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Abstract 
A trilogy review, based on more than 300 references, is used to underline three 
challenges facing 1) the supply of sustainable, durable and protected biosourced 
ingredients such as lipids, 2) the accounting for valuable bio-by-products, such 
as whey proteins that have added-value potential removing their environ-
mental weight and 3) the practical reliable synthetic biology and evolutionary 
engineering that already serve as a technology and science basis to expand 
from, such as for biopolymer growth. Bioresources, which are the major topic 
of this review, must provide answers to several major challenges related to 
health, food, energy or chemistry of tomorrow. They offer a wide range of in-
gredients which are available in trees, plants, grasses, vegetables, algae, milk, 
food wastes, animal manures and other organic wastes. Researches in this 
domain must be oriented towards a bio-sustainable-economy based on new 
valuations of the potential of those renewable biological resources. This will 
aim at the substitution of fossil raw materials with renewable raw materials to 
ensure the sustainability of industrial processes by providing bioproducts 
through innovative processes using for instance micro-organisms and en-
zymes (the so-called white biotechnology). The final stage objective is to 
manufacture high value-added products gifted with the right set of physical, 
chemical and biological properties leading to particularly innovative applica-
tions. In this review, three examples are considered in a green context open 
innovation and bigger data environment. Two of them (lipids antioxidants 
and milk proteins) concern food industry while the third (biomonomers and 
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corresponding bioplastics and derivatives) relates to biomaterials industry. Li-
pids play a crucial role in the food industry, but they are chemically unstable 
and very sensitive to atmospheric oxidation which leads to the formation of 
numerous by-compounds which have adverse effects on lipids quality 
attributes and on the nutritive value of meat. To overcome this problem, nat-
ural antioxidants, with a positive impact on the safety and acceptability of the 
food system, have been discovered and evaluated. In the same context, milk 
proteins and their derivatives are of great interest. They can be modified by 
enzymatic means leading to the formation of by-products that are able to in-
crease their functionality and possible applications. They can also produce 
bioactive peptides, a field with almost unlimited research potential. On the 
other hand, biosourced chemicals and materials, mainly biomonomers and 
biopolymers, are already produced today. Metabolic engineering tools and 
strategies to engineer synthetic enzyme pathways are developed to manufac-
ture, from renewable feedstocks, with high yields, a number of monomer 
building-block chemicals that can be used to produce replacements to many 
conventional plastic materials. Through those three examples this review aims 
to highlight recent and important advancements in production, modification 
and applications of the studied bioproducts. Bigger data analysis and artificial 
intelligence may help reweight practical and theoretical observations and 
concepts in these fields; helping to cross the boarders of expert traditional ex-
ploration fields and sometime fortresses. 
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1. Introduction 

“Green and nature mimicking is done on any conceptual level. It can mean ra-
ther a straightforward copy of the solution like in the case of Velcro or, can 
adapt a concept such as behavioural phenomena of animals to create problem 
solving techniques used in computing.  

Another examples are new protein engineering methods such as enzymes, 
bioinformatics & high throughput screening, Deoxyribonucleic acid (DNA) se-
quencing/editing, cellulose depolymerization, enzymatic polymerization, etc., 
are part of the activities associated to this growth. This appears in Figure 1 
where the lock-and-key analogy underlines specificity of enzymes. 

It also appears in the Kevlar®, carbon and spider web inter-inspirational in-
novation for an improved hybrid ballistic shield [1] [2] somehow inspired by 
Figure 2 [1].  

As discussed during the 3rd International Conference on Bioinspired and Bio-
based Chemistry & Materials (October 16-19, 2016, Nice, France), nature ‘brand’  
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Figure 1. The lock-and-key analogy underlines specificity of enzymes and cocktail engi-
neering thereof. 

 

 
Figure 2. Inter-inspirational innovation for hybrid conceptualization and ideation bud-
ding [1]. 

 
comes with firm promise of solutions that resisted the durability test, have op-
timal energy consumption and can be simple to implement (provided we suffi-
ciently understand them). It would be unwise to assume though that we can find 
all the best solutions in Earth environment, nevertheless, it’s a pool of innovative 
ideas that one cannot neglect, and actually research results present in this very 
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conference are a proof of that.” 
This introduction excerpt of the talk given by M. Lapray and S. Rebouillat [3] 

at the 3rd International Conference on Bioinspired and Biobased Chemistry & 
Materials sets the scene for this review, further outlining “A Science & Business 
Equation for “Bio-Inspired” Innovation”. Which equation comes as a conti-
nuous behind the scenes structuring column in the series of review by Rebouillat 
et al. [4]-[8].  

The closing remarks, provided next, made by M. Lapray and S. Rebouillat [3] 
at the NICE 3rd International Conference on Bioinspired and Biobased Chemi-
stry & Materials, cited above, provide further lighting on the multifaceted di-
mension of modern innovation. The latter is inseparable of the Bigger Data 
challenge and necessity for research work such as this proposed scope and size 
review which has to integrate large amount of patent and non-patent literature 
to truly represents the science and technology extents. 

“At a glance, this concluding slide, Figure 3, provides the number of current 
innovation styles, from open to close, disruptive, collaboratory®, from reverse to 
inclusive, nested and frugal. Those terminologies are more or less self-explanatory 
and further enlightenment can be found e.g. in Lapray et al. [7] [8] in a review 
on the matter, covering some of them.  

On the same figure, the ‘Not Invented Here’, NIH, is illustrated; to that effect 
it is worth mentioning that the Bigger Data approach tends to naturally chal-
lenge that old NIH orthodoxy still largely encountered in large organizations. 
The creative reverse cycling shower picture tends to illustrate how essential the 
last mile and the reachability of the target in a creative fashion are. Frugal con-
cepts unable adaptation and use of local means allowing the ‘same’ performance 
than so called top of the line, rocket science or trendy, offerings. Biosourcing has 
a role to play with regard to that frugal orientation, definitely happening in line 
with inclusive approaches. The last picture of this slide, Figure 3 attracts the at-
tention to the need for innovation to be inherently and as an oxymoron ‘Com-
petitively Unpredictable’. Let’s leave room to the reader for his/her own inter-
pretation. Some famous products such as breathable selective membranes con-
stitute examples especially in the way they became commercial. Additionally, 
biomimicry brain storming [5] [6] often reveals paradoxes such as those illu-
strated on that drawing of Figure 3.” 

Indeed, reviews are “immensely” stimulating in terms of innovation, although 
they tend to miss the adjacent technology analysis that innovation most often 
derives from. One objective of the current review is to promote innovation from 
a public literature analysis and to propose some interpretations with an educa-
tional illustrative mindset. 

Before getting on with this review, and, keeping in mind that this review has 
also innovation incentivizing and educational purposes, we want to illustrate 
using bigger data analysis whether the well-known interdisciplinary bridging re-
sistance or risk adversity is a myth or a reality? 
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Figure 3. Innovation Styles within Current Business Challenges [184]. Being Competi-
tively Innovatively Unpredictable; Surmounting the Cultural Not Invented Here (NIH); 
Providing Simpler, Leaner, Faster, Safer Solutions; Including the Last Mile Challenge & 
Local Frugal Sustainability. 

 
Then let’s try to depict a much larger picture of that precise aspect, from a 

BIGGER DATA standpoint… 
Representations of liaisons between the most appearing keywords/concepts 

(nodes) in, for example, selected patent sections, can help understand the exist-
ing technology relationships; between various protein sources for example. 

Figure 4, [9] provides, for educational value, an example of a representation 
based on 20,000 relevant patents and associated pertinent scientific papers, 
non-patent literature. On that representation a tetrahedral figure, delineated 
with the coarser and broader lines and bigger nodes, representing the largest 
numbers of connections, appears between the three selected sources of protein, 
i.e. milk, whey and vegetable, and food ingredients. 

This tends to reflect that the paradigm or orthodoxy that assumes a lack of re-
lationship in practice between food and vegetable proteins would not be sup-
ported by technology and scientific similarity/concordance/co-occurrence anal-
ysis. 

Figure 4 below does not require more explanations on that matter and proves 
that the lack of bridging between the various protein domains is not confirmed 
from that analysis angle. This review can help alleviate the orthodoxy and pro-
mote technology disruptive innovation. 

This type of analysis is the basis for Artificial Intelligence, also referred to as 
Augmented Intelligence, preliminaries derived from the potential provided by 
large number of diverse ontologies/data and multidisciplinary co-semantic Com-
binatorial-Associative-Intersecting analysis and media mixing-hybridization to 
derive multimedia based revolutionary concept rather than evolutionary human 
ideation [7]. In the context of Bigger Data the consensus among all professionals  
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Figure 4. The protein (Prtn) neural network (co-occurrence chart) based on 20 000 pa-
tents and NPL of the selected field. (Prtn&x), (x=mlk, why, vgtbl respectively milk, whey, 
vegetable), (food ingredients = Fd&ngrdnt) [9]. 

 
is that it can help identify emerging trends, improve business decision making 
and develop new revenue-making strategies. 

The great biodiversity of nature (i.e., plants, animals, insects, enzymes, mi-
crobes etc.) coupled with the enormous advances developed in the biotechno-
logical processes, makes it today possible to manufacture high value-added sus-
tainable products endowed with physical, chemical and biological properties 
leading to particularly innovative applications. 

The products presented in this review are oriented towards two major indus-
tries i.e., food and bioplastic materials industries. Three examples will illustrate 
recent strategies used for developing in those domains innovative bioproducts. 
Each of those examples will be considered in a green context open innovation. 
Two of them (lipids antioxidants and milk proteins) will concern food indus-
try while the third (biomonomers and corresponding bioplastics and deriva-
tives) relates to biomaterials industry.  
• Lipids play a crucial role in the food industry, but they are chemically unsta-

ble and very sensitive to atmospheric oxidation. Lipid oxidation leads to the 
formation of numerous other compounds which have adverse effects on the 
quality attributes (such as color, texture, odor, flavor etc.) and on the nutri-
tive value of meat. To successfully prevent lipid oxidation, several synthetic 
antioxidants have been used, but consumers are concerned about the health 
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risk potential related to consumption of some of those compounds. There-
fore, in recent years there has been a growing interest in developing novel 
antioxidants from natural sources. Nowadays, many natural antioxidants, 
with a positive impact on the safety and acceptability of the food system, have 
been discovered and will be evaluated in this review. 

• Growing concerns for health and environment characterize today’s society, 
which increases the acceptability of food ingredients manufactured from 
milk, recognized by the consumer as “natural”. This can be one of the rea-
sons why dairy ingredients are becoming more and more important in food 
product innovation.  

In this context, Milk proteins and their derivatives are of great interest. 
They can be modified by enzymatic means leading to the formation of 
by-products that are able to enhance their functionality and possible applica-
tions. They can also produce bioactive peptides, a field with rather unlimited re-
search potential. 
• Biosourced chemicals and materials, mainly biomonomers and biopoly-

mers, are produced today to reduce the fossil resources depletion and de-
pendency in the domain of plastics. In this context, metabolic engineering 
tools and strategies to engineer synthetic enzyme pathways are developed to 
manufacture, from renewable feedstocks, a number of monomer build-
ing-block chemicals that can be used to produce replacements to many con-
ventional plastic materials. This review aims to highlight several recent and 
important advancements in the microbial production of these biomonomers 
and corresponding biomaterials. 

Finally, the common ontology node of the bigger data analysis is related to 
common applications of the three domains here explored, which is central to 
electrochemical applications and technological consequences.  

A few examples: 
• The use of mineral oils in transformers in now being superseded by the ad-

vent and progressive adoption of lipids and more precisely vegetable oil. 
Both options are the centre of electrochemical events during normal opera-
tion, overload, arcing and corona occurrence. This not only impends the 
harmless operation of the transformers but also can provoke grave accidents. 
Therefore, oxidation control and stability is one of the key features for trans-
former fluids. Electrochemical phenomena are not only to be mastered and 
comprehended in these applications but remedies via antioxidants preserva-
tions and tracing are to be in place effectively; adding to the challenge the 
very low amount of those, which are being used. It is now demonstrated that 
the electrochemical methods can be applied to the determination of the 
content of butylhydroxytoluene, for instance, as antioxidant in transformer 
oils. The adoption in this area of lipids and triglycerides as biosourced sus-
tainable and green replacement fluids implies the need for oxidation control 
via electrochemically predictive tools. The electrochemical supervision of the 
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device operation is now foreseen as a smart and connected continuous oper-
ations to make new grid even more suited to new energy demands and loca-
tions. 

• Protein electrochemistry is an important application in medicine. Protein 
electrochemistry already scientifically proven and has solid theoretical basis; 
its advanced applications in medicine where proteins serve as the further-
most valued biomarker, is still under tremendous attention. The identifica-
tion of new source of protein from disregarded biosources can be an excep-
tionally innovative approach to reinforce the traceability and specificity of 
these markers. The electrochemical dimension for the analysis of possible 
denaturation and combination, measurement and control of enzyme activity, 
are part of the major focus of protein science and medical applications. 

• Synthesis and electrochemical applications of the composites involving con-
ducting polymers need no further pertinence justification in a review in-
cluding biopolymers, given their paramount importance in the energy fields 
for example. Conducting polymers have been extensively applied for the 
manufacturing of various electrochemical components such as sensors, actu-
ators, solar panels, etc. To extend the purposes or improving the perfor-
mances of these devices, conductive polymers often have to be combined 
with other functional constituents to form composites, which are as well the 
very subject of interest in many advanced techniques such as aeronautical 
and aerospatial, osmosis energy electro-conversion, desalination applica-
tions… also associated with a connected-smart dimension vs the continuous 
performance monitoring of those materials. 

