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Preface

Many of the recent research accomplishments in the area of soy-based 
blends, composites and bionanocomposites are presented in this book. 
In addition to introducing soy protein and its structure and relationship 
properties, an attempt has been made to cover many other relevant top-
ics such as the state-of-the-art, new challenges, advances and opportuni-
ties in the field; biomedical applications of soy protein; electrospinning of 
soy protein nanofibers, their synthesis and applications; soy proteins as a 
potential source of active peptides of nutraceutical significance; soy pro-
tein isolate-based films; and use of soy protein-based carriers for encapsu-
lating bioactive ingredients. 

This book is intended to serve as a one-stop reference resource for 
important research accomplishments in the area of soy protein-based bio-
composites and bionanocomposites. It will be a very valuable reference 
source for university and college faculties, professionals, post-doctoral 
research fellows, senior graduate students, and researchers from R&D 
laboratories working in the area of soy protein and its biocomposites and 
bionanocomposites. Since the various chapters in this book have been 
contributed by prominent researchers from industry, academia and gov-
ernment/private research laboratories across the globe, it is an up-to-date 
record of the major findings and observations in the field. The first chapter 
acts as an introduction to soy protein-based blends, composites and nano-
composites, including their scope, state of the art, preparation methods, 
environmental concerns regarding nanoparticles and related challenges 
and opportunities. 

Included in the second chapter introducing general aspects of soy pro-
teins, is a discussion of their source, structure and relationship proper-
ties. Chemical modification and characterization of soy proteins are also 
included in this chapter along with a description of the applications of soy 
protein-based nanocomposites and blends. Advances in soy protein-based 
nanocomposites are addressed in the third chapter, in which the authors 
discuss how the incorporation of nanoparticles proves to be an effective 
way to improve physical properties, especially the mechanical properties 

xi
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xii Preface

and water resistance which limit their extensive use. The properties of the 
resulting nanocomposites are highly dependent on the processing meth-
ods, nature of nanofillers, as well as the dispersion effect of the filler in the 
matrix. Therefore, the fabrication methods, property-structure relation-
ship, and application of soy protein nanocomposites are also reviewed in 
this chapter.  

The following chapter on applications of soy protein-based blends, com-
posites and nanocomposites discusses many topics, including the partic-
ulars of soy protein applications, soy protein-based blends, and those of 
soy protein-based nanocomposites. The fifth chapter based on biomedical 
applications of soy protein summarizes many of the recent accomplish-
ments in the area of biomedical research. In this chapter, the authors 
discuss various topics such as forms and properties of soy proteins, appli-
cation of plant protein in biomedical applications, application of soy pro-
teins in wound dressings, and the potential use of soy proteins in products 
and applications in regenerative medicine, tissue engineering, and drug 
delivery systems.

The following chapter is a good structural basis for the understanding of 
electrospinning of soy protein nanofibers. Discussed in the chapter are the 
production of nanofibers from different synthetic and natural polymers, 
the physical properties of soy proteins that affect their electrospinning, fol-
lowed by a summary of relevant work that has been done in the area. The 
chapter closes with a discussion on possible applications of electrospun 
nanofibers from soy proteins. The use of soy proteins as a potential source 
of active peptides of nutraceutical significance is the subject of the seventh 
chapter, which introduces the main concepts along with examples to help 
readers understand them. This chapter is devoted to reviewing the litera-
ture to identify and describe the available methodologies for the identi-
fication and production of bioactive peptides from soybean proteins. In 
addition, potential applications of these peptides as functional foods and 
therapeutic agents are also highlighted.   

The authors of the eighth chapter present a brief account of the topic 
of soy protein isolate-based films, including soy protein film preparation, 
characterization of soy protein films, modifications and applications. The 
last chapter of the book reviews recent progress in the preparation of soy 
protein-based carriers for bioactive ingredients encapsulation.

In conclusion, the editors would like to express their sincere gratitude 
to all of the contributors to this book for their excellent support in the suc-
cessful completion of this venture. We are grateful to them for the commit-
ment and sincerity they have shown towards their contributions. Without 
their enthusiasm and support, this book would not have been possible. 
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Soy Protein: State-of-the-Art,  
New Challenges and Opportunities

Visakh P. M

Department of Ecology and Basic Safety, Tomsk Polytechnic University,  

Tomsk, Russia

Abstract
�is chapter deals with a brief account on various topics in rubber-based bionano-
composites: Preparation and state-of-the-art. It also discusses di�erent topics such 
as soy protein: Introduction, structure and properties relationship, thermoplastic-
based soy protein nanocomposites, applications of soy protein-based blends, com-
posites, and nanocomposites, biomedical application of soy protein, preparation of 
soy protein nano�bers by electrospinning, physiologically active peptides derived 
from soy protein, soy protein polymer-based (�lm) membranes and encapsulation 
of bio actives using soy protein-based material.

Keywords: Rubber-based bionanocomposites, soy protein, soy protein  
nanocomposites, soy protein nano�bers

1.1  Soy Protein: Introduction, Structure and 
Properties Relationship

Soy proteins are one of the most abundant and most widely utilized plant 
proteins on this planet. With high content of essential amino acid and desir-
able functional properties, soy proteins have attracted persisting interest in 
food and pharmaceutical industry. �e 11S and 7S globulins represent 
approximately 60% of the storage protein in soybeans. �ey are the most 
important contributors to the physicochemical and functional properties of 
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soy protein products. It exhibits a high content of negatively charged amino 
acids such as glutamic acid and aspartic acid, whereas the percentage of 
hydrophobic amino acids such as leucine is relatively low [1]. β-conglycinin 
is relatively flexible, as evidenced by its high contents of α-helix, and ran-
dom coils [2]. It comprises six major isomers, each of which is composed of 
three major subunits and two minor ones (γ and δ) [3].

As can be seen, the whole soybean seed is cleaned, cracked, dehulled, 
and flaked to produce soy powder. The powder is then subjected to oil 
extraction with organic solvents such as hexane. The particle sizes range 
from grits (or flakes) of varying sieve specification to fine powders. The soy 
meal could be further ground into soy flour (SF), a product that contains 
less than 1% oil and a protein content ranging from 40–60%. Soy proteins 
with higher purity may also be produced with smaller particles, because 
the protein can be more effectively extracted from finer flours, making 
the separation of protein from insoluble carbohydrate more efficient and 
complete.

There exist three major types of soy protein-rich products, SPC (soy pro-
tein concentrate, and fractionated 11S/7S globulins (protein content >90%, 
fraction purity >85%). Quite a few methods have been developed to pro-
duce these products with desirable features, and several typical approaches 
with respect to their principles, major procedures, advantages, and draw-
backs. The majority of the protein is precipitated and recovered by a second 
centrifugation. The curd-like precipitate is neutralized with alkali, washed 
with water to remove excessive alkali and salt, and finally spray dried or 
lyophilized to yield the final product. The typical protein of yield (weight 
ratio between the product and the raw material) is around 30%, though a 
yield of as high as 44% has been reported [4]. The product loses part of its 
original solubility as a result, but it gains some desirable properties such as 
good texture and water holding capacity [5].

In pilot scale production, the solvent such as alcohol and hot water 
can be recovered through evaporation and condensation, thus achieving 
higher extraction efficiency. In addition to the traditional methods, mem-
brane-based techniques including micro- and ultrafiltration have also been 
widely studied for the preparation of SPC. Teng et al. further investigated 
the effect of divalent cations on the fractionation process. They suggested 
that using Mg2+ instead of Ca2+ as a precipitant improved the purities of 
both fractions without affecting their yields significantly. Soy proteins tend 
to adopt a compactly folded structure, with their hydrophilic and charged 
amino acid residues maximally exposed to the solvent and hydrophobic 
moieties buried in the globular core. The surface charge of colloidal par-
ticles is usually gauged by the electrical potential at the interfacial double 
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layer at the location of the slipping plane relative to a point in the bulk 
fluid away from the interface. Proteins as amphiphilic molecules bear both 
hydrophilic and hydrophobic groups which endow their ability to interact 
with both the polar and nonpolar solvents and serve as an emulsifier [6].

Two parameters are commonly referred to when describing the emul-
sifying properties of a molecule. As many other proteins, soy proteins 
show viscoelasticity when dispersed in water. Under room temperature 
without the addition of cross-linkers (such as transglutaminase or calcium 
salts), the dispersion exhibits viscous property (G ) as the predominant 
 characteristic [7]. Since viscosity is indicative for the friction between the 
molecule and the solvent, it is highly dependent on the interaction between 
them. Heated soy protein films exhibit decreased water vapor permeability, 
and increased percentage of elongation at break (%E) when compared to 
unheated ones [8].

While thermal denaturation is conventionally considered as a detrimen-
tal factor for protein solubility, combination of thermal treatment with a 
suitable pressure may make the protein more soluble. Glycerol is by now 
the most widely utilized plasticizer for soy protein-based plastics, owing to 
its relatively short and flexible chain as well as its strong hydrophilicity. The 
former character facilitates the insertion of glycerol into the peptide chains 
in the soy proteins, and the latter one promotes its interaction with the pro-
tein via extensive hydrogen bonding. Soy proteins are rich in both amine 
and carboxyl groups; therefore, they can readily react with additional car-
boxyl or amine groups. The reaction between the positively charged amine 
groups on the soy proteins and an external carboxylic acid is comparable 
to phosphorylation.

1.2 Advances in Soy Protein-Based Nanocomposites

Residual soy proteins, a by-product of the soy oil industry, are currently 
utilized in applications such as animal feed and food supplement. Soy 
proteins are composed of a mixture of albumins and globulins, 90% of 
which are storage proteins with globular structure, consisting mainly 7S 
(conglycinin) and 11S (glycinin) globulins. Soy protein contains 18 amino 
acids including those containing polar functional groups, such as carboxyl, 
amine, and hydroxyl groups that are capable of chemically reacting and 
making soy protein easily modification [9]. Biopolymer films are usually 
plasticized by hydroxyl compounds [10]. Glycerol has a high boiling point 
and good stability, and is regarded as one of the most efficient plasticiz-
ers for soy protein plastics [11]. Glycerol-plasticized soy protein possesses 
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good processing properties and mechanical performance [12]. The bio-
nanocomposites consist of a biopolymer matrix reinforced with particles 
having at least one dimension in the nanometer range (1–100 nm) and 
exhibit much improved properties due to high aspect ratio and high sur-
face area of the nanoparticles.

Soy protein films reinforced with starch nanocrystals (SNC) could be 
prepared by casting method [13]. The SNC synthesis was developed by 
acid hydrolysis of native cornstarch. Soy protein is one of the few natural 
polymers that can be thermoplastically processed under the plasticization 
of small molecules [14]. Soy protein plastics without any additive have a 
brittle behavior, which makes processing difficult. Addition of plasticiz-
ers is an effective way to improve the flowability of soy protein melts and 
obtain flexible soy protein-based films. Phthalic anhydride modified soy 
protein (PAS)/glycerol plasticized soy protein (GPS) composite films were 
fabricated by using extrusion and compression-moulding [15]. Soy/BN 
nanocomposites were prepared by low-cost green technique with water as 
the solvent. The thermal properties of the nanocomposites were studied by 
thermogravimetric analysis (TGA). The biodegradation behaviors of male-
ated PCL/ isolated soy protein (SPI) composites reinforced with organo-
clay were evaluated by soil burial test [16]. Composites containing higher 
percentage of soy protein degraded rapidly in the initial 8 weeks and a 
gradual decrease of weight occurred during the next 8 weeks.

Soy protein films are effective barriers to the passage of lipid, oxygen, 
and carbon dioxide. However, the inherent hydrophilicity of proteins and 
the substantial amount of plasticizer added in the film perform poorly 
in moisture barrier and mechanical properties as packaging material. In 
addition of in situ synthesis, soy protein/silica nanocomposites could be 
fabricated through compounding nano-SiO

2
 particles into soy protein 

isolate matrix [17]. Zheng et al. reported the nanocomposite sheets by 
compounding MWNTs of various sizes into SPI matrix through solution 
mixing and then compression-molding method [18]. Blending SPI with 
other biodegradable polymers such as polycaprolactone, poly(lactic acid), 
poly(vinyl alcohol), natural rubber, etc., thus becomes a way to enlarge its 
applications. The properties of the blend materials could further improved 
by nanoreinforcing. Sasmal et al. prepared a kind of bio-based, eco-friendly 
nanocomposites from maleated polycaprolactone/soy protein isolate blend 
(50/50 wt/wt) reinforced with organo-modified clay by melt compound-
ing [19]. Soy protein plastics possess good mechanical strength and water 
resistance by compositing PS nanoparticles into soy protein matrix. The 
water uptakes of the nanoblends ranged from 11% to 19%, which is much 
lower than that of pure SPI (32%) at 75% RH.
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1.3  Applications of Soy Protein-Based Blends, 
Composites, and Nanocomposites

Soybean is an important raw material for food industry, because is one of 
the most consumed grains in the world. Special applications of soy protein 
for development of biomaterials, composites, nanocomposites, and blends 
have been reported as potential use of this grain in several areas, such as 
biomedical, optoelectronic, optical coating, and packaging [20–24]. The 
soy protein nanocomposites can be used as adhesives, asphalt, resins, 
cleaning products, paper coatings, plastics, polyesters, and textile fibers 
that allow its use over a large area, such as packaging, medical, aerospace, 
and automotive fields. Meikle et al. [25] studied soybean-based hydrogels 
with different physicochemical properties and bioactivity, which were 
obtained by sequential or simultaneous procedure of SF defatting process 
and material extraction. SPI the major component of soybean has been 
used to prepare biodegradable materials, such as adhesives, plastics, and 
various binders in recent years.

Although the SPI plastics usually possess good biodegradability, their 
application is limited by poor flexibility and water resistance. Wang 
et al. [26] in which they incorporate cellulose whiskers to SPI aiming to 
improve mechanical properties, the authors obtained composites which 
showed greater water resistance and thermal stability. The improvement 
in the properties of the SPI/cellulose whisker composites may be ascribed 
to cross-linking networks caused by intermolecular hydrogen bonds 
between the cellulose whiskers and the SPI matrix. SPI is a biopolymer 
that has potential applications in packaging (films or coatings), because it 
offers interesting film-forming properties, good barrier properties to oxy-
gen, aromas and lipids when in low to intermediate moisture conditions, 
besides it is a low-cost raw material [27]. 

The behavior of soy protein packaging systems is the modification of 
SPI with cross-linking agents. Cross-linking agents can work improving 
the mechanical and water barrier properties of soy protein films reducing 
its solubility, ability to swell, and gas/water vapor permeability. The SPI 
cross-linked with genipin was considered promising natural biodegradable 
materials for use in food packaging. Soy protein has many unique proper-
ties such as low cost, ease of handling, low press temperatures, and the 
ability to bind wood with relatively high moisture content, representing a 
very practical and inexpensive material for wood adhesives [28]. Thames 
et  al. [29] developed a water resistant soy protein-based adhesive blend 
with polyol plasticizer, preferred glycerol, and with a vegetable oil deriva-
tive, aleinized methyl ester of tung oil. This adhesive can be useful in the 
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manufacture of particleboard and other composites. SPI films high water 
vapor permeability is the most important obstacle to its use in food coat-
ings [30], drawback which can be exceeded by blending methodology and 
thus many works have been developed in this area by blending.

Luo et al. [31] prepared a series of cellulose/SPI membranes, and 
observed that porous structure and the size of the pores in the surfaces 
increased with an increase of SPI content, and the incorporation of SPI 
in cellulose changed the compositions and microstructure, improving the 
biocompatibility of the membranes. In addition, the application of the PLA 
layer presented an important effect on the mechanical properties of the 
films, decreasing the elongation at break and increasing the tensile strength 
and the Young’s modulus, resulting in a material less elongable and more 
resistant compared to those of pure SPI films. The resultant film made of 
soy/MMT is recommended to be used for packing food with high moisture 
content as fresh fruit and vegetable in order to replace low-density polyeth-
ylene (LDPE) and polyvinylidene chloride (PVDC).

1.4 Biomedical Applications of Soy Protein

Soybeans also contain a high amount of phytic acid that is antioxidant 
and can inhibit the growth of cancer cells, reduces blood sugar level and 
inflammation [32–34]. They are also a good source of fibre, iron, calcium, 
zinc, and vitamin B [35]. Soy Protein products can swell when they absorb 
water or can dissolve in water and this is an important functional property 
in drug delivery systems. In a research study by Ramnath et al., composite 
biomaterials prepared from SP and sago starch cross-linked with gluteral-
dehyde were prepared as temporary wound-dressing materials [36]. Chein 
et al. studied the biocompatibility of SP scaffolds fabricated by freeze- 
drying and three-dimensional printing [37]. 

The content of SP in the scaffolds was varied. It was assessed using a 
subcutaneous implant model in female BALB/c mice age 6–8 weeks. 
These results indicated that SP is a potential biocompatible implant for 
 tissue regeneration. The scaffold porosity, soy protein density, and scaf-
fold degradation rate significantly affected the acute and humoral immune 
response. Chien and Shah prepared porous SP-based scaffolds [38]. Xu 
et al. reported the preparation of water-stable electrospun SP-based scaf-
folds [39]. The scaffolds had large volume and ultrafine fibres oriented ran-
domly and evenly in three dimensions. They were used to simulate native 
extra cellular matrices of soft tissues. In another research report, the para-
meters for electrospinning fibrous scaffolds from SP isolate by the addition 
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of poly(ethylene oxide) dissolved in 1,1,3,3,3-hexafluoro-2-propanal were 
investigated. Their physicochemical properties were studied and they were 
found to exhibit mechanical properties that are similar to human skin. Silva 
et al. reported soy- and casein-based membranes for biomedical applica-
tions [40]. The membranes were subjected to cross-linking with glyoxal 
and tannic acid followed by thermal treatment. The cytotoxicity of both 
soy- and casein-based protein biomaterials were evaluated and it corre-
lated with the materials degradation behavior. The SP isolate/poly(ethylene 
oxide) mats were cross-linked using carbodiimide to increase its robust-
ness. SP isolate/poly(ethylene oxide) fiber diameters ranged between 50 nm 
and 270 nm depending on electrospinning and solution para meters. Soy 
hydrogels were injected into the subcutaneous pocket of mice and histo-
logical staining showed minimal fibrous capsule formation up to 20 days. 
It was found to be a potential biomaterial for tissue engineering and drug 
delivery applications [41].

A self-hardening soy/gelatine/hydroxyapatite composite foam was 
prepared and it was able to retain porosity upon injection. The foamed 
paste produced a calcium-deficient hydroxyapatite scaffold after setting. 
Implantation of the soybeans biomaterial over a period of 8 weeks pro-
duced bone repair with features distinct from those obtained by healing in 
a nontreated defect. New and progressively maturing trabeculae appeared 
in the animal group where soybeans biomaterial granules were implanted 
whereas; the sham operation produced only a rim of pseudo-cortical bone 
still featuring a large defect. Chitosan and soybean protein isolate blended 
membranes were prepared by solvent casting. These membranes exhib-
ited a biphasic structure that originates in situ porous formation, through 
a two-step degradation mechanism. Vaz et al. reported SP drug delivery 
matrix systems prepared by melt-processing techniques, namely extrusion 
and injection moulding [42]. The soy matrix systems were encapsulated 
with theophylline drug by extrusion and cross-linking with glyoxal. Reddy 
et al. demonstrated the potential of SP isolate films as a drug release sys-
tem for naturally occurring antiproliferative agent [43]. The films were pre-
pared by casting method and the percentage of the resorcinol was varied 
between 10% and 30%.

In a research study by Chien et al., SP hydrogels were developed by vary-
ing the weight percentages of water (15 wt.%, 18 wt.%, and 20 wt.%) [44]. 
Chemical modifiers or cross-linkers were not used to prepare the hydro-
gels. This method was useful for developing hydrogels for direct injection 
in vivo. The concentration of SP was varied and it influenced the rheo-
logical, swelling, mechanical properties and the release of the model drug, 
fluorescein from the hydrogels in vitro.
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1.5  Electrospinning of Soy Protein Nanofibers: 
Synthesis and Applications

These protein-rich products have found uses in many non-food industrial 
applications, including the manufacture of plastics, adhesives, paper coat-
ings, paint coatings, and composites. The advantages of using soy proteins 
in such systems are not only due to their physicochemical properties but 
also due to their renewability and sustainable production. Soybean pro-
teins alone or in combination with other natural and synthetic polymers 
have been used to produce nanofibers by the electrospinning technique. In 
the solution electrospinning process, a polymer is first dissolved in a given 
solvent and the solution is pumped through a nozzle that together with a 
metallic fiber collector serve as the electrodes between which an electric 
field is applied.

The storage protein in soybeans accounts for a large fraction of the raw 
bean weight (between 65% and 80%) [45]. Storage proteins are globulins, 
that is, their solubility in water is enhanced by the presence of electrolytes. 
They have been classified according to the sedimentation constant as 7S 
and 11S or β conglycinin and glycinin, respectively. Reducing agents such 
as 2-mercaptoethanol, cysteine, NaCN, and dithiothreitol (DTT) have 
been used to break disulfide bonds in soy protein. Glycinin contains 2 free 
mol of sulfhydryl group/mol protein in its native state and 2–3 mol of 
 sulfhydryl/mol after heating [46].

As soy proteins are globulins, their solubility in water is enhanced by 
the content of electrolytes. In addition, the pH will affect the solubility. 
The isoelectric pH of soy proteins has been reported as 4.5. The solubility 
will be low to zero at pH values near the isoelectric pH and increased at 
higher pH values. The solvents included water, acetic acid, ethanol, hydro-
chloric acid, acetone, sodium hydroxide, ammonium hydroxide, and some 
polar but less water soluble solvents, namely dimethylformamide (DMF), 
tetrahydrofuran (THF), and 1,1,1,3,3,3 Hexafluoro-2-propanol (HFIP). 
Pure soy protein globulins are rarely used in practical applications due to 
the cost involved in purification. Furthermore, the generalization is not 
straight forward, and the selection of a “suitable” solvent must fulfill the 
requirements of dissolving the solute within a reasonable time, being good 
solvent and environmentally friendly as well. The use of pure protein frac-
tions could be also of little practical interest. That is why most reports have 
focused on the use of commercially available soy protein. Typically isolate 
has been used because of its high protein content; however, its cost is still 
high compared with SF which has been used very recently [47, 48] on elec-
trospinning applications.
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Additional complications in term of solubility and preparation of solu-
tions for electrospinning arise when soy protein is blended with other poly-
mers. This is because the solvent of choice has to be a good solvent for both 
the protein and the coadjutant polymer. This implies that the coadjutant 
polymer should be water soluble. To this end, polyethylene oxide and poly-
vinyl alcohol have been used. Other biopolymers include corn zein, wheat 
protein (gluten), and lignin [49]. The fibers were uniform, the blends with 
zein reduced drastically the content of soy protein on the final fibers, that 
is, the fibers were zein fibers containing soy protein [50].

A follow-up study of the same system [51] included the effect of chang-
ing the pH (9 and 12) on mechanical properties and biodegradability of 
soy protein isolate-polyvinyl alcohol elctrospun fibers. The nanofiber mats 
prepared from solutions at pH 9 exhibited a higher load and elongation at 
break than those prepared at pH 12. This effect was ascribed to the lower 
denaturation of the proteins at pH 9 compared with pH 12. The nanofiber 
samples exhibited low contact angles (high wettability), which could limit 
their practical application [52]. The synergy between soy proteins with 
other natural polymers to produce electrospun nanofibers has remained 
essentially unexplored, with only blends of zein-soy protein isolate-SF-
gluten and soy protein isolate-lignin being reported.

Because of its high protein content, soy protein isolate has been the prod-
uct of preference in most electrospinning of soy protein reports; however, 
the use of SF was reported recently. Soy protein/PVA (9 kDa and 130 kDa) 
and soy protein/PCL (80 kDa) fibers were electrospun on top of a rayon 
support membrane. Blends of SPI-PEO (1:4, 2:3, and 3:2) were used to 
prepare electrospun nanofibers and tested for wound-dressing applications 
[53]. SPI in dilute NaOH and PEO (300 kDa) in ethanol was prepared sep-
arately, then blended at different ratios of SPI: PEO before electrospinning.

The SPI/PEO mats exhibit antibacterial activity against one gram-
negative (Pseudomonas aeruginosa) and one gram-positive bacteria 
(Staphylococcus aureus) as determined by the disk diffusion method. 
Although the experiments for wound-healing effect were qualitative obser-
vations on winstar rats (i.e., no quantification of ephitelial cell growth), 
the comparison indicates that the wounds covered with SPI/PEO electro-
spun mats exhibit a slightly better healing ability compared to uncovered 
wound. The produced soy protein scaffolds (3 cm × 3 cm) were applied to 
the wounds at different times. The results indicate that the protein scaf-
folds in contact with the skin get completely hydrated and dissolved in 
the wound. In addition the bacterial filtration efficiency increased with 
the load of nanofibers, with 5 g/m2 exhibiting the highest efficiency. It was 
hypothesized that the adhesion of bacteria to the nanofibers might be as a 
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result of electrostatic interactions, owed to the charge balance of amino-
acids on the protein.

1.6  Soy Proteins as Potential Source of Active 
Peptides of Nutraceutical Significance

Recent developments in food bioactive protein/peptide databases, coupled 
with improved knowledge of various enzyme specificities can be used in 
a process known as in silico hydrolysis for the identification of potential 
bioactive peptides from food/soy proteins. In silico produced peptides 
with known sequences can then be subjected to quantitative structure– 
activity relationship (QSAR) studies for a preliminary assessment of their 
bioactivity potential. Fermentation of soybean has been shown to result in 
the release of peptides with various functionalities and these aspects have 
also been reviewed. Solid-phase peptide synthesis is considered as a more 
established method and has been used to synthesize significant numbers 
of bioactive peptides [54]. 

There are several advantages to produce bioactive peptides by chemi-
cal synthesis, which include producing peptides of high purity and quan-
tity, desired sequences that are otherwise difficult to obtain from natural 
sources, and peptides of known activity identified in natural sources but 
are difficult to ensure their release through hydrolysis. Products such as soy 
milk, tempeh, and tofu are the examples of soy products consumed as pro-
tein sources, whereas soy sauce and miso are examples of soy products 
used to flavor other food preparations. Major applications of soy protein 
apart from its use for human consumption are in paper coatings [55] and as 
animal feed. Currently, however, soybean proteins are used in the prepara-
tion of functional peptides such as antioxidative [56–58], antihyper tensive 
[59–61], and anticancer [62] peptides.

Clostripain (EC 3.4.22.8) also known as Arg-C peptidase [63] is a sulf-
hydryl protease produced by Clostridium histolyticum and prefers argi-
nine over lysine residue. Under controlled hydrolysis conditions it will 
cleave proteins at peptide bonds limited to arginine P1 sites, including 
trypsin-resistant arginylprolyl bonds [64], and produce peptides contain-
ing arginine residues at C1 positions. Many peptides produced from these 
hydrolyses have also been produced from other food protein sources and 
reported extensively in scientific literature to have ACE-inhibitory activity. 
This type of protein has been reported to possess antinutritive action and 
hydrolysis of this protein has been reported to degrade protease inhibi-
tor in soybean [65]. This degradation has twofold impact, that is, increase 
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the bioavailability of soybean protein and decreasing anticancer and 
anti-inflammatory effect of this soybean protein that has been previously 
reported [66]. Various studies have reported the antihypertensive effects of 
ACE-inhibitory peptides derived from food proteins [67–70].

It is also indicated that small ACE-inhibitory peptides are less suscep-
tible to gastrointestinal enzyme degradation and can be absorbed intact 
into the blood circulation [71, 72]. Chen et al. [73] and Saito et al. [74], for 
example, identified antioxidative peptides from soybean proteins having 
5–16 amino acid residues. These peptides consisted of hydrophobic amino 
acids, valine (V) or leucine (L), at the N-terminal positions, and proline (P), 
histidine (H) and tyrosine (Y) in any position in the sequences. Many other 
tripeptides, tetrapeptides and oligopeptides contain sequence of known 
DPP-IV inhibitors produced by in silico hydrolysis of β-conglycinins.

The sequence/s of the active peptide/s remains unknown, the findings 
do indicate the presence of antioxidative peptides released from the fer-
mentation process of soybean proteins. Hypocholesterolemic activity of 
peptides derived from fermented soybean product has also been reported. 
Shon et al. [75] reported that fermentation of soy bean in the preparation 
of soy sauce produces bioactive peptides that can function as antithrom-
botic agents, although the peptide responsible for this activity remains 
unknown.

The endopeptidases can be further classified based on their catalytic site 
into serine proteases, cysteine proteases, metalloproteases, and aspartic 
proteases [76, 77], while a group of threonine peptidases has also been 
discovered [78]. The serine proteases are well studied having a maximum 
activity at alkaline pH and –OH group in the catalytic centre. In the study 
of high molecular weight fractions (>10 kDa) of hydrolysates, proteins 
have been found to show higher antioxidant activities when compared 
to the lower molecular weight fractions [79], although the sequences of 
active peptides have not been determined. Other researchers, however, 
have reported various antioxidative peptides derived through hydrolysis 
of soy proteins [80].

This method has been used successfully to synthesize more than 20 resi-
due peptides. However, this method is time-consuming and the inter-
mediate products need to be isolated and purified before proceeding to the 
next steps [81]. The solid-phase peptide synthesis is considered as a more 
established method and has been used to synthesize significant numbers 
of active peptides. There are various reasons to produce bioactive pep-
tides through chemical synthesis. An extended list of therapeutic proteins 
produced through genetic engineering using Chlamydomonas reinhardtii 
is available in the literature [82]. The principle of therapeutic protein 
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production in C. reinhardtii chloroplast involves the introduction of gold 
or tungsten particles coated with gene for the foreign protein into the algae 
cells placed at an interior of a vacuum chamber [83]. Two important ones 
are antihypertensive and antimicrobial agents. As an antihypertensive 
agent, the use of bioactive peptides as a food ingredient is advisable [84]. 
Therefore, the functional properties of these peptides assume importance.

1.7 Soy Protein Isolate-Based Films

Soy protein isolate (SPI) films are clearer, smoother, and more flexible; 
they also show better gas barrier properties than films made by lipids or 
polysaccharides [85–87]. SPI is a highly refined or purified form of soy 
protein – over 90% of its protein content is obtained from defatted SF. SPI 
has higher protein content and better film-forming ability than other SP 
products such as SF which has 54% protein, or SPC which has 65–72% 
protein [88–90]. SPI shows considerable potential for use in food, agri-
culture, bioscience, and biotechnology industry applications. That said, 
several problems limit their application in practice, including relatively 
poor mechanical properties, and poor water resistance and high moisture 
sensibility compared to petroleum-based plastics. These limitations occur 
due to the inherent hydrophilicity of the material as well as the strong 
molecular interactions of natural proteins. Many previous research-
ers have proposed methods of enhancing SPI-based film performance, 
including custom processing methods, cross-linking with chemicals like 
formaldehyde, glyoxal, and glutaraldehyde (GA), phenolic compounds, 
and epoxy compounds, polymerizing with functional groups, and blend-
ing with PGA, PVA, PCL, PLA, PU, chitin, wheat gluten, gelatin, keratin, 
milk protein, zein, or silks. Zhang et al., suggested a multistep process was 
used to form SPI sheets by mixing SPI, water, glycerol, and other addi-
tives in a high-speed mixer, then applying a twin-screw extrusion to form 
pellet-shaped material [91].

In a study by Mo et al., the thermal properties of molded SPI films 
plasticized by four polyol-based plasticizers were analyzed using DMA 
methods ranging from −30 °C to 200 °C at a rate of 5 °C/min, under a 
static force of 660 mN and dynamic force of 600 mN at 1 Hz frequency. 
The SPI/PBAT blends were all stable below 200 oC, and a two-step weight 
loss was observed between 200 °C and 400 °C in line with the two DTG 
curve peaks around 220 oC and 310 oC, owing to the processing addi-
tives and SPI degradation, respectively. Native SPI exhibits a typical bell 
shape confirming its spherical morphology; heat-treated SPI samples 
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show decreased magnitude of maximum peaks, suggesting the presence 
of globular shapes and partially unfolded structures of rigid glycinin and 
β-conglycinin. Researchers have proposed physical, chemical, and com-
bination modifications in effort to extend the practical application of SPI 
films and overcome disadvantages such as poor mechanical properties 
and moisture sensitivity [92, 93]. Blending SPI with other biodegradable 
polymers is generally accepted to be successful [94, 95]. Blending meth-
ods do show favorable reinforcing effects, and even low nanofiller loads 
produce better SPI-based bionanocomposites than SPI alone [96, 97]. 
The specialized bio-films formed by SPI modified by Cu NCs exhibit bet-
ter mechanical properties, and those modified with Zn NCs show better 
hydrophobic properties, than SPI alone. Further X-ray diffraction testing 
of SPI films indicated that metal nanoclusters change the conformation 
of SPI from compact to unfolded. Modified SPI-based films can also be 
used in biochemical and biomedical research fields. Luo et al. conducted 
a study on a nerve guide conduit from cellulose/SPI hollow tube (CSC) 
combined with Schwann cells and pyrroloquinoline quinone, and found 
that the blended film has the ability to repair and reconstruct nerve struc-
ture and function owing to the comprehensive contributions from the 
hollow CSC tube [98]. For the sake of comparison, TiO

2
-SPI compos-

ite films were also prepared by hot surface casting with TiO
2
 nanopar-

ticles as filler [99]. Mechanical and barrier properties (water vapor, and 
O

2
 permeability) of these films were evaluated under different relative 

humidity (RH) conditions, and in general, TS and E decreased and ε
b
 

increased as RH increased. Fang et al. prepared SPI/PLA composites with 
or without MDI and found that TS of PLA/SPI material without MDI was 
very low due to the stress concentration on the dispersed SPI. After MDI 
was added, conversely, the TS of the composites significantly improved 
[100]. SPI films create semipermeable barriers to water vapor or oxygen 
between food and its ambient environment, effectively protecting foods 
from oxidative damage [101–104].

Guerrero et al. found that fresh beef patties treated with SPI coating 
stayed fresh for 14 days as a result of SPI coating delaying the oxidation 
and deterioration of lipids. The surface color stability of the patties was 
also maintained during chilled storage [105]. In a similar study by Wang 
et al., bionanocomposites of SPI/TiO

2
 film caused a sizeable decline in 

water vapor and oxygen permeability (decreased by 72.12% and 57.64%, 
respectively) compared to the control [106]. The SPI film networks dis-
played excellent compound binding capacity, especially for hydrophobic 
molecules, and as such showed attractive potential for use in controlled 
release systems based on matrix erosion.
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1.8  Use of Soy Protein-Based Carriers for 
Encapsulating Bioactive Ingredients

Currently, proteins extracted from animal-derived products (whey pro-
teins, gelatin, casein) and from vegetables (soy proteins, pea proteins, 
cereal proteins) have been widely used for encapsulation of bioactive 
ingredients. Compared with animal-derived proteins, the use of vegeta-
ble proteins as encapsulation materials shows the present “green” concep-
tion in food industry. Soy proteins are obtained from soy bean contain 
a fraction (35–40%) of proteins mainly glycinin and conglycin (50–90% 
of total proteins) [107]. Molecular weight of glycinin fraction (11S glob-
ulin) is about 350 kDa while conglycin (7S globulin fraction) is about 
70 kDa. Soy proteins have interesting physicochemical and functional 
properties, particularly including gel-forming, emulsifying, and surfac-
tant properties [108–110]. Hydrolyzed SPI could produce the emulsions 
with smaller droplets and lower oil retention efficiency (39%) in the cor-
responding powder due to the insufficient chain length of wall material 
to produce a stable matrix during spray drying. On the other hand, SPI 
with N-acylation resulted in a significantly higher retention efficiency 
(>87%) compared to the efficiency obtained with native SPI (80%). SPI 
microparticles can be made using spray-drying, coacervation, and extru-
sion [111–113].

Chen and Subirade prepared SPI/zein complex microspheres by 
extrusion method for delivering riboflavin. The obtained particles (about 
15–25  μm) had spherical morphology with homogenous distribution 
throughout the matrix. Microspheres with SPI/zein ratios of 5:5 and 3:7 
displayed near-zero-order release kinetics in simulated gastrointestinal 
fluids. The results indicated that SPI/zein microspheres showed poten-
tial as nutraceutical delivery carriers for the development of functional 
foods, such as yogurt enriched with vitamins. Rascon et al. [114] inves-
tigated the performance of SPI for the encapsulation of paprika oleo-
resin by spray drying. The authors found that carotenoid retention in 
the microparticles increased as inlet air temperature was increased from 
160 °C to 200 °C. Compared to SPI nanoparticles without FA, FA-SPI 
nanoparticles showed a lower average size, a higher loading efficiency, 
and a faster release of curcumin in Tween 20-PBS buffer. The results 
showed that SPI treated by ultrasonics prior to encapsulation could 
increase their solubility. The optimum conditions for high encapsula-
tion efficiency were followed as: pH 4.0, 1:1 SPI/GA ratio and 10% core 
material load.
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Tomsk, Russia

Abstract
�is chapter gives an information on the general aspects of soy protein introduc-
tion, structure, information, and properties. Chemical modi�cation and char-
acterization of soy proteins are also included in this chapter. �is chapter also 
describes the applications of soy protein-based nanocomposites and blends.

Keywords: Extraction of soy proteins, 7S soy proteins, inositol 
 hexakisphosphate, emulsifying activities of soy protien, 11S globulin

2.1 Introduction

Soy proteins are one of the most abundant and most widely utilized plant 
proteins on this planet. �ey include a number of globulins which repre-
sent approximately 30–40% of the total weight of soybean. �is chapter 
will describe the source and production of soy proteins, then a�er discuss-
ing about structural and functional properties.

2.2 Structure of Soy Proteins

Soy proteins represent a group of globulins which are conventionally clas-
si�ed into four major components, that is, 2S, 7S, 11S, and 15S globulins. 
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The 11S and 7S globulins represent approximately 60% of the storage 
protein in soybeans. They are the major components of soy protein iso-
late (SPI), the most common soy protein product [1]. The 11S globulin 
(glycinin) is a heterogenic protein complex with a MW of 320,000 Da. Six 
subunits are present in the glycinin molecule, each of which contains one 
acidic and one basic peptide linked via a disulphide bond. The 7S globulin 
contains β-conglycinin as the major component which accounts for more 
than a half of this fraction. The β-conglycinin shows an average MW of 
180,000  Da [2] and pI of 4.8. β-conglycinin is relatively flexible, as evi-
denced by its high contents of α-helix, and random coils [3].

It comprises six major isomers (designated as B1- to B6-conglycinin), 
each of which are composed of three major subunits (α, α , and β, with the 
MW of 57, 57, and 42 kDa, respectively) and two minor ones (γ and δ) [4]. 
The major carbohydrates present in β-conglycinin are mannose (2.9~4.1% 
by weight) and glucosamine (1.0–1.2% by weight), whose contents vary 
among different isomers. The 2S globulins including trypsin inhibitor 
and cytochrome c make up 8~20% of the soybean storage protein [5, 6]. 
Aggregation form of β-conglycinin is strongly dependent on the ionic 
strength and pH. Glycinin has been showed with a similar tendency of 
dimerization at low ionic strength, although the proportion of dimers is 
not as high as for β-conglycinin. Glycinin tends to dissociate into 2S, 3S, 
or 7S forms under different ionic strengths and pHs [7]. Therefore, envi-
ronmental factors must be taken into account when preparing soy protein-
based formulations and materials. These proteins are largely removed in 
the preparation of SPI, which involves the precipitation at acidic pHs.

2.3 Source of Soy Proteins

Whole beans contain approximately 40.4% crude proteins. The soybean 
seeds can be processed into different forms such as soy meal, soy flour, and 
soy flakes, all of which could serve as a starting material for soy protein 
extraction. As can be seen, the whole soybean seed is cleaned, cracked, 
dehulled, and flaked to produce soy powder. The insoluble fraction con-
taining mainly proteins and carbohydrates is evaporated to yield defatted 
soy meal. The typical particle size of the fine soy flour is less than 100-mesh 
or 150 μm. In general, smaller particles possess higher specific surface area, 
which usually lead to a higher recovery of soy protein regardless of the 
type of preparative method. Functional properties such as solubility and 
emulsifying ability could also vary greatly among different genotypes of 
soybeans [8].
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2.3.1 Extraction of Soy Proteins

There exist three major types of soy protein-rich products, namely SPI 
(purity>90%), SPC (soy protein concentrate, purity>70%), and fraction-
ated 11S/7S globulins (protein content>90%, fraction purity>85%). It 
should be pointed out that the structure of soy proteins is dynamic and 
subject to change at different conditions (e.g., pH, ionic strength, reduc-
ing agents, temperature). In addition, heat and reducing agents also have 
a significant impact on the structure of soy proteins, leading to extensive 
aggregation and dissociation, respectively.

2.3.2 Production of SPI

SPI is one of the most enriched forms of soy protein products, exhibiting a 
typical protein content of 90% or above and protein dispersion index (PDI) 
of 80–90% [9]. The majority of the protein is precipitated and recovered by 
a second centrifugation. The typical protein of yield (weight ratio between 
the product and the raw material) is around 30%, though a yield of as high 
as 44% has been reported [10]. Ali and colleagues [11] proposed the prepa-
ration of SPI using a membrane-based method. The product demonstrated 
similar solubility to that of the isoelectric-precipitated counterpart, and it 
contained much less phytic acid, the major source of phosphorous and an 
antinutritional factor.

2.3.3 Preparation of SPC

The preparation processes usually involve heat or organic solvent treat-
ment, which denature the protein either completely or partly. Three 
methods  differing in the extraction media are conventionally adopted to 
produce SPC. The soluble fraction containing mostly carbohydrates is 
removed, and the insoluble part is recovered as the product. Soaking with 
diluted acid leads to a milder denaturation compared to the other treat-
ments, leading to better solubility of the product. Shallo et al. reported that 
the protein recovery achieved by ultrafiltration was up to 26% higher than 
that for conventional preparation methods [12].

2.3.4 Preparation of 11S and 7S Soy Proteins

One of the most widely adopted procedures for obtaining pure 11S and 
7S soy globulins is based on Nagano’s method [13]. Soy proteins are 
firstly extracted under basic conditions and separated from the fibre 
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through centrifugation. The 11S fraction is precipitated out, and an 
intermediate fraction is salted out from the resulting supernatant by 
adding 0.25 M of NaCl and adjusting the pH to 5.0. Both 11S and 7S 
fractions are neutralized, washed with water, and freeze-dried. 7S pro-
tein can then be precipitated directly by acidifying the remaining super-
natant [14]. Teng et al. investigated the effect of divalent cations on the 
fractionation process.

2.4 Properties of Soy Proteins

These characteristics are in turn strongly dependent on the interplay 
between the chemical structure of the protein and environmental fac-
tors. The effects of pH, temperature, ionic strength depend on the soy 
proteins properties. Considering the fact that SPI is the purest form of 
soy protein product by far, the following sections will be focused on the 
isolate. 

2.4.1 Surface Properties

The surface charge, hydrophobicity, and charge density are critical for 
stability and reactivity of soy proteins with respect to the synthesis of 
soy protein-based materials (e.g., nanocomposites). These properties are 
mainly determined by the structural properties of the soy proteins, as well 
as environmental factors such as pH and ionic strength. PI of soy proteins 
is also affected by the coexisting compounds, especially the phosphorous- 
abundant chemical named phytic acid or inositol hexakisphosphate. 
Removal of phytic acid by methods such as phytase treatment could 
greatly reduce the amount of negative charge on soy proteins, shift-
ing its pH to more basic values (e.g., pH 5.0 or above). The preparation 
method for soy proteins has a significant effect on the phytic acid content, 
therefore altering the surface charge of the protein products. The surface 
hydrophobicity of a protein indicates the extent to which its hydrophobic 
amino acid residues are exposed to the solvent. Value is relatively low 
compared to other proteins such as β-lactoglobulin, casein, and bovine 
serum albumin [15], indicating that the majority of the hydrophobic 
amino acids is buried in the core region of soy proteins. The surface 
hydrophobicity is higher as the pH is further away from the pI, possibly 
because the increased electrostatic repulsion results in a more expanded 
protein conformation and facilitates the exposure of more hydrophobic 
amino acids [16].
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2.4.2 Solubility

As a mixture of 7S and 11S proteins, SPI exhibits a similar solubility pro-
file, displaying minimal (close to zero) percentage of soluble fractions at 
pH 4.5 and maximal (above 90%) values at pH 2~3 or pH 8~10. Renkema 
et al. studied the influence of ionic strength on the solubility of heated or 
unheated SPI [17]. Furthermore, the type of ions present in the protein 
solution also influences the protein solubility. Salt bridging effects between 
negatively charged soy proteins by the divalent cations [18].

2.4.3 Emulsifying Activities

Emulsion is a homogeneous mixture of immiscible liquids (i.e., water and 
oil). Emulsification is a vital feature of a polymer in the situation where 
two or more immiscible reactants need to be blended for efficient reac-
tion. The emulsifying ability is defined as the maximum oil quantity which 
can be emulsified by a fixed amount of a protein, and the emulsification 
stability has been defined operationally by the velocity of phase separation 
into water and oil during storage of emulsion. The emulsifying proper-
ties of a protein are dependent on many factors including protein con-
centration, solubility, and surface hydrophobicity. There is a pronounced 
difference in the emulsifying and foaming abilities between 11S and 7S 
soy proteins. Another relevant study suggested that the acidic peptide of 
the 11S adsorbed to the air-water interface at a higher rate compared to 
the integrate 11S globulin [19]. The emulsifying activity and emulsification 
stability of the 7S protein are more than 200% higher than that of 11S [20]. 
Given the fact that both 11S and 7S soy proteins show equally low surface 
hydrophobicity. Salt concentration affects the solubility and surface hydro-
phobicity of soy proteins as described above, thus exerting certain effect on 
its emulsifying abilities.

2.4.4 Viscoelastic Properties

The aqueous dispersion of soy proteins exhibits the lowest viscosity near the 
pI (pH = 4.5) [21]. This could be explained by the compact conformation 
of soy proteins because of the lack of electrostatic repulsion, which reduces 
the opportunity of interacting with water molecules via hydrogen bond-
ing. Gelation is a complex process that involves the partial unfolding of the 
protein molecules, followed by the formation of network structure driven 
by different types of intermolecular associative effects, such as electrostatic 
attraction (between oppositely charged ions), hydrophobic interaction, 
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van der Vaal force, disulphide bonds, and other covalent bonds produced 
by enzymes if applicable. Compared to the 7S protein, the 11S fraction 
demonstrates a shorter initiation time for gelation, as well as significant 
higher gel elasticity. The existence and chemical reaction involving the 
disulphide bond in the 11S protein, together with the predominance of 
rigid β-sheet structure may account for such difference. In the meantime, 
the tangent of phase angle (tan δ = G /G ) of the 11S gel is several orders 
in magnitudes lower than for the 7S, which suggests that elasticity is much 
more predominant in the 11S gel [22]. Environmental factors such as tem-
perature, pH, ionic strength, and type of salts have a marked effect on the 
viscoelastic property of soy proteins.

2.4.5 Thermal Properties

As thermal treatments induce conformational change on the soy proteins, 
they can further alter the supramolecular structure, producing protein 
aggregates of different sizes depending on the heating condition. At tem-
peratures higher than 90 °C, the 11S protein forms insoluble aggregates 
that consist exclusively of the basic peptide. Hydrophobic interaction is the 
chief driving force for such aggregation. Interestingly, 11S does not form 
aggregates when incubated together with the 7S fraction.

