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Abstract
Highly intercalated or exfoliated nanclay montmorillonite (MMT) has promises to improve mechanical and barrier properties of nanocomposite materials that may be further improved by strengthening interactions between matrix polymers and nanofillers. In this work, water-soluble proteins extracted from hominy feed and soy flour were applied to modify the structures of MMT layers by surface-coating. Following coating at 60 (C using different MMT:protein mass ratios (49:1~2:1) and pH (2.0~10.0), the nanoclay was triple-washed for zeta potential analysis and lyophilized for X-ray diffraction and Fourier transform infrared spectroscopy analyses. Results showed that protein adsorption on MMT occurred at all pH conditions by coulumbic and/or non-coulumbic forces. At a sufficient amount of protein, highly intercalated or fully exfoliated MMT structures were achieved. MMT coated by soy protein was incorporated in soy protein dispersions for enzymatic and chemical cross-linking. Dynamic rheological tests were applied as a non-destructive method to illustrate the gel network formation and the interactions between protein-coated-MMT and matrix proteins. Variables in enzymatic cross-linking included concentrations of NaCl and transglutaminase (TGase), and the absence/presence of protein-coated-MMT at pH 6.5. Without MMT, the maximum storage modulus (G() was achieved at 100 mM NaCl and stronger gels with shorter gelling times were observed at higher TGase concentrations. Conversely, the incorporation of coated-MMT screened the effects of ionic strength on soy protein gelation, and further shortened the gelation time and increased synergetic development of G( for the combination of 100 mM NaCl and TGase. For chemical cross-linking, glutaradehyde was used as a cross-linker and studied for impacts of pH, temperature and cross-linker concentration. Without MMT, G( gradually increased with increasing glutaradehyde concentration; while the increase of G( was in a higher order of magnitude in the presence of MMT. The practical approach and established parameters from this work can be used to manufacture nanocomposite materials with improved properties.
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. Introduction
1.1. Food Packaging and Plastics
Packaging for food products is utilized to prevent the changes of safety and qualities against chemical, physical, enzymatic, and microbiological hazards to maintain foods in an appropriate condition for retails or consuming (Davidson and Branen 2005). Metal, glass, paper and paperboard, and petroleum-derived plastics are the traditional packaging materials applied in food packaging industry. However, with the merits of food packaging applications on enhanced safety and convenience, the solid waste from food packaging negatively impacts the environment. It is reported that municipal solid waste was increased 37% from 179.6 million tons in 1988 to 245.7 million tons in 2005. Packaging has been highly contributed to total solid wastes up to 31.2%, of which food packaging waste accounted for approximately two-thirds by volume Marsh & Bugusu, 2007()
. 

Especially, due to the advantages of low cost, light weight, and chemical inertness, plastics packages have been greatly manufactured and used in food preservation Prabhat Kumar, 2009()
 since the first plastic bag was invented in 1957. In the year of 2010, global plastic production reached up to 300 million tons, almost the same amount as that of plastics produced in the first decade in 21 century, and as same as that produced during the entire 1900s, resulting in a big environment issue – plastics waster disposal problem, because the petroleum derivate plastics are non-degradable. Additionally, the production of petro-plastics consumes valuable and non-renewable natural fossil resources (Henriette de Azeredo 2009). 

These concerns of negative environment impact of persistent petro-plastic wastes, fossil fuel depletion and increase of petroleum prices have been driving forces in using plant-sourced degradable polymers to produce cheap-cost, biodegradable and renewable bio-plastics packaging materials. The demands of biodegradable plastic packaging are continuously increasing from either consumers or the industries to solve the waste problem to some extent.

1.2. Opportunity and Challenge on Bio-Degradable and Renewable Natural Bio-Polymers and Recent Advances in Food Package 
Natural biopolymers, including thermoplastic starch, cellulose, chitosan, gelatin and plant oils, have been studied extensively as bio-packaging material resources in the past two decades because of their renewable and bio-degradable properties Cao, Fu, & He, 2007


( ADDIN EN.CITE ; Krochta & DeMulderJohnston, 1997; Le Corre, Bras, & Dufresne, 2010; Tang, Alavi, & Herald, 2008)
. The newly synthesized bio-degradable packaging materials will be used to replace or partially replace the petroleum-based plastics and foam (Krochta and De Mulder-Johnston 1997), thereby potentially alleviating environmental pollution derived from non-degradable petroleum-based plastic products.
Commercialization of some biopolymer-based food packages has already started to some extent. Disposable “green” paper and bio-synthetic polylactide (PLA) are the most popular new advances. Bio-degradable dishwares from sugar cane pulp fiber have been widely used in MIT dining system. Natureworks, LLC (Minnetonka, MN) uses polylactide from fermented corn sugar to manufacture biodegradable spring water bottles, in which the synthesized polylactide can be hydrolyzed back to lactic acid. Frito Lay, Inc. has already replaced traditional sum chips’ bags with bio-degradable bags for more than a year. Wal-Mart stores, Inc. is using polylactide to package fresh-cut produce (Marsh and Bugusu, 2007). As released in website of “Food & Beverage Packaging” in July 2011, the annual growth of bio-plastics has been ca. 17-20% since 2006, and the global demand for bio-plastics is estimated to quadruple by 2013 Markets, 2011


( ADDIN EN.CITE )
. 
According to “The Global Outlook for Biodegradable Packaging” report Markets, 2011


( ADDIN EN.CITE )
, “PLA dominates bioplastics use, but more new materials are being developed from algae and microbacterial sources and advances in nanotechnology offer potential for interesting developments in smart packaging.” Proteins, due to their good film forming properties, low cost and biodegradable nature, have been intensively studied in forming biopolymer films. Among varied proteins such as soy protein, whey protein, casein, wheat gluten, collagen, corn zein, and gelatin, soy protein and gluten have the advantage of low cost to develop cheap packaging materials. Soy protein isolate (SPI), consisting of more than 90% protein, is a cheap source than whey protein isolate (WPI) and corn zein, i.e., the unit price (dollars per pound) was 1.30-1.70 for SPI, while 6.00-12.00 for WPI and 10.25-15.50 for zein Fishman, 1997(; Krochta & DeMulderJohnston, 1997)
. However, when compared to the petro-plastic products, packaging films prepared from proteins have poor mechanical and barrier properties such as brittleness, rigidity, low elongation percentage, and relatively low moisture resistance due to its hydrophilic nature, etc Kim, Ko, & Park, 2002


( ADDIN EN.CITE ; Krochta & DeMulderJohnston, 1997; Paetau, Chen, & Jane, 1994)
, in turn limited the realistic applications in food packaging industry.

With the application of nanotechnology, emerging nanocomposite packaging materials have received great interests in overcoming the property shortages of these natural biopolymer-based packaging materials. Nanotechnology uses and studies materials at a nanoscale that normally ranges from 1 to 100 nanometers. Materials at different scales, i.e. in micro scale versus in nano level, result in significantly different properties, even for the same kind of material. In comparison to the micro scale materials, the nano scale of materials endows with much better mechanical and barrier properties due to its ultra-small scale and huge reactive surface area, exponentially increased by the size. Nanocomposite consists of a matrix of biopolymers incorporated by nanofillers. Composition, dimension, and shape of nanofillers, as well as their spatial distribution in the matrix, are important factors impacting the properties of nanocomposite products Capek, 2006()
. 

Polymer-clay-nanocomposite (PCN) is a group of nanocomposites, in which nanoclays are the nanoscale fillers dispersing in the polymer matrix. The inorganic nanoclays contain at least one dimension in the nanometer range. PCN works effectively to enhance the mechanical (tensile strength, tensile modulus and percent elongation at break) and the barrier (resistance against gas, moisture, and volatiles) properties for bio-degradable and renewable natural raw materials due to the high aspect ratio and high surface area of incorporated nanoclays and their uniform distribution in and enhance the interfacial interaction with the biopolymer matrix. Structure-property relationship illustrates that structure of nanocomposite material would greatly impact the properties and performance of final products, thus achieving either intercalation or exfoliation of layered nanoclay is critical to improve the properties of nanocomposite materials. Le Corre, Bras, & Dufresne, 2010(; Tang, Alavi, & Herald, 2008)
.

Four possible arrangements of layered clays dispersed in a polymer matrix have been established, i.e., microcomposite (phase separated or immiscible), intercalated, disordered intercalated (partially exfoliated), and exfoliated nanocomposite. In a microcomposite, clay platelets are stacked and exist as tactoids, encapsulated by the polymer matrix. Once a monolayer of extended polymer chains penetrates into the gallaries between clay layers, the intercalation of silicate platelets occurs. Normally, intercalation leads to finite expansion of clay layers to ca. 2-3 nm. In this category of intercalation, these platelets remain parallel to each other. The disordered intercalated structure is generated by extensive penetration of polymer chains into the galleries of layered silicate. The parallel layers are thus partially disarranged. Higher degree of disorder in clay layers leads to exfoliation or delamination of silicate platelets, causing the separation of layers by 10 nm or more. Exfoliation of nanocomposite reveals the homogeneous distribution of nanoclays throughout the polymer matrix. Prabhat Kumar, 2009


( ADDIN EN.CITE ; Tang, Alavi, & Herald, 2008)
    

As a natural existing clay, montmorillonite (MMT) is one of the most popular and widely studied layered silicates in developing bio-polymer nanocomposites because of its low cost, abundant supply, large surface area (750 m2/g), large specific aspect ratio (ratio of length to thickness of 50-1000), and very high elastic modulus (178 GPa) Arora & Padua, 2010


( ADDIN EN.CITE ; de Azeredo, 2009; Essington, 2003; Gunister, Pestreli, Unlu, Atici, & Gungor, 2007; Zhao, Torley, & Halley, 2008)
. MMT behaves as rigid fillers in nanocomposite. Highly intercalated or exfoliated MMT has repeatedly been shown to improve mechanical and barrier properties of bionanocomposite materials Chen & Zhang, 2006


( ADDIN EN.CITE ; P. Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a, 2010b)
. Chen & Zhang (2006) prepared highly exfoliated soy protein isolate (SPI)/MMT nanocomposite plastics with MMT content lower than 12 wt%. Well dispersion of MMT in SPI matrix resulted in significant improvements in thermal-stability and mechanical strength. Disorderly intercalation or exfoliation is the desired arrangement for enhance the properties of PCN, and only obtained at a low MMT concentration. Generally speaking, because the bigger d-spacing (distance between clay layer platelets) makes the polymer chains to enter into the layers easily, MMT with enlarged d-spacing is much more easily approaching the intercalated structure, even further the exfoliation of nanocomposite, than pristine MMT. Modification of nanoclays by increasing basal spacing with intercalated and/or exfoliated structures prior to incorporation into the polymer matrix is a viable approach in improving structure and properties of final nanocomposite materials. 

The above studies indicate that the prior exfoliated or intercalated MMT structures via modification can then be benefit for production of nanocomposite materials, with the possibility to increase the extent of exfloliation/intercalation of MMT in nanocomposite. Modification of MMT structures with enlarged basal spacing can further improve mechanical and barrier properties of nanocomposite. 
1.3. Scope of the Work

The overall goal of this work was to investigate the potential modification of MMT structure utilizing surface-coating by water soluble proteins extracted from hominy feed and soy,flour and the strengthening effect of the incorporation of modified MMT on formation of gel network and strength, as well as the interactions between the matrix polymer – soy protein and protein-coated MMT during enzymatic and chemical crosslinking via dynamic rheological measurement.

Hominy protein and soy protein, widely available plant-sourced proteins, were applied for surface coating MMT to modify the structure of MMT parallel layers for intercalation and/or exfoliation prior to nanocomposite production, which may dissolve some problems of forming non-uniform composite during processing. Different pH (2.0-10.0) and MMT:protein mass ratios (from 49:1 to 2:1) were designed for surface-coating process. The structures of surface-coated MMT were determined using X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR). The liquid samples were also characterized by ζ (zeta)-potential measurement to verify the electrostatic interaction between protein molecules and negatively changed MMT layers.
The modified MMT was then incorporated in soy protein dispersions for enzymatic and chemical crosslinking by utilizing transglutaminase (TGase) and glutaraldehyde. Dynamic rheological measurements were performed to illustrate the gel network formation and strength. Variables for enzymatic crosslinking included concentrations of sodium chloride and TGase in the absence or presence of modified MMT. Chemical crosslinking was performed at the impacts of pH, temperature and glutaraldehyde concentration with or without modified MMT.  
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. Literature Review
2.1. Recent Research of Biodegradable Sillicate Nanocomposite in Protein-based Food Packaging
Concerns of fossil fuel depletion, increase of petroleum price and negatively environmental impact of persistent petro-plastic wastes have been the driving forces in investigating bio-plastic packaging based on renewable, low-cost and degradable biopolymers Jahangir, 2007


( ADDIN EN.CITE ; Sorrentino, Gorrasi, & Vittoria, 2007; Zhao, Torley, & Halley, 2008)
. The annual growth of bio-plastics has been reported as ca. 17-20% since 2006, and the global demand for bio-plastics is estimated to quadruple by 2013 Markets, 2011


( ADDIN EN.CITE )
. Some major retailers, including Coca-Cola, Frito Lay and Walmart Marsh & Bugusu, 2007()
, have already adopted bio-plastic bottles, pouches and wraps, etc., based on their announcements.  

Natural biopolymers, including thermoplastic starch, cellulose, chitosan, gelatin and plant oils, have been studied extensively as bio-packaging material resources in the past two decades because of their renewable and bio-degradable nature Cao, Fu, & He, 2007


( ADDIN EN.CITE ; Krochta & DeMulderJohnston, 1997; Le Corre, Bras, & Dufresne, 2010; X. Z. Tang, Alavi, & Herald, 2008)
. Thus, the emerging developed bio-degradable packaging materials have the promise to replace or partially replace the petroleum-based plastics and foam Krochta & DeMulderJohnston, 1997()
, thereby potentially alleviating environmental pollution derived from non-degradable petroleum-based plastic products.

Poly-lactic-acid (PLA) synthesized from monomers derived from starch has been a dominating polymer in manufacturing bioplastics Ahmed & Varshney, 2011


( ADDIN EN.CITE )
, but materials from sources such as microorganisms and algae, and advanced technologies such as nanotechnology, are emerging in bioplastic industry Markets, 2011


( ADDIN EN.CITE )
. As listed in Table 2.1, the films consisted from PLA obtained good mechanical properties, moderate water barrier property but poor oxygen barrier property, while protein-based bio-degradable films had moderate mechanical properties and good oxygen barrier property, but poor or moderate water barrier properties.    

2.1.1. Degradable Soy Protein-based Packaging Materials
Proteins, due to their good film forming properties, low cost and biodegradable nature, have been intensively studied as renewable film-forming biopolymers Cuq, Gontard, & Guilbert, 1998


( ADDIN EN.CITE ; P. Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a, 2010b; Paetau, Chen, & Jane, 1994; Xiang, Tang, Cao, Wang, Wang, Zhang, et al., 2009)
. Among varied proteins such as soy protein, whey protein, casein, wheat gluten, collagen, corn zein, and gelatin, soy protein and gluten have the advantage of low cost to develop cheap packaging materials. As illustrated in Table 2.1, the unit price (dollars per pound) for SPI and gluten were 1.30-1.70 and 0.80-0.90, respectively, while 6.00-12.00 for WPI and 10.25-15.50 for zein Fishman, 1997(; Krochta & DeMulderJohnston, 1997)
,.
Soy protein is a globulin complex, consisting of two major components – β-conglycinin (7S, about 35%) and glycinin (11S, about 52%), with denaturation temperatures of 76.7 and 94.1 (C, respectively C. H. Tang, Choi, & Ma, 2007()
. β-conglycinin is a trimeric glycoprotein with a molecular weight of 180 kDa, consisting of three types of subunits, i.e., α’, α and β subunit, while glycinin, having a molecular weight of ca. 360 kDa, is composed of an acidic and a basic polypeptide, linked by a disulphide bond Koshiyam.I, 1968


( ADDIN EN.CITE ; Renkema, Knabben, & van Vliet, 2001; Thanh & Shibasaki, 1976a, 1976b)
. 

Varied chemical treatments have great impacts of soy protein films Prabhat.  Kumar, 2009()
. The glycinin has a higher tendency to form disulfide bonds than β-conglycinin, thus the films formed from 11S had a higher tensile strength than that from 7S Okamoto, 1978()
. Molecular weight of SPI fraction affected the moisture barrier and physical properties of soy protein films Cho & Rhee, 2004()
. The addition of plasticizers improved the water resistance and brittleness of soy protein. Water and glycerol, behaving as typical plasticizers, greatly enhanced the flexibility of soy protein polymers Mo, Sun, & Wang, 1999()
. Other factors, such as pH, heating and blending, also played an important role in soy protein films Song, Tang, Wang, & Wang, 2011


( ADDIN EN.CITE )
.       
Among the natural degradable biopolymers, protein films have lower water vapor permeability and better oxygen barrier properties than starch films Cao, Fu, & He, 2007


( ADDIN EN.CITE ; de Azeredo, 2009; Zhao, Torley, & Halley, 2008)
. However, when comparing to petro-plastics, protein films have poor mechanical properties such as brittleness, rigidness, and low elongation percentage and relatively low moisture and gas resistance due to its hydrophilic nature, in turn limited the realistic applications in food packaging industry. These drawbacks of protein films could be potentially lessened by the application of nanotechnology Arora & Padua, 2010


( ADDIN EN.CITE ; Krochta & DeMulderJohnston, 1997; Song, Tang, Wang, & Wang, 2011)
 to effectively improve the properties of new bio-materials and make their commercial applications feasible.
2.1.2. Nanotechnology and Soy Protein-based Nanocomposites 
Nanotechnology uses and studies materials at a nanoscale of ranging from 1 to 100 nanometers. At different scales, i.e. micro scale versus nano level, materials behave in significantly different properties, even for the identical same materials. The ultra-small scale (at nano level) of the materials is contributed to much better mechanical and barrier properties than those in a micro scale. The difference in material performance is resulted form huge reactive surface area, exponentially increased by the size of ultra-small scale. The incorporated fillers contain at least one dimension in the nanometer range. Nanocomposite with either intercalated or exfoliated nanolayers have much improved mechanical and barrier properties than conventional composite materials with fillers dispersed as micrometer-sized structures Le Corre, Bras, & Dufresne, 2010(; X. Z. Tang, Alavi, & Herald, 2008)
.

Bio-nanocomposite, by dispersing inorganic nanoparticles  in a matrix of biopolymer, has the promise to improve mechanical, barrier and thermo-resistance properties of natural biopolymer-based packaging films Arora & Padua, 2010


( ADDIN EN.CITE ; Dang, Lu, Yu, Sun, & Yuan, 2010; de Azeredo, 2009)
, which properties are currently technological challenges of developing bio-packaging to replace conventional petro-plastics. Clay-based nanocomposite effectively enhances the tensile strength and the barrier resistance against gas, moisture, and volatiles for bio-degradable and renewable natural raw materials Arora & Padua, 2010


( ADDIN EN.CITE ; Chang, Yang, Huang, Xia, Feng, & Wu, 2009; Weiss, Takhistov, & McClements, 2006)
. Thus, biopolymer-based nanocomposites as novel packaging materials can be the substitutions of petroleum-derived plastics due to their renewability and bio-degradability.

 Soy protein have been extensively studied for bio-derived packaging materials, with several recent studies investigating the improvement of mechanical and barrier properties of nanocomposite films after incorporating nanoclays such as montmorillonite (MMT) Arora & Padua, 2010


( ADDIN EN.CITE ; Chang, Yang, Huang, Xia, Feng, & Wu, 2009; Chen & Zhang, 2006; Guilherme, Mattoso, Gontard, Guilbert, & Gastaldi, 2010; P. Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a, 2010b; Lee & Kim, 2010; Martucci & Ruseckaite, 2010)
. Soy protein isolate (SPI)/MMT nanocomposite films have been reported for decreased permeabilites of water vapor and oxygen and increased elastic modulus and tensile strength Lee & Kim, 2010()
. Chen & Zhang (2006) developed SPI-based nanocomposite bioplastics with highly exfoliated MMT that demonstrated significantly improved mechanical strengths and thermal-stabilities when comparing to the control without MMT. Kumar et al. (2010a, 2010b) applied melt extrusion to achieve intercalation/exfoliation of MMT, and the resultant SPI/MMT cast films were greatly improved for tensile strength, storage modulus, glass transition temperature, water barrier property, and thermal stability. Exfoliation of MMT was achieved with modified MMTs at MMT content lower than 5%, while intercalated to disorderly intercalated structures were developed at higher MMT content (15%). Studies above indicates that both mechanical and barrier properties of soy protein films could be improved when nanoclays are incorporated to form soy protein-based nanocomposites.

