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1 | INTRODUCTION

Nanotechnology is modernizing the whole food chain from produc-
tion to processing, storage, and consumption. Scientific reports sug-
gest that nanotechnology can improve the thermal stability, water
solubility, and oral bioavailability of nutrients (Ndlovu et al., 2020).
Nanoparticles (NPs) for the delivery of edibles are biologically consis-
tent tiny materials that vary in size from 1 to 100 nm and are produced

Nanotechnology has revolutionized the field of food systems, diagnostics, therapeu-
tics, pharmaceuticals, the agriculture sector, and nutraceuticals. Nanoparticles are
playing important role in giving the solution to enhance bioavailability of oral delivery
of bioactive compounds. This review revealed that nanoparticles can improve the
bioavailability of micronutrients, for example, vitamin B, ,, vitamin A, folic acid, and
iron. However, toxicity associated with nanoparticle-based delivery systems is still a
major concern after ingestion of nano-based supplements. The mode of the mech-
anism of nanomaterial along with bioactive components in different physiological
conditions of the human body is also a major gap in the field of nanoceuticals. In the
future, more evidence-based clinical investigations are needed to confirm the exact

approach to physiological changes in the human body.

bioavailability, micronutrient, nanotechnology, novel tool

through different methods. They have significant chemical and phys-
ical characteristics such as solubility, color, strength, infusibility, and
high-surface-to-volume ratio (Priyanka, 2018). These properties of
NPs provide various valuable applications in different fields such as
tissue engineering, cell therapy, drug delivery, diagnostic tools, bio-
materials, and signaling molecules (Jain, 2020; Sajid et al., 2020).
Nanobiotechnology may assist in passing the barriers in the
human body for targeted drug delivery to directed organs, for
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example, crossing the blood-brain barrier to reach the brain.
Nanomaterials found their applications not only in human wellbe-
ing but also in food safety and quality (Jain, 2020). Recently, many
organizations, researchers, and industries are adopting unique
methods that have important applications of NPs in food technol-
ogy (Dasgupta et al., 2015). Nanotechnology is being considered as
a ray of hope for the treatment of the ongoing COVID-19 outbreak.
It is considered that chloroquine, an approved malaria drug may help
in nano-medicine investigation for the potential treatment of the
COVID-19 (Tony et al., 2020).

Functional food components such as vitamins, phytochemicals,
minerals, and antioxidants are necessary for optimal human health
and disease prevention. Nutraceuticals’ terms are a fusion of phar-
maceutical and nutrition, which are derived from or any part of
food that provides physiological, preventive, or therapeutic signif-
icance beyond the basic nutritional requirements (Yao et al., 2015).
Worldwide, nutrition awareness and escalation in the rate of mor-
bidity due to chronic diseases have developed a huge demand for
dietary supplements. According to Prasad (2016), the global demand
for nutraceuticals is dramatically expected to reach $302.307 mil-
lion by 2022 which is foreseen based on a growth rate of 7.04%
annually from 2016 to 2020. Moreover, it has been challenging
to incorporate these nutraceuticals into food because they have
chemical instability, undesirable flavor, and poor solubility charac-
teristics (McClements et al., 2015). Various formulation tactics have
been proposed to overcome the poor solubility but their benefits
are limited by the possible interaction of excipients employed in
preparation.

On the other hand, nanoparticle technology has received ex-
tensive acceptance as it includes the use of a minimum quantity
of excipients to enhance the solubility of micronutrients (Charoo
et al., 2019). The solution to these problems can also be delivered
by encapsulating the bioactive ingredients in nanoparticle-based
delivery systems (Jafari & McClements, 2017). However, encapsu-
lation of different micronutrients requires precise and appropriate
nanoscale delivery systems depending on the properties as well
as nature of the micronutrient (Joye et al., 2014). The objective of
this review is to highlight the role of nanotechnology in improv-
ing the bioavailability of micronutrients through targeted delivery

systems.

2 | REVOLUTION OF NANOTECHNOLOGY
IN THE FIELD OF NUTRITION

Nanotechnology has revolutionized the world and contributed to
various fields including pharmacy, food processing industries, agri-
culture sectors, and nutrition (Nile et al., 2020). In the past few dec-
ades, research in the field of nutrition incorporating nano-science
has grown dynamically and stimulated a strong urge for targeted
delivery of micronutrients (Dudefoi et al., 2017). Nano-capsules are
being used for the increased delivery of drugs and micronutrients (vi-
tamins & minerals) in the body (Koo et al., 2005; McClements, 2020;
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Yan & Gilbert, 2004). In different methods, nano-composite, nano-
structuration, and nano-emulsification are used to encapsulate the
materials in miniature forms to deliver bioactive compounds more
efficiently. Encapsulated bioactive constituents (e.g., flavonoids and
vitamins) can be formulated with polymeric nanomaterials for the
protected nutrient delivery (Singh et al., 2017).