2. Lipid Oxidation and Antioxidants 

Consumer trend towards more healthy and natural foods brings out one of the 
biggest challenges for the food industry: the necessity of reducing the amount of 
additives. This control in the use of additives is especially important when it 
comes to synthetic substances. In this sense, among the natural ressources, li-
pids are substances of biological origin that are soluble in nonpolar solvents 
[10] and possess important biological functions including storing energy, signal-
ling, and acting as structural components of cell membranes [11] [12]. They 
have applications in the cosmetic and food industries as well as in nanotechnol-
ogy [13]. They originate entirely or in part from two distinct types of biochemi-
cal subunits or “building-blocks”: ketoacyl and isoprene groups [11] and com-
prise a group of naturally occurring molecules that are divided into the eight 
following categories [11]: 
• fatty acids (carboxylic acids with a long aliphatic chain, which is either satu-

rated or unsaturated), 
• glycerolipids, composed of mono-, di-, and tri-substituted glycerols, the 

best-known being the fatty acid triesters of glycerol, called triglycerides, 
• sphingolipids, (lipids with a backbone of sphingoid bases and a set of ali-
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phatic amino alcohols that includes sphingosine), 
• saccharolipids, (compounds in which fatty acids are linked directly to a sugar 

backbone), 
• polyketides (complex organic compounds derived from condensation of ke-

toacyl subunits that are often highly active biologically),  
• sterol lipids, such as cholesterol and its derivatives, 
• prenol lipids, synthesized from the 5-carbon precursors isopentenyl diphos-

phate and dimethylallyl diphosphate that are produced mainly via the meva-
lonic acid (MVA) pathway,  

• phospholipids (PLs) and derivatives such as glycerophospholipids, that are natu-
ral surfactants, which are the basic lipid components of plasmatic cell mem-
branes and membranes of subcellular organelles of animals, plants, and micro-
organisms [13]. The structure of the phospholipid molecule generally consists of 
two hydrophobic fatty acid “tails” and a hydrophilic “head” consisting of a 
phosphate group. The two components are joined together by a glycerol mole-
cule. The phosphate groups can be modified with simple organic molecules such 
as choline. Phosphatidylcholines (1,2-diacyl-sn-glycero-3-phosphocholines or 
lecithins) are the most widely used. Unsaturated fatty acid residues of PLs are 
readily oxidized with atmospheric oxygen as well as nonpolar unsaturated 
lipids. The primary products of PLs oxidation are mainly isomeric hydrope-
roxides. The oxidability of PLs in aqueous dispersions is lower than that in 
organic solvents by an order of magnitude. It is assumed that the mi-
cro-heterogeneity of PLs solutions and the dispersity of colloidal solutions do 
not influence the oxidability of unsaturated lipids in both aqueous and or-
ganic media. 

Lipids significantly enhance the organoleptic perception of foods, including 
attributes of texture, structure, mouth feel, flavor and color. However, they are 
also one of the most chemically unstable food components. It is noteworthy that 
the biggest problem in the food industry is food spoilage, with lipid peroxidation 
and microbial growth as the main causes. 

2.1. Lipids Peroxidation Process 

Considerable attention has been given to the evaluation and assessment of oxid-
ative and flavor deterioration of lipids, but not enough effort has been made to 
look into the basic sources of offensive odors and flavors in oxidized fat. This 
section will summarize mechanistic concepts of peroxidation with the belief that 
more knowledge in these areas would lead to more useful methods of con-
trolling lipid deterioriation. For instance, soybean oil, which provides now the 
most important world source of vegetable food fat, develops a very complex type 
of lipid deterioration known incorrectly as “flavor reversion”. 

Currently, lipid peroxidation is considered as a molecular mechanism in-
volved in the oxidative damage to cell structures and in the toxicity process that 
lead to cell death. It occurs in both plants and animals and consists mainly in 
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the oxidative deterioration of lipids containing carbon-carbon double bonds, 
e.g., fatty acids and cholesterol.  

The main types of lipids peroxidation are:  
• Photooxidation with singlet oxygen using sensitizers such as chlorphyl, 

porphyrins, myoglobin, riboflavin, bilirubin, rose bengal, methylene blue …  
• Enzymatic oxidation using particularly Cyclooxygenase and lipoxygenase 

that catalyse reactions between oxygen and polyunsaturated fatty acids 
• Autooxidation. 

Lipid peroxidation is a free radical chain reaction that can be described in 
terms of initiation, propagation, and termination processes. It is initiated by hy-
drogen abstraction or by addition of an oxygen radical, resulting in the oxidative 
damage of polyunsaturated fatty acids (PUFA). 

Since PUFA are more sensitive than saturated ones, it is obvious that the acti-
vated methylene (RH) bridge represents a critical target site. This initiation is 
usually performed by a radical of sufficient reactivity: 

R1H + .R  .R1 + RH                       (1) 

Molecular oxygen rapidly adds to the carbon-centred radical (R.) formed in 
this process, yielding the lipid peroxyl radical (ROO.):  

.R + O2  ROO.                        (2) 

The formation of peroxyl radicals leads to the production of organic hydro-
peroxides, which, in turn, can abstract hydrogen from another PUFA, analogous 
to reaction (1): 

R1H + ROO.  .R1 + ROOH                   (3) 

This reaction is termed propagation, implying that one initiating hit results in 
the conversion of numerous PUFA to lipid hydroperoxides. In the sequence of 
their appearance, alkyl, peroxyl, and alkoxyl radicals are generated in the free 
radical chain reaction. 

The alkyl radical is stabilized by rearrangement into a conjugated diene that is 
a relatively stable product. Lipid hydroperoxide (ROOH) is the first stable prod-
uct of the lipid peroxidation reaction. 

Under conditions where lipid peroxidation is continuously initiated, radical 
annihilation or termination occurs with the destroying of two radicals at once:  

ROO. + ROO.  ROH + RO. + O2                 (4) 

Other termination reactions can also occur:  

R. + R.  R-R                           (5) 

R. + ROO.  ROOR                        (6) 

This chain reaction results in a complex mixture of substances of low and high 
molecular weight and diverse nature and composition (including alcohols, ke-
tones, alkanes, aldehydes and ethers) that confer bad smell and taste to lipids, in-
fluencing also the appearance and the quality of food [14] developing rancidity 
in raw or fatty tissues, producing warmed-over flavor in cooked meats and oxi-
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dized flavors in oils with loss of functional properties and nutritional values. It 
can also result in the accumulation of toxic compounds and coloured products 
[15] [16].  

Many of those toxic compounds (e.g. epoxides and hydrogen peroxide 
by-products) are potential carcinogens while hydroperoxides are known to 
damage DNA. Moreover, as a consequence, the oxidized foods can cause oxida-
tive stress in biological systems and cause diseases. 

The spectrum of reactive oxygen species (ROS), reactive nitrogen species 
(RNS) and free radicals that are considered responsible for biological oxygen 
toxicity, include the intermediates of the partial reduction of oxygen, superoxide 
radicals, hydrogen peroxide and other reactive species such as hydroxyl radical, 
peroxyl radical, nitric oxide, peroxinitrite, singlet oxygen, iron-oxygen complex-
es (ferryl and perferryl radicals), thiyl radicals (RS.). They comprise also reactive 
metabolites or intermediates (drugs, toxins, pollutants, cigarette smokes, etc.). 

ROS primary source is human body during energy production (generation 
from single electrons escaping the electron transport chain in mitochondria). 
They also can be formed by environmental contaminants, ionizing and ultravio-
let radiation, diet (fatty and processed foods) etc. 

The damages inflicted by ROS concern particularly membranes, proteins 
and DNA.  

The main observed membrane damages are a decreased activity of mem-
brane-bound enzyme (e.g. sodium/potassium pumps), altered activities of 
membrane receptors and electrolytes transport (especially to sodium and cal-
cium ions). Increased intracellular sodium ions cause water to follow them 
causing cellular swelling and increased calcium ions damages mitochondria and 
causes “cellular hardening”, seen in arterial plaques. 

Protein damage occurs if radicals accumulate (not likely in normal cells), or 
if the damage is focused on a particular site of the protein, such as if a protein 
binds a transition metal ion. 

It is known, however, that the reaction of radicals with proteins and peptides 
in the presence of oxygen gives rise to alterations in both the backbone and of 
the amino acid side chains. These oxidative changes include cleavage of peptide 
bonds, modification of amino acid side chains and formation of covalent inter-
molecular cross-linked protein derivatives. Some of the most general amino acid 
modifications are the formation of protein carbonyl groups and protein hydro-
peroxides, while cross-linking has mostly been described as formation of disul-
fide and dityrosine through the loss of cysteine and tyrosine residues. 

The consequences of protein oxidation in muscle food have often been asso-
ciated with changes in solubility and protein functionality such as gelation and 
emulsifying properties, or water-holding capacity. 

Furthermore, oxidative modifications of proteins can lead to loss of essential 
amino acids and decreased digestibility affecting ultimately the nutritional qual-
ity of muscle foods, their water-holding capacity and tenderness. 

DNA damage: oxidising radicals readily attack DNA if they are formed in its 
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vicinity as seen in radiation. For damage to occur it must either be site specific 
(leading to strand breaks) or it must elude the repair systems before replication 
occurs leading to mutation. 

The main factors affecting the development of lipid oxidation in foods 
are: the fatty acids composition, the oxygen free radicals, the prooxidants (na-
ture and concentration), the antioxidants and additives (nature and concentra-
tion), the processing conditions of meat (e.g., irradiation, cooking, grinding, cut-
ting, mixing, restructuring, and packaging) and their storage time and condi-
tions. Peroxidation can also be catalyzed by transition metals such as Fe, Cu, Mg, 
Ni, etc.  

Lipid peroxidation and aging 
Consistent evidence supports the hypothesis that a progressive accumulation 

of oxidative damage to important cellular molecules is a fundamental mechan-
ism involved in most senescence-associated alterations. Moreover, oxidative 
damage occurs when free radicals produced within an organism are not com-
pletely destroyed by the appropriate endogenous defense systems [17].  

Because lipids are a major component of living organisms and probably the 
first easy target of free radicals once they are produced, lipid peroxidation might 
play a major role in initiating and/or mediating some aspects of the aging 
process, especially since it has been widely demonstrated 1) that there is an 
age-associated increase in the steady-state concentrations of lipid peroxidation 
products 2) and that oxidation of biomolecules has also been related to suscepti-
bility to diseases, such as cancer and heart disease, as well as associated with the 
process of aging [18] [19] [20]. 

This increase in lipid peroxidation products was directly correlated with age, 
and was associated with decreases in vitamins E and C. 

However, establishing the involvement of this phenomenon in the pathogene-
sis of the aging process has not been an easy task and it is clear that the recent 
development of more reliable techniques to measure lipid peroxidation, together 
with more well-defined animal models of aging, should be of great help in future 
studies in this field. 

2.2. Antioxidants-Inhibitors of Lipids Peroxidation 

Addition of exogenous antioxidants is still a foremost tool to avoid lipid peroxi-
dation. Antioxidants can delay or slow the rate of peroxidation of lipids. Indeed, 
they are able 1) to prevent the transfer of electrons from O2 to organic molecules, 
2) to stabilize free radicals and 3) to terminate free radical reactions. 

Moreover, the activity of antioxidants depends on complex factors including 
the nature of the antioxidants, the conditions of oxidation, the properties of sub-
strate being oxidized and the stage of oxidation.  

The capacity of antioxidant is at least two folds:  
- the antioxidant potential, determined by its composition and properties of 

constituents,  
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- its biological effects depending on its bioavailability which is of a medical and 
biological nature. 

However, as previously mentioned, a deep knowledge of oxidation me-
chanisms and additional influential factors might help in developing newer, 
more natural and more effective antioxidant technologies. 

There are two major types of antioxidants: 
• chain-breaking antioxidants (AH) which, at low concentration, can inhibit 

or retard peroxidation by interfering with either chain propagation or initia-
tion: 

ROO· + AH  ROOH + A·                    (7) 

A ROO
nonradical products

A A     
+ →

+ → 
                   (8) 

Those antioxidants include phenol and aromatic amino compounds hindered 
with bulky alkyl substituents. They are designed to form either A· radicals or 
loose molecular complexes that are too unreactive to propagate the chain: 

ROO· + AH  [AH-ROO·]                     (9) 

[AH-ROO·]+ ROO·  nonradical products              (10) 

They generally lose their efficiency at elevated temperatures because of ho-
molytic decomposition of hydroperoxides formed by reaction (7) and because of 
a reaction of the antioxidants with oxygen: 

AH + O2  free radicals                    (11) 

• preventive antioxidants (Figure 5) which overcome these disadvantages by 
acting to reduce the rate of chain initiation. The most important initiation 
suppressors are metal inactivators that can bind catalysts, such as metal ions 
to prevent initiating radical generation. Metal inactivators used for stabilizing 
edible fat and lipid-containing foods include ascorbic acid, erythorbic acid 
and citric acid. 

Other preventive antioxidants are the peroxide destroyers, which react with 
hydroperoxides to give stable products by nonradical processes. These inhibitors 
include sulfur compounds, phosphites and phosphines, which reduce hydrope-
roxides into the more stable alcohols. Whether these compounds can be used in 
foods has not been established. One more type of preventive antioxidant in-
cludes ultraviolet light deactivators that absorb irradiation without formation of 
radicals. Examples are pigments like carbon black, phenyl salicylate, and 
α-hydroxy-benzophenone. 

Although many chain-breaking and preventive antioxidants, peroxide de-
stroyers, and UV deactivators are used effectively in rubber and petroleum 
products, they cannot be added to foods because of established or potential 
health hazards. One approach to reduce this hazard is to use polymeric antioxi-
dants that are claimed to be unabsorbed in test animals. 
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Figure 5. Chemical structures of common preventive antioxidants. 

 
When multiphase situations are involved, it has been reported that the physi-

cal properties of the oil-water interface have a critical effect on oxidative stability 
of lipids [21] [22] [23] [24] [25]. Physical properties of lipid systems are deter-
mined by compositional aspects, numerous compounds, amphiphilic substances 
and emulsifiers, likely to play an essential role on oxidation. One of the main 
objective of this section is to show the relationship between amphiphilic com-
pounds and activity of antioxidants. Beyond this study, a “deep dive” and more 
fundamental understanding of this relation would help to reach an optimal, 
more ideal, oxidative protection. In addition, multifunctional antioxidants and 
natural antioxidants extracted from plants (with additional health benefits and 
environmental benefits when extracted from waste products) also deserve special 
consideration. 

