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Abstract: Bioactive components such as polyphenolics, flavonoids, bioactive peptides, pigments,
and essential fatty acids were known to ward off some deadliest diseases. Nutraceuticals are those
beneficial compounds that may be food or part of food that has come up with medical or health
benefits. Nanoencapsulation and nanofabricated delivery systems are an imminent approach in the
field of food sciences. The sustainable fabrication of nutraceuticals and biocompatible active com-
ponents indisputably enhances the food grade and promotes good health. Nanofabricated delivery
systems include carbohydrates-based, lipids (solid and liquid), and proteins-based delivery sys-
tems. Solid nano-delivery systems include lipid nanoparticles. Liquid nano-delivery systems in-
clude nanoliposomes and nanoemulsions. Physicochemical properties of nanoparticles such as size,
charge, hydrophobicity, and targeting molecules affect the absorption, distribution, metabolism,
and excretion of nano delivery systems. Advance research in toxicity studies is necessary to ensure
the safety of the nanofabricated delivery systems, as the safety of nano delivery systems for use in
food applications is unknown. Therefore, improved nanotechnology could play a pivotal role in
developing functional foods, a contemporary concept assuring the consumers to provide pro-
grammed, high-priced, and high-quality research toward nanofabricated delivery systems.

Keywords: nano-formulation; nutraceuticals; prebiotics; nanofabricated delivery system;

liposomes; nano-emulsions

1. Introduction

According to the description placed by National Nanotechnology Initiatives (NNI)
in 1999, nanotechnology is defined as the appliance of systematic scientific knowledge to
operate and manage matter to the nanoscale range to draw on size and structure-depend-
ent properties and phenomena [1]. Food nanotechnology is an upcoming, promising, and
fast-growing field bound to an extensive range of disciplines and has established an as-
sortment of applications in the field of food sectors. Food nanotechnology has come into
play for the last 10 years and globally opened up new opportunities and promises for
novel discoveries in the Food industry. Numerous bioactive components from the Foods
are well known from the ancient time for their beneficial activity for maintaining a healthy
lifestyle, management of diseases, and also for their in-vitro biological functionalities; in
contrast to this, many of the bioactive ingredients are not inevitably active after being
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ingested or consumed as part of food ingredients. The modern medicine system includes
expensive disease treatment methods. People are unsatisfied with moving toward alter-
native substitutes (beneficial products or prebiotics and probiotics) in maintaining a
healthy diet to protect against diseases [2]. Nutraceuticals are beneficial compounds gen-
erally attained from nutrients, herbal products, dietary supplements, and diets for genet-
ically engineered “designed foods”. Food products include soups, cereals, and beverages
[3,4].

Physico-chemical stability of these bioactive compounds and nutraceuticals are sig-
nificantly affected by the harsh environmental condition during production, processing,
and storage. In the meantime, due to the physiological conditions generated within the
body system during digestion and absorption, the organic functions of bioactive com-
pounds are altered. With an ever-rising demand for healthy foodstuff, substantial interest
has been drawn to renovating food processing technologies to build up novel, purposeful,
or functional food products with enhanced health benefits. In this perception, nanotech-
nology or nanofabricated bioactive compounds/nutraceuticals with superior delivery
strategies have been launched in the field of the food sector to improve the biological ef-
ficacy and physicochemical stability of naturally available bioactive com-
pounds/Nutraceuticals in food and also to shield the food quality [1,3]. Nanofabrication
is a promising and exceptional tool in food biotechnology to augment the efficiency of
biomolecules in the past, present, and future.

Table 1. Biochemical profiling of principle bioactive compounds and their functions.
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2. Nano Formulation of Bioactive Compounds

Bioactive compounds such as vitamins, flavonoids, phenolics, proteins, etc., are es-
sential for proper cell growth and differentiation in living organisms; these also play a
crucial role in combating diseases by scheming biological mechanisms (Figure 1 and Table
1). Recent studies on coupling the bioactive compounds with existing drugs such as cy-
clophosphamide and paclitaxel have enhanced breast cancer’s healing effect [13]. Conse-
quently, combining medications with bioactive compounds opens a new window in the
medical field to treat various diseases. In essence, the formulation of bioactive molecules
and drugs also complements the negative aspect of the overdose of drug molecules [14].
On the other hand, the desired amount of bioactive compounds is not consumed in some
cases. As a result, unregulated uptake also leads to deterioration in health. Henceforth
functional food or food supplements are formulated to tackle these issues. Out of this bi-
ological importance, other fields such as biomedical, optoelectronics, and health care with
light modification and functionalization were also the beneficiaries. They offered an ex-
cellent demand for bioactive compounds. Hence the development of nano-formulation
bioactive compounds with an improved adaptation of nanofabrication tools of delivery
strategies is in great need or challenge in scientific research [14,15]. Advancement in nano-
formulation procedures certainly reduces the limitation of bioactive molecules such as
bioavailability, specificity, and solubility. That paves new insights into discoveries of
novel materials principally apt for diverse biomedical applications (Table 2).
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Figure 1. Bioactive compounds for different applications.