Nutrition-be-nanotech and nanoceuticals are names of some
commercial supplements. Vitamin spray-dispersed nano-droplets
are considered for improved absorption of nutrients, for example,
iron, curcumin, and folic acid. Nano-sized powders are also used
for enhancing the absorption of nutrients as nano-cochleate. These
are revealed to be an effective tool for nutrient distribution to cells
without affecting the taste and color of the food products. The
supplement production mostly involves encapsulation techniques
where the desirable probiotics and other products are directed into
the human body with the help of Zn and Fe nano-structured cap-
sules. The NPs in food supplements are more active than commonly
used supplements because they respond more effectively with
human cells due to their special size (Koo et al., 2005; McClements
etal,, 2015).

Nano-capsules are adapted as carriers for antioxidants, essen-
tial ails, flavors, coenzyme Q,,, vitamins, phytochemicals, and min-
erals to improve their bioavailability in the human system (Ognik
et al., 2016). The encapsulation of polyphenols with NPs may pre-
vent any oxidative actions and providing them with an acceptable
taste (Heller, 2006). In the food industry, liposomal nano-vesicles
have found applications for the supply and encapsulation of nu-
trients, enzymes, and antimicrobial compounds (Singh et al., 2017;
Wen et al., 2006).

The role of nanotechnology is also assumed to improve the char-
acteristics of bioactive particles in spices and herbs by enhancing
their bioavailability, water solubility, and antioxidant properties
enabling the active ingredients to dissolve homogeneously (Samah
et al., 2017). The nano-materials are considered to increase the
bioavailability of important phytochemicals, for example, genistein
and curcumin (Yen et al., 2010; Zhang et al., 2008). Moreover, nano-
nutraceuticals are available as dietary supplements, herbal products,
and bioactive particles in nano-formulations (He et al., 2019).

3 | MICRONUTRIENT BIOAVAILABILITY

According to Jafari and McClements (2017), the bioavailability of a
nutrient is the fraction of ingested bioactive ingredient which is ab-
sorbed and consequently used for the essential physiological func-
tions of the body. The bioavailability of bioactive compounds such
as vitamins (A, D, and E), carotenoids, curcumin, conjugated linoleic
acids, omega-3 fatty acids, and coenzyme Q,, reduces after oral in-
gestion (Zhang & McClements, 2016). It happens due to physiologi-
cal and physiochemical factors such as bioavailability, absorption,
and transformation (Figure 1).

Yadav (2017) proposed the low bioavailability, stability, and sol-

ubility of bioactive molecules can be improved with the assistance
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of nanotechnology especially with nano-formulations. Many biologi-
cally active particles utilized in dealing with diseases are hydrophobic
with limited bioavailability. Nanotechnology-based delivery systems
are formulated to improve the targeted delivery of such nutrients.
NPs are also prepared from natural food-grade macro-ingredients
such as proteins, polysaccharides, lipids, and phospholipids, thus de-
livering no toxic effects. Nano-emulsions are identified as numerous
combinations of food-grade ingredients such as lipid core along with
protein shell (Kumar, 2000).

The efficacy, stability, and utilization of micronutrients can be
improved with the assistance of food-grade NPs via their encapsu-
lating characteristic (Hildeliza et al., 2010). Different methods have
been applied for the effective delivery of nutraceuticals. Nano-
fibers, nano-sheets, fullerenes, nano-whiskers, and nanotubes are
disseminated through several carriers like liposomes, solid lipid NPs
(SLNs), cubosomes, monolayers biopolymeric NPs, microemulsions,
nano-sensors, microemulsions, and fibers (Cushen et al., 2012).

McClements proposed that a successful colloidal delivery sys-
tem must be designed precisely for a specific application depend-
ing on the nature of the functional particle and the end product
(McClements, 2020). However, precisely designed excipient foods
are used to improve the bio-accessibility, absorption, and transfor-
mation of bioactive substances in the gastrointestinal tract (GIT).
Many NPs based delivery systems are used to increase the bioavail-
ability with appropriate encapsulation of micronutrients (hydrophilic
and hydrophobic) as depicted in Figure 2 (McClements & Xiao, 2014).

4 | STABILITY OF MICRONUTRIENTS IN
THE PRODUCT

The breakdown of a micronutrient present in a food product sig-
nificantly relay on its physicochemical and molecular properties, as
well as the food composition and storage conditions. Micronutrients
may be vulnerable to enzymatic, physical, and chemical instability

within a food product. Chemical variability includes changes in the

molecular arrangement which may lead to considerable variation in
nutritional attributes and physicochemical properties of the bioac-
tive component. Oxidation, hydrolysis, isomerization, and reduction
are the common causes of chemical breakdown of micronutrients
and these reactions can be carried out by enzymes present within
the food products (McClements, 2015; McClements et al., 2009).
Physical instability is considered as an alteration in the locality of
micronutrients such as phase variations (e.g., crystallization, poly-
morphic transitions, or melting), gravitational separation, and aggre-
gation. Whereas, principal degradation mechanisms and key factors
(i.e., pH, temperature, and water activity) are critically significant to
recognize for a specific micronutrient (Joye et al., 2014; Manzoor
etal., 2019).