2.3. Classification of Antioxidants 

Depending on their mechanism of action, their nature, their biological activity 
and the number of phenolic groups antioxidants can be classified as following: 
• Depending on their mechanism of action: 
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- Antioxidants inhibiting lipid oxidation by trapping lipid peroxide radicals 
(aromatic compounds with weak О-Н, N-H bonds (phenols, amines, ami-
nophenols, diamines etc.). 

- Antioxidants inhibiting the oxidation process by trapping alkyl radicals 
(quinones, methylene quinones, which are effective in low oxygen concentra-
tion). 

- Hydroperoxide decomposers that react with hydroperoxides without forma-
tion of free radicals. 

- Metal chelators with which oxidation process can be inhibited by addition of 
compounds forming complexes with metal ions and thus making them inac-
tive towards hydroperoxides. Citric acid (and its lipophilic, monoglyceride 
ester), phosphoric acid (and its polyphosphate derivatives), and ethylenedia-
minetetraacetic acid (EDTA) are common chelators.  

- Antioxidants with multistage action which are systems containing alcohols 
and amines and which can be regenerated during the oxidation process. 

- Multifunctional antioxidants promoting and intensifying interactions be-
tween antioxidants i.e. inhibitor molecules with two or more functional 
groups, each of them being able to react in different reactions; l-ascorbic acid 
is a “perfect” example. Several reactions related to antioxidant mechanisms of 
l-ascorbic acid have been identified. Those are quenching of singlet oxygen, 
reductions of free radicals and primary antioxidant radicals by hydrogen 
atom donation, and removal of molecular oxygen in the presence of metal 
ions [26]. Conversely, l-ascorbic acid can act as a prooxidant by reducing 
transition metals [27]. Propyl gallate and proanthocyanidins are other exam-
ples of multifunctional antioxidants, they are free-radical scavengers and 
chelator agents [28]. Tocopherols can also exhibit prooxidation behavior. 
Their antioxidant activity increases with concentration up to certain levels at 
which an inversion of activity may take place [29]. Optimal concentrations of 
different tocopherols to prevent soybean oil oxidation have been estimated. 
Those are around 100 ppm for α-tocopherol and 300 ppm for γ-tocopherol. 
δ-Tocopherol did not show prooxidant behavior in the range of studied con-
centrations [30]. Ascorbyl palmitate also showed prooxidant effects at high 
concentrations (>300 ppm) [31].  

• Depending on their nature: 
- Natural antioxidants, usually with low toxicity, and a wide spectrum of bio-

logical and antioxidant activities e.g. Nutrients (vitamin E, vitamin C, be-
ta-carotene), phytochemicals (antioxidants from plants). 

- Synthetic antioxidants, with a high antioxidant activity. However, antioxi-
dants for application in foods and additives or supplements must pass addi-
tional criteria (no toxicity, no allergenicity, safety, healthy, low cost, etc.) 

• Depending of their biological activity: 
- Bio-antioxidants i.e. compounds with both active biological matters and an-

tioxidant activities. The most important known bio-antioxidants are flavo-
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noids and phenolic acids mainly from particular medicinal plants species 
such as Mellilotus officinalis (Fabaceae), Equisetum maximum (Equiseta-
ceae) [32] or Rumex hastatus roots [33] Antioxidants without a useful bio-
logical activity - some, even being natural antioxidants, can show a toxic ac-
tivity and for that reason they must be tested.  

• Depending on the number of phenolic groups: (Figure 6 and Figure 7) 
- Monophenols: 2-and 3-ter-butyl-4-hydroxyanisole (BHA), 2,6-di-terbutyl- 

4-methylphenol (BHT), p-coumaric acid, ferulic acid, sinapic acid, tocophe-
rols, etc. 

- Biphenols: caffeic acid, hydroquinone, tert-butylhydroquinone (TBHQ), etc.  
- Polyphenols: Propyl gallate (PG), Catechin, flavonoids such as quercetin, 

luteolin, kaempferol, rutin, etc. 
Furthermore, different interactions with a combination of antioxidants can 

happen. These interactions can promote antagonism, additive or multiplying 
synergism. The type of interaction might depend on diverse factors such as com-
position and weight ratio of antioxidants, or media pH and solvents [34] [35]. 
 

 
Figure 6. Chemical structure of some monophenolic and biphenolic antioxidants. 
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Figure 7. Chemical structure of some polyphenolic antioxidants. 

 
Synergism, (when a combination of different antioxidants can be more effective 
in retarding lipid oxidation than the sum of their individual activities), is the 
most widely studied interaction. The synergic effect is very common between 
antioxidants with chelating properties and phenolic antioxidants. When the 
chelator is citric or other acids, this synergism is referred as acid synergism [36]. 
Metal chelators are also proposed to improve the antioxidant activity of 
l-ascorbic acid by decreasing its prooxidant character [27].  

Ascorbic acid and its oil-soluble derivative ascorbyl palmitate, as well as leci-
thin, can act as antioxidant synergists to tocopherols [29] [37]. A combination of 
lecithin, ascorbyl palmitate and tocopherols also showed higher antioxidant ac-
tivity compared to using them separately in structured lipids of caprylic acid and 
soybean oil [38]. The same results were obtained using them in fish oils [39]. 
The synergist action of lecithin and ascorbic acid on the antioxidant effective-
ness of α-tocopherol was also proven. A combination of 0.01% tocopherol +0.5% 
lecithin +0.05% ascorbic acid showed the highest effectiveness in sardine lipids 
[40]. The antioxidative efficacy of EDTA in fish oil enriched salad dressing in-
creased by the addition of γ-tocopherol and ascorbyl palmitate [31]. 

One great advantage of synergist interactions is the possibility of using natu-
ral antioxidants to increase the activity of synthetic antioxidants, and diminish 
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the amount required for total oxidation protection. Rosemary extract have been 
reported to increase the antioxidant capacity of a combination of BHT and BHA 
[41]. Nevertheless, to make the most of antioxidant interactions, a deeper, 
more fundamental understanding of their mechanisms is required, which 
need further adaptation to complex situations.  

Several theories support synergistic interactions due to chemical reactions of 
antioxidants via free radical transference. For example, regeneration reactions of 
oxidized α-tocopherol by ascorbic acid, flavonoids, carotenoids, phospholipids, 
amino acids, and peptides have been reported [42]. 

However, some inaccuracies of the pure chemical model suggested that phys-
ical interferences and microenvironment of the site of oxidation might be im-
portant to explain antioxidant interactions [42] [43]. 

For instance, synergistic effects of phospholipids with antioxidants have been 
explained by an increase of the availability of antioxidants in the aqueous micro-
environment. The polar heads of the antioxidant are located at the water-oil inter-
face and radical-scavenging activity is increased [28] [44] [45]. This would be 
comparable to the interaction of emulsifiers and antioxidants. Even though many 
studies have been carried out, the antioxidant-interaction mechanisms seem 
to be only partially understood. 

2.4. Antioxidant Action in Multiphase Systems 

Mechanisms and efficiency of antioxidants in emulsions and bulk oils have been 
extensively studied. It is considered that lipid peroxidation is an interfacial phe-
nomenon taking place at the interface. In general, the oxidation rate is faster in 
emulsions than in bulk oils. This fact can be attributable to the large interfacial 
area in emulsions compared to the relatively small interface in bulk oils [46]. 
Hydrophobicity plays an important role in antioxidant properties, but its com-
plex influence is still not completely understood. Traditionally, the most 
widely accepted theory has been the polar paradox. According to this theory, 
polar antioxidants are more active in non-polar media, like bulk oils. On the 
other hand, non-polar antioxidants are more active in polar media, such as 
oil-in-water emulsions. This apparent paradoxical effect is speculated to be a re-
sult of the antioxidant partitioning into the different phases [23]. Carnosol, car-
nosic acid and two rosemary extracts, were tested in bulk oils and in oil-in-water 
emulsions. The rosemary extracts and the compounds effectively inhibited oxi-
dation in corn oil, soya bean oil, peanut oil and fish oil systems by being oriented 
in the air-oil interface, where oxidation was suggested to take place. However, 
they were not so effective in oil-in-water emulsions, which was explained by 
their partitioning into the water phase [47]. Antioxidants such as propyl gallate 
and trolox were also reported as ineffective in preventing oxidation in 
oil-in-water emulsions, because of the accumulation of these substances in the 
water phase [46]. On the other hand, lipophilic antioxidants such as tocopherols 
and ascorbic palmitate are more active in polar systems like oil-in-water emul-
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sions, because the non-polar lipid soluble antioxidants will be located in the oil 
phase where oxidation propagates. Since its proposal, numerous studies can be 
found to prove the polar paradox. However, those investigations have been con-
sidered as inappropriate to confirm a general trend based exclusively on anti-
oxidant polarity [48]. The corresponding arguments were founded on the fact 
that some studies were mainly based on the comparison of only two analog an-
tioxidants. Other studies compared antioxidants differing not solely in their po-
larity. Laguerre et al. developed a new antioxidant model to evaluate that influ-
ence. They named it “phenolipids” corresponding to a phenolic compound con-
jugated to a lipid moiety [49]. 

Another argument against polar paradox is that bulk oils are now described 
not as a continuous phase of triacylglycerols, but as a multiphase containing tri-
acylglycerols as well as others minor components such as free fatty acids, mono- 
and diacylglycerols, phospholipids, sterols, trace metals and water. These am-
phiphilic components would likely associate in colloidal structures, generally re-
verse micelles and lamellar structure [28], what leads to consider bulk oils as 
water-in-oil emulsions, so the interface is a likely site of oxidation reactions. 
Some unexpected findings and new evidences showed that the polar paradox 
may fail in predicting antioxidant effectiveness in bulk oil and therefore consti-
tute good bais for new theories. To date, no rule has been found to accurately 
predict the ability of antioxidants to prevent lipid oxidation in these rather 
complex systems [48]. 

Both in oil-in-water and in water-in-oil emulsions, the lipid and the aqueous 
phases are separated by an interface containing amphiphilic compounds. Phe-
nolic antioxidants, as amphiphilic compounds, would collocate in this interface 
and usually are more effective in oil-in-water emulsions. Several studies reported 
that their antioxidant potential depends on both amphiphilicity and chain length 
[50] [51] [52]. A non-linear (or cut-off) influence of the chain length of antioxi-
dants on their capacity has been observed. That is to say, the antioxidant capaci-
ty suddenly collapses when a critical chain length is reached (Figure 8). This 
non-linear phenomenon has been explained by three mechanisms: the “reduce 
mobility” of long chain antioxidants, the “internalization” into the emulsion 
droplet core and the “self-aggregation” to form micelles in the aqueous phase 
[48] [52]. 

Oxidation is affected by many other factors such as thickness and charge of 
the interface [53] [54] [55] as well as metal binding capacity of amphiphilic 
compounds and mass transfer phenomena [46]. Similarly, these factors impact 
on antioxidant action in multiphase systems so much that the effect of one par-
ticular antioxidant can be very different depending on the food system increas-
ing the complexity of lipid-oxidation control. 

Effects of emulsifiers/surface-active compounds on antioxidant activity 
Emulsifiers are surface-active molecules that prevent the aggregation of drop-

lets in an emulsion forming a protective membrane. Food emulsifiers are  
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Figure 8. Scheme of the distribution of phenolic antioxidants in oil-in-water emulsions 
when their chain length is lower than CCL: (A), equal to CCL: (B), and higher than CCL 
(C): “internalization” into the emulsion droplet core and (D): “self-aggregation” to form 
micelles in the aqueous phase. (CCL: Critical Chain Length) [48] [52]. 

 
amphiphilic molecules, and the most common ones are small-molecule li-
pid-based emulsifiers, phospholipids, proteins and polysaccharides. 

The potential of antioxidants to inhibit lipid peroxidation in emulsions de-
pends on the emulsion composition, where the emulsifier plays an important 
role. Particularly, the emulsifier type, emulsifier concentration and pH have been 
proposed as the main influences on the antioxidant activity, suggesting that in-
teractions between emulsifiers and antioxidants may be important [46]. An in-
crease in emulsifier concentration will significantly affects antioxidant parti-
tioning and might disguise the cut-off effect [48] leading to an unnecessary sur-
plus of antioxidant. The surface charge of emulsion droplets is especially impor-
tant for lipid oxidation catalyzed by trace metal ions, in that event, positively 
charged emulsifiers may reduce oxidation by repelling metal prooxidants [56]. 
Furthermore, the use of these antioxidants at high concentrations have been re-
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ported to increase oxidative stability by forming a thick and positively charged 
emulsion interface that protects the oil droplets from prooxidants [55] [57]. Re-
garding the influence of the pH, lower values of pH generally increase metal so-
lubility, boosting oxidation. Moreover, when using proteins as emulsifiers, the 
optimum pH will be determined according to the isoelectric point (pI) value of 
the protein (i.e. the pH value at which the protein carries no net electrical charge 
in the statistical mean).  

Synergistic effects of some compounds might be explained by their 
co-surfactant properties, for instance citric acid and amino acids [43]. Phospho-
lipids also exert synergism on antioxidants by an increase of the availability of 
antioxidants in the aqueous microenvironment thanks to the emulsifying prop-
erties of phospholipids.  

In practice, food emulsions contain not only oil, water, and emulsifier. Their 
complexity is increased by the presence of many other ingredients which can 
have a marked influence on their physicochemical properties. The aqueous 
phase would include water-soluble compounds (e.g., sugars, salts, acids, bases, 
surfactants, proteins, and polysaccharides). The oil phase would incorporate li-
pid-soluble components (e.g., triacylglycerols, diacylglycerols, monoacylglyce-
rols, fatty acids, vitamins, and cholesterol) [58]. Some of those ingredients could 
be distributed between different phases according to their partition coefficients. 
Physicochemical properties of emulsions are also affected by variations in their 
temperature or the action of various mechanical forces produced during their 
processing, storage, transport, and handling. This complexity of food emulsions 
makes the study of lipid peroxidation and antioxidant action even more complex. 
Although considerable progresses have been made, further efforts should be 
made in understanding the major factors that determine their oxidation 
stability. Bigger data analysis and artificial intelligence may help reweight 
practical and theoretical observations and concepts; while crossing the 
boarders of expert traditional exploration fields and sometime fortresses. 