2.4.6 Thermoplastic Properties

Soy proteins exhibit a relatively high T
g
 (70 °C), which makes them dif-

ficult for moulding and manufacturing. At low moisture contents, water 
can act as an antiplasticizer by enhancing the structural orderliness of 
the protein. Other functions of the plasticizer include (1) conferring 
flexibility by reducing the cohesive intermolecular forces and increas-
ing molecular spacing and (2) improving the adhesive properties [23, 
24]. The insertion of glycerol into the peptide chains in the soy proteins 
and the latter one promote its interaction with the protein via extensive 
hydrogen bonding.

2.4.7 Film-Forming Abilities

A plasticizer such as glycerol is usually introduced to facilitate the forma-
tion of a smooth film. A more recent study suggested that the replacement 
of glycerol by stearic acid resulted in a marked decrease in the moisture 
content of soy protein films. The films formed by soy proteins exhibit simi-
lar TS and water vapor permeability with those prepared with wheat gluten, 



Introduction, Structure and Properties Relationship 29

a water- insoluble protein, while the E% of soy protein film is inferior to the 
latter [25].

2.5 Chemical Modification of Soy Proteins

Chemical modification is an effective approach to enhance the func-
tional properties of a molecule or to impart it with new properties. 
Phosphorylation is the chemical attachment of phosphate groups (PO

4
3−). 

Such process confers the protein with a large amount of negative charges, 
making it more anionic under neutral and basic conditions. The prod-
uct exhibited much improved functional properties such as aqueous 
solubility, water-holding capacity, emulsifying ability, and whippability. 
Dephosphorylation removes the phosphate-rich components bound to 
the soy proteins. As introduced in previous sections, phytic acid is the 
major source of phosphorous in soy protein products. This property 
is favorable for the application of soy proteins in acidic environments. 
Several methods have been employed to eliminate phytic acid in the soy 
proteins, including alkali treatment followed by centrifugation [26], ionic 
exchange process [27], and phytase treatment [28]. The reaction between 
the positively charged amine groups on the soy proteins and an exter-
nal carboxylic acid is comparable to phosphorylation. Phosphorylation 
process which provides additional electric charges to the protein, the 
amidation process deprives the original charges of the protein, and it 
adds a relatively hydrophobic hydrocarbon chain originating from the 
 carboxylic acid.

Deamidation is the cleavage of an amide bond into a carboxylic acid 
and an amine. Soy proteins possess glutamine and asparagine that con-
tain an amide residue. Due to the stability of amides, an enzyme such 
as Bacillus circulans peptidoglutaminase is required for effective deami-
dation. Phosphorylation, deamidation provides soy proteins with addi-
tional negative charges and improves its solubility at acidic pH. Other 
benefits include better emulsifying capacity as reported previously. 
Enzymes are useful tools for modifying the structure then enhancing 
the properties of proteins. Proteolytic enzymes such as trypsin, ren-
nin, and alcalase break down the protein into smaller peptide segments, 
exposing more hydrophobic and other functional groups to the solvent. 
The changes in such properties depended upon the enzymes used, and 
duration of proteolytic treatment. This enzyme aids the formation of an 
isopeptide bond between a free amine group (e.g., the ε-amine group on 
lysine).
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2.5.1 Chemical Modification Through Oxidation or Reduction

2.5.1.1 Glycosylation

The heat stability is generally improved upon glycosylation possibly due 
to the shielding effect of the sugars, although the extent of improvement is 
strongly dependent on the repeating unit and MW of the polysaccharides. 
The functional properties of glycerol-plasticized soy protein films can be 
altered by the modification with sodium dodecyl sulphate (SDS). SDS does 
not cause the formation or breakdown of any covalent bonds; instead, it 
disrupts the hydrophobic interaction within the protein molecules with 
its own hydrophobic tails. Chemical reagents such as urea and guanidine 
hydrochloride denature the protein by substantially disrupting the hydro-
gen bonding, thus unfolding the protein molecules effectively. The expo-
sure of hydrophobic sites upon protein unfolding results in superior water 
resistance [29].

2.6 Characterization of Soy Proteins

The application of advanced analytical techniques provides possibility for 
exploring the change in these properties during the extraction, modifica-
tion, and processing. Infrared (IR) spectroscopy is a useful tool for charac-
terizing the chemical bonds in a molecule. When an infrared wave is shed on 
a molecule, the portions of certain wavelengths are absorbed by its chemi-
cal bonds. The peaks appearing in the absorbance spectra provide adequate 
information on the type and rough content of bonds the analyte possesses. 
Fourier-transform infrared (FT-IR) spectroscopy enables the  data col-
lection over a wide range of wavelengths at a same time, and it also pro-
vides much higher signal-to-noise ratio [30]. The amide I band at around 
1650  cm−1 is of particular interest for the investigation of protein struc-
ture. Based on many previous literatures, these major bands in this amide I 
region can be assigned as follows: 1691 cm−1, β-turn and bend; 1674 cm−1, 
extended strands (β-strand); 1667 cm−1 and 1660 cm−1, β-turns; 1652 cm−1, 
α-helix; 1644 cm−1, unordered structures (random coils); 1635 cm−1, anti-
parallel β-sheet structure [31]. The characteristic peaks of two amino acid 
residues (cysteine and protonated glutamic or aspartic acid) are free from 
overlapping with the hydroxyl and amide I~III bands.

This protein is rich in lysine and hydrophobic amino acids (e.g., leucine 
and phenylalanine), but it lacks methionine, glutamic acid, and aspartic 
acid. FT-IR revealed its abundance in rigid structures such as β-sheets and 
β-turns. These secondary structures assemble in to three different types of 
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acidic (pI = 4.75 ~ 5.40, MW ~ 35,000 Da) and peptide chains and three 
basic (pI = 8.00 ~ 8.50, MW ~ 20,000 Da) ones [32, 33].

Raman spectroscopy is a technique that measures the inelastic scatter-
ing (Raman scattering) of a chemical. When a light beam is shined upon a 
sample, most of the reflected and scattered portion will retain the same fre-
quency as the incoming beam. However, a relatively small fraction will be 
scattered at a lower frequency due to the energy consumed by the samples, 
a phenomenon known as the Raman scattering. The Raman and infrared 
spectroscopies are complimentary to each other, in that the strong bands 
in one method often show weak signals in the other.

Raman spectroscopy also shows several peaks designated as amide I, II, 
III, IV, etc. The amide I band (and less frequently the amide II or III band) 
can be subjected to the same FSD procedure to obtain separate peaks cor-
responding to different secondary structures. Raman spectroscopy pro-
vides more details on the protein structure compared to FTIR. Number of 
studies have been reported on the structural change in soy proteins upon 
amidation [34], deamidation [35], acetylation [36], heat processing [37], 
hydrolysis [38], and treatment with pulse electrical field [39].

Proteins bearing these residues (especially Trp) exhibit significant ultra-
violet (UV) absorbance, peaking around 280 nm (absorption maxima for 
Trp). Determination of the optical density at this wavelength (OD

280
) has 

been employed as a simple method for directly estimating the protein con-
tent; this is also the principle for many standard HPLC-based methods 
for analysing proteins. Trp in its free (nonprotein) form exhibits strong 
fluorescence with an excitation and emission wavelength of 280 nm and 
348 nm, respectively. Free Tyr/Phe can also be excited at 274/257 nm and 
emit fluorescence at 303/282 nm, although their quantum yields are not 
as high. Magnitude of fluorescence declines as Trp is buried in a fully 
folded protein molecule. On the contrary, the denaturation of soy proteins 
exposes the hydrophobic Trp, Tyr, and Phe to the solvent, causing a red 
shift together with higher fluorescence intensity [40]. Providing qualita-
tive information on the protein conformation, such studies demonstrate 
the potential of solving the binding affinity between the ligand and protein 
[41]. However, delicate correction must be taken to avoid artefacts arising 
from the inner filter effect [42].

Nuclear magnetic resonance (NMR) is a physical phenomenon in which 
nuclei in a magnetic field absorb and re-emit electromagnetic radiation. 
This energy is at a specific resonance frequency which depends on the 
strength of the magnetic field and the magnetic properties of the isotope of 
the atoms. The 13C NMR spectrum was much less resolved as a result of the 
slow protein tumbling in solution and the presence of structured domains 
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within the subunit pairs. The spectrum of the alkali-denatured protein 
(pH 12.0) was resolved satisfyingly, while the ones for the protein treated 
at pH 10 and 7 showed no observable difference. Mass spectrometry (MS) 
is an analytical chemistry technique that helps identify the amount and 
type of chemicals present in a sample by measuring the mass-to-charge 
ratio and abundance of gas-phase ions.

After being coated on the surface of the sample, the matrix is ion-
ized and traverses in the electromagnetic field along with the samples, 
allowing them to be separated based on their mass-to-charge ratios. 
Electron paramagnetic resonance (EPR) or electron spin resonance 
(ESR) spectroscopy is an advanced technique for investigating the 
unpaired electrons of a molecule. Boatright et al. compared the contents 
of carbon-centred free radicals in soy proteins, sodium caseinate, and 
ovalbumin [43].

The result suggested a much higher content of free radicals in SPI com-
pared to the other two. Small angle X-ray scattering (SAXS) is a tech-
nique that records the elastic scattering of X-ray by a molecule at very 
low angles (0.1° ~ 10°). SAXS is frequently exploited for characterizing 
the supramolecular structure of soy proteins. The data acquired from 
the SAXS study include radius of gyration R

g
, scattering intensity at zero 

angle I(0), and fractal dimension of the aggregates. The fractal dimen-
sion derived from the slope of SAXS curves at high angles is an index 
for particle compactness, with higher values indicating for more com-
pact particles [44]. Wide angle X-ray diffraction (WAXS) is virtually the 
same technique as the SAXS, except that the working distance is shorter 
and the angles measured are therefore larger. Commercial and most lab-
synthesized soy protein products are amorphous rather than crystalline. 
Therefore, they exhibit wide humps without a recognizable peak in a typi-
cal diffractogram.

Appearance of these characteristic peaks in the final product (e.g., a 
soy protein film) is a good indicator of the existence of the corresponding 
crystals. Following the same principle, it can be deduced that the newly 
formed sharp peaks in a polymer (or a polymeric blend) imply enhanced 
crystallization. Neutron scattering is the phenomenon that free neutrons 
by a molecule can refer to either the physical process or the experimental 
technique which uses this process for the investigation of materials. The 
neutron scattering is capable of distinguishing 1H from 2H; therefore, it is 
of great interest when the samples can be partly or fully deuterated as isoto-
pic labels in the sample. The morphology of soy protein-based materials is 
a determinant factor on their chemical, mechanical, and functional prop-
erties. A thin layer of conductive material (e.g., graphite or gold) is usually 
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sputtered onto the protein samples to improve image quality and avoid the 
charging effect [45].

The major advantages of SEM are the simplicity of sample preparation 
and the capability to create images with a certain depth. Transmission 
electron microscopy (TEM) gathers the electrons that pass through a 
thin layer of the sample. TEM is only sensitive to the surface of a sample, 
and thus it can provide detailed information on the surface features. It 
can be seamlessly integrated with energy dispersive X-ray (EDX) spec-
troscopy. Such technique is a convenient tool for determining the ele-
mental composition of a certain spot on the SEM/TEM image, as well as 
an element distribution map of the whole image. Atomic force micros-
copy (AFM) is distinct from the other two techniques, in that it mea-
sures the distance and force directly by pressing a very sharp tip onto the 
surface of the sample. The unique advantage of AFM is the construction 
of three dimension images within a short time due to the mechanism of 
measurement. The shortcomings of this technique include small scan-
ning area and the susceptibility to interference arising from nonlinearity 
and hysteresis [46].

Thermal studies provide important guidance on the thermal behavior 
of soy protein-based material. Three techniques have been applied for 
the investigation on soy proteins. Thermal gravimetric analysis (TGA) 
is a straight forward method that evaluates the weight loss of a material 
upon heating. Studies on the heat-induced disintegration of soy protein-
based films [47], adhesives [48], fibres [49], hydrogels [50], plastics [51], 
and nanocomposites [52] using TGA have been extensively reported. 
Differential scanning calorimetry (DSC) measures the change in heat flow 
as a function of changing temperature.

Dynamic mechanical analysis (DMA) is mostly used for characterizing 
the viscoelastic properties of a polymer. Such test applies a varying fre-
quency of stress or temperature to the material, leading to the variation in 
the complex moduli.

2.7 Conclusion

Soy proteins have emerged as versatile materials in science and technology. 
Herein, an overview of the structure-property relationship has been dis-
cussed regarding synthesis, structures, properties and applications of soy 
proteins. To meet the requirements of different applications both nano-
structures and properties need to be tuned.
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Abstract
As a kind of a by-product of soy oil industries, soy protein possesses good biode-

gradability, and is regarded as a viable alternative for petroleum-based polymeric 

products. Aiming to improve the physical properties, especially the mechanical 

properties and water resistance which limit their extensive use, incorporation of 

nanoparticle proves to be an effective way. The properties of the resulting nanocom-

posites are highly dependent on the processing methods, the nature of nanofillers, 

as well as the dispersion effect of the filler in the matrix. This chapter reviewed 

the fabrication methods, property-structure relationship, and application of soy 

protein nanocomposites. These biodegradable nanomaterials would find poten-

tial applications in edible films, packaging films, foams, biomedical materials, etc. 

For the environmental crisis caused by the extensive use of petroleum-based non-

degradable materials, these eco-friendly biopolymers based products would find 

more and more applications in the future.

Keywords: Soy protein, nanocomposites, fabrication methods,  

structure- property relationship
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3.1 Introduction

To advance the sustainable development of human being, polymers from 
natural resources have attracted much attention for their biodegradable 
properties and low cost [1]. Protein-based “green” materials have become 
a research focus because of their high performance, low cost, and eco-
friendly character [2]. Residual soy proteins, a by-product of the soy oil 
industry, are currently utilized in applications such as animal feed and 
food supplement. The raw commercial materials, soy protein isolate (SPI) 
containing more than 90% protein, soy protein concentrate (SPC) with 
about 70% protein, defatted soy flour (SF) containing about 50% protein, 
are commonly available.

Based on their ultra-centrifugal sedimentation rates, soy proteins can be 
sorted into four main categories: 2S, 7S, 11S, and 15S [3]. Soy proteins are 
composed of a mixture of albumins and globulins, 90% of which are stor-
age proteins with globular structure, consisting mainly 7S (conglycinin) 
and 11S (glycinin) globulins. Soy protein contains 18 amino acids includ-
ing those containing polar functional groups, such as carboxyl, amine and 
hydroxyl groups that are capable of chemically reacting and making soy 
protein easily modification [4]. However, the numerous polar functional 
groups also result in the water sensitivity, poor process ability and inferior 
mechanical strength of soy protein-based films, leading to the substantially 
limited application [5].

Temperature and pressure are two of the main parameters in soy protein 
processing in order to denature the protein, unfold globular structure, and 
permit interaction and entanglement between protein changes to modify 
material properties [6]. Therefore, intra- and intermolecular interactions 
will be significantly influenced by the processing temperature and pressure 
employed. Heating soy protein dispersions at temperatures above 70 °C 
permits unfolding of the globular structure, so that protein denatures, and 
forms new intra- and intermolecular bonding, such as hydrogen bonds or 
electrostatic or hydrophobic interactions. In the same way, at alkaline pH 
values (about 10), globulins also dissociate and the polypeptides irreversibly 
unfold. For glycerol-plasticized soy protein isolate films prepared by com-
pression, the best mechanical properties were obtained when basic pHs were 
used due to a major unfolding of the protein which allowed the exposition of 
the polar groups to be able to interact with small glycerol molecules.

It is known that plasticizers with characteristics such as small size, high 
polarity, more than one polar group per molecule, generally impart great 
plasticizing effect on polymeric systems. Currently, biopolymer films are 
usually plasticized by hydroxyl compounds [7]. Glycerol has a high boiling 
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point and good stability, and is regarded as one of the most efficient plas-
ticizers for soy protein plastics [8]. Glycerol-plasticized soy protein pos-
sesses good processing properties and mechanical performance [9]. Some 
amide and hydroxylamine could also be used as soy protein plasticizers 
[10]. With the incorporation of small molecular plasticizers, the flexibil-
ity (especially elongation at break) of soy protein materials was highly 
improved, with the sacrifice of the strength and modulus [11].

Nanophase reinforcement in polymers and adhesives effectively 
improved their performance. An emerging class of hybrid materials repre-
sented by bionanocomposites, derived from combination of particles at the 
nanoscale with biopolymers matrix, has proven to be a promising option 
in improving mechanical and barrier properties of biopolymers [12]. The 
bionanocomposites consist of a biopolymer matrix reinforced with par-
ticles having at least one dimension in the nanometer range (1–100 nm) 
and exhibits much improved properties due to high aspect ratio and high 
surface area of the nanoparticles. When very low nanoparticle loading of 
1–5 wt% was filled into matrices, mechanical, thermal, barrier proper-
ties, water resistance, and other properties of soy protein materials were 
improved [13]. For such composites, inorganic or organic nanoparticles 
have been introduced into soy protein matrix. The properties of nanocom-
posite materials depend not only on the properties of their individual par-
ents but also on their morphology and interfacial characteristics. In this 
chapter, it is aimed to highlight the principal fabrication approaches, and 
property-structure relationship of soy protein base bionanocomposites.

3.2  Preparation Methods of Soy Protein 
Nanocomposites

3.2.1 Solution Casting

The soy protein-based nanocomposites could be fabricated though mix-
ing the soy protein solution and nanoparticle dispersion, and then solution 
casting. The composite films could be obtained when the solvent evapo-
rated. Water is the most used dispersion media for the hydrophilic nature of 
soy protein. However, for solution casting technique is energy costing and 
may bring out pollution, it is only possible to be used in the laboratory work. 
Also the cast film is often difficult to removal from the support when dried.

Soy protein films reinforced with starch nanocrystals (SNC) could be 
prepared by casting method [14]. The SNC synthesis was developed by acid 
hydrolysis of native cornstarch. SPI with glycerol plasticizer was dispersed 
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in water and mixed with SNC dispersion. And then the mixed solution was 
poured into plastic Petri dishes and dried to obtain transparent nanocom-
posite films.

In addition of casting, the mixed solution could also be dried by lyophi-
lization. For example, desired weighted SPI and chitin whiskers with the 
various contents were mixed and stirred to obtain a homogeneous disper-
sion. The dispersion was freeze-dried, and 30% glycerol was added. The 
resulting mixture was hot-pressed to obtain SPI/chitin whisker nanocom-
posite films [15].

3.2.2 Extrusion

Extrusion is one of the prime processes used in the plastics industry. As 
an efficient, simple, and fast preparation polymer processing technique, 
it is used to produce large numbers of identical items from high preci-
sion engineering components to disposable consumer goods, being very 
adequate to achieve a high-volume production [16]. Twin-screw extruders 
have considerably more heat exchange capability and higher production 
efficiency than single-screw extruders.

Soy protein is one of the few natural polymers that can be thermoplas-
tically processed under the plasticization of small molecules [17]. Soy 
protein plastics without any additive have a brittle behavior, which makes 
processing difficult. Addition of plasticizers is an effective way to improve 
the flowability of soy protein melts and obtain flexible soy protein-based 
films. Thermal extrusion exposes the protein ingredients to high tempera-
ture, high pressure, and mechanical shear, which converts soy protein into 
a continuous plastic “melt,” resulting in protein denaturation and solubility 
reduction [18].

Bionanocomposite films based on soy protein isolate and montmoril-
lonite (MMT) were prepared using melt extrusion [19]. SPI (70–85%, dry 
basis), glycerol (15%, dry basis), and MMT (0–15%, dry basis) were mixed 
and left at room temperature for 2 h for hydration. The mixture was subse-
quently extruded in a twin-screw co-rotating extruder with as crew diam-
eter of 25 mm and length to diameter ratio (L/D) of 20. The extrudate was 
dried and grounded in a grinder for further testing and film casting. The 
extrusion processing parameters (screw speed and barrel temperature dis-
tribution) could influence the mechanical properties of SPI/MMT films. 
There was a significant increase in tensile strength (TS) of the films with 
increasing screw speed and barrel temperature. Improved TS at higher 
screw speed can be attributed to better dispersion of MMT. Higher shear 
rate, corresponding to higher screw speed, can break bigger agglomerates 
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of MMT into smaller aggregates. Improved TS at higher barrel temperature 
can be attributed to a decrease in viscosity with increase in temperature. 
The stress required to break MMT aggregates is reduced as the viscosity 
decreases. An increase in barrel temperature can also increase the extent of 
protein denaturation. Denatured proteins will have more chains available 
for network formation, resulting in improved TS.

3.3  Properties of Thermoplastic Soy Protein 
Nanocomposites

Nanoparticles have been commonly used to improve polymer proper-
ties. It has been shown that a small loading of nanoparticles can signifi-
cantly improve the mechanical and thermal properties of the polymers. 
Some other properties, such as barrier properties, thermal stability, are also 
closely related to the content and morphology of the filler.

3.3.1 Mechanical Properties

Neat protein-based plastics usually exhibited fragile mechanical properties. 
When plasticized with small molecules, soy protein behaves like thermo-
plastic materials with good flexibility, but low mechanical strength and 
poor water resistance [20]. Incorporation of fillers constitutes an effective 
way to improve the strength of soy protein plastics. The interaction and 
compatibility between the components played a key role in reinforcing. 
The stress of the matrix would be transferred to the filler through inter-
face on the assumption that fine compatibility exist between the filler and 
matrix. Phthalic anhydride modified soy protein (PAS)/glycerol plasticized 
soy protein (GPS) composite films were fabricated by using extrusion and 
compression-moulding [21]. Figure 3.1 shows the synthetic route for PAS. 
Phthalic anhydride could react with –NH

2
 groups on soy protein, resulting 
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Figure 3.1 Synthetic route for N-phthaloyl soy protein.
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in the decrease of the polar groups and the loss of plasticibility after modifi-
cation. Therefore, the modified soy protein could be used as a filler to rein-
force the GPS matrix. The similar chemical structure of PAS and GPS led 
to compatibility of the two components, resulting in high transparency and 
enhanced mechanical properties of the composites. PAS provided obvious 
reinforcing effect on GPS, resulting in higher TS and Young’s modulus, 
however, the elongation at break decreased.

3.3.2 Water Resistance Properties

Water sensitivity of soy protein materials is one of the main drawbacks 
which prevent its wide usage. The polar groups on soy protein macromol-
ecules endow the material hydrophilicity. When polyol plasticizers were 
added, the water sensitivity was further increased, leading to the variable 
mechanical properties under different environment relative humidity 
(RH). Incorporating nanofillers is an effective way to improve the water 
resistance of soy protein. The interaction between the filler and matrix 
could prevent the swelling of protein matrix in high RH, leading to the 
improvement of the water resistance of the resulting nanocomposites. For 
previously discussed PAS/GPS composite films [21], with increasing filler 
content, the water uptake decreased linearly. PAS would exhibit hydropho-
bic behavior because of the lowered polar groups, resulting in the improved 
water resistance. In addition, because of the strong interactions between 
GPS matrix and PAS filler, the moisture was blocked from the matrix and 
the overall water uptake was decreased.

3.3.3 Thermal Stability

Boron nitride (BN) has many unique properties like thermal conductivity, 
high melting and decomposition temperature (2700–3000 °C), very low 
density (2.25 g/cm3), high thermal stability, oxidation resistance, chem-
ically inertness, limited surface activity, nonwet ability and lubricating 
effect. Soy/BN nanocomposites were prepared by low-cost green technique 
with water as the solvent [22]. The thermal properties of the nanocom-
posites were studied by thermogravimetric analysis (TGA). The thermal 
decomposition of soy protein was 250 °C which was occurred with a max-
imum decomposition to water loss from 30 °C to 120 °C, the second step 
from 120 °C to 250 °C due to degradation of soy protein and third to the 
oxidation of partially degraded soy protein and then charring. Soy protein 
decomposed completely at about 535 °C whereas a significant amount of 
residue was observed in the case of soy/BN nanocomposites. The residue 
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left after weight loss at 800 °C was about 40% more in the case of soy/BN 
(10 wt%) nanocomposite. Hence, the thermal stability soy/BN nanocom-
posite was more than that of virgin matrix due to incorporation of ther-
mally stable nano-BN.

The fire hazard or flammability of materials is a matter of major interest 
to many public and private agencies. Halloysite nanotube (HNT) is a unique 
form of aluminosilicate clay with a hollow tube structure. HNT nanopar-
ticles are available from a variety of mineral deposits but show some addi-
tional promise as flame retardants because they do not typically require 
an organic treatment to be dispersed in polymer, and they have shown the 
ability to lower mass loss rate during burning [23]. Nakamura et al. investi-
gated the effects of HNT on the flammability properties of green composites 
from jute fabric and SPC [24]. The composites tested show behavior typical 
of charring polymeric materials when burned. SPC has lower flammabil-
ity (heat release capacity) than petrochemical-based resins, such as epoxies 
and vinyl esters. Glycerol has a negative effect on flammability (increased 
heat release), whereas the addition of HNT has a positive effect on flamma-
bility (decreased heat release) at the expense of an earlier time to ignition. 
Incorporating 5% mass fraction of HNT is found to reduce the composite 
flammability, while having no negative impact on the mechanical properties.

The limiting oxygen index (LOI) is a method for evaluation of the flam-
mability of materials. LOI is defined as the minimum concentration of 
oxygen in an oxygen–nitrogen mixture, required to sustain burning of a 
vertically mounted specimen. Hence, higher LOI values represent better 
flame retardancy and a smaller LOI represents a more flammable material. 
As air contains 21% O

2
, materials with an LOI below 21% are combustible, 

whereas those with an LOI above 21% are self-extinguishing [25].
Cellulose whiskers (CWs) in combination with nanoclay were used as 

reinforcing agents for the preparation of green nanocomposites based on 
jute fabric and glutaraldehyde (GA) cross-linked soy flour [26]. All of the 
samples produced small localized flames and that nanoclay-filled samples 
generated higher char than those without nanoclay. Also the LOI value 
increases with increasing percentage of CWs in the composites. CWs 
form cross-links with SF, jute, and GA and thus restrict the accessibility 
of oxygen for the production of degradable components from the com-
posites, hence resulting in higher LOI values. Upon addition of nanoclay 
into the CW-incorporated composites, the LOI value is further enhanced. 
The incorporation of nanoclay produces a silicate char on the surface and 
improves the flame resistance properties. The silicate-rich surface has bet-
ter barrier properties to heat and oxygen transport, resulting in a delay of 
the ignition of the composite delays.
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3.3.4 Biodegradability

Renewable polymers such as cellulose, starch, polysaccharides, and pro-
teins, may be decomposed into CO

2
, water, and organic molecules by 

microorganisms in the soil. Biodegradability of the samples could be stud-
ied by evaluating weight loss of the blends over time in soil environment. 
Samples were weighed and then buried in soil. The buried samples were 
dugout for a certain time, washed in distilled water, dried and weighed 
before returning them to soil. Also the degraded surface could be observed 
by SEM. 

The biodegradation behaviors of maleated polycaprolactone/SPI com-
posites reinforced with organoclay were evaluated by soil burial test [27]. 
Composites containing higher percentage of soy protein degraded rapidly 
in the initial 8 weeks and a gradual decrease of weight occurred during the 
next 8 weeks. Further, the time of degradation decreased with increasing 
organoclay content. Chen et al. prepared a series of soy protein/alumina 
hydrate nanocomposites via in situ reaction between aluminum chloride 
and ammonia in aqueous media [28]. The alumina hydrate particles with 
a dimension of about 10 ~ 50 nm were homogeneously dispersed in the 
soy protein matrices when the AlCl

3
 addition was lower than 8 wt%. The 

biodegradability of the composites was investigated by C. olivaceum, T. 
Viride, and A. oryzae in culture medium. The SEM images of the degraded 
surfaces are shown in Figure 3.2. The surfaces of all plastic sheets exhibit 
coarse morphologies. After washing with 75% alcohol, there is still residual 
mycelium on some of the surfaces. For the plastics without filler, extent of 
degradation for each of three mildews is fairly high, and especially, those 
plastics sheets after seven-day exposure to T. viride or A. oryzae have been 
totally destructed into small fragments as shown in Figures 3.2 (b1) and 
(c1). For the composite plastics with high AlOH contents, relatively smooth 
surfaces are exhibited comparing with neat soy protein plastics (SA-0). The 
organic components of the protein plastics could be transformed into bio-
mass, and promote the growth of mycelium. However, the speed of biodeg-
radation process is slowed down because of the confinement effect and the 
alkaline nature of the AlOH nanoparicles.

3.3.5 Barrier Properties

Barrier properties of oxygen and carbon dioxide are essential for food 
packaging materials. Protection against oxygen is one determining fac-
tor that guarantees the maximum shelf life of food products [29]. Among 
these biopolymers, soy protein films are effective barriers to the passage 

www.ebook3000.com

http://www.ebook3000.org


Advances in Soy Protein-Based Nanocomposites 47

of lipid, oxygen, and carbon dioxide. However, the inherent hydrophi-
licity of proteins and the substantial amount of plasticizer added in the 
film perform poorly in moisture barrier and mechanical properties as 
packaging material. Formulations with higher plasticizer content had 
lower barrier properties [30]. Nanoreinforcement of polymers to prepare 
nanocomposites has already proven to be an effective way to improve 
these properties concurrently [31]. The clay layers generate a tortuous 
pathway through which the permeable elements have much greater 
difficulty in penetrating the nanocomposite [32]. Lee et al. introduced 
MMT into glycerol plasticized soy protein composites and assessed the 
water vapor permeability (WVP) and oxygen permeability (OP) [33]. 
WVP decreased significantly as MMT content increased in SPI films. 
Permeability is controlled by diffusion and sorption. The reduction of 

(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

(c1) (c2) (c3) (c4)

Figure 3.2 SEM images of the surfaces of SA-0 (a1, b1, and c1), SA-4 (a2, b2, and c2), 

SA-8 (a3, b3, and c3) and SA-20 (a4, b4, and c4) after seven-day exposure to three 

funguses at 37 °C. The number after SA means the content of AlCl
3
. The character “a” in 

the labels means the plastic sheets were degraded by Chaetomium olivaceum, “b” means 

Trichoderma viride, and “c” means Aspergillus oryzae. The scale bar inside represents 

30 μm.
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WVP can be attributed to a change in insolubility rather than to a change 
in diffusivity because of the lower availability of the hydrophilicsite for 
water vapor by establishment of hydrophilic interactions between pro-
teins and nanoclays. Nanocomposite SPI films containing 3% MMT 
exhibited considerably reduced O

2
 permeability, whereas films contain-

ing 15% MMT exhibited increased OP. This could be attributed to the 
superior level of organoclay intercalation achieved at Na-MMT levels of 
3–12% compared with 15% MMT.

Carbon nanoparticles/soy protein isolate biofilms were prepared by 
casting method and the water barrier properties were evaluated [34]. WVP 
decreased significantly as the filler content increased. The hydrogen bond 
between filler and protein matrix lowered the availability of hydrophilic 
sites for water vapor, which was dominant in neat soy protein films. In 
addition, the formation of the compact and tough cross-sections reduced 
the interstitial spaces in the film and consequently decreased the rate of 
diffusion of water molecules through the films.

3.4 Protein-Based Nanocomposites

For the commonly used plasticizer is susceptible to water and environ-
mental humidity, soy protein thermoplastics possess a hydrophilic nature 
and are susceptible to water and environmental humidity, leading to poor 
water resistance and mechanical properties of the obtained plastics [35]. 
One way for development of the new soy protein materials with improved 
properties is the reinforcement of soy protein with nanofillers, includ-
ing inorganic fillers such as layer silicates, carbon nanotubes, and organic 
fillers, such as whiskers, nanofibrillar cellulose, etc. The nanoparticle dis-
persion is critical to obtain enhanced physical, mechanical, and thermal 
properties.

3.4.1 Soy Protein/Inorganic Filler Nanocomposites

Polymer/inorganic nanocomposites have a strong record in materials sci-
ence because of the markedly improved physical and mechanical proper-
ties [36]. Silica is a kind of typical filler used in polymeric compounds as an 
effective reinforcing agent [37]. Nanocomposites were developed by in situ 
fabricating silica in soy protein isolate matrix with glycerol as plasticizer 
[38]. It was found that the silica particles synthesized in the protein envi-
ronment with sodium silicate as a precursor, exhibited a uniform distri-
bution in the protein matrix. Pronounced reinforcing effect was obtained 
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with the dramatically enhanced TS and Young’s modulus of the nanocom-
posite sheets. Furthermore, the thermal stability was improved with the 
temperatures at the maximum rate of weight loss determined by the peak 
of the DTG curves corresponding to glycerol release and protein degrada-
tion largely enhanced by adding silica. In addition of in situ synthesis, soy 
protein/silica nanocomposites could be fabricated through compound-
ing nano-SiO

2
 particles into soy protein isolate matrix [39]. The strength, 

modulus, and elongation were simultaneously enhanced when the nano-
SiO

2
 content was lower than 8 wt%.

Polyhedral oligomeric silsesquioxanes (POSS) is a three-dimensional 
structurally cage-like molecule. To enhance the mechanical and water-
resistant properties of soy protein isolate based films, hydrophobic 
Trisilanolphenyl polyhedral oligomeric silsesquioxanes were incorporated 
to modify the SPI films [40]. SPI contains more than 90% proteins, count-
ing 7.7% arginine (Arg), 6.8% lysine (Lys), and 2.5% cysteine (Cys) that has 
abundant of –NH

2
 groups [41]. As shown in Figure 3.3, 3-Glycidoxypropyl-

trimethpxysilane (GPTMS) serviced as cross-linking agents between SPI 
and POSS. The –NH

2
 groups on the SPI and the epoxy groups on the 

GPTMS can react with each other through the ring opening polymeriza-
tion. POSS particles are clearly observed in the film without GPTMS (SPI/
POSS). However, the film (SPI/GPTMS/POSS) became uniform after add-
ing GPTMS. The ATR FTIR spectrum of SPI/GPTMS/POSS film showed 
the POSS peaks, but SPI/POSS film did not, indicating that POSS was 
not dispersed and reacted with SPI in the SPI/POSS film. Therefore, the 
mechanical properties and water resistance of SPI films were significantly 
improved by incorporating GPTMS and POSS.
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Figure 3.3 Illustration of the cross-linking reactions for SPI/GPTMS/POSS (d) from SPI 
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For the high stiffness and strength, as well as its excellent functional 
properties including biocompatibility, osteoconductivity, nontoxicity, and 
bioactivity, hydroxyapatite (HA) is a very promising reinforcing material 
for various polymers to fabricate composites for bio applications such as 
tissue scaffolds and bone regenerations [42]. Compared with commercially 
available soy protein which is very inexpensive, nanoscale HA is expen-
sive due to the use of high purity materials and reagents used to produce 
it. Recently, a kind of nanoscale HA from eggshell waste was successfully 
synthesized by energy-efficient microwave-assisted wet chemical pre-
cipitation and then incorporated in soy-based resin by ensuring uniform 
 dispersion by a polyelectrolyte coating. The coated nanoscale HA acted as 
effective filler for soy protein-based biopolymer in terms of improvement 
in functional properties of the nanocomposites. Significant improvements 
in tensile modulus and strength were achieved owing to the inclusion of 
uniformly dispersed HA in SPI sheets [43].

Besides forming HA, the eggshell itself could be used in the reinforc-
ing of polymers. Rahman et al. synthesized a kind of eggshell nanopowder 
(ESNP) via size reduction of chicken eggshells using ball milling followed 
by a sonochemical process and prepared the eco-friendly hybrid nanocom-
posite from soy protein and eggshell ESNP [44]. The size distribution of 
the nanopowder was in the range of 20−40 nm. Due to its high crystallin-
ity, surface area, thermal degradation temperature, and stiffness, eggshell 
nanopowder has been used successfully as nanofiller in bio-based resin to 
improve the functional properties of soy protein-based green composites. 
Significant improvements in Young’s modulus, TS, and thermal stability 
of SPI nanocomposite sheets were achieved as a result of incorporation of 
well dispersed ESNP.

Clay is a green alternative to current practices and reduces flammabil-
ity and permeability to liquids and gases in a wide range of plastics. The 
U.S. Food and Drug Administration has already approves clay-based com-
posites for use as foods, medicines, beverages, or biomedical devices [45]. 
As is well known, the dispersion scale of the phyllosilicate in the polymer 
matrix is strongly responsible for the efficiency of the clay as reinforcing 
filler. There are four possible arrangements of layered clays dispersed in a 
polymer matrix–phase separated or immiscible (microcomposite), inter-
calated, exfoliated, and disordered intercalated (partially exfoliated). The 
intercalation is the state in which polymer chains are present between the 
clay layers, resulting in a multilayered structure with alternating polymer/
inorganic layers. Exfoliation is a state in which the silicate layers are com-
pletely separated and dispersed in a continuous polymer matrix. The dis-
persion of MMT in a polymeric matrix depends on the process used in the 
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preparation of the nanocomposite, the nature of both the polymer and the 
clay, and finally the interaction between those two integral components. 
Accordingly, the process and mechanism of the highly exfoliated polymer/
clay nanocomposites have been a focus in the fields of fundamental and 
application research [46, 47]. Nanocomposites can be obtained by several 
methods which include in situ polymerization, solution exfoliation, and 
melt intercalation. The most common class of materials used as nanopar-
ticles is layered clay minerals such as MMT. MMT has a very high elas-
tic modulus (178 GPa) as compared to most biopolymers, which enables 
MMT to improve mechanical properties of biopolymers by carrying a sig-
nificant portion of the applied stress. Various kinds of soy protein/MMT 
nanocomposites have been reported in previous literatures. Chen et al. 
prepared the biodegradable SPI/MMT plastics with highly exfoliated and 
intercalated structures via a solution intercalation process in neutral aque-
ous medium [48]. The structures of both the SPI/MMT nanocomposites 
and the plastics were strongly depended on the MMT content. When the 
MMT content was lower than 12 wt%, the MMT was highly exfoliated 
into single layers with a thickness of approximately 1–2 nm, whereas the 
intercalation structure predominated when the MMT content was higher 
than 12 wt%. The electrostatic surface potential calculation revealed that 
the heterogeneous distribution of the surface positive charges provided the 
possibility for negatively charged soy protein to intercalate and exfoliate 
MMT. Two kinds of interactions existed in this protein/MMT system, that 
is, the surface electrostatic interaction between the positive-charge-rich 
domains of soy protein and the negatively charged MMT layers as well as 
the hydrogen bonding between the –NH and Si–O groups. Such two inter-
actions were beneficial to the intercalation and delamination of the MMT 
layers in the soy protein matrixes. Accordingly, the mechanical strength 
and thermo-stability of the SPI/MMT plastics were significantly improved 
as a result of the fine dispersion of the MMT layers and the strong restric-
tion effects on the interfaces.

Jin revealed that surface-coating of MMT with a sufficient amount 
of SP at an appropriate acidity could enlarge the basal spacing of MMT 
platelets corresponding to highly intercalated and/or exfoliated lay-
ers [49]. When the protein-coated MMT is dispersed in a biopolymer 
matrix, functionalities of bionanocomposite systems can be strengthened 
by various approaches, for example, cross-linking protein molecules on 
MMT with the matrix biopolymer. They further prepared nanocomposite 
hydrogels with SP-coated MMT as nanofillers and SP as the matrix bio-
polymer [50]. The layered MMT nanoclay was intercalated by surface-
coating with soy protein before mixing with 6% w/v SP for cross-linking by 
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microbial transglutaminase (mTGase). The integration of surface-coating 
and mTGase cross-linking is promising to improve properties of the nano-
composite system.

Another kind of layered silicate, rectorite (REC), was also reported to be 
introduced into soy protein matrix [51]. The REC is composed of a regular 
(1:1) stacking of mica-like layers and MMT-like layers. Compared with the 
MMT interlayer spacing of about 1.2 nm, its interlayer spacing can reach 
about 2.4 nm. Thus, the REC was expected to allow soy protein molecules 
penetrating more availably, namely the REC lamellae are exfoliated more 
easily. The exfoliated REC lamellae resulted in enhancement of strength 
and modulus of SPI plastics.

Carbon nanotubes (CNs) are considered ideal reinforcing fillers for poly-
mer matrices to achieve high performance and special functions, which can 
be attributed to their nanoscale, high flexibility, high aspect ratio, low mass 
density and, more importantly, their extraordinary mechanical strength 
and high electrical and thermal conductivity [52]. Zheng et al. reported the 
nanocomposite sheets by compounding MWNTs of various sizes into SPI 
matrix through solution mixing and then compression-molding method 
[53]. Improved mechanical performance and higher water resistance were 
obtained depending on MWNT size and content. In particular, a nano-
composite containing 0.25 wt.% of 10–15 nm MWNT was simultaneously 
reinforced and toughened. The improvement of mechanical properties 
was mainly attributed to interactions at the interface of SPI chain wrapped 
MWNT and the interface between penetrating SPI chains and the internal 
wall of MWNTs, as well as the associations with the SPI matrix mediated 
by protruding segments from the channel inside.

As a cheap and nontoxic filler, titanium dioxide (TiO
2
) nanoparticles 

have been widely used in food packaging material, for they would provide 
protection against food borne microorganisms as well as odor, staining 
deterioration, and allergens on the presence of radiation of relatively low 
wavelength near the ultraviolet region [54, 55]. Nanocrystalline TiO

2
 par-

ticles coated with soy protein isolate were fabricated in aqueous solution 
at near room temperature [56]. The film demonstrated the bactericidal 
efficiency of composite film against Escherichia coli and Staphylococcus 
aureus. When exposed to 2 h irradiation of UV light at 365 nm, the bacte-
ricidal activity of SPI films containing TiO

2
 nanoparticles (2.00 g/150 mL) 

against gram-negative E. coli and gram-positive S. aureus can reach 71.01% 
and 88.49%, respectively. Therefore, the nanocomposite films with TiO

2
 

implanted have obviously better bactericidal efficiency. However, some 
aggregation and coalescence occurred with increasing TiO

2
 content. Wang 

et al. prepared SPI/nano-TiO
2
 films by solution casting and modified by 
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ultrasonic/microwave assisted treatment (UMAT) [47]. Incorporation of 
nano-TiO

2
 significantly enhanced films’ mechanical properties and barrier 

properties, because of the intermolecular force between nano-TiO
2
 and 

SPI. UMAT could promote the integration of fillers in SPI matrix and form 
closer intermolecular force between nano-TiO

2
 and SPI, leading to a more 

compact and dense structure of films, and resulting in obviously improved 
TS and reduced WVP and OP.

In addition of TiO
2
, silver nanoparticles are known to exhibit much 

more effective antimicrobial activity toward many kinds of bacteria, fungi 
and viruses compared with traditional bulk silver due to their unique sur-
face effect, volume effect, and quantum size effect [57]. Zhao et al. embed-
ded antimicrobial silver nanoparticles (AgNPs) into SPI film by in situ 
synthesized from SPI/AgNO

3
 solution, taking the advantage of the reduc-

ibility of tyrosine residue in SPI, which accounts for approximately 4% in 
total protein content [58]. The AgNPs with the particle size of about 7 nm 
were homogeneously distributed without obvious aggregation. The antimi-
crobial test showed that the films had the excellent antimicrobial proper-
ties for killing both gram-positive bacteria (S. aureus) and gram-negative 
bacteria (E. coli) efficiently, suggesting that the addition of AgNPs has the 
effect to prevent bacteria growth on the SPI-based materials, and thus pro-
long their useful life, which endow them applications in antimicrobial food 
packages or biomedical fields.

3.4.2 Soy Protein/Organic Filler Nanocomposites

The organic fillers used in soy protein reinforcement are usually from 
biodegradable biopolymers, including starch, chitin, cellulose, etc. These 
naturally occurring materials forming in nature during the life cycles of 
green plants, animals, bacteria, and fungi are attracting more and more 
attentions for producing polymer matrix composites for their eco-friendly 
nature.

Starch is a kind of abundant recourses on the earth. Starch nanoparticles 
(SNs) were prepared by precipitating from gelatinized starch solution by 
ethanol, and further modified by citric acid to obtain citric acid-modified 
starch nanoparticles (CSN) [59]. The modified starch nanoparticles could 
not be gelatinized even after heating at 100 °C for 30 min as shown in 
Figure 3.4. When being incorporated as fillers in glycerol-plasticized soy 
protein plastics, the nanoparticles exhibited a homogeneous distribution 
in the matrix. CSN fillers enhanced the storage modulus of soy protein 
plastics and increased the glass transition temperatures due to the hydro-
gen bonding interactions between soy protein and the CSN filler. Also the 
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mechanical properties of the resulting nanocomposites were improved. 
These protein nanocomposites will have potential applications in agricul-
ture and packaging fields such as edible films, food packaging, and one-off 
packaging.

The advantages of natural polysaccharide whisker or nanocrystal 
are their low cost, low density, high specific strength and modulus, low 
energy consumption, renewable character, and biodegradability associ-
ated with the highly specific properties of nanoparticles [60]. Pea starch 
nanocrystals (StNs) were incorporated into SPI matrix to produce a class 
of full- biodegradable nanocomposites [61]. The nanocrystals present the 
originality to have a platelet-like morphology with a length of 60–150 nm 
and a width of 15–30 nm. The rigid StN showed a prominent reinforc-
ing function, depending upon uniform dispersion and strong interfacial 
interaction between the StN filler and the SPI matrix. The nanocompos-
ites containing 2 wt% showed the highest strength and Young’s modu-
lus, which was enhanced by ca. 50% and 200%, respectively, in contrast 
to neat SPI sheet. The water uptakes of the nanocomposites had no 
obvious decrease probably because of the hydrophilic nature of starch 
nanocrystals.

Cellulose nanocrystal (CNC), one of the most promising renewable 
nanomaterials, could be obtained from natural fibers, such as wood, 
cotton, etc. Because of its unique rod-like structure, high aspect ratio, 
high degree of crystallinity, and a large amount of hydroxyl groups on 
its surface, CNC has been widely used in polymer composites enforce-
ment. A colloidal suspension of cellulose whiskers was introduced to SPI 
plastics, the results showed that both the TS and Young’s modulus of the 

Figure 3.4 Citric acid-modified starch nanoparticles (left) and unmodifiedstarch (right) 

(5%, w/v in water) after heating a 100 °C.
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SPI/ cellulose whisker composites greatly increased [62]. The increased 
properties were mainly due to the intramolecular hydrogen bonds 
between matrix and the fillers. More announced composite performance 
could be achieved if strong, chemical bonding between the cellulose sur-
faces and matrix were successfully facilitated. Zhang et al. reported a novel 
method to attach functional groups to the CNC surfaces using surface 
modification [63]. CNC was firstly modified with a silane coupling agent 
for introducing reactive amino groups. Then the ethyleneglycol diglycidyl 
ether (EGDE) was used as a cross-linking agent in effort to improve the 
performance of the resultant modified-SPI films (Figure 3.5). As a result, 
the superficial reactive amino groups of the modified CNC(MCNC) facil-
itated interaction among SPI, MCNC, and EGDE and formed a larger 
network structure, and the interaction between the modified CNC and 
SPI matrix was enhanced by forming the chemical-cross-linking network 
through the reaction between amino and epoxy groups, thus improv-
ing the mechanical properties of the films. It was also accounted for 
the improvement of the thermal stabilities and water resistance of the 
MCNC-modified SPI films.
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Micro-fibrillated cellulose (MFC) obtained by mechanical shearing of 
cellulose fibers has high aspect ratio and high tensile properties and has 
been used for fabrication of composites with excellent mechanical prop-
erties [64]. Micro/nano-sized bamboo fibrils (MBFs) and a modified soy 
protein resin were used to fabricate environmentally friendly compos-
ites [65]. With the incorporation of MBF, the fracture stress and Young’s 
modulus of the soy protein concentrate increased significantly. The addi-
tion of MBF, however, did not show significant decrease in the fracture 
strain of the specimens. As a result, the toughness of the MBF reinforced 
SPC increased. When cross-linked using a silane, (3- isocyanatopropyl) 
triethoxysilane (ITES), the fracture toughness was further enhanced.