2.1.3. Structure-property Relationship and Modifications of MMT
Researchers proposed different nano-particles based on their physical shapes, including spheres, rods, palates, particles, etc. Composition, dimension, and shape of nanofillers, as well as their spatial distribution in the matrix, are important factors impacting the properties of nanocomposite products Capek, 2006()
.

MMT, as naturally existing clay, has been one of the intensively studied nanofillers in developing bio-polymer nanocomposites Arora & Padua, 2010


( ADDIN EN.CITE ; Capek, 2006)
. As depicted in Figure 2.1, the structure of MMT is composed of one layer of octahedral sheet sandwiched with two silica tetrahedral parallel layers (Figure 2.1). The surfaces of MMT are highly negatively charged and different layers are attracted with weak electrostatic force Essington, 2003


( ADDIN EN.CITE ; Prabhat.  Kumar, 2009; X. Z. Tang, Alavi, & Herald, 2008)
. The extensive usage of MMT for developing nanocomposites is originated from its abundance in supply, easy availability at low cost and physical characteristics, including high elastic modulus (178 GPa), high surface area (750 m2/g), and high specific aspect ratio (50-1000). The physical characteristics are identified to contributions in enhancing both mechanical and barrier properties of nanocomposite materials de Azeredo, 2009


( ADDIN EN.CITE ; Essington, 2003; Gunister, Pestreli, Unlu, Atici, & Gungor, 2007; Le Corre, Bras, & Dufresne, 2010)
.

There are four proposed structures of silicate layers dispersing in a polymer matrix. Basically, three identical arrangements, i.e., microcomposite (phase separated or immiscible), intercalated, and exfoliated nanocomposite, has been widely announced Alexandre & Dubois, 2000()
, and the fourth one is an intermediate status between intercalated and exfoliated, so called “disordered intercalation”. As shown in Figure 2.2, phase separated structure exists in conventional composite, identified as microcomposite, in which clay platelets are stacked and exist as tactoids, encapsulated by the polymer matrix. Intercalation of silicate platelets occurs once a monolayer of extended polymer chains penetrates into the gallaries between clay layers. The intercalation leads to finite expansion of clay layers to ca. 2-3 nm. In this category of intercalation, clay platelets remain parallel to each other. Exfoliation or delamination of silicate platelets occurs when extensive penetration of polymer chains into the galleries, causing the separation of layers ca. 10 nm or more. Exfoliation of nanocomposite reveals the homogeneous distribution of nanoclays throughout the polymer matrix. The disordered intercalation is the status between parallel intercalation and exfoliation. Alexandre & Dubois, 2000


( ADDIN EN.CITE ; Prabhat.  Kumar, 2009; X. Z. Tang, Alavi, & Herald, 2008; Zeng, Yu, Lu, & Paul, 2005)
     
The structure-property relationship illustrated that structure of nanocomposite material would greatly impact the properties and performance of final products Chen & Zhang, 2006


( ADDIN EN.CITE ; P. Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a)
, thus achieving either intercalation or exfoliation of layered nanoclay is critical to improve the properties of nanocomposite materials. Le Corre, Bras, & Dufresne, 2010(; X. Z. Tang, Alavi, & Herald, 2008)
. In this case, modification of nanoclays by increasing basal spacing (distance between clay layer platelets) with intercalated and/or exfoliated structures prior to incorporation into the polymer matrix is a viable approach in improving structure and properties of final nanocomposite materials Feng, Zhao, Gong, & Yang, 2004


( ADDIN EN.CITE ; Lin, Wei, Juang, & Tsai, 2007; Mallakpour & Dinari, 2011)
. Physically, polymer chains can enter into the galleries between layers much more easily with a bigger basal spacing. MMT with enlarged basal spacing is much more easily approaching the intercalated structure, even further the exfoliation of nanocomposite. 

To develop the enlarged the basal spacing, strategies have been developed by chemically modifying surface properties of MMT or physically coating MMT with molecules Feng, Zhao, Gong, & Yang, 2004


( ADDIN EN.CITE ; Lin, Wei, Juang, & Tsai, 2007; Mallakpour & Dinari, 2011; Yang, Zhu, Yin, Wang, & Qi, 1999)
. Yang et. al (1999) surface-modified MMT by using three types of intercalation agents: amino acids, primary aliphatic amines and quaternary ammonium salt and found that the dispersion behavior of MMT in organic solvents depended on the type of the functional group and the bulky group of the intercalation agent and d-spacing increased with the length of the alkyl group in an intercalation agent, which makes it possible that MMT could be modified by molecules with large molecular weight. Lin et. al (2007) applied hydrochloric acid to modify the Na+-MMT by ion exchange to enlarge the d-spacing from 1.2 nm to 1.5 nm, followed by intercalation of MMT with Bovine serum albumin (BSA), resulting in a further enlarged d-spacing of 3.2 nm.

2.2. Crosslinking in Potentially Enhancing the Properties of Bio-Degradable Nanocomposite 
Highly intercalated or exfoliated nanclay montmorillonite (MMT) has repeatedly been shown to improve mechanical and barrier properties of bionanocomposite materials, which may be further improved by strengthening interactions between matrix polymers and those with MMT. Crosslinking is a potential resolution to improve the interaction among the nanocomposite system because crosslinking could promote the formation of strong covalent bondings between proteins, and enhance the interactions of the nanocomposite system. In addition, crosslinking decreases the solubility of protein and enhances the hydrophobic effect Mohamed, Hojilla-Evangelista, Peterson, & Biresaw, 2007


( ADDIN EN.CITE )
. Enzymatic and chemical cross-linking approaches have been studied for soy proteins 
 ADDIN EN.CITE 
(Caillard, Remondetto, & Subirade, 2009, 2010; de Carvalho & Grosso, 2004; Gan, Latiff, Cheng, & Easa, 2009; Jiang, Tang, Wen, Li, & Yang, 2007a; Yildirim & Hettiarachchy, 1998)
.
2.3.1. Chemical Crosslinking
Chemical crosslinking of soy protein includes calcium crosslinking and crosslinking induced by chemicals containing aldehyde groups Song, Tang, Wang, & Wang, 2011


( ADDIN EN.CITE )
. Chemical crosslinkers containing aldehyde groups, including glutaraldehyde, formaldehyde, glyxoal, dialdehyde starch, hexanedial, biacetyl, and cyclopentane-dione (Figure 2.3), have been widely utilized in protein crosslinking. Among three crosslinkers, i.e., formaldehyde, glyceraldehyde and glutaraldehyde, glutaraldehyde was the most reactive one to crosslink wheat protein Gerrard, Brown, & Fayle, 2003()
. 
 Crosslinking of proteins via aldehyde groups formed covalent bonds such as amide (CO-NH) bonds between protein chains by crosslinking the amino residues of lysine Gerrard, Meade, Millera, Brown, Yasir, Sutton, et al., 2005


( ADDIN EN.CITE ; Gonzalez, Strumia, & Igarzabal, 2011; Song, Tang, Wang, & Wang, 2011)
, so called “Maillard-type” crosslinking Caillard, Remondetto, & Subirade, 2009


( ADDIN EN.CITE , 2010)
. This kind of crosslinking reaction, specific to the albumin and globulin fraction, resulted in a loss of lysine residues Gerrard, Brown, & Fayle, 2003()
.  
In the presence of salt, cross-linking soy protein led to the formation of a less porous network consisting of smaller flocs and/or smaller particles and formed stronger gels Caillard, Remondetto, & Subirade, 2009()
. Soy protein biopolymers prepared by crosslinking with glutaraldehyde had changed functionalities, with a lower solubility, lower emulsifying properties and higher foaming stabilities than original SPI. Meanwhile, formed SPI-GA biopolymer films obtained enhanced tensile strength and elongation at break, that increased with increasing glutaraldehyde concentrations Park, Bae, & Rhee, 2000()
. Increased tensile properties and improved processability as a resin of soy protein concentrate was obtained by crosslinking with glutaraldehyde to manufacture flax fabric-reinforced composites Chabba & Netravali, 2005()
.

2.3.2. Enzymatic Crosslinking
The enzymes showing the capability to cross-link proteins include transglutaminase (EC 2.3.2.13, protein-glutamine γ-glutamyltransferase, TGase), lipoxygenase, lysyl oxidase, polyphenol oxidase and peroxidase. TGase is the most used enzyme, with the capability of catalyzing crosslinking reactions between protein molecules, peptides, and primary amines through acyl transfer reactions to form inter- or intramolecular ε-(γ-glutamyl)lysine isopeptidic bond Seguro, Nio, & Motoki, 1996


( ADDIN EN.CITE ; Zhu, Bol, Rinzema, Tramper, & Wijngaards, 1999)
. The enzymatic crosslinking reaction is presented in Figure 2.4, forming an isopeptide between two proteins. TGase is ubiquitous, and the modern biotechnology has made it possible to produce microbial TGase (mTGase) for commercial applications. The mTGase has been studied extensively to improve functional properties of food proteins and protein-containing products such as meat 
 ADDIN EN.CITE 
(Motoki & Seguro, 1998; Seguro, Nio, & Motoki, 1996)
.The studied functionalities include hydration ability, emulsifying activities, thermal properties, and gel or film-forming ability Jiang, Tang, Wen, Li, & Yang, 2007b()
. 

Enzyme activity of TGase is effectively affected by pH and temperature. An optima catalyzing activity of TGase from Streptoverticillium ladakanum was observed at pH 6.0 and 50 °C, and stable at pH 5.0-7.0 Tsai, Lin, & Jiang, 1996()
. However, another group claimed the best enzyme activity at pH 5.5 and 40 °C Ho, Leu, Hsieh, & Jiang, 2000()
. Both groups agreed that TGase activity was high and stable at the pH range of 5.0-7.0. However, soy proteins treated by mTGase at pH 6.0 did not form films by casting. At pH 7.0, TGase with high enzyme activity might catalyze the initial protein aggregates in film-forming dispersions to achieve more gigantic aggregates, leading to remarkable decreased in tensile strength and the percentage of elongation at break for formed films Jiang, Tang, Wen, Li, & Yang, 2007a()
. The enzyme began to deactivate at 55°C and lost the activity in ca. 30 min, and the loss in enzyme activity increased with the increasing of temperatures, i.e., 2-3 min at 65 °C Nury, Meunier, & Mouranche, 1989()
.  

To approach TGase-crosslinked soy protein films with enhanced properties, enzyme concentration, besides to the pH and temperature, is also critical for TGase-treated protein films. Treatment with a relatively low concentration of mTGase (4 units/g), compared up to 60 U/g SPI, significantly increased the tensile strength and surface hydrophobicity of enzyme-treated SPI films, indicating that approximate 4U/g SPP is an optimum concentration for obtaining improved mechanical and barrier properties form TGase crosslinked soy protein film 
 ADDIN EN.CITE 
(Jiang, Tang, Wen, Li, & Yang, 2007a; C.-H. Tang & Jiang, 2007)
.Reduced solubility and increased surface hydrophobicity of soy protein was observed after treatment by TGase, and the films prepared from TGase-treated soy protein had decreased solubility and improved mechanical properties such as tensile strength and elongation at break Gan, Latiff, Cheng, & Easa, 2009()
. Slow cross-linking reactions by mTGase, corresponding to relatively low TGase addition, was in favor of the formation of more compact network for SPI films Jiang, Tang, Wen, Li, & Yang, 2007b()
. At higher concentration of TGase, TGase-treated protein films had decreased mechanical properties. 
2.3. Conclusions and Outlook
Bio-nanocomposite, consisting of inorganic nanoclays dispersed in a matrix of biopolymer, has the promise to improve mechanical, barrier and thermo-resistance properties of naturally renewable and degradable biopolymer-based packaging films, thereby potentially alleviating environmental pollution derived from non-degradable petroleum-based plastic products. The properties of nanocomposite is highly related with its structure. Thus, modification of nanoclays by increasing basal spacing with intercalated and/or exfoliated structures prior to incorporation into the polymer matrix is a viable approach in further improving structure and properties of final nanocomposite materials. Crosslink not only have the potential to improve the protein-protein interactions to form covalent bondings, but also can further enhance the mechanical and barrier properties by adjusting the crosslinking conditions, if feasible in nanocomposite production.

Thus, surface-modification of MMT prior to nanocomposite manufacturing and crosslinking in preparing the nanocomposite biopolymers are feasible approaches to develop new nanocomposites with enhanced mechanical and barrier properties.
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Appendix
Table 2. 1 Examples of biopolymer films and their barrier and mechanical properties.

Adapted from Krochta and De Mulder-Johnston (1997).  
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Figure 2. 1. Structure of montmorillonite clay. 
Adapted from Kumar (2009).  
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Figure 2. 2. Types of composite derived from interaction between clays and polymers: (a) phase-separated microcomposite; (b) intercalated nanocomposite and (c) exfoliated nanocomposite.

Adapted from Alexandre & Dubois (2000). 
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Figure 2. 3. List of chemicals containing aldehyde group.

Adapted from Gerrard, et al., 2005()
. 
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Figure 2. 4. A schematic of cross-linking reaction between proteins in enzyme crosslinking induced by TGase.

Adapted from Song & Zhang, 2008()
.

. Surface-Coating of Montmorillonite Nanoclays by Water Soluble Proteins Extracted from Hominy Feed
3.1. Abstract

Surface-coating of layered montmorillonite (MMT) nanoclay by water-soluble proteins, precipitated from hominy feed extract at pH 6.0, 5.5, and 4.3, was studied to modify native structures of MMT. . Surface-coating was performed at 60 (C, pH 2.0-10.0, and MMT:protein mass ratios from 49:1 to 2:1, followed by lyophilizing the triple-washed precipitate for characterization. Proteins precipitated at pH 5.5 were the most effective in creating intercalated and/or exfoliated MMT structures that were also impacted by the protein level and pH during coating. At pH 2.0, X-ray diffraction peaks of pristine MMT were no longer observed at a MMT:protein mass ratio of 4:1 or lower, while different degrees of intercalation were achieved at other pH conditions. The adsorption of proteins on MMT at all studied pH conditions was confirmed by FTIR, analysis of adsorbed proteins, and zeta-potential. These results suggest that interactions involved in coating MMT include coulombic and non-coulombic forces. 
3.2. Introduction

Natural biopolymers, including starches and proteins, have been studied extensively as packaging materials in the past two decades because they are renewable and bio-degradable Cao, Fu, & He, 2007


( ADDIN EN.CITE ; Krochta & DeMulderJohnston, 1997; Le Corre, Bras, & Dufresne, 2010; Tang, Alavi, & Herald, 2008)
, thereby potentially alleviating environmental pollution derived from non-degradable petroleum-based plastic products Jahangir & Leber, 2007


( ADDIN EN.CITE ; Rimdusit, Jingjid, Damrongsakkul, Tiptipakorn, & Takeichi, 2008)
. However, when compared to the petro-plastic products, packaging films prepared from natural biopolymers have poor mechanical and barrier properties such as rigidness, brittleness and high water vapor and gas permeabilities Kim, Ko, & Park, 2002


( ADDIN EN.CITE ; Krochta & DeMulderJohnston, 1997; Paetau, Chen, & Jane, 1994)
. 

Nanocomposite materials recently have shown promises to improve mechanical and barrier properties because nanometer-sized fillers with high surface area facilitate the uniform distribution in and enhance the interfacial interaction with the biopolymer matrix Adame & Beall, 2009


( ADDIN EN.CITE ; Le Corre, Bras, & Dufresne, 2010; Zhao, Torley, & Halley, 2008)
. Composition, dimension, and shape of nanofillers, as well as their spatial distribution in the matrix, are important factors impacting properties of nanocomposite products Capek, 2006()
. 
Layered nanoclays have been extensively investigated to improve mechanical and barrier properties of biopolymer materials because of their availability, abundance and eco-friendliness Dang, Lu, Yu, Sun, & Yuan, 2010


( ADDIN EN.CITE ; Tunc, Angellier, Cahyana, Chalier, Gontard, & Gastaldi, 2007; Zhao, Torley, & Halley, 2008)
. As naturally existing clay, montmorillonite (MMT) has been one of the most studied nanofillers not only due to its low cost and abundance Essington, 2003(; Gunister, Pestreli, Unlu, Atici, & Gungor, 2007)
 but also because of the high surface area and large aspect ratio (ratio of length to thickness) from 50 to 1000 de Azeredo, 2009


( ADDIN EN.CITE ; Le Corre, Bras, & Dufresne, 2010)
. The large aspect ratio of MMT is a very important factor to enhance properties of nanocomposite because, according to the theory of torturous path developed by Nielsen Nielsen, 1967()
, MMT layers dispersed in biopolymer film matrix increase the tortuosity of the diffusion path for vapor molecules. The increased mass transfer resistance thereby reduces diffusion coefficient of vapor molecules and improves barrier properties of the nanocomposite films Adame & Beall, 2009(; Capek, 2006)
. Improving dispersibility of nanoclay layers and their compatibility with matrix biopolymer plays an important role in developing the structures of final nanocomposite products, which in turn determines mechanical and barrier properties. It is well-accepted that nanocomposite materials with intercalated and/or exfoliated MMT nanolayers have much improved mechanical and barrier properties than conventional composite materials prepared with fillers dispersed as micrometer-sized structures Le Corre, Bras, & Dufresne, 2010(; Tang, Alavi, & Herald, 2008)
. 
Native MMT has platelet clusters with little specific surface area exposed to polymers Arora & Padua, 2010()
, but proper pretreatment or modification of MMT enhances the dispersion in solution and increases the surface area available for interaction with bulk polymer, that in turn improves nanocomposite performance. Hydrophilic nanoclays were chemically modified to possess hydrophobic surface to improve the compatibility with hydrophobic polymers Arora & Padua, 2010()
. Rimdusit et al. Rimdusit, Jingjid, Damrongsakkul, Tiptipakorn, & Takeichi, 2008


( ADDIN EN.CITE )
 observed that proper pre-swelling conditions promoted the dispersion of MMT and resulted in a highly exfoliated nanocomposite with methylcellulose being the matrix polymer. Adsorption of amines and amino acids was greater on marine sediments with a higher organic content, which changed surface chemistry of clay matter to improve compatibility with organic compounds Wang & Lee, 1993()
. Thus, surface-coating of MMT with protein may modify the structure of MMT for enhanced affinity with bulk biopolymer and performance of the nanocomposite.

In this work, surface-coating of MMT by water-soluble proteins extracted from hominy feed, a low-cost byproduct after separating starch from corn kernels in the dry-milling industry, was studied to modify native structure of MMT nanoclay layers. In general, proteins have a net zero charge at the isoelectric point (pI) and has net positive charges at a pH lower than pI and net negative charges at a pH higher than pI. MMT surface has highly negative charges Chen & Zhang, 2006()
 that allow the adsorption of positively-charged hominy proteins based on the electrostatic interaction. The objective of this work was to study the effects of coating conditions such as pH and mass ratio of MMT:protein on properties of modified MMT, including surface properties, basal spacing (d-spacing) and degrees of intercalation and/or exfoliation of MMT nanoclays. The prior intercalated or exfoliated MMT can be used in production of nanocomposite.
3.3. Materials and Methods

3.3.1. Materials

Na+-montmorillonite, with a brand name of Cloisite® Na+ Nanoclay, was purchased from Southern Clay Products, Inc. (Gonzales, TX) and had a cation exchange capacity of 92.6 mequiv/100g, according to the manufacturer. The hominy feed was a free sample from Bunge Milling (Danville, IL). Acid, base, salts and other chemicals were from Fisher Scientific (Fair Lawn, NJ), Sigma-Aldrich Co. (St. Louis, MO), or GE Healthcare (Amersham Biosciences Corp., Piscataway, NJ).
3.3.2. Extraction of Water Soluble Hominy Protein
The literature procedures and parameters for extracting plant proteins from soybean and corn kernels were adopted L'Hocine, Boye, & Arcand, 2006


( ADDIN EN.CITE ; Paulis, Bietz, & Wall, 1975)
. The preliminary experiments showed a higher protein content for extracts prepared at a higher pH value between 6.0 and 10.0. Thus, protein extraction in this study was conducted at pH 10.0. Specifically, the hominy feed was ground with a coffee grinder (Hamilton Beach Proctor-Silex, Inc., Southern Pines, NC) to decrease the particle size and enhance the extraction efficiency. To remove lipids, the powder was suspended in hexane at a solid:liquid volume ratio of 1:4 for 30 min using a stirring plate followed by separation, which was repeated for at least 7 times. The defatted powder was left in a fume hood overnight to evaporate hexane. The final powder was suspended in deionized water at a solid:liquid mass ratio of 1:10, adjusted to pH 10, and heated to 48 °C for 3-h extraction using a magnetic stirring hot plate (model Isotemp®, Fisher Scientific, Fair Lawn, NJ). The extract was separated by centrifugation (Sorvall RC 5B Plus, Newtown, CT) at 3,778g for 15 min at ambient temperature, followed by filtration with #2 filter paper (Whatman®, Lawrence, KS) for twice. To improve the protein extraction productivity, the extraction was repeated for three times on the same batch of defatted hominy feed powder. Since little information is available about the acid-precipitation of water soluble hominy protein, the filtrate was adjusted to pH 6.0, 5.5 and 4.3, in sequence, using 6 N HCl to precipitate water soluble proteins. Protein precipitated at each pH was separated by centrifugation at 3,778g for 30 min, and the supernatant was collected to be acidified to a lower pH. To wash off impurities, the precipitate from centrifugation was re-suspended in deionized water, adjusted to pH 10.0, re-precipitated at the corresponding pH, and centrifuged at 3,778 ×g for 15 min. The washing procedures were repeated for three times at room temperature. The final precipitate was neutralized and freeze-dried (model Freezone 4.5, Labconco Corp., Kansas City, MO). The lyophilized samples were collected and stored in a -20 °C freezer till further experiments.

