivo. 

To achieve above objective, in this study, α-AIE with the specific activity of 1027.1±154.2 (U mg-1 protein) were prepared from common bean seeds. It is reported that hypertrophy of pre-existing adipocytes and increased deposition of cytoplasmic triglycerides during pre-adipocyte differentiation into mature adipocytes are the major and direct characteristic involved in obesity (Fu, Luo, Klein, & Garvey, 2005; Xiaojin Zhang et al., 2019). Therefore, an in vitro study about the effects of α-AIE on the 3T3-L1 adipocyte differentiation was performed. We found that α-AIE inhibit the differentiation and lipid accumulation in 3T3-L1 cells in a dose-dependent manner. PPARγ, C/EBPα, SREBP1c, LPL and ap2 are the essential factor during 3T3-L1 adipocytes differentiation (Sung et al., 2019; Tung, Ahmed, Peshdary, & Atlas, 2017; Q.-Q. Yang et al., 2019). PPARγ, C/EBPα and SREBP1c are early expressed during adipocyte differentiation. LPL and ap2 are the downstream regulatory factors of DNA in the process of adipogenesis and are specific genes in adipose tissue that are jointly activated by PPARγ and C/EBPα during fatty acid metabolism (Tung et al., 2017). The results of RT-PCR and Western blot showed that α-AIE suppressed the mRNA expression level and protein expression level of PPARγ, C/EBPα, SREBP-1c, in a dose-dependent manner. While α-AIE has no statistical effect on LPL, and the obvious inhibition in the expression of ap2 was only observed for high dose of α-AIE. These results suggest that α-AIE inhibits adipogenesis of 3T3-L1 adipocytes at early stage of adipogenesis with high dose of α-AIE, and give us a new insight into the mechanism of the anti-obesity effects of a-AI from common bean, except for the inhibition of starch digestion. 