Because of their distinctive properties such as low density, high surface 
area, and low thermal conductivity, aero gels can be used in the design of 
thermal insulators, porous catalysts for chemical processes and porous 
ceramics for filtration and separation. Organic aerogels based on soy pro-
teins and nanofibrillar cellulose (NFC) are developed from precursor aque-
ous dispersions and a facile method conducive of channel- and defect-free 
systems after cooling and freeze-drying cycles [66]. The SP aerogels pre-
sented an off-white color and were brittle, while those obtained from pure 
NFC were brighter and rigid (Figure 3.6). The pores of SP aerogels seem to 
be more interconnected and have loosely-defined cell edges. NFC loading 
drives the internal morphology of the composite aerogels to transition from 
network- to fibrillar-like, with high density of interconnected cells. The brit-
tleness of SP-based aerogels disappeared or was extensively reduced by addi-
tion of NFC loading. Composite aerogels with SP loadings as high as ca. 70% 
 display a compression modulus of 4.4 MPa very close to that obtained from 
pure NFC aerogels. The potential functionalities of the SP–NFC green com-
posite materials can benefit from the reduced material cost and the chemical 
features brought about the amino acids present in SPs.

Electrospun nanofiber is an emerging fibrousnano material gener-
ated from simple but versatile electrospinning technique. Recently, Chen 
reported the fabrication of cellulose nanofibrous mats (CNM) reinforced 
soy protein isolate composite with high visible light transmittance [67]. 
Because of the ultrafine diameter and super high length-to-diameter ratio 
of nanofibers, cellulose nanofibers penetrated through the SPI matrix to 
form an IPN-like network, in which strong interfacial interactions through 
hydrogen bonding were presented at the massive interfaces of fiber/SPI. 
The incorporation of 20 wt% nanofibers in the SPI matrix resulted in great 
improvement of mechanical strength and Young’s modulus by respectively 
13 and 6 times more than neat SPI film. More interestingly, this compos-
ite was translucent with light transmittance of over 75% at 700 nm. Such 
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high light transmittance of cellulose nanofiber reinforced SPI compositeis 
closely associated with the strong fiber/SPI interfacial adhesion and the 
ultrafine fiber diameter.

Cyclodextrins (CDs) can thread the polymer chains to produce a rigid 
and cylindrical supramolecular polyrotaxanes (PRs). The CD-based inclu-
sion was used to create stretching conformation of polymer segments in 
bulk material and usually removed by water washing or enzymatic deg-
radation after changing the conformation of polymer chain and control-
ling polymorphic crystalline [68]. The self-assembled rigid supramolecular 
nanoplatelets (SN) from Pluronic polymers with various lengths of poly-
ethylene oxide (PEO) and β-cyclodextrin have reinforced the soy protein 
isolate-based biodegradable plastics in terms of strength and modulus 
but at the expense of elongation [69]. A small amount of nanoplatelets was 
able to disperse uniformly into SPI matrix to produce optimal strength 
and modulus. The nanoplatelets with longest free PEO segments produced 
highest strength with less expense of elongation by virtue of enhanced 
association with SPI matrix mediated by PEO chains. Meanwhile, the 
water resistance was also enhanced.

0% SP
100% NFC

50% SP
50% NFC

100% SP
0% NFC

500 m

Figure 3.6 Upper section SP–NFC composite aerogels of a few selected compositions: 

100% NFC, 50:50 SP–NFC and 100% SP. Lower section tomography images of cubic 

sections of the respective aerogel.
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3.4.3 Soy Protein Blends Reinforced with Nanoparticles

To resolve the drawbacks of water sensitivity and poor mechanical proper-
ties, blending SPI with other biodegradable polymers such as polycapro-
lactone (PCL) [70], poly(lactic acid) [71], poly(vinyl alcohol) [72], natural 
rubber [73], etc., thus becomes a way to enlarge its applications. The prop-
erties of the blend materials could further improved by nanoreinforcing. 
Sasmal et al. prepared a kind of biobased, eco-friendly nanocomposites 
from maleated polycaprolactone/soy protein isolate blend (50/50  wt/wt) 
reinforced with organo-modified clay by melt compounding [74]. The 
intercalated nanocomposite is formed and the silicate layers of the clay are 
uniformly dispersed at a nanometer scale in the polymer matrix. There is 
a great enhancement in tensile and dynamic mechanical properties of the 
nanocomposites. The tensile modulus and TS increase with the increase in 
organoclay content. Higher storage modulus over unfilled maleated PCL/
soy protein blend was also observed. The storage modulus reflects the stiff-
ness of the material. The enhancement of the storage modulus of the nano-
composite is due to the higher stiffness of the nanocomposite as compared 
with maleated PCL/soy protein blend.

3.4.4 Soy Protein Nanoblends

A kind of soy protein/polystyrene (PS) nanoblends with core-shell struc-
tures were successfully prepared by introducing nanosized PS into soy 
protein through emulsion polymerization [75]. The nanoblends showed 
core-shell structures, with the core being of PS and the shell of sodium 
dodecane sulfonate and soy protein polypeptides, as shown in Figure 3.7. 
The nanoblends had good thermoplastic properties and could be hot 
pressed into plastic sheets. Soy protein plastics possess good mechanical 
strength and water resistance by compositing PS nanoparticles into soy 
protein matrix. The water uptakes of the nanoblends ranged from 11–19%, 
which is much lower than that of pure SPI (32%) at 75% RH.

3.4.5 Biomimetic Nanocomposites

Through millions of years of evolution, nature has developed many inter-
esting super hydrophobic surfaces, such as various plant leaves (a typical 
example being the lotus leaf) [76]. Surface roughness at a dual- or multi-
length scale has shown to be the key in generating the surprising non-
wetting behavior [77]. Inspired by the self-cleaning phenomenon found 
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in nature, the soy protein materials with high hydrophobic structures 
were prepared by immersing the arylated protein films (SB) in water for a 
long period of time (26 h) [78]. The author evidenced that water-induced 
microphase separation occurred on the surface and the interior of the 
water modified SB films (SBWM) after immersing SB films in distilled 
water for 26 h in the form of hydrophobic diphenylhydroxymethane 
(DPHM) shell. As shown in Figure 3.8, carboxylic groups of 2,2-diphe-
nyl-2-hydroxyethanoic acid (DPHEAc) reacted with amino groups of soy 
protein to give arylated soy protein (I). Once these films were immersed 
in water, there was an evolution of CO

2
, resulting in the formation of 

more stable compound DPHM (II). Furthermore, the hydrogen bond-
ing between –OH groups of DPHM and –NH

2
 groups of protein in 

the SBWM films created the hydrophobic DPHM shell on the surface 
of the protein chains as core. As shown in Figure 3.9, the SB films con-
taining DPHEAc displayed as mooth structure on the surface, whereas 
the surface and the interior of the SBWM films after immersing SB in 
distilled water, exhibited nanospheres having a diameter of 30–40  nm, 
which were similar to the structure of some natural plant leaves such as 
lotus, rice, and taro [79]. It has been reported that the polymers having 

(a)

50 nm 50 nm

50 nm 50 nm

(b)

(c) (d)

Figure 3.7 TEM micrographs of soy protein/polystyrene nanoblends with (a) 5%, 

(b) 10%, (c) 20%, and (d) 50% styrene contents.
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Figure 3.9 Photographs of the arylated soy protein films (a): left, middle, and right show 

SB, SB in water for 26 h, and SBWM just removed from water, respectively. SEM images of 

SB (b,c) and SBWM (d,e) films. Surface morphology (left) and cross-section (right).
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natural lotus-like micro- and nanohierarchical structure possessed super 
hydrophobic surface [80]. Therefore, the lotus-like nanoscale spheres of 
the SBWM films also led to their hydrophobicity. SBWM films exhibited 
significantly higher contact angle than SB.

3.5 Conclusion

As a kind of agricultural processing by-product of the soybean oil industry, 
soy protein possesses good biodegradability, and finds wide applications as 
eco-friendly materials, edible films, and packaging films, etc. The incorpo-
ration of nanoparticle could improve the drawbacks of soy protein materials 
such as poor mechanical properties and high water sensitivity, and enlarge 
its application. The properties of the resulting nanocomposites are greatly 
dependent on the nature of nanofillers, the compatibility as well as the dis-
persion effect of the filler in the matrix. However, for the high water sensi-
tivity of polyol plasticized soy protein, the water resistance properties of the 
nanocomposites may not be as good as synthetic polymers, such as polyeth-
ylene. Addition approaches, such as chemical modification of the matrix, 
blending soy protein with other hydrophobic polymers, would be involved 
with nanofilling. The incorporation of eco-friendly fillers would also be a 
trend for the studying and application of soy protein materials. Some fillers 
are not biodegradable and may be harm to human being, some green fillers 
from natural resources, such as polysaccharide based nanocrystals, would 
have a very bright future to fabricate totally biodegradable nanocomposites.
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Abstract
Soybeans are the dominant oilseed in global markets been one of the most con-

sumed grains in the world. This dominance comes from several aspects: favorable 

agronomic characteristics, reasonable profit to producers, high-quality protein 

meal for animal feed, high-quality edible oil products, and plentiful availability 

at competitive price. Despite these traditional features, special applications of soy 

protein isolate (SPI) for development of biomaterials, composites, nanocompos-

ites, and blends have been reported as potential use of this grain in several areas, 

such as biomedical, optoelectronic, optical coating, and packaging. In regards to 

SPI particulars, the usage in the medical field presents several applications as drug 

delivery systems, tissue engineering, replacement implants, and wound dressing. 

Those SPI particulars can also be used in whiskers fibers to produce liquid crys-

tals and electrolytes for lithium batteries. In addition thin films can be developed 

with SPI particulars and be applied in optical coatings (CD and DVD, projection 

TV, TFT LCD display) as well as food packing. Another feature is that SPI can be 

molded into blends with other materials forming films with distinct applications: 

bioplastics, wood adhesives, edible films, and biomedical functional membranes. 
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Recently SPI has been applied in nanocomposites that can be used in aerospace 

and automotive structures, packing films and coatings for pharmaceuticals and 

food, and electrospun fibers for biomedical engineering. In summary SPI presents 

enormous potential for development of biomaterials with several applications, 

also the use of soy protein in large scale would be very important for the environ-

ment issue since it is an abundant, cheap, versatile, and biodegradable material.

Keywords: Soy protein isolate, edible films, nanocomposites, biomaterials

4.1 Introduction

Soybeans have been cultivated for more than 3000 years in China and 
other Asian countries, such as Japan and Korea. According to USDA [1], 
the world production of soybeans in 2013 has in leading the United States 
and Brazil (32% and 31%, respectively), followed by Argentina (19%) and 
only 4% of this production is in China.

The typical composition of the soybean is oil (18%), protein (38%), insol-
uble carbohydrate (dietary fiber) (15%), soluble carbohydrate (as sucrose, 
stachyose, raffinose, and others) (15%), and ash (14%) [2]. Soybean protein 
can to be classified in three types: (1) dehulled soybeans that are used to make 
full soy flour; (2) soy protein concentrates (SPCs) that have a dry weight pro-
tein content of at least 70% by definition; (3) soy protein  isolates (SPIs) that 
have a dry weight protein content of at least 90% by definition [3].

Soybeans have been important raw material for food industry, because 
is one of the most consumed grains in the world. However, special applica-
tions of soy protein for development of biomaterials, composites, nano-
composites, and blends have been reported as potential use of this grain 
in several areas, such as biomedical, optoelectronic, optical coating, and 
packaging [4–14]. This is possible due to the ease of processability of soy 
protein, abundant resource, low cost, specific mechanical properties, and 
environmental friendliness [15–17].

The study of soy protein in these applications is interesting due to its 
physicochemical characteristics allowing materials to be thermoplastic, to 
form hydrogels, adhesive capacity, low thermal expansion coefficient, opti-
cal transparency, anisotropy, among other properties [18].

Processes involving the development of composites and nanocomposites 
have been highlighted as relevant applications of soy protein. Biodegradable 
composites from natural materials (such as soy protein) provide many 
environmental benefits because it reduces wastes and the need to synthe-
size petroleum-based polymers, increases energy efficiency, promoting the 
concept of sustainability [12, 15]. The soy protein nanocomposites can be 
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used as adhesives, asphalt, resins, cleaning products, paper coatings, plas-
tics, polyesters, and textile fibers that allow its use over a large area, such as 
packaging, medical, aerospace, and automotive fields [7, 19, 20].

In this context, the aim of this chapter was to review the literature on the 
applications of soy protein-based blends, composites, and nanocomposites 
and their potential of use.

4.2 Applications of Soy Protein Particulars

4.2.1 Biomedical Applications

Soy proteins possess several advantages in the medical field since its non-
animal origin eliminates the risk of transmissible diseases which poses a 
danger in human and animal-derived products. It has been reported that 
soybean-based products promote tissue regeneration, such as new bone 
growth. Besides these materials can integrate into blood clots and stimu-
late collagen deposition and also stimulate cells to produce new tissue with 
no need for expensive growth factors having therefore, significant poten-
tial for wound-healing applications [21].

Numerous soy protein-based materials have been studied and can be 
classified in several groups of plastics, gels, films, and additives or coatings. 
However, most of these soy protein-based materials are modified chemi-
cally or blended with other synthetic/natural polymers to overcome their 
fundamental limitations, such as water sensitivity, poor processability, and 
low mechanical strength [22].

Regarding biomedical applications, soy protein-based blends, hydro-
gels, and membranes are the most studied and successfully applied. Several 
applications of soy protein-based blends, composites, and nanocomposites 
will be covered in the following subsections of this chapter.

4.2.1.1 Drug Delivery Systems

Controlled drug delivery systems have been widely studied with the aim of 
overcome the shortcomings of conventional drug formulations. Although 
significant progress has been made in the controlled drug delivery area, 
more advances are yet to be made for treating many clinical disorders, such 
as diabetes and rhythmic heart disorders [23]. Chen et al. [24] evaluated the 
potential of SPI films as controlled release systems for active compounds. 
Thus mechanical properties, dissolution, and compound release kinetics of 
SPI films were analyzed and demonstrated an excellent compound binding 
capacity, especially for hydrophobic molecules, and hence potential for use 
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in controlled release systems based on matrix erosion. Vaz et al. [5] investi-
gated the drug encapsulation into a soy matrix by melt extrusion and evalu-
ated its suitability to be used as a drug delivery system. This new protein 
matrix showed a pH-sensitive behavior, which increases the possibility for 
application as controlled delivery devices to carry a range of bioactive agents. 
Vaz et al. [25] also studied a double-layer delivery device based on soy pro-
tein produced by using an innovative co-injection moulding technique and 
related the potential of this system to achieve a controlled drug delivery.

Soy protein gels of filamentous or particulate microstructure were also 
studied by Maltais et al. [26] as a nutraceutical delivery device for ribofla-
vin. This hydrogel demonstrated itself as a useful transportation for bioac-
tive molecules through the gastrointestinal tract.

4.2.1.2 Tissue Engineering

The current demands for transplant organs and tissues are certain over-
coming the supply, and all projections indicate that this gap will continue 
to increase, in this scenario emerges the tissue engineering, which is an 
important emerging topic in biomedical engineering and has shown tre-
mendous promise in creating biological alternatives for harvested tissues, 
implants, and prostheses [4].

The successful application of regenerative medicine relies on the avail-
ability of biodegradable biomaterials, which participate in the biological 
processes that promote the formation of new tissue. Therefore, the repair 
of soft and hard tissues has been studied using both synthetic and natural 
polymeric biomaterials (sometimes blends composed by both), trying to 
reach the ability to exert a biospecific activity on the tissue cells, that is, cell 
differentiation and stimulation of a new extracellular matrix secretion [27].

4.2.1.2.1 Replacement Implants
A promising study regarding the usage of soy protein particulars was car-
ried out by Vaz et al. [28] who reported casein and soybean protein-based 
thermoplastic proposed for biomedical usage, which presented a suitable 
range of mechanical and degradation properties, as well as a bioactive 
character (especially when reinforced with bone-like ceramics) which is 
desirable for biomedical applications, such as in the orthopedic field. This 
result represents an important advance in the replacement implants area; 
according to Swetha et al. [29] natural polymers often possess highly orga-
nized structures which can guide cells to grow at various stages of devel-
opment stimulating an immune response at the same time thus, several 
natural polymers have been reported for their applications in bone tissue 
engineering.
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4.2.1.2.2 Wound-Dressing Applications
Regarding wound-dressing application, Meikle et al. [27] studied soybean-
based hydrogels with different physicochemical properties and bioactiv-
ity, which were obtained by sequential or simultaneous procedure of soy 
flour defatting process and material extraction. Interesting results were 
evidenced; the biomaterials obtained can be used as either bioadhesives 
or injectable formulations in regenerative medicine as they stimulated the 
synthesis of collagen by fibroblasts and the formation of mineralized bone 
noduli by osteoblasts. Another promising study was performed by Peles 
and Zilberman [21] who combined the wound dressing and drug delivery 
properties of a soy protein-based film characterizing its mechanical and 
physical properties. The results demonstrated good mechanical properties 
with the desired physical properties and controlled release of the antibiotic 
drug gentamicin and can, therefore, be potentially useful as burn and ulcer 
dressings.

The literature relates several studies regarding the application of soy 
protein in the biomedical field, which can be found on the Table 4.1.

4.2.2 Optoelectronic Applications

SPI the major component of soybean has been used to prepare biodegrad-
able materials, such as adhesives, plastics, and various binders in recent 
years. Although the SPI plastics usually possess good biodegradability, their 
application is limited by poor flexibility and water resistance. The brittle-
ness can be controlled easily by using plasticizers, but their use unavoid-
ably leads to a significant decrease in the tensile strength. To obtain flexible 
SPI plastics with a high tensile strength, several kinds of filler such as cel-
lulose or chitin whisker have been studied [39].

Whiskers are fibers which have been grown under controlled conditions 
that lead to the formation of high-purity single crystals. They constitute a 
generic class of materials having mechanical strengths equivalent to the 
binding forces of adjacent atoms. The resultant highly ordered structure 
produces not only unusually high strengths but also significant changes 
in electrical, optical, magnetic, ferromagnetic, dielectric, conductive, and 
even superconductive properties. The tensile strength properties of whis-
kers are far above those of the current high-volume content reinforcements 
and allow the processing of the highest attainable composite strengths [40].

Compared with inorganic whiskers, whiskers from renewable resources 
have advantages such as renewability, low cost, easy availability, good bio-
compatibility, and easy modification chemically and mechanically. For 
example, cellulose nanoparticles can be extracted from lignocellulosic 
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fibers and are available all around the World; Chitin from shellfish, insects, 
and microorganisms is the second most abundant structural biopolymer. 
Cellulose and chitin whiskers have been used as a new kind of nanofiller 
as a reinforcing phase in both synthetic polymeric matrixes and natural 
ones [41].

In the nanocomposite field, up to now, cellulose whiskers were only used 
as geometrically and structurally well-defined model cellulosic filler and no 
practical industrial application was envisaged. This is mainly ascribed to 
the duration of the preparation technique. However, two important appli-
cations may be cited. The first one concerns the liquid crystals for optical 
applications like in security paper. The second is related to the use of these 
whiskers as mechanical reinforcing agents for low-thickness polymer elec-
trolytes for lithium batteries application [40].

4.2.2.1 Liquid Crystals

Liquid crystals represent a state intermediate between ordinary liquids 
and three-dimensional solids; the investigation of their physical proper-
ties is very complex and makes use of many different tools and techniques. 
Liquid crystals are also model materials for the organic chemistry in order 
to investigate the connection between chemical structure and physical 
properties, and they provide insight into certain phenomena of biological 
systems [42].

Cellulose, one of the most versatile and widely found biopolymers in 
nature, has been used by humans for millennia as a building material, an 
energy source, a component of clothing and for storing and sharing knowl-
edge and culture. One strong trend, on an international scale, is to focus 
on the isolation of fibrils and whiskers of cellulose with diameters in the 
nanometer range and to utilize their enhanced properties to develop novel 
cellulose-based materials with diverse advanced functionalities [43].

The application of cellulose nanoparticles to develop liquid crystals 
has been widely studied by Goldbout et al. [44], Werbowyj and Gray [45], 
Werbowyj and Gray [46], Gray [47], Gilbert and Patton [48], Bhadani and 
Gray [49], and Lagerwall et al. [43], however the combination process of 
nanofilling a matrix, for example, filling a SPI matrix with cellulose whis-
kers, has not been regularly studied. This approach offers a promising 
technology regarding the liquid crystals construction since it aggregates 
attractive properties of both compounds such as biocompatibility, a high 
elastic modulus (similar to steel), a low thermal expansion coefficient, opti-
cal transparency and anisotropy, negative diamagnetic anisotropy, flexible 
surface chemistry and low price.
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As an example, in studies performed by Lu et al. [41] and Anglès and 
Dufresne [50] nanocomposites materials were successfully developed 
using a colloidal suspension of chitin whiskers as a filler to reinforce (SPI) 
plastics. Also another material was developed; a glycerol plasticized starch 
was used as the matrix and a colloidal suspension of cellulose whiskers 
as the reinforcing phase. It was demonstrated that incorporating whiskers 
into matrix leads to an improvement in water resistance which makes them 
interesting for industrial application due to the high performance of the 
resulting composites.

4.2.2.2 Electrolytes for Lithium Batteries

Lithium batteries are characterized by high specific energy, high efficiency, 
and long life. These unique properties have made lithium batteries the 
power sources of choice for the consumer electronics market with a pro-
duction of the order of billions of units per year. These batteries are also 
expected to find a prominent role as ideal electrochemical storage systems 
in renewable energy plants, as well as power systems for sustainable vehi-
cles, such as hybrid and electric vehicles [51].

Polyoxyethylene-based polymers are the most frequently used materi-
als for polymer electrolyte applications in lithium batteries due to their 
cationic solvatation ability. However, it was demonstrated that tunicin (a 
substance present in the tunicates, which is identical to cellulose) whiskers 
strongly increased mechanical properties of polyoxyethylene-based poly-
mers. The processing of a composite polymer electrolyte from an aque-
ous suspension of cellulose whiskers is not easy to consider since water 
can react with the negative electrode and reduce the battery cycle life. 
Therefore, the main obstacle for the use of cellulose whiskers as a reinforc-
ing phase in a wide variety of polymers is the limited stability of whiskers 
in aqueous suspension [52].

Several recent studies relate the application of cellulose in electrolytes 
for lithium batteries [53–56], however a combination process as the rein-
forcement or incorporation of SPI with cellulose whiskers aiming the 
application in electrolytes for lithium batteries has not been regularly stud-
ied. Equally comparing the liquid crystals sub item this approach offers a 
promising technology since it unifies attractive properties of both com-
pounds. In study performed by Wang et al. [39] in which they incorporate 
cellulose whiskers to SPI aiming to improve mechanical properties, the 
authors obtained composites which showed greater water-resistance and 
thermal stability. The improvement in the properties of the SPI/ cellulose 
whisker composites may be ascribed to cross linking networks caused by 
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intermolecular hydrogen bonds between the cellulose whiskers and the 
SPI matrix.

4.2.3 Optical Coatings

A thin film is a system which consists of one or more homogeneous or 
heterogeneous, absorbent or non-absorbent layers deposited onto a suit-
able substrate. Thus, optical thin films are widely used and increasing their 
importance in nearly all technologies of optics and photonics. They not 
only improve the optical performance of optical devices but also are vital 
parts in optical operations. There are a several applications of thin films 
coatings in optics and photonics: cell phones, lattices, digital cameras, 
binocular telescopes, CD and DVD, projection TV, TFT LCD display, fax 
machines, eyeglasses, sunglasses, telecom, LED, organic LED, solar cells, 
smart windows, green buildings, security, satellites, microscopes, etc., cov-
ering the spectral ranges from IR to EUV [57, 58].

Regarding the usage of soy-based particulars, several studies relate 
the usage of epoxidized soybean oil and its application in the optical 
and photonics field [9, 11, 59–62]. However this chapter is focused on 
soy proteins and its functionalities, therefore those works will not be 
discussed.

The application of soy protein particular in the optical coating has not 
been regularly studied; nevertheless this protein presents interesting char-
acteristics for this area as high elastic modulus, a low thermal expansion 
coefficient, optical transparency and anisotropy. As an example, Ji et al. 
[18] elaborated a poly (ethylene oxide)/soy protein film and obtained a 
fully amorphous structure with ultra-elasticity. Other promising results 
were showed; the ionic conductivity was dramatically enhanced compared 
with that of pure poly(ethylene oxide)-based film. This amorphous thin 
films are easy to fabricate, and both processing and material usages were 
environmental friendly, offering great potential for applications in coating 
foldable/flexible electronics.

Another interesting and recent application is related to carbon nano-
tubes which offer a unique combination of electrical, mechanical, ther-
mal, and optical properties that make them highly promising materials for 
numerous applications. In study performed by Ji et al. [63] carbon nano-
tubes were treated with SPI for improve the dispersion. The authors dem-
onstrated interesting results; soy proteins were beneficial to increase the 
interaction between carbon nanotubes and the polymer matrix. Also good 
properties, such as mechanical properties, could be expected. Additionally, 
this finding links one of the central molecules in biology, SPI, to the most 
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important 1D nanofiller, carbon nanotubes open up a new field for the 
application of rich soy products.

4.2.4 Packaging Applications

Biopolymers are associated with good film forming properties which 
makes them proper to packaging applications [64]. Nevertheless natural 
polymers showed poor mechanical and “barrier” properties besides low 
thermal stability. Different strategies are adopted to overcome these limita-
tions. Some of them are based on blends with synthetic and biodegradable 
polymers such as polysaccharide-protein mixtures, new composite materi-
als, application of plasticizers, chemical modifications like cross-linking, 
nanocrystal-reinforced systems and others [15, 22, 65–67].

Functional properties of the soy protein films are mainly determined by 
their microstructure (protein-protein interactions such as disulfide cova-
lent bonds, hydrogen-bonding, electrostatic attractions, and hydrophobic 
bonding) that is related to film-forming process experimental parameters 
used in films preparation and protein structure according with amino acid 
composition and molecular weight, primary structure, protein configura-
tion, protein charge distribution, extension of intra- and intermolecular 
bonding (quaternary structure), and the environment [68–69].

The protein concentration in film-forming solutions is an important 
variable for the film characteristics. Soy protein can be classified based 
on protein content, where SPI shows the higher concentration of protein, 
90%, followed by the soy protein concentrate (SPC) that contains 65 up to 
72% of protein and the defatted soy flour (DSF) with 50% upto 59% [70]. 
The mechanical properties, tensile strength (TS), and percentage elonga-
tion at break (E), increased as protein content in the film forming solutions 
increasing (from DSF to SPI), it can be explained by the presence of insol-
uble components in DSF and SPC [70]. SPI is a biopolymer that has poten-
tial applications in packaging (films or coatings), because offers interesting 
film-forming properties, good barrier properties to oxygen, aromas and 
lipids when in low to intermediate moisture conditions, besides it is a low 
cost raw material [71].

Another important variable in soy protein film formation is pH of the 
system. SPI films can be formed at both alkaline and acidic medium, but 
that one formed at alkaline conditions (pH 8 up to 11) showed greater 
values for tensile strength and percentage elongation at break and worst 
values for the water vapor permeability [71]. Guerrero and de la Caba [68] 
studied the pH effect on physicochemical properties; they investigated 
film properties pH dependence using Fourier transform infrared (FTIR) 
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spectroscopy, differential scanning calorimetry (DSC), and thermo- 
gravimetric analysis (TGA). Films were produced by freeze-drying 
followed by compression at different pHs: acid pH (pH = 1.4), at the iso-
electric pH (pH = 4.6), at the unmodified pH (pH = 7.5), and at a basic 
pH (pH = 10.0), using glycerol as plasticizer. The results shown that both 
tensile strength and elongation at break are higher at basic pHs, it can be 
explained by the protein structure, the unfolding configuration (allowed 
the exposition of the polar groups) seems to be appropriated in order to 
favor the protein-glycerol interaction, and thus contributing with the bet-
ter mechanical properties observed.

One of the formation processes of soy protein films has been described 
involving two-step: heat denaturation of the proteins followed by surface 
dehydration, a network is formed when the unfolded proteins are able to 
interact through disulfide bonds and hydrophobic interactions [72–74]. 
Based on those film-forming fundamental, Kokoszka et al. [74] proposed 
the understanding of the effect of both soy protein and glycerol contents 
on physico-chemical characteristics of SPI-films. The authors observed a 
synergistic effect on the water vapor permeability of glycerol and soy pro-
tein content.

Soy protein material is able to produce softer, more transparent and flexi-
ble films when compared to those derived from other sources [75]. However 
due to hydrophilic nature of soy protein some disadvantages can be pointed: 
poor properties of moisture barrier and relative fragility when in wet state 
[15]. In the other side some chemical interventions can be applied in sense 
of change some physicochemical characteristics of the material [76].

In fact, explore combinations between soy protein and other biopoly-
mers is an attractive film-forming material owing to its linkages that can 
improve mechanical properties of the material. Piazza et al. [77] studied the 
surface aggregating soy protein and high methoxyl pectin (HMP)  solutions 
in order to produce biodegradable films for food packaging applications 
aiming better protection performance than pure soy protein. The film 
was developed at the air-water interface. The interfacial layer formed by 
pure SPI showed small regime of linear viscoelasticity response, and there 
is no correlation between the accumulation of SPI with the higher surface 
coverage, owing to the time required by the protein to migrate at the inter-
face to unfold. When the HMP was added to forming a composite system 
SPI-HMP at air-water interface there was an increase in the  elastic interfa-
cial modulus, due to control of the protein complexation at the interfacial 
area, contributing with the surface layer stability. The composite system 
stability was attributed to the formation protein–polysaccharide complex 
at the air-water interface.
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The bonds and interactions involved between protein chains character-
ize protein-based films formed as fragile and brittle material. Regarding 
that soy protein is formed by polar and nonpolar side chains and then 
allowing hydrogen bonding, dipole-dipole, charge-charge, and hydropho-
bic interactions. The polar interactions between side chains of soy protein 
molecules determined the poor rotation and molecular mobility increas-
ing the stiffness, yield point, and tensile strength that characterizes brittle 
soy protein plastics. The use of plasticizers can overcome this characteris-
tic, reducing interactions between protein chains and increasing the flex-
ibility, extensibility, and processability features [78]. Desirable plasticizers 
characteristics such as small size, high polarity, presence of more than 
one polar group are related with the better performance in the plasticizer-
protein interaction, where biopolymeric films are plasticized by hydroxyl 
compounds [68, 79]. There are some theories to explain the mechanisms 
involved in the plasticizer effect, among them are the lubricity, gel and free 
volume theory, all of them are based on the fundamental concept where 
the plasticizer can interpose itself between the polymer chains in this way 
decreasing the forces that holding these chains together [80]. Thus plas-
ticizer agents are able to break the intermolecular linkage of the native 
protein structure, leading to a new orientation and restructuration of the 
chains, as well as permits the formation of new intermolecular linkage that 
can stabilize the reorganized three-dimensional network formed [68].

Commonly the plasticizer agent works reducing cohesion within pro-
tein film, improving chain mobility replacing protein-protein interactions 
by protein-plasticizer interactions, extending and softening the film struc-
ture due to association in molecular polymeric chains this way prevent 
cracking [81, 82]. Although a problem must be considered, in fact increas-
ing mobility of the chains causes an increase in the diffusion coefficient 
of water vapor and oxygen, leading to lower the mechanical strength of 
the material, so it is important optimize the content of plasticize agent to 
obtain desirable mechanical strength film and reduce undesirable effect on 
its properties [69, 83–84]. The commons plasticizers used include polyols, 
such as sorbitol, glycerol, and glucose [85–88].

Guerrero et al. [89] blended SPI with gelatin and glycerol as plasticizer, 
but in this case the films were prepared by compression molding. As result 
flexible and transparent films were obtained. The addition of gelatin (15%) 
improved the tensile strength and the elongation at break, decreased the 
hydrophilicity and maintained the UV barrier properties when compared 
with the ones without gelatin. Another pointed strategy for enhanced 
the behavior of soy protein packaging systems is the modification of SPI 
with cross-linking agents. Cross-linking agents can work improving the 
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mechanical and water barrier properties of soy protein films reducing 
its solubility, ability to swell and gas/water vapor permeability. A protein 
network as result of a greater degree of cross-linking characterize better 
microstructures density reduces the solubility properties and enhanced 
mechanical strength and barrier qualities [69, 90–91]. The degree of cross-
linking and the hydrophilic-hydrophobic film profile were determined by 
the protein-protein interactions involved in film formation [68].

González et al. [15] produced cross-linked soy protein as material for 
biodegradable films using a nontoxic cross-linker, genipin. The tests per-
formed stated the improvement in the film properties such as decrease in 
solubility, swelling and water vapor permeability, and mechanical proper-
ties (tensile strength and elongation at break). The SPI cross-linked with 
genipin was considered promising natural biodegradable materials for use 
in food packaging. As mentioned numerous strategies have been studied in 
order to improve water barrier ability of biofilms, including the addition of 
polysaccharides, proteins, or lipids. Inspired for this possibility Guerrero 
et al. [92] produced protein-based films prepared with acids and oils, lactic 
acid, epoxydized soybean oil and olive oil, by compression at pH 10.

The processing method used to produce the soy protein-based films 
plays a role in determining the physical and mechanical properties. Many 
processing methods are described to produce packaging materials with 
soy protein based in thermo-mechanical processing or dissolution- solvent 
evaporation, intensive mixing followed by compression molding and 
solution-casting [69]. Many inspirations about use soy protein to produce 
biodegradable and/or edible packaging systems have been studied with 
diverse components and forming process as showed in Table 4.2.

4.3 Applications of Soy Protein-Based Blends

Soy proteins are rich in polar groups, they can be molded into blends with 
other materials and yield resins that possess performance characteristics 
comparable to those of commercial thermoplastics [10, 95–96]. Blending is 
cost-effective and one of the most useful methodologies to improve prop-
erties of SPI-based materials [13, 97–98]. It is considered an important 
approach because for industrial applications SPI films do not show good 
mechanical and barrier properties without a secondary component [99]. 
However, some limitations need to be overcome for obtaining blends with 
desirable properties. One of the issues is obtaining acceptable adhesion 
with the other components of the blend, besides thermal and environmen-
tal stability of the materials also may restrict the field of application [95]. 
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Thus, it will be shown in the next sub items that many efforts have been 
taken for obtaining soy protein blends with enhanced properties for their 
use in many fields of application.

4.3.1 Bioplastics

Biopolymers derived from natural resources are considered as potential 
substitutes for existing petroleum-based synthetic polymers due to their 
low cost, easy availability from renewable resources, and biodegradabil-
ity [10]. Among the biopolymers derived from natural resources, renew-
able resources from farm products, such as starches and proteins, are more 
naturally abundant and economically feasible to use than many other bio-
polymers such as poly(lactide) or poly(hydroxybutyrate) [95,  100,  101]. 
Nevertheless, the utilization of proteins directly as engineering materials 
faces several challenges, since the mechanical properties of cereal proteins 
are not as robust as those of traditional thermoplastics [95]. Therefore, 
many efforts, such as blending with biodegradable polyesters [95] and with 
gelling agents [102], have been made to enhance the mechanical proper-
ties and decrease the water sensitivity of the soy protein-based plastics. Li 
et al. [10] have chosen poly(butylene succinate) (PBS) to blend with SPI, a 
thermoplastic polyester with desirable mechanical characteristics. In this 
study, as a strategy to improve the compatibility between SPI and PBS, the 
polyester was pretreated with different amounts of urethane and isocyanate 
groups, providing much finer phase structures because of good dispersion 
of polyester in protein. It was observed a lower glass transition temperature 
of protein in the blends than that of the pure SPI. The water resistance of 
the soy-protein-based plastics was also significantly improved. In a differ-
ent way to explore the advantages of blending, Liu et al. [103] blended 
poly(lactic acid) (PLA) with SPC in an attempt to lower PLA overall cost 
and improve some of its properties. In this work, were investigated the 
effects of two different processing aids on the processing properties of the 
PLA/soy protein concentrate (SPC) blends. Both processing aids decreased 
tensile strength and modulus of the blends and increased break strain and 
impact strength.

4.3.2 Wood Adhesives

Currently formaldehyde-based wood adhesives predominate in the market 
and most of them use petrochemicals as raw materials [104]. Due to the 
tightened environmental regulations on the emission of volatile organic 
compounds, that causes both environmental and health problems, and also 
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to decrease our heavy dependence on petrochemicals, many efforts have 
been made to develop formaldehyde-free wood adhesives from renewable 
natural resources [104, 105]. Soy protein has many unique properties such 
as low cost, ease of handling, low press temperatures, and the ability to bind 
wood with relatively high moisture content, representing a very practical 
and inexpensive material for wood adhesives [104]. However, soy protein 
adhesives low adhesion strength and water resistance greatly limit their 
practical applications [106], therefore by blending soy protein adhesives 
with other protein [107] or synthetic adhesives [104, 108–110] it is possible 
to generate products with enhanced performance [110, 111].

In order to improve the adhesion strength of soy protein adhe-
sives on wood veneer, Xiao et al. [106] developed a blend of sorghum 
 lignin  or extruded sorghum lignin with soy protein adhesives (SPAs) 
based on SPI or modified soy protein (MSP). The main source of lig-
nin is the liquid waste from paper pulp production, and this material is 
the unique nonpetroleum resource that can provide renewable aromatic 
compounds [112]. It is believed that the generation of strong bonding 
effects depends on coupling reactions of side chains, link-bonds, and 
functional groups, therefore this group verified that shear strength and 
water resistance of soy protein adhesives can be improved by adding 
lignin. In a patent of Thames et al. [111] was developed a water resistant 
soy protein-based adhesive blend with polyol plasticizer, preferred glyc-
erol, and with a vegetable oil derivative, aleinized methyl ester of tung 
oil. This adhesive can be useful in the manufacture of particleboard and 
other composites.

4.3.3 Edible Films

Edible films, as explained in previous sub item of the present chapter, are 
flexible materials used in food coating and packaging [8]. They can control 
moisture, gases, and lipid migration extending the shelf life of foods, and 
being supporters of additives and nutrients [113, 114]. Furthermore, they 
can be an alternative to reduce the cost and also the amount of traditional 
packaging; a promising solution to environmental impacts of synthetic 
polymer packaging [115]. Since SPI-based films have excellent aroma, 
oxygen and lipid barrier properties, they can be used as edible packag-
ing materials [116], mainly for applying to sensitive-to-oxygen products 
or for preserving flavors [117]. Nevertheless, SPI films high water vapor 
permeability is the most important obstacle to its use in food coatings [86], 
drawback which can be exceeded by blending methodology and thus many 
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works have been developed in this area by blending, that is, with cassava 
starch [114], poly(vinyl alcohol) (PVA) [118] and lauric, palmitic, stearic, 
and oleic acid [119]. It should be emphasized that for edible films, materi-
als used for blending with soy protein must be safe to eat or generally rec-
ognized as safe (GRAS), compatible with SPI and have the ability to form 
films [97].

Carboxymethyl cellulose (CMC) is one of the natural water-soluble cel-
lulose derivatives, used as a highly effective additive to improve product 
and processing properties. Due to its nontoxicity, biocompatibility, biode-
gradability, hydrophilicity, and good film-forming ability, CMC has been 
used in a number of edible film formulations [120]. For these reasons Su 
et al. [97] created edible films based on CMC and SPI compatibilized by 
glycerol. CMC and SPI formed one phase blends and was observed that 
increasing the CMC content improved the mechanical properties and 
reduced the water sensitivity of blend films.

It is known that lipids or more hydrophobic proteins can be used in 
composite films to improve the film’s ability to control water transport. In 
addition some studies revealed that films from sodium and calcium casein-
ates showed better water barrier properties although their films are less 
flexible and stretchable [121]. Therefore, to improve SPI film properties 
Monodero et al. [117] created SPI-based films containing sodium casein-
ate (Na-Cas) or calcium caseinate (Ca-Cas), with and without lipids (oleic 
acid (OA) and beeswax (BW). Caseinate incorporation to SPI-based films 
provoked an increase of elastic modulus and tensile strength at break and 
also enhanced the transparency of SPI-based films and color softening. 
Both caseinates contributed to increase the water vapor barrier properties 
of soy protein-based films.

4.3.4 Clinical Medicine and Pharmacy Field

Synthetic, natural, or biological materials have been used along the years 
as key elements in diverse biomedical applications, such as controlling/
modulating the healing mechanisms and the outcomes of wound repair 
upon dressing [122]. However, synthetic polymers such as polyurethane, 
polyethylene, polylactides, polyglycolides, and polyacrylonitrile have dis-
advantages in such applications due to poor biocompatibility and release 
of acidic degradation products [36]. In this context, for the nutritional 
and health benefits of soy protein it has been proposed as a non-animal 
origin protein substitute for several biomedical applications whereby tis-
sue-engineering scaffolds, wound-dressing material, and drug delivery 
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system [34, 123]. This material has the advantages of storage stability, eco-
nomically competitive, similarity to tissue constituents and reduced sus-
ceptibility to thermal degradation [124]. Thereby, through blending it is 
possible explore the bioactivities of soy proteins and at same time enhance 
its water resistance, flexibility and others mechanical properties. With the 
aim to develop a biodegradable material with improved flexibility and 
water resistance, Tian et al. [125] used waterborne polyurethane (WPU) 
to modify SPI. Waterborne polyurethane is an environmentally friendly 
substitute of polyurethane, one of the most popular groups of biomateri-
als applied for medical devices, with properties covering from high per-
formance elastomer to tough thermoplastic [126]. The generated blend 
films exhibited fine compatibility, as a result of the strong hydrogen bond-
ing interactions between SPI and WPU. The flexibility, water resistance, 
high optical transparence, and hydrophobicity of the soy protein-based 
films were improved significantly. Moreover, the incorporation of WPU 
enhanced the mechanical properties of the blend films in water, leading 
to the applications under wet conditions. These films also exhibited much 
lower cytotoxicity than WPU. The SPI/WPU blend films showed potential 
for application as biomaterials since they proved to be safe, biodegrad-
able and biocompatible. In auspicious study carried out by Silva et al. 
[32], a cross-linked porous structure based on chitosan and soy protein 
blend were developed by means of combining a sol-gel process with the 
freeze-drying technique. These structures demonstrated physicochemical 
properties that appear to have potential to be used as a scaffold for tissue 
engineering of cartilage, which can be applied on cartilage implantations 
in some serious cases of sports injury, osteoarthritis, osteoarthritis dis-
secans, and infection.

Regarding the drugs delivery system in the biomedical field, Liu 
et al. [30] studied the blending process by synthesizing the soy protein/
poly (acrylic acid) forming an interpenetrating polymer network (IPN) 
hydrogels to investigate the possibility of this hydrogels for controlled 
drug release, and demonstrated that the IPN hydrogels are suitable 
approach for colon drug delivery. Another promising study involving 
the usage of soy protein-based blends was performed by Luo et al. [35] 
who prepared cellulose/ SPI sponges using a freeze-drying process. 
The biocompatibility and biodegradability of the blend were evaluated 
in vitro and in vivo by cell culture and implantation experiments. The 
results demonstrated that these new cellulose/SPI sponges, due to their 
good biocompatibility and biodegradation, can be used in biomaterials 
formulations such as cell and tissue scaffolds, implantation devices, and 
drug delivery devices.
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4.3.5 Membranes

The membrane separation science has attracted much attention, since 
membranes have been widely applied in technologies as dialysis, ultrafiltra-
tion, fractionation of polymer mixtures, and biomedical functional mem-
branes [34]. Certainly, the construction of membranes could be explained 
in the subsections already discussed in the present chapter (membranes 
in tissue engineering, for example) however this subject gained a special 
attention since represents an important topic inside the chemical technol-
ogy and membranes are used in a wide range of applications.

Luo et al. [35] prepared a series of cellulose/SPI membranes, and 
observed that porous structure and the size of the pores in the surfaces 
increased with an increase of SPI content, and the incorporation of SPI 
in cellulose changed the compositions and microstructure, improving the 
biocompatibility of the membranes. Suggesting that biomaterials made 
of cellulose modified by SPI might be very promising in the biomedi-
cal fields. Santos et al. [122] evaluated the performance of newly devel-
oped  chitosan/soy-based membranes as wound-dressing materials in a 
rat wound-dressing model of partial-thickness skin wounds. Chitosan/
soy-based membranes promoted a faster wound repair. Besides these new 
membranes proved to have features regarding healing/repair stimulation, 
ease of handling, and final esthetic appearance, which are valuable prop-
erties for wound dressings. Silva et al. [124] evaluate the biocompatibil-
ity of the blend system membrane composed by chitosan and soy protein 
prepared by solvent casting methodology. The biological studies demon-
strated a better cell adhesion of the membranes enhancing the capability 
of the material to support cell growth, representing an interesting result to 
biomedical field mainly in laboratorial membrane-based tests.

Another approach studied by Silva et al. [37] was investigating the cyto-
toxicity of soy and casein-based membranes by biochemical tests corre-
lating with mechanical properties of these materials. The results showed 
that the materials demonstrated a good behavior in the presence of cells, 
inducing, in some cases, the cell proliferation and their surface proper-
ties seemed to be suitable for cell adhesion, which can be highly advanta-
geous in biomedical applications, such as drug delivery and wound repair 
systems. Chen et al. [38] prepared microporous membranes by blending 
cellulose and SPI and obtained promising results since the blended mem-
branes showed a certain biocompatibility, good NaOH-resistance and ten-
sile strength in both dry and wet states which were prepared. Moreover, 
it was evidenced that Vero cells could grow well on the surfaces of the 
microporous membranes, an interesting result regarding the application in 
 laboratorial membrane-based tests.
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4.4 Applications of Soy Protein-Based Composites

In recent years, many protein-based composite materials have been studied 
for different applications, for example, coating, packaging, agriculture and 
medicine, due to the ease of processability, abundant resource, low cost, 
specific mechanical properties, and environmental friendliness [15–17]. 
The development of biodegradable composites from natural materials 
reduces the construction waste, the need of synthesizing petroleum-based 
polymers, increases energy efficiency while promoting the concept of sus-
tainability [12, 15].

There is a large diversity of materials with varying physical and chemi-
cal properties, as the proteins, being researched for use in natural com-
posites, including films, foams, gels, fibers, grafts, and particles [12, 16, 
89, 127, 128]. Proteins display critical structural, functional and bioactive 
properties that have evolved in nature for millions of years [16]. It is impor-
tant to note, that depending on the specific protein, there may be useful 
functions, such as mechanical toughness, while other critical features 
may be more limiting, such as higher moisture absorption, inferior fire 
resistance, variation in quality and price, and difficulty using established 
manufacturing practices when compared to synthetic composites [12, 16]. 
However, these characteristics can be minimized by altering the molecu-
lar structure or conformation of the protein through physical, chemical 
or enzymatic agents at the secondary, tertiary, and quaternary levels, such 
as crosslinking, blending with hydrophobic additives, acylation, enzymatic 
treatment, oxidation, UV irradiation, copolymerization and ultrasonic/
microwave [15, 129–131].

Among a great deal of biocomposites, soy-based materials repre-
sent important source owing to their high protein content and excellent 
physicochemical properties which seem to offer the greatest potential 
for competing with synthetic polymers in terms of cost and performance 
[3, 12, 17]. Soy protein-based edible films, for example, have demonstrated 
a large potential for application due to their excellent film-forming abili-
ties, low cost, barrier properties against oxygen, lipid and aroma perme-
ation, homogeneous morphology, adequate tensile strength, elongation at 
break, higher resistance against water [14, 15, 117, 132, 133].