Table 2. Various nano-formulations systems of different bioactive compounds and their functional

and physical properties.
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2.1. Nutraceuticals and Nanobiotechnology

Nutraceuticals are those beneficial compounds that may be a kind of food or part of
food that has come up with medical or health benefits. Prevention and treatment of dis-
eases are also involved in these nutraceuticals [2,26]. Moreover, consumers are more con-
scious of their health care and its administration and management. In approach to modern
medicine, people are discontented with expensive disease treatment, so people are often
moved towards substitutes of beneficial products. This makes nutraceuticals predomi-
nantly appealing. Nutraceuticals are beneficial compounds generally attained from die-
tary supplements, nutrients, herbal products, and diets for genetically engineered “de-
signs foods”. Also, food products such as soups, cereals, and beverages [4,27]. In the cur-
rent years, researchers have bought with a new plan that put forth their effort in bringing
up an improved diet by substituting modern medicine with natural products. Further-
more, the R & D related and nutraceuticals market is vastly evolving [28,29].

Nutraceuticals have been widely used in nanotechnology due to their ability to im-
prove bioavailability, ingredient solubility, and stability. There are various unique prop-
erties associated with nanoparticles that involve small size and a high surface-to-volume
ratio. Nanomaterials possess physio-chemical properties that show unfavorable effects on
human health [30]. There are specific safety measures to bring up varieties of new mar-
ketable nutraceuticals, and formulation estimation of their efficacy is required. In this ar-
ticle, in agreement with European food safety Authority recommendations and high
throughput screening fashion, they have worked upon an in-vitro-based approach that
evaluates the safety and efficacy of new formulations.

This type of study plays a significant role in its time and cost-effectiveness. It is an
essential tool that helps support companies as it comes up with the design of a safe con-
cept presently under development in Europe [31]. In the field of nanoscience, food indus-
tries and nutraceuticals open a wide variety of technology to this. There has been ex-
plained with the new probability by nanotechnology in consultation to modified proper-
ties of nutraceuticals and its application in the development of nutritional supplements,
food industry, and nano-formulations. In nanotechnology, nanoparticles have got various
properties that complete the application in the food sector and nutraceuticals [32].
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This review article is required to present advanced nano-based nutraceuticals with
enhanced solubility, bioavailability, efficiency, improved encapsulation, sustained and
targeted drug, increased stability, microbial contamination with improved pharmacolog-
ical activity, and protection against degradation [33]. This article is also helpful in the
knowledge of how nanomaterials for encapsulating enzymes, antibodies, peptides, etc.,
and nanoparticles play an essential role in the application of the food packaging industry.
There are enormous benefits that have come across with nanotechnology and nanomateri-
als in health sectors by improving quality of life and treatment strategies [34].

2.2. Definition and General Classification of Nutraceuticals

In 1989, Stephen De Felice M.D derived the term nutraceuticals from ‘nutrition” and
‘pharmaceutics’ [35]. A nutraceutical is defined as any substance that is a food or a part of
food and provides health or medical benefits, including the treatment and prevention of
disease. The term Nutraceutical can be used as a marketing term. Dietary supplements
such as MSM, Glucosamine, and chondroitin are most popular and are used for joint
health. Functional food for one consumer can act as a nutraceutical for one another. Ex-
amples of nutraceuticals include fortified dairy products (e.g., milk) and the city’s fruits
(e.g., orange juice). Several nutraceuticals are studied under cancer therapies and are ben-
eficial in curing those diseases [36,37]. Nutraceuticals’ definition mainly depends on their
source. They are broadly classified primarily based on their pharmacological condition,
the chemical constitution of the products, and natural source. Nutraceuticals are com-
monly classified into dietary supplements, medicinal foods, pharmaceuticals, and func-
tional foods [38,39].

2.3. Dietary Supplements

Dietary supplements are the type of nutraceuticals that contain nutrients derived
from food products. These dietary supplements are intended to complement or supple-
ment the diet and are distinct from traditional foods [40,41]. Dietary supplements include
capsules, pills, tablets, powders, liquids, or extracts. It contains many valuable supple-
ments that include minerals, vitamins, herbs, amino acids, fiber, enzymes, and other
plants. These dietary supplements are regulated or controlled as foods by the U.S. Food
and Drug Administration [FDA]. Because of their critical role in cellular growth and bio-
transformation or metabolism, membrane shape, and function, LCPUFAs are extremely
important for prenatal and infant growth and development [42]. Given that they are high
in arachidonic acid and docosahexaenoic acid, the LCPUFAs (“walnuts, flaxseed oil, soy-
bean oil and canola oil”) help in promoting brain growth and irreversible damage [43].
The five essential fatty acids for human consumption are saturated palmitic acid, stearic
acid, monounsaturated oleic acid, polyunsaturated linoleic acid, and linolenic acid [44].
Arachidonic acid, eicosatetraenoic acid, and docosahexaenoic acid are newly synthesized
secure, less exorbitant, and feasible plant-based products of these fatty acids [45]. Higher
concentrations of eicosatetraenoic acid and docosahexaenoic acid were generated in Bras-
sica juncea through the use of an extreme acquiesce [43]. These dietary supplements also
include medicines and other products [46].