From the above result of α-AIE inhibiting the 3T3-L1 adipocyte differentiation, only the with high concentration, α-AI can restrain the adipocyte proliferation and differentiation. Hence, the inhibition of α-AI on adipocyte is limited and is not the dominant factor to help people lose weight.
The inhibitory effect of α-AI on carbohydrate or starch digestion has been proved by literatures. While high fat dietary (HFD), was a key important factor, which can lend to far accumulation with high speed in body. It has been reported that western diet with high fat content is similar to the HFD, which always lend to overweight and obesity (Tovar et al., 2011). Hence, for the next, the lose-weight activity of α-AIE on HFD obese rats was evaluated.
The partially purified inhibitor with high activity was stable in human gastrointestinal secretions and could rapidly inactivate amylase in the human intestinal tract at doses of more than 2 mg/mL at 5 mL/min (Layer et al., 1985). In this study, an in vivo study was further performed to verify the anti-obesity effects of α-AIE in HFD rats. A time- and dose-dependent body weight-lowering effect of α-AIE was found, which are consistent with the study by Perricone et al. who reported that addition of common bean extract to the daily diet at a dose of 1000 mg/day for an adult could significant enhance weight loss in overweight men and women (Perricone, 2010). Supplement of α-AIE also lowered the food intake and the food efficiency ratio of HFD rats. α-AI from common beans has been reported to inhibit mammalian α-amylases, reduce starch metabolism and decrease the production of simple sugars, thus reducing the energy derived from food (Brain-Isasi et al., 2017). Intra-abdominal fat accumulation plays an important part in the pathogenesis of lipid metabolism in obesity (Fujioka et al., 1987). Oral administration of α-AIE reduced the abdominal fat accumulation and features of dyslipidemia, including elevated serum TC, TG and LDL-C levels and a reduced HDL-C level by HFD. These results indicate that α-AIE mitigated HFD-induced obesity and dyslipidemia in a dose-dependent manner, which was consistent with a previous study by Han et al. who reported that α-AI extracted from red kidney beans had a significant lipid-lowering effect in Kunming mice (L. Han et al., 2013).
1.2. The regulatory effects of α-AIE on the gut microbiota composition phylum and phylotypes levels
Due to the inhibition of α-AIE on the absorption of starch in the gastrointestinal tract, we assumed that α-AIE may play a similar role to that of resistant starch in the modulation of gut microbiota composition. As reported, undigested dietary starch can reach the colon and be fermented by the gut microbiota thus producing SCFAs and lowering the pH value in the colon (YiChen et al., 2018). To support this hypothesis, we first evaluated the effects of α-AIE on the pH value, the SCFA concentration, and the SCFA profiles in the colonic contents. After administration of α-AIE, the pH values were decreased, which is closely associated with the increased total SCFA concentration. SCFAs have been demonstrated to be beneficial to the host health (Fukuda et al., 2011). SCFAs, such as acetate, propionate and butyrate were small organic metabolites produced by fermentation of dietary fibers and resistant starch with vast beneficial effects in energy metabolism, intestinal homeostasis and immune responses regulation. In this study, both acetic acid and propionic acid, as the dominant SCFA in the colonic contents, were significantly increased. Compared to acetic acid and propionic acid, isobutyric acid and butyric acid accounted for a small proportion of the SCFAs. Many previous studies have demonstrated that propionic acid has positive effects on metabolic health, especially for lipid-lowering (Laparra & Sanz, 2010). The synthesis of cholesterol is mainly mediated by 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase, which is a rate-limiting enzyme involved in cholesterol synthesis in the liver (Pezzini et al., 2016). Propionic acid can inhibit the activity of HMG-CoA in the liver and thereby cause a reduction of the serum lipid level (Bueld et al., 1996). On the other hand, Mishra & Ghosh (2020) reported that propionic acid can also reduce adipogenesis and even induces adipocyte apoptosis. Thus, one of the major potential mechanisms involved in the lipid-lowering effects of α-AIE may be related to the increase in propionic acid. The changes in the pH value and the SCFA concentration suggested the changes in the gut microbiota composition. It was reported that the occurrence of obesity accompanied by the dysbiosis of the gut microbiota, as shown in the present study, HFD did reduced the gut microbiota diversity and richness, and changed the overall structure of the gut microbiota composition, which was consistent with the report by Zhang et al who found that the gut microbiome exerted major influence on the metabolic balance in obesity (Xiuying Zhang et al., 2017). Modulation of the gut microbiota composition is beneficial for host health in the context of obesity. After oral administration of α-AIE, although there was no significant effect on the species diversity and richness, the α-AIE shaped the overall composition of the gut microbiota of the obese rats. At phyla level, Firmicutes and Bacteroidete were the two dominant phyla among the gut microbiota in the colonic contents of rats. α-AIE reduced the relative abundance of Firmicutes, increased the relative abundance of Bacteroidete and, of course, lowered the Firmicutes/Bacteroidete ratio of the obese rats. After the α-AIE was administered, the relative abundance of Proteobacteria was slightly reduced, and the relative abundance of Actinobacteria was slightly increased, compared with the obese group. Martínez et al. reported that dietary intervention with resistant starch increases the numbers of Actinobacteria and Bacteroidetes and decreases the numbers of Firmicutes and Proteobacteria (Martínez et al., 2010; Zhou et al., 2016). The hypothesis that α-AIE may play a similar role to that of resistant starch in the modulation of gut microbiota was firstly demonstrated by this study. Orbe-Orihuela et al (2018) investigated the correlation between the two main gut microbiota phyla and the development of obesity and the associated metabolic diseases in children (Orbe-Orihuela et al., 2018). They claimed that obese children had a high relative abundance of Firmicutes that correlated with increased levels of proinflammatory cytokines. In addition, a recent clinical trial found that healthy lean individuals had lower Firmicutes/Bacteroidete ratios than those of obese individuals (Pasinetti et al., 2018). In addition, at the genus level, the key phylotypes changed by α-AIE were identified. A total of 30 OTUs were significantly changed, the relative abundances of Bacteroides (3 OTUs), Butyricicoccus (2 OTUs), Blautia (2 OTUs), Eubacterium (2 OTUs) and Lactobacillus (2 OTUs) increased remarkably, while that of Ruminococcus (2 OTUs) decreased notably. Among the gut microbiota enriched by the α-AIE, Bacteriodes, Butyricoccus, Blautia and Eubacterium belong to the putative SCFA-producing bacteria. SCFA-producing bacteria have been shown to contribute to a reduced risk of obesity and obesity-associated chronic metabolic disease in humans by protecting the mucosa from the damage induced by pathogens and the mitigating inflammation, etc (De Filippo et al., 2010; Xu Zhang et al., 2012). Besiedes, the genus Eubacterium spp. has been proved to be a butyrate-producing bacteria in the human intestine (Schwiertz et al., 2002). Brahe et al (2013) suggested that an increased level of butyrate-producing bacteria in the intestinal microbiota might alleviate obesity-related metabolic complications based on the potential anti-inflammatory and intestinal barrier function benefits of butyrate (Brahe et al., 2013). α-AIE also showed superior eﬀects on Lactobacillus, which are well-known beneficial bacteria. Vajro et al. evaluated the effects of short-term probiotic Lactobacillus treatment in children with obesity-related liver disease, revealing the Lactobacillus strain has potential to treat hypertransaminasemia in hepatopathic obese children (Vajro et al., 2011). Blandino et al (2016) reported that the relative abundance of Lactobacillus in the gut microbiota negatively correlates with the occurrence of high-fat diet-induced insulin resistance.(Blandino et al., 2016). Thus, the present results suggest that α-AIE plays an important role in the selective modulations of gut microbiota, which is considered a potential mechanism for the anti-obesity effect of α-AIE. However, clinical studies are needed to further support this hypothesis. 