2.5. Natural Antioxidants and Their Particular Benefits 

Besides the intrinsic advantages of being natural substances, natural antioxidants 
have multiple properties that make them good candidate to be used in the de-
velopment of new food additives to retard oxidative degradation of foods while 
providing health benefits as well. Additionally, many of these compounds have 
other unique functions as food additives. For instance, acid antioxidants such as 
citric acid, malic acid, and tartaric acid are used as food acidulants; and phos-
phates function as buffers, emulsifiers or water binders. However, natural sub-
stances also have some downsides such as price, undesired flavors, possibly va-
riable supply and price variability... Phenolic compounds are the ones attracting 
more attention because of their highly antioxidant potential, especially tocophe-
rols, flavonoids, and phenolic acids [59]. Rosemary and green tea are two of the 
most common sources of plant-derived antioxidants. The substances of interest 
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are carnosol and carnosic acid from rosemary and catechins from green tea.  
Natural antioxidants from plants have been studied as anticarcinogenic agents 

and as inhibitors of biologically harmful oxidation reactions in the body, still 
those studies are carried out in-vitro or with animals. Tea and tea polyphenols 
demonstrated inhibitory action against cancer formation in different animals 
[60]. Green tea polyphenols reduced both cigarette smoke- and H2O2-induced 
DNA breakage as well as inhibiting lipid oxidation in cultured human lung cells 
[61]. (+)-Catechin (present in tea and other plants) prevents free radi-
cal-mediated damage in biological systems as oxidation in human blood [62]. 
Black tea, green tea, decaffeinated black tea, and decaffeinated green tea proved 
to have inhibitory effects on induced skin carcinogenesis in mice [63]. 

Sustainability is another driving force towards the use of natural antioxidants. 
This is supported by the use of plants as sources of antioxidants, as well as by the 
possibility of extracting active compounds from organic waste or co-products 
from other processes. Some examples of a long and growing list of antioxidants 
obtained from by-product valorisation are: carob seed peels [64], banana peels 
[65] [66], grape seeds [16] [67] [68] [69] [70] [71] etc. 

By-product valorisation of dairy industry also represents a rich source of sub-
stances with antioxidant properties, among others [72]. 

Lipid peroxidation and human pathologies 
It is expected that supplementation with adequate antioxidants will keep sen-

sitive cells and organs in healthy conditions and increase lifespan [73]. The or-
ganism must confront and control the balance of both pro-oxidants and anti-
oxidants continuously. The balance between these is tightly regulated and ex-
tremely important for maintaining vital cellular and biochemical functions. This 
balance often referred to as the redox potential, is specific for each organelle and 
biological site, and any interference of the balance in any direction might be de-
leterious for the cell and organism. Changing the balance towards an increase in 
the pro-oxidant over the capacity of the antioxidant is defined as oxidative stress 
and might lead to oxidative damage. Changing the balance towards an increase 
in the reducing power, or the antioxidant, might also cause damage and can be 
defined as reductive stress. 

Oxidative stress and damage have been implicated in numerous disease 
processes, including inflammation, degenerative diseases, and tumor formation 
and involved in physiological phenomena, such as aging and embryonic devel-
opment. The dual nature of these species with their beneficial and deleterious 
characteristics implies the complexities of their effects at a biological site [74]. 

2.6. Further Technologies to Avoid Lipid Oxidation: Antioxidant  
Enzymes 

Antioxidant enzymes are the main line of defence against free radicals in animal 
and plant cells. Indeed, antioxidant enzymes eliminate species involved in the 
formation of free radicals so they can be classified as preventative antioxidants. 
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Some of these enzymes are superoxide dismutase, catalase and glutathione pe-
roxidases [75]. 

Superoxide dismutase can be both a secondary and a primary antioxidant, 
depending on the action of superoxide in the free radical chain reaction. Supe-
roxide dismutases (SOD, EC 1.15.1.1) catalyzes the dismutation of superoxide 
anions to dioxygen and hydrogen peroxide.  

Catalase (EC1.11.1.6) converts hydrogen peroxide to water and molecular 
oxygen.  

Glutathione peroxidase (EC1.11.1.19) catalyzes the conversion of hydrogen 
peroxide or organic peroxide to water or alcohol acts while simultaneously oxi-
dizes tripeptide glutathione. 

2.7. Concluding Comments 

Preventing lipid peroxidation can be a daunting task as it depends on many fac-
tors and many considerations need to be taken into account. Although many 
studies and progresses have been done trying to explain and conceptualize and 
theorize lipid oxidation and antioxidant influence, a better understanding of a 
number of interactions is clearly warranted. Interactions between emulsifiers 
and antioxidants have an important influence on lipid-oxidation control, as well 
as hydrophobicity/amphiphilicity of antioxidants. A precise control of the loca-
lization of reactants inside the food matrix is essential to limit oxidation with a 
minimum amount of antioxidants. In addition, diminishing the amount of addi-
tives could be reached by the use of antioxidants with emulsifying properties, or 
vice versa (emulsifying antioxidants vs antioxidant emulsifiers). A thorough in-
vestigation of the relationship between chain length, emulsifying properties and 
antioxidant capacity would open a window of opportunities for the design and 
fine-tuning of antioxidants. Another array of possibilities can be found in natu-
ral substances, which might be considered as one of the most competitive and 
appealing alternatives to synthetic antioxidants. These natural antioxidants also 
have health-related effects, therefore further studies should be carried out re-
garding the required amounts to prevent lipid oxidation in foods and the 
amounts having health influences reliably.  

On the other hand, [76] despite the many catalytic metal complexes and pho-
tosensitizers found in plants and animals, nature has provided them with effec-
tive inhibitors, quenchers of singlet oxygen, and reducing enzymes for effective 
protection against hazards and toxicity from lipid hydroperoxidation. For exam-
ple, plant leaves are loaded with linolenic acid, [77] [78] and yet plants have a 
mechanism for protection against oxidation. Research on natural antioxidants 
and singlet oxygen quenchers may unravel the mechanism plants enjoy for pro-
tection against linolenate oxidation. Processing of vegetable oils may upset the 
natural balance between photosensitizers and quenchers, resulting in decreased 
stability. Future research should address the problem of how processing can be 
changed to improve this balance in favor of quenchers. 
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3. Milk Proteins and Their Derivatives  
3.1. Overall Composition of Milk 

Milk is a major source of dietary energy, proteins (mainly caseins and whey pro-
teins), fat (mainly acylglycerols and phospholipids) and carbohydrates (where 
lactose is the main component) [72] [79].  

Lactose is involved in the intestinal absorption of calcium, magnesium and 
phosphorus, and the utilization of vitamin D. Water is the main component in 
all milks, ranging from an average of 68 percent in reindeer milk to 91 percent in 
donkey milk.  

Among the numerous nutritional benefits of milk, milk proteins have ga-
thered enormous attention for being a “complete” protein as they provide all 
nine essential amino acids (leucine, isoleucine, valine, phenylalanine, tryptophan, 
histidine, threonine, methionine, lysine) required by humans [80]. Those pro-
teins are categorised into major proteins that include casein and whey fractions 
[81] and minor proteins that include lactoferrin, lactoperoxidases, lipases, lac-
tase [82] [83] and miscellaneous proteins (cytokines, immunoglobulins, etc.) 
[84]. Milk contains also small amounts of minerals (e.g., calcium, iron, mag-
nesium, phosphorus, potassium, sodium, zinc, copper selenium and manganese) 
and vitamins (retinol, carotene, vitamins A, E, B2, B12, C, D…) [79] [85]. 

However, when different geographic regions are considered, the contribution of 
milk to the various nutritional components varies considerably: milk provides only 
3 percent of dietary energy supply in Asia and Africa compared with 8-9 percent 
in Europe and Oceania; 6 - 7 percent of dietary protein supply in Asia and Africa 
compared with 19 percent in Europe; and 6 - 8 percent of dietary fat supply in Asia 
and Africa, compared with 11 - 14 percent in Europe, Oceania and Americas [79]. 

This unique composition of nutritional components makes it usable not only 
to be consumed directly as a beverage or transformed into a range of traditional 
dairy foods, but also to obtain ingredients or raw materials for different food and 
non-food applications.  

Factors such as the type of protein, the proportion of protein, fat, and carbo-
hydrates, the levels of various vitamins and minerals, and the size of the butterfat 
globules, and the strength of the curd are among those that may vary. 

The proximate compositions of cow, buffalo, goat and sheep milks are given 
in Table 1. Values for human milk have been included in this table for compar-
ison [79]. 

This clearly demonstrates that milk is a complex food containing numerous 
nutrients. Most of the constituents in milk do not work in isolation, but rather 
interact with other constituents. Often, they are involved in more than one bio-
logical process, sometimes with conflicting health effects, depending on the spe-
cific process. 

3.2. Factors Affecting Milk Composition 

The overall composition of milk depends [81] [86]-[92] on a range of: 
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Table 1. Average composition of milk of human, cow, buffalo, goat and sheep, per 100 g 
of milk [79]. 

Proximates Human Cow Buffalo Goat Sheep 

Energy (kJ) 291 262 412 270 420 

Energy (kcal) 70 62 99 66 100 

Water (g) 87.5 87.8 83.2 87.7 82.1 

Total protein (g) 1.0 3.3 4.0 3.4 5.6 

Total fat (g) 4.4 3.3 7.5 3.9 6.4 

Lactose (g) 6.9 4.7 4.4 4.4 5.1 

Ash (g) 0.2 0.7 0.8 0.8 0.9 

 
• non-nutritional factors: genetics (breeding), physiological state (age and 

stage of lactation), environment (food and climate) and mastisis, 
o Breeding is of considerable importance, since fat and protein levels in the 

milk are heritable characteristics. Gains in milk composition made from 
breeding are permanent and accumulate from year to year. Benefits of sire 
and cow selection, and of mating decisions made to-day, will continue to be 
realized in all future descendants of the herd. In this respect, selection is a 
very productive means of improving milk composition. The use of breeding 
to improve milk composition must be better understood, since selection to 
improve one production trait may lead to a decline in another. Selection 
based on milk yield will result in an increase in milk, fat and protein yields, 
but will reduce fat and protein percentages. 

o Although fat and protein contents decrease with increasing age, these 
changes are small. Since the age structure of a herd is not readily changed, 
the age composition of the herd is unlikely to contribute significantly to herd 
variation in milk composition. 

o The composition of milk varies also with the stage of lactation. Cows that 
calve in good condition produce milk with a high fat and protein content 
during early lactation. The percentages of both fat and protein decline during 
the first six to eight weeks of lactation, then progressively rise after the cow 
becomes pregnant to reach their highest levels in late lactation. 

o Environmental factors that affect feed intake can be associated with pro-
nounced variations in milk yield and composition. Temperatures consistently 
above 30˚C will reduce milk yield as well as the percentage of milk protein, 
because of a reduction in energy intake.  

o Clinical and subclinical mastitis decrease milk yield and so reduce fat and 
protein yields. 

• Nutritional factors: mainly the level of feeding, diet quality, concentrates 
(cereal grains, lupins…), fibres and other feeding supplements. 

When milk is used in the production of traditional dairy products, such as 
yoghurt, cheese or kefir, huge amounts of by-products and wastes, especially 
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whey, are generated. Whey is an important disposal problem in the dairy indus-
try, but at the same time it is still rich in nutrients. Therefore, from the green 
point of view, it can be valorised and transformed from waste to a source of val-
uable ingredients. 

Among those components, proteins are probably the most interesting in terms 
of innovation. In this sense, this review will try to highlight the potential of val-
ue-added products resulting from proteins to be used not only as food ingre-
dients or nutritional products, but also in the non-food area.  

3.3. Production of Milk Proteins 

Milk is used as a starting material for the manufacture of many dairy products. 
However, the functionality of the various components in milk (e.g. whey pro-
tein, casein and fat) could be utilized more effectively if they were available as 
separate components. Therefore, the fractionation of milk is of great interest, not 
only for improvement of product quality and the obtention of other ingredients 
with diverse functional and nutritional characteristics, but also for economic 
reasons.  

Each of these components differs in size, structure and physical properties. 
The proteins in milk consist of a group of proteins called caseins and another 
group called whey proteins. Of the approximately 3.6 percent protein in milk, 
roughly 80 percent is casein and 20 percent is whey protein. Caseins and whey 
proteins have very different structures and physical properties.  

Processing techniques have been developed to modify the composition of milk 
according to the unique characteristics of its components. These processes have 
given the dairy industry the ability to make a wide variety of dairy ingredients 
manufactured from milk. Some of these processes involve the use of filtration 
methods that can separate milk according to the molar mass of its components 
[93]. 

Different processing techniques, usually involving the use of filtration me-
thods based on molar mass are applied to produce value-added dairy products 
for traditional and also innovative applications. 

Membrane Processes 
Membrane separation technology is used in milk and whey processing to sep-

arate milk and concentrate whey proteins after cheese making and fractionate 
the whey proteins into specific components. Membrane technology is being uti-
lized both in traditional dairy processing and for new and innovative applica-
tions, enabling the production of value-added dairy products. Some of the 
common membrane separation technologies used in the dairy and food industry 
are reverse osmosis, nanofiltration, ultrafiltration and microfiltration (Figure 9). 