2.4. Functional Foods

Functional foods offer health benefits beyond their nutritional value, including
whole foods and fortified [47,48]. Proponents of functional foods also enriched with die-
tary components say that they promote optimal health and may help reduce the risk of
chronic diseases. It gives health benefits compared to its traditional nutrients [49]. Accord-
ing to the Canadian Health Organization (CHO), functional foods are “regular recipes that
seem to have elements introduced in order to give it a proper scientific or physiological
advantage, aside from a merely dietary effect.” According to Japan, all pragmatic ingre-
dients have to be available and arising in their herbal version [43] instead of a tablet,
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capsule, or powder [50] consumed in the nutrition plan on even a regular or daily basis
[51] and should revise a biological system in order to avoid disease or disorder-like in-
stances [43].

2.5. Medicinal Nutraceuticals and Pharmaceuticals

Medicinal foods are specially formulated and intended for the dietary management
of a disease that has acquired distinctive nutritional needs and cannot be met by the reg-
ular diet itself [52]. These medicinal foods are absorbed internally under the consultation
of a qualified physician. It acts as precise dietary management of a particular disease un-
der which the nutritional requirements of individuals are confirmed by medical evalua-
tion and based on recognized scientific principles [53]. Pharmaceuticals are used in diag-
nosing, preventing, or treating the disease and for modifying, restoring, and correcting
organic functions [54]. These are enormously helpful medical products obtained from an-
imals or crops. The term is derived from the combination of the words ‘farm” and “phar-
maceuticals’ [55]. Consumers' well-being is increasing, with a focus on scientific research
and asserts reassurance of bioactive molecules, along with novel therapeutic dose and
distribution forms [56,57]. The ability of innovative medical and drug technologies to di-
agnose disease and eventually expand the average lifespan has also provided us with a
unique outlook. All food products could have nutritious, sensory characteristics, and pre-
ventative measures features. Countless biologically active components have already been
commercialized as pharmaceuticals (pills, capsules, solutions, gels, liquors, powders,
granules, etc.). These are known as “nutraceuticals,” and they help to improve public
health. These provide a physiological reward or grant immunity against serious illness,
support healthy, and slow the aging process [56,57].

2.6. Role of Nutraceuticals in Human Health

Nutraceuticals are concentrated compounds from food sources that can provide
health benefits, including disease prevention and health promotion [58]. Examples of
nutraceuticals include substances such as antioxidants, probiotics, and omega 3. It com-
bines nutrition and pharmaceuticals [59]. Nutraceuticals play a preeminent, significant,
and valuable role in maintaining normal physiological function, which helps to keep
healthy human beings; nutraceuticals are part of food [60]. There has been a fast growth
in the nutraceuticals market worldwide that are present in the population and the health
trends. In nutraceuticals, the food products used can be classified as fiber, polyunsatu-
rated fatty acids, and other diverse types of herbal/natural foods [61]. Nutraceuticals are
the source that is crucially utilized to regulate some of the century’s major problems that
involve cancer, diabetes, cardiovascular diseases, osteoporosis, cholesterol, arthritis, etc.
[62,63]. Furthermore, nutraceuticals have led to a new era of health and medicine in the
food industry that has become a research-oriented sector. In this decade, people are more
conscious of the correlation between life-threatening diseases and eating habits differing
and increasing daily [29]. For this reason, people have become more attentive to the qual-
ity consumed and show interest in the foods that have beneficial effects on one’s health
and avoid the onset of life-threatening diseases [64,65]. The above features help the re-
searchers study the potential effects of beneficial nutraceuticals on their mechanism of
action and human health. On an identical note, industries, mainly the food industry, were
much more prominent and were interested in developing food products that attract con-
sumers or people to purchase them for their health [66,67].

It is a comprehensive technology that has allowed researchers to improve enormous
limitations related to the use of nutraceuticals to retinue their encapsulation into these
structures, which involves their stability, poor bioavailability, and low solubility [68,69].
It is mandatory to know about the fact of bioavailability on a notice that it’s a fraction of
taken compound, which is absorbed and available for physiological functions and is the
critical characteristic for nutraceuticals compounds, because of its effectiveness which is
strictly associated to their bioavailability [70,71]. Few other important factors deal with
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the bioavailability of nutraceuticals, and the factors are various endogenous and exoge-
nous, which are involved in the biochemical transformation that undergoes into food stor-
age, Epithelial cells, physio-chemical features, and so on [72-74]. Due to this, more ad-
vanced technologies have been established to exert their beneficial effects when intro-
duced into the organism. Different nano-formulations have been developed between
them to increase the needful effects of nutraceuticals [75,76]. In the presence of the highest
quantity of bioavailability, there promotes a controlled release and targeted delivery of
encapsulated bioactive compounds, which increases the biological efficacy of food. Nan-
otechnology develops the framework of the agriculture and food industry by offering var-
ious advantages [77,78]. To design the nutraceutical delivery system, multiple criteria
should be enrolled into an account which involves the formulation it must have good
physical and chemical properties, sustainable production costs, and food-grade materials
used [79,80].