To estimate the protein content, 0.1 g of lyophilized powder was dissolved in 2 mL of deionized water, and the total protein content was determined according to the Bradford method. A Coomassie( Plus Protein Assay kit (product 23236, Pierce Biotechnology, Rockford, IL) was used, and the absorbance was measured at 595 nm by using a UV/Vis spectrophotometer (model Biomate 5, Thermo Electron Corporation, Woburn, MA). BSA was used as a reference. Triplicate tests were performed for each sample.
3.3.3. Characterization of Hominy Protein by Two-dimensional Gel Electrophoresis (2D-GE)

The 2D-GE was conducted according to the method of GE Healthcare. To remove non-protein impurities, the lyophilized powder was dissolved in a solubilization solution, consisting of 2% sodium dodecyl sulfate (SDS), 40 mM Tris™ base and 60 mM dithiothreitol (DTT), and concentrated using a 2-D Clean-up kit (Amersham Biosciences Corp., Piscataway, NJ). The protein content after clean-up was quantified with a Quant Kit (Amersham Biosciences Corp., Piscataway, NJ). The absorbance at 480 nm (BioTek Synergy HT, Winooski, VT) was applied to determine protein content from the standard curve established from bovine serum albumin (BSA) standard solutions. The concentrated protein sample was diluted with a re-hydration buffer containing IPG buffer to a final total volume of 200 μL and protein content estimated as 120 μg, which was used to rehydrate one 11-cm gel strip of either pH 3-10 or pH 4-7 (Immobiline™ DryStrip gels, GE Healthcare, Piscataway, NJ). The first dimension (isoelectric focusing, IEF) separation was conducted at steps of 500 V for 1 h, a linear gradient increase in voltage to 1000 V in 1 h, another linear gradient increase of voltage to 6000 V in 2 h, and holding at 6000 V for approximately 30 min. The second dimension step was performed using a linear polyacrylamide gel laboratory-prepared. Proteins on the gel strip were reduced by 5 mL of 2% SDS buffer with 1% DTT for 15 min, and the separation was conducted using the DALTsix gel electrophoresis instrument (GE Healthcare, Amersham Biosciences Corp., Piscataway, NJ) at a beginning voltage of 80 V for 1 h and then a running voltage of 500 V for around 5 h till the bromophenol blue in EZ-Run™ Rec Protein Ladder mark (Fisher Scientific, Fair Lawn, NJ) reached the bottom of the gel. Gels were stained in a mixture of methanol, acetic acid and Coomassie( Blue and de-stained by methanol and acetic acid till satisfactory visibility of protein spots, followed by scanning to obtain images.
3.3.4. Determination of Protein Solubility

To test the solubility of protein at coating conditions, 10 mg of the lyophilized extract powder was dissolved in 10 mL of 10 mM NaH2PO4 buffer with 4 mM sodium chloride, determined by preliminary experiments on sodium ion concentration of 1% w/v MMT dispersion, followed by adjusted pH to 2.0-10.0. After centrifugation at 14,500×g for 30 min, the supernatant was determined for protein concentration using the bicinchoninic acid (BCA) method. The BCA™ Protein Assay Reagent A was from Pierce Biotechnology (product 23228, Thermo Scientific, Rockford, IL), while Reagent B (4%w/v cupric sulfate) was freshly laboratory-prepared. The incubation was performed at 37 °C for 30 min, and the absorbance was recorded at 562 nm by using a UV/Vis spectrophotometer (model Biomate 5, Thermo Electron Corporation, Woburn, MA). BSA was used as a reference and tests were performed in triplicate for each sample.
3.3.5. Surface Coating of MMT
Coating experiments were performed using a solution intercalation method at 60 °C Chen & Zhang, 2006()
. The lyophilized protein powder was dispersed in 10 mM NaH2PO4 buffer and adjusted to a desired pH. The dispersion was heated to 60 °C and stirred at 300 rpm for 30 min using a digital magnetic thermo-stir plate. A dispersion of MMT was prepared by the procedure above in a separate beaker. The MMT dispersion was slowly added to the protein solution to a predetermined MMT: protein mass ratio (49:1, 9:1, 4:1, 3:1 or 2:1), while being vigorously agitated at 1000 rpm and maintained at 60 °C. After stirring for 3 h, the resultant slurry was centrifuged at 3,778 ( g for 15 min at ambient temperature. The supernatant was decanted, while the precipitate was re-suspended with the same amount of fresh buffer to wash off unbound and loosely bound proteins. The wash-off procedure was repeated for three times, and the supernatants from three repetitions were combined. Both the final precipitate and combined supernatant were freeze-dried (mode l Freezone 4.5, Labconco Corp., Kansas City, MO). The lyophilized samples were collected and stored in a -20 °C freezer for further characterization. 
3.3.6. Determination of Amount of Protein Coated on MMT
The above lyophilized supernatant samples were dissolved in 10 mM NaH2PO4 buffer at pH 9, followed by centrifugation at 14,500×g for 30 min to remove fine MMT. The protein remaining in the supernatant was measured using the BCA method and treated as the portion that did not coat MMT. The amount of bound protein was then determined by mass balance – the difference between the total protein used in coating and that unbound.

3.3.7. Zeta Potential of MMT

Zeta potential was determined for the final re-suspended precipitate in the above coating experiments and bare MMT samples suspended in phosphate buffer at pH 2.0-10.0 by using a Delsa™ Nano C Zeta-Potential/Particle Analyzer (Beckman Coulter, Fullerton, CA). The bare MMT suspensions adjusted to a target pH were also stirred at 60 °C for 3 h prior to measurement. Three measurements were collected for each sample. Each measurement included 5 runs, each run for 10 cycles.
3.3.8. Wide-angle X-Ray Diffraction (WXRD)

WXRD experiments were performed at ambient temperature using an X-ray diffractometer (model X’Pert, PANalytical Inc., Westborough, MA) with a generator voltage of 40 kV and a current of 40 mA. The diffraction data was collected in the 2θ range from 2° to 12° in a fixed time mode with an increment of 0.02°. The XRD patterns were obtained from the software of X’Pert Data Viewer (PANalytical Inc., Westborough, MA) as a function of 2θ angle. . The identification of peaks and determination of d-spacing according to Bragg’s equation Kumar, 2009()
 were assisted by using the software of X’Pert HighScore Plus (PANalytical Inc., Westborough, MA). The experimental limit of detectable d-spacing also was calculated using Equation 3 Dang, Lu, Yu, Sun, & Yuan, 2010


( ADDIN EN.CITE ; Tang, Alavi, & Herald, 2008)
 at a 2θ angle of 2°.
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where θ is the angle of incidence, and λ is the wavelength of X-ray beam, which is 1.54 Å in this study.

3.3.9. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analyses were conducted using a spectrometer (model Nicolet 670, Thermo Nicolet, Madison, WI) in the wavenumber range of 4000-400 cm-1 using a powder potassium bromide (KBr) pellet method Chen & Zhang, 2006


( ADDIN EN.CITE ; Gunister, Pestreli, Unlu, Atici, & Gungor, 2007)
. One mg of sample and 100 mg of KBr were mixed and ground to fine powder that was then pressed into a clear or translucent pellet for measurement. Pristine KBr pellet was used as a background. The outputs were recorded in %Transmittance as a function of wavenumber.

3.3.10. Statistical Data Analysis

Data analyses were carried out by using SAS software (v. 9.3, SAS Institute Inc., Cary, NC). Significant differences were analyzed with a least-significant-difference (P < 0.05) mean separation method (LSD).
3.4. Results And Discussion
3.4.1. Protein Extracted from Hominy Feed
The lyophilized powder mass corresponding to precipitation at pH 5.5 was about 2 and 5 times of that precipitated at pH 4.3 and 6.0, respectively. The protein content of freeze-dried protein extracts precipitated at pH 4.3, 5.5, and 6.0 was 58.75, 54.00, and 51.03%, respectivelyThe 2D-GE patterns of proteins precipitated at pH 4.3, 5.5 and 6.0 are presented in Figure 1. The IEF was conducted at pH ranges of 3.0-10.0 and 4.0-7.0. Extracts precipitated at pH 4.3 (Figure 1C) and pH 5.5 (Figure 1B) both showed proteins corresponding to pI between 4.8 and 5.1 and molecular weights of 13, 20 and 28 kDa and those with pI between 5.0 and 5.6 and molecular weights of 50 and 60-68 kDa, with the extract precipitated at pH 5.5 showing more proteins in the latter group. In addition, the sample precipitated at pH 4.3 had some spots corresponding to molecular weights of 80-90 kDa and pI of 4.8-5.0. As for the sample precipitated at pH 6.0 (Figure 1A), although the same amount of purified protein was loaded onto the gel strip, it showed very few spots on the gel, and most spots were located at molecular weights of 20-23 kDa and pI of 5.5-6.2. Molecular weight of most protein spots were consistent with the reported range of 10-66 kDa for proteins extracted from the dry-milled corn germ Parris, Moreau, Johnston, Singh, & Dickey, 2006()
. 

3.4.2. Coating of MMT at pH 2.0 Using Proteins Precipitated at Different pH Conditions

Theoretically, MMT surface has highly negative charges that allow the adsorption of positively-charged proteins by coulombic forces Dang, Lu, Yu, Sun, & Yuan, 2010


( ADDIN EN.CITE ; Ding & Henrichs, 2002; Essington, 2003; Wang & Lee, 1993)
. The first group of study was conducted at pH 2.0 where most proteins are expected to be positively charged based on 2D-GE (Figure 1). To simplify description, PP4.3, PP5.5, and PP6.0 refer to proteins precipitated at pH 4.3, 5.5, and 6.0, respectively, while MP-4.3, -5.5, and -6.0 represent MMT coated by PP4.3, PP5.5, and PP6.0, respectively, hereafter. Further, coating experiments were performed by using a mass ratio of MMT:lyophilized extract powder for convenience of sample preparation, and the lyophilized extract powder is substituted by “protein” hereafter, although the powder has a significant portion of non-protein matter (Table 3.1). This group of experiments was conducted at a MMT:protein mass ratio of 2:1 and pH 2.0. After coating, MMT was collected by centrifugation, triple-washed, and lyophilized. The lyophilized precipitates were characterized for crystalline structures and d-spacing by XRD and interactions by FTIR.
3.4.2.1. XRD patterns

As indicated in Figure 2, the XRD patterns of lyophilized extract powders did not show characteristic peaks in the 2θ range from 2° to 12°, indicating that all extract powders did not have ordered structures detectable within this 2θ range. Bare MMT showed a sharp peak at 2θ of 7.1°, corresponding to d-spacing of 1.24 nm (Figure 3), characteristic for pristine MMT Tang, Alavi, & Herald, 2008()
. The sharp peak of bare MMT was no longer observed for MP-4.3 and MP-5.5 (Figure 3). The disappearance of characteristic peaks in XRD patterns is due to changes from highly ordered structures to fully exfoliated structure or highly intercalated structure that is beyond the detectable 2θ range, i.e., <2°, corresponding to a d-spacing value bigger than 4.41 nm Chen & Zhang, 2006


( ADDIN EN.CITE ; Dang, Lu, Yu, Sun, & Yuan, 2010; Tang, Alavi, & Herald, 2008)
. As for MP-6.0 (Figure 3), a very broad and weak peak appeared at 2θ of ~ 6.5°, corresponding to a d-spacing value of 1.35 nm. Although the increase of d-spacing from 1.24 to 1.35 nm was not big, the onset 2θ angle shifted to left from 7.1° for pristine MMT to less than 5.0° for MP-6.0. According to Bragg’s law, the shift of the diffraction peak towards a lower angle indicates the formation of a bigger basal spacing of intercalated clay layers Tang, Alavi, & Herald, 2008()
. Thus, the appearance of the peak for MP-6.0 indicates the existence of some slightly-intercalated structure of MMT. 

In addition, dilution of MMT with impurities may lead to the misinterpretation of XRD patterns Kumar Kumar, 2009()
. To clarify this issue, simple mixtures of MMT and protein powders at MMT:protein mass ratios of 2:1-49:1 were also characterized by XRD. Results in Figure 4 showed that the mixtures all demonstrated peaks corresponding to a 2θ angle of 7.0 ~ 7.1 and d-spacing values of 1.24 ~ 1.28 nm, very similar to that of the bare MMT (Figure 3). Therefore, coating of MMT by hominy protein resulted in exfoliated and/or intercalated structures, and PP4.3 and PP5.5 were more effective than PP6.0 in intercalating and/or exfoliating MMT platelets at pH 2.0.

3.4.2.2. FTIR

FTIR spectra of proteins precipitated at different pH conditions (Figure 5) showed characteristic peaks of proteins at wavenumbers of 3300 and 3110, 2925 and 2855, 1618~1681, 1530~1550 and 1244 cm-1, which are due to the absorbance by functional groups of C–H, amide I (C=O stretching vibration), amide II (N-H bending and C-N stretching modes) and amide III  bands (C-N stretching and N-H bending), in possible structures of –CO-NH2, –CO-NH–, and/or –CO-N– Chen & Zhang, 2006


( ADDIN EN.CITE ; Nakasato, Ono, Ishiguro, Takamatsu, Tsukamoto, & Mikami, 2004; Servagent-Noinville, Revault, Quiquampoix, & Baron, 2000)
. Among these peaks, the greatest difference between protein samples was observed at a wavenumber around 2855 cm-1, which is attributed to C–H stretching vibration bands. PP4.3 had a smaller peak than PP5.5 and PP6.0 at this wavenumber, indicating a smaller amount of –CH structure. In addition, relative intensities of the double-peaks at 1450~1400 cm-1 are different, implying different ratios of carboxyl group –COO- (stronger peak at approximately 1450 cm-1) to carboxylate (stronger peak at approximately 1410 cm-1). Since all extracts were neutralized before freeze-drying, the difference between double-peak intensities is then likely due to difference in compositions, including proteins as revealed in 2D-GE (Figure 1). 

The FTIR spectra of MP-4.3, MP-5.5 and MP-6.0 (Figures 5) showed major peaks at wavenumbers of 2925, 2855, 1618~1681 and 1530~1550 cm-1, indicating the presence of proteins in coated-MMT samples. The disappearance of peaks at 1244 cm-1 demonstrated the decrease in α-helix structure of proteins, implying that secondary conformational changes in proteins occurred by adsorption on clay surfaces Quiquampoix & Burns, 2007


( ADDIN EN.CITE ; Servagent-Noinville, Revault, Quiquampoix, & Baron, 2000)
. Compared to the spectra of protein samples, the double-peaks at 1450~1400 cm-1 on the spectra of protein-coated MMT disappeared or was highly reduced, more significant for the treatment coated with protein precipitated at a lower pH. This observation implies the reduction of carboxyl or carboxylate groups, likely due to unpairing of some carboxylate side chains and binding of R+ group with negatively charged MMT surface 
 ADDIN EN.CITE 
(Quiquampoix & Burns, 2007; Servagent-Noinville, Revault, Quiquampoix, & Baron, 2000)
. Meanwhile, the peak intensity of protein in coated MMT varied at wavenumbers of 1681-1618 cm-1, with a less intensive peak at 1618 cm-1, implying a reduced amount of Amide I band than that for the protein sample Servagent-Noinville, Revault, Quiquampoix, & Baron, 2000()
, agreeing with the structure transition of protein induced by self-association after coating. Additionally, hydrogen bonds can form between proteins and MMT platelets Chen & Zhang, 2006()
, likely between either the amide or –C=O -containing groups of protein and Si-O-Si or –OH groups of MMT. Hydrogen bonding between protein and MMT surface was observed forslightly enhanced peaks at approximate 1100~1000 cm-1, when comparing with either bare MMT or bare protein samples (Figure 5 ).

This group of experiments showed that PP4.3 and PP5.5 were more effective in surface-coating MMT than PP6.0. PP4.3 and PP5.5 were used in the next group of experiments to further study the impacts of coating pH and MMT:protein mass ratio.
3.4.3. Effect of MMT:protein Mass Ratio and pH on Surface-coating

3.4.3.1. Effect of MMT:protein mass ratio on surface-coating at pH 2.0
Our preliminary experiments at an MMT:protein mass ratio of 49:1 revealed that addition of insufficient amount of protein did not alternate XRD pattern of MMT. For this group of treatments, MMT was coated by PP4.3 and PP5.5 at pH 2.0 and additional MMT:protein mass ratios of 9:1 and 4:1, with a ratio of 2:1 already presented in Figure 3. Figure 6A illustrates XRD patterns for MMT coated by PP4.3. Compared to the absence of characteristic peak of pristine MMT when coated at a MMT:protein mass ratio of 2:1, samples prepared with the two higher MMT:protein mass ratios demonstrated peaks appearing at 2( angles smaller than that of the pristine MMT - the left shift, which is more noticeable at a smaller MMT:protein mass ratio, i.e., a higher protein mass level. Correspondingly, the d-spacing increased with an increase in protein mass, from approximately 1.32 nm at an MMT:protein mass ratio of 9:1 to 1.38 nm at an MMT:protein mass ratio of 4:1 (Table 1). At the MMT:protein mass ratio of 4:1, although the increase of d-spacing was modest (from 1.24 to 1.38 nm), the onset 2θ angle was less than 4.5°, a significant left shift when comparing to 7.1° of the pristine MMT (Figure 3), and the peak was overall much broader. The left-shift of the diffraction peak indicates the formation of some intercalated clay layers with a bigger basal spacing, according to the Bragg function Tang, Alavi, & Herald, 2008()
. Furthermore, a broader peak implies more disordered intercalated structures Kumar, 2009()
. The results in Figure 6 indicated that a higher amount of protein facilitates the formation of a higher extent of intercalated and/or exfoliated nanoclay platelet structures. 

XRD patterns for MMT coated by PP5.5 are shown in Figure 6. No peaks were detected via the software at MMT:protein mass ratios of 2:1 and 4:1. As for the sample coated at an MMT:protein mass ratio of 9:1, the diffraction peak also shifted to a lower 2θ angle and the d-spacing was enlarged to 1.50 nm with a lower onset of 4.0° as shown in Table 1, significantly different from those of pristine MMT. The FTIR spectra verified the coating of MMT by both PP4.3 and PP5.5 (not shown).