Ultrafiltration and microfiltration technologies are the primary membrane 
separation technologies used by the dairy industry. Ultrafiltration (UF) was in-
itially used in the dairy industry to pre-concentrate milk before cheese making. 
It has also been successfully used to recover proteins from whey and concentrate  
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Figure 9. Relative milk component sizes in comparison with membrane pore size ranges 
[107]. 

 
milk proteins from smaller compounds such as lactose, vitamins and minerals. 
Microfiltration traditionally has been used in the dairy industry for bacteria re-
moval, defatting of whey and micellar casein enrichment for cheese making [94]. 
A more recent application of microfiltration is the fractionation of caseins and 
whey proteins from milk [95] [96] [97].  

Caseins are larger in molar mass than the majority of whey proteins and thus 
can be separated through the use of microfiltration. 

A wide variety of microfiltration-membrane materials, geometric designs, 
system configurations and operating approaches are available. Two major types 
of membranes exist: polymeric and ceramic. Their differences reside in cost, 
membrane life, flux, efficiency, purity of the fractions, cleaning and energy con-
sumption [98]. 

Fouling is considered the limiting factor in milk filtration, which has led to the 
development of different strategies to minimize this problem, e.g., uniform 
trans-membrane pressure (UTP), back-pulsing, air slugs, rotating or vibrating 
modules and ion-exchange membranes [94] [99]. Solutions based on the porosi-
ty gradient of the membrane support (Membralox GP®, Pall Corporation) or a 
variable thickness active membrane layer (Isoflux®, Tami Industries), have also 
been developed [93] [100]. 

One of the indicators of the great potential of the fractionation of milk is the 
number of patents that have been published over the last decade regarding the 
purification and concentration of its different ingredients. Some examples are: 
protein fractionation of skim milk by means of microfiltration [101], purifica-
tion of β-casein using cross-flow polymeric microfiltration membranes [102], 
fractionation of αs-casein, κ-casein and β-casein [103], concentration of milk 
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proteins using negatively-charged ultrafiltration membranes [104] and super-
critical carbon dioxide to effectively fractionate whey proteins (α-lactalbumin 
and β-lactoglobulin), as well as to isolate casein glycomacropeptide (an amino 
acid fragment of κ-casein) [105] [106].  

Milk proteins can be obtained directly from skim milk or from wastes and 
by-products of cheese making. Figure 10 summarizes the main steps to obtain 
milk protein products through different routes. Direct ultrafiltration of skim 
milk produces milk protein concentrate (MPC) that contains whey proteins and 
caseins in the same ratio as milk, while ultrafiltration of cheese whey produces 
whey protein concentrate (WPC) [93]. With a combination of micro- and ultra-
filtration, separated fractions of micellar casein and whey protein concentrates 
are obtained. This is also possible with the coagulation of casein.  

It is estimated that more than 90% of whey protein concentrates originates 
from separating the coagulum from milk, cream, or skim milk in cheese making. 
Less than 10% is obtained from casein production, from the curd formation by 
direct acidification of milk [108] [109]. 

Depending on their source, WPC have different flavor and appearance, WPC 
from the production of cheese is more colored than the one obtained from milk. 
A solution of milk-derived WPC has a clear appearance, while using 
cheese-derived WPC is very milky and cloudy. This is due to the higher fat con-
tent of the second. The presence of glycolmacropeptide only in cheese-derived 
WPC is another difference. 
 

 
Figure 10. Different processes for manufacturing milk protein products [107] (1) NFDM: 
Non-Fat Dry Milk. 
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3.4. Properties and Applications of Milk Proteins 

Milk proteins are nitrogen-containing substances that are formed by amino ac-
ids. They serve as the major structural component of muscle and other tissues in 
the body. In addition, they are used to produce hormones, enzymes and hemog-
lobin. They can also be used as energy; however, they are not the primary choice 
as an energy source. For milk proteins to be used by the body they need to be 
metabolized into their simplest form, amino acids. 

Dairy proteins are isolated from skim milk using membrane filtration that al-
lows obtaining milk protein concentrates (MPCs) with concentrations ranging 
from 40% to 80%. Those milk fractions are rich in bound calcium and contain 
both whey protein and casein. 

The excellent surface-active and colloid-stabilizing characteristics of milk 
proteins make them highly valued food ingredients, both in soluble and dis-
persed form [110]. 

Some of their main functional characteristics are: solubility, water binding, 
gelling, foaming, emulsification and heat stability.  

Their hydrophilic and hydrophobic polar nature makes them desirable emul-
sifiers, and able to improve texture and increase shelf-life in diverse products 
such as breads, meats and frozen desserts. MPCs are currently used as ingre-
dients for manufacturing cheese and yogurt, ice cream, dietetic formulations, 
cereal and energy bars, infant formulas, desserts, baked goods, toppings, low-fat 
spreads, sports beverages/foods and geriatric nutritional products. 

Not only milk proteins, but proteins in general are important ingredients in 
the food industry and the demand for protein-enriched food formulations is in-
creasingly growing. Proteins provide amino acids that are required for growth, 
functioning and cellular maintenance of the human body. However, their com-
position may be so unique that their influence on physiological function in the 
human body could be quite different. The quality of a protein is vital when con-
sidering the nutritional benefits that it can provide. Determining the quality of a 
protein is determined by assessing its essential amino acid composition, digesti-
bility and bioavailability of amino acids (FAO/WHO, 1990) [111]. There are 
several measurement scales and techniques that are used to evaluate the quality 
of protein. These techniques have been identified as protein efficiency ratio, bi-
ological value, net protein utilization, and protein digestibility corrected amino 
acid score.  
• The protein efficiency ratio (PER) determines the effectiveness of a protein 

through the measurement of animal growth. This technique requires feeding 
rats a test protein and then measuring the weight gain in grams per gram of 
protein consumed.  

• The Biological value (BV) measures protein quality by calculating the ni-
trogen used for tissue formation divided by the nitrogen absorbed from food. 
This product is multiplied by 100 and expressed as a percentage of nitrogen 
utilized. The biological value provides a measurement of how efficient the 
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body utilizes protein consumed in the diet. There are, however, some inhe-
rent problems with this rating system. The biological value does not take into 
consideration several key factors that influence the digestion of protein and 
interaction with other foods before absorption. The biological value also 
measures a protein’s maximal potential quality and not its estimate at re-
quirement levels. 

• Net protein utilization is similar to the biological value except that it in-
volves a direct measure of retention of absorbed nitrogen. Net protein utili-
zation and biological value both measure the same parameter of nitrogen re-
tention, however, the difference lies in that the biological value is calculated 
from nitrogen absorbed whereas net protein utilization is from nitrogen in-
gested. 

Protein digestibility corrected amino acid score (PDCAAS) allows com-
paring the quality of various proteins. It is known as and based on the amino 
acid requirements of humans. According to this method, “an ideal protein that 
meets all the essential amino acid requirements of human body will have a value 
of 1.0”. Table 2 summarizes the quality of proteins from different sources. 

Milk proteins provide high levels of the essential and branched amino acids. 
They also possess many beneficial bioactivity properties and are a rich source of 
minerals and vitamins [114]. Another advantage of milk proteins is that they are 
suitable to people that are allergic to soy products and to those that reject GMO 
products. From the opposite position, they are inapt to people allergic or intole-
rant to milk products or vegans. 

3.5. Categories of Milk Proteins: Structure and Applications 

The proteins in milk are categorised into major proteins that include casein and 
whey fractions [81] and minor proteins that include lactoferrin, lactoperoxidases, 
lipases, lactase [82] [83] and miscellaneous proteins (cytokines, immunoglobu-
lins, etc.) [84]. 

3.5.1. Caseins 
Casein coagulates in the presence of rennet/acid to form the cheese curd. Coa-
gulated casein forms a three-dimensional lattice or backbone structure, 
 
Table 2. Comparison of the quality of proteins from different origins [112] [113]. 

Protein type PER BV Net Protein Utilization PDCAAS 

Whey protein 3.2 104 92 1.00 

Casein 2.5 77 76 1.00 

Milk 2.5 91 82 1.00 

Soy protein 2.2 74 61 1.00 

Wheat gluten 0.8 64 67 0.25 

Beef 2.9 80 73 0.92 

Egg 3.9 100 94 1.00 
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which then entraps fat, water, minerals and starter cultures and results in cheese 
curd formation. As the casein coagulates, whey begins to separate from the curd. 
The amount of casein at the beginning of the cheesemaking process is the single 
biggest factor affecting cheese yield. 

Structure 
The casein family consists of several types of caseins, each having its own 

amino acid composition, genetic variations, and functional properties. They 
form complexes called micelles that are dispersed in the water phase of milk. 
Those micelles consist [115] of subunits of the different caseins (αs1, αs2, β and γ) 
held together by calcium phosphate bridges and hydrophobic interactions be-
tween proteins on the inside, surrounded by a layer of κ-casein which helps to 
stabilize the micelle in solution. There are two main types of submicelles; one 
consisting of αs- and β-caseins, that constitutes the hydrophobic center of the 
submicelle, and another type consisting of αs- and κ-caseins, which is distributed 
outside of the micelle with the hydrophilic part (the sugar residues of κ-caseins) 
forming an outer “hairy layer” [115]. 

Casein micelles are spherical and are 0.04 to 0.3 µm in diameter, much smaller 
than fat globules which are approximately 1 µm in homogenized milk. The 
casein micelles are porous structures that allow the water phase to move freely in 
and out of the micelle. Casein micelles are stable and “active” structures that do 
not settle out of solution. They can be heated to boiling or cooled, and they can 
be dried and reconstituted without, to a certain extend, adverse effects. ß-casein, 
along with some calcium phosphate, will migrate in and out of the micelle with 
changes in temperature, but this does not affect the nutritional properties of the 
protein and minerals. 

The caseins have a relatively random, open structure due to the amino acid 
composition (high proline content).  

Main applications 
The high phosphate content of the casein family allows it to associate with 

calcium and form calcium phosphate salts. The abundance of phosphate allows 
milk to contain much more calcium than would be possible if all the calcium 
were dissolved in solution, thus casein proteins provide a good source of calcium 
for milk consumers.  

In cheese manufacture, the κ-casein is cleaved within some of the amino acids, 
and this results in a protein fragment that does not contain the amino acid phe-
nylalanine. This fragment is called milk glycomacropeptide and is a unique 
source of protein for people with phenylketonuria. 

The most important applications of caseins in processed foods are cheese 
analogues, synthetic whipping creams, cream liqueurs, fabricated meats, some 
cereal products, various dietetic foods and as an emulsifier in coffee whiteners 
[81].  

The amphipathic (with both hydrophilic amino acids and lipophilic amino 
acids) structure and the lack of stable secondary and tertiary structures of case-
ins contribute to their high surface activity, which gives them good foaming and 
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emulsifying properties. Casein functional properties are significantly affected by 
changes in pH, method of preparation, ionic strength and nature of the salt ion 
[116]. 

Regarding the isolate proteins from casein, β-casein has very high surface ac-
tivity and may find applications as a high-quality emulsifier or foaming agent. 
The consolidation of milk with β-casein improves its cheese making properties. 
This protein is also an attractive ingredient for the manufacture of bovine 
milk-based infant formula that more closely mimic human breast milk, which 
has a higher ratio of β-casein. κ-Casein might be a useful additive for certain 
milk products [81]. Nevertheless, the casein proteins find their major application 
in the production of biologically active peptides. 

3.5.2. Whey Proteins 
Whey is a general term that typically denotes the translucent liquid part of milk 
that remains following the process (coagulation and curd removal) of cheese 
manufacturing. From this liquid, whey proteins are separated and purified using 
various techniques yielding different concentrations of whey proteins.  

All of the constituents of whey proteins (singlaror plural > to be checked) 
provide high levels of the essential and branched chain amino acids. The bioac-
tivities of these proteins possess many beneficial properties as well. Additionally, 
whey is also rich in vitamins and minerals.  

There are three main forms of whey proteins that result from various 
processing techniques used to separate whey protein named: whey powder, whey 
concentrate, and whey isolate. Table 3 provides the composition of whey pro-
teins. 

Whey is a complete protein composition whose biologically active compo-
nents provide additional benefits to various enhance human function and bio-
balance. 

Structure  
The whey protein fraction consists of approximately 50% β-lactoglobulin, 20% 

α-lactalbumin, serum albumin, immunoglobulins, lactoferrin, transferrin, and 
the proteose-peptone fraction. Regarding their structure, whey proteins are 
compact globular proteins whose intramolecular folded structure is the result of 
disulfide bonds between cysteine residues, which encloses the hydrophobic re-
sidues into the molecule. For that reason, whey proteins do not interact with 
other proteins.  
 
Table 3. Composition (%) of whey protein forms [117]. 

Component 
Whey 

Powder 
Whey 

Concentrate 
Whey 
Isolate 

Protein 11 - 14.5 25 - 89 >90 

Lactose 63 - 75 10 -55 0.5 

Milk Fat 1 - 1.5 2 - 10 0.5 
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These proteins exist as individual units dissolved in the water phase of milk 
and stay in solution (unless denatured) over a wide range of pH. They can be 
denatured by heat, what produces breaking and randomization of the stabilizing 
disulfide bonds, and exhibit heat-induced gelation [118]. 

Main applications 
The primary food application of whey proteins is as emulsifiers. Some in-

fluential factors are: the processing conditions, the method of isolation, envi-
ronmental conditions (e.g., pH, temperature, ionic strength, etc.), and interac-
tion with other food components.  

Furthermore, its ability to form gels capable of holding water, lipids, and 
other components while providing textural properties makes them rather ideal 
in processed meat, dairy and bakery products. Regarding its foaming properties, 
these mainly depend on the degree of the protein denaturation [118]. 

Whey protein based products are mainly produced in food, cosmetic and 
pharmaceutical sectors.  

3.6. Milk Protein Modifications and Functionalities  

Enzymatic tailoring of milk proteins can be made by hydrolysis or cross-linking; 
this improves their functionality and stability.  

3.6.1. Hydrolysis 
Hydrolysis of milk proteins generates smaller peptide sequences from their par-
ent protein that can be biologically active when released.  