2.7. Favorable Nutraceuticals Properties on Human Health

Nutraceuticals are those substances that have a physiological benefit or protect
against chronic diseases. Most therapeutics are involved in it and have had various bene-
ficial effects on human health in recent years. These includes diabetes, arthritis, inflam-
mation, cholesterol, and many other disease conditions [81,82]. One of the best nutraceu-
tical products is natural honey which can be used to feed infants, as it is known to be a
food with great benefits and beneficial nutritional properties for human health [83]. Nat-
ural honey is made up of antioxidants and enzymes that are essential to the digestive
process. Using raw honey allows for cloudiness. Since the extract inhibits the angiotensin-
I converting enzyme (ACE1), it is also used to treat high blood pressure. Finally, it is im-
portant to emphasize that the skin of the allis shad, which is a nutraceutical, has a reduced
benefit compared to some traditional medicines that have been used in the treatment of
type 2 diabetes as conditions such as cardiovascular disease and eye disease Side effects
on the patient provides problems and ulcers [84]. The honey obtained has antimicrobial
activity and can be used to disinfect the infected wound [85]. Thanks to the increase in
experimental evidence of the efficacy of nutraceuticals in the prevention or treatment of
various pathological conditions, numerous efforts have been made to apply nanotechnol-
ogy to encapsulate these natural products [86]. A combination of nutraceuticals (bergamot
extract, chlorogenic acid, phytosterols, and vitamin C) was administered to overweight
subjects with dyslipidemia, increased glucose, and lipid metabolism compared to subjects
treated with overnight placebo [87]. Numerous scientific studies have conclusively shown
that controlling blood cholesterol levels can reduce the likelihood of developing cardio-
vascular diseases [88-90]. It is unacceptable that the food industry is responsible for pro-
ducing a significant part of its waste. It has a major impact on the environment and can
be used as an essential source of nutraceuticals. The example concerns a citrus peel, fruit
waste rich in phenolic compounds with strong antioxidant activity [87,91]. The antioxi-
dant activity of natural compounds has multiple beneficial effects on human health [92].

Antioxidants act as a barrier to protect the organism and as free radical scavengers,
preventing oxidative damage [93,94]. In addition, their effectiveness helps prevent cancer
and cardiovascular disease, and their anti-inflammatory effects and ability to establish
and prevent Alzheimer’s disease are better known [95]. It has been scientifically proven
that phenolic compounds isolated from the lily of the valley (Citrus maxima) benefit citrus
peel. Honey, for example, has a significant antibacterial effect and can be used to disinfect
infected wounds. It also shows inhibitory activity against amylase and glucosidase, indi-
cating its usefulness in treating type 2 diabetes [96]. The extract is also used to treat high
blood pressure as it inhibits angiotensin I converting enzyme (ACE1) [97]. Finally, because
the shells of the Maddocks are marked. Since the extract inhibits the angiotensin-I con-
verting enzyme (ACE1), it is also used to treat high blood pressure. Finally, it is important
to emphasize that as a nutraceutical, the shell of the allis shad offers the benefit of reducing
side effects for the patient; compared to some traditional drugs that have been used as
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Probiotics

nutraceuticals in the treatment of type 2 diabetes, it has the advantage of having fewer
side effects on patients than other typical drugs used to treat type 2 diabetes [98]. Another
study by Barreca et al., [99] showed how antioxidants can be extracted from pistachio
waste; Only by using organic solvents was it possible to extract about 20 compounds with
cytoprotective and antioxidant properties from the ripe pistachio shell [100]. They are cat-
echin, gallic acid, isoehamnetin-3-O-glucoside, quercetin-3-O-rutinoside and naringin
[101]. In addition, nectarines, olive leaves, and tomato skins were considered, since the
new claims of nutraceuticals and additives [102] have currently been detected in the pol-
yphenolic extracts from these food wastes, which confirmed a specific positive activity in
insulinemia and postprandial glycemia [103].

3. Nanotechnology as a Nutraceutical Properties Enhancement Strategy

Credit to the increase of experimental data on the efficacy of nutraceuticals in pre-
venting or treating several pathological states [97], a great deal of effort has gone into
applying nanotechnology to encapsulate such natural products [104]. The encapsulation
era is a very promising method in nutraceutical delivery because it offers several ad-
vantages [105]. A unique interest has been drawn internationally to Eucalyptus plants in
various fields of industry. Amongst them are prescription drugs, perfumery, nutraceuti-
cals, and fixtures. Consequently, they represent a quick-developing supply of wood and
a source of oil used for several [106].

Nanoencapsulation techniques produce active component nanosuspensions with a
coating or encapsulated with either wall materials in dried or liquid [107] The chemical
structure of nutraceuticals can be safeguarded with the possibility of associated environ-
mental agents, which involves light, oxygen, pH, radicals, and temperature. It enables
site-specific delivery, increases bioavailability, and permits the controlled release of en-
capsulated compounds (Figure 2) [108]. Regarding the ability of nanosystems to with-
stand the release of supplied active compounds, it is bound to the beneficial site of action
and encapsulation of nutraceuticals with a specific time or concentration release profile,
and it is the main challenge that has to be performed [109].