The correlations between the differential OTUs and 6 obesity indexes, including body weight, intra-abdominal fat accumulation and serum TG, TC, LDL-C and HDL-C levels, were established. Among the 89 OTUs, 22 OTUs were found to be significantly correlated with obesity indexes. Six OTUs assigned to Bacteroides were negatively correlated with body weight and intra-abdominal fat accumulation, which was consistent with the study of Nadal et al., who reported that a higher abundance of Bacteroides in fecal bacteria is associated with reduced body weight and BMI in obese adolescents (Nadal et al., 2009). Three OTUs assigned to Blautia were negatively correlated with body weight, intra-abdominal fat accumulation and serum TG, TC and LDL-C but were positively correlated with serum HDL-C levels. A previous study of HFD-induced obese rats reported a similar result: after a diet intervention, the obesity-associated metabolic disorders were improved, and the relative abundance of the Blautia genus was increased (Bai et al., 2018). In addition, 1 OTU assigned to Clostridium and 3 OTUs assigned to Lactobacillus showed negative correlations with body weight, intra-abdominal fat accumulation and serum TG, TC and LDL-C levels and showed positive correlation with serum HDL-C levels. Nadal et al. reported that reductions in Clostridium significantly correlated with weight and BMI reductions in the adolescent population (Nadal et al., 2009). Lactobacillus is the most well-known probiotic and has been clinically used to treat a series of metabolic disorders (Kang et al., 2010). Recent animal studies have demonstrated its negative correlations with body weight, serum lipid levels and fasting blood glucose level (Blandino et al., 2016). In addition to the classified bacteria at the genus level, 10 generic unclassified OTUs were found to be significantly correlated to the obesity indexes. Among these OTUs, 2 OTUs assigned to the Bacteroidetes phyla showed a negative correlation with obesity and 6 OTUs assigned to the Firmicutes phyla and 2 OTUs assigned to the Proteobacteria phyla showed positive correlations.

1.3. The application of CBPEs in 3D printing foods
In recent years, 3D printing technology has been rapidly developed and widely applied in food technology, especially for customized foods. According to the previous results, the anti-obesity effects of α-AI form white common bean has been proved. CBPE enriched in α-AI could be a potential raw material for customized foods for obese people as dietary protein. More and more attentions have been attracted on the application of plants source dietary protein in 3D printing technology. Based on the previous studies hydrocolloids were used to improve the printing performance of CBPE (Jingwang Chen et al., 2019; Portanguen, Tournayre, Sicard, Astruc, & Mirade, 2019). Besides, the effects of superfine grinding on the 3D printing performance were also investigated. It was reported that the printing performance is mainly dependent on the various rheology properties (Lille, Nurmela, Nordlund, Metsä-Kortelainen, & Sozer, 2018b). 
In this study, the rheological property of various particle sizes of CBPEs mixed with different hydrocolloids (Formula A and Formula B) were determined. The rheological result showed that superfine grinding lowered the viscosity and G′′ values of the mixtures. On the other hand viscous food pastes should have appropriate low viscosity to go through the nozzle of a 3D printer and stick together layer by layer (Yaowei Liu et al., 2018; Chungchunlam & Henare., 2017). High viscosity food paste is difficult to pass the nozzle of the 3D printer. Hence, at the beginning, we assume that the superfine grinding CBPE mixtures will have better printing performance than normal grinding mixtures. Then, mixtures including Formula A and Formula B were applied in two kinds of 3D printers, respectively. For the Formula A in syringe extruder 3D printer, S-24AG could not thread the nozzle. For the Formula B in gear-based 3D printer, all the three superfine grinding CBPE mixtures, S-6AgX, S-12AgX and S-24AgX, failed to be printed out. These results may suggest that though the superfine grinding has a negative effect on the 3D printing performance. The texture result showed that the adhesiveness of S-24AG (-146.78 g·sec) was significantly stronger (p<0.05, R=0.99) than that of NAG (-78.78 g·sec), S-6AG (-85.03 g·sec) and S-12AG (-80.14 g·sec), which might explain the failed 3D printing of S-24AG in Formula A. In the Formula B, S-6AgX, S-12AgX and S-24AgX presented much higher SP than NAgX (p<0.05, R=0.98), which led to an expansion of the food-ink systems when passing through the nozzle tip, thus resulting in failed 3D printing process. Further researches are needed to explain this phenomenon. The present results suggested that the various particle sizes of food materials may be a considered factor to optimize 3D printing food materials.
The health benefits of CBPE are dependent on its α-AI activity. Superfine grinding did not affect the α-AI activity of CBPE. Also, the 3D printing process in syringe extruder 3D printer had no significant effect on the α-AI activity of CBPE. However, the products from L3D kit 3D printer totally lost the α-AI activity. This may be caused the process of high temperature during preparation of samples and 3D printing. It has been demonstrated that the α-AI would lost the activity when the temperature is above 80 °C (Zi et al., 2015). 
2. General conclusion