Milk proteins hydrolysis happens naturally in the gastrointestinal tract and 
can be simulated in the laboratory or on an industrial scale. During the normal 
transit through the gastrointestinal tract, milk proteins are exposed to protei-
nases such as pepsin, trypsin and chymotrypsin which break them down into 
smaller peptides. These peptides are further digested by brush border peptidases 
present at the surface of intestinal epithelial cells where they produce amino ac-
ids.  

In laboratory or at an industrial scale, milk hydrolysates are released either by 
treatment of milk proteins with food grade enzymes or through fermentation 
with bacteria. The shorter peptide sequences often possess bioactive properties 
beyond their nutritional contribution along with eradicating any protein-specific 
allergenicity [119] [120]. Processing and enriching for food grade bioactive pep-
tides is a goal for the specialized food industry. 

Enzymatic hydrolysis of milk proteins modifies the surface hydrophobicity, 
the emulsifying and foaming properties, and solubility [121]. It has also influ-
ence on the digestibility and allergenicity. The enzymatic hydrolysis of milk 
proteins enables tailoring their functional properties to meet individual re-
quirements of food formulations. Partial hydrolysis of proteins may improve 
their functionality, and excessive hydrolysis could negatively affect it. It has been 
reported that higher hydrolysis degrees produce bitterness [102] and can result 
in adverse effects on the emulsifying functionality [122]. Controlled hydrolysis 
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may enhance some functional properties and simultaneously be detrimental to 
others [123]. For all those reasons, the control of the hydrolysis degree is crucial. 
To achieve that, the selection of the right proteolytic enzyme (such as pepsin, 
trypsin, neutrase, chymotrypsin, and plasmin), time, environmental conditions 
and extent of hydrolysis is crucial. Caseins, since their flexible random struc-
tures, are more susceptible to hydrolysis compared to the whey proteins, with 
compact globular structure [121]. 

The enzymatic hydrolysis process is conducted under mild conditions (pH 6 - 
8, temperature 40˚C - 60˚C) to minimise side reactions and to retain an amino 
acid composition close to the starting material [124]. Enzymatic hydrolysis im-
proves the solubility and heat stability of peptides, which is of benefit to the food 
industry. The food grade enzymes generally used to hydrolyse milk proteins into 
hydrolysates include pepsin, trypsin and chymotrypsin [125] [126]. 

In addition, food grade proteolytic enzymes, derived from microorganisms, 
can also be used to generate hydrolysates [127]. Proteolytic enzymes are of two 
types, depending upon their hydrolysing mechanism: endopeptidases which hy-
drolyse peptide bonds within protein molecules and exoproteases which hydro-
lyse N or C terminal peptide bonds.  

Some studies carried out to elucidate interactions between native proteins and 
their hydrolysates clearly demonstrated that a deeper understanding of the 
structure-function relationship of hydrolysates behavior both in model and real 
food systems is essential to increase the use of enzymes in enhancing the func-
tionality of food proteins [123]. 

Moreover, in the post enzymatic hydrolysis, the hydrolysates usually need an 
additional treatment. The most common procedures include ultrafiltration, heat 
treatment and/or activated carbon treatment to control molecular size and eli-
mination of bitterness in the hydrolysates [124]. 

Hydrolysis by microbial fermentation 
Fermentation of milk proteins with proteolytic starter culture is another me-

thod of bulk production of hydrolysates. Safety measures should be considered 
with regard to toxicity and pathogenicity associated with the microorganisms 
used for fermentation. Bacterial cultures of Lactobacilli spp., Lactococci spp. and 
Streptococci spp. are commonly used to generate hydrolysates from milk [128]. 
The proteolytic system of lactic acid bacteria (LAB) contains cell 
envelope-associated proteinases, endopeptidases, aminopeptidases, tripeptidases 
and dipeptidases for the production of hydrolysates [129]. 

LAB requires free amino acids and peptides for their growth, which they ob-
tain from milk proteins by degradation [130]. The peptides or hydrolysates not 
utilised by bacteria can promote various bioactivities.  

Process parameters such as enzyme/substrate ratio, composition of medium, 
heat treatment, temperature, pH and carbon/nitrogen ratio influence the release 
of hydrolysates from milk proteins.  

Functionality of bioactive milk protein hydrolysates 
As already seen, the hydrolysis process allows breaking down milk proteins to 
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shorter peptide sequences that happens naturally in the gastrointestinal tract and 
can be simulated in the laboratory or on an industrial scale. During the normal 
transit through the gastrointestinal tract, milk proteins are exposed to protei-
nases such as pepsin, trypsin and chymotrypsin which break them down into 
smaller peptides. These peptides are further digested by brush border of the in-
testinal membrane peptidases present at the surface of intestinal epithelial cells 
where they produce amino acids; however, some oligopeptides still remain in-
tact. In laboratory or at an industrial scale, milk hydrolysates are released either 
by treatment of milk proteins with food grade enzymes or through fermentation 
with bacteria. Those shorter peptide sequences often possess bioactive properties 
beyond their nutritional contribution along with neutralizing any pro-
tein-specific allergenicity. 

Once the hydrolysates are released, they can potentially have bioactive proper-
ties which can exert their effects in receptive cells, including those present in the 
gastrointestinal tract [131]. The bioactivities of the resulting hydrolysates are va-
riable depending on a range of factors, including the enzyme used, the 
processing conditions and the final size of the peptide sequence following hy-
drolysis [124]. The degree of hydrolysis (DH) is defined as the percentage of 
cleaved peptide bonds, i.e. the number of hydrolysed bonds per total number of 
peptide bonds in the protein [132]. This affects the size and amino acid compo-
sition of the peptides, which subsequently determines the biological activity of 
the peptide. Hence, DH is an important consideration from the perspective of 
functional food research [133].  

The potential health benefits of milk hydrolysates are a subject of growing 
commercial interest from a health-promoting functional-food perspective. In 
this sense, a number of milk-derived bioactives have been characterised with a 
variety of health benefits in the gastrointestinal tract. These biological activities 
include 1) supporting the establishment of a healthy commensal microbiome 
(essential for metastatic melanoma patients), 2) suppressing the colonization of 
pathogenic bacteria and 3) supporting barrier function. Hydrolysates of casein 
and whey also impart anti-inflammatory and immunomodulatory activity. 

Much of the work to date has been focused on milk, cheese and other dairy 
products as sources of bioactive proteins and peptides, still, interest in other 
sources of food-derived bioactive peptides is growing. Some of these sources are 
fish species such as sardines, tuna, bonito and salmon, as well as other animal 
products such as blood, eggs and gelatin. Plants are also potential sources, for 
instance: wheat, rice, soya, pumpkin and mushrooms. A Quantitative struc-
ture-activity relationship (QSAR)-based in-silico method was proposed for the 
prediction of food protein sources that can yield bioactive peptides [134]. To 
achieve that goal, details of the structure-function properties of active sequences 
should be known.  

3.6.2. Cross-Linking  
A promising and rather straightforward approach to develop low pH milk pro-
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teins gels with tailored properties has been conducted using enzymatic modifica-
tion. Milk proteins gelation is of considerable interest because it can provide new 
food products with unique functional performance, favorable texture, as well as 
flavor enhancement properties [135] [136]. 

Whey protein (WP) gels are most commonly produced using heat treatment 
[137] [138] [139] [140] [141]. However, gelation of WP can be produced with or 
without heating through salt addition [142], pH adjustment [143] [144] and en-
zyme treatment [145]-[150].  

WP gels in acidic conditions (pH < 4.6) remain largely unutilized because of 
their weak and brittle nature in contrast to the favorable elastic gels produced at 
neutral or basic conditions. This is mainly due to the absence of the strong cova-
lent chemical disulphide bonds under these acidic conditions and pH-associated 
effects on the denaturation and aggregation reactions [151]. The creation of 
chemical crosslinks in acidic whey protein gels could improve their brittle and 
weak nature. 

Cross-linking of food proteins can be catalyzed by enzymes such as peroxidase, 
tyrosinase, transglutaminase, and laccase [152]. The susceptibility of a protein to 
cross-linking depends on its macromolecular structure. Individually, both the 
caseins and whey proteins are good substrates; however in a hybrid solution, 
caseins seem more susceptible to cross-linking than native whey proteins [153].  

Transglutaminase (TG) is one of the most widely used enzyme for 
cross-linking of milk proteins. TG catalyses the formation of an isopeptide bond 
between a free amine group (e.g., a protein- or peptide-bound lysine) and the 
acyl group at the end of the side chain of protein- or peptide-bound glutamine. 
The reaction also produces a molecule of ammonia. Such an enzyme is classified 
as EC 2.3.2.13. Bonds formed by transglutaminase exhibit high resistance to 
proteolysis. 

Enzymatic cross-linking of individual milk proteins and other proteins with 
TG has revealed an increase heat stability, a higher resistance to proteolysis with 
a considerable effect on their emulsifying properties[154] [155]. 

Regarding applications, cross-linking may be used for stabilizing products 
such as yogurt, whipping cream, fresh cheese and novel milk products. Yoghurt 
from lactoperoxidase-, laccase- glucose oxidase- or transglutaminase-treated 
milk was characterized by a minor acidity and whey drainage as well as by a 
more soft, homogeneous and creamy consistency showing better sensory cha-
racteristics than yoghurt from untreated milk [156] [157], indicating that 
cross-linking may be a very useful tool for low-fat fermented products. Im-
proved gel strength and increased viscosity as a result of improved wa-
ter-holding properties have also been reported [158].  

3.7. Use of Whey Proteins to Obtain Bioemulsifiers 

Most of the commercially available emulsifiers are chemical emulsifiers, mainly 
petroleum-derived. However, rapid advances in biotechnology and increased 
environmental awareness among consumers, with expected new legislation has 
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provided further impetus for “serious” consideration of biological emulsifiers as 
credible alternatives to existing products. The bread industry seems to move 
along in specific countries [159]. 

Bioemulsifiers are amphiphilic compounds synthesized by microorganisms: 
bacteria, fungi, and yeast. Interest in those substances has been steadily increas-
ing in recent years due to their low toxicity, biodegradable nature, diversity. en-
vironmentally friendly nature and the possibility of their production through 
fermentation. Their range of potential applications includes enhanced oil recov-
ery, crude oil drilling, lubricants, surfactant-aided bioremediation of wa-
ter-insoluble pollutants, health care and food processing [160] [161]. Other de-
veloping areas for biosurfactants are in cosmetic and soap formulations, foods 
and both dermal and transdermal drug delivery systems. 

They have advantages over their chemical counterparts in biodegradability 
and effectiveness at extreme temperature or pH and in having lower toxicity. 
However, it is necessary to consider that the potential pathogenic nature of 
many microorganisms to produce bioemulsifiers can restrict their range of uses, 
especially in the food industry. So, to make bioemulsifiers economically compet-
itive with synthetic emulsifiers much work has to be carried out in various as-
pects of bioemulsifier production. They must compete with synthetic emulsifiers 
in at least three respects: cost, functionality and efficiency (implicitly durability 
and sourcing consistency) so that bioemulsifiers can meet the need of the in-
tended diverse applications.  

Whey milk and cheese whey have been reported as potential substrates in the 
production of bioemulsifiers using by diverse emulsifier-producing microorgan-
isms [162] [163] [164]. Cheese whey as a waste product from cheese production 
is generally known for being a pollution problem in the dairy industry, so its va-
lorization through the production of bioemulsifiers represents both a solution 
for the environmental problem and an economic incentive. 

An increasing number of patents claiming their use as additives for food, 
cosmetics and pharmaceutical products demonstrates the global interest in their 
exploitation [165]. Various strategic intends are noticeable, which are ten years 
later still confirming rather opportunistic approaches, largely pending on dis-
covery surges and regulation advances necessity. 

3.8. Alternative Non-Food Applications of Milk Proteins 

Although this part of the review has been focused on the uses of milk compo-
nents in the food industry, it is worth taking into consideration other milk 
non-food applications.  

The following present section will specifically concern the non-food uses of 
milk proteins, i.e. casein and whey protein, in relation to their structural and 
functional properties.  

Separation and extraction techniques play an important role in the valorisa-
tion process of individual proteins. 

Casein, the major protein in cow’s milk, has a long history of use in the 
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non-food area. This gaussian coil protein has been used since the beginning of 
the nineteenth century in the manufacture of a wide range of products including 
glues [166], rigid plastics [167] [168], packaging films and biomaterials [169] 
[170] [171] and additives in paints [172], concrete, cement, asphalt and bitumen 
[173] [174] [175], cosmetics [176] [177], and rubber [178].  

Whey proteins have found less numerous non-food applications. A few ex-
amples concern the cosmetic and pharmacological industries [179] [180] and the 
manufacture of protective films or coatings [181] [182]. 

In the current green framework, the most important aspect of non-food ap-
plications is the valorization of dairy co-products, hence reducing waste streams 
to compliance with safety and environmental regulations.  

Cheese whey, by-product of cheese production, is rich in whey proteins and 
lactose and some of its value-added applications are: manufacture of fermented 
products such as biogas, ethanol, butanol, organic acid, polysaccharides, biopo-
lymers, antibiotics, enzymes and yeast biomass [183].  

Additionally, it can be used as a source of lactose which is a raw material for 
diverse lactose derivatives in pharmaceutical and cosmetic formulations (drug 
carriers, coating agents, lactulose, lactitol, lactobionic acid, adhesives, foams, etc) 
and also as a substrate for fermentation. 

3.9. Concluding Comments 

The technological and research advances, associated with some environmental, 
food security and “bio” interests, in the milk industry make it possible to study 
the biological and nutritional properties of milk ingredients and transfer them to 
a range of food and non-food applications.  

Milk proteins are the most maximized components, resulting in numerous 
formulations and caseins, with different compositions and applications in a va-
riety of food and pharmaceutical industries. Additionally, the properties of these 
products are enhanced by their enzymatic modification, (hydrolysis and 
cross-linking) increasing their functionality and applications. Moreover they can 
yield bioactive peptides, a field with almost unlimited research potential.  

Alternative applications of milk proteins in the non-food area are also essen-
tial from the green perspective.  