. —, P = e T
Es:sentml _ Enhanced
onls. and Pt Solubility &
spices Prolonged
= o
— w__plleli e ./
o B Shelf-life
( ) & E Enhanced Co-
Carbohydrates s | delivery
B 8 %) of Active
] A
= ;g \ / 3 ﬂ \__compounds
Y )
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E.? = g o Improvement
b= Nanogels E E' of active
E E bioavailability
—
( ) % [ Safeguard of )
Nanoliposomes F4 w;:?:;ds
Treatment of | — \_environment /
diseases and . Influence
Pre-biotics
management Probiotics on flavors and
of life style aroma

Figure 2. Applications of nutraceuticals and nanotechnology for nutraceuticals delivery.

Subsequently, an ideal delivery system must exist and be able to release its contents,
leading to certain stimuli that involve enzymes, moisture, pH, temperature, and
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preserving nutraceuticals from the same stimuli [55]. In addition, the encapsulation of
nutraceutical compounds leads to an enrichment of their solubility; as a result, when
nutraceuticals are loaded into the carrier, the characteristics obtained depend in particular
on the physicochemical properties of the vesicle relative to an entrapped compound [96].
Nanosystems also offer the possibility of adding lipid and water-soluble molecules, thus
supporting their synergistic effect [110]. They also show promise in physiochemical sta-
bility and help avoid undesirable taste and odor changes that can result from adding
nutraceuticals to food products. In a drug delivery system, the materials used to imple-
ment it can be of a variety of natures (lipid, polymeric, protein), so long as they are gen-
erally recognized as safe status (GRAS) [111]. In addition, the mode of drug delivery and
its composition are preferred based on the chemical and physical properties of the encap-
sulated compound, the target to be reached, and its application type [112]. Accordingly,
nanoencapsulation of nutraceuticals has been shown to have beneficial adverse effects on
human health, thus helping to reduce side effects [96]. Main nanocarriers, mainly used for
encapsulating nutraceuticals, have to be analyzed.

3.1. Nano Probiotics

Micro and nano probiotics are live micro-organisms intended to have health benefits
when consumed or applied to the body. Examples of probiotics involve yogurt, kefir, sau-
erkraut, tempeh, kimchi, etc., probiotics have become a field of interest to research in re-
cent times [113]. It is considered a desirable alternative to antibiotics because of their ben-
eficial effects on the economy and the safety of farm animals [114]. The International Sci-
entific Association for Probiotics and Prebiotics (ISAPP) has introduced a wide range of
products containing probiotics that have to contain health-promoting effects. It includes
drugs, baby formulas (e.g., first milk), therapeutic supplements, and foods (e.g., fer-
mented dairy with reportedly health-beneficial effects) [115]. Probiotics come from differ-
ent sources that involve several foods, natural environments, and human guts. The main
property of probiotics is the ability to survive through the gastrointestinal tract; it pro-
motes health benefits to the host etc., [116] (Table 3). The probiotics can also include fungal
and yeast species such as Saccharomyces cerevisiae and Kluyveromyces.

Table 3. List of probiotics and their applications.

Type

Micro-Organisms Activity Study Reference

Probiotic

Probiotic

Probiotic

Probiotic

Lactobacilli plantarum

Lactobacilli cocktail Anticancer effect

L. rhamnosus Anticancer effect

Eurotium cristatum  Anti-obesity effect

Lactobacilli plantarum C70 by releasing
Anticancer effect the exopolysac.:charide, c.aused .73.1% and
C70 88.1% cytotoxic properties against breast
and colon cancers, respectively.
HT-29, a human colorectal carcinoma
cell line, was controlled by Lactobacilli
cocktail via the modulation of the Notch
and Wnt/f3-catenin signaling pathways
The bioconversion of cranberry proan-
thocyanidins to Lactobacillus rhamnosus
could result in the IC50 values of 20.1
and 47.8 ug/mL
The administration of Eurotium cristatum
showed anti-obesity activity in mice fed
a high-fat diet (HFD) through the modu-
lation of gut microbiota

[117]

[118]

[119]

[120]

3.2. Nano Prebiotics



Bioengineering 2022, 9, 478 11 of 24

Nano-prebiotics are foods that promote the growth of beneficial bacteria in the gut.
These are a type of fire that the human body cannot digest; they serve as food for probi-
otics and are tiny living organisms that involve bacteria and yeast (Table 4).

Table 4. List of prebiotics and their applications.

Type Active Compounds Activity Study Reference
The growth of HT-29, human colon cancer
.. cell line, was controlled by Chondroitin
h 1f
Prebiotic ¢ on.dro1t1n S.u ate Anticancer effect sulfate (CS)-Keel disaccharide (CSD) gen- [121]
Disaccharide e .
erated by chondroitin AC lyase, estimated
at 80% antiproliferative activity.
The density and composition of intestinal
microbiota in human models were in-

. .. Blueberry anthocya- Antioxidantef- creased by consumption of high purity
Prebiotic ) ) . [122]
nins fect blueberry anthocyanins through the in-
crease in the modulatory and prebiotic ac-
tivities.