Ciannamea et al. [14] developed a biodegradable composite of soybean 
protein concentrate (SPC) using glycerol and dialdehyde starch as plasti-
cizer and cross-linking agent, respectively. The soy protein-based film was 
used as vehicle for the delivery of Duddingtonia flagrans chlamydospores 
for the biological control of gastric nematodes in ruminals. According 
to Ciannamea et al. [14], the controllable release devices (films) used for 
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biological control should be homogeneous, mechanically strong such it 
do not fracture during processing or storing but sufficiently ductile to be 
shaped into the desired dosage form, for example, for administration to 
the animal via an esophagogastric probe to the rumen where spores would 
be released. Their SPC films cross-linked with 5 wt% dialdehyde starch 
and plasticized with 30 wt% glycerol exhibited interesting physicochemi-
cal properties for application as an agent for biological control, such as 
homogeneous morphology, adequate tensile strength and elongation at 
break and swelling profile. The studies to verify the chlamydospores release 
in vitro were performed exposing the SPC films to fresh ruminal fluid and 
the results indicated a releasing of 4.9% for at least 24 h, suggesting that the 
spores release rate and duration can be better optimized by the evaluation 
of different SPC film formulations and process parameters, including more 
effective cross-linking agents and less hydrophilic plasticizers.

Lee and Min [134] developed antimicrobial films based on defatted soy-
bean meal and the lactoperoxidase system and evaluated the application 
of this film as coating of ham samples. Different formulations composed 
by a water suspension of defatted soybean meal (10.0%) or a mixture of 
soybean carbohydrate, soy protein, and oil were processed with a high-
shear probe mixer and then treated by one or two passes of a high-pressure 
homogenizer. Glycerol was evaluated as plasticizer at 10%, 20%, 30%, or 
50% (w/w defatted soybean meal). Physical-mechanical properties, includ-
ing color, tensile strength, percentage elongation at break, elastic modulus, 
and moisture-barrier properties were evaluated. Film antimicrobial activ-
ity was tested against Salmonella typhimurium DT 104. The results showed 
that the color, tensile, and moisture-barrier properties of defatted soybean 
meal films were affected by the concentration of glycerol plasticizer and 
the carbohydrate, protein, oil composition of the defatted soybean meal. 
However, these same parameters did not significantly affect the antimicro-
bial activity, which the films incorporating the lactoperoxidase system at 
5% presented zones of inhibition for S. typhimurium DT 104 ranging from 
<0.5 to 1.0 mm at inoculum levels ranging from 4 log CFU/cm2 to 2 log 
CFU/cm2. The sensory properties of sliced ham, including the intensity of 
glossiness, odor, hardness, cohesiveness, and flavor did not significantly 
affect by the coating with the defatted soybean meal film, suggesting the 
potential for the application to commercial ham or other meat products.

Edible film can be defined as a free standing thin layer of edible mate-
rial which can be applied between food components or on the surface 
of the food system, extending the shelf life and improve the quality of 
food by acting as moisture, gas, aroma, and lipid barriers. These films pro-
vide protection to a food product after the primary package is opened 
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and help to maintain the mechanical and rheological properties, color and 
appearance of foods [79, 135, 136]. Edible films prepared from SPI and 
cysteine were tested for coating of fresh-cut “Telma” eggplants during 
storage under modified atmosphere packaging and some quality param-
eters, including color, weight loss, and firmness were studied. The cysteine 
content of the SPI-based coating was studied at 0.5% in a first test and at 
1.0% in a second experiment. The results showed that the coated samples 
packed under modified atmosphere under 80 kPa O

2
 and control (atmo-

spheric conditions) resulted in the highest whiteness index values during 
storage, however the samples packed under a gas mixture composed by 
15 kPa CO

2 
+ 5 kPa O

2
 had the lowest whiteness index and consequently, 

did not improve the shelf-life of minimally processed eggplants. The stor-
age under modified atmosphere (80 kPa O

2
) and atmospheric conditions 

were more adequate to maintain firmness. On the other hand, the samples 
showed lower weight loss when stored under the two conditions of modi-
fied atmosphere compared to atmospheric conditions. For the samples 
packed under atmospheric conditions, the maximum commercial shelf-
life was reached on day 6. Findings indicate that cysteine may be used as a 
natural means for improving specific properties of SPI films, extending to 
9 storage days in the edible coating with 1.0% cysteine under atmospheric 
conditions [136].

González and Igarzabal [137] reported the preparation and char-
acterization of biodegradable bilayer films based on isolated soy pro-
tein (SPI) and poly (lactic acid) (PLA). The effects of the incorporation 
of antimicrobial agents (natamycin and thymol) into SPI-PLA films on 
an active packaging system were examined. The results showed that the 
films showed interesting properties such as high transparency and strong 
adhesion between layers. In addition, the application of the PLA layer 
presented an important effect on the mechanical properties of the films, 
decreasing the elongation at break and increasing the tensile strength and 
the Young’s modulus, resulting in a material less elongable and more resis-
tant compared to those of pure SPI films. The films incorporated with an 
antifungal (natamycin) and an antibacterial agent (thymol) and used as 
active packaging showed efficient effects on growth inhibition of mold 
(Aspergillus sp.), yeast (Saccharomyces cerevisiae) and two strains of bac-
teria (Escherichia coli and Staphylococcus aureus) by in-vitro microbio-
logical assays.

Soybean protein adhesives are nontoxic composites from renewable bio-
mass that show great potential for industrial applications. It is important 
to note that interesting properties of protein sources, such as peptizing and 
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protective colloid action, making them compatible with most other bind-
ers and components used in coating formulations, maximizing their use in 
bio-based adhesives [138, 139]. High reliability of the adhesive joint in the 
initial stage of drying, high adhesion strength, short setting time, pseudo-
plastic flow behavior and water resistance are some important properties of 
quality for adhesive materials [106, 138, 140]. However, the poor moisture 
resistance performance and low adhesion strength have been limited the 
use of soy protein-based adhesives in practical applications [139, 141]. Lei 
et al. [141] prepared a soy-based adhesive using defatted soy flour for ply-
wood. Epoxy resin, melamine–formaldehyde and their mixture were used 
as cross-linkers to improve the water resistance of soy-based adhesive. The 
results indicated that the three cross-linkers presented an important role to 
improve the water resistance of soy-based adhesive. Soy adhesive without 
cross-linking showed no water resistance, reaching 100% delamination of 
specimens when soaked in 63 °C water for 3 h. On the other hand, the sam-
ples prepared with a mixture of epoxy resin and melamine–formaldehyde 
was proved to be the best cross-linker for soy-based adhesive, indicated by 
the absence of specimen delaminated during the soak test.

The introduction of protein-based biomaterials has been showed 
extreme importance in biomedical applications. Composites (scaffolds) 
based on soy protein modified with heat treatment and cross-linked 
with transglutaminase was fabricated and tested in human mesenchy-
mal stem cells for tissue regeneration [142]. The scaffolds obtained were 
characterized in terms of their physico-mechanical properties and used 
for cultivation of human mesenchymal stem cells for evaluation of the 
changes in stem cell growth and morphology. The scaffold microstructure 
revealed rough surfaces, irregular pore shapes with sizes distributed in 
the range 10–125 μm, 2–5% moisture content and compressive moduli 
ranging between 50 Pa and 100 Pa. Enzyme treatments with transgluta-
minase significantly affect the moisture content and the pore sizes of the 
scaffolds, decreasing these values with the increasing amounts of applied 
enzyme. Scaffolds obtained from 3.0% SPI cross-linked with transglu-
taminase increased the degradation time compared to control groups 
(without enzyme treatment), which resulted in supported cell attachment 
and cell viability for up to 14 days. Scaffolds containing 5.0% SPI cross-
linked with 1 U of transglutaminase were stable in media, but did not 
allow the cell proliferation, while 3.0% SPI scaffolds treated with the same 
enzyme amount promoted the cell proliferation. These results indicated 
that the scaffolds obtained had great potential to be used in tissue engi-
neering applications [142].
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4.5  Applications of Soy Protein-Based 
Nanocomposites

Nanocomposites are a class of hybrid materials divided in two parts, one 
with organic and another with inorganic components, which are in a nano-
meter scale disperse in a polymeric matrix. The interest about this subject 
increased due to their excellent properties when compared to the virgin 
and conventional polymers.

The use of natural polymers to produce nanocomposites has been 
increasing due to its environmental appeal to replace present petrochem-
ical-based material. New approaches using green materials to produce 
bio-nanocomposites or eco-nanocomposites by incorporating organic and 
inorganic nanofilters, grafting polymer chains onto nanoparticle surface 
has been developed [6,7].

Soy protein is used in different forms such as flour, concentrate, textur-
ized and isolate protein to reinforce some materials properties as tensile 
strength, elongation at break, barrier, and others mechanical performances. 
The possible applications of soy protein nanocomposites include adhesives, 
asphalts, resins, cleaning materials, paper coatings, plastics, polyesters, and 
textile fibers allowing their use in a large area such as packing, medical, 
aerospace, and automotive fields.

4.5.1 Aerospace and Automotive Structures

Initially developed for aerospace structures, fiber-reinforced “green” 
nanocomposites are now found in applications from automotive parts to 
high-performance sporting goods where their properties per unit mass 
are critical for their performance. Both the Boeing 787 “Dreamliner” 
and Airbus A380 used a significant amount of these nanocomposites in 
their structure to reduce their mass and increase the fuel efficiency and 
payload [20].

The use of nanocomposites in automotive body panels is an interesting 
perspective of saving cost and decrease the environmental impact when 
compared with the use of steel and aluminum [143].

To produce automotive panels just moderate properties are required, 
high strength and stiffness are not necessary, thus allowing the use of plant-
based cellulosic fibers to build these nanocomposites [144, 145].

In the study of Huang et al. [146], self-assembled rigid supramolecu-
lar nanoplatelets from pluronic polymers with many lengths of polyeth-
ylene oxide and β-cyclodextrin were used to reinforce soy protein-based 
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plastics. The β-ciclodextrin powder was mixed with the pluronic polymer 
to produce a mixing solution in which a molar ratio between both was 
controlled. The authors observed that only a small amount of nanoplateles 
was able to disperse uniformly into SPI matrix and with the increasing of 
the nanoplatelets amount lead to a decreasing of mechanical performance 
due to a formation of rectangle objects into the matrix.

Nakamura et al. [20] developed a nanocomposite based on soy protein 
concentrate modified with glycerol and/or halloysite nanotubes. These 
authors characterized extensively the nanocomposites properties and 
mechanical performances to evaluate their use in vehicle and infrastruc-
ture applications. Promising results were reported; soy protein concentrate 
has low flammability when compared with petrochemical resins, such as 
epoxies and vinyl esters. Another interesting aspect is that the incorpo-
ration of 5% mass fraction of halloysites nanotubes (HNT) decrease the 
flammability without affects the mechanical properties.

4.5.2 Packing

Packing films and coatings used on pharmaceuticals, confections, fruits, 
vegetables, and some meat products, are usually from lipids, proteins, 
carbohydrates, or composites of the three. They provide extra protection 
against desiccation, oxidation, or other modes of deterioration. Interest in 
protein-based films has been centered on casein, collagen, corn zein, gela-
tin, soy protein, and wheat gluten [19].

The properties of forming brilliant film made of soy protein a poten-
tial biopolymer source to use as packing material, however, mechanical 
and barrier properties should be improved as long as soy-based films are 
brittle being necessary add plasticizers to obtain flexibility [147]. To solve 
this problem one possible technique is reinforce the soy protein polymer 
matrix with montmorillonite (MMT).

Kumar et al. [148] prepared films based on SPI and with MMT using 
melt extrusion. The authors achieved important improvement in mechani-
cal (tensile strength and percent elongation at break) and dynamic 
mechanical properties (glass transition temperature and storage modu-
lus), thermal stability and water vapor permeability when reinforced these 
material. Among the variables investigated, pH of films forming solutions, 
MMT content and extrusion conditions were the variables that affected 
more the films properties. The resultant film made of soy/MMT is recom-
mended to be used for packing food with high moisture content as fresh 
fruit and vegetable in order to replace low density polyethylene (LDPE) 
and polyvinylidene chloride (PVDC).
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4.5.3 Medical

Nanocomposite materials involving electrospun fibers are of particular 
interest, and probably one of the most promising application areas for 
modern electrospinning is biomedical materials. Auspicious applications 
of electrospun fibers in biomedical engineering include tissue-engineering 
scaffolds, controlled drug release depots, wound dressings, coatings for 
medical-implant devices, nanocomposite materials for dental restoration, 
membranes for molecular separations, and biosensor coatings [149].

Regarding the usage of soy protein, Vega-Lugo and Lim [31] studied 
electrospun fibers from SPI/poly (ethylene oxide) (PEO) blend and poly 
(lactic acid) for the encapsulation of allylisothiocyanate (AITC), a natu-
ral occurring antimicrobial compound, and among other results observed 
that the release of AITC increased proportionally as relative humidity 
increased, revealing a antimicrobial nanofiber which may be useful in 
active packing applications.

A promising work was carried out by Reddy and Yang [150] which pro-
duced soy protein fibers using the wet spinning method and evidenced 
that those fibers have wet strength of 19 MPa compared with 1.2–2.4 MPa 
for noncross-linked collagen fibers. The authors also reported that fibro-
blasts grown on soy protein fibers showed good attachment, growth, and 
metabolic activities indicating that those fibers are suitable as tissue engi-
neering substrates.

4.6 Conclusion

It has been demonstrated that soy protein, an abundant and cheap raw 
material, showed good potential for development of biomaterials with sev-
eral applications. New techniques, including physical, chemical and enzy-
matic methods, have been developed to build soy protein-based blends, 
composites and nanocomposites and their interactions with different 
components to enhance specific mechanical properties. Some applications 
include the use of these biomaterials as components of adhesives, films, 
resins, paper coatings and plastics in particular areas such as biomedical, 
optoelectronic, optical coating and packaging. It is important to note that 
most of these studies were carried out on a laboratory scale, so there is 
a lack of data about industrial application in large scale. The use of soy 
protein in large scale would be very important for the environment issue 
as long as is a biodegradable material. It is essential that future research in 
the field of biomaterials using soy proteinis focused to improve important 
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characteristics for application, such as mechanical and thermal properties, 
durability and moisture resistance to make them competitive with the syn-
thetic materials.
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Biomedical Applications of Soy Protein
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Department of Chemistry, University of Fort Hare, Eastern Cape, South Africa

Abstract
Soy protein is a readily available biopolymer that has been reported to be useful 
in wound dressing, tissue engineering, and drug delivery systems. Its biomedi-
cal applications are attributed to its unique characteristics such as biodegradabil-
ity, biocompatibility, a�ordability, and low immunogenicity. It is limited by poor 
mechanical properties and is combined with synthetic polymers and other materi-
als resulting in improved mechanical properties. �is chapter will be focused on 
the biomedical applications of soy protein in drug delivery systems, wound dress-
ing, and tissue regenerative medicine.

Keywords: Soy protein, wound dressing, drug delivery systems, tissue regenera-
tive medicine

5.1 Introduction

Soy proteins (SPs) are natural, non-animal-based proteins that are found 
in soybeans. Presently, there is an increase in the addition of SP to food 
products due to its unique composition and nutritional content. A report 
by Anderson et al. showed that more than 11,000 food products contain 
SP [1]. Soybean is a legume and its plant is classi�ed as an oilseed by 
the UN Food and Agriculture Organization (FAO). It varies in sizes and 
seed-coat colors (i.e., from black, brown, blue, yellow, green to uneven 
colors). Dry soybean contains 60% protein content, soy bean oil, and 
35% carbohydrate (soluble and insoluble). �e soybean oil contains 
phytosterols (Figure 5.1), namely brassicasterol, campesterol, sitosterol, 
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stigmasterol which can be converted into steroid hormones [2]. The oil 
has a good amount of omega-3 and omega-6. The soluble carbohydrates 
(Figure 5.2) found in soybean seed are sucrose (range 2.5–8.2%), raffi-
nose (0.1–1.0%), and stachyose (1.4–4.1%) while the insoluble carbohy-
drates are cellulose, hemicellulose, and pectin [3]. Soybeans are referred 
to as a source of complete protein because it contains significant amounts 
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of all the essential amino acids needed by the human body which the 
body is unable to produce [4, 5]. They are considered to be useful in 
the prevention of cancer and reduction of serum cholesterol levels [4]. 
Soybeans also contain a high amount of phytic acid that are antioxidant 
and can inhibit the growth of cancer cells, reduce blood sugar level and 
inflammation [6–8]. They are also a good source of fibre, iron, calcium, 
zinc, and vitamin B [9].

SP has several other health benefits such as it prevents bone loss and 
promotes a healthy heart in menopausal women and this is due to the pres-
ent of estrogen called phytoestrogen [10]. Due to the great health benefit of 
SP, it is presently investigated in drug delivery devices, regenerative medi-
cine, and tissue engineering. This chapter will be focused on the biomedi-
cal applications of SP.

5.2 The Forms of SP

The forms of SPs are texturized SP, SP concentrates, SP isolates, and SP 
flour and grits [11].

Texturized SP
Texturized SPs are defatted soy flours or concentrates which are mechani-
cally processed by extruders and heating resulting in meat-like chewy tex-
tures. Extrusion cooking of SP flours or concentrates offers some benefits 
such as inactivation of trypsin inhibitors, control of bitter flavors, homoge-
neous bonding of ingredients that may include color, chemicals and other 
additives which can have effects on appearance and denaturing of the pro-
teins [12, 13].

SP isolates
They are a refined form of SP with a protein content of about 90%. They 
are prepared by subjecting defatted soy flour to moist heat treatment so as 
to remove water insoluble carbohydrates followed by extraction with water 
and alkali at a pH of 7 to 8.5. The extract pH is adjusted to 4.5 resulting in 
precipitation of the proteins which are collected by centrifugation or fil-
tration. The precipitated proteins are then washed, neutralized, and dried 
resulting in a neutral flavor [13]. They are used to improve the texture of 
meat products, to increase protein content, to enhance moisture retention, 
as an emulsifier, for scaffolds, wound-dressing materials, and drug delivery 
devices [13].
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SP concentrates
They contain about 70% SP and it is prepared from defatted flakes or flour 
by washing with 60–80% alcohol resulting in the removal of sugars and 
other compounds that are soluble in alcohol. The concentrates are dried at 
an almost neutral pH. Acid leach is performed at pH 4.5 to remove the sug-
ars and the wet protein concentrate is neutralized and dried. Moist heating 
is then applied so as to denature the proteins in the flakes or flour followed 
by a water wash to remove the sugars and other minor components [13]. 
They are used in a variety of food products such as in baked foods, break-
fast cereals, and in some meat products. They are also used in meat and 
poultry products to improve the nutritional values. They exist in different 
forms such as flour, spray dried, and granules.

SP flour and grits
SP flour and grits contain 40–54% SP and they are prepared by grinding 
soybeans into a fine powder. They exist in different forms such as whole 
containing natural oils and defatted four in which the natural oil has been 
removed. SP flour is gluten-free [13]. SP flour has a 0.157 mm-sieve pore 
size where as grits are coarser.

5.2.1 Properties of SP

Although SP is widely used in food, it is a biomaterial that is used in scaf-
folds for tissue engineering and drug delivery devices. SP products can 
swell when they absorb water or can dissolve in water and this is an impor-
tant functional property in drug delivery systems. This characteristic is 
applicable to plant-based protein products. The interaction of plant protein 
product with water can be influenced by various factors such as process-
ing treatment during their manufacture and storage, hydrophilicity and 
hydrophobicity balance, surface amino acid composition, and environ-
mental conditions including pH, ionic strength, and temperature [14,15]. 
Soybeans is the most cultivated plant in the world and as such, SP is readily 
abundant and cheap, it is biopolymer, renewable resource, biodegradable, 
biocompatible, and environmentally friendly [16–18]. It contains selected 
functionalities such as –OH, –SH, –NH

2
 which are prone to chemical and 

physical modifications.

5.2.2 Application of Plant Protein in Biomedical Applications

Plant proteins are used in biomedical applications such as drug delivery 
systems and scaffolds for tissue regenerative medicine because protein 
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makes up a major part of the body. Plant proteins are biocompatible and 
have the ability to maintain the functions of extracellular matrix when used 
as scaffolds. They can be tailored so as deliver bioactive agents to the body 
at selected pH because they contain functional groups that have different 
charges and this is dependent on the pH [19]. This is one unique charac-
teristic that is lacking in synthetic polymers. Plant proteins are safer to use 
for medical applications because they do not pose the risk of disease trans-
mission and potential immunogenicity as in the case of collagen, an ani-
mal-based protein which was reported to transmit mad cow disease. [20]. 
There are also reports of immunogenic effects of collagen on some patients 
[20]. Plant proteins are biodegradable, nonimmunogenic, and affordable, 
for example, corn, soybeans, and wheat. They have low molecular weight, 
high net negative charge, wide range of isoelectric points and they are con-
sidered suitable for delivery of positively charged bioactive agents [21]. 
They are hydrophilic because of the presence of polar amino acids and this 
attribute is responsible for their attraction to cells [21]. And because of the 
aforementioned characteristics of plant proteins, they are used to develop 
hydrogels, films, fibers, nanoparticles for tissue engineering, regenerative 
medicine, and drug delivery. However, plant proteins-based biomaterials 
have poor mechanical properties and poor hydrolytic stability and because 
of this, they are usually cross-linked or blended with synthetic polymers so 
as to improve its mechanical properties [21].

5.3 Wound-Dressing Materials

Wound healing is a process that is complicated, physiological and depen-
dent on various factors such as enzymatic pathways, cellular and biochem-
ical components. Selected biopolymers exhibit excellent structural and 
physicochemical properties which makes them suitable for preparation of 
wound-dressing materials. A wound-dressing material is usually prepared 
so as to be in direct contact with the wound. It is used to stop bleeding and 
to start clotting so that the wound can be healed, to absorb excess blood, 
plasma, or other fluids, to ease pain, to prevent infection of the wound, 
and to reduce psychological stress by covering the wound from the view of 
people and the patient [22]. Wound healing is dependent on a combina-
tion of inflammatory, vascular, connective tissue, and epithelial cells activi-
ties [22]. To reduce skin scar formation and speed-up the healing process, 
different wound dressings are presently in use. An ideal wound dressing 
exhibits selected characteristics such as [22,23] it provides mechanical 
and bacterial protection; it maintains a moist environment at the wound/
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dressing interface; it allows gaseous and fluid exchange, it is nonadherent 
to the wound; nontoxic, nonantigenic, and nonallergic; it provides pain 
relief; highly absorbable; absorbs wound odor; easily sterilized; biodegrad-
able, easy to use and affordable. Different types of wounds require differ-
ent dressings or combination of dressings and there are different types of 
wound [22] dressing: dry dressings such as gauze and bandages, nonadhe-
sive meshes, membranes and foils, foams, and tissue adhesives; moisture-
keeping dressings such as pastes, creams, and ointments, nonpermeable or 
semipermeable membranes or foils, hydrocolloids, hydrogels, and combi-
nation products; bioactive dressings such as antimicrobial dressings, inter-
active dressings, single-component biologic dressings, and combination 
products [22].

5.3.1 Application of SPs in Wound Dressings

SP has advantage over other natural proteins and is used for wound dress-
ings because of its low cost, non-animal origin, long storage time and sta-
bility. Specific amino acids in protein play an important role in wound 
healing, tissue regeneration, and building block components. These amino 
acids are arginine and glutamine. Arginine enhances efficient wound 
repair and immune function while glutamine is used by inflammatory 
cells in the wound for proliferation and as a source of energy [24–26]. SP 
contains arginine (7.5%) and glutamine (19%) (Figure 5.3) [27–28]. SP 
has a good affinity to human skin. Different forms of wound dressings are 
prepared from SP such as hydrogels, films, granules, paste, and nanofibres 
(Figure 5.4).

5.3.1.1 SP-Based Nanofibres for Wound Dressing

Nanofibres are generated by electrospinning. They exhibit unique prop-
erties such as increased surface area and reactivity, increased strength, 
ability to mimic extracellular matrix by acting as scaffolds that allow the 
cells to proliferate and high drug loading ability [29]. Due to their unique 
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Figure 5.3 Structures of main compounds in SP responsible for enhanced wound healing.
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properties, they are used in wound dressing and tissue engineering. In 
wound dressing, their excellent pore densities and pores interconnectivity 
allow fluid to exude from the wound thereby avoiding the stagnating of 
fluid under wound dressing [29]. 

In a study by Har-el et al., an electrospun SP-based tissue scaffolds were 
prepared for wound dressing and the wound-healing ability of the scaf-
folds was demonstrated using Yorkshire pigs [30]. The time and quality of 
wound-healing tissue were evaluated using histology (H&E and Masson’s 
trichrome staining). Two weeks after a single application of SP-based scaf-
folds, the wounds showed robust signs of re-epithelialization and this was 
absent in the control wounds. After 4 weeks the wounds treated with SP 
scaffolds contained a stratified epithelial layer in the epidermis that looked 
essentially normal while the connective tissue in the dermis attained a cellu-
lar and organized appearance. In the untreated control wounds, the epider-
mis appeared immatured, while the dermis was still replete with numerous 
inflammatory/immune cells. Masson’s trichrome staining further confirmed 
an increased presence of collagen in the dermis of the wounds treated with 
SP scaffolds at 4 weeks, while the control wounds were devoid of collagen. 
Sweat glands and hair follicles were observed after 4 weeks on the wounds 
treated with SP scaffolds and this was not observed in the untreated con-
trols wounds. The scaffolds degraded rapidly during the wound-healing 
process and were fully adsorbed after 4 weeks. It was hypothesized that pro-
teolytic degradation of the scaffolds might liberate some of the cryptic pep-
tides contained in the SP which might enhance the wound-healing process 
by a mechanisms that is not understood yet [30, 31].

In another research report, a blend of SP isolate and poly(ethylene oxide) 
nanofiber web was prepared by electrospinning process [26]. The moisture 
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Figure 5.4 Different forms of wound dressings prepared from SP.
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vapor transmission rate result showed that the blended electrospun web 
provides suitable moist environment over the wound. The effect of the 
nanofiber web on wound healing was performed using female Wistar rats 
and excellent wound healing was visible by the growth of new epithelium 
without any significant adverse reaction. The nanofibre web exhibited good 
antibacterial activity against both Staphylococcus aureus and Pseudomonas 
aeruginosa. After 2 days, epithelial cells were formed on both the control 
wound and test wound but the rate of healing was different. The rate of 
healing was faster on the wound covered with the nanofibre web and this is 
attributed to the supply of glutamine from SP isolate for new cell prolifera-
tion and as a source of energy. On the fourth day, the test wound was fully 
covered and the thickness of the wound was reduced when compared to 
the control wound. On the eighth day, the control wound was fully covered 
with partial hair growth which indicated the growth of epithelial cells and 
the underlying dermal tissue was well vascularized [26].

5.3.1.2 SP-Based Films and Membranes for Wound Dressing

Protein-based films used for wound dressing are usually processed in water 
or under low moisture. SP-based films are prepared using several meth-
ods such as solvent casting, extrusion, solvent casting, spinning, and ther-
mal compaction [32]. The properties of the films can be modified by the 
addition of plasticizers, cross-linkers, varying the amount of protein, and 
preparation conditions [32]. The films exhibit good water vapor transmis-
sion from the skin therefore avoiding stagnation of fluid under the wound 
dressing that can enhance infection and maceration.

Peles and Zilberman reported application of SP isolate-based films for 
wound dressing [32]. An antibiotic drug, gentamicin was incorporated 
into the films for local controlled release andfor protection against bacte-
rial infection. The type of plasticizer, cross-linking agent and method of 
cross-linking were found to influence the tensile properties, the degree 
of water uptake, and the weight loss profile of the films. The water vapor 
transmission rate of the films was found to be in a range 2300 g/m2 per 
day. The release study kinetics showed that release profile of gentamicin 
from the films was sustained and maintained for at least 4 weeks. The 
release mechanism of gentamicin from the films was dominantly by dif-
fusion. These films were found to be potentially useful wound dressing for 
burn and ulcer wounds [32].

In another research report by Peles et al., homogeneous high-quality 
SP-based films encapsulated with gentamicin were tested for their effects 
on bacterial inhibition. The cytotoxicity and in vitro biocompatibility of 
these films were examined. The drug released from the films during an 

www.ebook3000.com

http://www.ebook3000.org


Biomedical Applications of Soy Protein 111

indirect cytotoxicity test was found to be safe and the biocompatibility test 
showed merging cell cultures in close proximity to the SPI films [33].

In some research reports, the physicochemical properties of potential 
SP-based wound dressing were studied. Silva et al. prepared blended mem-
branes composed of chitosan and SP for wound healing and skin tissue-
engineering scaffolding. The content of chitosan and SP was varied in the 
prepared membranes. Physicochemical properties of these membranes 
were studied and the findings suggested that they are potential wound 
dressing [34].

In a research study by Ramnath et al., composite biomaterials prepared 
from SP and sago starch cross-linked with gluteraldehyde were prepared 
as temporary wound-dressing materials [35]. In vivo study was performed 
using 78 male albino Wister rats weighing 150–200 g. Full-thickness 
excision wounds were made on the back of male rats and the prepared 
wound dressing was applied on the wounds and changed periodically at 
an interval of 4 days. The wounds treated with the composite biomate-
rials prepared from SP and sago starch cross-linked with gluteraldehyde 
healed completely on twentieth day after wound creation, whereas control 
wounds showed complete healing only on the twenty-fifth day. There was 
also a significant increase in total collagen, hexosamine and uronic acid 
contents in the granulation tissues of the treated wounds. The prepared 
composite was found to be an excellent wound-dressing material due to 
its ability to absorb excess exudates, maintain a moist environment at the 
wound site, and enhance wound healing in the experimental animals [35].

There is also a report of membranes which was prepared from chito-
san and SP isolate. Wound-healing ability of these membranes was studied 
on  20 male Sprague-Dawley rats that weighed between 230–280 g for a 
period of 2 weeks. The rat were divided into three groups (1) Group A: – 
wound directly covered with the prepared membranes; (2) Group B – 
wound directly covered with Epigard, a wound dressing that is used in 
clinical practice for short-term purpose; (3) Group C – no coverage of 
the wound. Wounds covered with the prepared membranes healed faster 
and re-epithelialization was observed a week after application of the mem-
branes. This was followed by cornification of the outermost epidermal 
layer at the second week of dressing signifying repair of the wound tissue. 
These membranes possessed some other unique features such as ease of 
handling and final esthetic appearance [36].

5.3.1.3 SP-Based Hydrogels for Wound Dressing

Hydrogel dressings are available as gels, sheets, and gels preapplied to 
gauze. The gels are used for cavity wounds, and the sheet dressing and 
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impregnated gauze can be applied to surface wounds [37]. Hydrogel dress-
ings are useful for chronic wounds with slight exudation. These dressing 
have high water content and are able to keep granulation tissue and fresh 
epithelial tissue moist thereby protecting them from external mechanical 
stress and infection [38]. There is very little report on the SP-based hydro-
gels for wound dressing.

In a research report, biomimetic hydrogel for moist wound dressing 
application was prepared from poly(ethylene glycol) and SP with a water 
content of 96%. The relationship between the structural parameters of the 
network, its mechanical properties, and protein absorption in vitro was 
studied. Elastic moduli varied from 1 kPa to 17 kPa and this was dependent 
on the hydrogels composition. The Poisson’s ratio was ≈0.18 and defor-
mation at break ≈300% showed no dependence on this parameter. The 
reactions between polyethylene glycol and SP-created polymeric chains 
comprising of molecules of poly(ethylene glycol) and protein fragments 
between cross-links. The average molecular weight was three times higher 
than expected for a theoretical network [39].

Shigel et al. prepared and evaluated soft hydrogel system based on the 
poly(ethylene glycol)–protein conjugates as an occlusive wound-dressing 
material [40]. The hydrogel material contained 96% of liquid. It was for-
mulated with phosphate-buffered saline and safe preservative to control 
bacterial load in the open wounds. The wound-dressing material was 
assessed in partial and full thickness wounds in pigs. The wounds treated 
with the hydrogels healed without any signs of inflammation, skin irrita-
tion, oedema, or erythema. Cellular composition of the re-epithelialized 
wounds was very similar to that of the normal skin, with a well-developed 
stratum corneum and epithelial layer. The hydrogel played an important 
role in providing pronounced hydration effect and maintaining a natural 
moist environment to the healing tissues. The hydrogels showed relatively 
low-protein-absorbing activity, absorbing predominantly low-molecu-
lar-weight molecules, including interleukin (IL)-1b, IL-6, transforming 
growth factor-b1 and products of haemoglobin degradation. The results 
obtained indicated that the wound dressing promoted fast re-epithelializa-
tion by creating favorable environment for keratinocytes proliferation and 
it also reduced scarring. The hydrogels were found to be biocompatible and 
inflammatory inert wound-dressing material [40].

Shevchenko and Santin reported the application of biomaterials that 
were formulated either as hydrogel or as a paste formulation. These for-
mulations were assessed as wound dressings and dermal substitute in vivo 
using model pig skin. The wound dressing was changed every 3 day. 
Collagen deposition was observed and it is believed to be induced by the 
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presence of SP. A unique pattern of early inflammatory response, eliciting 
neutrophils and controlling macrophage infiltration, followed by tissue cell 
colonization of the wound bed with a significant deposition of collagen 
fibres were observed. In large size, nonhealing wounds, wound dermis was 
best obtained with the paste formulation as hydrogels appeared to be too 
loose to ensure lasting scaffolding properties [41]. The general observa-
tions of the soybeans formulations in wound healing were that it exhibited 
a faster degradation time when compared toother collagen-based bioma-
terials; an inflammatory response that maintained neutrophil/macrophage 
balance in favor of the neutrophils, thus reducing the risks of infections, 
chronic inflammation that can result in scarring and the stimulation of 
collagen synthesis and angiogenesis promoting tissue repair in wounds not 
capable of spontaneous healing [41].

5.4  Potential Applications of SP in Regenerative 
Medicine and Tissue Engineering

Natural-based biomaterials have several advantages when compared to 
synthetic biomaterials. Some of these advantages are biocompatibility, 
biodegradability, and remodelling [42]. These advantages are useful in 
regenerative medicine and tissue engineering. Natural-based biomate-
rial can be further classified into: (1) protein-based biomaterials, for 
example,collagen, gelatin, silk, SP; (2) polysaccharide-based biomateri-
als, for example, cellulose, chitin/chitosan, glucose, and (3) decellular-
ized tissue-derived biomaterials, for example, decellularized heart valves, 
blood vessels, liver [42]. Protein-based biomaterials are classified as ani-
mal- and plant-based biomaterials. Natural-based biomaterials are used 
to replace or restore structure and function of damaged tissues/organs 
because they can support cell adhesion, migration, proliferation, and dif-
ferentiation [42]. When they are implanted into a defective tissue/organ, 
they enhance the attachment and migration of cells from the surrounding 
environment and thus induce extracellular matrix formation and promote 
tissue repair [42]. Animal-based proteins biomaterials suffer from some 
shortcomings such as toxicity [43], poor water stability [43], high potential 
of transmission of pathogens [44], and low cross-linking efficiencies and 
this has limited their use in tissue engineering and regenerative medicine. 
The use of SP or blends of SP with other polymers or macromolecules that 
enhanced cell proliferation has been reported. They have been reported 
to possess unique characteristics that make them potential materials that 
can beused in the repair and replacement of damaged human tissues and 



114 Soy Protein-Based Blends, Composites and Nanocomposites

organs. Synthetic-based biomaterials exhibit some disadvantages such as 
their structure and composition is not similar to native tissues and organs, 
low biocompatibility, and their ability to induce tissue remodelling is very 
low [42].

In a research report by Silva et al., SP-based membranes were prepared 
by cross-linking with glyoxal and tannic acid [45]. The membranes were 
subjected to in vitro degradation analysis for a period of 15 days. The mem-
branes exhibit partial degradation and were found to be water resistant. 
They exhibited low rate of water transmission and this was attributed to 
the protein conformation, that is, globular protein. Adhesion and prolif-
eration studies were performed for 7 days using SEM analysis. SEM images 
displayed a cluster of cells on the surface of the membrane. The membrane 
subjected to thermal treatment showed a film of cell formation on the sur-
face of the membrane. Thermal treatment of the membranes reduced the 
cell adhesion ability [45]. However, the physical modification by thermal 
treatment had an outstanding effect on the membranes mechanical prop-
erties and in vitro biological behavior.

Chein et al. studied the biocompatibility of SP scaffolds fabricated by 
freeze-drying and three-dimensional printing [46]. The content of SP in 
the scaffolds was varied. It was assessed using a subcutaneous implant 
model in female BALB/c mice age 6–8 weeks. The size of the implants in 
the mice was measured using digital calliper 3 days after implantation and 
after every 3 days. The implanted scaffolds degraded over time with mini-
mal scarring and no infections. One percentage containing SP scaffolds 
exhibited 100% degradation by day 15 while others degraded by day 18. No 
visible deformity as a result of the implant was seen at the implantation site.
The skin and hair growth appeared normal and Masson’s trichrome stain-
ing showed very little evidence of damage or fibrosis at the soy implant site. 
Scaffolds of higher SP content were still present after 56 days. H&E stain-
ing revealed that macrophage infiltration was hindered in the denser bio-
plotted soy scaffolds, causing slower degradation. Analysis of soy-specific 
antibodiesin mouse serum after implantation revealed levels of IgG1 that 
correlated with higher scaffold weight and protein density. Soy-specific 
IgE was not detected, signifying the absent of an allergic response to the 
soy implants. These results indicated that SP is a potential biocompatible 
implant for tissue regeneration. The scaffold porosity, SP density, and scaf-
fold degradation rate significantly affected the acute and humoral immune 
response [46].

Chien and Shah prepared porous SP-based scaffolds [47]. SP was 
modified by heat treatment and enzyme cross-linking using transgluta-
minase in maltodextrin. The content of SP was varied in the prepared 
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scaffolds. All the scaffold pore sizes were normally distributed in the 
range 10–125 μm. Enzyme treatment significantly lowered the mois-
ture content. Increasing the amounts of appliedenzyme units, lowered 
the median pore size. Enzyme treatment did not affect the mechanical 
properties of the scaffolds. It increased the degradation time by a week. 
Human mesenchymal stem cells (hMSCs) were seeded and cultured in 
vitro on the scaffolds for a period of 2 weeks. The changes in scaffold deg-
radation altered the growth and morphology of seeded hMSC. Cell pro-
liferation was observed in scaffolds containing 3% SP isolate treated with 
1 U of transglutaminase. The scaffolds enhanced cell attachment and cell 
viability for 2 week. In the 3% SP-containing scaffolds, cells proliferated 
with a threefold increase in DNA content was observed over the 2 weeks. 
The DNA content was constant over 2 weeks for the 5% SP-containing 
scaffolds. Three percentage SP-containing scaffolds showed that the cells 
either formed a cell sheet or integrated into the scaffold pores. These 
results demonstrated that controlling scaffold degradation rates is crucial 
for optimizing hMSC growth on SP scaffolds indicating their potential in 
tissue engineering applications [47].

In a research report by Silva et al., a series of blended membranes were 
prepared from chitosan and SP isolate by solvent casting method [48]. 
Cross-linking was performed in situ with glutaraldehyde solutions in the 
range 5 × 10−3 − 0.1 M. The obtained results showed that the incorpora-
tion of SP isolate and chitosan to the network by cross-linking, promoted 
a slight decrease in water absorption and decreasedthe degree of degrad-
ability of the membranes. A biocompatibility study was performed on the 
membranes using L929 cells and the results obtained indicated that the 
membranes support cell growth [48].

Xu et al. reported nonwoven nanofibre membranes that were pre-
pared from SP isolate and polyethylene oxide by dissolving them in 
1,1,1,3,3,3-hexafluoro-2-propanol [49]. They were prepared from the solu-
tion by electrospinning. Polyethylene oxide was used as a co-spinning 
polymer so as to improve the spinnability of SP isolate. The ratio of SP to 
polyethylene oxidewas varied. The diameter of most of the nanofibres was 
in the range of 200–300 nm. All the nanofibre membranes showed super-
hydrophilicity and were found to be useful in biomedical applications [49].

Xu et al. reported the preparation of water-stable electrospun SP-based 
scaffolds [43]. The scaffolds had large volume and ultrafine fibres oriented 
randomly and evenly in three dimensions. They were used to simulate 
native extracellular matrices of soft tissues. The disulphide cross-links 
in SP were cleaved to facilitate its dissolution in an aqueous solvent sys-
tem. The solution obtained was then electrospun into bulky scaffold. The 
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three-dimensional ultrafine fibrous SP scaffolds demonstrated long-term 
water stability and maintained their fibrous structures after incubation in 
PBS for up to 4 weeks. In vitro study was performed on two-dimensional 
scaffolds and the three-dimensional ultrafine fibres scaffolds. Cells could 
not be observed 60 μm below the surface of the SP two-dimensional scaf-
fold. The distribution of cells in each plane was uniform. The tight pack-
ing of fibres in the horizontal direction and lack of space in the thickness 
direction are believed to may have contributed to the low penetration of 
cells in the two-dimensional structures, resulting in a neotissue of this 
scaffolds. This shortcoming indicated that they cannot be used in large 
volume reconstruction in soft tissue regeneration. Three-dimensional SP 
fibrous scaffolds exhibited higher proliferation rates of the adipose-derived 
mesenchymal stem cells. The amount of cells attached on three-dimen-
sional scaffolds was 163% and 210% times more than the two-dimen-
sional scaffolds. After 2 weeks of cell culture, the proliferation of cells on 
SP three-dimensional fibrous scaffolds was 227% and 114% higher than 
the two-dimensional scaffolds. The tight packing of fibres in the two-
dimensional scaffolds hindered the penetration of cells vertically, whereas 
the multiple pores and high porosity of the three-dimensional scaffolds 
enhanced the migration and penetration of cells into the interior of the 
structures. In vitro study showed that the three-dimensional SP scaffolds 
supported uniform distribution and adipogenic differentiation of adipose-
derived mesenchymal stem cells when compared to two-dimensional SP 
scaffolds [43].

In another research report, the parameters for electrospinning fibrous 
scaffolds from SP isolate by the addition of poly(ethylene oxide) dissolved 
in 1,1,3,3,3-hexafluoro-2-propanal were investigated. Their physicochemi-
cal properties were studied and they were found to exhibit mechanical 
properties that are similar to human skin. They promoted proliferation of 
cultured primary human dermal fibroplast alone and in organic co-culture 
with primary human epidermal keratinocytes. Similar gene expression 
profiles of fibroplasts cultured on SP isolate substrate were seen at time 2 h 
and 24 h [50].

Santos also reported the preparation of hybrid membranes from chito-
san and SP isolate [51]. They were prepared by a combination of a sol–gel 
method and solvent casting. The effect of these membranes on the activa-
tion of human polymorphonuclear neutrophils (PMNs) was studied. The 
effect of the biomaterials on the activation of PMNs was assessed by the 
quantification of lysozyme and reactive oxygen species. In vitro studies 
revealed that the membranes exhibited low stimulation of human PMNs 
for the release of lysozyme and for the production of ROS found in the 
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respiratory burst. The low in vitro stimulation of the PMNs induced by 
these membranes indicated that they can promote normal wound-healing 
process and restoration of tissue function when implanted in vivo [51].

Shevchenko and Satin demonstrated the healing properties of soy-
bean-based hydrogels and pastes in two pre-clinical in vivo models 
based on healing (full-thickness punch biopsy model) and nonhealing 
(full- thickness chamber model) [41]. Two paste formulations were pre-
pared by mixing granules with hydrogels without or with genipin cross-
linking: (1) Soybean-based granules (40%) and soybean-based hydrogel 
(60%); (2) Soybean-based paste cross-linked with 1% (w/v) genipin. All 
the wounds treated with soy-containing biomaterials showed signs of 
inflammation after 8 days of implantation. This acute inflammatory reac-
tion toward the soybean-based hydrogel was resolved by day 15 and the 
material was completely reabsorbed and tissue cells populated the wound 
site depositing new extracellular matrix. The paste formulations were 
stable and exhibited tissue scaffolding properties over a longer period of 
time and were still present after 25 days of implantation. The hydrogels 
exhibited fast degradation thereby creating space among the more stable 
granules that gradually encouraged tissue infiltration, first in form of acute 
inflammatory response exhibiting a prevalence of neutrophils to that of 
macrophages, later inducing the thorough invasion of new dermis where 
collagen and vessels gradually progressed from the bottom of the wound 
toward its surface [41].

Silva et al. reported soy- and casein-based membranes for biomedical 
applications [45]. The membranes were subjected to cross-linking with 
glyoxal and tannic acid followed by thermal treatment. The cytotoxicity 
of both soy- and casein-based protein biomaterials was evaluated and it 
correlated with the materials degradation behavior. Soy- and casein-based 
protein used did not exert any cytotoxic effect over cells. However, they 
enhanced cell proliferation [45].

Electrospun fibers were prepared from SP isolate having an average fiber 
diameter in the nanometer range for tissue engineering applications. Fiber 
formation was enhanced by the addition of poly(ethylene oxide). The SP 
isolate/poly(ethylene oxide) mats were cross-linked using carbodiimide 
to increase its robustness. SP isolate/poly(ethylene oxide) fiber diameters 
ranged between 50 nm and 270 nm depending on electrospinning and solu-
tion parameters. The Young’s modulus for 7% SP isolate/3% poly(ethylene 
oxide) and 12% SP isolate/3% poly(ethylene oxide) electrospun scaffolds 
were 75 kPa and 252 kPa, respectively. In vitro analysis showed that hMSC 
adhesion and proliferation on the SP isolate/poly(ethylene oxide) fibers, 
indicating their potential applications in tissue engineering [52].
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In another research, SP slurry was successfully printed using the three-
dimensional bio-plotter to form scaffolds. The structural integrity of the 
scaffolds during printing was evaluated. The optimal mass flow rate for 
printing soy slurry at 27 °C was 0.0072±0.0002 g/s. The addition of dithio-
threitol to soy slurries demonstrated the importance of disulfide bonds in 
forming solid structures upon printing. Resulting bio-plotted SP scaffolds 
were cured using 95% ethanol and post-treated using dehydrothermal treat-
ment (DHT), a combination of freeze-drying and DHT and chemical cross-
linking using 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide. Seeding 
efficiency of hMSCs was highest for nontreated and thermally treated scaf-
folds and all the scaffolds supported hMSCs viability over time [53].

Chien et al. reported SP injectable hydrogels that were prepared without 
chemical modifiers or cross-linkers [54]. In vivo viability and growth of 
seeded L929 mouse fibroblasts demonstrated that the hydrogels were bio-
compatible in vitro for 1 week. Soy hydrogels were injected into the subcu-
taneous pocket of mice and histological staining showed minimal fibrous 
capsule formation up to 20 days. It was found to be a potential biomaterial 
for tissue engineering and drug delivery applications [54].

5.5  Application of SP Product for Regeneration of 
Bone

Soy protein is being investigated for their ability to repair bone defects. 
Materials used for regeneration of bones are required to be easy to han-
dle, biodegradable, noncytotoxic, nonimmunogenic and must be able to 
induce bone regeneration. Soybean is an attractive source of biomate-
rial for bone repair because it contains bioactive phytoestrogens that can 
induce differentiation of osteoblasts (i.e., bone-forming cells) [55]. It also 
exhibits some of the characteristics required for materials used in bone 
regeneration. Soybean-based biomaterials used in bone regeneration are 
prepared by thermosetting of soybeans flour which are then processed 
into different forms [55] depending on the applications such as bone fill-
ers, hydrogels, composites, granules, membranes, and composite foams. 
The soybean-based bone fillers are ductile, adapt easily to the implantation 
site and are potential biomaterials for applications in orthopaedic, max-
illofacial and periodontal surgeries [55]. They absorb water and exhibit 
rubbery consistency, biocompatible, biodegradable, and cost competitive 
[56]. Currently, materials such as calcium phosphate cement, bone marrow 
replacement and auto grafting, allografting cancellous bone, and vascular-
ized bone grafts are used for regeneration of bone. Their use in clinical 
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application is limited by their relatively slow rate of resorption, scarce tis-
sue donor, risks of transmittable diseases, infections, inconsistent clinical 
performances, expensive and some require major operation with sophisti-
cated infrastructure. These limitations have prompted the development of 
alternative biomaterials [57–63].