4. Biomonomers and Corresponding Biopolymers and  
Polymer-Based Materials 

This section presents an overview of biosourced chemicals and materials, mainly 
biomonomers and biopolymers, which are produced today allowing to reduce 
the fossil resources depletion and dependency, and to obtain environmental-
ly-friendlier goods in a leaner energy consuming society.  

Natural resources offer a wide range of resources including renewable biomass, 
which is largely produced with agriculture, silviculture and microbial systems: 
base ingredients being present in trees, plants, grasses, vegetables, algae, food 
wastes, animal manures and other organic wastes. 
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This renewable resource is composed of several products, among which natu-
ral polymers which, according to the hetero-atom of the main chain, are gener-
ally classified as 1) carbon-oxygen-containing polymers such as sugar polymers 
(e.g., cellulose, hemicelluloses, starch, chitin, chitosan and pullulan), phenolics 
such as lignins, humus, polyesters such as shellac, and lipids, 2) hydrocarbon 
polymers (e.g., natural rubber), 3) carbon-oxygen-nitrogen/sulphur-containing 
polymers (e.g., proteins) and 4) carbon-oxygen-nitrogen-phosphorus-containing 
polymers (e.g., nucleic acids).  

The diversity and abundance of these products constitute a very big wealth 
and potential for 1) the replacement of materials actually stemming from fossil 
resources, 2) the development of new materials which cannot be easily produced 
via the classical chemical methods, and new processes involving, for example, 
new generation of living and biochemical entities systems (enzymes or microor-
ganisms) able to manage their chemical functionalities more efficiently, at lower 
temperatures and generating fewer emissions than conventional chemical 
processes. 

Nevertheless, even if industrial production is still marginal, a strong research 
interest in converting underutilized biological materials into useful products 
constitutes a significant innovation momentum. So, numerous bio-based prod-
ucts, classified as 1) commodity chemicals, 2) specialty chemicals and 3) special-
ty biochemicals have been produced from renewable biomass and used for pow-
er, heat, fuel, biogas, and production of biomaterials [72] [184] [185]. In this 
context, microorganisms have been employed for the production of various 
chemicals and materials, but their efficiencies are rather low when they are iso-
lated from nature. During the past few decades successful examples that have 
overcome this obstacle have combined traditionally employed methods of ran-
dom mutation and selection with metabolic engineering to produce high-value 
chemicals in good yield [186] [187]. 

Recently, metabolic engineering has been systematically and globally up-
graded to the systems level (thus systems metabolic engineering) by the inte-
grated use of 1) global technologies of systems biology, 2) adapted design of 
synthetic biology and 3) rational-random mutagenesis through evolutionary en-
gineering [188] [189] [190].  

These three emerging fields can be briefly summarized as follows: 
Systems biology aims at unraveling the underlying principles of biological 

systems through profiling the whole cellular characteristics using 
high-throughput technologies together with computational methods. 

Synthetic biology aims at creating novel biologically functional parts, mod-
ules and systems by employing various molecular biology and synthetic DNA 
tools together with mathematical methodologies, and has been successfully ap-
plied in various metabolic engineering experiments. Several synthetic functions 
and modules have been developed to redirect metabolic pathways to produce 
novel metabolites. Boolean operations according to input signals, regulate me-
tabolic fluxes in response to environmental changes, perform a specific biologi-
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cal behavior such as on/off switch and oscillation, and allow communication 
among cells. Synthetic biology has greatly contributed to metabolic engineering 
by expanding the capacity of the production host, and thereby producing vari-
ous chemicals and materials that are heterologous to the original host strain. 

Evolutionary engineering, in which the expression levels of multiple genes 
are tuned and adapted simultaneously and autonomously by following the rules 
of natural selection for the desired cellular properties, can be used as a comple-
mentary technique in metabolic engineering [191]. 

By applying those metabolic engineering tools and strategies to engineer syn-
thetic enzyme pathways, the number and diversity of commodity and specialty 
chemicals that can be derived directly from renewable feedstocks is rapidly and 
continually expanding. Moreover, they can be better optimized in a multiplexed 
way on a genome scale with reduced time and effort.  

This of course includes a number of monomer building-block chemicals that 
can be used to produce replacements to many conventional plastic materials.  

This aims to highlight recent and important advancements in the microbial 
production of the so-called “biomonomers.” Relative to naturally-occurring re-
newable bioplastics, biomonomers offer several important advantages, including 
improved control over the final polymer structure and purity, the ability to syn-
thesize non-natural copolymers, and allowing products to be extracted from cells 
which ultimately streamlines downstream recovery and purification.  

To highlight these features, a handful of biomonomers have been selected as 
illustrative examples of recent works, including lactic acid, succinic acid, hy-
droxyacids, diols and polyamide and styrenic vinyls monomers.  

These monomers are used to manufacture important biosourced advanced 
polymers (e.g. linear and aromatic polyesters, polyamides and styrenic vinyls 
polymers) which are now able to replace totally or partially polymers currently 
originating from fossil resources. 

Where appropriate, examples of their industrial penetration to date and 
end-product uses are also highlighted. Novel biomonomers such as these are ul-
timately paving the way toward new classes of renewable bioplastics that possess 
a broader diversity of properties than ever before possible. 

4.1. Naturally-Occuring Biomonomers and Biopolymers 

The following section is mainly oriented towards metabolic and pathway engi-
neering that has been studied for the development of novel biocatalysts able to 
help shape the future of the biopolymers industry. 

There are three principal ways to obtain bio-sourced polymers using renewa-
ble resources [192]: 
• Extraction, purification and eventually partial modification of natural poly-

mers produced by plants (e.g., cellulose, starch, chitin and chitosan, pullulan, 
lignin…); 

• Direct production of bio-sourced polymers by microorganisms (e.g., poly- 
and oligo-saccharides, polyhydroxyalkanoates); 
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• Prodution of bio-sourced monomers (e.g., sugars) by fermentation followed 
by further modification and polymerization. 

4.1.1. Natural Polymers Produced by Plants 
Cellulose [193] [194], starch [195] [196], chitin and chitosan [197], proteins 
(soya protein, gelatin, casein, whey proteins) etc. [198] [199] [200] and their de-
rivatives are natural polymers which offer a wide range of properties and appli-
cations which were summarized in a previous paper [184].  

4.1.2. Biosourced Polymers Produced by Microorganisms 
Polysaccharides 
Microorganisms (mainly bacteria) can produce natural polymers from sugars. 

For example, acetobacter xylinum, Rhizobium and sarcinaare are able to pro-
duce pure cellulose (i.e. without lignin and hemicelluloses). This bacterial cellu-
lose is characterized by a high mechanical strength and can be used to produce 
articles with relatively high strength, wound care healing system (XCell.) [201], 
acoustic diaphragms, paints, oil gas recovery, adhesives, medical films (Biofill., 
Bioprocess, and Gengiflex) [202]. 

Other polysaccharides are also produced [203], involving: 
• Bacteria (e.g., dextrans and derivatives, hyaluronan and hyaluronic acid by 

streptococcus, glycogen by E. Coli, Clostridia, Bacillus, and Streptomyces, al-
ginate by Pseudomonas and Azotobacter, glucuronan by Rhizobium and 
Pseudomonas), 

• Fungi (e.g., pullulan by Aureobasidium, Pullularia and Dematium, Chitin 
and chitosan by Basidomycetes, Ascomycetes…), 

• Alga (e.g., alginate by Phaeophyceae and carragenan by Rhodophyceae). 
Polyhydroxyalkanoates 
A number of natural biosourced polymers produced by microorganisms are 

useful as bioplastics. 
The most notable are polyhydroxyalkanoates, (PHAs), which are a family of 

biodegradable linear polyesters composed primarily of monomer subunits of 
(R)-3-hydroxybutyrate (3HB) and are produced as carbon and energy storage 
molecules by numerous different microbes from both simple and complex bio-
mass feedstocks. Well-known bacterial PHA producers include species of Rals-
tonia [204], Bacillus subtilis [205] and Pseudomonas [206], as well as photo-
trophic cyanobacteria [207]. 

Although PHAs are efficiently produced by microbes via naturally evolved 
biosynthesis routes, expressing the requisite pathway enzymes from various nat-
ural producers has also enabled their production at high levels in recombinant 
Escherichia coli, a more tractable host platform [208]. Bacteria have been engi-
neered to achieve PHA biosynthesis at up to 80% of cell dry weight and at prod-
uctivities as high as 4 g/L-h from substrates such as glucose [209]. 

More than 150 PHA monomers have been identified as the constituents of 
PHAs [210]. Such diversity allows the production of bio-based polymers with a 
wide range of properties, tailored for specific applications. 
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Poly-3-hydroxybutyrate was the first bacterial PHA identified. It has re-
ceived the greatest attention in terms of pathway characterization and industri-
al-scale production. Commercial interest in PHAs has been growing, with Me-
tabolix (Cambridge, MA), for example, pursuing their large scale development 
through their Mirel™ and Mvera™ brands, which collectively are expected to 
have applications in the production of fibers, films, and coatings, as well as for 
molded and extruded products. 

Several companies such as ICI (UK), Chemie Linz (Austria), BASF (Germa-
ny), Biomers (Germany), Zhejiang Tian An, (China), Tianjin Green Bioscience 
(+DSM), have developed PHA copolymers with typically 80% to 95% 
(R)-3-hydroxybutyric acid monomer and 5% to 20% of a second monomer in 
order to improve the properties of PHAs. 

4.1.3. Naturally-Occurring Biomonomers 
Limitations associated with naturally-occurring bioplastics have motivated a re-
cent shift in focus to the alternative production of “biomonomers.” Biomono-
mers are small molecules that can undergo ex situ chemocatalytic polymeriza-
tion to produce plastics. This strategy offers several distinct advantages.  

First, since most biomonomers are often naturally excreted from microorgan-
isms, the need for cell collection and lysis is eliminated, greatly reducing operat-
ing expenditures and facilitating downstream product recovery. Polymerization 
of biomonomers in highly controlled chemocatalytic environments leads to bi-
oplastics with finely tuned and predictable properties and at high purities to sa-
tisfy quality control specifications.  

Lastly, the ability to copolymerize biomonomers with other desired mono-
mers (biologically or otherwise derived) increases the diversity of plastics that 
can be produced from renewable resources, widening the range of achievable 
chemistries and material properties. 

As for many specialty chemicals, one can distinguish two classes of biosourced 
monomers of industrial interest. 

The first class can be produced from natural compounds with the aid of cat-
alytic further processing steps. For example, the natural fermentation of sugars 
yields ethanol which can undergo dehydration to ethylene over a solid acid cata-
lyst [211] [212], before later being polymerized to poly(ethylene) or its copoly-
mers. 

The second class concerns those compounds that themselves are directly 
suitable for polymerization into bioplastics. The list of monomers that can be 
obtained from biomass is vast and has been recently reviewed [213] [214] [215]. 
Historically, the main studied monomers were bi-functional molecules. 

The most prominent example of a naturally-occurring biomonomer is 
L(+)-lactic acid, whose polymerization leads to the polyester poly(lactic acid) 
(PLA). L(+)-lactic acid is a natural fermentation product of numerous microbes, 
of which well known examples include lactic acid bacteria (including numerous 
Lactobacilli sp.) and filamentous fungi [216] [217].  
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Moreover, E. coli has been engineered to over-produce both L(+)- [217] and 
D(-)- [218] [219] stereroisomers of lactic acid as optically pure products. This is 
important because lactic acid stereochemistry greatly controls relevant physical 
properties of PLA such as crystallinity and in turn melting point [220] [221].  

A second naturally-occurring biomonomer that has been extensively inves-
tigated to date is succinic acid.  

which represents a potential bio-based building block able to be transformed 
into several commodity chemicals (THF, hydroxysuccinimide etc.) or specialty 
chemicals (organic acids such as fumaric, itaconic etc. and further developed in 
next paragraph, to produce polymers (polyamides, polyesters and poly(ester 
amide)s). This 4-carbon diacid is a natural fermentation product of numerous 
bacteria, including Actinobacillus succinogenes, Anaerobiospirillum succinici-
producens, and Mannheimia succiniciproducens. Moreover, E coli’s metabolism 
has again also been extensively engineered to over-produce this minor fermenta-
tion product to near theoretical yields). 

Despite the potential advantages of using biomonomers to produce renewable 
plastics, a limited pool of useful naturally-occurring metabolites ultimately con-
stricts the diversity of bioplastics that can be produced by this approach.  

However, by applying metabolic engineering tools and strategies, de novo 
metabolic pathway engineering provides the potential to produce non-natural 
biomonomers, and novel bioplastics, that were never before possible. As illu-
strated by several examples in Table 4, these strategies now offer an important 
potential to enhance the production of novel biomonomers and, consequently 
the corresponding biopolymers. 

Biopolymers 
This section will highlight the most popular biopolymers resulting from those 

biomonomers i.e., polyamides, polyesters and styrenic vinyl polymers. 
Polyamides 
Polyamides (Pas, also known as nylons) are a class of plastics that balance 

mechanical strength and durability with chemical resistance, and which find ex-
tensive use as textiles and mechanical parts. PAs are formed either as homopo-
lymers of amino acids or as copolymers via condensation of diamines with diac-
ids.  

As carbon chain length between amide bonds (typically 2 - 12) strongly influ-
ences material properties, a large diversity of PAs can be generated from a li-
mited monomer pool by a combinatorial approach. Table 5 is specifically fo-
cused on examples of polyamides produced from combinations of 4- through 
6-carbon linear diamines, amino acids, and diacids. 

Polyesters 
Aliphatic and aromatic polyesters have a high market share and found an im-

portant place in biosourced polymers. 
Aliphatic polyesters 
Poly(lactic) (PLA). 
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Table 4. Examples of biomonomers produced using metabolic and pathway engineering.  