The administration of short-chain fatty ac-
Antiproliferative ids (SCFAs) prevented the expression of

Prebiotic - Short-chain fatty acids effects genes involved in the human colorectal [123]
cancer cell.
Antioxidant ef- The water-soluble oligosaccharide of
Prebiotic Oligosaccharides EMOS-1a showed a 1420% proliferation [124]

f
ect level

Prebiotics are found in various sources, including non-digestible carbohydrates, non-
digestible oligosaccharides, unrefined wheat, unrefined barley, and soybeans [125]. Some
compounds found in prebiotics are xylooligosaccharides, lactulose, and non-starch poly-
saccharides (NSP) [126].
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3.3. Food Grade-Nanofabricated Delivery Systems

Incorporating functional food components for the better functionality of food prod-
ucts to meet consumer needs for a healthy lifestyle is in great demand. It has become a
delightful trend in the market. These programmed food or functional food components is
not limited only to their inhibitory action against unsolicited microbial growth. Still, it
enhances the product’s taste, flavor, and color and attributes beneficial health effects. Ac-
tive food constituents possess some properties such as low water solubility, unappetizing
sensory character, constrained oral bioavailability, and intolerance to chemical degrada-
tion, so most of these functional food constituents are antagonistic to the food matrix.
Nanoencapsulation technology deals with encapsulating bioactive compounds using dif-
ferent nano-fabricated delivery systems [127]. Even though these delivery systems can be
used as biocompatible and biodegradable to make them reachable for food applications,
these delivery systems are generally classified into carbohydrates, lipids, or protein-based
[128].

3.4. Carbohydrate/Polysaccharides Delivery Systems

Carbohydrate delivery systems can interact with a wide range of bioactive compo-
nents because these carbohydrate-based delivery systems possess exceptional properties
like biodegradability, abundance, and a high potential for adaptation to enviable func-
tionality so that these delivery systems are more appropriate for high-temperature stabil-
ity over lipid and protein-based carriers which undergo degradation and denaturation.
Cyclodextrin (o, {3, v) is a carbohydrate-based delivery system. It is a prominent con-
densed cone-shaped oligosaccharide with a hydrophobic central cavity and hydrophilic
end on the other. So, in carbohydrate-based delivery systems, the present trend is to study
these cyclodextrins. These are useful for the confinement of less soluble, temperature sus-
ceptible, or chemically liable food bioactive. On the other hand, a mixture or combination
of two or more carbohydrate-based delivery systems gives inventive frontiers for in-
creased efficiency. Nanofabrication techniques like spray drying, electro-spraying, coac-
ervation, and electro-spinning are extensively used to fabricate carbohydrate-based deliv-
ery systems [129,130] (Table 5) (Figure 3).

Table 5. Nutraceutical encapsulation by the carbohydrate-based delivery system.

Encapsulating Materi- Encapsulation Tech-

Nutraceuticals . Target Reference
als niques
Catechin Arlezvaljl (Er(: Cho;usi(zltlo_ Electrospinning proces Simulated gastric fluid and [131]
SHE polyviny osp & pro Ssimulated intestinal fluid, EE%.
alcohol
Nanofibers: Basil seed .. .
Hesperetin (HSP)  mucilage/polyvinylalco Electrospinnin Characterization of nanofibers. [132]
p & 1:;10%, Y p & Release models, EE%
Rutin Quinoa and maize Ultrasonication Characte.riza'tion, EE%,' simu- [133]
starch NPs lated in vitro digestion.
Saffron Bioactive com Nanoparticles: chitosan Characterization NPs, EE%, Re-
(CS) and gum arabic Ionic gelation (IG) lease of Saffron in acidic and [134]

ponents

(GA) natural media
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Nanocarriers based on
Polysaccharides

Polymeric nanoparticles Polymeric micelles Inclusion complex

Figure 3. Polysaccharides-based nanofabrication systems.

3.5. Protein-Based Delivery Systems

Protein-based delivery systems also have captivated great recognition. The exterior
surface of protein-based delivery systems possesses many functional groups that facilitate
their ability to encapsulate both hydrophilic and lipophilic bioactive constituents. They
are mainly obtained from plant, animal, and microbial sources. Coacervation, gelation,
spray drying, and electro-hydrodynamic process are commonly used methods for fabri-
cating protein-based delivery systems. [135]. In recent years plant-protein-based delivery
systems have also emerged in the field of nanotechnology to shield and manage lipophilic
bioactive compounds (polyphenols, polyunsaturated fatty acids, vitamins, carotenoids),
has increased attention in nutraceuticals, food, and pharmaceutical fields.

The promising role of plant proteins from legumes, nuts, tuber, oil/edible seeds, and
cereals is aggravated by their sustainable, eco-friendly, and vigorous nature collating with
other sources. Before using raw materials carriers, particular challenges need to be ad-
dressed to overcome the adverse consequences by modifying approaches to improve their
techno-functionality and limitations, aiming to fabricate innovative production of plant-
based carriers (emulsions, hydrogels, structures, and self-assembled films). This plant
protein delivery system is a limited application that only acts as a carrier for lipophilic
compounds. Nevertheless, bottomless insights into new purification or extraction tech-
nologies and protein sources are necessary to validate their functional properties for the
evolution of an effective delivery platform [136] (Figure 4).
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Nanocarriers based on Proteins

o

Protein complex

Figure 4. Protein-based nanofabrication system. Adapted with permission from Ref. Singh et al.
[136]. Copyright © 2022, Controlled Release Society).