In a research study by Vac et al., SP thermoplastics were prepared by 
varying the amount of glycerol, ceramic reinforcement, and coupling 
agents [64]. The tensile and the dynamic-mechanical behavior of injec-
tion-molded samples of the prepared SP thermoplastics were evaluated. 
The incorporation of glycerol into a soy-based matrix resulted in its plasti-
cization which was confirmed by the drop in stiffness, that is, storage and 
elastic modulus above 20 °C and a decrease in the protein glass transition 
temperature. Differential scanning calorimetric thermographs showed the 
occurrence of conformational changes in the SP during processing. The 
prepared thermoplastics exhibited thermal stability up to 100 °C which 
was confirmed by thermogravimetric analysis. The reinforcement of the 
SP matrix with ceramic filler (tricalcium phosphate) was found to be effec-
tive for amounts above 10% w/w. Amino-coupling agent used resulted in 
a plasticizing effect that was displayed in the mechanical and dynamic-
mechanical properties of the thermoplatics. The properties exhibited by 
these thermoplastics further confirmed that SP is a potential biomaterial 
for orthopedic applications [64].

Satin et al. prepared biodegradable biomaterials by thermosetting of 
defatted soybean curd [65]. These biomaterials were found to be useful for 
preparation of films, porous scaffolds, and granules for different surgical 
needs. The biomaterial was incubated in physiological solutions and the 
water uptake of 80%, elongation at break of 0.9 mm/mm, and 25% (w/w) 
degradation in 7 days. The biomaterial granules reduced the activity of the 
monocytes/macrophages and of the osteoclasts and induced osteoblast dif-
ferentiation in vitro. These findings further demonstrated the bone regen-
eration potential of soybeans-based biomaterial [65].

Natural, biodegradable soybeans-based hydrogels were prepared by the 
thermosetting of defatted soy curd. These hydrogels regulated the activity 
of both tissue and inflammatory cells. The content of the different soy com-
ponents such as the isoflavones were tuned varying the solvent system dur-
ing the extraction procedure. The variations in the material cross-linking 
provided either loose hydrogels or a bio-glue. They were able to stimulate 
the synthesis of collagen by fibroblasts and the formation of mineralized 
bone noduli by osteoblasts [66].

In another research report, the response of osteoblasts to inject-
able foamed bone cement based on a composite formulation containing 
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foaming agents such as soybean and gelatine was studied. A self-hard-
ening soy/gelatine/hydroxyapatite composite foam was prepared and it 
was able to retain porosity upon injection. The foamed paste produced a 
calcium-deficient hydroxyapatite scaffold after setting. It exhibited good 
injectability and cohesion as well as interconnected porosity after injec-
tion. The intrinsic bioactivity of soybean and gelatine promoted osteo-
blast adhesion and growth. These findings indicated that soybean can be 
used in combination with calcium phosphate cementsfor bone regenera-
tion [67].

Bone auto graft which is the current practise of bone filling is limited 
by material availability, risks of infection, and donor site morbidity. The 
presently used materials as bone fillers do not show all the necessary char-
acteristics such as osteoconductivity, controlled biodegradation, and ease 
of adaptation to the implantation site. Merolli et al. reported a class of bio-
degradable material based on soybeans [68]. These materials showed good 
mechanical properties and an intrinsic bioactivity on inflammatory and 
tissue cells in vitro. In vivo study of these biomaterials was performed in 
repairing a surgical lesion and comparing it with a sham-operated con-
tralateral lesion of critical size (nonhealing model). Twenty-six operations 
were performed on white rabbits. Implantation of the soybeans biomaterial 
over a period of 8 weeks produced bone repair with features distinct from 
those obtained by healing in a nontreated defect. New and progressively 
maturing trabeculae appeared in the animal group where soybeans bioma-
terial granules were implanted, whereas the sham operation produced only 
a rim of pseudo-cortical bone still featuring a large defect. The trabeculae 
formed in the presence of soybeans biomaterial granules had features typi-
cal of reticular bone. These indicated that soybeans are potential bone filler 
in bone regeneration [68].

Givaresi et al. compared the bone regeneration potential of a soybean-
based bone filler with a commercial 50:50 poly(d,l-lactide–glycolide)-
based bone graft (Fisiograft  gel) [69]. They were implanted into a critical 
size defect (6 mm diameter, 10 mm length) in rabbit distal femurs. The 
histomorphometric and micro hardness analysis of femoral condyles was 
monitored for 4, 8, 16, and 24 weeks after surgery. No significant difference 
was found in the percentage of both bone repair and bone in-growth in 
the external, medium, and inner defect areas. Soybean-based filler-treated 
defects showed a significantly high outer bone formation and microhard-
ness results at 24 weeks when compared to Fisiograft  gel (P < 0.05). 
Soybean-based biomaterial was found to promote bone repair through a 
mechanism of action that involved both the scaffolding role of the bioma-
terial for osteoblasts and the induction of their differentiation [69].
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Chitosan and soybean protein isolate blended membranes were pre-
pared by solvent casting. These membranes exhibited a biphasic structure 
that originates in situ porous formation, through a two-step degradation 
mechanism. These membranes were found to be suitable for barrier mem-
brane in guided bone regeneration. The effect of β-radiation over the prop-
erties of these membranes was evaluated at three different doses (25 kGy, 
50 kGy, and 100 kGy) and the surface chemical changes and bulk properties 
changes were assessed. No substantial changes were detected on the stud-
ied properties and the only observation was that the surface energy was 
found to be slightly increased for higher applied doses [70]. β-radiation 
was found to be a suitable sterilization method of the membranes.

Composite hydrogels based on the combination of natural polymers 
such as alginate, SP isolate, bioactive glass particles were reported by Silva 
et al. [71]. A sonochemical approach was used for the formation of rapid 
homogeneous composite hydrogels. Biomineralization process in simu-
lated body fluid was observed over time and the results demonstrated that 
the composite materials have the ability to form a surface apatite layer after 
7 days. This indicated that the material is suitable for bone regeneration 
applications.

5.6 Application of SP in Drug Delivery Systems

Protein-based biomaterials are potential matrices for controlled drug deliv-
ery systems. They have been studied extensively because of their biode-
gradability, biocompatibility, and availability. Their protein networks have 
the ability to interact with a range of bioactive compounds via their func-
tional groups. These functional groups are useful for reversible binding of 
bioactive molecules thereby protecting the bioactive moleculesfrom enzy-
matic attack until they are released at the target site in the body [19, 72]. 
Hydrolysis of SP by digestive enzymes generates bioactive peptides that 
may exert a number of physiological effects in vivo on the gastrointestinal, 
cardiovascular, endocrine, immune and nervous systems [73, 74]. A wide 
variety of protein-based drug delivery formulations such as films, hydro-
gels, biocomposites, microparticles, and nanoparticles have been reported 
(Figure 5.5).

Chen et al. reported the controlled release mechanism of SP isolate-based 
films in the absence or presence of digestive enzymes at gastric or intestinal 
pH [75]. SP isolate denatured by heating was cooled before adding either 
methylene blue or rifampicin, followed by addition of formaldehyde as a 
cross-linking agent to modify film solubility, puncture force and resistance 
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under gastrointestinal conditions. The effect of formaldehyde concentra-
tion on film properties and on the release of the compounds under gas-
trointestinal conditions was studied. The film networks displayed excellent 
compound binding capacity especially for hydrophobic molecules and the 
film bulk erosion in the presence of digestive enzymes followed first-order 
kinetics. Methylene blue or rifampicin release followed variable kinetics 
depending on compound solubility during a 1–2 h initial phase, followed 
by zero-order release. Cross-linking density was found to be an effective 
means of regulating the erosion and the release rate of the films.

Vaz et al. reported SP drug delivery matrix systems prepared by melt-
processing techniques, namely extrusion and injection moulding [76]. The 
soy matrix systems were encapsulated with theophylline drug by extrusion 
and cross-linking with glyoxal. It was performed at two different pH values: 
4 and 7, followed by injection moulding into a desired shape. The matri-
ces were reinforced with bioactive filler, hydroxylapatite. The drug release 
from the matrices was affected by swelling, drug diffusion, formulation 
composition, and polymer dissolution. The formulation composition of 
the matrices was varied and it influenced the drug release rates. At pH 7.4, 
increasing the degree of cross-linking of the polymer matrix or decreasing 
the net charge resulted in decreased rate of drug release. The incorpora-
tion of ceramic filler accelerated the rate of drug release from the matrices 
and this was attributed to lack of interaction of the ceramic filler thereby, 
resulting in rapid drug diffusion through the open polymer ceramic inter-
facial regions. At low pH, no significant difference was observed in the rate 
of drug release [76].

Vaz et al. developed SP double-layer controlled-release device based on 
a nonconventional approach [77]. Premixes of the SP isolate, fillers and 

Rapid release Prolonged release

Sustained releaseSP-based drug
release network

Bioactive agents

+

Figure 5.5 Different forms of SP-based drug delivery formulations.

www.ebook3000.com

http://www.ebook3000.org


Biomedical Applications of Soy Protein 123

the drug of choice, theophylline were prepared prior to processing. The 
premixes were converted into plastic materials by addition of extrusion 
liquids such as the plasticizers (glycerol and water) and a cross-linker 
(glyoxal). The extrusion process was performed at a barrel temperatures 
ranging from 70 oC to 80 oC. After the extrusion process, the extrudates 
were cooled to room temperature and cut into pellets. The properties of the 
extrudates ranged from a thermoplastic to a thermoset behavior, depend-
ing on the amount of cross-linking achieved during extrusion. The drug 
release behavior of the prepared double-layer device was compared with 
a single-layer device. The single-layer device exhibited initial burst effect 
and this was not observed in the double-layer device. The double layer was 
useful in reducing the surface available for drug release and in limiting the 
solvent penetration rate. Thus, the bursteffect observed in the single-layer 
device was controlled and the area available for drug release was main-
tained at a relatively constant level in the double-layer device [77].

Reddy et al. demonstrated the potential of SP isolate films as a drug 
release system for naturally occurring antiproliferative agent [78]. The 
films were prepared by casting method and the percentage of the resor-
cinol was varied between 10% and 30%. After the preparation of the films, 
the dried SP isolate films were peeled-off from the mould, sandwiched 
between two aluminium sheets and cured by hot pressing at 100 °C for 
20 min under a 2 MPa pressure. The drug loading efficiencies of the films 
were found to decrease with increase in the cross-linking of SP isolate 
with resorcinol. The drug release study was performed over a period of 
24 h. The release rate of curcumin an antiproliferative agent from the films 
decreased with an increase in the degree of cross-linking of the films. The 
release mechanism suggested that SP isolate films can improve the overall 
therapeutic effectiveness of curcumin by improving its bioavailability and 
thus decreasing the rapid metabolism and systemic elimination which is a 
pharmaceutical shortcoming of curcumin [78].

Nayak et al. reported the preparation and application of SP isolate/
modified montmorillonites-based nanocomposites films [79]. They were 
prepared by blending SP isolate with different amount of modified mont-
morillonites by melt extrusion technique. The delivery mechanism of 
ofloxacin from the nanocomposite films was investigated at pH 3.4 and 
7.4. Ofloxacin was released more rapidly at pH 7.4 than at pH 3.4. This 
is because electrostatic interaction of composites was easily broken at 
pH 7.4 than at pH 3.4 resulting in rapid release at pH 7.4 than pH 3.4. 
This finding suggested that the drugs in the blend are suitable for the 
large intestine, colon and rectal mucosa where there are different emp-
tying times. The release profiles of drug from composites films loaded 
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with different amounts of the drug was investigated. The release profile 
suggested that the formulation containing the highest amount of drug 
(50%) displayed a fast and higher release rate than those formulations 
containing a small amount of drug. The release rate was slower in films 
loaded with less percentage of drug and this is attributed to the presence 
of more free spaces through which a lesser number of drug molecules 
could transport [79].

Saamal et al. reported the development of nanocomposites by cross-
linking SP with furfural and blending with organoclay (Cloisite 30B) [80]. 
It was used to demonstrate the controlled release studies of cefadroxil, an 
antibiotic drug. The in vitro cumulative drug release was performed at 
acidic and alkaline pH. An enhanced release profile was observed at alka-
line pH which is because the hydrogen bond between the two moieties 
breaks down resulting in the release of the drug. An increased drug load-
ing from 15% to 25% influenced the swelling of the nanocomposites by 
enhancing swelling and thereby resulting in the diffusion of the drug out 
of the polymer matrix [80].

Pradhan et al. also reported nanocomposites prepared by blending SP 
isolate with different percentage of cloisite 30 b by melt extrusion tech-
nique [81]. It was used to study the release mechanism of curcumin from 
the nanocomposites. The release of curcumin from the nanocomposites 
was faster at pH 7.4 than at pH 1.2 [81].

Electrospun nanofibers was fabricated from SP isolate/poly(ethylene 
oxide) blend and poly(lacticacid) [82]. Release studies of allylisothiocya-
nate, an antimicrobial bioactive agent was performed under dry condi-
tions and the release of allylisothiocyanate was negligible. The release of 
allylisothiocyanate increased dramatically under relative humidcondition. 
This effect was attributed to the plasticizing effect of water on SP isolate 
which increased the molecular motion in thematrix thereby enhancing the 
release of allylisothiocyanate [82].

He et al., prepared food protein-based nanoemulsions for drug deliv-
ery from whey protein isolate, soybean protein isolate and β-lactoglobulin 
[83]. Soybean protein isolate-based emulsion was prepared by dispersing 
soybean protein isolate powder into deionized water with stirring at 25 °C. 
The solution was adjusted to pH 7.0 using sodium hydroxide solution. The 
nonpolar and disulfide bonds in the protein interior were denatured by 
heating at 105 oC resulting in an increased emulsifying capacity of the pro-
teins. The denatured protein solution was cooled to 25 °C. The nanoemul-
sion was encapsulated with fenofibrate, a highly lipophilic drug that is used 
to lower lipid levels. In vitro cytotoxicity analysis was performed on the 
nanoemulsion using Caco-2 cells and it exhibited good biocompatibility 
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than the traditional emulsifier. In vivo absorption was performed on rats 
and the bioavailability of protein-stabilized nanoemulsion was increased 
significantly compared to the control. The oil/water nanoemulsion sys-
tem exhibited good biocompatibility allowing for better and more rapid 
absorption of drugs [83].

In a research report by Liu, Cui, and Liao, pH and temperature respon-
sive interpenetrating polymer network (IPN) hydrogels were prepared 
from SP and poly(N-isopropylacrylamide-co-sodium acrylate [84]. The 
hydrogels had porous honeycomb structures, good miscibility, thermal sta-
bility and good pH- and temperature-responsive. Varying the SP or cross-
linker content was used to control the swelling behavior of the hydrogels. 
The hydrogels displayed the fastest deswelling rate in pH 1.2 and at 45 °C. 
Release study was performed and bovine serum albumin release from the 
hydrogels was pH and temperature dependent [84].

Yin et al. developed long-term stable oil in water emulsion from SP 
and soy polysaccharide [85]. A high pressure homogenization produced 
the protein/polysaccharide complex emulsion havinga droplet size about 
250 nm. Heat treatment of the emulsion resulted in the protein denatur-
ation and development of irreversible oil-water interfacial films composed 
of SP/soy polysaccharide complexes. It was found to be suitable delivery 
system for lipophilic bioactive agents [85].

In a research study by Chien et al., SP hydrogels were developed by 
varying the weight percentages of water (15 wt%, 18 wt%, and 20 wt%) 
[55]. Chemical modifiers or cross-linkers were not used to prepare the 
hydrogels. This method was useful for developing hydrogels for direct 
injection in vivo. The concentration of SP was varied and it influenced the 
rheological, swelling, mechanical properties and the release of the model 
drug, fluorescein from the hydrogels in vitro. Higher weight percent of soy 
enhanced the robustness of the hydrogels and it resulted in the extended 
release rate of fluorescein for a week [55].

Maltais, Remondetto, and Subirade prepared SP filamentous hydrogels 
and tablets-based drug delivery systems [86]. The swelling and drug abil-
ity of these hydrogels were performed in simulated gastrointestinal condi-
tions. Riboflavin was selected as a drug of choice and its release from these 
drug delivery systems were investigated under simulated gastrointestinal 
conditions in the presence or absence of digestive proteases. At intestinal 
pH the hydrogels shrinked after 1  h. Riboflavin release was faster at pH 7.5 
than at pH 1.2 for both drug delivery systems. Swelling was reported to 
be the principal mechanism of riboflavin release from tablets at pH 7.5. 
At pH  1.2, drug-polymer interactions slowed drug release. In the pres-
ence of pepsin at pH 1.2, both systems exhibited slow zero-order release of 
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riboflavin for 6  h, whereas at pH 7.5, both systems digested completely in 
the presence of pancreatin [86].

Fast temperature-responsive interpenetrating polymer network hydro-
gels based on SP and poly(N-isopropylacrylamide) (PNIPAAm) were also 
reported [87]. They were prepared using the sodium bicarbonate solutions 
as the reaction medium. The hydrogels have high porous structures and 
a fast release rate. The release mechanism of bovine serum albumin was 
anomalous transport [87].

Liu and Cui also reported temperature-sensitive interpenetrating poly-
mer network hydrogels prepared from SP and poly(N-isopropylacryl-
amide) [88]. The hydrogels exhibited good miscibility, thermal stability 
and were temperature sensitive. Changing the content of SP or cross-linker 
was found to control the swelling behavior, water retention and network 
structure of the IPN hydrogels suggesting their potential application in 
drug delivery systems [88].

5.7 Conclusion

Soy protein is useful in wound dressing, drug delivery devices and has 
potential in regenerative medicine such as in bone regeneration. SP is 
a biomaterial that is biodegradable, nonimmunogenic, affordable, it has 
low molecular weight, high net negative charge, wide range of isoelec-
tric points suitable for delivery of positively charged bioactive agents. 
It is hydrophilic because of the presence of polar amino acids which is 
responsible for its attraction to cells. However, it has poor mechanical 
properties and poor hydrolytic stability and because of this, it is usu-
ally cross-linked or blended with synthetic polymers so as to improve 
its mechanical properties. In its application in wound dressing, it con-
tain specific amino acids, that is, arginine and glutamine which play an 
important role in wound healing, tissue regeneration and building block 
components. Arginine enhances efficient wound repair and immune 
function while glutamine is used by inflammatory cells in the wound for 
proliferation and as a source of energy. SP contains 7.5% arginine 19% 
and glutamine. The reported different forms of wound dressings prepared 
from SP are hydrogels, films, granules, paste and nanofibres. Nanofiber 
web of SP used as wound dressing displayed excellent wound healing 
and good antibacterial activity against both S. aureus and P. aeruginosa 
and increased the rate of wound healing. SP-based films and membranes 
prepared for wound dressing were reported to absorb excess exudates 
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from the wounds, maintain a moist environment at the wound site and 
enhance wound healing in the experimental animals. Hydrogel dress-
ings were reported to be useful for chronic wounds with slight exudation. 
These dressing were able to keep granulation tissue and fresh epithelial 
tissue moist thereby protecting them from external mechanical stress 
andinfection. However, there is very little report on the SP-based hydro-
gels for wound dressing. The results from the research reports confirmed 
the potential of SP in wound dressing.

There is very little research report on SP or blends of SP with other 
polymers or macromolecules for enhanced cell proliferation. SP support 
cell adhesion, migration, proliferation, and differentiation. In the selected 
research reports, SP scaffolds enhanced cell adhesion, proliferation, and 
differentiation indicating their potential in regenerative medicine. SP is 
also an attractive biomaterial for bone repair because it contains bioactive 
phytoestrogens that can induce differentiation of osteoblasts. Different 
forms of SP-based biomaterial have been developed for bone repairs 
such as: bone fillers, hydrogels, composites, granules, membranes, and 
composite foams. The bone fillers are ductile, adapt easily to the implan-
tation site and are potential biomaterials for applications in orthopaedic, 
maxillofacial, and periodontal surgeries. They absorb water and exhibit 
rubbery consistency, biocompatible, biodegradable, and cost competi-
tive. They were able to stimulate the synthesis of collagen by fibroblasts 
and the formation of mineralized bone noduli by osteoblasts which 
indicated their potential application in bone regeneration. Their protein 
networks of SP suggest its ability to interact with a range of bioactive 
compounds via its functional groups. These functional groups are use-
ful for reversible binding of bioactive molecules thereby protecting the 
bioactive molecules from enzymatic attack until they are released at the 
target site in the body. Hydrolysis of SP by digestive enzymes generates 
bioactive peptides that may exert physiological effects in vivo on the gas-
trointestinal, cardiovascular, endocrine, immune and nervous systems. 
A wide variety of protein-based drug delivery formulations have been 
reported such as films, hydrogels, biocomposites, microparticles, and 
nanoparticles. They were found to be pH and temperature dependent, 
the rate of drug release from these devices was influenced by the degree 
of cross-linking of SP. Although SP has great potential in wound dressing 
and regenerative medicine, a better understanding of the mechanism of 
wound-healing process of SP-based wound dressing is needed. There is 
also a pressing need to develop these SP-based biomaterials to the stage 
of clinical trials.
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Abstract
Natural materials have been in recent scrutiny from the scientific community 

for their potential use in a variety of industrial applications. Among these natu-

ral polymers, proteins from different sources (wheat, silk, casein, soybean, and 

others) have been used in preparation of composite materials. Soybean proteins 

are present in products commercially available such as soy flours, soy concen-

trates, and soy isolates, each of these products with different protein content and 

functional properties. Soy proteins have found industrial use in wood adhesives, 

composite and building mate rials, textile fibers, inks and plastics. This chapter 

presents a summary of recent research on the use of electrospinning technique to 

produce nanofibers from soybean proteins. Electrospinning has been used to pro-

duce nanofibers from different synthetic and natural polymers, these nanofibers 

have high surface area and offer numerous advantages to use them in different 

applications. The chapter starts with a brief discussion on the physical prop erties 

of soy proteins that affect their electrospinning into nanofibers, followed by a sum-

mary of the relevant literature about electrospinning of soy proteins and finally 

the chapter ends with a discussion on the literature about prospect applications of 

electrospun nanofibers from soybean proteins.

Keywords: Soy proteins, electrospinning, electrospun nanofibers, natural 

polymers
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6.1 Introduction

Soybeans are an important crop worldwide. Once the oil has been extracted 
from the beans, the protein meal is further processed into products hav-
ing different properties and different protein content, namely soy flour, soy 
concentrate, and soy isolates, with protein contents estimated to be in the 
range of 56%, 65%, and 90%, respectively. These protein-rich products have 
found uses in many non-food industrial applications, including the manu-
facture of plastics, adhesives, paper coatings, paint coatings, and compos-
ites. The advantages of using soy proteins in such systems are not only due 
to their physicochemical properties but also because of their renewability 
and sustainable production.

Research efforts in the last decade have pointed toward the use of bio-
based materials in different applications as an aim to reduce the consump-
tion of synthetic polymers, which can be harmful to the environment. As 
such, the use of natural, renewable resources in nanotechnology applica-
tions offers unique advantage. Soybean proteins alone or in combination 
with other natural and synthetic polymers have been used to produce 
nanofibers by the electrospinning technique. In the solution electrospin-
ning process, a polymer is first dissolved in a given solvent and the solution 
is pumped through a nozzle that together with a metallic fiber collector 
become the electrodes between which an electric field is applied. The elec-
trical field stretches the polymer solution at the tip of the capillary, forming 
a conical shape, the Taylor cone. The fluid is then expelled from the nozzle 
as a thin jet and the solvent evaporates, forming the fibers. The nanofibers 
produced by electrospinning have a high surface area, which makes them 
suitable for different applications, including textiles, tissue engineering, 
cosmetics, wound dressing, filtration, catalysis, and etc.

This chapter provides an overview of the electrospinning of soybean 
proteins to produce nanofibers, the variables that have been reported to 
affect the electrospinning of soy proteins and some potential applications.

6.2  Properties of Soybean Proteins That Affect 
Electrospinning

Soybeans contain different proteins, the storage proteins, which serve as 
nitrogen storage for the plant, and proteins with biological activity, namely 
lipoxygenases and tripsin inhibitor [1]. The storage protein in soybeans 
accounts for a large fraction of the raw bean weight (between 65% and 
80%) [2]. Storage proteins are globulins, that is, their solubility in water 
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is enhanced by the presence of electrolytes [2]. They have been classified 
according to the sedimentation constant as 7S and 11S or βconglycinin 
and glycinin, respectively. The 7S fraction (β conglycinin) has a molecular 
weight of 180–200 kDa and is composed of three subunits, α (57–76 kDa), 
α’ (57–83 kDa), and β (42–53 kDa). The 11S fraction (glycinin) has a 
molecular weight of 320–350 kDa and its quaternary structure is formed 
by 12 subunits forming a dimer. The isoelectric points of soy globulin 7S 
and 11S are 4.96 and 4.64, respectively [2–4].

The use of soy proteins is closely related to their physicochemical prop-
erties including solubility, hydration properties, gelation and interfacial 
activities, which, in turn, are governed by the structure and charge balance 
of the macromolecule.

It has been reported that heating soybean protein solutions also results 
in the formation of soluble aggregates; however, this thermal denatur-
ation is sensitive to the ionic strength and the addition of disulfide reduc-
ing agents. The addition of salt increases denaturation temperature, for 
instance, at 0.001 M ionic strength and heating at 60 °C, the amount of 11S 
soluble decreased (quantified in supernatant after centrifugation), whereas 
at ionic strength of 0.1 M, the protein remained soluble [3].

Both of the storage proteins can form disulfide linkages; however, 
glycinin units have a bigger amount of half cysteine per mole of protein 
(48 mol/mol) [3] compared to 7S globulins (4 mol/mol) [4]. This affects 
their physical properties and the solubility to a greater extent. 11S pro-
tein forms reversible association polymers at pH 7.5 when ionic strength 
decreases from 0.5 to 0.1. It has been reported that at higher pHs, the 
11S protein contains more SH groups compared to pH 7.6, a value that 
increases with the unfolding of the protein, which indicates that most SS 
groups are buried inside the protein molecules and the alkaline treatment 
cleaves it from SS to SH. Reducing agents such as 2-mercaptoethanol, cys-
teine, NaCN, and dithiothreitol (DTT) have been used to break disulfide 
bonds in soy protein. Glycinin contains 2 free mol of sulfhydryl group/mol 
protein in its native state and 2–3 mol of sulfhydryl/mol after heating [3].

Regarding the secondary structure, both proteins show a high content of 
random coil structure and a low content of ordered structure. For instance, 
7S protein contains a 5% α-helix, 35% β structure, and 60% random coil, 
11S protein shows a secondary structure with 5.2% α-helix, 34.8% β struc-
ture, and 60% random coil [5]. This native structure has been shown to 
change with alkali treatment (which decreases ordered structures) or 
alkali-alcohol treatment, which increases ordered structures (α-helix) [3].

Although the pure soy protein fractions are of interest to evaluate 
their contribution to the whole behavior of the proteins, commercially 
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available soy protein products are not pure fractions but rather contain 
both storage proteins. Therefore, in industrial applications, the focus is in 
the utilization of commercial soy protein products, similarly in the case of 
electrospinning. 

As a first step, the solution electrospinning process requires solubiliza-
tion of the polymer of interest, which requires appropriate selection of the 
solvent. As soy proteins are globulins, their solubility in water is enhanced 
by the content of electrolytes. In addition, the pH will affect the solubility. 
The isoelectric pH of soy proteins have been reported as 4.5 [2, 3]. The solu-
bility will be low to zero at pH values near the isoelectric pH and increased 
at higher pHs. Some alternatives to enhance the solubility in aqueous sol-
vents involve the use of chaotropic agents (urea, guanidine hydrochloride), 
which disrupt the hydrogen bonding and dissolve the protein; however, 
the use of such agents can leave a significant amount of salt after solvent 
evaporation, an undesirable effect for most applications.

Other polar solvents have been also explored to solubilize soy proteins 
for electrospinning purposes. For instance, Lin [6] studied different sol-
vents for dissolving SPI to obtain solutions suitable for electrospinning. The 
solvents included water, acetic acid, ethanol, hydrochloric acid, acetone, 
sodium hydroxide, ammonium hydroxide, and some polar but less water 
soluble solvents, namely dimethylformamide (DMF), tetrahydrofuran 
(THF), and 1,1,1,3,3,3 Hexafluoro-2-propanol (HFIP). In the study, only 
HFIP proved to be a stable solvent for soy protein to produce uniform elec-
trospun fibers, whereas the other solvents only produced electrospray [6].

The search for a suitable organic solvent for soy proteins involves the 
understanding of the role of protein-solvent interactions. Although pro-
tein structure resembles that of synthetic polymers in some respects, the 
protein structure is more complicated due to the different functionality 
of the constituent aminoacids, some hydrophilic, and some hydrophobic. 
This difference in functionality is what confers proteins their amphiphi-
lic nature and also plays an important role on the interactions with the 
solvent.

One way to approach the problem of finding a good organic solvent for 
soy proteins could be using the solubility theories that are applied to syn-
thetic polymers, for instance, the use of the solubility parameter.

The Hansen solubility parameter [7] includes a modification of the cohe-
sive energy (E) to account individually for all the molecular interactions in a 
mole of material, namely dispersion forces (E

D
), polar interactions (dipole-

dipole, E
P
), and specific interactions such as hydrogen bonding (E

H
).

 E E E ED P H  (6.1)
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which after dividing by the molar volume (V) are:

 
E

V

E

V

E

V

E

V
D P H  (6.2)

The Hansen solubility parameter is defined as:

 
2 2 2 2

d P h  (6.3)

δ is the Hansen solubility parameter, δ
d
 represents the dispersive compo-

nent, δ
p
 the polar, and δ

h
 the hydrogen bonding. The cohesive energy can 

be expressed as

 E H RT  (6.4)

where ΔH refers to the latent heat of vaporization, T is the absolute tem-
perature, and R is the universal gas constant [7].

In terms of Hansen solubility parameter, a good solvent for a certain 
polymer has a solubility parameter close to that of the polymer. One way to 
identify a good solvent for a polymer is by calculating the Hansen solubil-
ity parameter distance, which is given for two substances by:

 Ra d d p p h h
2

2 2 2
4

2 1 2 1 2 1
 (6.5)

The smaller the value of Ra, the more solvent and solute like each other. 
In addition, the relative energy difference, defined as RED = Ra/R

o
, where 

R
o
 is the radius of a sphere having the three components of Hansen solubil-

ity parameter as coordinates. For instance, good solvents will have RED 
values less than one [7].

Recently, Aghanoury and Sun [8] studied the efficacy of 100 different 
solvents and solvent mixtures to solubilize soy proteins using Hansen solu-
bility parameter. They used the storage proteins in soybean (glycinin and 
β-conglycinin). Their approach consisted of identifying a solvent system 
that matches the Hansen solubility parameter of urea solutions, in which soy 
protein dissolves very well. They used the solubility parameter distance Ra, 
as an indicator of the suitability of a solvent to dissolve soy protein. To this 
end, 2% soy protein solutions were prepared in each solvent, and the solu-
bility was then measured using a protein assay method (i.e., determination 
of nitrogen content). High solubilization (>80% glycinin or β-conglycinin) 
was observed for solvent mixtures containing water-triethanolamine and 
1,4-dioxane or 2-pyrrolidone [8]. This report illustrates the applicability 
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of a practical concept on the determination of a suitable solvent for soy 
proteins. However, pure soy protein globulins are rarely used in practical 
applications due to the cost involved in purification. Furthermore, the gen-
eralization is not straightforward, and the selection of a “suitable” solvent 
must fulfill the requirements of dissolving the solute within a reasonable 
time, being good solvent and being environmentally friendly as well. For 
instance, if we calculate the Ra value for 1,1,1,3,3,3-hexafluoroisopropa-
nol, for which components of the Hansen solubility parameter are δ

d
 = 

17.2, δ
p
 = 4.5, and δ

h
 = 14.7 [7] (considering the Hansen solubility param-

eters of urea 6M as those of the protein), it gives Ra of 26.3.This high value 
would indicate that the HFIP solvent is not a good solvent for soy proteins; 
however, it has been used to solubilize soy proteins for electrospinning. 
Furthermore, the studies that report use of HFIP [6,9–11] indicate dissolu-
tion times of as low as 48 h and up to 2 weeks. This could be a limitation 
for cost-effective applications and scale-up to produce electrospun fibers. 
On the other hand, the use of pure protein fractions could be also of little 
practical interest. That is why most reports have focused on the use of com-
mercially available soy protein. Typically isolate has been used because of 
its high protein content; however, its cost is still high compared to soy flour 
that has been used very recently [12, 13] on electrospinning applications.

It is also worth mentioning that the native state of storage proteins in 
soybeans and commercial products includes the two molecules linked by 
disulfide bonds, which also affects solubility and physical properties. The 
use of reducing agents can break apart these linkages and allows for molec-
ular unfolding. An attempt to unfold the protein structure of soybean 
protein solutions for electrospinning using cysteine was recently reported 
[14]. Alkaline solutions (pH 10, 11) have also proved useful in the unfold-
ing of the globular structure of soy proteins. Moreover, the use of small 
amounts of surfactant improved the spinnability of soy protein solutions. 
The nonionic surfactant Triton X-100 [12,13,15–18] and anionic sodium 
dodecyl sulfate [14,19] have been used, from concentrations as small as 0.5 
wt% to as high as 17.5 wt%. Surfactants can serve a twofold purpose: as 
coadjutants in the unfolding/denaturation of soy protein molecules and to 
reduce surface tension of the electrospinning solutions.

Additional complications in term of solubility and preparation of solu-
tions for electrospinning arise when soy protein are blended with other 
polymers. This is because the solvent of choice has to be a good solvent for 
both the protein and the coadjutant polymer. In addition, the molecular 
weight of the co-spinning polymer will affect the viscosity and spinnabil-
ity of the blend. Different coadjutant polymers have been used for elec-
trospinning of soybean proteins from aqueous solutions. This implies that 
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the coadjutant polymer should be water soluble. To this end, polyethylene 
oxide and polyvinyl alcohol have been used. Other biopolymers include 
corn zein [20], wheat protein (gluten) [13], and lignin [21]. One disad-
vantage of the use of water soluble polymers is the hydrophilicity of the 
obtained electrospun fibers. This can be improved by blending soy protein 
with more hydrophobic polymers; however, the solvent of choice is again 
the main issue. For instance, in the electrospinning of soy protein-PCL 
blends, formic acid, and acetic acid where used [22]. A list of the solvents 
and systems used for electrospinning of soy protein is given in Table 6.1.

6.2.1 Electrospinning of Soybean Proteins

The first reports on the electrospinning of soy protein date back to the works 
of Phiriyawirut et al. [20] and Vega-Lugo and Lim [15] in 2008. For instance, 
Phiriyawirut et al. [20] tried to produce electrospun nanofibers from soy 
protein isolate by dissolving it to 5 wt%, 6 wt%, and 7 wt% in either formic 
or acetic acid. The results indicated high viscosity of the protein solution 
formic acid (134.1 cP) vs acetic acid (29.8 cP). However, at the studied con-
ditions, the soy isolate alone did not produce fibers in any of the studied sol-
vents, only beads. It was shown, however, that the diameter of beads formed 
decreased with increasing SPI concentration. It was necessary to blend soy 
protein solutions in formic or acetic acid with zein (25% zein dissolved in 
ethanol). The blend containing 95% zein and 5% soy protein (on dry basis) 
was able to produce uniform fibers, with better results when SPI was dis-
solved in acetic acid (5% in acetic acid) compared to formic acid. The effect 
of applied voltage (20–28 kV) and distance to collector were also studied, 
with fibers of smaller diameter obtained at higher voltages. Altering the dis-
tance to collector did not change the morphology of fibers. Shorter distances 
favored junction (collapse of the fibers). Although the fibers were uniform, 
the blends with zein reduced drastically the content of soy protein on the 
final fibers, that is, the fibers were zein fibers containing soy protein [20].

The study carried out by Vega-Lugo and Lim [15] found again that the 
soy protein isolate alone did not produce any fibers, even after thermal 
treatment (60 °C, 2 h) and dissolution in 1% NaOH solution. Afterwards, 
SPI solutions with content up to 15 wt% SPI and different amounts of PEO 
(900 kDa, 0.2 and 0.8 wt%) and Triton X surfactant (1 wt%) were prepared. 
The results showed that the PEO produced both an increase in viscosity 
and a reduction in thermal conductivity of the precursor solutions, with 
uniform fibers obtained at PEO concentration of 0.8 wt%. It was also found 
that the solutions of SPI with viscosity less than 10 cP did not produce 
fibers. Uniform fibers were obtained from solutions with viscosity higher 
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than 25 cP. The best morphology was achieved with a ratio 95/5 SPI/PEO. 
All commercial soy isolate samples studied were able to produce fibers at 
concentrations of 15% SPI, 0.6% PEO, 0.5% surfactant concentration. In 
addition, changing the polarity of the spinneret produced fibers with lower 
diameter [15].

Cho et al. [18] studied the effect of processing conditions on fiber for-
mation and properties. Their approach included the preparation of soy 
protein isolate (8 wt%, 80 °C) and polyvinyl alcohol (15 wt%, Mw = 78 
kDa) solutions separately prior to mixing which improved spinnability. 
They screened three different SPI/PVA ratios prior to selecting a total poly-
mer concentration of up to 13% (50:50 SPI:PVA). Further evaluation of 
the 50:50 mixture included assessment of three different pH values (7, 9, 
and 12) and three different temperatures to denature the SPI (60 °C, 80 °C, 
and 95 °C) at different heating times. The addition of Triton X surfactant 
up to 0.6 wt% helped to reduce surface tension and improve spinnabil-
ity. The results indicate a decrease in viscosity of solutions with increase 
in pH, an effect attributed to the denaturation and unfolding of the pro-
tein molecules, which in turn reduced the molecules entanglement. Same 
decrease in viscosity was observed with temperature increase at constant 
pH. The diameters of the fibers increased with the polymer content at the 
same pH. The addition of PVA increased the viscoelasticity of SPI solution, 
in addition for a constant ratio SPI:PVA the diameter of electrospun fibers 
increased with final total polymer concentration (see Figure 6.1).

A follow-up study of the same system [17] included the effect of chang-
ing the pH (9 and 12) on mechanical properties and biodegradability of 
soy protein isolate-polyvinyl alcohol electrospun fibers. SPI and PVA (78 
kDa) in ratios of 15:85, 25:75, 35:65 with 0.5 % Triton X were studied. The 

(a) (b) (c)

Figure 6.1 Electrospun soy protein/poly(ethylene oxide) from solutions with total 

polymer concentration of (a) 9 wt%, (b) 11 wt%, and (c) 13 wt%. The scale bar represents 

10 μm. Figure reproduced from Cho et al. [18] with permission. Copyright © 2010 John 

Wiley & Sons, Inc.
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electrospinning setup included the use of two collectors (flat and a cylin-
drical). The results indicate that at the same polymer content the higher pH 
promoted formation of thinner fibers which affected mechanical strength. 
Mechanical properties of SPI/PVA electrospun nanofibers mixtures were 
evaluated. Fibers with diameters ranging from 0.4 to 0.8 m were obtained. 
Higher diameter was observed at lower pHs. The nanofiber mats prepared 
from solutions at pH 9 exhibited a higher load and elongation at break than 
those prepared at pH 12. This effect was ascribed to the lower denaturation 
of the proteins at pH 9 compared to pH 12. Similarly, the increase in con-
centration of SPI on the fiber mats produced a reduction in mechanical 
strength of the fibers. Further analysis included the composting of the fiber 
mats, the results indicate that the weight exhibited an exponential weight 
decay over time (up to 30 days), with a higher weight loss increasing with 
the content of the soy protein.

Hybrid SPI/PVA/SiO
2
 nanofibers were prepared by addition of sili-

con dioxide (SiO
2
) nanoparticles (up to 15 wt%) to SPI/PVA blends (8:2) 

at pH 10 (19). Different electric fields were used (0.75 kV/cm, 0.90 kV/
cm, and 1.05 kV/cm), which produced fibers with diameters between 
250 nm and 280 nm. Larger electric field strength, however, produced 
uneven fibers of about 110 nm. The nanofiber diameter decreased with 
the amount of SiO

2
, in addition the higher concentration of SiO

2
 par-

ticles promoted the formation of beads. More uniform fiber diameters 
were obtained when 0.6 wt% sodium dodecyl sulfate was added to the 
precursor solution, an effect that was ascribed to both the reduction on 
surface tension of dope and also to the enhancement in dispersion of 
SiO

2
 particles. FTIR analysis of the hybrid fibers showed enhancement of 

hydrogen bond interactions. The fibers exhibit improved thermal stabil-
ity with the addition of SiO

2
 particles. Furthermore, the presence of SiO

2
 

particles reduced the crystallinity of PVA in the blend as shown by XRD 
analyses [19].

Xu et al. [9] produced SPI-PEO electrospun fibers with different SPI 
content (94%, 90%, 85%, and 67%). The solutions were prepared in 
1,1,1,3,3,3-hexafluoro-2-propanol. Overall, the results indicated good 
miscibility between PEO and SPI as indicated by the uniform fiber for-
mation obtained as the SPI content reduced on the samples. The fibers 
prepared with higher content (94%) of SPI did not have uniform fiber 
diameter and showed considerable branching, that is, small fibril branches 
attached to the bigger diameter fibers. The branched fibers accounted 
for 97% of the fiber population and had diameters of 195 nm. However, 
the branching disappeared as the SPI concentration in the fibers was 
decreased. X-ray diffraction results showed that the presence of SPI 

www.ebook3000.com

http://www.ebook3000.org


146 Soy Protein-Based Blends, Composites and Nanocomposites

decreased the crystallization of PEO. The thermal stability (decomposi-
tion temperature) of the nanofibers was slightly lower than that of pure 
SPI, with faster decomposition rate. All the nanofiber samples exhibited 
low contact angles (high wettability), which could limit their practical 
application [9].

The synergy between soy proteins with other natural polymers to pro-
duce electrospun nanofibers has remained essentially unexplored, with 
only blends of zein-soy protein isolate [20], soy flour-gluten [13], and soy 
protein isolate-lignin [21] being reported. For instance, polysaccharides 
such as cellulose or starch and other wood derived polymers when com-
bined with proteins could produce materials with interesting properties. 
Salas et al. [21] studied the synergy between soy proteins and lignin to 
produce electrospun nanofibers using 10% PEO (on a dry basis) as coad-
jutant polymer. Blends with different ratios of either soy glycinin or soy 
protein isolate and kraft lignin at a total polymer concentration of 8 wt% 
were prepared in alkaline solution (0.1 M NaOH, 10 % vol acetonitrile). 
The spinnability of soy glycinin and soy protein isolate was very similar. 
Overall, the results indicate good synergy between soy proteins and lignin 
with PEO as coadjutant. The addition of lignin to the protein solutions 
produced an increase in conductivity and a decrease in surface tension, 
which translated into better spinnability and more uniform fibers, with 
diameters ranging from 110 nm to 440 nm. The results also indicated 
higher viscosity for the solutions containing soy isolate compared to those 
with pure glycinin which in turn produced fibers with higher diameter. 
For both pure glycinin and soy isolate, the addition of lignin increased the 
fiber diameter (see Figure 6.2). Thermal analysis results indicated good 
compatibility of the fibers components and PEO [21]. One interesting 
point to highlight in terms of materials applications is the hydrophilicity 
of the final fibers, which suggests the need of cross-linking to improve 
their water resistance.

Because of its high protein content, soy protein isolate has been the 
product of preference in most electrospinning of soy protein reports; 
however, the use of soy flour was reported recently [12, 13]. Deffated soy 
flour that was subjected to an acid wash to increase its protein content 
was blended with gluten and PVA to produce fibers by electrospinning 
[13]. The blends were produced by mixing aqueous PVA solution (14 
wt%) with soy protein/gluten mixtures that have been heated to 60 °C for 
30 min, in addition, Triton X surfactant was used to improve spinnability. 
A “green” cross- linking agent prepared from oxidation of sucrose (OS) 
with hydrogen peroxide was compared against glyoxalfor the purpose 
of preparing water-resistant fibers. The cross-linking agent was added 
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to the PVA solution prior to mixing, and the cross-linking reaction was 
completed by treatment of the nanofibers at 100 °C for 30 min. Uniform 
fibers were obtained from blends containing 30 wt% gluten, 25% puri-
fied soy flour, and 45% PVA on a dry basis. The results indicate that OS 
cross-linker performed similar to glyoxal. A high amount of nanofibers 
(>78%) remained insoluble up to 30 days at concentrations of OS of 10% 
and 15%. The SEM imaging of the fibers indicates that the nanofibers 
swell considerably when in contact with water. However, the fiber mats 
retained their structure [13]. Similar swelling behavior of electrospun 
nanofibers prepared from solutions of HFIP (without cross-linker) was 
reported by Lin et al. [6].

Soy protein/PVA (9 kDa and 130 kDa) and soy protein/PCL (80 kDa) 
fibers were electrospun on top of a rayon support membrane. The pro-
duced nanofibers were prepared with enhanced adhesive properties by 
either adding an adhesive solution as a coating layer on the electrospun 
fibers or adding the adhesive as part of the formulation of the doping solu-
tions, in which case a surfactant was added to the solution. These adhesives 
help the electrospun fibers to stay on the rayon support.

Other studies of electrospinning of soy protein will be discussed next in 
terms of possible applications.

78% protein

G1 G2 G3 G4

I1 I2

5 m

I3 I4

50% protein 33% protein 22% protein

Figure 6.2 FE-SEM images of soy protein/lignin with 10 wt% (based on dry fibers) of 

poly(ethylene oxide) as coadjutant polymer. Top row: glycinin (G)–lignin (L) fibers with 

different protein/lignin content (G1, G2, G3, G4). Bottom row: soy isolate (I)-lignin (L) 

fibers (I1, I2, I3, I4). Fiber diameter increase with lignin content (from left to right).The 

scale bar shown is 5 μm [21].Reprinted from Reactive and Functional Polymers, Vol. 85, 

Carlos Salas, Mariko Ago, Lucian A. Lucia, Orlando J. Rojas, Synthesis of soy protein–

lignin nanofibers by solution electrospinning, Pages 221–227., Copyright © 2014 with 

permission from Elsevier.
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6.3 Applications

6.3.1 Wound Dressing Applications

Soy protein isolate solutions (up to 8wt% SPI) with 0.05% PEO in 
1,1,1,3,3,3-hexafluoro-2-propanol were used to prepare nanofibers scaf-
folds by electrospinning [10] and then these scaffolds were used to evalu-
ate cell growth (human dermal fibroblasts). The fibers were uniform and 
their size varied from 700 nm (5% SPI) up to 1250 nm (8% SPI). The results 
also indicate a high swelling of soy fibers (twofold increase in diameter) 
after immersing in phosphate buffer for 2 h. However, the morphology 
remained intact. Regarding mechanical properties, the dry electrospun 
scaffolds exhibited an ultimate tensile strength of ~1 MPa, which did not 
change significantly with concentration of SPI. However, when hydrated, 
the ultimate tensile strength dropped to 0.1 MPa. These nanofibers served 
to support growth human dermal fibroblasts cells after 8 days, and the 
results indicated that soy protein scaffolds provided a good substrate for 
adhesion and proliferation of cells (see Figure 6.3), which makes them 
good candidates for wound dressing applications [10].