3.4.3.2. Effect of pH on surface coating
Effect of pH on the structure of bare MMT

To verify the pH effect on MMT structure, bare MMT powder was dispersed in phosphate buffer and adjusted to pH 3.0, 5.0, 7.0, and 9.0, misted at 60 (C for 3 h and freeze-dried to prepare powder for XRD. The lyophilized samples all showed a peak at the same 2θ angle of 7.1° (Figure 7) and had a d-spacing of 1.24 nm, identical to those of native MMT (Figure 3). Therefore, adjusting dispersion pH alone either does not change the structure of MMT platelets or changes the structure, if any, are completely reversible after hydration and drying. 
Structure of MMT coated by proteins at different pH conditions
This group of experiments was conducted to study impact of coating pH on MMT properties. The PP5.5 was used because it is more effective than PP4.3 in changing MMT structures (Figure 6). Further, because no XRD peaks were detected at MMT:protein mass ratios of 2:1 and 4:1, an intermediate ratio of 3:1 was adopted. 
The XRD patterns show a strong impact by the coating pH (Figure 8). No distinct peaks were detected at pH 2.0 and 7.0, suggesting a higher extent of exfoliated and highly-disordered intercalated MMT structures than other coating pH conditions. Disordered intercalation was observed at pH 3.0, showing a very broad peak. At pH 4.0-6.0, peaks were easily detected at a 2θ angle of 6.9 ~ 7.0° with a low onset at a 2θ angle of 3°, corresponding to d-spacing values around 1.25 ~ 1.29 nm (Table 2) and thus some disordered or intercalated structures. Higher degrees of intercalation occurred at pH 8.0-10.0, with a low onset of 3° and d-spacing of 1.93-1.95 nm. As indicated in Figure 3.9, FTIR results showed peaks at wavenumbers of 2925, 2855, 1618~1681 and 1530~1550 cm-1, verifying the adsorption of protein on MMT surface at all coating conditions. The disappearance of double-peaks at 1450~1400 cm-1 indicates the breakup or unpairing of carboxylate and carboxyl groups. 
The amount of unbound protein in the supernatant at different pH was also quantified (Table 3). At pH 4.0 and 5.0 and alkali conditions (pH 8.0-10.0), a greater amount of protein remained in the supernatant after coating. The least percentage of protein adsorbing onto MMT was observed at pH 2.0, followed by treatments at pH 3.0, 7.0, and 6.0. The solubility of PP5.5 was also quantified at coating conditions and was the lowest at pH 4.0 and 5.0, followed by that at pH 6.0 (Table 3). The solubility data agrees with the 2D-GE results showing the pI range of most proteins is 4.5-6.2 (Figure 1). The solubility of PP5.5 was not statistically different at pH 7.0 and above and greater than that at lower pHs (Table 1). Thus, the absolute amount of protein adsorbed on the MMT platelets was lower when proteins have poorer solubility (at pH 4.0 and 5.0) or extensively negatively charged (at pH 8-10). 

To understand the significance of electrostatic attraction on coating, the precipitates, after triple washing, were re-suspended in the phosphate buffer at the corresponding pH for characterization of zeta potential. Zeta potential of both bare MMT and protein-coated MMT after coating was less negative at a lower pH with significant difference (P < 0.05) when pH was below 4.0 (Figure 10). In this case, the zeta potential data agrees with the expectations that proteins have more positive charges at a lower pH below pI and thus the zeta-potential value of coated MMT becomes less negative. Above pH 4.0, zeta potential values of bare MMT were statistically different between two pH groups, i.e. pH 5.0-8.0 and pH 9.0-10.0, while no statistical difference for protein-coated MMT samples. Zeta potential values of protein-coated MMT were very close at pH above 4.0, especially at alkaline conditions. These results may be explained with the complicated composition of hominy protein extract. Hominy protein extracted from hominy feed is a complex mixture of protein segments with wide range of molecular weight of 10-98 kDa and narrow pI range of pH 4.5-6.2 (Figure 1). It has been observed that proteins can still bind with polyelectrolytes although both polymers carry same types of net charge, likely due to sporadic charges (opposite to polyelectrolytes) on protein surface Dickinson, 2003()
. This localized binding, along with , hydrogen bonding between MMT and protein Chen & Zhang, 2006()
, resulted in coating of MMT by proteins at all studied conditions in our study. Lastly, because more than 95% protein bound on MMT at alkaline pH and a MMT:protein mass ratio of 3:1 (Table 3), the only slightly lower zeta-potential of protein-coated MMT than bare MMT (Figure 10) indicates overall similar magnitude of zeta-potential of PP5.5 proteins and MMT.
3.5. Conclusion

Water soluble proteins extracted from hominy feed are complex mixtures of proteins, most of which have pI of 4.5-6.2 and molecular weight of 10-68 kDa. The PP 5.5 had the best surface coating effect among the three precipitates, as indicated by the greater extent of disorderly intercalated and/or exfoliated strutures with bigger basal spacing and lower onset of broader diffraction peaks. The degree of intercalation or exfoliation of MMT structures was affected by the amount of protein applied during coating, while pH did not affect the d-spacing of bare MMT but affected the amount of protein adsorbing onto MMT and the degree of exfoliated/intercalated platelets after coating. The presence of protein after coating MMT at all pH conditions suggests that coating involved not only electrostatic attraction but non-coulombic forces such as hydrogen bonding. This study demonstrated a simple coating method to modify highly-ordered structures of pristine MMT to intercalated and/or exfoliated structures. The protein-coated MMT may be utilized to manufacture bio-nanocomposite materials with improved physical properties for applications such as bio-degradable packaging films.
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Appendix
Table 3. 1 Basal spacing of MMT coated with protein at MMT:protein mass ratios of 9:1, 4:1 and 2:1 at pH 2.0.
	Protein
	MMT:protein Ratio
	2θ (()
	d-spacing (nm)

	PP4.3a
	9:1
	6.67
	1.32

	
	4:1
	6.39
	1.38

	
	2:1
	N/A
	N/A

	PP5.5b
	9:1
	5.87
	1.50

	
	4:1
	N/A
	N/A

	
	2:1
	N/A
	N/A


a Proteins precipitated at pH 4.3; b proteins precipitated at pH 5.5.

           Table 3. 2 Basal spacing of MMT coated with hominy protein precipitated at pH 5.5 at a MMT:protein mass ratio of 3:1 and pH 2.0-10.0.
	Coating pH
	2θ (()
	d-spacing (nm)

	2.0
	N/A
	N/A

	3.0
	6.854
	1.2886

	4.0
	6.990
	1.2636

	5.0
	7.009
	1.2602

	6.0
	7.044
	1.2540

	7.0
	N/A
	N/A

	8.0
	4.586
	1.927

	
	6.865
	1.287

	9.0
	4.576
	1.929

	
	6.892
	1.285

	10.0
	4.532
	1.948

	
	6.796
	1.303


              Table 3. 3 Impact of pH on hominy protein solubility and coating on MMT1. 
	pH
	Protein solubility(%)
	Unbound Protein%2

	2.0
	91.38 ( 1.71 b
	0.93 ( 0.02 G

	3.0
	65.97 ( 3.04 c
	1.26 ( 0.01 F

	4.0
	17.21 ( 1.34 e
	3.36 ( 0.04 BC

	5.0
	17.19 ( 1.36 e
	3.48 ( 0.07 B

	6.0
	35.42 ( 1.56 d
	1.80 ( 0.03 E

	7.0
	101.16 ( 2.04 a
	1.37 ( 0.02 F

	8.0
	103.01 ( 0.96 a
	3.34 ( 0.07 C

	9.0
	100.51 ( 1.53 a
	2.64 ( 0.05 D

	10.0
	103.22 ( 0.55 a
	4.95 ( 0.06 A


1 The lyophilized extract powder from precipitation at pH 5.5 (PP5.5) was used. Different superscripts in each row indicate significant difference (P<0.001). Numbers are averages (standard deviations from three measurements.
2 Coating was performed at a MMT:protein mass ratio of 3:1.  
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Figure 3. 1. Two-dimension gel electrophoresis analysis of hominy protein precipitated at (A) pH 6.0, (B) pH 5.5 and (C) pH 4.3.
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Figure 3. 2. XRD patterns of protein extracts precipitated at pH 4.3 (PP4.3), 5.5 (PP5.5) and 6.0 (PP6.0).
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Figure 3. 3. XRD patterns of pristine MMT (black) after coating by hominy protein precipitated at pH 4.3 (MP-4.3, red), 5.5 (MP-5.5, blue) and 6.0 (MP-6.0, green). Coating was conducted at pH 2.0 and a MMT:protein powder mass ratio of 2:1.
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Figure 3. 4. XRD patterns of simple mixtures with different ratios of pristine MMT and lyophilized powder of hominy protein precipitated at (A) pH 4.3 and (B) pH 5.5. 
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Figure 3. 5. Comparison of FTIR spectra of pristine MMT (blue), protein (purple), and protein-coated MMT (red). Coating was perormed at pH 2.0 and a MMT:protein powder mass ratio of 2:1 using proteins precipitated at pH 4.3 (A), 5.5 (B) and 6.0 (C). Arrows are used to highlight the peaks discussed in the text. 
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Figure 3. 6. XRD patterns of MMT coated by hominy protein precipitated at pH (A) 4.3 (PP4.3) and (B) 5.5 (PP5.5). Coating was perfomed at pH 2.0 and MMT:protein mass ratios of 9:1 (green), 4:1 (blue) and 2:1 (red). Data in Figure 3 (at a ratio of 2:1) are repeated here for convenience of comparison
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Figure 3. 7. XRD patterns of MMT powder freeze-dried from MMT suspensions in 10 mM NaH2PO4 buffer adjusted to pH 3, 5, 7, and 9 and mixed at 60(C for 3 h. 2θ =7.11. D-spacing = 1.24 nm. 
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Figure 3. 8. XRD patterns of MMT coated with hominy protein at varied pH conditions: (A) pH 2.0-4.0, (B) pH 5.0-7.0, and (C) pH 8.0-10.0 with a MMT:protein mass ratio of 3:1 using hominy protein precipitated at pH 5.5.

[image: image22]
Figure 3. 9. FTIR spectra of MMT coated by hominy protein precipitated at pH 5.5. Coating was perfomed at a MMT:protein mass ratio of 3:1 and (A) pH 2.0 (blue), 3.0 (purple), and 4.0 (red), (B) pH 5.0 (blue), 6.0 (purple), and 7.0 (red) and (C) pH 8.0 (blue), 9.0 (purple), and 10.0 (red). Arrows are used to highlight the peaks discussed in the text.
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Figure 3. 10. Comparasion of zeta potential of bare MMT  and protein-coated MMT at pH 2.0-10.0. Coating was conducted at a MMT:protein powder mass ratio of 3:1 using protein precipitated at pH 5.5. Error bars are standard deviations for duplicate coating experiments, each measured for three times. Different letters in each group indicate significant difference (P < 0.001).
. Structure Modification of Montmorillonite Nanoclays by Surface-Coating with Soy Protein
4.1. Abstract

To achieve exfoliated and/or intercalated structures, Montmorillonite (MMT) was surface-coated by soy protein at 60 (C,  MMT:soy protein powder  mass ratios of 49:1, 9:1, 4:1 and 2:1, and pH 2.0-10.0. The protein-coated-MMT was triple-washed and lyophilized for characterization. Protein coating was observed at all pH conditions, based on X-ray diffraction, Fourier transform infrared spectroscopy, zeta potential, and quantification of protein remaining in the continuous phase and present in triple-washed MMT. At a mass ratio of 4:1, more than 90% protein bound with MMT , with the largest d-spacing at pH 9.0. When the mass ratio was increased to 2:1, protein-coated MMT at pH 9.0 demonstrated the highest degree of intercalation/exfoliation, corresponding to disappearance of the diffraction peak characteristic of pristine MMT. This study thus demonstrated that  intercalation/exfoliation of MMT can be easily achieved by  coating with low cost soy protein for manufacturing nanocomposite materials. 

4.2. Introduction

Concerns of fossil fuel depletion, increase of petroleum price and negativey environmental impact of persistent petro-plastic wastes have been the driving force in investigating bio-plastic packaging based on renewable, low-cost and degradable biopolymers Jahangir & Leber, 2007


( ADDIN EN.CITE ; Sorrentino, Gorrasi, & Vittoria, 2007; Zhao, Torley, & Halley, 2008)
. The annual growth of bio-plastics has been ca. 17-20% since 2006, and the global demand for bio-plastics is estimated to quadruple by 2013 Markets, 2011


( ADDIN EN.CITE )
. Some major retailers, including Coca-Cola, Frito Lay and Wal-Mart, have already adopted bio-plastic bottles, pouches and plastic wraps, etc.

According to a report, poly-lactic-acid synthesized from monomers derived from starch has been a dominating polymer in manufacturing bioplastics, but materials from sources such as microorganisms and algae and advanced technologies such as nanotechnology are emerging in bioplastic industry Markets, 2011


( ADDIN EN.CITE )
. Nanocomposite, composed of nano-scale fillers uniformly dispersed in a polymer matrix, has the promise to improve mechanical, barrier and thermo-resistance properties of natural biopolymer-based packaging films Arora & Padua, 2010


( ADDIN EN.CITE ; Dang, Lu, Yu, Sun, & Yuan, 2010; de Azeredo, 2009)
. These properties are currently technological challenges of developing bio-packaging to replace conventional petro-plastics. Montmorillonite (MMT) is one of the most popular and widely used layered silicates in developing bio-polymer nanocomposites because of its low cost, abundance Essington, 2003(; Gunister, Pestreli, Unlu, Atici, & Gungor, 2007)
,  large surface area, and large specific aspect ratios estimated to be around 50-1000 Arora & Padua, 2010


( ADDIN EN.CITE ; de Azeredo, 2009; Zhao, Torley, & Halley, 2008)
.

Proteins have been extensively studied as film-forming biopolymers in the past two decades Cuq, Gontard, & Guilbert, 1998


( ADDIN EN.CITE ; Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a, 2010b; Paetau, Chen, & Jane, 1994; Xiang, Tang, Cao, Wang, Wang, Zhang, et al., 2009)
. Protein films have lower water vapor permeability and better oxygen barrier properties than starch films Cao, Fu, & He, 2007


( ADDIN EN.CITE ; de Azeredo, 2009; Zhao, Torley, & Halley, 2008)
. However, when comparing to petro-plastics, protein films have poor mechanical properties such as brittleness, rigidness and low elongation percentage and relatively low moisture and gas resistance, but these properties can be improved by incorporation of nanoclay Arora & Padua, 2010


( ADDIN EN.CITE ; Krochta & DeMulderJohnston, 1997; Song, Tang, Wang, & Wang, 2011)
. Studies on structure-property relationship have repeatedly illustrated that nanocomposite materials  with either intercalated or exfoliated MMT nanolayers have much improved mechanical and barrier properties than conventional composite materials with the fillers dispersed as micrometer-sized structures Chen & Zhang, 2006


( ADDIN EN.CITE ; Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a; Le Corre, Bras, & Dufresne, 2010; Tang, Alavi, & Herald, 2008)
.

Dispersion behavior of MMT particles plays an important role on MMT structural formation in nanocomposite Yang, Zhu, Yin, Wang, & Qi, 1999()
. Generally speaking, because bigger d-spacing (distance between clay layer platelets) favors the entrance of polymer chains, MMT with enlarged d-spacing is much easier to be transformed to intercalated or exfoliated structures in final nanocomposite. To enlarge d-spacing, strategies have been developed by chemically modifying surface properties of MMT or physically coating MMT with molecules Feng, Zhao, Gong, & Yang, 2004


( ADDIN EN.CITE ; Mallakpour & Dinari, 2011; Yang, Zhu, Yin, Wang, & Qi, 1999)
. Intercalation agents have been studied for  amino acids, primary aliphatic amines and quaternary ammoniumYang, Zhu, Yin, Wang, & Qi, 1999()
 and sequential steps of hydrochloric acid and bovine serum albumin Lin, Wei, Juang, & Tsai, 2007()
. The prior exfoliated or intercalated MMT structures via modification can then be benefit for production of nanocomposite materials, with the possibility to increase the extent of exfloliation/intercalation of MMT in nanocomposite to further improve mechanical and barrier properties. 
The affinity of proteins and amino acids on soil minerals is well-established Ding & Henrichs, 2002


( ADDIN EN.CITE ; Quiquampoix & Burns, 2007)
, implying the possibility of surface coating MMT with naturally occurring low-cost proteins for direct exfoliation/intercalation. The objective of this work was thus to study the feasibility to directly surface-coat MMT by soy proteins (SP) to increase the d-spacing between MMT layers and obtain intercalation and/or exfoliation of MMT layers. In addition to  mass ratio of MMT:SP, experiments were conducted at different pH conditions that are expected to directly impact surface properties of MMT and proteins based on the electrostatic interaction. 

4.3. Materials and Methods

4.3.1. Materials

Na+-MMT (Cloisite® Na+ Nanoclay) with a cation exchange capacity of 92.6 mequiv/100g was purchased from Southern Clay Products, Inc. (Gonzales, TX). Defatted soy flour was a product from MP Biomedicals, LLC (Solon, OH). BSA and Coomassie( Plus Reagent (product 23236) were ordered from Pierce Biotechnology (Rockford, IL). Other chemicals were from Fisher Scientific (Fair Lawn, NJ), GE Healthcare (Amersham Biosciences Corp., Piscataway, NJ) and Sigma-Aldrich Corp. (St. Louis, MO). Chemicals were used as received.

4.3.2. Extraction of Soy Protein
Soy protein was extracted from soy flour using the protocol of preparing soy protein isolate L'Hocine, Boye, & Arcand, 2006()
. Soy flour ground with a coffee grinder (Hamilton Beach Proctor-Silex, Inc., Southern Pines, NC) was suspended in deionized water at a solid:liquid mass ratio of 1:10, adjusted to pH 9.0 using 4 N NaOH, and heated to 48 °C for 3-h extraction using a magnetic stirring hot plate (model Isotemp®, Fisher Scientific, Fair Lawn, NJ). The extract was separated by centrifugation (Sorvall RC 5B Plus, Newtown, CT) at 3,778g for 15 min at ambient temperature, followed by sequentially filtering with #1 and #2 filter papers (Whatman®, Lawrence, KS) twice. The same batch of soy flour powder was extracted for three times to improve the protein extraction productivity. The three filtrates were combined and acidified to pH 4.5 by using 6 N HCl, and the precipitated soy protein was separated by centrifugation at 3,778g for 30 min at ambient temperature. The precipitate was re-dispersed in deionized water, adjusted for pH to 9.0, and re-precipitated at pH 4.5. The re-precipitation was repeated for two additional times to remove impurities. The final precipitate was resuspended, neutralized for acidity, and spray-dried using a B-290 Mini Spray Dryer (BÜCHI Labortechnik AG, Postfach, Switzerland) at inlet and outlet temperatures of 150 and 55-65 (C, respectively, and a feed rate of 6.67 mL/min. The spray-dried soy protein powder (SPP) was collected and stored in a -20 °C.
4.3.3. Determination of Total Protein Content 
Total protein content was determined in several parts, such as measuring loosely bound and unbound protein in supernatants of protein-coated MMT slurry and determining the protein extraction efficiency. Determination of total protein content was run by either Bradford method or BCA method. Bradford method applied a Coomassie( Plus Protein Assay kit (product 23236, Pierce Biotechnology, Rockford, IL), and the absorbance was measured at 595 nm; while BCA method required BCA™ Protein Assay Reagent A (product 23228, Thermo Scientific, Rockford, IL), and the absorbance was read at 562 nm. Both methods recruited bovine serum albumin (BSA) as a reference and triple tests were repeated for each sample. 
4.3.4. Surface Coating of MMT 
MMT was surface-coated by SPP using a solution intercalation method Chen & Zhang, 2006()
. Two groups of experiments were performed to investigate the effects of MMT:SPP mass ratio and coating pH. The first group was conducted at pH 2.0-10.0 at a MMT:SPP mass ratio of 4:1. In the second group, the MMT:SPP mass ratios of 49:1, 9:1, 4:1 and 2:1 were studied at pH 9.0 – the extraction pH where all proteins are soluble. Briefly, SPP and MMT dispersions were prepared separately in 10 mM NaH2PO4 buffer, adjusted to a desired pH, and preheated to 60(C. The overall mass was 1.25%w/v in the mixture, with MTT and SPP contents constituted based on the mass ratio. The MMT dispersion was slowly added into the SPP dispersion while being mixed at 1000 rpm using a magnetic stirring hot plate. The slurry was agitated at the same speed for 3 h with the mixture maintained at 60 °C. After centrifugation at 3,778g for 15 min at ambient temperature, the supernatant was collected, and the precipitate was re-suspended in the same volume of fresh buffer to remove the unbound and loosely bound proteins. The washing step was repeated for three times, and the  supernatants were combined and centrifuged at 10,000g for 30 min to remove  fine MMT. Both the final precipitate and combined supernatant were freeze-dried (VirTis AdVantage Plus EL-85 Benchtop Freeze Dryer, SP Scientific Inc., Gardiner, NY). The lyophilized samples were collected and stored in a -20 °C freezer till further characterization.
4.3.5. Determination of Amount of Protein Coated on MMT
The above lyophilized supernatant samples were dissolved in 10 mM NaH2PO4 buffer at pH 9.0 for determination of unbound protein using the bicinchoninic acid (BCA) method. The percentage of unbound protein was then calculated by normalizing to the total protein used in coating, also estimated using the BCA method. The BCA™ Protein Assay Reagent A was from Pierce Biotechnology (Rockford, IL), while Reagent B (4%w/v cupric sulfate) was laboratory-prepared. The incubation was at 37 °C for 30 min, and the absorbance was measured at 562 nm by using a UV/Vis spectrophotometer (model Biomate 5, Thermo Electron Corporation, Woburn, MA). Bovine serum albumin was applied as a reference in establishing a standard curve. Triplicate tests were performed for each sample.
The amount of bound protein, in the lyophilized clay precipitate (coated MMT) samples from coating experiments, was determined for the total nitrogen content . using the Dumas method by Atlantic MicroLab, Inc. (Norcross, GA). The nitrogen content was converted to protein content by multiplying with the Jones’ factor,  6.25 for soy protein Mariotti, Tome, & Mirand, 2008()
. The percentage of bound protein was then estimated after dividing by the total protein used in coating. For consistency, the protein content of SPP in this estimation was also determined by the Dumas method.
4.3.6. Determination of Protein Solubility

SPP was hydrated in 10 mM NaH2PO4 buffer with 4 mM NaCl to a final concentration of 1 mg/mL and adjusted to pH 2.0-10.0 using 1 N HCl or NaOH. The 4 mM NaCl was equivalent to the free sodium ion concentration in 1% MMT dispersion estimated by using atomic absorption spectroscopy at Department of Plant Sciences, University of Tennessee (Knoxville, TN). After centrifugation at 10,000g for 30 min, the supernatant was determined for protein concentration using the above BCA method.
4.3.7. Zeta Potential

The final precipitates in the above coating experiments was suspended in the phosphate buffer, adjusted  to pH 2.0-10.0 using 1 N HCl or NaOH, and measured for zeta potential using a Delsa™ Nano C Zeta Potential/Particle Analyzer (Beckman Coulter, Fullerton, CA). The bare MMT was suspended in phosphate buffer, adjusted for pH, heated and stirred for 3 h at 60 °C, and cooled to room temperature before testing. Triplicate measurements were conducted for each sample. Each measurement included 5 runs, each run for 10 cycles. 