The spatial shape, size, colloidal stability, water dispersibility, etc., of protein-based
nanocarriers, were determined by the physicochemical molecular principles of protein.
Some of the available preparative methods could be used to fabricate several protein-
based nanocarriers, including antisolvent precipitation, pH-driven, gelation, and elec-
trospray methods. Recent studies have evidenced that protein-based nanocarriers provide
numerous advantages in aid of the application of bioactive compounds to the food, med-
ical, and cosmetic sectors [137].

3.6. Lipid-Based Nano Delivery Systems

Compared to protein and carbohydrate-based delivery systems, the lipid-based nano
delivery system is the most auspicious encapsulation system that offers peerless ad-
vantages over the other two systems due to its ability to entrap materials with different
solubilities enhanced targeted delivery and ability to guard a constituent against free rad-
ical’s pH and enzymes [138]. Lipid-based nanocarriers have been fabricated for food ap-
plications such as nanoemulsions, nanoliposomes, nanostructured lipid carriers (NLC),
and solid lipid nanoparticles [139] (Figure 5).
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Figure 5. Lipid-based nanofabrication system.

3.7. Nano-Emulsions

Nano-emulsions are liquid droplets with colloidal dispersion sizes less than 100 nm.
They can be either oil-in-water or water-in-oil (w/0) [140]. They are made by entrapping
bioactive constituents within the distribute phase, which is self-stabilized by surfac-
tants/biopolymers in the continuous phase [141]. They are made by entrapping bioactive
constituents within the distribute phase, which is self-stabilized by surfactants/biopoly-
mers in the continuous phase [141]. These can be manufactured using high-energy emul-
sification techniques such as homogenization, ultrasonication, and microfluidization.

3.8. Nanoliposomes

Liposomes are nano-sized spherical vesicles composed of a phospholipid, a lipid bi-
layer with an aqueous core. Nanoliposomes have a superior surface area and tolerable
stability profile to safeguard their size within nanometric scales such as small liposomes
(20-100 nm) and large liposomes (>100 nm) [105]. These carries mainly contain lipids and
phospholipids. Conversely, some include molecules such as antioxidants, carbohydrates,
protein, or sterols in their structure. Their amphiphilic nature makes them potent nanocar-
riers since these have the potential to encapsulate and massive release hydrophobic and
hydrophilic compounds concurrently, providing mutual benefit. Distinguishing phos-
pholipids/bilayer structure is highly attuned to the skin surface, allowing them to act as
penetration enhancers of nutraceuticals and bioactive compounds towards targeted sites
[142]. Some techniques such as microfluidization, extrusion, and ultrasonication are usu-
ally used for nanoliposomes production [143]. The main restrictions lie with poor solubil-
ity towards low pH and enzymes after intake, low loading ability, and higher cost of food-
grade fabrication wall materials. The present trend is to tackle these barriers for the ex-
pansion of nanoliposomes optimistic nanocarriers on a large scale [144].

Examples of drugs in liposomal carriers are doxorubicin, amphotericin B, nystatin,
and vincristine. In addition, ZawnVillines 2018 [145] has reported that carotenoids encap-
sulated in lipid bilayers can impair carotenoid stability. This, in turn, affects the properties
of liposomes. This is because types of carotenoids and different concentrations could mod-
ulate the structure, hydrophobicity, and dynamics of the liposomal membrane [146]. In
turn, the structural integrity of the liposome bilayers can protect the encapsulated com-
pounds from degradation, thereby enhancing their physicochemical stability. In recent
years, some liposomes have been manufactured for the simultaneous delivery of bioactive
compounds. For example, pectin-coated phosphatidylcholine (PC) liposomes have been
engineered to encapsulate two important lysozyme and nisin compounds [147].

Furthermore, liposomes containing both the compounds lysozyme and nisin showed
higher stability and antimicrobial activity compared to liposomes containing lysozyme,
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representing a promising co-delivery system for bioactive substances [148]. Water-soluble
vitamin E derivative of PEG, d--tocopheryl polyethylene glycol 1000 succinate (TPGS).
Such fabricated liposomes are more stable in biological environments and have proven to
be a valuable, safe tool for incorporation into liposome membranes [149]. Some of the
beneficial activities of liposomes include increased bioavailability and absorption rate
compared to oral supplements; The micronized encapsulation protects against the harsh
environment of the gastrointestinal tract and improves absorption [150]. It also has the
potential to hold both hydrophilic and hydrophobic molecules. A list of Nutraceuticals
encapsulated by liposomes is shown in Figure 6.

o ©
000 ® 00 2 ‘ — Eodeont i
o o. - {o 0... .. Hydrophilic head

o (o]
® L/ . e° ) o
o %000 %ec0®
o ° > .. . ...' ¢ G * ~— Hydrophobic tail
o ® o0 (@) ® o0 o

Figure 6. Schematic representation of bioactive compounds encapsulated in various nano-fabricated
liposome systems. (A), bioactive compound entrapped in the interior of liposome region; (B), bio-
active compound entrapped in the fatty acid region of liposome region; (C), bioactive compound
entrapped in the hydrophilic head region of phospholipid bilayer; (D), bioactive compound en-
trapped in the hydrophobic head region of the phospholipid bilayer.