Three-dimensional (3D) and regular (2D) soy protein scaffolds were 
prepared from soy protein solutions (up to 32.5 wt%) denatured with 
sodium dodecyl sulfate (SDS, 17.5 wt%) and cysteine as disulfide reducing 
agent [14]. The addition of sodium dodecyl sulfate and cysteine helps to 

Figure 6.3 Growing of human dermal fibroblasts after eight days of culture on 

electrospunscaffolds prepared form (a) 5% SPI, 0.05% PEO, (b) 8% SPI, 0.05% PEO  

(c) 40% zein, (d) gelatin, (e) poly(lactic-co-glycolic acid), PLGA, and (f) glass.  

(Nuclei, blue; F-actin cytoskeleton, red. Magnification: 200x). Figure reproduced from  

Lin et al. [10] with permission. Copyright © 2013 John Wiley & Sons, Inc. [10].

F-actin – rhodamine-phalloidin
Nuclei – bisbenzimide (Hoechst 33258)

(a) (b) (c)

(d) (e) (f)
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solubilize the proteins. The solutions were thermally treated at 90 °C before 
electrospinning. The SDS page results indicate that the molecular weight 
of protein subunits remained the same after SDS and cysteine treatment, 
whereas those samples treated with NaOH were fully hydrolyzed. The pro-
duced scaffolds were then thermally treated (130 °C, 2 h) and immersed in 
methanol for coagulation for 1 h. The results indicate high resistance of the 
protein scaffolds to immersion in PBS buffer for 28 days. These scaffolds 
were then used for the culture of adipose mesenchymal cells. The results 
also suggest that the thermal treatment and coagulation could have cross-
linked the fibers and help in the resistance to water. There was a significant 
adhesion and differentiation of adipose mesenchymal stem cells in the 3D 
protein scaffolds [14].

Similarly, blends of SPI-PEO (1:4, 2:3, and 3:2) were used to prepare 
electrospun nanofibers and tested for wound dressing applications [23]. 
SPI in dilute NaOH and PEO (300 kDa) in ethanol were prepared sepa-
rately, then blended at different ratios of SPI:PEO before electrospinning. 
The results indicate that the blend with higher content of SPI (3:2) of SPI 
did not produce fibers but beads. In addition, it was observed that fibers 
collected on rotary drum resulted in higher diameter than those from sta-
tionary collector. The electrospun SPI/PEO fibers showed a lower moisture 
vapor transmission rate, higher tensile strength, and lower elongation at 
break compared to electrospun fibers of PEO alone. The SPI/PEO mats 
exhibit antibacterial activity against one gram-negative (Pseudomonas 
aeruginosa) and one gram-positive bacteria (Staphylococcus aureus) as 
determined by the disk diffusion method. Although the experiments for 
wound healing effect were qualitative observations on winstar rats (i.e., no 
quantification of ephitelial cell growth), the comparison indicates that the 
wounds covered with SPI/PEO electrospun mats exhibit a slightly better 
healing ability compared to uncovered wound [23].

Recent efforts in wound dressing include the use of SPI-PEO scaffolds 
produced by electrospinning for wound healing on a porcine model using 
a full thickness scission wound [11]. Soy protein isolate (7 wt%) with 0.5 
% w/v PEO (1000 kDa) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol 
for eight days prior to electrospinning. The produced soy protein scaffolds 
(3 cm × 3 cm) were applied to the wounds at different times. The results 
indicate that the protein scaffolds in contact with the skin get completely 
hydrated and dissolved in the wound. The histological analysis of the 
wounds revealed the positive effect of soy protein scaffolds on the wound 
healing process, including decrease in the number of inflammatory cells, 
enhancement of collagen formation in the wounded skin (dermal tissue 
regeneration, see Figure 6.4), regeneration of critical dermal appendages 
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(hair, sweat glands), and re-ephitelialization right after 2 weeks of treat-
ment. It was hypothesized that the healing mechanism could be due to 
proteolytic degradation of the soy scaffolds, which liberates the peptides in 
soy protein [11].

The effect of different processing parameters on the production of SPI/
PEO electrospun fibers for tissue scaffolds was also recently studied [24]. 
Different variables included the content and molecular weight of PEO (100 
kDa, 1 MDa, and 8 MDa), and different ratios of SPI/PEO in precursor 
solutions (SPI (7%)-PEO (3%) and 12% SPI/3% PEO). The polymers were 
dissolved in alkaline media (1% NaOH) and thermally treated (60 °C, pH 
13, 2 h) [24]. Untreated and cross-linked (10 mM EDC/4 mM NHS, 24 h) 
soy protein nanofiber mats were compared. The increase in PEO molecular 
weight and concentration produced an increase in fiber diameter. In addi-
tion, fiber diameter was increased with the applied voltage (15–27  kV), 
with 27 kV producing thicker and more uniform fibers. For a constant con-
centration of PEO, the increase of SPI concentration produced an increase 
in viscosity of solutions and a decrease in surface tension, which in turn 
produced an increase in fiber diameter. Cross-linking of the fiber mats 
produced an increase in fiber diameter and the joining of the fibers at their 
intersection points. For a constant content of PEO, the Young’s modulus 
increased (110–170 kPa) with the content of SPI on the blend (7–12%); an 
effect attributed to the increase in fiber diameter, the opposite effect was 
observed when blends of SPI PVA were used. The produced scaffolds were 
then used for human mesenchymal stem cell (hMSC) culture. Successful 
cell growth and adhesion were observed on the cross-linked scaffolds, with 
higher growth observed for the fibrous mat with 12% SPI [24].

(a) (b) (c)

Figure 6.4 Micrograph of tissue from porcine model after 4 weeks injury, stained with 

Masson’s trichrome (MTS). (a) Healthy skin taken close to the untreated control. (b)

Wound area of an untreated control. (c) Wound area of soy protein scaffold treated 

wound. Purple stained areas correspond to collagen [11]. Reprinted from Wound 

Medicine, Vol. 5, Yah-el Har-el, Jonathan A. Gerstenhaber, Ross Brodsky, Richard B. 

Huneke, Peter I. Lelkes. Electrospun soy protein scaffolds as wound dressings: Enhanced 

re-epithelialization in a porcine model of wound healing. Pages 9–15., Copyright © 2014 

with permission from Elsevier.
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6.3.2 Filtration and Antibacterial Applications

Soy flour was purified by isoelectric precipitation and thermal treat-
ment at 60 °C, obtaining two protein fractions with protein content 
higher than the original soy flour. These fractions were compared with 
soy protein isolate and soy protein concentrate on its ability to produce 
nanofibers by electrospinning of an alkaline solution (pH 11) and using 
an SPI/PEO (600 kDa) ratio of 7:3. The electrospinning was carried out 
on a needle-free device, in which the jets originate at the surface of the 
polymer solution. This allowed for a faster production rate. All the solu-
tions were thermally treated (60 °C, 30 min) before electrospinning. The 
results indicate that polyethylene oxide PEO enhanced the spinnability of 
the soy protein solutions; however, concentrations of PEO lower than 30 
wt% (on a dry basis) did not produce uniform fibers. To test the bacterial 
efficiency of these nanofibers against gram negative bacteria Escherichia 
coli K-12, the nanofibers were electrospun on the surface of filter paper 
and a nonwoven fabric, which served as support layers. The bacteria solu-
tion was then aerosolized and forced to pass through the filtration media 
by applying vacuum; then, the flow exiting from the filter was put into 
contact with an agar plate, which allowed counting of bacteria colonies. 
The results indicate that filter media covered with electrospun soy/PEO 
nanofibers exhibited a high bacterial filtration efficiency compared to neat 
filter media. In addition, the bacterial filtration efficiency increased with 
the load of nanofibers, with 5 g/m2 exhibiting the highest efficiency [12]. 
It was hypothesized that the adhesion of bacteria to the nanofibers might 
be as a result of electrostatic interactions, owed to the charge balance of 
aminoacids on the protein [12].This hypothesis, however, would imply 
that the nanofibers are positively charged, which is unlikely given the high 
amount of negatively charged aminoacids (mostly aspartic and glutamic 
acid) on soy protein and the alkaline pH of precursor solutions. The adhe-
sion mechanism could be due to interception of the bacteria on account of 
the high surface area. The results did not indicate the value for fiber diam-
eter (which in turn affects the surface area) of the produced nanofibers 
and their efficiency in bacteria filtration.

Similar adhesive patches of soy protein nanofibers supported on rayon 
fibers have been proposed as filtration membranes against esca fungi [22]. 
Two commercial soy protein isolates were used, one with enhanced water 
solubility to produce transparent solutions and other without any modifi-
cation. Solutions of water soluble soy isolate were prepared in water/alco-
hol and mixed with PVA. On the other hand, the solutions of insoluble 
soy isolate were prepared using a mixture of formic acid and acetic acid 
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and mixed with PCL. The fibers produced from the soluble isolate/PVA 
produced uniform fibers with an average diameter of 710–800 nm regard-
less of the molecular weight of the PVA used, however, the fibers prepared 
from insoluble isolate/PCL were thicker (~1∙1.2 μm). When the adhesive 
properties of the fibers were tested on balsa wood substrates, the results 
indicated an increase in peeling force, specific and normal adhesive force 
with the content of adhesive. The exposure of these fiber mats to atmo-
spheric conditions during 30 days produced two outcomes: the fibers pre-
pared from soluble isolate/PVA did not resist water, but those prepared 
from insoluble soy isolate/PCL did not dissolve [22].

Other applications include the encapsulation of molecules with spe-
cific functionalities, such as natural antibacterial agents and antioxidants. 
For instance, Vega-Lugo and Lim [16] used SPI/PEO electrospun fibers 
to encapsulate up to 20 wt% of allyl isothiocyanate (AITC). The AITC 
was incorporated in the electrospining solutions alone and also with 
β-cyclodextrin (incorporation of AITC in cyclodextrin prior to mixing 
with the SPI solution). To help with solubility and encapsulation, it was 
necessary that the use of ultrasound for short time (1 min) to produce 
uniform fibers. Otherwise, beads or electrospraying was observed. The 
addition of AITC at concentrations higher than 3% produced fibers with 
smaller diameter than those obtained without AITC, these fibers also 
exhibit considerable bead formation, a change that was attributed to the 
interactions of the AITC with the surfactant. The release of AITC from 
the produced fibers increased with the exposure to higher relative humid-
ity (up to 75% RH).In addition, the release was enhanced for those fibers 
produced from solutions containing β-cyclodextrin. This behavior sug-
gests that the material could serve as an alternative for food packaging 
applications.

The encapsulation of antioxidants onto nanofibers has been proposed 
for food preservation and antibacterial applications. Natural antioxidants 
(anthocyanins from raspberry extracts) were added (10%) to SPI solu-
tions with concentrations up to 10 wt% and 0.5 wt% PEO dissolved in 1 
wt% sodium hydroxide to prepare electrospun fibers [25]. The extracts 
were added either after or before thermal treatment (heating up to 60 
°C, 2 h). Although the system exhibit fiber formation ability, there was 
a significant amount of bead formation, which was not affected by the 
presence of raspberry extracts. However, there were no attempts in the 
study to optimize fiber forming conditions. The total amount of antho-
cyanins decreased (to about half) due to the thermal treatment of the 
samples [25].
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6.4 Conclusion and Outlook

Soy proteins have proven to be the interesting biopolymers for a variety 
of applications, including electrospinning. Soy protein can be electrospun 
into fibers depending on the physicochemical conditions of the protein 
solutions. Different studies of the right conditions to produce fibers indi-
cate that the use of coadjutant polymers can help in the electrospinning 
process. In some cases, blending soy protein with other biopolymers also 
helps in the production of nanofibers by electrospinning. However, the 
blends with other polymers are somehow restricted to the use of water-
soluble polymers, which also affects the physical properties of the final 
electrospun fibers.

Different applications have been proposed for the soy protein electros-
pun nanofibers, from encapsulation of active components, filtration, and 
wound dressing. However, some challenges for practical applications still 
remain, such as the improvement of mechanical properties and water resis-
tance of the electrospun soy nanofibers. The use of cross-linking agents 
has proven helpful to solve the latter, but there is a need to find nontoxic 
cross-linkers. In addition, applications in wound dressing would require 
additional testing for allergenicity and adverse reactions to the soy protein 
scaffolds.

Soy protein alone or in combination with other polymers produced by 
electrospinning represents an economic and feasible alternative to pro-
duce nanofibers by electrospinning with potential for using in different 
applications.
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Abstract
Soy bean is a well-recognized food item that is consumed all over the world. 

Nutritionally, soybean proteins contain a complete range of essential amino acids 

that make them comparable to other proteins from animal and plant sources. 

Hence the reason for its importance in human diet. Abundant literature demon-

strates that the soy protein-derived peptides display several physiological activities 

including antihypertensive, antioxidative, immunomodulating, hypocholesterol-

emic, and anticancer properties and hence are of great importance in the develop-

ment of pharmacologically active constituents and functional foods. Therefore, 

these peptides offer significant prospect for application in food and pharmaceu-

tical industry. However, their enzymatic production, purification and character-

ization are time-consuming and expensive processes. Also, the quantity of active 

peptides produced from hydrolysis of food/soy proteins depends on the number 

of occurrences of the desired peptide sequences within the parent proteins and 

the specificity of the enzymes used in hydrolysis. The yield of bioactive peptides 

produced by this method is usually low and more advanced methodologies/tech-

nologies are required to improve their yield. This chapter is devoted to review the 

literature to identify and describe the available methodologies for the identifica-

tion and production of bioactive peptides from soybean proteins. The potential 

applications of soy protein-derived bioactive peptides as functional foods and 

therapeutic agents will also be emphasized in this chapter.

Keywords: Soy protein-derived peptides, bioactive peptides, enzymatic  

hydrolysis, In silico hydrolysis, functional foods, therapeutic agents,  

recombinant DNA technology, fermentation, chemical synthesis
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7.1 Introduction

Soy bean is a well-recognized food item that is consumed all over the world. 
Nutritionally, soybean proteins contain complete range of essential amino 
acids that make them comparable to other proteins from animal and plant 
sources. Hence the reason for its importance in human diet. Abundant lit-
erature demonstrates that the soy protein-derived peptides display several 
physiological activities including antihypertensive [1], antioxidative [2], 
immunomodulating [3], hypocholesterolemic [4], and anticancer proper-
ties [5] and hence are of great importance in the development of phar-
macologically active constituents and functional foods. Therefore, these 
peptides offer significant prospect for application in food and pharma-
ceutical industry. However, their enzymatic production, purification, and 
characterization are time-consuming and expensive processes. Also, the 
quantity of active peptides produced from hydrolysis of food/soy proteins 
depends on the number of occurrences of the desired peptide sequences 
within the parent proteins and the specificity of the enzymes used in 
hydrolysis. The yield of bioactive peptides produced by this method is 
usually low and more advanced methodologies/technologies are required 
to improve their yield. This chapter is devoted to review the literature to 
identify and describe the available methodologies for such purposes. The 
chapter aims to cater to the needs of beginners as well as the experienced 
researchers in the field.

Recent developments in food bioactive protein/peptide databases, cou-
pled with improved knowledge of various enzyme specificities can be used 
in a process known as in silico hydrolysis for the identification of potential 
bioactive peptides from food/soy proteins. In silico produced peptides with 
known sequences can then be subjected to quantitative structure-activity 
relationship (QSAR) studies for a preliminary assessment of their bioactiv-
ity potential [6]. This improved knowledge can then be used to subject the 
food protein to hydrolysis with identified enzymes to speed up the process 
of production and screening. The in silico hydrolysis protocols have there-
fore been extensively reviewed in this chapter.

Fermentation is another important process that provides ways to 
enhance nutritive value of foods and also helps to produce bioactive pep-
tides. Fermentation of soybean has been shown to result in the release 
of peptides with various functionalities [5] and these aspects have also 
been reviewed extensively in this chapter. Chemical synthesis of peptides 
of known sequences and desired functionalities is an alternative method 
for the production of large quantities of highly pure bioactive peptides 
[7,8]. Solution- and solid-phase syntheses are the two main methods for 
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chemical synthesis of bioactive peptides. At present, solid-phase peptide 
synthesis is considered as a more established method and has been used 
to synthesize significant numbers of bioactive peptides [7]. There are sev-
eral advantages to produce bioactive peptides by chemical synthesis, which 
include producing peptides of high purity and quantity, desired sequences 
that are otherwise difficult to obtain from natural sources, and peptides of 
known activity identified in natural sources but are difficult to ensure their 
release through hydrolysis. This approach can be used to produce bioactive 
peptides of all physiological functionalities and has been briefly reviewed 
in this chapter.

The chapter then brings about the drawbacks of conventional methods 
of production of bioactive peptides and suggests possible ways to alleviate 
such shortcomings. The enzymatic hydrolysis and fermentation methods 
discussed above are the most commonly used techniques in preparation 
of bioactive peptides and both of them suffer from time consuming and 
expensive processes that produce low quantities of specific active pep-
tides. On the other hand, chemical synthesis improves yield and purity but 
involves expensive processes. Recombinant DNA technology is an alter-
nate and efficient method that has recently been used to produce bioactive 
peptides identified from food proteins [9]. This approach results in the pro-
duction of proteins containing multicopies of the desired sequences of bio-
active peptides. Production of recombinant proteins containing repeated 
sequences of active peptides can improve the quantity of bioactive pep-
tides that can be produced by subsequent enzyme hydrolysis. At the pres-
ent time, recombinant DNA technology for protein production remains in 
its infancy. However, current research findings indicate that the technology 
for the production of recombinant proteins containing encrypted bioactive 
peptides is feasible. The main features of recombinant DNA technology 
and its applications to improve the yield of bioactive peptides has been 
reviewed and highlighted in this chapter.

Potential applications of soy protein-derived bioactive peptides as func-
tional foods and therapeutic agents have also been emphasized in this 
chapter.

7.2 Soy Proteins as Source of Bioactive Peptides

Soy bean is a well-recognized staple food in Asia and is used in many prep-
arations either as the main source of nutrient (proteins) or to flavor other 
preparations [10, 11]. Products such as soy milk, tempeh, and tofu are the 
examples of soy products consumed as protein sources, whereas soy sauce 
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and miso are examples of soy products used to flavor other food prepara-
tions. Soy bean contains large quantities of protein that account for about 
44% (db) or 38% (wb) [10, 12]. Hence, soybeans are a very good source of 
proteins for human consumption. Also, it is a nutritionally superior food 
when compared to oilseeds and cereals [11].

Soy bean proteins, as seed proteins consist of mostly storage proteins, in 
addition to metabolic proteins. The storage proteins are synthesized dur-
ing soybean seed development [10] and function as major protein source 
for human consumption. The two main types of storage proteins in soy-
bean are glycinin and β-conglycinin, also known as 11S and 7S protein, 
respectively [10, 13]. The glycinin consists of five subunits, that is, G1, G2, 
G3, G4, and G5 subunits; the β-conglycinin consists of three subunits, that 
is, α, α , and β subunits [14]. However, soybean contains Bowman-Birk 
inhibitor (BBI) which is an inhibitor of trypsin and chymotrypsin [15, 16] 
that have been associated as antinutritional agent [17–21].

Nutritionally, soybean proteins contain complete amino acids that make 
them comparable to other proteins from animal sources [14]. These pro-
teins contain all amino acids essential to human nutrition [10] (Table 7.1), 
hence the reason for its importance in human diet. Major applications of 
soy protein apart from its use for human consumption are in paper coatings 
[22] and as animal feed [10]. Currently, however, soybean proteins are used 
in the preparation of functional peptides such as antioxidative [23–25], 
antihypertensive [26–28], and anticancer [23, 29] peptides. These physi-
ological activities of peptides are of great importance and have relevance in 

Table 7.1 Amino acid composition of soybean proteins*.

Non-essential amino 

acids Content (%)

Essential amino 

acids Content (%)

Alanine

Aspartic acid

Glutamic acid

Glycine

Cysteine

Proline

Serine

Tyrosine

1.685

4.469

6.362

1.660

0.407

1.948

2.028

1.341

Arginine

Histidine

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Threonine

Tryptophan

Valine

2.706

0.968

1.606

2.838

2.310

0.405

1.926

1.315

0.49

1.662

*Expressed in gr/100gr seed or %.

Adopted from Goldflus et al. [30].
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the development of pharmacologically active constituents and functional 
foods. In this review, emphasis is given to identify and list physiologically 
active peptides that can be derived from soybean proteins together with 
their production methods and potential application as therapeutic agents 
as well as nutraceuticals for functional food preparation.

7.3  Identification of Potential Bioactive Peptides 
from Soy Proteins

Physiologically active peptides derived from food proteins have gained a 
major research interest in the last few decades. Their production, identifica-
tion/isolation and characterization have been based mostly on functional-
guided screening followed by time-consuming purification procedures 
and chemometric-guided characterization [24, 31–34]. However, as time 
progressed, data obtained from numerous research activities in this field 
have been reported and databased which can be accessed by researchers 
from around the world. Databases such as BIOPEP [35] and Antimicrobial 
Peptide Database (http://aps.unmc.edu/AP/main.php) are two such exam-
ples of these databases. On the other hand, the advent of sophisticated 
proteomic analysis and advanced mass spectrometric methods has led to 
the analysis of primary sequences of a great numbers of proteins and pep-
tides. These advancements, coupled with improved knowledge of various 
enzyme specificities can be used in a process known as in silico hydroly-
sis for the identification of potential bioactive peptides from proteins with 
known primary structures.

Various bioactive peptides have been identified from soybean pro-
teins [6] (Figure 7.1). As can be seen from the figure, soybean proteins 
are good source of small bioactive peptides as several known sequences 
are matching with soybean protein, glycinin G1 in this example. However, 
it is unlikely that hydrolysis or fermentation of soybean glycinin G1 will 
produce all these active peptides as this production depends on the speci-
ficity of enzymes and microbes used for the hydrolysis or fermentation. 
Therefore, the use of database such as BIOPEP and Antimicrobial Peptide 
Database are useful mainly for identification purpose. However, the use of 
these databases in combination with other in silico hydrolysis of proteins of 
known sequences can provide plausible information on the potential bio-
active peptides that can be produced and the suitable enzymes to hydrolyse 
the proteins. Produced peptides with known sequences but without known 
activities can then be subjected for quantitative structure-activity relation-
ship (QSAR) to predict their potential.
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A combined use of in silico hydrolysis and peptide database-guided 
identification is illustrated in Figure 7.2. The enzymes used for this illustra-
tion are Asp-N endopeptidase, pepsin, trypsin, and chymotrypsin. These 
enzymes are commercial enzyme and the main digestive enzymes in ani-
mals and humans. Pepsin cleaves proteins to produce peptides contain-
ing amino acids with aromatic side chains at both N- and C-termini and 
also the peptides containing leucine, aspartic acid, and glutamic acid at 
C-termini. Trypsin and chymotrypsin cleave proteins to produce peptides 
containing lysine, arginine, phenylalanine, tyrosine, and tryptophan at 
C-termini [36]. As can be seen from the figure, much less small peptides 
are produced and of these peptides only few are known active peptides. 
The activity of the rest is yet to be determined either through synthetic 
production and activity analysis, through QSAR studies or combination 
of both approaches. It is also noteworthy that bioactive peptides can only 
be released if a suitable enzyme or a combination of enzymes is employed. 
Therefore, in silico digestion offers a good approach to gain insight into the 
suitable enzymes that can be employed to produce bioactive peptides. One 
of the limitations of using in silico digestion approach is the limited num-
ber of enzymes that are available for this purpose. Table 7.2 presents the 
list of active peptides derived from in silico hydrolysis of soybean proteins 

Figure 7.1 Example of identification of bioactive peptides from glycinin G1 protein. 

Angiotensin I converting enzyme (ACE)-inhibitory peptides (ACEIPs; green), 

antioxidative peptides (AOPs; red), DPP-IV inhibitors (DPP-IVPs; blue), peptides that 

function as both ACEIP and AOP (pink), peptides that function as both ACEIPs and 

DPP-IVPs (purple) and peptides that function as both AOPs and DPP-IVPs (yellow). 

Different peptides having the same functionality in the adjacent rows are underlined.

10 20 30 40 50 60 
MAKLilSLCF LLFSGCCFAF SREQPQQNE CQIQKLIILK PGNRIESEGG LIETWNPNNK 

70 80 90 100 11 0 120 
~FQCAGVALS RCTLIINALR RPSYTNGPQE IYIQQGKGIFGMIYPGCSST FEEPQQPQQR 

130 140 150 160 170 180 
GQSSRPgIIH QKIYNSRiID LIAVPTGVAW WMYNNEDTPV VAVSIIDTNS LENQLDQMPR 
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with same sequences as those active peptides reported from other sources 
of proteins. Table 7.3, on the other hand, presents the list of predicted bio-
active peptides derived through in silico hydrolysis of soy bean storage pro-
teins and suitable enzymes available for this hydrolysis.

As can be seen from Tables 7.2 and 7.3, numerous bioactive peptides can 
be derived from various soybean storage proteins [6]. The enzymes used 
for this purpose are pepsin, high specificity chymotrypsin, trypsin, Arg-C 
proteinase (clostripain; clostridiopeptidase B), Asp-N endopeptidase, 
thermolysin and combination of these individual enzymes with gastroin-
testinal enzymes pepsin, chymotrypsin and trypsin. Pepsin (EC 3.4.23.1), 
chymotrypsin (EC 3.4.21.1), and trypsin (EC 3.4.21.4) are gastrointestinal 
enzymes commonly found in vertebrates and are instrumental in human 
digestion of consumed proteins. Clostripain (EC 3.4.22.8) also known as 
Arg-C peptidase [38] is a sulfhydryl protease produced by Clostridium his-
tolyticum and prefers arginine over lysine residue. Under controlled hydro-
lysis conditions it will cleave proteins at peptide bonds limited to arginine 
P1 sites, including trypsin-resistant arginylprolyl bonds [39], and produce 
peptides containing arginine residues at C1 positions (C-terminal posi-
tion 1). Asp-N endopeptidase (EC 3.4.24.33) is a metallopeptidase isolated 

Figure 7.2 Example of in silico hydrolysis with Asp-N in combination with GI enzymes 

(pepsin, trypsin, and chymotrypsin) and identification of bioactive peptides from glycinin 

G1 protein. Angiotensin I converting enzyme (ACE)-inhibitory peptides (ACEIPs; green), 

antioxidative peptides (AOPs; red), DPP-IV inhibitors (DPP-IVPs; blue), peptides that 

function as both ACEIPs and AOPs (pink), peptides that function as both ACEIPs and 

DPP-IVPs (purple) and peptides that function as both AOPs and DPP-IVPs (yellow). 

Predicted ACEIPs are in bold, predicted AOPs are italic and predicted DPP-IVPs are 

underlined. Peptide sequences in yellow are not assigned; separation from other adjacent 

peptide is by means of underlining.
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190 200 210 220 230 240 
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from Pseudomonas fragi with a narrow specificity similar to flavastacin (EC 
3.4.24.76) and cleaves protein at peptide bonds mostly to aspartic acid (D) 
at P1  positions and, to a slower rate, at glutamic and cysteic acid bonds 
[40] hence produce peptides containing mainly aspartic acid (D) at N1 
positions (N-terminal position 1). Thermolysin (EC 3.4.24.27) is a metal-
loendopeptidase that preferentially cleaves proteins and produces peptides 
with bulky and aromatic residues (I, L, V, A, M and F) at P1  positions [41] 
hence will produce peptides containing these amino acid residues at N1 
positions.

In silico hydrolyses of β-conglycinins (α, α , and β subunits) have shown 
that among the enzymes employed thermolysin is the most effective single 
enzyme while Asp-N endopeptidase is the least effective single enzyme [6]. 
However, in combination with gastrointestinal enzymes (pepsin, chymo-
trypsin, and trypsin), Asp-N endopeptidase produces the greatest num-
bers of peptides when compared to the numbers of peptides produced 
by other enzyme combinations [6]. Many peptides produced from these 
hydrolyses have also been produced from other food protein sources and 
reported extensively in scientific literature to have ACE-inhibitory activity 
(Table 7.2). These peptides include, among others, RL, IR, IY, VF, PR, LF, 
FY, GP, PL, AF, VG, IG, GL, GR, FG, DA, GK, QG, LG, QK, NF, NK, AR, 
IE, LN, EK, PH, HK, AIP, and GPL [38]. In addition, there are also peptides 
that contain known sequences of ACE-inhibitory dipeptides and tripep-
tides. These peptides and some other unknown peptides have been sub-
jected for QSAR analyses and the predicted active peptides are presented in 
Table 7.3 [6]. Since the β-conglycinins share 80% sequence identity within 
the group [42], a great numbers of peptides with identical sequences are 
produced from the hydrolysis of these proteins. For example, the peptides 
LE, LL, LK, NQY, LQR, GSNR, SSSR, LEVR, EEQEW, VINEG, DANIE, 
and NSKPNT, having predicted ACE-inhibitory activities, IC

50
 values, of 

87.4, 61.9, 44.0, 49.1, 39.0, 22.8, 11.8, 25.9, 8.8, 13.0, 29.9, and 28.0 μM, 
respectively (Table 7.3) [6]. This indicates the richness of the hydrolysates 
produced in term of the numbers of active peptides presence in them and 
the potential efficacy these hydrolysates possess. Of particular interest are 
IVI, PHF, VIP, LEVR, and SSSR that can be used as leads in the production 
of antihypertensive agents as they contain amino acid residues that can 
improve effective binding to the active site of ACE [43].

In silico hydrolysis of the glycinin group of proteins also produce a sig-
nificantly great numbers of active peptides [6]. As mentioned earlier, this 
group consist of previously known five subunits (G1, G2, G3, G4, and G5 
subunits) in addition to a new subunit known as G7 [44]. Various ACEIPs 
that have been previously identified and reported from other protein sources 
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are produced from this in silico hydrolysis. These ACEIPs include IR, PR, 
GP, AR, IY, and GR [6, 37] (Table 7.2). Other peptides that contain known 
amino acid residues with strong affinities toward ACE active site as well as 
those that contain kwon ACEIP sequences especially those di- and tripep-
tides that are produced and have their ACE inhibition activities predicted 
[6]. These peptides include VR, IF, MR, GGL, VPH, ADF, EAF, GQL, SGCC, 
GMIF, PQDR, IDET, PEEV, TVPQN, SQSDN, and VVPQN and have pre-
dicted IC

50
 values of 43.08 μM, 15.72 μM, 38.79 μM, 47.29 μM, 39.28 μM, 

13.66 μM, 37.95 μM, 11.73 μM, 23.24 μM, 40.41 μM, 34.83 μM, 27.72 μM, 
25.66 μM, 3.59 μM, 7.62 μM, and 1.82 μM, respectively (Table 7.3). Similar 
to peptides produced from β-conglycinins hydrolysis, various peptides with 
identical sequences are also produced from the glycinins hydrolysis indicat-
ing that these are good sources of proteins as precursors of ACEIPs.

Other protein of interest in this hydrolysis is the protease inhibitor-
like protein. This type of protein has been reported to possess antinutri-
tive action and hydrolysis of this protein has been reported to degrade 
protease inhibitor in soybean [45]. This degradation has twofold impact, 
that is, increase the bioavailability of soybean protein and decreasing anti-
cancer and anti-inflammatory effect of this soybean protein that has been 
previously reported [46]. Several ACEIPs have been identified form in 
silico digest of protease inhibitor-like protein [6] that include dipeptides 
VG, IG, GK, and VK that have been previously reported in the literature 
[37]. Other potential ACEIPs derived from this protein include SSW, ENP, 
IER, ITD, VQGT, and IVPEGN, having predicted IC

50
 values of 9.68 μM, 

44.84 μM, 42.17 μM, 21.79 μM, 45.91 μM, and 0.28 μM, respectively. Direct 
consumption of intact protease inhibitors from food sources may result in 
indigestion of other proteins as these enzymes will inhibit the activity of 
gastrointestinal proteases such as chymotrypsin and trypsin. Hence hydro-
lysis of these enzymes prior to consumption may alleviate this problem in 
addition to the release of beneficial ACEIPs.

ACE-inhibitory peptides derived from food proteins during process-
ing such as fermentation or hydrolysis are of great importance to human 
health. Various studies have reported the antihypertensive effects of ACE-
inhibitory peptides derived from food proteins [47–50]. It is also indicated 
that small ACE-inhibitory peptides are less susceptible to gastrointestinal 
enzyme degradation and can be absorbed intact into the blood circulation 
[51,  52] and deliver their hypotensive effect and hence promote human 
health. Therefore, hydrolysis of food proteins using a combination of com-
mercial and gastrointestinal enzymes is an effective way to produce small 
and active ACEIPs that can resist further gastrointestinal enzyme degrada-
tion in vivo and deliver their health benefits.
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Antioxidative peptides are another group of active peptides that have 
attracted interest from researchers around the world due to their beneficial 
role in human health. It is therefore beneficial to identify the released anti-
oxidative peptides from in silico hydrolysis of soybean proteins. Several 
antioxidative peptides derived from the hydrolysis of β-conglycinins have 
been shown to possess sequences similar to antioxidative peptides derived 
from other protein sources [6]. These peptides include IY, AY, IR, LK, 
PHF, RHK, LKP, and LLPH [37]. In addition, there are also a great num-
bers of peptides that contain sequences of known antioxidative peptides. 
These peptides include RH, PLL, VNPH, PHHA, SPQL, NPQL, EEQW, 
PHHADAD, GYALPHA, ENEGE, VDAQPK, VIPAGY, and VDAQPQQK. 
Various amino acid residues have been claimed to contribute to the activity 
of antioxidative peptides. In silico hydrolysis of soybean glycinins have also 
shown to produce antioxidative peptides (Tables 7.2 and 7.3) [6]. Various 
antioxidative peptides such as IR and LK [6, 37] previously reported from 
other food proteins have been identified from the in silico hydrolysis of 
glycinins. In addition, various potential antioxidative peptides have been 
identified from this hydrolysis (Table 7.3). These include VPH, SPHW, 
DAQPK, ENEGE, EGEDK, EEPQQK, and AGNQEQE. As major storage 
proteins in soybean, glycinins form a great source of potential bioactive 
peptides such as antioxidative peptides.

Similar to the β-conglycinins and the glycinins, protease inhibitor in 
soybean is also likely to release antioxidative peptides upon hydrolysis. 
Tripeptide PEL for example has been released through simulated hydro-
lysis with mixed enzymes. Other peptides with potential antioxidative 
activity include EVPH and EVPHIG. These peptides contain dipeptide 
sequence (PH) that has been part of many antioxidative peptides [37].

The storage proteins and the protease inhibitor have shown to possess 
sequences that can exert antioxidative activity when released from the 
parent proteins. Chen et al. (1995) [53] and Saito et al. (2003) [54], for 
example, identified antioxidative peptides from soybean proteins having 
5–16 amino acid residues. These peptides consisted of hydrophobic amino 
acids, valine (V) or leucine (L), at the N-terminal positions, and proline 
(P), histidine (H) and tyrosine (Y) in any position in the sequences. These 
findings are in agreement with the antioxidative peptides derived in silico 
from soybean proteins as listed in Table 7.3 that consist of 2–7 residues in 
their sequences. Therefore, the mixed enzymatic hydrolysis simulated in 
the study [6] can be applied for in vitro hydrolysis to produce hydrolysates 
with antioxidative properties.

Another important activity displayed by peptides is the dipeptidyl pep-
tidase IV (DPP-IV) inhibitory activity. This group of peptides has been 
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the focus of research with a view to utilize them in the management of 
type-2 diabetes [55–58]. In silico hydrolysis of soy proteins with mixed 
commercial enzymes and gastrointestinal enzymes has also shown to pro-
duce peptides with known sequences of DPP-IV inhibitors. A numbers 
of dipeptides such as GP, LL, RH, GA, NP, EK, and PL can be produced 
from in silico hydrolysis of β-conglycinins. Many other tripeptides, tetra-
peptides, and oligopeptides contain sequence of known DPP-IV inhibitors 
produced by in silico hydrolysis of β-conglycinins. Peptides such as GIA, 
NPF, NPQL, and GPFPSI are examples of in silico products of soy protein 
hydrolysis that may possess DPP-IV inhibitor activity due to their content 
of known DPP-IV inhibitor sequences.

In silico hydrolysis of the glycinins is also able to produce peptides of 
known DPP-IV inhibitory activities. Examples of these peptides include 
VA, AH, GP, HL, IQ, IR, MG, SV, TN, and VS which can be produced from 
in silico hydrolysis of the glycinins. Other produced peptides such as VVA, 
AVA, MAK, LAQS, NPQ, APEF, and VTAP may also possess DPP-IV 
inhibitory activity due to the fact that they contain known DPP-IV inhibi-
tor sequences.

Likewise, in silico hydrolysis of soybean protease inhibitor has resulted 
in the production of known DPP-IV inhibitors, that is, DR, LV, and VK. 
Other peptides that may possess DPP-IV inhibitory activity include EVPH 
and ENP due to their content of known DPP-IV inhibitor sequences.

Although the mode of action of DPP-IV inhibitor peptides remains 
unclear, researchers have tried to reveal the relationship between structure 
and activity. Nongonierma and FitzGerald (2016), for example, have linked 
their activity to specific peptide motifs, consisting of an N-terminal (N1) 
threonine (W) and/or a proline (P) at position N2 [58]. In silico hydroly-
sis of soy proteins presented here have shown that soy proteins are good 
source of potential DPP-IV inhibitory peptides that have potentialfor the 
management of type-2 diabetes. This hypothesis is based on the premise 
that food protein hydrolysates having in vitro DPP-IV inhibitory activity 
generally yield antidiabetic effects in animal studies [58].

As can be seen from Tables 7.2 and 7.3, in silico hydrolysis of soy pro-
teins has yielded a large number of potential ACEIPs. It is therefore impor-
tant to look at the structural suitability of these peptides with respect to 
the active site structure of ACE. The overall structure of the ACE consists 
of several α-helices and takes an ellipsoid shape with a groove in the cen-
tre [59]. Three α-helices (α

1
, α

2
, and α

3
) appear to form a “lid” on top of 

the molecule at the active site. This “lid-like” opening to the active-site 
is assumed to restrict the access of large molecules to the active-site. The 
active-site structure ofACE [59] consists of a zinc coordination site, several 
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hydrogen bonding subsites (containing hydrogen bonding “H” residues), a 
proline binding pocket and a hydrophobic pocket (with “F” residues) that 
has preference for aromatic amino acids like phenylalanine. According to 
Karman et al. (2016) [43] it is necessary for the potent peptide inhibitors 
to have the following structural requirements: (1) possess strong chelating 
groups such as glutamic acid (E) to efficiently coordinate with zinc II ion 
in the ACE active-site, (2) have several functional groups that can form 
strong hydrogen bonding with the residues in multiple subsites within 
the ACE active-site, (3) have a hydrophobic residue with an aromatic side 
chain such as phenylalanine (F), leucine (L), methionine (M), tyrosine (Y), 
and threonine (W), (4) presence of proline (P) is beneficial for effective 
binding, and (5) preferably be short peptides with 2–4 residues (a tripep-
tide may possibly be the best fit). Another residue commonly found in 
many C-terminal ACEIPs is arginine (R) [37] for which activity has been 
related to its positive charge on the guanidino group of arginine side chain 
[60, 61]. More recently, a molecular docking study has shown the contri-
bution of serine (S) residue at the C-terminal tripeptide TLS that is related 
to its ability to form hydrogen bonds with the S1 and S2 pockets of the 
ACE active site. Many of the ACEIPs predicted by in silico methodology 
(Tables 7.2 and 7.3) fulfil most of these criteria and are the strong candi-
dates for ACE inhibitors.

7.4  Production of Bioactive Peptides from 
Soy Proteins

7.4.1 Bioactive Peptides Derived Through Fermentation

Fermentation, one of the first techniques to preserve foods, provides ways 
to enhance nutritive value of foods, destroy undesirable factors, to make 
safer products, to improve appearance and taste of some foods, to salvage 
raw material that otherwise not usable for human consumption, and to 
reduce energy used for cooking [62]. At present, fermentation continues 
to play an important role in providing variety of quality foods for human 
and domestic animal consumption. In fermentation, raw materials are 
converted into products through the act of micro-organisms (bacteria, 
yeasts, and moulds). The production of active peptides in fermentation is 
achieved by the action of proteolytic enzymes released by the microorgan-
isms involved in the process. These microorganisms may be added to the 
raw materials as starter cultures or are part of the microorganism ecosys-
tem of the raw materials.
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In Asia, milk, soy bean, and fish are more common fermentation sub-
strates with a range of products such as yogurt, soy sauce/paste, and fish 
sauce. Fermented soy bean products such as “shoyu” and “miso” in Japan, 
“oncom” and “tempeh” in Indonesia, “fermented tofu” in China are well 
known products in respective countries [63, 64]. Various bioactive pep-
tides derived from soybean fermented products have been identified and 
reported (Table 7.4) [65]. These include antihypertensive/ACE inhibitory 
peptides, antioxidative peptides, antimicrobial peptides, DPP-IV inhibi-
tors, antidiabetic peptides, etc. Vallabha and Tiku (2014), for example, 
reported the finding of an antihypertensive pentapeptide LIVTQ (IC

50
 = 

0.09 μM) derived through Lactobacillus casei spp. pseudoplantarum fer-
mentation of soybean [66]. The pentapeptide is stable against pepsin deg-
radation under in silico condition and has slow absorption rate in vitro [66]. 
In another study, an ACE inhibitory pentapeptide LVQGS (IC

50
 43.7 μM) 

was isolated from Aspergillus oryzae fermented soybean extract [67]. These 
findings support the previously reported production of ACEIPs from soy-
bean fermentation [65, 68].

Fermentation of soybean has also resulted in the release of various other 
functional peptides. Amadou et al., for example, reported the antioxida-
tive effect of peptides derived from Lactobacillus plantarum Lp6 fermented 
soy protein meal [65, 69]. Although, the sequence/s of the active peptide/s 
remains unknown, the findings do indicate the presence of antioxida-
tive peptides released from the fermentation process of soybean proteins. 
Hypocholesterolemic activity of peptides derived from fermented soybean 
product has also been reported. Oral administration of soy proteins have 
been reported to improve cholesterol composition of blood serum in ani-
mal models [70–72]. Chinese fermented soybean product called douchi 
has also been linked to antioxidant activity [73]. All this information sup-
ports the role of fermentation for the production of bioactive peptides 
from soybean proteins.

The cholesterol lowering effect of Lactobacillus delbrueckii subsp. del-
brueckii TUA-4408L (SNC33) fermented soymilk on rats fed with high 
cholesterol diet has been reported [74]. It is noteworthy that fermented 
soymilk used in this experiment contains very little protein. Hence, the 
hypocholesterolemic effect may be due to bioactive peptides and other 
active compounds such as isoflavones and saponin. Another physiological 
function of soy protein is their reported ability to act as an antidiabetic. 
This activity is related to their ability to improve body composition and 
insulin secretion especially among postmenopausal women [75]. Although 
there is no concrete claim that fermented soy proteins can improve body 
composition and insulin secretion, Kwon et al. demonstrated that the 
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compositional changes in isoflavonoids and peptides that occurred during 
a long fermentation period of “meju,” a fermented soy product, enhanced 
the antidiabetic effect of soybeans [76]. Fermentation of soybean has also 
been linked to the production of some antimicrobial peptides and anti-
thrombotic peptides. The production of antimicrobial peptides has been so 
far the result of starter culture release of active peptides during fermenta-
tion [5, 77, 78]. Shon et al. [79] had reported that fermentation of soy bean 
in the preparation of soy sauce produces bioactive peptides that can func-
tion as antithrombotic agents, although the peptide responsible for this 
activity remains unknown.

The discussions presented above duly substantiate that fermentation of 
soybean offers the following beneficial outcomes in terms of the produc-
tion of bioactive peptides:

Fermentation of soybean has resulted in the release of anti-
hypertensive/ACE inhibitory peptides and antioxidative 
peptides.
Consumption of fermented soybean products has been 
reported to improve serum cholesterol composition on ani-
mal models and may also show similar effects on human 
serum cholesterol profile.
Consumption of fermented soybean products has been 
linked to the improvement of body composition and insulin 
secretion hence offer alternative ways to treat type-2 diabe-
tes although the role of peptides produced during fermenta-
tion remains unclear and further investigations are required.
Starter cultures used in soybean fermentation have been 
reported to produce antimicrobial peptides of significant 
strength and prospect.

7.4.2 Bioactive Peptides Derived Through Hydrolysis

Degradation or hydrolysis of protein molecules into smaller peptides and 
then into amino acids, their building blocks, can be achieved through the 
use of enzymes and acids and bases [36]. By definition, enzymatic hydro-
lysis of food proteins is the hydrolysis of food proteins by the action of 
isolated enzymes with a view to applying the hydrolysed proteins as a food 
ingredient [36], and the products are called protein hydrolysates.

The enzymes used in modification of food proteins can be classi-
fied according to their origin (animal, plant or microbial), their catalytic 
action (endopeptidase or exopeptidase), and the nature of the catalytic 
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site. Endopeptidases are always used in food protein hydrolysis, although a 
combination with exopeptidases is occasionally employed [36]. The endo-
peptidases can be further classified based on their catalytic site into ser-
ine proteases, cysteine proteases, metalloproteases, and aspartic proteases 
[80, 81], while a group of threonine peptidases has also been discovered 
[82]. The serine proteases are well studied having a maximum activity at 
alkaline pH and –OH group in the catalytic centre. The cysteine prote-
ases are similar to serine proteases but having –SH instead of –OH group 
in the catalytic centre. These enzymes are sensitive toward oxygen. The 
metalloproteases contain a metal atom, usually zinc and have optimum pH 
around neutral. The aspartic proteases are characterized by having a car-
boxyl group from aspartic acid in the active centre and maximum activity 
at acid pH [36].

As can be seen in Table 7.4 various bioactive peptides have been pro-
duced through enzymatic hydrolysis of soybean proteins. These peptides 
include ACE-inhibitory, antioxidative, opioid-like and bile acid binding 
peptides. Kuba et al. [83] reported that Monascus purpureus’ acid prote-
ase hydrolysis of soybean proteins, β-conglycinin and glycinin, resulted 
in the production of four ACE inhibitory peptides with IC

50
 values of 

65–850 μM. This research showed correlation between ACE inhibitory 
activity and the degree of hydrolysis. The active peptides have been iden-
tified as LAIPVNKP, LPHF, SPYP, and WP. Further study using synthe-
sized analogues of WL and LAIPVNKP confirm high ACE inhibitory 
activities of these peptides [83] hence offer promising application of the 
hydrolysate.

In another study using Alcalase and Flavourzyme , Chiang et al. [84] 
reported that a 6 h hydrolysis of soy protein with Alcalase would pro-
duce hydrolysate with highest ACE inhibitory activity when compared 
to hydrolysates of Flavourzyme , trypsin, chymotrypsin, and pepsin. It 
was also evident that the higher the degree of hydrolysis (DH), the better 
will be the ACE inhibitory activity [84]. Hence, increase in the hydrolysis 
time indicated the significance of protease hydrolysis of proteins to pro-
duce bioactive peptides. In case of Flavourzyme , however, the increase 
in degree of hydrolysis did not guarantee the increase in ACE inhibitor 
activity [84]. This might be due to inactivation of active peptide sequence 
by exoproteases present in Flavourzyme , through the release of one or 
more amino acids from the active N- or C-terminal of the peptides. This is, 
however, in direct contrast to the finding of Suh et al. [85] which showed 
that Flavourzyme  hydrolysates of corn gluten had higher ACE inhibitory 
activity. This suggests that different proteins may produce different bioac-
tive peptides when hydrolysed with the same enzyme.
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Many other researchers have reported the release of ACEIPs from hydro-
lysis of soybean proteins (Table 7.4). For example, recently ACEIPs have 
been identified from PROTIN SD-NY10 hydrolysed soy milk and soy pro-
tein containing infant formulas [27, 86]. The identification of ACEIPs from 
PROTIN SD-NY10 processed soy milk may have significant commercial 
implication as soy milk usually has low sensory acceptability among west-
ern consumers due to its beany flavor. Hence, hydrolysis may improve its 
acceptability, the produced ACEIPs and the associated health benefits may 
be available to the wider community. The finding of native ACEIP RPSYT 
in soybean-based infant formula [27] is fascinating. A closer look at the 
sequences of soy storage proteins reveals that this pentapeptide comes 
from the sequence of the glycinins (G1, G2, and G3) with homologue also 
exists in G5 chain. Therefore, it can be concluded that hydrolysed soybean 
proteins may form the most suitable ingredients in the formulation of 
infant foods.