Polyamide building-blocks Polyester building-blocks Polyvinyl building-blocks 

Succinic acid Lactic acid Styrene 

Glutaric acid 3-hydroxybutyric acid p-hydroxystyrene 

Adipic acid 3-hyroxyvaleric acid Ethylene 

5-aminovaleric acid 3-hydroxypropionic acid Propene 

Aminocaproic acid 4-hydroxybutyric acid 1,4-butadiene 

Putresceine 1,3-propanediol Isoprene 

Cadaverine 1,4-butanediol - 

1-6-hexanediamine 2,3-butanediol - 

Monomers with names underlined correspond to monomers produced directly from renewable resources, 
whereas others were produced via hybrid, biocatalytic-chemocatalytic processes. 

 
Table 5. Examples of polyamides (PAs) produced from combinations of C4-C6 diamines, 
diacids, and amino acids.  

Homopolyamides 

Amino Acids Polymer 

4-Aminobutyric Acid PA-4 

5-Aminovaleric Acid PA-5 

6-Aminohexanoic Acid PA-6 

Copolyamides 

Diamines Diacids Polymer 

Putrescine 
Succinic Acid PA-4,4 

Adipic Acid PA-4,6 

Cadaverine 
Succinic Acid PA-5,4 

Glutaric Acid PA-5,5 

1,6-Hexanediamine Adipic Acid PA-6,6 

Monomers with names underlined have been produced microbially from renewable resources with the aid 
of metabolic engineering. 

 
Until now PLA was produced in a complex and expensive two-step fermenta-

tion and chemical process of polymerization. However, through the use of a me-
tabolically engineered strain of E. coli, a one-stage process was developed which 
produced polylactic acid and its copolymers through direct fermentation. For 
this purpose, E. coli was engineered by modifying the substrate specificity of 
PHA synthase of a Pseudomonas sp. and promoting the production of lac-
tyl-CoA, the monomer precursor, by introducing an evolved propionate 
CoA-transferase from Clostridium propionicum [222] [223]. This makes the re-
newable production of PLA and lactate-containing copolymers cheaper and 
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more commercially viable. 
Polyhydroxyalkanoates (PHAs),  
As mentioned in paragraph 4.1.2, PHAs are produced by microbes via natu-

rally evolved biosynthesis routes. They are a family of biodegradable linear ho-
mo- and co-polyesters which are widely used as biomedical implant materials, in 
drug delivery due to their biocompatibility and controlled degradability.  

Succinic acid based polyesters, such as poly(butylene-co-succinate) (PBS).  
PBS can be synthesized by direct esterification of succinic acid with 

1,4-butanediol through a two steps process. First, an excess of the diol is esteri-
fied with the diacid to form PBS oligomers with elimination of water. Then, 
these oligomers are trans-esterified under vacuum to form a high molar mass 
polymer whose properties are comparable to those of polypropylene. 

Other aliphatic homo- and copolyesters are also manufactured by polycon-
densation of dicarboxylic esters or dicarboxylic acids with diols [224]-[233].  

Poly(ester amide)s, exhibiting high performance and processing ease, are 
manufactured from ε-caprolactam, adipic acid and 1,4-butanediol. Novel biode-
gradable biocopolymers, with a periodic sequence structure of ester and amide 
units, were obtained from succinic acid, dialkyl ester, 1,4-butanediol, and 
1,4-butanediamine [234]. 

Aromatic polyesters 
Poly(ethylene terephtalate) (PET) and poly(butylene terephthalate) (PBT) are 

commercially important examples. Likewise, DuPontTMmade available partially 
renewable terephthalate-based polyesters, namely Sorona®: poly(trimethylene 
terephtalate) and Hytrel®: (Poly(butylene terephtalate-b-poly(tetramethylene 
glycol) which contain 1,3-PDO derived from corn sugar and polyether glycols 
made from non-food biomass , respectively, [235].  

Furan compounds (e.g., 2,5-furandicarboxylic acid (FDCA) and derivatives) 
and lignin-based compounds such as vanillic, caffeic and ferulic acids are the 
major sources of aromatic biomonomers [236] [237].  

FDCA can be transformed into 2,5-furandicarboxylicdichloride, bis (hydroxye-
thyl)-2,5-furandicarboxylate, and bis(hydroxypropyl)-2,5-furandicarboxylate which 
polymerisation has generated a wide diversity of high performance thermoplas-
tic biopolyesters which have been covered in several reviews [238]-[248]. 

Lignin-based polyesters 
The main monomer precursors used for the synthesis of aromatic polyesters 

are vanillic, caffeic and ferulic acids [249]-[254]. 
Styrenic vinyls polymers 
Engineering of novel enzymatic routes are currently applied to obtain both 

p-hydroxystyrene (pHS) and styrene from glucose. Indeed, Pseudomonas putida 
S12 was successfully used to overproduce pHS. 

More recently, a novel pathway was engineered to enable E. coli to produce 
styrene directly from glucose [255]. The biomonomers are now considered for 
producing of styrenic vinyl biopolymers. 
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4.2. Biosourced Polymer Blends and Composites 

Biopolymers production capacity is important, but compared to commodity po-
lymers derived from petroleum their properties are often inferior. Blending and 
incorporation of fillers and reinforcements, have been developed to improve 
those properties. 

The number of papers on the production of biopolymer blends and compo-
sites, including incorporation of fillers and reinforcements is vast.  

PLA and starch are the most often studied materials. The most representative 
starch based polymer blends were obtained with PLA [256]-[261]. And PCL 
[262]-[267]. Some other blends were also elaborated with various biosourced 
polymers [268]-[285].  

Nanocomposites based on biodegradable polymers as matrix (mainly starch 
and PLA) and various fillers or reinforcements (nanoclay, kaolinite, cellulose 
nanowhiskers, ultra-fine layered titanate and carbon nanotubes) are now suc-
cessfully produced [286]-[302]. 

4.3. Concluding Comments 

An increasing number of biomonomer building blocks such as lactic acid, suc-
cinic acid, hydroxyacids, diols and polyamide and styrenic vinyls monomers are 
now available and can be used to manufacture important biosourced advanced 
polymers (e.g., polyamides, linear and aromatic polyesters, and styrenic vinyls 
polymers) which are now able to replace significant amount of the polymers 
currently originating from fossil resources. From some of those biopolymers, 
biomaterials of high interest are also produced. 

As generally admitted the properties of most natural occurring biopolymers 
(e.g., starch, poly(lactic acid) (PHA)) are often inferior to those of the polymers 
derived from petroleum; blends and composites, exhibiting improved properties, 
are now successfully produced. 

5. Conclusions and Future Prospects 

The trilogy approach of this review comprising more than 250 references and 
patents, and about the same number of useful derived literature was to underline 
that green and bio approaches rely heavily on this selected trilogy, i.e.: 

1) recognizing, understanding, translating, adapting, engineering and master-
ing the mechanism of degradation that renders the bio feedstocks/intermediates 
and final end-use ingredients vulnerable and non-reliably-durable sources, is the 
very first step. Therefore oxidation, antioxidations aspects of lipids are the first 
illustrative chapter of that trilogy. 

2) recognizing, understanding, translating, adapting, engineering and master-
ing the real value, such as nutritional and functional, of massive sources of food, 
such as milk and the untapped potential of by-products such as whey, moreover 
sometime causing environmental concerns, is the essential second step. Milk and 
whey are multifunctionally facetted, which, can make them even better suited 
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food ingredient, with added functional-nutrition value, and/or make them mate-
rials of choice to engineer biopolymers and other industrial derivatives. Exam-
ples are illustrating this second step. 

3) recognizing, understanding, translating, adapting, engineering and master-
ing the novel genomic sequencing tools and engineering biology therewith, 
yields to demonstrate feasibility, models, new metabolism and also to promote 
the adoptions of ingredients, monomers, biopolymers and bio-intermediates; 
which, may be further bioengineered into hybrids entity securing an even more 
promising future to the green and bio approaches. This is the third step of that 
trilogy. Practical examples are provided and been implemented already in in-
dustrial applications. 

All the above being considered one cannot ignore that Bigger Data and Artifi-
cial Intelligence have a role to play to further help the scientists to reach so far 
unreachable qualitative-mass-information, with new augmented intelligent in-
dustrial realism as well as societal pragmatisms. Biomimetic and reverse engi-
neering thereof are comforting a natural stand.  

The three examples presented in this article clearly illustrate the high potential 
of nature (plants, animals, microbes) to make possible the manufacture of inno-
vative high value-added products with physical, chemical and biological proper-
ties leading to novel applications, particularly in the important domains of both 
foods and biomaterials.  

It is clear that other examples can also illustrate this high potential of bioin-
gredients. They could especially concern developments on: 
• marine bioingredients for food and nutraceutical applications, 
• multifunctional bakery bioingredients and nutritional supplements for in-

dustrial food biopreservation applications and for production of functional 
and nutritional metabolites, 

• novel smart biomaterials based on polysaccharides and derivatives. 
Products related to the food industries are lipid antioxidants and milk pro-

teins, while those related to bioplastic materials are biomonomers and corres-
ponding biopolymers.  

Antioxidants are able to reduce or inhibit the oxidation of lipids. To this end, 
synthetic antioxidants have been first used in spite of the health risks related to 
consumption of some of them. Nowadays, many natural antioxidants, with a 
positive impact on the safety and acceptability of the food system, have been de-
veloped and used. Today, a tremendous variety of substances that can be ex-
tracted from plants, or by valorization of by-products, constitutes a substantial 
source of natural antioxidants with still an underexploited potential. 

It must be noted that antioxidants’ activity depends significantly not only on 
their structural characteristics, but also on the properties of the substrate being 
oxidized and the experimental conditions applied. Structural characteristics of 
the complex system: oxidizing substrate-antioxidant must be considered. On the 
basis of this analysis and owing to adapted experimental designs, processes 
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modelling and optimisations of the most effective individual antioxidants and 
binary mixtures could be proposed for highest and optimal lipid stability. 

Milk proteins and their derivatives are of great interest, mainly in food and 
pharmaceutical industries. Milk proteins may be hydrolyzed by enzymatic 
means or microbial fermentation. The potential health benefits of protein hy-
drolysates are a subject of growing commercial interest from a health-promoting 
functional-food perspective. Several commercial products are currently available 
in the market, and this trend is likely to continue. There are three major areas 
where developments can be made are: 
• the generation of novel hydrolysates which should be carefully designed to 

yield hydrolysates with diverse bioactivities, 
• novel technologies focussing 1) on the process of enrichment of the hydroly-

sates with active peptides from milk proteins, 2) the investigation of bio-
chemical properties using newly developed modern analytical technologies to 
understand the cross reactivity between the hydrolysates and the carrier food 
matrix.  

• robust platforms which should allow studying the molecular mechanisms by 
which the bioactives exert their activities. This area is the most challenging 
research area as the outcome from these studies forms the basis of tailored 
dietary formulations. 

Nevertheless, some final considerations regarding the use of concentrated or 
modified milk ingredients in the food industry should be mentioned. Even 
though milk is a safe product, processing or concentration of its components to 
obtain the desired beneficial properties, might eventually cause some adverse 
health effects. It is clear that a deeper understanding of the functional and nutri-
tional properties of these ingredients will be essential to meet consumer expecta-
tions and avoid subsequent problems. As specific regulations for these new in-
gredients are insufficient, the development of standard and regulated in vitro 
and in vivo procedures to assess their functional and nutritional claims, purity, 
applications, intolerance, and allergenicity, would be essential for the establish-
ment of those regulations. 

Biomonomers and biopolymers, are successfully produced from renewable 
feedstocks using metabolic engineering tools and strategies that have been sys-
tematically and globally upgraded to the systems level by the integrated use of 1) 
global technologies of systems biology, 2) adapted design of synthetic biology 
and 3) rational-random mutagenesis through evolutionary engineering. Apply-
ing these tools, a great number and diversity of commodity and specialty chemi-
cals, and biomonomers have been obtained and are rapidly and continually ex-
panding. Moreover, they can be better optimized in a multiplexed way on a ge-
nome scale with reduced time and effort.  

Several biomonomers building blocks are now available and can be used to 
manufacture biosourced advanced polymers (e.g., polyamides, linear and aro-
matic polyesters, and styrenic vinyls polymers) together with polymer-based 
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materials (blends and composites). 
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Abbreviation List 

AH   Chain-breaking antioxidants  
BHA  2- and 3-ter-butyl-4-hydroxyanisole  
BHT  2, 6-di-terbutyl-4-methylphenol  
BV   Biological Value 
CCL   Critical Chain Length  
DH   Degree of hydrolysis  
DNA  Deoxyribonucleic acid 
EDTA  Ethylenediaminetetraacetic acid 
FDCA  2,5-furandicarboxylic acid  
3HB   (R)-3-hydroxybutyrate  
LAB   Lactic acid bacteria  
MPC   Milk protein concentrate  
MVA   Mevalonic acid  
NFDM  Non-Fat Dry Milk 
NIH  Not Invented Here 
Pas   Polyamides 
PBT  Poly(butylene terephthalate)  
PBS   Poly(butylene-co-succinate  
PCL   Poly(ε caprolactam)  
PDCAAS  Protein digestibility corrected amino acid score 
3-PDO  1,3-propanediol  
PER   Protein Efficiency Ratio 
PET   Poly(ethylene terephtalate)  
PG   Propyl gallate  
PHA(s)  Polyhydroxyalkanoate(s)  
pHS  p-hydroxystyrene  
pI   Isoelectric point  
PLA  Poly(lactic acid), 
PLs   Phospholipids  
PUFA  Polyunsaturated fatty acids  
QSAR  Quantitative structure-activity relationship 
R.   Carbon-centred radical  
RH   Activated methylene  
RNS  Reactive Nitrogen Species  
ROO.  Peroxyl radical 
ROOH  Hydroperoxide  
ROS  Reactive Oxygen Species  
RS.   Thiyl radicals  
TBHQ  Tert-butylhydroquinone  
THF  Tetrahydrofurane  
TG   Transglutaminase 
UF   Ultrafiltration  
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UTP  Uniform trans-membrane pressure  
UV   Ultra Violet  
WPC  Whey protein concentrate  
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