3.9. Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carrier (NLC)

(SLNs) and (NLC) are the other two important lipid-based nano delivery systems.
SLNs are submicron emulsions established by homogenizing two immiscible phases in
the presence of amphiphilic surfactant. These SLNs facilitate the maintenance of the liquid
phase during the process. The lipid phase is melted at an elevated temperature to offer
higher encapsulation efficiency, a slower degradation rate, and flexibility in the release
profile [151]. The commonly used method for large-scale production of SLNs for food
processing homogenization, the major problem associated with SLNs is the low encapsu-
lation load. So that the manufacturing of nanostructured based lipid carrier as partially
crystallized lipid nanocarriers provide an effective solution with enhanced physical sta-
bility, improved dispersibility, and higher encapsulation load as well as to move up a
remarkable trap of hydrophilic and hydrophobic nutrients [152-154].

3.10. Nanogels

Nanogels are nanoparticles synthesized by combining hydrogel and a cross-linked
chemically or physically with hydrophilic polymer chains [155]. It also signifies a biocom-
patible and biodegradable drug delivery system obtained from a nano-sized polymeric
network; the swelling attains it under the action of a suitable solvent [156]. There are dif-
ferent ways to be administered these drug delivery systems. Nanogels can be expressed
as they must be responsive to various stimuli involving magnetic field, temperature, and
pH [157]. For example, the nanogels, which are made of dextran and ovalbumin, were
produced by Maillard reaction and were effectively employed to improve curcumin bio-
accessibility in the gastrointestinal tract, as was established in the form of an in vitro re-
produced model [137].
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4. Future Perspectives and Regulatory Outlook

The toxicological valuation of nano-fabricated material and their different delivery
systems for bioactive compounds and nutraceuticals holds immense importance and vig-
ilant assessment. The utilization of nano-fabricated materials may be allied with numer-
ous safety reservations and necessitate implementing practices that perilously take safety
and human health into consideration. The use of nano-fabricated materials in the food
industry in food packaging is efficiently browbeaten with rapid growth but still coupled
with end-user regulatory and safety issues that should be assessed and addressed criti-
cally [158] (Figure 6).

Health concerns, authoritarian policies, and safety must be well-thought-out during
the production, processing, and wrapping of nano-based programmed food products. In
terms of regulatory aspects of nanomaterials and nanostructure in the medical and food
sector, there is no explicit legislation applied worldwide. Many countries still do not have
specific authorization for nano-encapsulated products’ safety and risk assessments. The
lack of reliability in the functional switching information between the countries is an out-
lined risk to mankind and the environment. It may perhaps minimize the promotion of
novel and valuable products globally [159]. Due to the lack of specified regulations for
food nanotechnology, European Union regulations and U.S. Food and Drug Administra-
tion has established guidelines regarding the use of nanotechnology in food and to get
safety assessment approval before its use. In one of the articles on the nature of nanotech-
nology, Steffen Foss Hansen put forth a framework named ‘React Now,” which stands for
(Registration, Evaluation, Authorization, Categorization, and Tools to Evaluate Nano-
materials Opportunities and Weaknesses). All users of nano-fabricated materials should
be evaluated according to the Nano-Risk-Cat-methodology [159]. Therefore, organiza-
tions and companies functioning with nano-fabricated materials have to carefully think
about all the above-mentioned aspects to contest food safety concerns and ensure success-
ful promotions of nano-fabricated programmed food products or nutraceuticals in the
marketplace.

5. Conclusions

In this review, we focused on the biological functionality of bioactive compounds
and nutraceuticals and their beneficial activity for maintaining a healthy lifestyle.
Nutraceutical compounds derived from natural origin can treat several pathologies, in-
flammation, cancer, and cardiovascular diseases. In contrast, we reviewed the physico-
chemical instability of these significant compounds and declined bioavailability due to
environmental conditions. Furthermore, we addressed the promising contribution of food
technology throughout the sustained release/targeted delivery of bioactive com-
pounds/nutraceuticals and about their defense from harsh environments through the use
of various nanofabricated delivery systems. Various delivery systems such as carbohy-
drates, proteins, lipids (nano-emulsion, liposome-mediated delivery systems), and many
other techniques have drawn scientific interest and allowed researchers to eradicate many
of the limitations in using nutraceuticals. Food nanotechnology could be an alternative
method to generate future trends in nutraceuticals and uphold bioactive compounds’ sta-
bility. However, certain regulatory aspects and safety issues need to be addressed by the
European Union regulations and U.S. Food and Drug Administration to make the best use
of nanofabricated materials as nanofabricated delivery systems to enhance the activity
and retain the shelf-life of bioactive compounds and nutraceuticals to treat various disease
and to protect or improve food constituents, flavor and taste for the betterment of man-
kind in maintaining a healthy standard of living.
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