Hydrolysis of soybean proteins has also resulted in the production of 
antioxidative peptides. For example, Moure et al. reported the antioxida-
tive effect of ultrafiltration-recovered soy protein fractions from industrial 
effluents and their hydrolysates [87]. In their study, high molecular weight 
fractions (>10 kDa) of hydrolysates and proteins have been found to 
show higher antioxidant activities when compared to the lower molecular 
weight fractions [87], although the sequences of active peptides have not 
been determined. Other researchers, however, have reported various anti-
oxidative peptides derived through hydrolysis of soy proteins [2, 53, 88]. 
Chen et  al. reported six antioxidative peptides derived from Bacillus sp. 
Protease S hydrolysis of β-Conglycinin [53]. Three of these peptides, that 
is, LLPHH, VNPHDHQN, and LVNPHDHQN are potential antioxidative 
peptides that can extend the induction period of linoleic acid oxidation 
[53] and hence possess potential application in food industry.

In another study, pancreatic trypsin hydrolysis of β-Conglycinin and 
glycinin has resulted in the production of antioxidative peptides [2]. These 
peptides come from fragments of β-conglycinin and glycinin and their 
antioxidative activities have been characterized by Trolox equivalent anti-
oxidative capacity (TEAC). Of these peptides, TTYY has been considered 
as the most promising peptide that can be used as functional compound 
in nutrition, pharmaceutical, and cosmetic applications [2]. The antioxida-
tive peptides derived from soybean proteins reported so far come from the 
storage proteins. However, there is also antioxidative peptide that has been 
derived from other soy proteins. Jiménez-Escrig et al. reported the isola-
tion of antioxidative peptide TIIPLPV derived from peptic hydrolysis of 
lipoxygenase-1 found in okara [88]. Okara is a by-product of soymilk and 
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tofu industry and is a rich source of proteins. This finding serves a way to 
utilize sources that are otherwise wasted and convert them into functional 
ingredients.

Other functional properties of significance are immune modulating, 
hypocholesterolemic, and anticancer properties of soy peptides. Yoshikawa 
et al. reported the finding of a hexapeptide HCQRPR and a tetrapeptide 
QRPR derived from glycinin G1 through tryptic hydrolysis [3]. These pep-
tides have shown to stimulate phagocytosis by microphages and polymor-
pho nuclear leucocytes [3]. Tryptic hydrolysis of soy protein β-conglycinin 
α  subunit has also resulted in the release of three active immune modulat-
ing peptides known as Soymetide-13 (MITLAIPVNKPGR), Soymetide-9 
(MITLAIPVN), and Soymetide-4 (MITL) (Table 7.4) [89,  90]. These 
peptides have shown to stimulate phagocytosis by human polymorpho-
nuclear leucocytes [89]. The soymetides have shown weak affinity toward 
the formyl peptide receptor, the receptor that detects bacterial infection, 
hence consumption of soy proteins may stimulate human immune sys-
tem as though a bacterial infection has occurred [31]. Soymetide-4 has 
not shown to induce reactive oxygen species (ROS) property is differentto 
formyl-MLP (fMLP), a formylated immunomodulating peptide contain-
ing essential methionine (M) residue, and can induce the release of tumor 
necrosis factor α (TNF-α). Therefore, soymetides-4 is considered as a safe 
immunomodulating peptide [31].

The hydrolysis of soybean proteins, as discussed above, results in the 
release of significant numbers of bioactive peptides. These peptides possess 
various functional properties such as ACE-inhibitory, antioxidative and 
immunomodulating activities and possibly other functionalities. These 
peptides have shown to exert physiological activities in vitro and some of 
these have shown activity in vivo on animal models. Therefore, these pep-
tides offer significant prospect for application in food and pharmaceutical 
industry.

7.4.3 Bioactive Peptides Derived Through Chemical Synthesis

Chemical synthesis of peptides of known sequences and for desired func-
tionalities is an alternative for the production of large quantity of pure 
active peptides. There are two main methods for chemical synthesis of 
active peptides, that is, solution- and solid-phase syntheses. In the solution-
phase synthesis, stepwise synthesis of small peptide fragments is carried 
out first followed by coupling the small peptides into longer peptides [96]. 
This method has been used successfully to synthesize more than 20 residue 
peptides. However, this method is time-consuming and the intermediate 
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products need to be isolated and purified before proceeding to the next 
steps [96]. In the solid-phase synthesis, an α-amino group and side chain 
are protected and the protection groups are immobilized into a solid resin. 
The protected α-amino group can be removed quickly and completely, and 
another protected amino acid with activated carboxyl group can be cou-
pled to the unprotected resin-bound amine [97]. This step can be repeated 
until a desired sequence is obtained.

In addition to the above two methods, active peptides can be synthe-
sized though enzymatic process. This method is the opposite of enzymatic 
hydrolysis and is carried out in nonaqueous solutions. This method can 
be organized into thermodynamically and kinetically controlled processes 
[7]. At present, solid-phase peptide synthesis is considered as a more 
established method and has been used to synthesize significant numbers 
of active peptides. There are various reasons to produce bioactive peptides 
through chemical synthesis. These include producing peptides of high 
purity and quantity, peptides with desired sequences that are otherwise dif-
ficult to obtain from natural sources, peptides of known activity identified 
in natural sources but are difficult to ensure the release of predicted active 
peptides that are encrypted in native proteins through hydrolysis. Hence 
chemical synthesis provides alternative way to produce active peptides for 
further studies as well as for commercial application.

Various active peptides have been produced through chemical synthe-
sis. Ohinata et al. had synthesized three peptides (YPFVV, YPFVVN, and 
YPFVVNA) identified in the sequence of β-Conglycinin (Table 7.4). The 
peptides have then been subjected for in vitro analysis for their opioid-like 
activity hence the reported finding of opioid peptides from the fragments 
of β-conglycinin [95]. This approach has also enabled the researchers to 
identify the most prospective peptide for further study and application.

The hypocholesterolemic effect of bioactive peptides derived from soy 
proteins has also been the subject research using synthetic peptides. It has 
been claimed that soy proteins offer highest hypocholesterolemic property 
when compared to other proteins [4, 8, 90]. For example, using informa-
tion of the bile acid-binding region of soy glycinin G1 subunit identified by 
Choi et al. [8], Nagaoka et al. [4] has synthesized a hexapeptide VAWWMY 
and studied its bile acid-binding activity in vivo. The results from this study 
confirm that VAWWMY (Table 7.4) does exert bile acid-binding ability by 
decreasing micellar solubility and inhibiting cholesterol absorption in rats 
[4] hence showing hypocholesterolemic property.

The above are only a few examples of the application of chemical syn-
thesis of active peptides. This approach can be used to produce bioac-
tive peptides of all physiological functionalities such as antioxidative 
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peptides [98], ACE-inhibitory peptides [34, 32] and antimicrobial pep-
tides [99, 100].

7.4.4  Perspectives in Bioactive Peptide Production Through 
Recombinant DNA Technology

The three methods discussed above are the most commonly used in 
preparation of bioactive peptides. The isolation of the peptides from the 
fermented products or the crude hydrolysates is time consuming and 
expensive as the products contain a mixture of numerous peptides of dif-
ferent properties and of low quantity. On the other hand, chemical synthe-
sis is an expensive process. Recombinant DNA technology has been used 
to produce bioactive peptides derived from food proteins. For example, 
ACEIPs derived from bovine β-casein [9] and human α

S1
-casein [101]. This 

method aims to produce proteins containing selected bioactive peptides of 
known sequences. The active peptides can then be released through appro-
priate enzymatic hydrolysis.

The recombinant DNA technology involves the use of a cloning vec-
tor that is derived from organisms such as bacteria or viruses. The most 
commonly used cloning vector is Escherichia coli. For example, Prak 
et al. introduced tandem multimers of the nucleotide sequence encod-
ing IIAEK peptide (an active hypocholesterolemic peptide derived from 
β-lactoglobulin) into DNA regions corresponding to the five variable 
regions of soybean glycinin A1aB1b (glycinin G1) subunit and expressed 
the mutants in E. coli [102]. This introduction is followed by screening of 
the expressed mutant proteins containing the bioactive peptides that are 
most soluble in E. coli and used as a selected mutant for further protein 
production. The proteins are then isolated and hydrolysed with trypsin to 
release the active peptides [102]. This approach has resulted in the pro-
duction of multi copies of IIAEK peptide from this genetically modified 
soybean pro-glycinin A1aB1b (pro-glycinin G1).

The use of E. coli strains as cloning vectors have been common in the 
literature [101, 103]. However, these strains are not food grade strains 
hence the need to isolate the recombinant proteins for further use. More 
recently, organisms that are Generally Recognized as Safe (GRAS) by 
the Food and Drug Administration of the United States of America have 
been used for this purpose. These organisms include lactic acid bacteria 
(LAB) Bifidobacterium pseudocatenulatum [104] and Chlamydomonas 
reinhardtii [105]. Losurdo et al. (2013) used E. coli and B. pseudocatenu-
latum as shuttle vector [104] to produce recombinant protein containing 
ACEIPs previously identified in the sequence of bovine β-casein [106]. 
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In this study, positive clone carrying the recombinant clones is intro-
duced into pAM1 plasmid form E. coli-bifidobacteria shuttle cloning 
vector [107, 108] then introduced into E. coli for further transformation. 
Positive recombinant plasmids carrying in-frame genes are then electro-
transformed into B. pseudocatenulatum for further growth. The bacte-
ria are then harvested and the proteins are extracted and used for ACE 
inhibitory analysis [104].

Another species of interest as cloning vector is Chlamydomonas rein-
hardtii, a single-cell green algae. This organism has been used to produce 
therapeutic proteins in its chloroplast and is considered an inexpensive and 
easily scalable cloning system for quantity recombinant protein produc-
tion [105]. To date, genetic engineering in chloroplast of C. reinhardtii has 
mainly been limited to the production of proteins with therapeutic appli-
cations [105]. An extended list of therapeutic proteins produced through 
genetic engineering using C. reinhardtii is available in the literature [105]. 
The principle of therapeutic protein production in C. reinhardtii chloro-
plast involves the introduction of gold or tungsten particles coated with 
gene for the foreign protein into the algae cells placed at an interior of a 
vacuum chamber [105, 109]. This step is carried out by a particle bombard-
ment device. The cells are then allowed to proliferate for a few weeks in the 
presence of selected antibiotic. When the genes reached the chloroplast, 
they will integrate into the plastid (plant plasmid) and in the chloroplast 
genome [105, 109].

As mentioned earlier, genetic engineering using C. reinhardtii has 
been mainly for the production of therapeutic proteins. Other potential 
cloning vectors for genetic engineering are transgenic flowering plants. 
These plants have been used mainly for the production of oils, pigments, 
enzymes, and vitamins, or for the innovation of drought and salt tolerant 
plants [105,  110,  111]. Plant cells contain DNA in their nucleus, plastid 
and mitochondrial compartments, of which the nuclear genome is most 
common target for genetic engineering. However, the plastids (in this case 
the chloroplast) in plants have also been the target for successful expres-
sion of antibiotic protein [110]. In light of this successful report, genetic 
manipulation though recombinant DNA technology for the purpose of 
bioactive peptide production is feasible. The production of recombinant 
proteins carrying bioactive peptides through transgenic plants offer sev-
eral benefits: (1) scalable production can be achieved once a positive clone 
and farming conditions have been established, (2) the recombinant pro-
teins can be used in food preparation, (3) the recombinant proteins can be 
extracted, hydrolyzed with appropriate enzyme to release the active pep-
tides that can be used as therapeutic agents, and (4) in case recombinant 
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antibiotic proteins in which mechanism of action involves microbial mem-
brane disruption, in transgenic plant production offer additional benefits 
[113] as chloroplasts do not have cell walls hence can accommodate such 
proteins and chloroplast have similar proteases as those of bacteria hence 
will express high resistance toward their degradation.

The above discussions do indicate that recombinant DNA technology 
offers beneficial alternative for the production of bioactive peptides and 
proteins:

Recombinant proteins containing encrypted ACEIPs and 
cholesterol lowering peptides have been successfully pro-
duced through E. coli as the cloning vector and E. coli-bifido-
bacteria as shuttle vector.
Generally Recognized as Safe (GRAS) cloning vectors are 
now available for application. These include LAB B. pseu-
docatenulatum, single-cell C. reinhardtii and transgenic 
flowering plants. The latter two offer advantages for scal-
able production of therapeutic proteins and in particular for 
membrane disrupting antibiotic proteins and peptides.
The recombinant active proteins produced by GRAS cloning 
vector can be used for food preparation.
At the present time, recombinant DNA technology for pro-
tein production remains in its infancy. However, current 
research findings do indicate that the technology for the 
production of recombinant proteins containing encrypted 
bioactive peptides is feasible and hence further research is 
required to fully investigate the best cloning vehicles to pro-
duce recombinant proteins containing many different bioac-
tive peptide classes.

7.4.5 Drawbacks in Bioactive Peptide Production

Review presented in the previous sections does indicate the promising 
physiological benefits of peptides derived from soy protein degradations 
either through fermentation or enzymatic hydrolysis. However, production 
of peptides of specific physiological properties and their efficacy rely on 
many factors that may not be easily achieved. These factors include amino 
acid sequences of the parent proteins, appropriate enzymes to cleave the 
proteins, quantity of the active peptides produced, isolation of the active 
peptides, efficacy of the peptides, possible allergic reactions, and produc-
tion cost.
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The amino acid sequences of parent proteins are a determining factor 
in the release of bioactive peptides as these sequences may have variations 
between same proteins from different species or even between variant of 
a same species. The limited knowledge of the amino acid sequences of 
many food proteins means that the production of bioactive peptides from 
food proteins is largely a functional-guided trial-and-error experimenta-
tion using various food proteins and enzymes. The well-studied milk pro-
teins, soy protein, blue lupin proteins and amaranth proteins are exception, 
where the well documented sequence can be used to guide the choice of 
enzymes needed to cleave the peptide bonds and release desired bioac-
tive peptides. For these proteins, an in silico digestion can shed light on 
the appropriate enzymes to be used for actual hydrolysis of the proteins. 
The knowledge of enzyme specificity, therefore, plays an important role in 
achieving optimum condition for hydrolysis.

The quantity of active peptides produced from hydrolysis of food 
proteins depends on the number of occurrences of the desired peptide 
sequence within the parent proteins and the specificity of the enzyme 
used in hydrolysis. The yield of a particular active peptide is usually low. 
In addition to the low yield, purification of active peptides is a major chal-
lenge and is costly. At laboratory level, chromatographic separation is the 
most common method of choice. However, this method is costly and time 
consuming, and since the hydrolysates from hydrolysis contain numerous 
peptides with relatively similar in sizes and hydrophobicity, and contami-
nations are unavoidable. Various studies indicated that most bioactive pep-
tides, in particular antihypertensive peptides, are small peptides and hence 
fractionation of hydrolysates with molecular weight cut off membrane to 
produce hydrolysate fraction containing active peptides is commendable 
and the fraction can be used in food product development. Production 
of recombinant proteins containing repeated sequences of active peptides 
and chemical synthesis of active peptides can improve the quantity of 
active peptides produced. The former method offers superior alternative as 
the peptides produced can be used as both nutraceuticals and therapeutic 
agents, while the latter is resorted to therapeutic application.

The efficacy of the active peptides and their potential cause of allergic 
reactions are other issues associated with the use of bioactive peptides. 
Reports from various studies indicated that there exists bioactive pep-
tide that showed in vitro activity but failed when tested in vivo. These are 
believed to be the inability of these peptides to resist degradation by gastro-
intestinal proteases and other pancreatic enzymes. Other reports, however, 
showed that bioactive peptides can be absorbed intact into the blood circu-
lation following an oral administration. Coming to the question of possible 
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allergic reaction due to consumption of bioactive peptides, although, as far 
as recent information is concerned, there is no report of allergic reaction 
experienced during oral administration of bioactive peptides, antihyper-
tensive peptides in particular, among volunteer subjects involved in bioac-
tive peptide research.

7.5  Potential Applications of Bioactive Peptides from 
Soy Proteins

7.5.1 Applications in Functional Foods

Studies on bioactive peptides derived from food proteins indicate that there 
are many possible uses of these peptides. Two important ones are antihy-
pertensive and antimicrobial agents. As an antihypertensive agent, the use 
of bioactive peptides as a food ingredient is advisable [112]. Therefore, the 
functional properties of these peptides assume importance.

According to Kinsella [113], properties such as aroma and taste are 
sometimes also regarded as functional. This is particularly important when 
these properties are exploited in the formulation of foods. In the case of 
enzymatic-modified food protein, Adler-Nissen [36] suggested that it is 
the off-flavor which dominates and hinders the use. Hence proposed an 
application in small quantity as highly functional ingredients in complex 
food items.

Various proteolytic enzymes have been used successfully to hydrolyse 
food proteins yielding different bioactive peptides with potential use as 
food ingredients. However certain proteases of bacterial origin (e.g., alka-
line protease) need further investigation into antigen-antibody reaction 
(food allergy) and to digestive resistance [112]. This therefore indicates 
the need for in vivo investigations with laboratory animals and human 
studies to examine possible allergic reaction upon administration of these 
peptides.

For example, numerous in vitro studies have confirmed the activities of 
ACEIPs. In vivo studies with both animal and human subjects have also 
been carried out and promising results have been reported. Peptides IPP 
and VPP derived by Lactobacillus helveticus fermentation of milk, such as 
Calpis sour milk, are well characterized for their activities against ACE 
both in vitro and in vivo with animal and human subjects. A variety of 
products are available commercially either as functional food supplements 
or as bacterial-based functional foods. Among these are three milk-based 
functional foods with claimed potency for reducing blood pressure. They 
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are Ameal S from Calpis (Kanagawa, Japan), Evolus from Valio (Finland), 
and Cardi-04TM from Chr. Hansen (Denmark). The first two products 
contain bioactive peptides IPP and VPP and some other active peptides. 
Cardi-04TM is a fermented milk product produced by Lactobacillus helveti-
cus strain Cardi-04TM [114]. Fermented soybean products such as natto, 
miso and tempeh are staple foods in Japan and Indonesia. These food items 
have been demonstrated to possess ACE-inhibitory, antioxidative and anti-
thrombotic properties [68, 115] and hence are functional food ingredients 
on their own rights.

Natto, miso, and tempeh are products from solid-state fermentation and 
contain low moisture content hence can be easily converted into dry food 
ingredients and be used in functional food preparation. Incorporation of 
these ingredients in food product development is feasible. For example in 
the preparation of functional breakfast cereal containing ACE inhibitory, 
cholesterol lowering and antioxidative peptides; soymilk enriched with iso-
lated bioactive peptides and in the preparation of many other food items. 
In case of isolated antioxidative peptides such as LLPHH, VNPHDHQN, 
and LVNPHDHQN [53], their application in cooking oils to extend the 
induction period will greatly increase their shelf life. The application of 
these active peptides in food preparation is limitless and further product 
development experiments are required to maximize the use of these active 
ingredients.

7.5.2 Application as Therapeutic Agents

The use of bioactive peptides as therapeutic agents is one of the main objec-
tives of developing these active constituents. For example, an antimicrobial 
agent derived from soybean fermentation may be used for clinical purposes 
and also as food preservative. According to Wilcox [116] to become a good 
therapeutic agent, a drug has to show good activity, appropriate function, 
low toxicity, and have stability in vivo. So far only two bioactive (cationic) 
peptides are used in topical creams and solutions. As a food preservative, 
Chan and Li-Chan [117] suggested that apart from having good in vivo 
activity, synergistic effect of an antimicrobial peptide with other preserva-
tive agents may be important for their successful use in food products.

Several ACEIPs derived from soy proteins (Table 7.4) are potential can-
didates for antihypertensive agents due to their small sizes and low IC

50
 

values. These include DLP (IC
50

 = 4.8 μM), HHL (IC
50

 = 2.2 μM), LIVTQ 
(IC

50
 = 0.9 μM), LSW (IC

50
 = 1.70 μM), FFYY (IC

50
 = 1.90 μM), WHP 

(IC
50

 = 4.80 μM), and FVP (IC
50

 = 10.10 μM). As discussed in Section 7.3, 
these ACEIPs possess most of the structural properties required to bind 
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with ACE active site and hence observed antihypertensive activities are 
expected.

Other soy protein derived small bioactive peptides, that is, antioxidative 
and immunomodulating peptides (Table 7.4), also have potential to be used 
as therapeutic agents. In silico hydrolysis of these peptides revealed that the 
peptides LLPHH, TIPLPV, HCQRPR, and QRPR are stable against gas-
trointestinal enzymes pepsin, chymotrypsin and trypsin degradation and 
hence are expected to deliver activity in vivo. Therefore, these peptides may 
be used in the preparation of health supplements or as active ingredients in 
topical cream products. The application of antioxidative peptides in topical 
cream may have twofold benefits, that is, to protect other oxidation prone 
ingredients and to deliver antioxidants to human skin [2]. Likewise, immu-
nomodulating peptides can be incorporated into topical creams to treat 
skin inflammation and this has been demonstrated in the literature [118]. 

7.6 Conclusion

Soybean is a well-known food item that is consumed all over the world. 
The nutritive value of soybean protein is well recognized and is comparable 
to other food proteins. In addition to nutritional value, the soybean pro-
teins exhibit physiological activities directly and also indirectly by release 
of active peptides from the gastrointestinal enzyme degradation as well as 
through isolated enzyme degradation in vitroand fermentation. As can be 
seen from the literature reviewed in this chapter, fermentation and enzy-
matic hydrolysis of soybean proteins result in the release of peptides with 
substantial physiological activities.

This chapter has reviewed several approaches available in the literature 
for producing bioactive peptides from soybean proteins that includes (1) 
fermentation using microbial enzymes, (2) in vitro hydrolysis by gastroin-
testinal and commercial enzymes, (3) chemical synthesis, and (4) recom-
binant DNA technology. The main emphasis of this review has been to 
identify various bioactive peptides derived from soybean proteins and to 
unravel their potential contribution to human health. It has been high-
lighted that an in silico bioinformatics approach can be employed to 
develop in vitro methodology to produce bioactive peptides through suit-
able enzyme hydrolysis. The use of protein and peptide online database 
such as BIOPEP in conjunction with QSAR models can then be used to 
identify and predict the existence of bioactive peptides in the simulated 
in silico hydrolysates. These approaches provide an insight into suitable 
enzymes needed to produce highly active peptides in maximum yield that 
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can then be followed by enzymatic hydrolyses for the production and dis-
covery of bioactive peptides. Peptides with antihypertensive, antioxida-
tive, immunomodulatory, bile acid binding, opioid, and DPP-IV inhibitor 
activities have been identified by in silico method and predicted to have 
potential applications as nutraceuticals and therapeutic agents.
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Abstract
This chapter discusses various topics of soy protein isolate-based films including, 

soy protein film preparation, characterization of soy protein films, modifications, 

and applications.

Keywords: Soy protein isolate-based films, soy protein film prepara tion,  

characterization of soy protein films

8.1 Introduction

Petroleum-based polymers complicate the processing of municipal waste 
due to their low weight-to-volume ratio and resistance to environmental 
degradation, and, as such, have become a rather serious problem [1–3]. 
Nondegradable petroleum-derived plastic materials, such as ethylene vinyl 
alcohol (EVA), polyethylene (PE), polyvinyl chloride (PVC), and polysty-
rene (PS), are currently quite commonly used in a variety of industries 
[4]. These materials are neither renewable nor biodegradable, gener-
ate excessive heat and gas when burned, and pose a serious threat to the 
environment. It has been predicted that the price of petroleum will rise 
considerably in future due to the excessive consumption of these types of 
polymers [5].

Most research on natural polymer materials focuses on systems which 
mimic the structures or functions of nondegradable synthetic polymer to 
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some extent [6]. Natural polymers do indeed show many advantages, such 
as ready availability, complete biodegradation, high soil fertility, low accu-
mulation in the environment, and successful waste management perfor-
mance [7]. The ideal biodegradable material shows balanced mechanical 
and barrier properties as well as biodegradability. At least one step in the 
degradation process of a biopolymer is the metabolism of natural organ-
isms, typically through composting or feedstock recycling. It has been 
reported that protein-based materials can fully degraded in 50 days when 
buried in soils [8].

Generally, naturally polymeric materials can be split into three catego-
ries according to the manner in which they are acquired: (1) plant-based 
polymers such as starch [9], soy protein [2, 3, 10], and cellulose [11]; (2) 
animal-based polymers such as chitosan [12] and keratin silk [13, 14]; 
and (3) microorganism fermentation-based polymers such as polyhy-
droxyalkanoates (PHAs) and polyhydroxybutyrates (PHBs) [15]. The 
biopolymers produced by organic molecules also include polyurethane 
(PU) from vegetable oil polyols, and PLA from completely renewable lac-
tide monomers. In addition, it is worth noting that certain petrochemi-
cal-based polymers are biodegradable, including polybutylene succinate 
(PBS), poly(e-caprolactone) (PCL), and polyvinyl alcohol (PVA) [16]. Any 
of the above biopolymers contain polysaccharides and protein that are 
sorted, producing film that forms an effective barrier against oxygen (O

2
), 

carbon dioxide (CO
2
), and low-polarity compounds. Polysaccharides are 

composed of few or one monomer, while proteins are comprised of sev-
eral amino acids [17].

Proteins are comprised of 20 different amino acids (lysine, leucine, phe-
nylalanine, tyrosine, aspartic and glutamic acid, etc.) joined by peptide 
bonds [18], which spiral into three-dimensional conformation and fold 
into more complex structures; the primary structure is a linear polymer 
with a string of amino acids coupled by peptide bonds, and along the poly-
mer chain is where the protein assumes different structures. The geometry 
of a protein is arranged in α-helix, β-sheet, or turn structures, which are 
coiled and stabilized through van der Waals, hydrogen bond, electrostatic, 
hydrophobic, and disulfide interactions. The tertiary structure is the overall 
shape of a protein molecule, which is stabilized by intermolecular interac-
tions of lateral chains involving the series of hydrophobic amino acid resi-
dues and disulfide bonds formed among cysteines. The fewer the disulfide 
bonds, the weaker the rigid structures, while stronger, stiffer, and harder 
structures are formed by larger quantity of disulfide bonds. Intrinsic pro-
tein structure controls interaction behavior between these and any other 
composite components [19]. The unique structures of proteins allow them 
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a wide range of functions; intra- or intermolecular binding gives a protein 
the potential to form bonds at diverse positions. In short, the mechanical 
properties of protein-based films are better than those of polysaccharide 
or fat-based films [20]. Compared to most plant protein-based films, soy 
protein isolate (SPI) films are clearer, smoother, and more flexible; they 
also show better gas barrier properties than films made by lipids or poly-
saccharides [21–23].

As mentioned above, fully sustainable and eco-friendly materials have 
become an urgent issue for researchers and developers in the polymer 
material industry [24–27]. Among all available biopolymers, animal and 
vegetable proteins are the most practical for making food packaging films 
due to their relatively low cost and high availability as by-products of the 
food processing itself.

A by-product of the soy oil extraction process, SPI is a highly refined or 
purified form of soy protein – over 90% of its protein content is obtained 
from defatted soy flour. SPI has higher protein content and better film-
forming ability than other SP products such as soy flour (SF) which has 
54% protein, or soy protein concentrate (SPC), which has 65–72% protein 
[2, 3, 28]. Based on its molecular weight and sedimentation coefficient, soy 
protein can be separated into 2S, 7S, 11S, and 15S fractions [29]. The 7S 
and 11S fractions account for 35% and 52%, respectively, of the soy protein 
content, where globular proteins β-conglycinin (7S) and glycinin (11S) 
are the two major protein components [30]. Both are tightly linked via 
hydrophobic, hydrogen bonding, and disulphide bonds in their subunits. 
The functional characteristics of soy protein are closely related to its physi-
cal and chemical properties, for example, molecular weight, composition 
and amino acid sequence, spatial structures, and surface charge. As such, 
SPI shows considerable potential for use in food, agriculture, bioscience, 
and biotechnology industry applications. That said, several problems limit 
their application in practice, including relatively poor mechanical proper-
ties, and poor water resistance and high moisture sensibility compared to 
petroleum-based plastics. These limitations due to the inherent hydrophi-
licity of the material as well as the strong molecular interactions of natural 
proteins. An effective cross-linking process is necessary to prepare films 
with acceptable mechanical and barrier properties while maintaining bio-
degradability. Various modification methods (including bulk and surface 
modifications, and physical and chemical modifications) have been devel-
oped to improve SPI-based materials, with mixed results.

Generally, physical modification primarily focuses on directional defor-
mation. Hydrothermal treatment is one of the commonly applied physical 
modification methods for SPI [31]. Under high temperature and high-speed 
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stirring conditions, the disulfide bonds among protein chains are unfolded 
to generate sulfhydryl groups. The resulting rearrangement of protein 
molecular spatial structures ensures favorable dispersion, emulsification, 
and solubility properties in the material, as well. Chemical modification 
of soy proteins, including cross-linking, acetoxylation, phosphorylation, 
glycosylation, and thiolation, targets active groups on the protein such as 
amino, hydroxyl, carboxyl, and sulfydryl groups [18]. The present study 
focuses on chemical modification.

Scheme 8.1 shows the reaction between acetic or succinic anhydride with 
soy protein. The amino groups in the soy protein and the carbonyl group 
embedded in the acetoxylation reagent react with each other and introduce 
hydrophilic groups onto the protein chains [32]. Enzymatic modification is 
an another efficient way of modifying protein – compared to cross-linking 
by chemcial reagents, enzymes can safely catalyze the covalent cross-link-
ing of protein molecules, lending high molecular weight. After treating SPI 
with horseradish peroxidase, for example, the mechanical and water resis-
tance properties of the SPI film significantly increase [33].

8.2 Soy Protein Film Preparation

Many previous researchers have proposed methods of enhancing SPI-
based film performance, including custom processing methods [34], 
cross-linking with chemicals like formaldehyde [35], glyoxal [36], and 
glutaraldehyde (GA) [37,38], phenolic compounds [8, 39], and epoxy 
compounds [2, 3, 10, 40], polymerizing with functional groups [41], and 
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blending with PGA [42], PVA [43], PCL [44], PLA [45], PU [46], chitin 
[47], wheat gluten [48], gelatin [49], keratin [50], milk protein [51], zein 
[52], or silk [53].

Protein-based film preparation is typically conducted in three steps: (1) 
relieve the low-energy intermolecular bonds; (2) rearrange and orient the 
protein chains; and (3) form three-dimensional networks stabilized by the 
new linkages and bonds [54]. The most common methods used to fabricate 
SPI films are wet or dry processes. The wet process is based on dispersion 
or solubilization of proteins, where film mechanical properties are influ-
enced significantly by the extrinsic conditions during film formation (such 
as air temperature and relative humidity) [28,55]. The dry process is based 
on thermoplastic protein processing, and is also used to prepare protein-
based films [30, 46, 56].

8.2.1 Wet Process

The wet process, also called “solution casting,” is based on solvent evapora-
tion in the dispersion or solubilization of proteins. To this effect, the solvent 
components and pH of the solution are crucial to successful film formation 
[57]. Soy protein solubility is a function of the amino acid composition and 
sequence, and solvent pH value near or far from its inherent isoelectric 
point affects solubility and chain unfolding behavior [58]. Far from the 
isoelectric point (4.2–4.6 for SPI), the solubility of protein increases and 
its chains grow outstretched [8,23]. The solvent medium usually has ele-
vated pH (alkaline, pH > 9) and prethermo-treatment is applied to stretch 
the native protein chains before pouring the material onto a flat surface 
[31,59]. Parameters of the continuous casting process including air tem-
perature, surface properties of the formed substrate, flow rate, and drying 
time must be optimized appropriately [60]. The solvent drying step can 
be conducted under hot air, infrared energy, or microwave energy [61]. 
The solution casting process is generally slow and requires large volumes 
of solvents or water, so it is not often applied in the commercial field [62].

8.2.2 Dry Process

The dry process, also called “film extrusion,” is a relatively more conven-
tional approach than the wet process, and allows films to be obtained with 
a thermomechanically shaped extrusion machine [63]. During this pro-
cess, protein chains are reassembled in an oriented manner to form molec-
ular networks through unfolding, recombining, and cross-linking [64, 65]. 
The protein component forms networks through disulfide bonds or amide 
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bonds between free carboxyl and amino side groups on the protein chains. 
Extrusion parameters such as mechanical energy input, shear stress level, 
pressure, and plasticizers, are important when preparing synthetic or bio-
degradable polymers. The plasticizer is particularly indispensable as far as 
protein bulk because without it, the protein molecules degrade, fixing the 
protein chain movement and increasing the viscosity of the system beyond 
what is acceptable [66].

Film extrusion is often utilized in packaging or other related fields, and 
has proven economically beneficial [28]. Generally, the extrusion process 
contains three steps: (1) feeding raw materials into a hopper; (2) conveying 
them by screw system; and (3) pushing them out in the desired shape [67]. 
In the studies of Zhang et al., a multistep process was used to form SPI sheets 
by mixing SPI, water, glycerol, and other additives in a high-speed mixer, 
then applying a twin-screw extrusion to form pellet-shaped material [68].

The pelletized mixtures were then extruded into sheets using a single-
screw extruder operated at 20–25 rpm. Barrel temperature varied from 120 
°C to 160 °C. Pellets and sheets were shaped after cooling, and protein/
glycerol mixtures were extruded using a twin-screw extruder with a screw 
speed of 100 rpm [26]. Table 8.1 shows the optimum extrusion tempera-
ture (T

E
) in their studies for basic or acidic protein, the measured melt 

temperature (T
M

), and the protein/glycerol ratios.
Compression molding can be applied to produce protein-based films 

of various types with varying extent of physical and chemical modifica-
tions during thermoplastic processing. This allows the thermoplastic 
and mechanical properties of the resultant films to be readily analyzed 
at a laboratory scale as a precursor to continuous extrusion to determine 
the most suitable processing conditions for the material [69]. Processing 
parameters including temperature, pressure, pressing times, and moisture 
content are responsible for the deformation of mixtures into viscoelastic 

Table 8.1 Optimum extrusion conditions for protein/glycerol mixtures.

Protein

Temperatures (°C) Component ratio (w/w)

Extruder (TE) Die (TD) Melt (TM)

Protien 

isolate Glycerol

Basic soy 

protien

145 135 144 45 55

Acidic soy 

protein

150 135 138 45 55
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melts. Intra- and intermolecular reactions of hydrogen, ions, hydrophobic, 
or covalence bonds then form during the cooling process. Ciannamea et 
al. prepared SPI films from SPC and glycerol by compression molding and 
solution-casting methods, and found that the formation process plays a 
major role in determining the properties of the resultant films. Compared 
to films prepared by casting, those prepared by compression mold had 
higher tensile strength (TS) and elastic modulus (E) as well as greater O

2
 

permeability and water resistance [30]. Guerrero et al. studied SPI films 
plasticized by glycerol through compression methods, and found that pH 
value, heat, and pressure significantly impact the performance of the resul-
tant films; due to the effects of protein unfolding, films prepared at basic 
pH showed higher TS [70].

8.3 Characterization of Soy Protein Films

8.3.1 Mechanical Properties

In order to determine the performance of the resultant SPI films, they were 
cut into strips of specific sizes and mounted between the grips of the uni-
versal machine at set speed. The stress-strain curves were recorded by com-
puter, as well as the mechanical properties of the soy protein films, including 
TS, ε

b
, and E. “TS” was defined as the maximum TS a material can sustain, 

and was determined according to the maximum load exerted on the test 
specimen during the procedure [27]. Consequently, ε

b
 was measured at the 

point where the specimen broke, and expressed as the percentage of change 
compared to the length of the original material [71]. E was defined as the 
slope of the stress-strain curve in the elastic deformation region.

Mechanical properties are dependent primarily on composition and 
environmental factors, as well as processing conditions. For example, the 
plasticizer may increase polymer chains movement, causing ε

b
 and TS to 

decrease [65,72]. In a study by Guerrero et al., different ratios of glycerol 
were employed to improve the mechanical properties of SPI films; glycerol 
ratio range of 30–40 wt% showed favorable plasticizing effect [73].

Cross-linking agents such as GA [37, 38, 74], epichlorohydrins [75], isocy-
anate [33,76], and genipin [77] are commonly used to improve the mechani-
cal properties of polymer materials. Recently, phenolic compounds have also 
been used as cross-linking agents to enhance the performance of SPI films. 
In a study by Friesen, both rutin and epicatechin (Figure 8.1a) were shown 
to enhance the TS of SPI films from 9.3 MPa to 35.1 MPa and 22.1 MPa, 
respectively, as shown in Figure 8.1b [8]. Due to the cross-linking structure 
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formation, the ε
b
 of the films sharply decreased. Mauri et al. investigated 

changes in solubility and molecular structure properties of SPI films pre-
pared at different pH values (2,8,11). Their results showed that films obtained 
at pH 2 and 11 had denser microstructures and more disulfide bonds than 
those at pH 8, resulting in better TS and higher E (Table 8.2) [78].

Environmental humidity is another important factor that affects the 
mechanical properties of polymer films. Hydrophilic films more readily 
to uptake moisture at relatively higher humidity levels than hydrophobic 
films, and as such, also act as a sort of plasticizer to reduce the film’s TS and 
enhance its extendability [79]. The specific processing method employed 
to obtain the film also influences its Films processed by compression 

Table 8.2 TS, strain at break (ε), E, and puncture tests of films at pH 2, 8, and 11 

[78].

Sample

Tensile tests Puncture tests

TS (MPa) ε (%) E (MPa) f
b
 (N/mm) d

b
 (mm)

Film 

pH 2

1.50 ± 0.09 a 92.64 ± 13.72 a 0.292 ± 0.014 a 37.05 ± 2.50 a 2.17 ± 0.08 a

Film 

pH 8

0.45 ± 0.05 b 163.59 ± 14.91 b 0.029 ±0.007 b 13.82 ± 1.33 b 4.12 ± 0.57 b

Film 

pH 11

1.90 ± 0.28 c 205.41 ± 25.61 c 0.161 ± 0.019 c 40.22 ± 6.19 c 3.97 + 0.16 c

Values are means ± SD. Means followed by the same letter are not significantly different (P < 0.05) 

according to Tukey’s test.
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show much better mechanical properties, higher TS, and elongation at the 
break( ) than those processed by casting methods [73].

8.3.2 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is becoming more and more com-
monly used in laboratory settings; it facilitates rheological analysis, which 
typically focuses on the deformation and flow of materials [80]. DMA pro-
vides information regarding major transitions as well as secondary and 
tertiary transitions in materials that are not readily identifiable by other 
methods [81]. DMA is based on fundamentally different responses of vis-
cous and elastic elements at controlled temperatures, thus detecting and 
measuring the temperatures at which the amorphous domains of proteins 
reach free-flow state. Moreover, DMA is capable of detecting glass transi-
tions according to the breadth of the transition or changes in heat capacity, 
which is not possible by differential scanning colorimetry (DSC) analy-
sis [82]. The differences in T

g
 can be attributed to structural variations, 

molecular weights, and intermolecular interactions of different materials 
[83]. During SPI film preparation, changes in rheological properties due 
to plasticization can be predicted by DMA analysis, allowing more efficient 
and effective process design and resulting in better-performing films.

In a study by Mo et al., the thermal properties of molded SPI films plas-
ticized by four polyol-based plasticizers were analyzed using DMA meth-
ods ranging from −30 °C to 200 °C at a rate of 5 °C/min, under a static force 
of 660 mN and dynamic force of 600 mN at 1 Hz frequency. As shown in 
Figure 8.2, the storage modulus (E ) decreased with increasing tempera-
ture, and the onset temperature was the critical point where E´began to 
drop. T

g
, an important property of amorphous polymers, can be identified 

at the peak temperature of loss modulus E . In a broad temperature range, 
such as that of the unplasticized SPI sample shown in Figure 8.2, T

g
 may be 

dependent on the variety of peptide chains in the SPI [84].

8.3.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a useful analysis technique for study-
ing the thermal stability of polymers. TGA is typically employed according 
to measured weight changes in a sample as it is heated, cooled, or held at a 
constant temperature.

Guo et al. investigated the thermal stability of SPI/polybutylene adipate-
co-terephthalate (PBAT) blends with a thermo-gravimetric analyzer in 
which samples (5–10mg) were heated from 25 °C to 600 °C at a rate of 10 °C/
min under N

2
 atmosphere conditions. Figure 8.3 shows where the pure 
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PBAT was stable until 350 °C, and the peak of 400 °C in differential thermal 
gravity (DTG) curve reflects its decomposition temperature. The SPI/PBAT 
blends were all stable below 200 °C, and a two-step weight loss was observed 
between 200 °C and 400 °C in line with the two DTG curve peaks around 
220 °C and 310 °C, owing to the processing additives and SPI degradation, 
respectively. The addition of SPI improved the material’s thermo-stability, 
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evidenced by increased residue weight after thermo- degradation [85]. In a 
study by Ogale et al., TGA was used to test the thermal degradation of SPI 
powder and SPI-glycerol films. The SPI powder and plasticized films were 
thermo-stable before 180 °C and 150 °C, and significantly degraded above 
200 °C and 180 °C, respectively. The optimum  compression-molding tem-
perature of SPI-glycerol mixtures was identified at 150 °C [80].

8.3.4 Differential Scanning Colorimetry

Differential scanning colorimetry (DSC) measures the difference in heat 
flow rate between samples subjected to a controlled temperature [68,86]. 
DSC is often used to characterize the thermal transitions of polymers and 
protein-based films by detecting Tg, melting processing, crystallization, 
and degradation behavior. The plasticizing effect of plasticizers decreases 
the Tg value of polymer sheets, as confirmed by DSC analysis. The charac-
teristic Tg alternation identified by DSC confirms protein denaturation or 
molecule reassembly during processing [69].

Di Gioia and Guilbert used modulated-DSC to study the plasticiza-
tion performance of water, glycerol, and tanoic acid, and found that Tg 
gradually decreases as plasticizer concentration increases [87]. The thermo 
properties of soy protein solutions and the soy protein films were both 
investigated in Adriana’s research [31], where, as shown in Figure 8.4a, two 
typical endotherms were identified at 78.2 ± 0.2 °C and 92.4 ± 0.1 °C at 
pH 8, corresponding to β-conglycinin and glycinin denaturations, respec-
tively. In addition to acid treatment, both glycinin and β-conglycinin treat-
ment can affect the extent of denaturation, decreasing enthalpy. Thermal 
treatment at 60 °C does not affect the folding of proteins at pH 8, but SPI 
at pH 2 completely denatures and at pH 11, glycinin partly maintains its 
original structure (Figure 8.4b).
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8.3.5  Scanning Electron Microscopy and Transmission 
Electron Microscopy

Scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM) are very often utilized to determine the morphological mani-
festation of known biochemical changes that accompany development [88]. 
SEM, which replaces light sources with high-energy electron beams, is one 
of the most versatile instruments available for examination and analysis 
of microstructural morphology and chemical composition of any mate-
rial. Objects can be subtended to about a 1/60o visual angle, corresponding 
to a resolution of ~0.1 mm. SEM has been widely applied to observe the 
morphology of protein-based materials and to determine whether or not 
certain physical/chemical interactions [10].

During TEM analysis, an electrons beam is transmitted through an ultra-
thin specimen and interacts with the specimen as it passes through, then 
an image is formed from the interaction and magnified onto a fluorescent 
screen or layer of photographic film, or detected by a sensor. TEM provides 
images at higher resolution than light microscopes, enabling specimens 
to be examined in extremely fine detail – even down to single column of 
atoms. TEM is generally employed to investigate biopolymer crystalliza-
tion, as well as visual assessment of particle size or morphology. Xia et al., 
for example, used SEM to study the cross-sectional morphology of tensile 
fracture surfaces in SPI films, as shown in Figure 8.5. The results indicated 
that the modified SPI films had homogeneous surfaces with fewer defects 
and inhomogeneous characteristics compared to the unmodified SPI films. 

SPI SPI/GPTMS SPI/GPTMS/ESO-1% SPI/GPTMS/ESO-2.5%

SPI/GPTMS/ESO-5% SPI/GPTMS/ESO-10% SPI/GPTMS/ESO-15% SPI/ESO-2.5%

Figure 8.5 SEM images of cross-sections of the SPI-based films [10].
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Other materials and processes can be analyzed effectively using TEM, for 
example, the hydrophobic surface created by grafting polymerization onto 
soy protein shown in Figure 8.6 [41].

8.3.6 Atomic Force Microscopy

Atomic force microscopy (AFM) uses a high-resolution instrument, 
acquiring analysis data by observing weak interatomic forces between the 
probe and the specimen surface. The AFM technique can be applied to 
measure the roughness of specimen surfaces and determine mechanical 
hardness, roughness, and micro-fabrication properties in the specimen, as 
shown in Figure 8.7.

8.3.7 Rheological Measurements

Proteins, which are inherently polymeric and polyelectrolytic, can stabilize 
films, foams, emulsions, and dispersions through a combination of steric 
and electrostatic (electrosteric) repulsion due to absorption at the interface 
between two different phases [90]. Thus, the stability of protein-based films 
under physical stresses caused by emulsions, foams, or dispersions plays a 
crucial role in the film-forming process, and is believed to be related to the 
interfacial dilatational and shear rheology of the adsorbed film. Interfacial 
rheology analysis techniques probe the interactions within adsorbed films, 

(a)
40 nm 40 nm

40 nm 40 nm

(b)

(c) (d)

Figure 8.6 TEM images of SPI and modified SPI samples [41].
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whether unmodified protein films or films made of proteins mixed with 
other surfactants or in complex formation with other materials. There have 
been many recent improvements to interfacial rheology measurement 
techniques for protein-based films, including distinguishing between dila-
tational and shear rheology. The dilatational technique involves inducing 
changes in the interfacial area while simultaneously measuring interfacial 
tension, and the shear technique involves inducing shear in the film with-
out any change in area; many different arrangements are available for shear 
measurement.

Wang et al. studied the interfacial dilatational rheology of soy protein at 
an oil-water interface, using an optical contact angle meter to monitor and 
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Figure 8.7 Surface morphology of SPI materials (a) unmodified (b) modified SPI films 

[89].
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record the temporal evolution of surface pressure and surface dilatational 
parameters [91]. A drop of protein solution was delivered and allowed 
to stand for 3 h to achieve protein adsorption at the oil-water interface. 
Equation (1) was used to correlate the change in interfacial pressure (π) 
with time, and π = σ0−σ (where σ is surface tension.) Equation (2) was 
used to describe the surface dilatational modulus derived from the change 
in interfacial tension (σ), resulting from a small change in surface area (A).

 C0

1 2
KT D

/
 (1)

 E iEdd / d d / d ln vA / A A = E  (2)

It is commonly accepted that interfacial rheology indicates the struc-
tural state of proteins and macromolecule interactions. Figure 8.8 shows 
the evolution of surface dilatational modulus with π value in SPI-based 
specimens. E value increases as π lengthens, and the maximum E value 
decreases as SPI concentration increases. The multifaceted slopes tested 
revealed rearrangement of the adsorbed primary layer and/or multi-
layer formation at a surface pressure higher than the equilibrium surface 
pressure.