As showed in Figure 22, in this study, we first investigate the anti-obesity effect of α-AIE. The in vitro study showed that α-AIE inhibit 3T3-L1 adipocytes differentiation and downregulate the mRNA and protein expression level of PPARγ, C/EBPα, SREBP-1c and ap2, in a dose-dependent manner. The in vivo study showed that supplement of α-AIE decreased the body weight and improved the serum lipid level of HFD-induced obese rats. In addition, the effects of α-AIE on the gut microbiota composition were evaluated. β-Diversity analysis, principal components analysis and a Venn diagram showed that α-AIE administration changed the gut microbiota composition of obese rats. At the phylum level, the relative abundances of Firmicutes and Proteobacteria decreased and the relative abundances of Bacteroidetes and Akkermansia increased. In addition, 89 OTUs significantly responding to HFD and 30 OTUs significantly responding to α-AIE were identified. The OTUs enriched by α-AIE were mainly assigned to putative SCFA-producing bacteria, including Bacteriodes, Butyricoccus, Blautia and Eubacterium. Twenty-two OTUs were found to be significantly correlated with obesity indexes. These above results demonstrated the anti-obesity effects of α-AIE, and provided new insights into the mechanism of the ant-obesity effects of white common bean foods through inhibition of adipocyte differentiation and modulation of gut microbiota composition. Based on the bioactivity of α-AIE, the CBPEs that possess α-AI activity, as a potential material for customized foods for obese people, was isolated and applied in the 3D printing technology. The addition of gelatin and alginate sodium made CBPE to be suitable for the syringe extruder 3D printer, and the addition of xanthan and agar made CBPE to be suitable for the L3D kit 3D printer. Superfine grinding of CBPE resulted in a reduction in the printability of food-ink systems and a reduction in the stability of printed products for the syringe-based 3D food printer, mainly through increasing their adhesiveness and lowering their WBC. Superfine grinding of CBPE also resulted in a reduction in the printability of food-ink systems for the gear-based 3D food printer, mainly through increasing their SP. CBPE in printed products by the syringe-based 3D food printer kept the α-AI activity, however, it lost the α-AI activity after the gear-based extrusion process. These findings provide new ideas for the application of white common bean protein in 3D printed food. 

Figure 22 The simple view of researches conclusion.
3. Perspectives

3.1. New insights into the anti-obesity effects of α-AI from common bean were provided
It is well known that α-AI from common bean seeds, as a starch blocker, exerts anti-obesity effects through inhibiting digestion of carbohydrate in foods. In this study, we further proved the anti-obesity of α-AI from white common bean. What’s more, other involved mechanisms, mainly the gut microbiota composition modulation effects of α-AI, were demonstrated. Gut microbiotas possess enzyme and biotransformation pathways that the host does not have. In addition, gut microbiotas provide a variety of metabolites including SCFAs, phenolic acids, vitamins, nitrogen compounds, and sulfur compounds for the host through metabolization of undigested food components (such as dietary fiber, conjugated polyphenols, glycosylated proteins, etc.). Nowadays, there is a growing view that it is the changes in the metabolites, rather than the gut microbiotas, that directly benefits the host. In this study, the key bacterias changed by α-AIE were identified, however, the key metabolites correlated to these bacterias and the occurrence of obesity remained to be identified in the future. 
3.2. Bioactivity retention and physical modification of materials should be considered during the 3D printing process
With the development of 3D printing technology, increasing interests have been focused on the evaluation of the printing performance of various dietary materials. However, limited study has focused on the retention of the bioactivity of functional food ingredients. In this study, the CBPE maintained the α-AI activity after printing by the syringe extruder 3D printer, however it lost the bioactivity after printing by the L3D kit 3D printer. Based on its application prospect in production of customized foods, the retention of the bioactivity of raw materials during samples preparation and printing process should also be considered in the future study. On the other hand, the 3D printing performance is reported to be dependent on the physicochemical property of materials, especially for the rheology property. At present, addition of hydrocolloids is the most widely used method to improve the printing performance of food materials through changing their physicochemical property. However, with the increasing attention to food safety among consumers, physical modification is becoming the alternative way to improving the physicochemical property of food materials. In this study, the effects of superfine grinding on the physicochemical property and printing performance of CBPE were investigated. However, though superfine grinding improved the rheology property, it degraded the printing performance of CBPE. Further researches are needed to explain this phenomenon. Besides, more other physical treatments are remined to be evaluated. 
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