4.3.8. Wide-angle X-ray Diffraction (WXRD)

An X-ray diffractometer (model X’Pert, PANalytical Inc., Westborough, MA) with a generator voltage of 40 kV, a current of 40 mA, and a wavelength of 1.54 Å, was used to conduct WXRD analyses at ambient temperature. The XRD patterns were obtained in the 2θ angle range of 2-12° in a fixed time mode with an increment of 0.02°, and plots were processed using the software of X’Pert Data Viewer (PANalytical Inc., Westborough, MA). Peak positions and d-spacing, estimated according to the Bragg’s equation – Equation 3 Kumar, 2009()
, were determined directly by using the software of X’Pert HighScore Plus (PANalytical Inc., Westborough, MA). The experimental limit of detectable d-spacing was also calculated using Equation (3) Dang, Lu, Yu, Sun, & Yuan, 2010


( ADDIN EN.CITE ; Tang, Alavi, & Herald, 2008)
 for a 2θ angle of 2°.
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where λ is the wavelength of X-ray beam, and θ is the angle of incident X-ray beam.

4.3.9. Fourier Transform Infrared Spectroscopy (FTIR) 

A powder potassium bromide (KBr) pellet method Chen, Tian, Zhang, Chen, Wang, & Do, 2008


( ADDIN EN.CITE ; Gunister, Pestreli, Unlu, Atici, & Gungor, 2007)
 was applied in FTIR experiments. A mixture of 1 mg of sample and 100 mg of KBr was ground to fine powder that was then pressed to a clear or translucent pellet loaded onto the instrument. The %Transmittance was collected at a wavenumber range of 4000-400 cm-1 using a model Nicolet 670 spectrometer (Thermo Nicolet, Madison, WI). Pristine KBr pellet was used as a background.

4.3.10. Statistical Analyses

Significant difference analyses were carried out with a least-significant-difference (P < 0.05) mean separation method (LSD). Analysis was performed using SAS software (v. 9.3, SAS Institute Inc., Cary, NC).
4.4. Results and discussion

The two major soy proteins fractions glycinin and β-conglycinin are composed of subunits. Glycinin has 6 acidic subunits of ca. 35 kDa and 6 basic units of 20 kDa Badley, Atkinson, Hauser, Oldani, Green, & Stubb, 1975()
, while β-conglycinin is a trimer corresponding to 60, 67 and 71 kDa Maruyama, Katsube, Wada, Oh, Barba De La Rosa, Okuda, et al., 1998()
.  The association or dissociation of these subunits are dependent on pH, temperature, reducing agents, etc Badley, Atkinson, Hauser, Oldani, Green, & Stubb, 1975(; Maruyama, et al., 1998)
.
4.4.1. Structures of MMT Coated by SPP at Different pH Conditions
4.4.1.1. XRD
XRD patterns of pristine MMT and SPP are presented in Figure 1. Pristine MMT had a sharp characteristic peak at a 2θ angle of 7.11° with a d-spacing value of 1.24 nm, consistent with the literature Essington, 2003(; Tang, Alavi, & Herald, 2008)
, while SPP did not have any diffraction peaks in the studied 2θ range. 

Figure 2 shows the XRD patterns of MMT samples coated at pH 2.0-10.0 with a MMT:SPP mass ratio of 4:1. Table 1 lists the d-spacing values of corresponding samples. A very weak peak was observed at pH 2.0, corresponding to a d-spacing value of 1.33 nm. At pH 3.0-5.0, sharp peaks appeared at 2θ angles of 6.63 - 7.08°, close to the characteristic peak for pristine MMT (Figure 1), and the d-spacing values were around 1.25-1.27 nm, slightly smaller than that at pH 2.0. At pH 6.0 or 7.0, two peaks were detected at 2θ of ca. 4.3 and 6.9°, corresponding to d-spacing values of 2.09 and 1.27 nm  at pH 6.0, and 2.01 and 1.27 nm at pH 7.0. Humps with low onset of ca. 3° and 2θ angle of ca. 4.2-4.4° were observed for MMT coated by protein at pH 8.0-10.0, without the sharp peak of pristine MMT, corresponding to d-spacing values of 1.99-2.12 nm (Table 1). When bare MMT was similarly treated at coating conditions without SPP, XRD patterns did not demonstrate any changes (not shown). Therefore, XRD patterns in Figure 2 indicate the occurrence of protein coating at all pH conditions.
The shifting of diffraction peak to a smaller 2( angle, the left-shift, and a bigger d-spacing are characteristics  of intercalated layer structures Tang, Alavi, & Herald, 2008()
. The more left the peak shifts, the bigger the d-spacing is. Thus, the pH 2.0 treatment resulted in more intercalated MMT structures than other pH treatments. When analyzed using 2-dimensional sodium-dodecyl sulfate polyacrylamide gel electrophoresis (results not shown), most proteins corresponded to pI 4.4-5.1 and molecular weight of 15-100 kDa, consistent with the literature 
 ADDIN EN.CITE 
(Liu, Zhou, Tian, & Gai, 2007; Wu, Zhang, Kong, & Hua, 2009)
. Therefore, at pH 2, SP carry more positive charges than other pH conditions, which facilitates the adsorption onto negatively charged MMT. As for samples at pH 6.0 and 7.0, existence of two peaks implied the occurrence of partially intercalated MMT. At pH 8.0-10.0, broad peaks at low onset of ca. 3° imply a high extent of intercalated MMT structures and reduced crystal size after coating Kumar, 2009()
.
4.4.1.2. FTIR
FTIR spectra of pristine MMT and SPP are demonstrated in Figure 3. Characteristic peaks of protein appeared at wavenumbers of 2925, 2855, 1618~1681, 1530~1550 cm-1, 1244 cm-1, and 1450~1400 cm-1. The former five peaks are due to absorbance by functional groups of –CH2, –CH (C-H stretching), Amide I band (C=O stretching vibration), amide II band (N-H bending and C-N stretching modes), and amide III band, involving possible structures of–CO-NH2, –CO-NH–, and/or –CO-N– Chen & Zhang, 2006


( ADDIN EN.CITE ; Nakasato, Ono, Ishiguro, Takamatsu, Tsukamoto, & Mikami, 2004; Servagent-Noinville, Revault, Quiquampoix, & Baron, 2000)
. The double peaks at 1450-1400 cm-1 are related with carboxyl  (at approximately 1450 cm-1) and carboxylate groups ( at ca. 1410 cm-1). Changes in relative intensities of the double peaks correspond to changes in the ratio of carboxyl to carboxylate groups,  which indicates changes of protein structure after adsorption on MMT Quiquampoix & Burns, 2007


( ADDIN EN.CITE ; Servagent-Noinville, Revault, Quiquampoix, & Baron, 2000)
. Deprotonation at higher pH  is expected to impact FTIR spectra more significantly.

Figure 4 shows the FTIR spectra of protein-coated MMT samples. The presence of peaks corresponding to wavenumbers of 2925, 2855, 1618~1681 and 1530~1550 cm-1 confirms the coating of MMT by proteins, as shown for changes of XRD patterns. The peak of SPP at 1244 cm-1 (Figure 3) disappeared after coating MMT (Figure 4), demonstrating the decrease in α-helix structure of proteins after adsorption  on MMT Quiquampoix & Burns, 2007


( ADDIN EN.CITE ; Servagent-Noinville, Revault, Quiquampoix, & Baron, 2000)
. Peaks at wavenumber of 1450~1400 cm-1 varied for samples coated at different pH conditions, while peaks at 1410 cm-1 disappeared for the ones at acidic pHs, but strengthened at alkaline pHs, illustrating more carboxylate salt formed at more basic conditions. 

In addition, more hydrogen bonding was formed at lower pH, demonstrated by broader peaks at wavenumbers of 3550~3230 cm-1 characteristic of hydroxyl group Chen & Zhang, 2006()
. Hydrogen bonds can be formed between Si-O-Si and –OH groups of MMT and polar groups of proteins such as amide. The Si-O  absorbance band occurs at wavenumbers of ~1120-1014 cm-1 and the disordering of clay platelets results in the intensity increase Chen & Zhang, 2006()
. The broader peaks at wavenumbers of both 3550~3230 and ~1120-1014 cm-1 in Figure 4A illustrate the significance of hydrogen bonding between MMT platelets and soy protein at more acidic conditions.
4.4.1.3. Total protein coated on MMT

The amount of protein coating MMT was estimated by both the percentages remaining in the supernatant and those in the precipitate (Table 2). Despite discrepancy, two methods, estimated by dfiferent protein assay methods, showed more than 90% protein bound with MMT and there was no apparent trend of pH impact.Fruther, although Table 2 showes the lowest solubility at pH 4.0, the amount of protein binding MMT was not necessary the smallest. The two major soy proteins fractions, glycinin and β-conglycinin, are composed of subunits. Glycinin has 6 acidic subunits of ca. 35 kDa and 6 basic units of ~20 kDa Badley, Atkinson, Hauser, Oldani, Green, & Stubb, 1975()
, while β-conglycinin is a trimer corresponding to 60, 67 and 71 kDa Maruyama, et al., 1998()
. The association and dissociation of these subunits are dependent on pH, temperature, reducing agents, etc. Badley, Atkinson, Hauser, Oldani, Green, & Stubb, 1975(; Maruyama, et al., 1998)
 and likely impact the coating results. It however should be noted that charged patches on protein surface may allow the binding with polyelectrolytes that have a same type of net charge as proteins Dickinson, 2003()
. Thus, the electrostatic binding at acidity above protein pI shall not be excluded because of the known affinity between proteins and soil minerals Ding & Henrichs, 2002


( ADDIN EN.CITE ; Quiquampoix & Burns, 2007)
. Nevertheless, the protein adsorption data again suggests the significance of both coulumbic (opposite charges) and non-coulumbic forces.
4.4.1.4. Zeta potential
As shown in Figure 5, bare MMT dispersed in phosphate buffer had negative charges at all pH conditions. Zeta-potential values of the SP-coated MMT were less negative than those of bare ones. Below pH 5.0, SP are positively charged, and the adsorption of SP on MMT is expected to lower zeta potential of MMT, more apparent at lower pH. Above pH 5.0, SP are overall negatively charged but adsorb on MMT for more than 90% (Table 2). The adsorption due to both coulumbic and non-coulumbic mechanisms, as discussed above, is reflected by reduced zeta-potential of MMT after coating. Further, the lower zeta potential of protein-coated MMT than that of bare MMT suggests that zeta potential of SP is lower than that of MMT at the same pH, more significant at higher pH.
4.4.2. Effect of MMT:SPP Mass Ratio on MMT Structure Coated by SPP at pH 9.0

Since pH 9.0 corresponded to the largest d-spacing (Table 1), this pH was used to study the impact of MMT: SPP mass rations, shown in Figure 4.8 for XRD patterns and Table 3 for d-spacing values. Two diffraction peaks were detected for samples prepared with MMT:SPP mass ratios of 49:1 and 9:1: one similar to that of the pristine MMT and the other showing a left-shift to a lower 2( angle. The  corresponding d-spacing values were 2.30 and 1.24 nm at the mass ratio of 9:1 and 2.64 and 1.27 nm at the mass ratio of 49:1. When comparing to a single peak at a mass ratio of 4:1, as discussed above, the insufficient amount of SP at MMT:SPP mass ratios of 49:1 and 9:1 only enabled partial intercalation of MMT platelets. When the MMT:SPP mass ratios was increased to 2:1, the diffraction peak of pristine MMT, at 2θ of 7.11°, was no longer detected. The disappearance of diffraction peak characteristic of pristine MMT generally can be caused by formation of either  fully exfoliated or highly intercalated structures that are beyond the detection limit of the set 2θ range Dang, Lu, Yu, Sun, & Yuan, 2010()
, which  was 2°, corresponding to a d-spacing value of 4.41.
To clarify that intercalation/exfoliation of MMT was not caused by dilution with SPP Kumar, 2009()
, simple mixtures of MMT and SPP at mass ratios from 2:1 to 49:1 were also characterized by XRD. All mixtures demonstrated the characteristic peak corresponding to a 2θ angle of 6.9 ~ 7.3° (Figure 7) with d-spacing values of 1.21 ~ 1.28 nm (Table 3), very similar to pristine MMT (Figure 3). Thus, XRD patterns of coated MMT are due to intercalation of platelets, and the larger d-spacing at a smaller MMT:SPP mass ratio, i.e., a higher protein level, is likely caused by increased possibility for protein chains to penetrate into MMT galleries to separate clay platelets Tang, Alavi, & Herald, 2008()
. The results from XRD have been repeatedly verified by structures assessed by transmission electron microscopy Kumar, 2009


( ADDIN EN.CITE ; Tang, Alavi, & Herald, 2008)
 that was thus not attempted in this study.
This group of samples was also characterized for FTIR that had similar features as discussed previously (not shown), verifying the presence of proteins on MMT after coating. Similarly, zeta potential was measured for samples prepared with various MMT:SPP mass ratios (Figure 8). A higher SPP mass level corresponded to a less negative zeta potential, indicating an increased amount of SP adsorbing on MMT. This group of study strengthens the conclusion that the protein adsorption on MMT involves both coulumbic and non-coulumbic forces.

4.5. Conclusion

MMT was modified from highly ordered to highly intercalated or exfoliated structures after surface coating by sufficient amount of SP. The percentage of protein binding on MMT exceeded 90% at a MMT:SPP mass ratio of 4:1, regardless of coating pH conditions. The binding was caused by both charges and non-coulumbic forces such as hydrogen bonding between MMT and SP that was verified by complimentary results from XRD, FTIR, zeta-potential, as well as quantification of amounts of unbound and bound proteins. The present study thus demonstrated that intercalation/exfoliation of MMT can be easily achieved by coating using low cost SP. The practical approach can be integrated in preparation of various nanocomposite materials. 
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Appendix
Table 4. 1. Basal spacing of MMT after coating by soy protein at an MMT:soy protein powder mass ratios of 4:1 and pH 2.0-10.0. 
	Coating pH
	2θ(()
	d-spacing (nm)

	2.0
	6.63
	1.33

	3.0
	7.07
	1.25

	4.0
	6.96
	1.27

	5.0
	7.08
	1.25

	6.0
	4.23
	2.09

	
	6.93
	1.27

	7.0
	4.37
	2.01

	
	6.98
	1.27

	8.0
	4.30
	2.05

	9.0
	4.16
	2.12

	10.0
	4.43
	1.99


          Table 4. 2. Impact of pH on soy protein solubility and binding onto MMT at an MMT:soy protein powder mass ratio of 4:11. 
	pH
	Protein solubility (%)1
	Unbound Protein(%)1
	Bound rotein (%) 2

	pH 2.0
	86.70 ( 0.29abc
	0.72 ( 0.005G
	100.00±1.68bc

	pH 3.0
	83.24 ( 0.61e
	0.80 ( 0.01F
	105.09±2.33a

	pH 4.0
	75.49 ( 1.91f
	0.55 ( 0.01H
	93.91±1.34cd

	pH 5.0
	83.48 ( 1.79de
	0.71 ( 0.01G
	106.71±2.48a

	pH 6.0
	85.39 ( 1.05bcde
	1.15 ( 0.01D
	103.11±1.84ab

	pH 7.0
	84.68 ( 0.51cde
	0.95 ( 0.02E
	97.64±2.58bc

	pH 8.0
	86.23 ( 0.62abcd
	2.18 ( 0.04A
	90.19±2.44d

	pH 9.0
	88.13 ( 0.68ab
	1.85 ( 0.03B
	93.29±2.89cd

	pH 10.0
	89.09 ( 0.57a
	1.60 ( 0.03C
	92.80±2.07cd


1 Different superscripts in each column indicate significant difference (P<0.001). Numbers are average (standard deviations from three measurements using the BCA method.
2 Different superscripts in each column indicate significant difference (P<0.001). Numbers are average (standard deviations from two measurements using the Dumas method.. 
       Table 4. 3. XRD characteristics of MMT coated by soy protein at different MMT:soy protein powder (SPP) mass ratios and pH 9.0 and the comparison to simple mixtures of MMT and SPP.

	
	MMT:SPP mass ratio
	2θ (()
	d-spacing (nm)

	Coated sample
	2:1
	N/A
	N/A

	
	4:1
	4.16
	2.12

	
	9:1
	3.84
	2.30

	
	
	7.13
	1.24

	
	49:1
	3.35
	2.64

	
	
	6.91
	1.26

	Simple mixture
	2:1
	7.29
	1.21

	
	4:1
	7.06
	1.25

	
	9:1
	6.98
	1.27

	
	49:1
	6.90
	1.28
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Figure 4. 1. XRD patterns of pristine MMT (red curve) and soy protein powder (blue curve). The 2θ angle for MMT peak is 7.11°, with d-spacing of 1.24 nm.
Figure 4. 2.  2-D Electrophoresis analysis of soy protein directly extracted from soy flour.
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Figure 4. 3. XRD patterns of MMT coated by soy protein (SPP) at (A) pH 2.0-4.0, (B) pH 5.0-7.0, and (C) pH 8.0-10.0 at an MMT:SPP mass ratio of 4:1. 


[image: image29]
Figure 4. 3. FTIR spectra of pristine MMT (red) and SPP (blue). Arrows highlight positions discussed in in the text.

[image: image30]
Figure 4. 4. FTIR spectra of MMT coated by soy protein at an MMT:soy protein powder mass ratio of 4:1 and (A) pH 2.0 (blue), 3.0 (purple), and 4.0 (red), (B) pH 5.0 (blue), 6.0 (purple), and 7.0 (red) and (C) pH 8.0 (blue), 9.0 (purple), and 10.0 (red). Arrows highlight positions discussed in in the text.
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Figure 4. 5. Comparasion of zeta potential of MMT dispersion in 10mM NaH2PO4 buffer  and soy protein -coated MMT at pH 2.0-10.0. Coating was conducted at an MMT:SPP mass ratio of 4:1. Error bars are standard deviations for duplicate coating experiments, each measured for three times. Different letters in each group (pristine and protein-coated MMT) indicate significant difference (P<0.001).
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Figure 4. 6. XRD patterns of prestine MMT (brown curve) and MMT coated by soy protein  at MMT:soy protein powder (SPP) mass ratios of 2:1 (red), 4:1 (blue), 9:1 (green) and 49:1 (pink) at pH 9.0. The data at the 4:1 ratio is repeated here for convenience of comparison.