Sun et al. applied a rotational rheometer to measure the E´(G´) and 
loss modulus E  (G ) at different time points during the film-formation 
process [92], and the effects of oscillatory shear frequency on the visco-
elastic properties of different samples were evaluated according to Eq. (3) 
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Figure 8.8 Surface dilatational modulus (E) as a function of surface pressure (π) for 

native and heat-treated SPI (SPI-90 and SPI-120) at the oil-water interface [91].
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which was used to calculate the dynamic complex viscosity (η*). As shown 
in Figure 8.9, compared to the control SPI film, SPI/cellulose nanofibril 
(CNF) composites showed higher G  and G  values. SPI-CNF mixtures 
with smaller CNF proportions were frequency-independent, but other 
mixtures (S

7
N

1
,S

10
N

1
) were sensitive to frequency, proving that CNF effec-

tively enhances SPI viscoelasticity.

 * /
/

G G
2 2

1 2

 (3)

8.3.8  Small-Angle X-Ray Scattering and Wide-Angle X-Ray 
Scattering

Small-angle X-ray scattering (SAXS) analysis of biological macromol-
ecules in solutions has grown popular due to its automated data collection 
and in-depth scattering data analysis [93, 94]. Many structural biologists 
have applied SAXS (and, more recently, wide-angle X-ray scattering) to 
challenge biological issues such as the unknown flexibility of certain mac-
romolecules and complexes, weakly interacting systems, and dynamic pro-
cesses [95]. SAXS elegantly complements the high-resolution probes that 
may be limited by problematic samples, supplying valuable information 
about the shape, compactness, and size of polymers.

In a study by Wang, SAXS experiments were performed using a SAXSess 
camera equipped with a PW3830 X-ray generator and sealed glass X-ray 
tube. The intense monochromatic primary beam was provided by the 
focusing multilayer optics and block collimator. And a semitransparent 
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Figure 8.9 G´(a) and G”(b) curves of SPI and SPI-CNF to oscillatory shear frequency 

[92].
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beam stop enabled the measurements of the attenuated primary beam at 
the zero scattering vector (q = 0) [91]. The samples (10 mg/mL) were filled 
into vacuum-tight thin quartz capillaries and placed in sample holder unit, 
where test distance and room temperature were 261.2 mm and 26.0 °C. 
The two-dimensional scattered intensity distribution was then recorded by 
an imaging-plate detector, then the data were integrated into 1D scatter-
ing function I(q) as a function of the magnitude of scattering vector q (q 
= 4π sin θ/λ, where 2θ is the scattering angle.) All I(q) data were normal-
ized according to the uniform primary intensity at q = 0. Samples of heat-
treated soy proteins were probed by SAXS and the results are shown in 
Figure 8.10b. It can be concluded that the spherical morphology of native 
proteins is in line with the typical bell shape [96]. Meanwhile, the magni-
tude of maximum peak changes to be lower with increased treated temper-
ature, indicating that higher temperature is beneficial to the more flexible 
conformation.

Generally, the Kratky plot of native soy protein displays a maximum 
peak based on the degree of compactness of its proteins, then a pla-
teau, followed by monotonic increase reflecting unfolded polypeptides. 
Native SPI exhibits a typical bell shape confirming its spherical mor-
phology; heat-treated SPI samples shows decreased magnitude of maxi-
mum peaks, suggesting the presence of globular shapes and partially 
unfolded structures of rigid glycinin and β-conglycinin. Based on the 
SAXS data, that is, ln I(q) versus q2, the intensity to an angle of zero 
I(0) and the gyration radius of protein Rg were extrapolated as sum-
marized in Table 8.3. I(0) is proportional to molecular weight, while Rg 
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Figure 8.10 SAXS of SPI-based samples [91].
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represents size or molecular compactness. The quantitative variations 
of I(0) and Rg value reveal that heat treatment results in more flexible 
protein conformation.

In the study by Lai et al., both wide-angle and small-angle X-ray scat-
tering (WAXS and SAXS) techniques were used to study dry granular 
zein-based materials [97]. The WAXS results for zein-oleic acid resin and 
films showed that granular zein and zein fibers have similar d-spacings 
(4.6 Å and 10.5 Å, 9.5 Å, respectively), as shown in Table 8.4. Changes 
in interhelix spacing were related to the preparation process, whereas the 
basic internal structure remained unchanged. Diffuse rings indicative of 
noncrystalline structures were also observed in the samples. SAXS analysis 
likewise confirmed that processing affected film morphology. The authors 

Table 8.3 Structural parameters of native and heat-treated SPI derived from 

SAXS and DLS data.

Samples I(0)a R
g 
(nm)a R

h
 (nm)b

NSPI 1.75 ± 0.02 5.70 ± 0.05 16.95 ± 0.16

SPI-90 2.89 ± 0.04 7.49 ± 0.04 17.69 ± 0.13

SPI-120 2.58 ± 0.04 7.91 ± 0.05 20.37 ± 0.06

a Guinier approximation of SAXS data; I(0), the extrapolation of intensity to an angle of 

zero; R
g
, the gyration radius of protien. bFrom DLS experiments; R

h
, the hydrodynamic 

radius of protien.

Table 8.4 Spacing values of zein-based materials tested by WAXS and SAXS 

[97].

Samples

d-Spacing (Å)

WAXS SAXS

Resin film, beam normal, (biaxially 

deformed)

Resin film, beam parallel

Dried zein–oleic acid resin

Resin film (uniaxially deformed with a 

roller)

Cast film, normal beam

Cast film, beam parallel

Granular zein

Zein fiber

10.4, 10.9; 4.6, 4.8

10.6; 4.9

10.5; 4.9

10.7; 4.9

10.6; 4.9

10.2; 4.9

10.1; 4.7

9.9; 4.7

165, ~45

135 (°); 170 (90°)

165, ~45 (?)a

170

80; 45 (?)

65 (0°); 80 (90°)

–b

– b
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also proposed several possible structural models of zein-oleic acid resin 
films based on the data they gathered (Figure 8.11).

8.4 Modifications

Due to its relative abundance and favorable film-forming performance, soy 
protein is often used to develop biodegradable membranes. Researchers 
have proposed physical, chemical, and combination modifications in effort 
to extend the practical application of SPI films and overcome disadvan-
tages such as poor mechanical properties and moisture sensitivity [98,99].

Blending SPI with other biodegradable polymers is generally accepted 
to be successful [45,100]. Blending methods do show favorable reinforcing 
effects, and even low nanofiller loads produce better SPI-based bionano-
composites than SPI alone [101–103]. The development of new nano-
composites has garnered considerable interest as it may improve polymer 
properties and extend their practical application [104,105]. “Nanoclusters” 
(NCs) are defined as ultrafine, isolated particles less than 2 nm in size with 
several to a hundred atoms, which are located in the transition region 
between atoms and bulk solids [106,107]. Researchers have successfully 
produced a series of reinforced SPI sheets compounded with nano-SiO

2
 

particles in a variety of distributions (single nanosphere, ~100 nm nano-
cluster, interconnected network structure, and great domain,) in the 
SPI matrix. Results have shown that the simultaneous enhancement of 
strength and elongation is related to homogeneous dispersion of nanoclu-
sters, while aggregated great domains severely decrease elongation despite 
significant reinforcing effect [108]. In addition, water-soluble Cu NCs and 
Zn NC-modified SPI films were synthesized by Li et al. to regulate the 
rigidity and flexibility of bio-films [109]. The specialized bio-films formed 
by SPI modified by Cu NCs exhibit better mechanical properties, and 

Model A(a) (b)Model B

35 A

10.5 A 10.5 A
42 A

30–35 A

30–35 A
or

45 A

10.5 X 4
= 42 A

35 A

40–45 A

130–135 A 130–135 A 130–135 A
Side view Top view

B

A

Figure 8.11 Proposed structure models of zein-oleic acid resin films, side view (a) and 

top view (b), aggregated longitudinally to form platelets [97].
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those modified with Zn NCs show better hydrophobic properties, than SPI 
alone. Further X-ray diffraction testing of SPI films indicated that metal 
nanoclusters change the conformation of SPI from compact to unfolded.

Modified SPI-based films can also be used in biochemical and biomedi-
cal research fields. Luo et al. conducted a study on a nerve guide conduit 
from cellulose/SPI hollow tube (CSC) combined with Schwann cells and 
pyrroloquinoline quinone, and found that the blended film has the ability 
to repair and reconstruct nerve structure and function owing to the com-
prehensive contributions from the hollow CSC tube [110]. The cytocom-
patibility and toxicity of the cellulose/SPI composite films (CSM) were also 
tested in vitro, and results showed that CSM had in vitro cytocompatibility 
with Schwann cells and was biologically safe for animals, suggesting poten-
tial application as a treatment for nerve defects in humans [111].

8.4.1 Physical Modification

Incorporation of filler materials in order to improve the barrier proper-
ties of polymers is a well-known technique in food packaging applications 
[112]. Owing to the availability of a wide variety of fillers, it is useful to 
distinguish between inorganic fillers, which may also be of natural origin, 
but as a general rule, do not consist of any carbon atoms (e.g., SiO

2
, TiO

2
, 

nanoclay.) Organic fillers, namely those containing carbon atoms, are most 
often derived from biomass (e.g., CNF.)

8.4.1.1 SiO
2

Wang H et al. investigated the effects of SiO
2
 content, sodium dodecyl-

sulfate, and electrospinning electrical field strength on the morphology 
and structure of PVA/SPI/SiO

2
 hybrid fibers. Their results showed that 

the PVA, SPI, and SiO
2
 nanoparticle components were linked by hydrogen 

bonds or Si-O-C bonds in the hybrid fabric networks. DSC tests showed 
that the presence of SiO

2
 nanoparticles considerably improved the thermal 

stability of the hybrid fibers [113].
Wang SY et al. studied the effect of average particle size on modified 

SPI film performance [114]. Results showed that under two-hour UV irra-
diation at 365 nm, the bactericidal activity of SPI films containing TiO

2
 

nanoparticles (2.00 g/150 mL) against Escherichia coli and Staphylococcus 
aureus can reach 71.01% and 88.49%, respectively. Wang et al. also inves-
tigated the effects of nano-TiO

2
 content and UMAT (ultrasonic/micro-

wave assisted treatment) time on the physical properties and structure of 
films, and found that the intermolecular force between nano-TiO

2
 and 
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SPI significantly enhanced the films’ mechanical and barrier properties. 
UMAT time ≤20 min significantly improved films’ TS values (15.77 MPa, 
245% higher than the control,) and reduced water vapor permeability 
(1.8457×10−11 g cm−1 s−1 Pa−1, 72.11% lower than the control) [115].

8.4.1.2 Nanoclay

In another study, Halloysite nanoclay and nano-SiO
2
 were used as reinforc-

ing materials in bovine gelatin based bio-nanocomposite films [116]. The 
composition included gelatin with 20% (w/w) of glycerol compounded with 
halloysite nanoclay and nano-SiO

2
 (0%, 2%, 3%, 4%, 5% w/w), respectively. 

Both types of nanocomposite films showed better mechanical and water 
solubility than those of the control; between the two nanomaterials used, 
halloysite nanoclay showed better mechanical properties. These results sup-
port the concept of nanocomposite technology in general, and specifically 
suggest that NCs can be employed to effectively improve the barrier and 
mechanical properties of bovine gelatin films for food packaging purposes.

8.4.1.3 CNF

Lubasova et al. fabricated soy-protein-based CNF modified by green cross-
linker-containing aldehyde (–CHO) groups [117]. Defatted soy flour was 
first purified through acid-washing to ensure high protein content, then 
blended with gluten, then electrospun into nanofibers assisted by polyvi-
nyl alcohol. The green cross-linker was synthesized by sucrose oxidation 
with hydrogen peroxide (H

2
O

2
). Results showed that the water-resistant 

of protein-based nanofibers cross-linked by oxidized sugar are as good as 
those cross-linked using toxic glyoxal. In another related study, Jensen et 
al. prepared soy protein films incorporated with cellulose fibers that were 
extracted from soybean pods and stems using a combination of acid- 
alkaline hydrolysis and high-pressure homogenization treatment. For the 
sake of comparison, TiO

2
-SPI composite films were also prepared by hot 

surface casting with TiO
2
 nanoparticles as filler [118]. Mechanical and bar-

rier properties (water vapor, and O
2
 permeability) of these films were eval-

uated under different relative humidity (RH) conditions, and in general, 
TS and E decreased and ε

b
 increased as RH increased.

8.4.2 Chemical Modification

Chemical agents can be used to create intra- and intermolecular reactions 
that improve the mechanical strength, barrier properties, and thermos-
stabilities of soy protein-based materials. Figure 8.12a shows covalent and 
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non-covalent interactions formed after physical, chemical, and enzymatic 
treatments [119, 120] and Figure 8.12b–d shows the cross-linking reaction 
mechanisms of SPI and ESO [10] and between oxidized sucrose and soy 
protein, as well the Maillard reaction between amino acids and carboxy-
methyl cellulose (CMC).

8.4.2.1 Aldehydes

Aldehydes, including formaldehyde [35], glyoxal [36], GA [37, 38], and 
dialdehyde starch [123] are often utilized as cross-linking agents to modify 
SPI film. Formaldehyde is a common cross-linking agent that can inter-
act with various amino acids like tryptophan, tyrosine, histidine, arginine, 
and cysteine. The TS of SPI films cross-linked by formaldehyde is twice 
more that of untreated films, and with lower water solubility (WS) and 
water vapor permeability (WVP) [124]. The side chain groups of histidine, 
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cysteine, tyrosine, and lysine can be cross-linked by GA, which can also be 
utilized to cross-link the SPI. Cross-linked films show lower solubility and 
significantly higher TS than untreated films [125]. 

8.4.2.2 Isocyanate

Isocyanate is a type of unsaturation ester. Its residual –NCO groups can 
react with SPI functional groups to form urethane linkages. Methylene 
diphenyl diisocyanate (MDI) [33] and hexamethylene diisocyanate (HDI) 
[126] are the most commonly used cross-linkers, both of which contain 
two isocyanate groups and are highly reactive in forming both hydroxyl 
and carboxyl groups. Cross-linking structures improve the mechanical 
properties of the resultant composites significantly, but inevitably result in 
decreased elongation at the break [127].

Fang et al. prepared SPI/ PLA composites with or without MDI and 
found that TS of PLA/SPI material without MDI was very low due to the 
stress concentration on the dispersed SPI. After MDI was added, con-
versely, the TS of the composites significantly improved [128].

8.4.2.3 Epoxy

Based on the native and reactive groups in soy proteins like –OH, –SH, –
COOH, and –NH

2
, epoxy compounds such as ESO [10], epoxy resin [129], 

waterborne epoxy latex [130], and glycidyl methacrylate [99] can be used 
to enhance SPI film performances. A study by Xia et al., for example, suc-
cessfully used ESO for this purpose; results showed that after 2.5% ESO 
addition, the TS of the SPI film increased by 139.8% compared to the 
control.

8.5 Applications

As an abundant and renewable resource with many advantages, including 
renewability, biocompatibility, biodegradability, processability, and film-
forming capacity, SPI shows attractive potential in food, medical, and agri-
culture applications.

8.5.1 Food Packaging

Due to the high polarity of SPI macromolecules, plus ordered hydrogen-
bonded network structure and low-solubility, SPI films create semiper-
meable barriers to water vapor or oxygen between food and its ambient 
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environment, effectively protecting foods from oxidative damage [131–
134]. Films containing antimicrobials, such as organic acids, chitosan, or 
natural plant extracts, can be employed to delay the growth of  contaminating 
microorganisms and to maintain food quality during storage [135].

Guerrero et al. found that fresh beef patties treated with SPI coating 
stayed fresh for 14 days as a result of SPI coating delaying the oxidation 
and deterioration of lipids. The surface color stability of the patties was 
also maintained during chilled storage [136]. In a similar study by Wang 
et al., bio-nanocomposites of SPI/TiO

2
 film caused a sizeable decline in 

water vapor and oxygen permeability (decreased by 72.12% and 57.64%, 
respectively,) compared to the control [115]. In a study by Usui et al., soy 
protein-chitosan conjugate was synthesized through Maillard reaction and 
results showed that the antimicrobial activity of the soy protein/chitosan 
conjugates improved 2 to 3 times compared to a plain soy protein/chi-
tosan mixture [137]. The allergenicity of soy protein can be significantly 
decreased by the attachment of chitosan through Maillard reaction, and 
soy protein-chitosan conjugate successfully blocks the allergen structure of 
soy protein that results from 34 kDa-protein (Gly m Bd 30K) compared to 
soy protein-galactomannan conjugate.

As techniques progress, the direct application of antibacterial substances 
on the surface of food still has its drawbacks. Current research on coat-
ing antibacterial substances onto biodegradable or edible films has shown 
mixed results [138]. In a study by Pan et al., positively charged N-[(2-
hydroxy-3-trimethylammonium) propyl] chitosan chloride (HTCC) and 
negatively charged SPI were alternately assembled on cellulose acetate 
(CA) electrospun nanofibrous mats via electrostatic layer-by-layer (LBL) 
self-assembly technique (Figure 8.13) [139], and results showed that 
HTCC and SPI did coat successfully on the surface of the CA mats and CA 
nanofibrous mats. Bilayers of HTCC/SPI possessed more orderly-arranged 
structure than uncoated ones. Further, the HTCC/SPI-coated nanofibrous 
mats showed excellent antibacterial properties against Escherichia coli and 
Staphylococcus aureus – the average diameters of inhibition zones were 9.6 
mm and 11.53 mm, respectively.

8.5.2 Medicine

Protein-based nano-medicine platforms, including films, hydrogels, and 
micro- or nano-particles, are ideal materials for drug delivery [140]. 
Abundant active compounds on protein polypeptide chains can be embed-
ded into these above-mentioned types of platforms, providing a wealth of 
possibilities for reversible binding of active molecules and controllable 
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release at the desired site in vivo. There has been extensive research con-
ducted on animal protein-based materials, but newer soy protein-based 
films are infection-resistant and highly hydrophilic, and show favorable 
tensile strength, permeable properties, and controllable biodegradable fea-
tures for film dissolution/swelling; as such, they represent a very innova-
tive wave of medical applications. Soy protein-based materials have been 
explored for their ability to promote wound healing, and to replace dispos-
able surgical gloves and infusion bags [134].

In recent study, protein-based materials for drug delivery systems 
including ferritin/apoferritin protein cages [141], plant-derived viral cap-
sids [142], small Heat shock protein (sHsp) cages [143], elastin-like poly-
peptide (ELP) [144], and zein, soy, and whey protein, collagen, and gelatin 
[35,145–147], have been developed in designing the drug delivery system. 
The food protein in films serves a good platform for drug delivery system, 
which has the potential to interact with hydrophobic or hydrophilic drug 
molecules through its surface functional groups.

A study by Chen et al. examined the kinetics of two different drug deliv-
ery systems (hydrophilic/methylene blue and hydrophobic/rifampicin,) on 
SPI films in the gastric intestinal tract. Results showed that drug release 
was successfully controlled through erosion of the SPI film by zero-order 
kinetics [35]. The SPI film networks displayed excellent compound bind-
ing capacity, especially for hydrophobic molecules, and as such showed 
attractive potential for use in controlled release systems based on matrix 
erosion.

Innovative biodegradable wound dressings based on soy protein films 
were developed and studied by Peles et al. [148]; the films effectively inhib-
ited Staphylococcus aureus and Staphylococcus albus infections for at least 
2 weeks, and Pseudomonas aeruginosa for 3 days. The inhibition profiles 
obtained during 2 weeks of incubation fit the in vitro release profiles. 

Positively charged layer Negatively charged layer

CA mats
template

HTCC-coated
CA mats

(HTCC/SPI)1-coated
CA mats

LBL assembling of
HTCC/SPI for more bilayers

HTCC (+)

I
I II (HTCC/SPI)nSPI (–)

II

Figure 8.13 Scheme of LBL modification on mats [139].
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8.5.3 Agriculture

Plastic mulching cultivation technique has been a widely-spread 
method in agricultural industry, which could accelerate the imma-
ture plants growing. However, the mulching materials significatively 
depend on the non-degradable plastics, and release a sizeable amount of 
harmful substances into the environment [69,149]. Biodegradable film 
 materials such as soy protein, however, can be directly introduced into 
the field  soil  or into the decomposition of microbes as an alternative 
[150, 151].

Starch-based biodegradable polymer has been utilized by agriculture 
industry workers in Spain for the past several years, and has proven envi-
ronmentally friendly; its high cost and heavy weight are problematic 
[151,152]. Soybean material, conversely, is low in cost and more easily 
transported and processed than starch. That said, because soy protein 
contains more than half of the polar amino acids that cause hydrophi-
licity, it is difficult to eliminate the moisture sensitivity of SPI compos-
ites [153]. For this reason, as discussed above, physical and chemical (or 
alternative) modifications should be established for improving the prop-
erties of SPI. Research has already shown that doing so is well within our 
reach.
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Abstract
�e applications of food-grade encapsulation carriers for protection and con-
trolled release of bioactive food ingredients have been used in functional foods 
�elds. Soy proteins are renewable, biodegradable, and abundant raw materials 
with interesting functional and/or physicochemical properties, which can be made 
into various encapsulation carrier forms, such as micro- and nanoparticles, �bers, 
�lms, hydrogels, etc. In most cases, encapsulation methods, such as spray-drying, 
coacervation, extrusion, emulsion, etc., are mainly used for the preparation of soy 
protein-based encapsulation carriers. In this chapter, the recent progress in the 
preparation of soy protein-based carriers for bioactive ingredients encapsulation 
was reviewed.

Keywords: Encapsulation, soy protein, modification, bioactive ingredients

9.1 Introduction

Food ingredients perform many roles when they are formulated and pro-
cessed into food products. �ey not only contribute to �avour and texture 
but also contribute to some food ingredients (vitamins, minerals, folic acid, 
phytochemicals and functional lipids, probiotics, and proteins) and have 
a physiological role. �ese ingredients, also known as bioactive ingredi-
ents, have been used in the production of functional foods [1–3]. However, 
many of these bioactive ingredients cannot be simply introduced into foods 
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in pure form. For instance, they have poor solubility in aqueous or lipid 
phase and are sensitive to food processing and storage conditions (tem-
perature, light, and oxygen) as well as digestive conditions in the human 
gastrointestinal tract [3–6]. It will compromise the overall functionality 
of foods, particularly hindering food sensory properties and decreasing 
the bioavailability of bioactive ingredients [1, 7–9]. Therefore, in order to 
incorporate bioactive ingredients into the foods, it must be protected dur-
ing the development of functional foods and also during gastrointestinal 
transit until they reach the desired sites in the body after ingestion [10, 11].

The use of encapsulation technology for protecting bioactive ingredi-
ents has been received increasing attention [7, 10, 12]. Encapsulation tech-
nology has many applications in the medical, pharmaceutical, cosmetics, 
chemical, agricultural, and food industries [1, 13, 14]. Encapsulation is a 
method that can package small particles of bioactive ingredients, within 
the matrix or wall material, and thus forming small capsules. Bioactive 
ingredients in the capsule are isolated from the surrounding environment 
and can be released in response to a trigger such as shear, pH, or enzyme 
action, thus enabling their controlled delivery to a desired site.

The encapsulation materials used in food applications must be selected 
from natural biomaterials or compounds with granted generally recognized 
as safe (GRAS) status. Food biopolymers, such as proteins, carbohydrates, 
are the most popular wall materials used for encapsulating bioactive ingre-
dients [2,3,6,7]. Among these food-grade encapsulation materials, food 
proteins are biopolymers that have considerable functional properties, such 
as emulsification, gelation, foaming, etc [2–4,15,16]. Currently, proteins 
extracted from animal-derived products (whey proteins, gelatin, casein) 
and from vegetables (soy proteins, pea proteins, cereal proteins) have been 
widely used for encapsulation of bioactive ingredients. Compared with 
animal-derived proteins, the use of vegetable proteins as encapsulation 
materials shows the present “green” conception in food industry. In food 
applications, vegetable proteins are known to be less allergenic compared 
to animal-derived proteins [17,18]. Furthermore, vegetable proteins not 
only provide micronutrients to humans but also offer some health benefits 
that have not been found in animal-derived proteins [3,19,20]. Among 
vegetable proteins, soy proteins are most prevalent, which have been used 
as encapsulation materials alone or in combination with polysaccharide 
depending on the applications. Soy proteins are obtained from soy bean 
that contain a fraction (35–40%) of proteins, mainly glycinin and congly-
cin (50–90% of total proteins) [21]. Molecular weight of glycinin fraction 
(11S globulin) is about 350 kDa while conglycin fraction (7S globu-
lin) is about 70 kDa. Soy proteins have interesting physicochemical and 
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functional properties, particularly including gel-forming, emulsifying, and 
surfactant properties [2,3,22]. Soy proteins’ characteristics and their solu-
bility are strongly dependent on pH, heat treatment, and the presence and 
concentration of salts or other ingredients (oil, carbohydrate, surfactant).

Development of soy protein-based encapsulation agents not only pro-
vides opportunities to offer novel functional foods to consumers, partic-
ularly for vegan diets, but also meets the present sustainable and green 
trends in food fields. For these reasons, many efforts have been made to 
explore the possibilities of utilizing soy proteins as encapsulation carriers 
for bioactive ingredients in past few years [2,3,23]. Hence, in this chapter, 
the recent progress on soy protein-based encapsulation carriers for bioac-
tive ingredients was reviewed.

9.2 Encapsulation Methods

Many methods can be used to produce encapsulated bioactive ingredients. 
Among these encapsulation methods, the main methods for producing soy 
protein-based carriers are spray drying, extrusion, emulsion and coacerva-
tion, etc [2, 3].

9.2.1 Spray Drying

Spray drying has been used for the production of many encapsulated bio-
active ingredients—vitamins, enzymes, minerals, polyunsaturated oils, 
flavors, and probiotics [24]. Spray drying is a continuous process, which 
involves dissolving the core in a dispersion of wall material and atomizing 
into heated air in drying chamber to remove water, and thus the encapsu-
lated powder is formed. Advantages of this method are simple, relatively 
inexpensive, and rapid. Main disadvantage of this technology is the pos-
sibility of degradation of bioactive ingredients at high drying temperature. 
The important factor for spray drying is a high solubility of wall material 
in water (or other chosen solvent) and a low viscosity at high solid content 
[2].

9.2.2 Extrusion

The basic process for extrusion is to force a hot biopolymer mass contain-
ing the dispersed bioactive ingredients through an orifice into a hardening 
bath. This process has been extensively used to encapsulate many bioac-
tive ingredients [24–25]. Syringe extrusion is the most used method in the 
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research for the formation of alginate beads. Alginate solution containing 
bioactive core is extruded as droplets into a calcium chloride solution, and 
thus alginate based beads are formed [24].

9.2.3 Complex Coacervation

The process for complex coacervate is that the polyelectrolyte mixtures 
from a solution is separated and deposited onto the agglomerated colloidal 
particles (i.e., wall material). Complex coacervates of oppositely charged 
biopolymers are the most used method in the food industry for encap-
sulating bioactive ingredients [2]. Many factors including the biopolymer 
type (molar mass, flexibility, and charge) concentration and the ratio of 
the biopolymers, ionic strength, and pH of the solution affect the forma-
tion of complex coacervates [25–28]. Although electrostatic interactions 
are considered to drive the interaction between biopolymers of opposite 
charge, hydrophobic interactions and hydrogen bonding can also con-
tribute significantly to the formation of complex coacervates [25,28]. One 
limitation of this method is that complex coacervates are sensitivity to pH 
and ionic strength. To increase the robustness of coacervates, the formed 
coacervates need to be cross-linked after coacervates are formed. This work 
plays an important role in keeping coacervates stability. Glutaraldehyde is 
the most commonly used cross-linking agent [29]. However, glutaraldehyde 
is a relatively toxic solvent, which limits its use in food applications [30, 31].

9.2.4 Emulsion-Based Systems

Emulsion-based systems have been used for encapsulating bioactive 
food ingredients (e.g., omega-3 oils, carotenes, tocopherols). Emulsion-
based encapsulation systems with different functional properties can be 
designed by tailoring the characteristics of the dispersed phase (e.g., size, 
charge, interfacial properties of droplets) as well as the microstructure of 
the emulsions [10, 25]. As we know, many bioactive ingredients are lipo-
philic. Therefore, oil-in-water (O/W) emulsion is developed to deliver 
these lipophilic substances. Currently, O/W emulsions are the most widely 
used emulsion systems for encapsulating lipophilic bioactive ingredients. 
The basic process for O/W emulsion is that it solubilizes the hydropho-
bic bioactive ingredients in a lipid phase and then homogenizes them 
with an aqueous phase containing food grade emulsifiers [10,11,25]. In 
recent years, the emulsions stabilized by food-grade particles, also called 
as “pickering emulsion,” have been receiving a growing interest in food 
fields. Pickering emulsion can provide outstanding physical and chemical 
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stability to encapsulated bioactive ingredients [32–33]. However, the appli-
cation of particles derived from food proteins as the emulsifier is just at the 
initial stage [3].

9.3 Soy Protein-Based Encapsulation Carriers

9.3.1  Improving the Performance of Soy Proteins as Wall 
Materials

Soy proteins have relatively lower solubility in aqueous systems than ani-
mal-derived proteins do [34–37]. Therefore, in order to improve their solu-
bility, and subsequently emulsifying properties and encapsulating abilities, 
it is highly necessary to modify soy proteins. There has been extensive work 
on the modification of soy proteins in the literature aimed at improving 
functionality [2,3]. Jiang et al. [38] modified the native structure of soy pro-
tein by pretreating in acid (pH 1.5–3.5) and alkaline (pH 10.0–12.0) solu-
tions for various times (0–4 h). The authors found the pH pretreatments 
could increase the surface hydrophobicity of soy protein and thus resulted 
in a significant improvement of its emulsifying properties. Augustin et al. 
[39] studied the effect of heat treatments on mixtures of proteins (sodium 
caseinate, whey protein isolate, and soy protein) and carbohydrates (glu-
cose, dried glucose syrup, oligosaccharide) for the encapsulation of fish oil. 
The results showed that the obtained protein–carbohydrate mixtures after 
treatment at high temperature before emulsification improved the oxidative 
stability of fish oil microcapsules. Additionally, the mixtures of protein–
carbohydrate (or polysaccharides) can enhance the emulsion stability [40]. 
Nesterenko et al. [6] investigated the effects of enzymatic hydrolysis and 
N-acylation on the encapsulation properties of soy protein isolate (SPI) 
using α-tocopherol as the bioactive ingredient. O/W emulsions containing 
different amounts of native or modified SPI and α-tocopherol were spray 
dried. It was found that hydrolysis and N-acylation resulted in a decrease 
of emulsion droplet size and viscosity. Hydrolyzed SPI could produce the 
emulsions with smaller droplets and lower oil retention efficiency (39%) 
in the corresponding powder due to the insufficient chain length of wall 
material to produce a stable matrix during spray drying. On the other hand, 
SPI with N-acylation resulted in a significantly higher retention efficiency 
(>87%) compared to the efficiency obtained with native SPI (80%). This 
increased retention efficiency after protein acylation was observed, dem-
onstrating that soy proteins in modified state represent a relevant better 
encapsulation agent for hydrophobic ingredients.
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9.3.2  Encapsulation of Bioactive Ingredients Using Soy 
Protein-Based Carriers

Soy proteins are now one of the most widely used proteins in food process-
ing. Soy protein-based carriers with different structures and forms, such 
as microparticle, nanoparticles, fiber, film hydrogel, etc., can be obtained 
when different processing methods are used [3,41]. Some examples are 
outlined in Table 9.1.

SPI microparticles can be made using spray drying, coacervation, and 
extrusion [2, 37, 42, 43]. Chen and Subirade prepared SPI/zein complex 
microspheres by extrusion method for delivering riboflavin [42–43]. 
The obtained particles (about 15–25μm) had spherical morphology with 
homogenous distribution throughout the matrix. Microspheres with SPI/
zein ratios of 5:5 and 3:7 displayed near-zero-order release kinetics in 
simulated gastrointestinal fluids. The release of riboflavin from pure SPI 

Table 9.1 Encapsulation with SPI-based wall material.

Wall materials Bioactive ingredients References

Mixture of proteins and 

polysaccarides

Fish oil [39]

SPI/glucose syrup Stearin, palm oil [62]

SPI/maltrodextrin Phospholipide [78]

SPI Flavors [79]

SPI Casein hydrolysate [74]

SPI/gelatin Casein hydrolysate [73]

SPI tocopherol [6]

Soy glycinin Hexadecane [37]

Soy glycinin/sodium 

dodecylsufate

Hexadecane [29]

SPI/pectin Casein hydrolysate [61]

SPI/pectin propolis [80]

SPI/gum Arabic Orange Oil [60]

SPI Riboflavin [42]
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microspheres in the stomach compartment could be finished within 15 
min, while the SPI/zein microspheres provided sustained release of ribo-
flavin over 4 h. Incorporation of these microspheres into yogurt signifi-
cantly delayed riboflavin release, which would increase the likelihood 
of gastric-sensitive nutrients reaching the intestine for absorption. The 
results indicated that SPI/zein microspheres showed potential as nutra-
ceutical delivery carriers for the development of functional foods, such 
as yogurt enriched with vitamins [43]. Rascon et al. [44] investigated the 
performance of SPI for the encapsulation of paprika oleoresin by spray 
drying. The authors found that carotenoid retention in the microparticles 
increased as inlet air temperature was increased from 160 °C to 200 °C. 
The maximal stability of carotenoid oxidation in the microparticles with 
the highest carotenoid was found at water activity a

w
 of 0.743. Tang and Li 

[45] prepared encapsulated soy oil using SPI by spray drying. The effects 
of homogenization pressure (40 MPa or 80 MPa), inlet air temperature 
(160 °C, 180 °C, and 200°C), core: wall ratio (1:2, 1:1, 3:2, and 3:1) and 
total solid content (10%, 15%, and 20%) on the obtained powder proper-
ties were studied. The results showed that the core: wall ratio was the most 
important factor affecting retention efficiency, redispersion characteristics, 
and storage stability of spray-dried emulsions.

Due to the ligand binding properties, soy proteins can bind bioactive 
ingredients to form complexes in nanoscale through physical interactions, 
mainly hydrophobic interactions, hydrogen bonds, and van der Waals 
attraction [3]. Recently, Zhang et al. [46] prepared SPI nanoparticles by eth-
anol desolvation method. SPI exhibited average size (150nm), ζ-potential 
(−36mV), and high encapsulation efficiency for curcumin (97.2%). The 
release of encapsulated curcumin in phosphate buffer saline followed 
a biphasic pattern. Teng et al. [47] prepared folic acid (FA)-conjugated 
SPI nanoparticles. Compared to SPI nanoparticles without FA, FA-SPI 
nanoparticles showed a lower average size, a higher loading efficiency, and 
a faster release of curcumin in Tween 20-PBS buffer. Cellular uptake of 
SPI nanoparticles was increased by at most 93% in Caco-2 cells upon the 
conjugation with FA [47]. Zhang et al. [46] found that calcium-induced 
SPI nanoparticles (28–179nm) had uniform size distribution and spherical 
shape. Nanoparticle characteristics could be modulated by changing pH 
and calcium concentration. In vitro study indicated that these nanopar-
ticles were nontoxic and mainly distributed in cytoplasm when they were 
absorbed into Caco-2 cells. Zhang et al. [48] further investigated the intes-
tinal uptake and transport mechanisms of Ca2+-induced SPI nanoparticles 
for vitamin B

12
 (VB

12
). The results showed that the intestinal transport and 

uptake of VB
12

 were improved up to fourfold after being encapsulated into 
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30 nm SPI nanoparticles. Teng et al. [49] prepared SPI/carboxymethyl chi-
tosan (CMCS) nanoparticles by Ca2+ induced method and employed as a 
delivery carrier for hydrophobic vitamin D

3
 (VD

3
). The VD

3
-loaded com-

plex nanoparticles with an average size of 162–243 nm remained stable 
in aqueous phase. Compared to pure SPI nanoparticles, the SPI/CMCS 
nanoparticles exhibited a reduced (42.3% compared to 86.1%) release 
of VD

3
 in simulated gastric fluid and an enhanced (36.0% compared to 

8.2%) release under simulated intestinal condition. In another study, Ding 
and Yao [50] obtained FA-loaded soy protein/soy polysaccharide complex 
nanogels by using high pressure homogenization and heating procedures. 
The nanogels were dispersible and stable after six months of storage in 
acidic conditions (pH 3.0–5.0). Moreover, the nanogels could protect FA 
from decomposition in the presence of heat, light, and oxygen at acidic 
conditions and release FA in the intestine. Gao et al. [51] found soy lipo-
philic protein (LP, a group of protein fractions associated with lecithin) 
could transform into nanoparticles in aqueous phase after an ultrasonic 
treatment. Subsequently, Gao et al. [52] incorporated conjugated-linoleic 
acid (CLA) into lipophilic protein nanoparticle (LPP) by ultrasonication. 
The CLA-loaded LPP had a mean particle diameter of 170nm and a loading 
capacity of 26.3%. These findings suggest LPP with a core shell structure 
can be used as a delivery vehicle for hydrophobic bioactive ingredients.

Soy proteins have been extensively used as an emulsifier due to its high 
emulsifying properties [2, 3, 53]. Many studies show that SPI-stabilized 
O/W emulsions could be used as encapsulating systems for protecting 
bioactive lipids, such as omega-3 fatty acids, and incorporating them into 
functional foods [3, 54, 55]. Tang and Liu [56] prepared soy protein aggre-
gates (~100 nm) by thermal treatment and found that sodium chloride 
could act as emulsion stabilizer. The resulting emulsions showed extraor-
dinary stability against coalescence and creaming. RES (trans-3, 5, 4 -tri-
hydroxystilbene), is a natural polyphenol compound mainly found in red 
grapes and peanuts. Wan et al. [57] prepared SPI-RES complex and then 
used the complex as an emulsifier at the O/W interface. The resulting O/W 
emulsion showed an increased oxidative stability due to the high interfacial 
accumulation of RES. Yuan et al. [58] fabricated a mixed emulsion by using 
the soluble β-conglycinin (7S)-chitosan (CS) complex as emulsifier. The 
obtained 7S/CS mixed emulsion exhibited good storage stability against 
microorganisms at acidic pHs due to the positively charged groups of CS 
around oil droplet surfaces, which could interact with negatively charged 
cell membranes, thus resulting in the inhibition of microorganism growth. 
Furthermore, Wan et al. [3, 59] introduced a novel biosurfactant stevioside 
(STE) to encapsulate RES by the formation of STE self-assembled micelles. 
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The physical and oxidative stability of SPI-based O/W emulsion were sig-
nificantly improved by the incorporation of the STE-RES complex.

Many studies have reported that a decrease in process efficiency is 
observed when active hydrophobic core concentration is more than 50% 
[3,37,60–62]. The protein concentration during the emulsification step is 
strongly related to the stability and size of the emulsion [37]. Due to pro-
tein surfactant properties, increasing protein concentration will result in 
improving the adsorption of proteins on the oil–water interface and the 
droplets’ coalescence resistance and thus decreasing in the mean diameter 
of droplet. On the other hand, Lazko et al. [37] also demonstrated that 
protein concentration did not have a significant influence on the final mic-
roparticles wall thickness.

Fibers have diversified applications in food and biomedical fields. Vega-
Lugo and Lim [63] prepared SPI/poly(ethylene oxide) (PEO) blend and 
poly(lactic acid) fibers (200nm to 2μm) containing an antimicrobial com-
pound, allyl isothiocyanate (AITC). The release of AITC could be con-
trolled by varying the relative humidity, and exposure to air with elevated 
relative humidity triggered the release of AITC. Wang et al. [64] success-
fully incorporated the anthocyanin-rich red raspberry extract into SPI-
PEO composite electrospun fibers, which endowed the fibers with a high 
antibacterial activity against Staphylococcus epidermidis.

Hydrogels are three-dimensional networks constructed by physi-
cally or chemically cross-linked polymers, which are capable of holding 
a large quantity of water [3,65,66]. In this system, bioactive ingredients 
can be entrapped, protected from the environments. The release behavior 
of hydrogels can be manipulated by modifying their microstructure (67). 
Maltais et al. [68,69] compared the controlled release behavior of two types 
of cold-set soy protein hydrogels, filamentous, or particulate. The results 
showed that filamentous hydrogels exhibited a delayed release of riboflavin 
due to their lower porosity when compared to the particulate hydrogels. 
Both hydrogels provided good protection for riboflavin at least 6 h under 
pH1.2. The release of riboflavin was independent of time or concentra-
tion (zero-order release), when the gels were in the presence of pancre-
atin at pH7.5. Caillard et al. [70,71] investigated soy protein hydrogels 
cross-linked by glutaraldehyde in vitro as carriers for the release of ionic 
compounds (amaranth and methylene blue). Increasing the cross-linking 
degree and the concentration of salt in the gel generally led to the decrease 
of swelling/release rates of soy protein hydrogel. These results demon-
strated the release behavior of hydrogel that can be controlled by prepara-
tion parameters of hydrogel. Controlling the interaction between protein 
and polysaccharide is an effective strategy for preparing pH-responsive 
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hydrogel delivery carriers. Guo et al. [41,72] prepared soy glycinin /dex-
tran sulfate (DS) transparent hydrogels cross-linked by microbial trans-
glutaminase (MTGase). The authors found that the hydrogel deswelled in 
simulated gastric fluid and swelled in simulated intestinal fluid. The extent 
of deswelling and swelling increased when more DS was used in the hydro-
gel. What is more, the hydrogel showed a sustained release behavior under 
simulated gastrointestinal conditions.

Soy proteins are also used to mask the bitter taste of some hydrophobic 
hydrolysates (e.g., casein hydrolysate) [61,73,74]. In this case, the authors 
demonstrated the decrease in encapsulation efficiency and the increase in 
particle size with increasing active core concentration. Jun-xia et al. [60] 
used SPI-gum Arabic (GA) coacervates for encapsulation of sweet orange 
oil. Effects of the factors including pH, ionic strength, SPI/GA ratio, core 
material load, and addition of sucrose and maltodextrin on encapsulation 
efficiency were investigated. The results showed that SPI treated by ultra-
sonics prior to encapsulation could increase their solubility. The optimum 
conditions for high encapsulation efficiency were followed as: pH 4.0, 1:1 
SPI/GA ratio, and 10 % core material load. It was also found that the addi-
tion of sucrose into encapsulation system increased the encapsulation yield 
from 65% to 67%. de Conto et al. [75] encapsulated omega-3 ethyl ester 
by complex coacervation using SPI and GA. Effect of the factors such as 
core: wall ratio, concentration of wall materials, and transglutaminase on 
the encapsulation efficiency was investigated. The highest encapsulation 
efficiency was observed at 2.6:1.0 wall/core ratio and 1.8:1.0 SPI/GA ratio.

Overall, many studies have showed the abilities of soy proteins as encap-
sulating agents. The main differences between encapsulating agents are the 
structure and size of the obtained carriers and consequently the release of 
the bioactive ingredients.

9.3.3 Our Work on Using Soy Protein-Based Carriers

The application of soy protein-based carriers in probiotics encapsulation 
is very limited. In our group, the mixture of alginate and SPI used as a 
wall material was developed to encapsulate Enterococcus faecalis HZNU 
P2 (E. faecalis HZNU P2) [76]. The results showed that encapsulation 
could offer sufficient protection to E. faecalis HZNU P2. The viability of 
encapsulated E. faecalis HZNU P2 did not decrease in SGF at pH 2.5 or 
2.0 after 2 h incubation, while free cells were reduced from 11 log CFU/
mL to 9.85 log CFU/mL in simulated gastric fluid (SGF, pH 2.5) at the 
same exposure time (Figure 9.1a,b). Only minor viability of encapsulated 
E. faecalis HZNU P2 lost in 1.0% or 2.0% bile salt solution for 1 or 2h 
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Figure 9.1 pH stability of free and encapsulated E. faecalis HZNU P2 in simulated gastric 

fluid (SGF) pH 2.5 and 2.0. (a)The stability of free and encapsulated E. faecalis HZNU P2 

(SPI-alginate) in SGF pH 2.5. (b) The stability of free and encapsulated E. faecalis HZNU 

P2 (SPI-alginate) in SGF pH 2.0. (c) The stability of free and encapsulated E. faecalis 

HZNU P2 (soy milk-alginate) in SGF pH 2.5. (d) The stability of free and encapsulated 

E. faecalis HZNU P2 (soy milk-alginate) in SGF pH 2.0.

www.ebook3000.com

http://www.ebook3000.org


242 Soy Protein-Based Blends, Composites and Nanocomposites

exposure, compared with no survival of free E. faecalis HZNU P2 under 
the same conditions. Encapsulated E. faecalis HZNU P2 was completely 
released from the microspheres in simulated intestine fluid (SIF) within 1 
h (Figure 9.2a). The viability of encapsulated E. faecalis HZNU P2 stored 
for two weeks at 4 °C was fully retained. Viabilities of encapsulated E. fae-
calis HZNU P2, 9.6 Log CFU/g and 9.0 Log CFU/g were obtained at 25 °C 
and 37 °C after 21 days storage, respectively. However, around 1.0 log CFU/
mL of free cells was reduced after two weeks storage at 4 °C (Figure 9.3a,b).

Soy milk–alginate microspheres used as the carriers were also devel-
oped in our group ][77). The results so obtained showed that the viability 
of encapsulated cell did not decrease after 2h incubation in SGF at pH2.5 
and 2.0. The viability of free E. faecalis HZNU P2 decreased from around 
11 Log CFU/mL to 9.85 and 9.35 Log CFU/mL after 2h exporsure in SGF 

(a)

(b)
0

0

20

40

60

80

100

120

20 40 60 80

Time/ mins

R
e

le
a

se
 r

a
te

/ 
%

0

20

40

60

80

100

120

R
e

le
a

se
 r

a
te

/ 
%

100 120 140

0 20 40 60 80
Time/ mins

100 120 140

Figure 9.2 Release of encapsulated E. faecalis HZNU P2 in simulated intestine fluid (SIF). 

(a) SPI-Alginate microspheres. (b) Soy milk-Alginate microspheres.
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at pH2.5 and 2.0, respectively (Figure 9.1c,d). Encapsulated cells experi-
enced only minor viability reduction in bile salt solution after 1 or 2h treat-
ment. The viability of encapsulated cells was fully preserved after 21 days 
of storage at 4°C, and only lost 0.70 Log CFU/g and 2.0 Log CFU/g after 
21 days of storage at 25 °C and 37°C, respectively (Figure 9.3c,d). Figure 
9.2b shows the release profile of encapsulated E. faecalis HZNU P2 in SIF, 
at 37°C over 2 h. All encapsulated E. faecalis HZNU P2 could be released in 
60 min. Around 50% encapsulated E. faecalis HZNU P2 could be released 
after 10 min incubation.

9.4 Conclusion

Encapsulation plays an important role in protecting and delivering bio-
active ingredients, which experience the harsh environmental conditions 
during food processing and storage. Currently, the use of soy proteins as 
wall materials for encapsulation of various bioactive ingredients, reflects 
the actual “green” tendency in the food industry. Although soy proteins 
have low solubility and poor functionality compared to animal-based pro-
teins, it can be overcome through protein modification. Many studies have 
showed that different forms of soy proteins can be made using both vari-
ous methods such as spray drying, extrusion, coacervate, and emulsion. 
Compared to other bio-based materials for encapsulation, such as polysac-
charides or animal-derived proteins, soy proteins represent a very prom-
ising source of polymers with interesting functional properties, and can 
be produced into different encapsulation agents with good encapsulation 
efficiency and various potential applications. 
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