[image: image33]
Figure 4. 7. XRD patterns of simple mixtures of MMT and soy protein powder (SPP) at different MMT:SPP mass ratios of 2:1 (red), 4:1 (blue), 9:1 (green) and 49:1 (pink). The data at the 4:1 ratio is repeated here for convenience of comparison.

[image: image34]
Figure 4. 8. Zeta potential of MMT coated by soy protein  at various MMT:soy protein powder (SPP) mass ratios  at pH 9.0. Error bars are standard deviations for duplicate coating experiments, each measured for three times. Different letters in each group indicate significant difference (P<0.001).
. transglutaminase cross-linking of soy protein dispersions with intercalated montmorillonite nanoclay studied by rheology 
5.1. Abstract

Highly intercalated or exfoliated nanclay montmorillonite (MMT) has repeatedly been shown to improve mechanical and barrier properties of bionanocomposite materials that may be further improved by strengthening interactions between matrix polymers and those with MMT. In this study, MMT was surface-coated with soy protein before being dispersed in soy protein suspensions for crosslinking by transglutaminase (TGase). Dynamic rheological measurements were performed to illustrate the hydrogel network formation and strength, impacted by concentrations of sodium chloride and TGase with and without MMT. Without TGase, the maximum storage modulus (G() was achieved at 100 mM NaCl, while the addition of coated MMT screened the effect of ionic strength on soy protein hydrogel formation, with an identical increase in G( at NaCl concentrations of 200-1000 mM. With TGase used at a higher level, a shorter gelling time and a stronger hydrogel were observed, as well as synergetic development of G( for the combination of 100 mM NaCl and TGase. The addition of protein-coated MMT further increased G( and shortened the gelation time with the highest G( observed for the treatment with 1% TGase and 100 mM NaCl. Our results verified that TGase cross-linking is effective in enhancing interactions between protein-coated MMT and the continuous phase protein for improving properties of relevant nanocomposite materials.
5.2. Introduction

Bio-nanocomposites, by dispersing inorganic nanoparticles  in a matrix of biopolymer, have attracted much attention as novel packaging materials for substitution of petroleum-derived plastics due to their renewability and bio-degradability Arora & Padua, 2010


( ADDIN EN.CITE ; Dang, Lu, Yu, Sun, & Yuan, 2010; de Azeredo, 2009)
. Proteins with good film-forming properties, such as soy protein, wheat gluten, pea protein and gelatin, have been extensively studied for bio-derived packaging materials, with several recent studies investigating the improvement of mechanical and barrier properties of nanocomposite films after incorporating nanoclays such as montmorillonite (MMT) Arora & Padua, 2010


( ADDIN EN.CITE ; Chang, Yang, Huang, Xia, Feng, & Wu, 2009; Chen & Zhang, 2006; Guilherme, Mattoso, Gontard, Guilbert, & Gastaldi, 2010; Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a, 2010b; Lee & Kim, 2010; Martucci & Ruseckaite, 2010)
. Soy protein isolate (SPI)/MMT nanocomposite films have been reported for decreased permeabilites of water vapor and oxygen and increased elastic modulus and tensile strength Lee & Kim, 2010()
. Chen & Zhang (2006) developed SPI-based nanocomposite bioplastics with highly exfoliated MMT that demonstrated significantly improved mechanical strengths and thermal-stabilities when comparing to the control without MMT. Kumar et al. (2010a, 2010b) applied melt extrusion to achieve intercalation/exfoliation of MMT, and the resultant SPI/MMT cast films were greatly improved for tensile strength, storage modulus, glass transition temperature, water barrier property, and thermal stability. Mechanical properties of some SPI/MMT nanocomposite films were comparable to several petro-plastics that are currently used in food packaging applications. However, water vapor permeability of SPI-based nanocomposite films, because of the hydrophilic nature of bio-polymers, still requires substantial improvement when compared to petrochemical-based plastics Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a()
. 
It is well established that achieving either intercalation or exfoliation of layered nanoclay is critical to improve mechanical and barrier properties of nanocomposite materials. Le Corre, Bras, & Dufresne, 2010(; X. Z. Tang, Alavi, & Herald, 2008)
. Modification of nanoclays by increasing basal spacing with intercalated and/or exfoliated structures prior to incorporation  into the polymer matrix is a viable approach in improving structure and properties of final nanocomposite materials Feng, Zhao, Gong, & Yang, 2004


( ADDIN EN.CITE ; Lin, Wei, Juang, & Tsai, 2007; Mallakpour & Dinari, 2011)
. In Chapters 3 and 4, we investigated surface coating of MMT via solution intercalation by plant proteins, i.e., water soluble hominy protein and soy protein, to enlarge basal spacing of MMT platelets that corresponded to highly intercalated and/or exfoliated layers. In this chapter, the major objective was to improve the interaction between protein-coated MMT and matrix soy protein so as to develop nanocomposite materials with enhanced mechanical and barrier properties. 

Crosslinking proteins coating MMT and that in the continous matrix is a logical approach to enhance the interactions of the nanocomposite system. Enzymatic and chemical cross-linking approaches have been studied for soy proteins Caillard, Remondetto, & Subirade, 2009


( ADDIN EN.CITE , 2010; de Carvalho & Grosso, 2004; Gan, Latiff, Cheng, & Easa, 2009; Jiang, Tang, Wen, Li, & Yang, 2007a; Yildirim & Hettiarachchy, 1998)
. The focus of this chapter is the enzymatic method, while the chemical cross-linking is presented in Chapter 6. Transglutaminase (EC 2.3.2.13, protein-glutamine γ-glutamyltransferase, TGase) is an enzyme with the capability of catalyzing crosslinking reactions between protein molecules, peptides, and primary amines through acyl transfer reactions to form inter- or intramolecular ε-(γ-glutamyl)lysine isopeptidic bond Seguro, Nio, & Motoki, 1996


( ADDIN EN.CITE ; Zhu, Bol, Rinzema, Tramper, & Wijngaards, 1999)
. TGase is ubiquitous, and the morden biotechnology has made it possible to produce microbial TGase (mTGase) for commercial applications. The mTGase has been studied extensively to improve functional properties of food proteins and protein-containing products such as meat Motoki & Seguro, 1998


( ADDIN EN.CITE ; Seguro, Nio, & Motoki, 1996)
. Reduced solubility and increased surface hydrophobicity of soy protein was observed after treatment by TGase, and the films prepared from TGase-treated soy protein had decreased solubility and improved mechanical properties such as tensile strength and elongation at break Gan, Latiff, Cheng, & Easa, 2009()
. Thus, TGase has the potential to improve the interactions of the nanocomposite system studied in this work. 

Specifically in this Chapter, dynamic rheological tests were applied as a non-destructive method to investigate interactions of soy protein dispersions with protein-coated MMT during cross-linking by mTGase and the subsequent thermal treatment steps to additionally improve network strength. Variables in enzymatic cross-linking included the concentrations of sodium chloride and TGase, and the presence or absence of protein-coated MMT.
5.3. Materials and Methods

5.3.1. Materials

Cloisite® Na+-montmorillonite was purchased from Southern Clay Products, Inc. (Gonzales, TX). Soy flour was a commercial product from MP Biomedicals, LLC (Solon, OH). The mTGase (ACTIVA® TI) was a product of Ajinomoto Food Ingredients, LLC (Chicago, IL). Other chemicals were from Sigma-Aldrich Corp. (St. Louis, MO) or Fisher Scientific (Fair Lawn, NJ). All reagents were used without further purification. 

5.3.2. Extraction Protocol

5.3.2. Extraction of Soy Protein
Soy protein was extracted from soy flour using the modified protocol for preparation of SPI L'Hocine, Boye, & Arcand, 2006()
. Soy flour was finely ground by a coffee grinder (Hamilton Beach Proctor-Silex, Inc., Southern Pines, NC), suspended in deionized water at a solid:liquid mass ratio of 1:10, adjusted to pH 9.0 by 4 N NaOH, and constantly stirred for 3 hours at 48 °C (model Isotemp®, Fisher Scientific, Fair Lawn, NJ). The dispersion was then centrifuged (Sorvall RC 5B Plus, Newtown, CT) at 3,778 ( g for 30 min at ambient temperature, and the supernatant was filtered twice using the #1 filter paper and then twice using the #2 filter paper (Whatman®, Lawrence, KS). The extraction was repeated for three times. The three filtrates were combined and acidified to pH 4.5 using 6 N HCl to precipitate protein followed by centrifugation (3,778 ( g for 15 min). The precipitate was re-suspended in deionized water and adjusted to pH 9.0, followed by acidic precipitation at pH 4.5 and centrifugation as above. The re-suspension and re-precipitation were repeated for a third time. The final precipitate was dispersed in deionized water, adjusted to pH 6.5, and spray-dried utilizing a B-290 Mini Spray Dryer (BÜCHI Labortechnik AG, Postfach, Switzerland) at a feed rate of 6.67 mL/min and inlet and outlet temperatures of 150 and 55-65 (C, respectively. The spray-dried soy protein powder (SPP) was collected and stored in a -20 °C freezer.
5.3.3. Determination of Total Protein Content
The total protein content of SPP was determined by combustion Dumas method for calculating the enzyme concentration, based on Unit per gram soy protein. The total nitrogen content was measured by the Atlantic MicroLab, Inc. (Norcross, GA). The nitrogen content was converted to protein content by multiplying with the Jones’ factor for protein (6.25) Mariotti, Tome, & Mirand, 2008()
. 
5.3.4. Preparation of Protein-coated MMT
MMT was surface-coated with soy protein using a solution intercalation method Chen & Zhang, 2006()
. Surface-coating conditions were optimized in Chapter 4 for the mass ratio of MMT:SPP and pH. At an MMT:SPP mass ratio of 4:1 and pH 9.0, the X-ray diffraction results demonstrated highly intercalated/exfoliated nanoclay platelets. Experimentally, dispersions containing 0.5% w/v SPP or 2% w/v MMT were separately prepared at an equal volume in the 10 mM NaH2PO4 buffer, adjusted to pH 9.0, heated at 60 °C, and stirred at 300 rpm for 30 min using a magnetic stirring hot plate (model Isotemp®, Fisher Scientific, Fair Lawn, NJ). The MMT dispersion was slowly added to the SPP dispersion to reach an MMT:SPP mass ratio of 4:1, while being agitated at 1000 rpm and maintained at 60 °C. After 3-h agitation, the resultant slurry was ready for incorporation of SPP for TGase cross-linking. 
5.3.5. Determination of mTGase Activity
The activity of mTGase was determined using the enzymatic assay of TGase (EC 2.3.2.13) from Sigma, with all solutions adjusted to pH 6.0 at 37 (C. The fresh enzyme solution was prepared immediately before use by dissolving enzyme powder at a concentration of 1 mg/mL in cold deionized water at ca. 4 (C. After mixing with the reaction cocktail of reagents, incubating the test sample containing mTGase at 37 (C for 10 min, and centrifugation (10,000 ( g) for 5 min, the absorbance was recorded at a wavelength of 525 nm using a UV/Vis spectrophotometer (model Biomate 5, Thermo Electron Corporation, Woburn, MA). One unit of enzyme was defined as the amount of enzyme that catalyzed the formation of 1.0 µmole of hydroxamate from Na-CBZ-Glutaminylglycine and hydroxylamine per min at pH 6.0 and the temperature of 37 (C. Triplicate measurements were conducted for each sample.
5.3.6. Preliminary Identification of Thermal Gelation Conditions
SPP was hydrated at 6.0 % w/v in the 10 mM NaH2PO4 buffer and stirred overnight at room temperature (21(C) to fully hydrate protein. Samples were adjusted to pH 3.0, 5.0, 6.0, 7.0 or 10.0 using 1 N HCl or 1 N NaOH. NaCl was added at 0, 50, 100, 200, 500 and 1000 mM to promote the gelation of SPP dispersions. Two mL of each sample was pipetted into a 4 mL glass vial and heated up to 60 min in a water bath maintained at 85
 (C. Visual appearances were observed at 30 and 60 min of heating at 85 (C.

5.3.7. Dynamic Rheological Tests
5.3.7.1. Sample preparation. SPP was hydrated at 6% w/v in the 10 mM NaH2PO4 buffer or protein-coated MMT slurry overnight, with pH maintained at 6.5. Immediately before the rheological test, NaCl and TGase were added to the dispersions to various combinations of NaCl (0, 50, 100, 200, 500 and 1000 mM) and TGase (0, 0.12, 0.16, 0.30, 0.40, and 1.00% w/v in the entire sample) concentrations.
5.3.7.2. Rheological test. An AR2000 rheometer (TA Instruments, New Castle, DE) equipped with a concentric cylinder geometry consisting of a bob with an outer diameter of 28 mm and a cup with an inner diameter of 30 mm was utilized for monitoring cross-linking and subsequent thermal treatments of dispersions. Approximately 15 mL of the dispersion was carefully transferred into the cup. After positioning the bob and removing the excess sample, a layer of mineral oil was applied above the sample to prevent the moisture loss during measurement. The oscillatory tests consisted of these sequential steps: (1) an isothermal step at 45 (C for 2 h, (2) a heating ramp from 45 to 90 (C at 2 (C/min , (3) an isothermal step at 90 (C for 1 h, (4) a cooling ramp from 90 to 25 (C at 3 (C/min, and (5) a strain sweep step at 25 (C at a strain range of 0.001-1 and a frequency of 1 Hz. Except for strain and frequency sweep tests, a strain of 0.01 and a frequency of 1 Hz were used. Each sample was measured in duplicate and averages from two tests were reported.
5.4. Results and Discussion

5.4.1. Preliminary Thermal Gelation Tests
Effects of ionic strength and pH on thermal gelation of SPP dispersions were investigated at 0-1000 mM NaCl and pH 3.0-10.0, summarized in Table 1. Samples heated for 1 h are shown in Figure 5.1, demonstrating no hydrogel formation in the absence of NaCl at all examined pH and hydrogel formation at pH 3.0 with 100-1000 mM NaCl and at pH 6.0 with 50-500 mM NaCl. The hydrogels formed at pH 3.0 appeared to be weaker, especially with 200 and 500 mM NaCl, and more opaque than those formed at pH 6.0. At pH 6.0, the weaker hydrogel with 1000 mM (slipping upon inverting the vial) NaCl  than those with 50-500 mM NaCl is possibly because of the “salting-out” properties of proteins, i.e., reduced solubility at high ionic strength Ikeda & Foegeding, 1999()
. At pH 5.0, close to isoelectric points of soy proteins (pH 4.5) Pearson, 1983()
,  large precipitated granules were observed at 200 mM or lower NaCl, but neither coagulated nor gelled at NaCl concentrations of 500 and 1000 mM, presumably due to enhanced solubility impacted by ionic strength. At neutral and alkaline pH, the addition of NaCl up to 1000 mM did not promote gelation. This is not consistent to the literature that the lower critical concentration for soy protein gelation was observed at more alkaline pH and with moderate NaCl concentration , for example between 3 and 5%protein at pH 7.6 and with 200mM NaCl vs. between 6.5 and 8% at pH 7 and with 0 M NaCl Renkema & van Vliet, 2004()
. The differences in hydrogel properties may have been caused by the sources used to prepare soy protein Renkema, Knabben, & van Vliet, 2001()
. Although hydrogels formed at pH 6.0, soy proteins treated by TGase at pH 6.0 did not form films by casting, contrasting favorable conditions at neutral and alkaline pH Jiang, Tang, Wen, Li, & Yang, 2007a()
. Further, good protein solubility is needed to promote the formation of homogeneous hydrogel network Lakemond, de Jongh, Hessing, Gruppen, & Voragen, 2000()
. A pH value of 6.5 was chosen for following cross-linking studies because soy protein had drastically improved solubility at pH 6.5 than that at pH 6.0 Wolf, 1970()
 and mTGase has an optima activity at pH 6.0 and is very stable at pH 5.0-7.0 Ho, Leu, Hsieh, & Jiang, 2000


( ADDIN EN.CITE ; Tsai, Lin, & Jiang, 1996)
. 

5.4.2. Representative Rheological Profiles Showing Impacts of NaCl, MMT, and mTGase
As depicted in Figures 5.2 and 5.3, the storage modulus (G() and loss modulus (G() of SPP dispersions were developed during holding at 45 (C for 2 h for enzymatic cross-linking (step 1), heating to 90 (C (step 2), holding at 90 (C for 1 h (step 3), and cooling to 25 (C (step 4). The holding step at 45 (C was shortened to 10 min for the SSP samples with NaCl only because, protein aggregation and cross-linking is not expected. The end point at each step of the thermal profile was denoted as P1, P2, P3, or P4, respectively. While representative rheological profiles are presented in this section, rheological properties at four end points are discussed in following sections to describe the impacts of the studied variables. The time corresponding to the cross-over of G( and G( was used as the gelation time, most of which occurred during the first step. 

The G( and G( values were small (<0.1 Pa) during heating to 90 (C but drastically increased and crossed immediately during the holding at 90 (C for samples with 50-1000 mM NaCl, demonstrated in Figure 5.2A for the 100 mM NaCl treatment, implying the formation of a hydrogel network. The insignificant development of structures during the heating step is consistent with the denaturation temperatures of two major soy proteins β-conglycinin and glycinin, 76.7 and 94.1 (C, respectively C. H. Tang, Choi, & Ma, 2007()
. During holding (step 3), gelation was obtained from the gradual aggregation of denatured protein Lakemond, de Jongh, Paques, van Vliet, Gruppen, & Voragen, 2003()
. As illustrated in Figure 5.2B, the addition of coated MMT gradually enhanced the G( value that was already larger than G( at the beginning of the measurement, presumably due to both the increased volume fraction of particles in the dispersions van Vliet, 1988()
 and enhanced interactions between MMT-bound protein and protein molecules in dispersions.

Rheological profiles of samples treated by mTGase are demonstrated in Figure 5.3. Both G( and G( gradually increased during step 1, because of the formation of covalent bonds catalyzed by mTGase, and step 2, caused by heat-induced aggregation of protein. Figures 5.3A and B present a comparison between the absence and presence of coated MMT in combination with 0.3% mTGase. In the absence of coated MMT (Figure 5.3A), G( increased more rapidly than G( during step 1, with a cross-over indicating the formation of hydrogel network. The rates of G( and G( developments increased upon heating over 45 (C up to around 53 (C, followed by rapid decreases upon further heating up to approximately 80 (C in step 2. The quick increase in the former was probably associated with the increased rate of enzymatic crosslink, while the latter decreases coincided with the ca. 55 (C deactivation temperature of TGase Nury, Meunier, & Mouranche, 1989()
 and may have resulted from dissociated structures due to excessive heating. When MMT was incorporated into SPP dispersions treated with TGase (Figure 5.3B), G( and G( steadily increased, contrasting the fluctuation of G( in step 2 observed for the treatment without MMT (Figure 5.3A), but the rate of increase appeared to be slower than the one without MMT. This phenomenon can be explained by the interfering between the hydrogel network and MMT, in which newly formed hydrogel network was further fortified by the intercalated MMT that behaved as rigid fillers van Vliet, 1988()
. 

When NaCl was present during TGase cross-linking, Figures 5.3 C (without coated-MMT) and D (with coated-MMT) both show fast increases of G( in the early stage of step 1 and gradually increases afterwards. When comparing to treatments with NaCl (Figure 5.2A) or TGase only (Figure 5.3A), Figure 5.3C demonstrates synergistic effects of ionic strength and crosslink on hydrogel network development. Once MMT was incorporated in the dispersion treated with both 100 mM NaCl and TGase (Figure 5.3D), G( began with a high value and continuously increased during step 1 and 2. The almost constant G( in step 3 indicates that the incorporation of surface-coated MMT into SPP dispersions improved heat-resistant property of the formed hydrogel network.  
During cooling (step 4), hydrogels formed under all treatments were further strengthened, evidenced by continuous increases of G( and G(,  due to the formation of hydrogen bonds Fei Song, Tang, Wang, & Wang, 2011()
. Upon cooling to 25 (C, the strain sweep tests verified that during the oscillatory deformation using a frequency of 1 Hz and a strain of 0.01 was within the limit of linear viscoelastic regime.
5.4.3. Effects of Ionic Strength and MMT on Rheological Properties of SPP Dispersions without TGase Cross-linking
For treatments without TGase, SSP dispersions did not show significant changes in the moduli throughout step 1-step 4, indicating the SSP at 6% w/v alone is insufficient to form a hydrogel network. This group of treatments is presented for data at the end of each step, with and without coated-MMT (Figure 5.4).
The G( of SPP dispersions as affected only by the NaCl concentration is presented in Figure 5.4A. During heating from 45 to 90 (C, the magnitude of G( did not change significantly at all NaCl concentrations, shown as almost identical G( at P1 and P2. As mentioned previously, SPP dispersions formed hydrogels immediately after the temperature reached 90 (C, followed by drastic increase of G( and G( during 1-h holding at 90 (C that showed dependence on the ionic strength. The G( at P3 remarkably increased when NaCl concentration increased from 50 to 100 mM but decreased at higher ionic strengths. At pH 6.5, soy proteins are net-negatively charged Malhotra & Coupland, 2004()
. Due to electrostatic repulsion between protein molecules, the probability of aggregation between two protein molecules is relatively low at low ionic strengths. An increase in the ionic strength is expected to facilitate aggregation between protein molecules since the charges on protein molecules are shielded to a greater extent. It has been established that protein hydrogel networks become coarser and mechanically weaker with increasing rate of aggregation at high ionic strengths Ikeda, Foegeding, & Hagiwara, 1999()
. The present results suggest that 100 mM is the optimum NaCl concentration for maximizing the mechanical strength of formed hydrogel networks. Significant increases in G( were observed at relatively low NaCl concentrations of 50-200 mM after SPP dispersions were cooled to 25 (C. It was confirmed that maximum G( at P4 was obtained at 100 mM NaCl, consistent with the optimum NaCl concentration for heat-induced gelation of whey protein isolate Ikeda & Foegeding, 1999()
. 
In contrast to Figure 5.4A, SPP dispersions containing surface-coated MMT exhibited different trends: G( increased with an increase in NaCl concentration up to 200 mM before reaching a plateau (Figure 5.4B). As discussed above, the addition of coated-MMT changes interactions among protein molecules in the continuous phase and increases the overall volume fraction of dispersed phase and thus increases G( van Vliet, 1988()
. At 50-200 mM NaCl, MMT appeared to interfere with protein-protein aggregation and the development of hydrogel networks, demonstrating lower G( than the samples without MMT (Figure 5.4A). Above 200 mM NaCl, G( was not impacted by ionic strength, indicating the network-weakening at high ionic strengths in MMT-free systems (Figure 5.4A) was not significant when comparing to the impacts on overall network structures due to addition of surface-coated MMT. It was previously suggested that fillers strengthen the hydrogel moduli only for the case of strong interactions between fillers and matrix polymer molecules van Vliet, 1988()
. The results in Figure 5.4 suggest that the coated-MMT silicates are active fillers in SPP dispersions in improving the mechanical strength of hydrogel network. 
The impacts of mTGase cross-linking on hydrogel strengths of SSP dispersions with coated-MMT are presented below for the strongest and weakest systems in Figure 5.4, corresponding to 0 and 100 mM NaCl.
5.4.4. Rheological Properties of SPP Dispersions Cross-linked by mTGase at 0 mM NaCl
The enzyme activity of mTGase was determined as 0.0314 U/mg powder. Soy protein content in SPP was determined as 83.85%. Treatments with mTGase powder used at 0.00%, 0.12%, 0.16%, 0.30%, 0.40%, and 1.00% w/v in SSP dispersions, corresponded to enzyme levels of 0.00, 0.75, 1.00, 1.88, 2.50, and 6.25 U/g soy protein, respectively. For simplicity of description, the mass/volume concentrations of TGase powder are still used. 
Figure 5.5A reveals that G( at the end of each step monotonically increased with an increase in mTGase concentration from 0.12% to 0.40%. During step 1, a shorter gelling time was observed at a higher level of mTGase (Figure 5.6), consistent to the trend in other study F. Song & Zhang, 2008()
. However, our study showed that the reduction of gelation time with an increase in mTGase level was more significant at lower mTGase concentrations, fitting in a inverse second order shown as the curve, while the reference study above reported a linear dependence of the enzyme-catalyzed gelation of 4 wt% SPI on mTGase amount, probably their TGase range was much narrower than ours.

The addition of protein-coated MMT was found to remarkably increase G( at all examined mTGase concentrations (Figure 5.5B). The extremely short gelling time (Figure 5.6) further consisted to the observations that G( was already higher than G’( once measuring. It is known that G( of composite materials increases if there is interaction between the matrix and filler particles but decreases otherwise van Vliet, 1988()
. The drastic increase in G( when compared to mTGase- (Figure 5.5A) or MMT-only (no gelation) treatments illustrates the occurrence of cross-linking between proteins coating MMT and those in the continuous phase and the significance of our approach in strengthening the interactions of the studied systems. 
5.4.5. Rheological Properties of SPP Dispersions Cross-linked by mTGase at 100 mM NaCl 
The combined effects of 100 mM NaCl, TGase, and MMT on G( of SPP dispersion were further studied. For systems without MMT, the synergistic effects of NaCl and mTGase on G( development discussed above were observed for all TGase levels (Figure 5.7A). It is worth noting that the SPP dispersion treated with 1% mTGase showed a lower G( at P2 and P3 than at P1, indicating that the highest mTGase level resulted in the formation of a well-developed network during the 2-h cross-linking (step 1) and the restructuring of network at elevated temperatures weakened the hydrogel strength. Slow cross-linking reactions by mTGase is in favor of the formation of more compact network for SPI films Jiang, Tang, Wen, Li, & Yang, 2007b()
. Vice versa, fast cross-linking reaction at 1% TGase generated less compact hydrogel network during step 1, in turn more easily dissociated during the heating up to extremely high temperature of 90 (C. Similar to the samples without MMT, a shorter gelling time was observed at a higher level of mTGase during step 1, as it is seen in Figure 5.8. 
The weaker structures at P2 and P3 than that at P1 for systems in the absence of MMT were not observed when protein-coated MMT was incorporated in SPP dispersions during mTGase cross-linking (Figure 5.7B). The addition of MMT caused consistent increases in G( at all examined TGase concentrations. The MMT-filled SPP dispersion containing 100 mM NaCl and treated with 1% TGase developed the highest G( at P4. However, the effect of mTGase level was not linear: G( increased from 72 to 907 Pa with an increase of mTGase from 0 to 0.16%, and increased to 1099 Pa after a further increase of mTGase concentration to 1%. The data suggests that 100 mM NaCl, 0.16% TGase, and 1% protein-coated MMT is a cost-effective combination, generating 82.53% of the G( value obtained at a much higher level of mTGase (1.0%). 

5.4.6. Mechanisum Involved in the Formation of the Hydrogel Network in the Presence of MMT 
To further investigate the mechanisms involved in the formation of the hydrogel network and the strength with or without TGase, strain sweep tests were conducted for SPP dispersions with different treatments, and corresponding rheological data were then plotted for both storage moduli and loss moduli as a function of strain. Figure 5.9 represents a representative comparison on samples with or without the incorporation of coated-MMT with the treatment of NaCl. For all NaCl concentrations, G( remained almost constant as strain increased, demonstrating that formed hydrogel network is firm and stable, as indicated in Figure 5.9A. In the presence of modified MMT, G( remained almost constant at first, and then suddenly decreased, indicating the bond breakage within the hydrogel network and a transition from linear to nonlinear behavior F. Song & Zhang, 2008()
. Shortened linear viscoelastic regime with lower G( was observed for the SPP dispersions incorporated with protein-coated MMT, further confirming that MMT screened the effect of ionic strength on hydrogel-forming.  

The similar trend was obtained for the dispersions treated by TGase, as illustrated in Figure 5.10. However, the increased G( was found in the presence of surface-modified MMT, indicating the improved interactions between proteins bound on MMT and those in the matrix via crosslinking, as well as the enhanced effect of incorporating MMT, behaving as rigid fillers, on hydrogel network strength. Although the nonlinear behavior occurs, the strain resistance was enhanced than that with NaCl (Figure 5.9B), presumably explained by the formed stronger covalent bonding via crosslinking than the effect of ionic strength. This phenomenon further identified the existence of interactions between proteins absorbed on MMT and those in the matrix.  

Furthermore, with treatments of 100 mM NaCl and TGase, the G( and G’( values were parallel for both samples in Figure 5.11, indicating that strong and firm hydrogel network was established in both samples of in the presence and absence of modified MMT. No non-linear regime appears. The larger G( for the one with MMT demonstrated the further enhanced effect on hydrogel network. 

In a filler-polymer system, although the whole system is regarded as a two-phase dispersion or suspension system, the classical concepts of phases in a material, which have clearly distinguishable interfaces, is not guaranteed. There exists an interphase layer formed by the interactions between filler and matrix polymer, highly depending on the matrix-filler affinity. Shenoy, 1999()
 When MMT surfaces were coated by proteins, improved affinity between MMT and protein matrix was obtained through the protein-protein (protein on MMT and in matrix) interactions. The significant improvement in G( for combinations of protein-coated MMT, ionic strength, mTGase, and the adopted thermal profile suggests these parameters can be adopted to develop nanocomposite materials with improved properties.

5.5. Conclusions

Dynamic rheological properties of soy protein dispersions with protein-coated MMT were highly affected by variables during enzymatic crosslinking by mTGase and were further strengthened by subsequent heating and cooling processes. Concentrations of NaCl and mTGase were critical in developing hydrogel strength during crosslinking, with higher G( observed at 100 mM NaCl and a higher level of mTGase. Overall, the non-gelling 6%w/v SPP dispersion was transformed to a hydrogel with G( of 1099 Pa after addition of 100 mM NaCl and 1% protein-coated MMT and treatments by 1%w/v mTGase for 2 h and a heating-cooling cycle. The much strengthened interactions between the nanofillers and matrix biopolymer can be used to direct the manufacturing of biodegradable nanocomposite materials with superior functional performances.
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Appendix

Table 5.1. Summary of heat-induced gelation test on 6% w/v SPP dispersion at varied pH (3.0, 5.0, 6.0, 7.0, and 10.0) and NaCl concentrations (0, 50, 100, 200, and 1000 mM) after heating at 85 (C for 30 and 60 min.*
	pH
	Time
	NaCl (mM)

	
	
	0
	50 
	100
	200
	500
	1000

	3.0

	30 min
	—
	—
	+
	+
	+
	+

	
	60 min
	—
	—
	+
	+
	+
	+

	5.0
	30 min
	Co
	Co
	Co
	Co
	—
	—

	
	60 min
	Co
	Co
	Co
	Co
	—
	—

	6.0

	30 min
	—
	+
	+
	+
	+
	—

	
	60 min
	—
	+
	+
	+
	+
	—

	7.0

	30 min
	—
	—
	—
	—
	—
	—

	
	60 min
	—
	—
	—
	—
	—
	—

	10.0

	30 min
	—
	—
	—
	—
	—
	—

	
	60 min
	—
	—
	—
	—
	—
	—


*Symbols: the formation of gel network (+); no gelation and no precipitation (—); and coagulation and precipitation (Co).

[image: image35]
Figure 5.1. Visual appearance of heat-induced gelation on aqueous dispersions containing 6% w/v SPP and varied concentrations of NaCl (0, 50, 100, 200, and 1000 mM, from left to right in each image) at (A) pH 3.0, (B) pH 5.0, (C) pH 6.0, and (D) pH 7.0 after heating at 85 (C for 1 h. 
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Figure 5.2. Rheological profiles demonstrated for dispersions containing 6% w/v SPP with (A) 100 mM NaCl and (B) 200 mM NaCl and MMT during (1) a holding step at 45 °C for 2 h; (2) a heating step from 45 to 90 °C at 2 (C/min; (3) a holding step at 90 °C for 1 h; (4) a cooling step from 90 to 25 °C at 3 (C/min.

[image: image37]
Figure 5.3. Rheological profiles demonstrated for dispersions containing 6% w/v SPP with (A) 0.3% TGase, (B) 0.3% TGase and 1% MMT, (C) 0.4% TGase and 100 mM NaCl, and (D) 0.4%TGase, 100 mM NaCl and 1% MMT during (1) a holding step at 45 °C for 2 h; (2) a heating step from 45 to 90 °C at 2 (C/min; (3) a holding step at 90 °C for 1 h; (4) a cooling step from 90 to 25 °C at 3 (C/min.
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Figure 5.4. The storage moduli (G() of 6%w/v SPP dispersions without (A) and with  1%w/v surface-modified MMT (B), adjusted to 50-1000 mM NaCl, and after 2-h holding at 45 (C (P1), heating to 90 (C at 2 (C/min (P2), 1-h holding at 90 (C (P3), and cooling to 25 (C at 3 (C/min (P4). 
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Figure 5.5. The storage moduli (G() of 6%w/v SPP dispersions without (A) and with 1%w/v surface-modified MMT (B) at varied TGase concentrations after 2-h holding at 45 (C (P1), heating to 90 (C at 2 (C/min (P2), 1-h holding at 90 (C (P3), and cooling to 25 (C at 3 (C/min (P4).
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Figure 5.6. Effects of TGase concentration on gelation time during crosslinking 6%w/v SPP dispersions with (square) and without (cross) 1% coated-MMT.
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Figure 5.7. The storage moduli (G() of 6%w/v SPP dispersions without (A) and with 1%w/v surface-modified MMT (B) at 100 mM NaCl and varied TGase concentrations after 2-h holding at 45 (C (P1), heating to 90 (C at 2 (C/min (P2), 1-h holding at 90 (C (P3), and cooling to 25 (C at 3 (C/min (P4).
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Figure 5.8. Effects of TGase concentration on gelation time during crosslinking 6%w/v SPP dispersions with (square) and without (cross) 1% coated-MMT.
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Figure 5.9. The storage moduli (G() – strain profiles for SPP gels formed in the absence (A) and in the presence of 1%w/v surface-modified MMT (B) at 100 mM NaCl after a heating-cooling cycle.
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Figure 5.10. The storage moduli (G() – strain profiles for SPP gels formed in the absence (A) and in the presence of 1%w/v surface-modified MMT (B) at 0.3% TGase after a heating-cooling cycle.
[image: image50.png]10000
1000

©100
o3
® 10

0.001

0.01

Strain

0.1




[image: image51.png]10000

0.001 0.010  ggrair 0.100 1.000




Figure 5.11. The storage moduli (G() – strain profiles for SPP gels formed in the absence (A) and in the presence of 1%w/v surface-modified MMT (B) at 100 mM NaCl and 0.4% TGase after a heating-cooling cycle.
. Chemical Crosslink of Soy Protein with Addition of Coated Montmorillonite
6.1. Abstract

Cross-linking proteins may strengthen interactions between matrix protein polymers and protein-coated montmorillonite (MMT) in bionanocomposites to improve mechanical and barrier properties, besides to the well-established idea that material properties could be improved by the incorporation of highly intercalated or exfoliated nanoclays with enlarged basal spacing. Chemical crosslinking by glutaradehyde was applied to investigate the existence of further enhanced interactions in the soy protein dispersions incorporated with surface-coated MMT. In this study, dynamic rheological tests were conducted as a non-destructive method to illustrate the development of rheology moduli and gel network formation, impacted by pH, cross-linking temperature, glutaradehyde concentration, and in the absence and presence of coated MMT. In its absence, the storage moduli were gradually increased with the increase of glutaradehyde concentration, while the increases of storage moduli were in a higher order of magnitude in its presence. At relatively high studied glutaradehyde concentration (10% mass of soy protein), increased chemical crosslinking rates and storage moduli were observed at lower temperatures of 23 and 40°C than those at higher temperatures, while results were opposite for relatively low amount additions of glutaraldehyde. At pH 5.5, near the isoelectric point of soy proteins, the formation of gel network was much interfered by more addition of glutaradehyde. Response surface analyses revealed enhanced interactions induced by the incorporation of protein-coated MMT and the synergetic impacts of glutaradehyde concentration, pH and crosslinking temperature on storage moduli in sequence. The established chemical cross-linking conditions can be benefit for further preparation of bionanocomposite materials with enhanced interactions between protein-coated MMT and the matrix proteins to approach improved properties.

6.2. Introduction

The idea of modifying nanofillers to be well dispersed into the polymer matrix in turn to enhance the material properties of synthesized nanocomposites has been derived from and verified by the evidenced researches Arora & Padua, 2010


( ADDIN EN.CITE ; Lin, Wei, Juang, & Tsai, 2007; Spirkova, Duchek, Strachota, Poreba, Kotek, Baldrian, et al., 2011)
. Montmorillonite (MMT), as a naturally existing clay, has been one of the intensively studied nanofillers because of the cheap cost, abundance in supply, and the specific characteristics of high surface area and large aspect ratio identified to contributions in enhancing both mechanical and barrier properties of nanocomposite materials de Azeredo, 2009


( ADDIN EN.CITE ; Essington, 2003; Gunister, Pestreli, Unlu, Atici, & Gungor, 2007; Le Corre, Bras, & Dufresne, 2010)
. Chemical or physical modifications of MMT have approached great satisfactions on enlarging the basal spacing between platelets or modifying the clay layers from highly ordered to intercalated and/or exfoliated structures Feng, Zhao, Gong, & Yang, 2004


( ADDIN EN.CITE ; Mallakpour & Dinari, 2011; Yang, Zhu, Yin, Wang, & Qi, 1999)
, that is considered to be critical to develop either intercalated or exfoliated nanocomposite with enhanced properties. The affinities of proteins and amino acids on soil minerals indicate the possibilities of surface coating MMT with naturally existing proteins Ding & Henrichs, 2002


( ADDIN EN.CITE ; Quiquampoix & Burns, 2007)
. MMT coated with proteins was thus hypothesized to be further improving the interactions within the biocomposite system from the potential benefit of enhanced affinity between proteins bound on MMT and bulk biopolymer. In Chapters 3 and 4, we identified the feasibility of surface-coating MMT with extracted plant proteins, i.e., water soluble hominy protein and soy protein to obtain the enlarged d-spacing and intercalated/exfoliated platelet structures of MMT with appropriate MMT:protein mass ratios and coating pH. 

In this series, our objective is to improve the interaction between the matrix biopolymer – soy protein and protein-coated MMT for potentially developing protein-based nanocomposite with further enhanced mechanical and barrier properties. Soy protein, as an abundant plant supply resource with good film-forming property, has been frequently studied to develop either protein coatings/films alone or clay-incorporated nanocomposite films Chen, Tian, Zhang, Chen, Wang, & Do, 2008


( ADDIN EN.CITE ; Kumar, Sandeep, Alavi, Truong, & Gorga, 2010a, 2010b; Nayak, Sasmal, Nayak, Sahoo, Mishra, Kang, et al., 2008; Zhao, Torley, & Halley, 2008)
, with the driving force of concerns on replacing the existing petroleum-derived plastics in food packaging industry to alleviate the negative impact of non-degradable plastic packaging waste on environment protection. Crosslinking is a potential resolution to improve the interaction among the nanocomposite system because crosslinking could promote the formation of strong covalent bondings between proteins steadily bound on MMT surface and protein molecules in the matrix. In Chapter 5, enzymatic crosslinking induced by transglutaminase was investigated. The incorporation of protein-coated MMT further increased the storage modulus and gel network formation and shortened the gelation time during enzymatic crosslinking with salt effect, demonstrating the strengthened interaction between protein-coated MMT and soy protein matrix. The efficient enzyme concentration to generate high storage modulus was also highly decreased in the presence of protein-coated MMT. 
Upon this study, chemical crosslinking would be another trial. Chemical crosslinkers containing aldehyde groups, including glutaraldehyde, formaldehyde, glyxoal, dialdehyde starch, hexanedial, biacetyl, and cyclopentane-dione, have been widely utilized in protein crosslinking, forming covalent bonds such as amide (CO-NH) bonds between protein chains by crosslinking the amino residues of lysine Gerrard, Meade, Millera, Brown, Yasir, Sutton, et al., 2005


( ADDIN EN.CITE ; Gonzalez, Strumia, & Igarzabal, 2011; Song, Tang, Wang, & Wang, 2011)
, so called “Maillard-type” crosslinking Caillard, Remondetto, & Subirade, 2009


( ADDIN EN.CITE , 2010)
. Formaldehyde, glutaraldehyde, and glyxoal were studied in our preliminary tests. Results showed that the best crosslinking effect evident by highest rheological moduli was obtained by utilizing glutaraldehyde, consistent to the literatures that glutaraldehyde was most reactive as a 5-carbon molecule Gerrard, et al., 2005()
. Thus, chemical crosslinking induced by glutaraldehyde would be applied to study how dynamic properties of soy protein matrix with incorporated protein-coated MMT would be affected through in situ chemical crosslinking, and if the interactions between protein-coated MMT and matrix soy protein would be enhanced. Small-deformation rheological analyses were performed as a non-destructive method to illustrate the development of storage modulus and gel network formation, impacted by pH (5.5, 6.5, and 10), cross-linking temperature (23, 40, 60, and 90°C),  glutaradehyde concentration (2, 4, and 10% w/w based on the mass of SPP), and in the absence and presence of coated MMT.
6.3. Materials and Methods

6.3.1. Materials

Na+-montmorillonite (Cloisite® Na+ Nanoclay) used in the present study was supplied from Southern Clay Products, Inc. (Gonzales, TX). Commercial soy flour was obtained from MP Biomedicals, LLC (Solon, OH). Glutaraldehyde (50 wt% solution in water) was purchased from Sigma-Aldrich Corp. (St. Louis, MO), used as received. Mineral oil and other chemicals were of analytical grade and purchased from Fisher Scientific (Fair Lawn, NJ) and Sigma-Aldrich Corp. (St. Louis, MO).
6.3.2. Extraction of Soy Protein
Soy protein used in present study was extracted from commercial soy flour using the protocol for preparing soy protein isolate L'Hocine, Boye, & Arcand, 2006()
 with modification. Finely ground soy flour by utilizing a coffee grinder (Hamilton Beach Proctor-Silex, Inc., Southern Pines, NC) was suspended in deionized water at a solid:liquid mass ratio of 1:10, adjusted to pH 9.0, and vigorously stirred at 48 °C for 3 h using a magnetic stirring hot plate (model Isotemp®, Fisher Scientific, Fair Lawn, NJ). The suspension was then centrifuged (Sorvall RC 5B Plus, Newtown, CT) at 3,778 ( g for 30 min at ambient temperature. The extraction in alkaline was repeated for three times to increase the protein extraction productivity on each batch of soy flour. The supernatants were then filtered twice using the #1 filter paper and then repeated twice by using the #2 filter paper (Whatman®, Lawrence, KS), followed by adjusted to pH 4.5 for acidic precipitation of soy protein. The precipitate was separated by centrifugation at 3,778 ( g for 15 min, re-suspended in deionized water and adjusted to pH 9.0, re-precipitated at pH 4.5 and centrifuged as above. The re-suspension and re-precipitation procedures were repeated for a third time. The final protein precipitate was suspended in deionized water, adjusted to pH 6.5, and spray-dried by using a B-290 Mini Spray Dryer (BÜCHI Labortechnik AG, Postfach, Switzerland). The parameters for spray drying were as below: a feed rate of 6.67 mL/min and inlet and outlet temperatures of 150 and 55-65 (C, respectively. Afterwards, the spray-dried soy protein (SSP) was collected and stored in a -20 °C freezer.

6.3.3. Preparation of Protein-coated MMT  

Surface-coated MMT by SPP was prepared via solution intercalation Chen & Zhang, 2006()
. In Chapter 4, surface-coating conditions were optimized at an MMT:SSP mass ratio of 4:1 and pH 9.0, at which the X-ray diffraction test illustrated highly intercalated/exfoliated nanoclay platelets that is expected to improve the interaction with biopolymer matrix. Practically, dispersions of 0.5% w/v SSP or 2% w/v MMT were prepared in the 10 mM NaH2PO4 buffer, adjusted to pH 9.0, heated at 60 °C, and stirred at 300 rpm for 30 min using a magnetic stirring hot plate, respectively. The MMT dispersion was slowly added to the same volume of SSP dispersion, while being vigorously agitated at 1000 rpm and heated at 60 °C. The resultant slurry was agitated for 3 h and then ready for incorporating SSP for chemical cross-linking.
6.3.4. Sample Preparation for Rheological Measurement
Dispersions containing 8% w/v SSP were prepared in the 10 mM NaH2PO4 buffer or protein-coated MMT slurry over night, and adjusted to a pH of 5.5, 6.5 or 10.0. Immediately before the rheological test, predetermined amounts of glutaraldehyde were added to the SPP dispersions to achieve the final concentrations of 2.0%, 4.0%, and 10.0% w/w based on the mass of SPP.
6.3.5. Dynamic Rheological Analyses
Small-deformation rheological analyses were performed by recruiting an AR2000 rheometer (TA Instruments, New Castle, DE). A concentric cylinder geometry consisting of a bob with an outer diameter of 28 mm and a cup with an inner diameter of 30 mm was applied for measuring the storage modulus (G() and loss modulus (G() during the chemical cross-linking reaction induced by glutaraldehyde. Approximately 15 mL of the prepared SSP dispersion was carefully added into the cup. After positioning the bob and removing the excessive sample, a thin layer of mineral oil was applied on the top of the sample to minimize the evaporation of moisture during monitoring. The small-deformation tests included sequential analyses: (1) an isothermal test at designed temperature of 23, 40, 60, or 90 (C for 5 h as a function of time, at a strain of 0.01 and a frequency of 1 Hz, (2) a frequent sweep test at 23 (C at a strain of 0.01 and a frequency range of 0.1-100 Hz, and (3) a strain sweep test at 23 (C at a strain range of 0.001-1 and a frequency of 1 Hz. All experiments were performed in duplicate and the averages were reported.
6.3.6. Data Analyses

Data analyses were carried out by using SAS software (v. 9.3, SAS Institute, Cary, NC). Response surface regression was used to analyze the importance of independent variables (i.e., crosslinking temperature, pH, and glutaraldehyde concentration) in explaining dependent variables (the storage modulus) and to predict the optimum crosslinking conditions.  

6.4. Results and Discussion

6.4.1. Overall Significance of Variables on Crosslinking
The storage modulus and loss modulus as affected by different levels of pH, glutaraldehyde concentration and crosslinking temperatures were measured during the crosslinking procedure up to 5 h either in the absence or presence of protein-coated MMT. Multiple mechanisms such as formation and dissociation of hydrogen bonding, disulfide bonding, hydrophobic interaction and amide peptide bonding contributed to protein aggregation and gel network formation Caillard, Remondetto, & Subirade, 2010


( ADDIN EN.CITE ; Gerrard, et al., 2005; Gonzalez, Strumia, & Igarzabal, 2011; Renkema, Knabben, & van Vliet, 2001)
. A pH value lower than 5.0 was not studied for this experiment design because of the non-monotonic change in soy protein solubility that is well established to be relevant with protein gelation and film development Lakemond, de Jongh, Hessing, Gruppen, & Voragen, 2000b


( ADDIN EN.CITE ; Wolf, 1970)
.

To statistically understand the effects of pH, crosslinking temperature, and glutaraldehyde concentration on storage modulus enhanced by chemical crosslinking in present or absent of protein-coated MMT, response surface analyses were performed using SAS (Figure 6.1-3), respectively. The response surface regression results showed the statistic insignificance of crosslinking temperature and glutaraldehyde concentration for dispersions in the absence of protein-coated MMT (data not shown), but significance of all three variables for rheological property in its presence (Figure 6.1), with P values of 0.0002 for pH, <0.0001 for glutaraldehyde concentration, and 0.0466 for crosslinking temperature, indicating their synergetic effects enhanced by the incorporation of protein-coated MMT. This effect is presumably due to both effects of increased volume fraction of particles in the dispersions van Vliet, 1988()
 and enhanced interactions between MMT-bound protein and protein molecules in dispersions. In addition, the quadratic regression of pH (P=0.0032) and crossproducts of pH and glutaraldehyde concentration (P=0.0019), and of temperature and glutaraldehyde concentration (P=0.0102) are significant on affecting the storage modulus of SPP dispersions. Thus, the variables hereafter were compared in the absence and presence of protein-coated MMT, respectively, as well as the interactions between pH and glutaraldehyde concentration, and between temperature and glutaraldehyde concentration.

6.4.2. Effects of Glutaraldehyde Concentration and MMT
Effects of glutaraldehyde concentration in the absence and presence of protein-coated MMT on rheological moduli are presented in Figure 6.4 for samples adjusted to pH 6.5. Overall, the incorporation of surface-coated MMT (Figure 6.4B) improved the storage moduli and loss moduli to a much higher order of magnitude than those in the absence of MMT fillers (Figure 6.4A), presumably due to both effects of increased volume fraction and enhanced interactions between MMT and protein dispersions. 

As depicted in Figure 6.4A, without the addition of MMT, SPP dispersions formed gels with 4 and 10% glutaraldehyde but not with 2% glutaraldehyde. The storage moduli were both gradually increased at the beginning at the concentrations of 4 and 10%, with a lower value at the beginning, a faster increasing rate and finally approaching a higher plateau for the former. The degrees of crosslinking increased with the increasing of glutaraldehyde concentrations, that is consistent to the literatures Caillard, Remondetto, & Subirade, 2009


( ADDIN EN.CITE , 2010)
. While in the presence of MMT, all levels of glutaradehyde added into the dispersions further enhanced the G( values that were already larger than G( at the beginning of the measurement, and all plateaus were obtained in approximately 1 h, demonstrating that glutaradehyde is a very reactive crosslinker Gerrard, et al., 2005()
. Darker colors were optically observed in higher additions of glutaradehyde.

6.4.3. Effects of pH and MMT 
At the three studied pH concentrations, i.e., pH 5.5, 6.5 and 10, the G( and G( values of dispersions with 2 and 10% glutaradehyde at ambient temperature were plotted in Figure 6.5 and 6.6. Being absent of MMT, only at pH 5.5 SPP dispersion formed very weak gel network, verified the cross-over of G( and G( (Figure 6.5A), indicating that higher G( was generated at lower pH during the chemical crosslinking induced by glutaraldehyde. In the presence of protein-coated MMT, as shown in Figure 6.5B, much improved G( and G( values were obtained, demonstrating the improved interaction between protein and incorporated MMT. Larger storage moduli were generated at higher pH at 2% glutaradehyde, which is opposite to the case without MMT, probably explained by the pH dependence of protein solubility Wolf, 1970()
. Large amounts of amino acid residues are exposed in the SPP dispersion when soy protein is highly soluble, and crosslinking occurs with the addition of glutaraldehyde. At pH 5.5, the less solubility in turn the less exposed lysine slowed the crosslinking rate and had a lower G( at the beginning than other pHs, but the crosslinking rate quickly increased with a larger slope because of the high reactivity of glutaraldehyde. Thus, the incorporation of protein-coated MMT had tremendous impact on improving the storage modulus. The enhancement of G( resulted from not only the increased volume fraction of particles in dispersions but enhanced interactions between proteins in the dispersion and bond on MMT, as well as the interfering interaction between gel network and incorporated MMT, in which the newly formed gel network was further fortified by the intercalated MMT that behaved as rigid fillers van Vliet, 1988()
.

According to the statistic analyses result above, the glutaraldehyde concentration played the primarily important role in explaining the development of G(, and there is an interaction between glutaraldehyde concentration and pH. As illustrated in Figure 6.3A, the response surface regression predicted high G( at high glutaraldehyde concentration and low crosslinking pH of 5.5, but low G( at low glutaraldehyde concentration and intermediate pH, also demonstrated in Figure 6.5A. 
With the addition of 10% glutaraldehyde, all recorded G( were larger than G( at the beginning of the measurement, and then leveled off up to 5 h, as illustrated in Figure 6.6. In the absence of MMT, pH effect is similar as discussed at 2% glutaraldehdyde with an increased G( at a lower pH. The effect of pH on the difference in stiffness is probably contributed from the pH dependence of protein solubility and the amount of protein that is incorporated into the gel network Renkema, Knabben, & van Vliet, 2001()
, with a less amount of protein participating in gel network at pH 7.6 than that at pH 3.8. When protein-coated MMT was incorporated, much improved moduli were obtained at all pH conditions, indicating the great impact of the incorporation of protein-coated MMT. The G( and G( values are much larger at pH 5.5 than other pHs. No obvious difference on G( was observed at pH 6.5 and 10.0 in the presence of MMT, presumably due to both high solubility of soy protein at these pH conditions. The large addition of glutaraldehyde immediately reacted with the exposed amino acid residues and reached the plateau in very short time. The gel network formed via crosslinking was further fortified by the intercalated MMT that behaved as rigid fillers.   
6.4.4. Effects of Crosslinking Temperature and MMT
Temperature is a critical factor for protein denaturation in turn of influence on protein gelation. For soy proteins, consisting of two major parts – β-conglycinin and glycinin, have denaturation temperatures of 76.7 and 94.1 (C, respectively C. H. Tang, Choi, & Ma, 2007()
. As discussed above, the crosslinking temperatures had interactions with crosslinker concentrations in determining the rheological properties. Thus, results are presented in Figure 6.7 and 6.8 based on different glutaraldehyde concentrations of 2% and 10%. 

Figure 6.7 presented the effects of crosslinking temperatures at low addition of glutaraldehyde with and without protein-coated MMT. In both situations, treatments at higher temperatures generated higher G( and G(. The incorporation of protein-coated MMT endowed larger order of magnitude in both outputs, as indicated in 6.7B, implying the positive impact of MMT. With increases of temperatures, multiple interactions, including dissociation of hydrogen bonding, enhanced hydrophobic interaction and break of disulfide bonding once protein denaturation occurs, competed with the crosslinking by glutaraldehyde. At pH 5.5, aggregated soy protein exposed more available amino acid residues involving in the crosslinking to establish the gel network when temperatures increased up to 90 (C.   
However, when 10% glutaraldehyde was applied into the dispersions, inversed effect of temperature was observed for the dispersions with coated MMT, although degrees of the increases in G( and G( were still high.       

6.4.5. Interactions between Glutaraldehyde Concentration and pH or Temperature 

Glutaraldehyde concentration, pH and crosslinking temperature are all significant factors impacting the development of storage modulus. The further effects of pH and temperature at different glutaraldehyde concentrations verified the existence of interactions between both pairs.   

In most cases, higher G( approached at pH 5.5 rather than pH 6.5 and 10.0 during chemical crosslinking by glutaraldehyde, explained by both the complexity of soy protein forms existing at different pH and the gelling temperature of soy protein that increased with increasing of pHs Renkema, Knabben, & van Vliet, 2001()
. As statistically illustrated in Figure 6.3A, when the synergetic effect of pH and glutaraldehyde concentration is of concern, a combination treatment of pH 5.5 and 10% w/w glutaraldehyde will be applied to generate a high storage modulus for SPP dispersions.
At pH 5.5 and the temperature of 90 (C, in the absence of MMT and crosslinker, SPP dispersion of 8%w/v formed gels within 30 min (Figure 6.9), indicating the heat-induced gelation. No gelation was generated at either other temperatures or pH conditions without crosslinker. At the low and intermediate concentrations of glutaraldehyde, SSP dispersions at 90 (C showed high G( along with those at lower temperatures, identifying the co-existence of heat-induced gelation and chemical crosslinking. In addition, high G( at 90 (C probably was caused by the increase amount of exposed amino acid residues (lysine) available in crosslinking. The heat-induced gelation may still dominate the formation of gel network. While at high addition of glutaraldehyde (10%w/w), results inversed with the incorporation of protein-coated MMT, indicating the strengthened effect of MMT on gel network. The chemical crosslinking rate increases with the addition of glutaraldehude. Thus, at 10% glutaraldehyde, chemical crosslinking dominates the formation of gel network. Especially, this phenomenon is also applied at low temperatures at pH 5.5. Analogically, statistically considering the interactions between temperature and glutaraldehyde concentration on development of storage modulus, 10% w/w glutaraldehyde will be applied at 23 (C to generate a high storage modulus for SPP dispersions, as analyzed in Figure 6.3B.

6.5. Conclusion

Chemical crosslinking by glutaradehyde was studied to investigate further enhanced interactions in the soy protein dispersions incorporated with surface-coated MMT using dynamic rheological tests as a non-destructive method. The presence of protein-coated MMT promoted the significant effect of studied variables on explaining storage modulus by enhanced interactions between proteins in polymer matrix and proteins bound onto MMT surface. Glutaradehyde concentration, pH, and cross-linking temperature sequentially played significant roles in developing gel network and storage modulus during crosslinking. With the increases of glutaraldehyde, the storage moduli gradually increased with the increase of glutaradehyde concentration. At 10% glutaradehyde, chemical crosslinking dominates the formation of gel network at ambient temperature, corresponding to a high storage modulus. At pH 5.5, near the isoelectric point of soy proteins, the formation of gel network was much interfered by more addition of glutaradehyde. Response surface analyses revealed enhanced interactions induced by the incorporation of protein-coated MMT and the synergetic impacts of glutaradehyde concentration, pH and crosslinking temperature. The findings suggest that 10% glutaraldehyde can be used to crosslink SSP dispersion at ambient temperature and pH 5.5 to generate a significantly improved gel network with storage modulus in the presence of protein-coated MMT. The established chemical cross-linking conditions can be benefit for further preparation of bionanocomposite materials with enhanced interactions between protein-coated MMT and the matrix proteins to approach improved properties.
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Figure 6.1. Significance analysis and coefficient estimates in response surface regression for independent variables of pH, crosslinking temperature and glutaraldehyde concentration with respect to the dependent variable of storage modulus.
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Figure 6.2. Response surface analysis to interpret the effects of (A) glutaraldehyde concentration, (B) pH, and (C) crosslinking temperature on storage modulus.
Symbols indicate the actual experimental data, solid lines indicate the predicted result (center solid line) and 95% CI for mean predictions (two mirrored solid line), and dashed lines indicate 95% CI for individual predictions.
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Figure 6.3. Contour plot of variables, (A) pH and glutaraldehyde concentration and (B) crosslinking temperature and glutaraldehyde concentration, on storage modulus from response surface analysis.
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Figure 6.4. Effects of glutaraldehyde (GA) concentration on the storage moduli (G() and loss moduli (G(() of 8%w/v SPP dispersions (A) without and (B) with 1%w/v surface-modified MMT after 5-h crosslinking at 23 (C. 

GA concentrations applied were 2, 4, 10% w/w based on SPP.
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Figure 6.5. Effects of pH on the storage moduli (G() and loss moduli (G(() of 8%w/v SPP dispersions (A) without and (B) with 1%w/v surface-modified MMT at 2% GA after 5-h crosslinking at 23 (C.
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Figure 6.6. Effects of pH on the storage moduli (G() and loss moduli (G(() of 8%w/v SPP dispersions (A) without and (B) with 1%w/v surface-modified MMT at 10% GA after 5-h crosslinking at 23 (C.
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Figure 6.7. Effects of crosslinking temperature on the storage moduli (G() and loss moduli (G(() of 8%w/v SPP dispersions (A) without and (B) with 1%w/v surface-modified MMT at 2% GA after 5-h crosslinking at pH 5.5.
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Figure 6.8. Effects of crosslinking temperature on the storage moduli (G() and loss moduli (G(() of 8%w/v SPP dispersions (A) without and (B) with 1%w/v surface-modified MMT at 10% GA after 5-h crosslinking at pH 5.5.
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Figure 6.9. The storage moduli (G() and loss moduli (G(() of 8%w/v SPP dispersions heated at 90 (C at pH 5.5 for 30 min.
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�Combine the two figures by plotting MMT curve, in black, in (A) in (B)


�Since it’s a preliminary test, I personally don’t think it’s necessary to redo it. And it won’t be included for submission. 
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[image: image132.png]Table 1. Examples of biopolymer films (Krochta and De Mulder-Johnston 1997).

Material Preparation  H,0 barrier’ O, barrier Mech. properties’ _Cost, S/l
Cellophane Aqueous Moderate Good. Good. 220
Cellulose Acetate Extrusion Moderate Poor Moderate 1.60-2.10
Starch/PVOH Extrusion Poor Good Good 150-3.00
PHB/V Extrusion Good Good Moderate 3.00-6.00
PLA Extrusion Moderate Poor Good 1.00-5.00
High Amylose Starch  Aqueous Poor Moderate  Moderate 0.60-0.70
Zein 95%EtOH Moderate Moderate  Moderate 1025-15.50
Gluten Aqueous-EtOH  Moderate Good Moderate 0.80-0.90
SPL Aqueous Poor Good Moderate 130-1.70
WPI Aqueous Poor Good Moderate 6.00-12.00
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“Test conditions:25°C. 50%]
Moderate TS=10-100MPa
Moderste
(LDPE: TS=13 MPa, E=500%)
(OPP: TS=165 MPa, E = 60%)

RH

E=elongation, EVOH=ehylene vinyl alcohol polymer, LDPE=low density polyethlene,, OPP=oriented polypropylese, PHB/V:

‘poly(G-hydrosybutyate)-co-(3-hydroxyvalerate), PLA=poly(lacic acid), PVOH=polyvinyl alcchol, SP!

WPl=whey protein isolate.
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