NPs may be layered with materials that inhibit the dissemination
of one or more reactants into the particles. According to Matalanis
et al. (2011), the degree of lipid oxidation in oil-in-water suspen-
sions can be decreased by embedding the lipid molecules within a
2011;
Zhang et al., 2013). For example, the rate of lipid oxidation is lower

micro gel surrounded by protein molecules (Matalanis et al.,

in fish oil droplets captured within casein pectin microgels as com-
pared to their free form (Zhang et al., 2013). These microgels may
limit oxidation via several mechanisms such as antioxidant activity,
chelating transition metals, and inhibiting dissemination of reactant
(McClements, 2015).

5 | NUTRIENT ENHANCER AND
INHIBITORS AFFECTING BIOAVAILABILITY

Bioactive components may interact with each other or their sur-
rounding medium causes modification in bioavailability. Nutrient
enhancers such as vitamin C for iron and vitamin D for calcium can
improve nutrient absorption or prevent their respective inhibitors.
For instance, vitamin C can boost the absorption of iron by two to
three folds (Teucher et al., 2004). On the other side, inhibitors hin-
der nutrient absorption either by binding it to other substances or
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lowering the absorption of nutrients by rendering it insoluble. Phytic
acid is a common example of a minerals inhibitor that is present in
many plant foods and has a strong binding potential for calcium,
zinc, and iron that ultimately reduces or hinders the bioavailability of
micronutrients (Zhou et al., 2010). In this context, nanotechnology
can provide a promising solution to reduce the chemical inhibitors
of bioactive particles.

According to Sasaki et al. (2011), curcumin dispersed with colloi-
dal NPs found to have higher absorption efficacy than the natural
curcumin powder. A study revealed that the color degradation rate
of beta-carotene dissolved in nano-emulsions was much slower in
the presence of a chemical inhibitor because of its attraction to che-
late transition elements (such as Fe?*) that usually favor oxidation
(Qian et al., 2012). Moreover, the oral bioavailability of curcumin can
be nine folds higher when administered with (piperine) absorption
enhancer (Shaikh et al., 2009; Haq et al., 2020).

6 | BIOAVAILABILITY AFTER INGESTION

Bioavailability is a key point in ensuring the bioefficacy of oral drugs
or bioactive food components. It is influenced by the chemical
breakdown of bioactive elements during processing, manufacture,
storage, and transport as well as manifestations within the gastroin-
testinal tract (GIT). Liberation, absorption, distribution, metabolism,
and elimination phases are the main stages involved in the bioavail-
ability of bioactive components. The bioavailability (F) can be ex-

pressed by the following equation: (McClements, 2012).

F=FcxFgxFyxFy

Where F_ is part of a micronutrient that acts as an active ingredi-
ent in a food product when orally ingested. Fy is considered as bio-
accessibility; a portion of a micronutrient discharged from food product

and dissolved in GIT liquids. F, called absorption, is the fraction of a

micronutrient transported through the intestinal cavity. F, is named
as metabolism, part of a micronutrient that acts as a bioactive form
after gastrointestinal (GIT)alterations, for example, metabolic changes
via the enzymatic activity, liver metabolism, or systemic circulation
(McClements & Xiao, 2014).

Therefore, the bioavailability (F) of bioactive components can be
improved through developing a targeted delivery system. This aim
can be achieved by manipulating the structure and composition of
nano-based delivery systems. Some findings have resulted in the ef-
fectiveness of encapsulated triglycerides inside the microgels (e.g.,
calcium alginate beads) that obstruct breakdown in the upper GIT.
When these beads reach the intestinal colon must be assimilated by
an enzymatic breakdown and thus, releasing the bioactive fatty acid
(Li etal., 2011).

Biopolymer NPs and microgels prepared by dietary fibers may
be capable of delivering not only several lipophilic bioactive compo-
nents into the lumen but also remain intact within GIT. However, it
may be essential to design a biopolymer NP that protects the micro-
nutrient within the food product. When designing biopolymer NPs
for controlled release systemes, it is necessary to investigate them by
using in vitro virtual GIT models and practical in vivo animal studies

along with human trials (McClements, 2015).

6.1 | Vitamin A

The nano-materials for vitamin A can be designed by understand-
ing the bioavailability and biological processes that regulate the
absorption of vitamin A. The encapsulation of vitamin A with nano-
materials may have more bioavailability than that of free vitamin A.
This hypothesis was validated when researchers observed enhanced
bioavailability of carotenoids when consumed with nano-materials
than the natural form of carotenoids (Faulks & Southon, 2005).

The bioavailability of vitamin A can also be boosted by nano-

materials which can help paracellular transport of vitamins by
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varying the integrity of close junctions of NPs. Moreover, oral bio-
availability can also be improved when lipophilic composites, carried
in a paracellular manner are not available to metabolic actions of in-
tracellular enzymes. Therefore, the oral bioavailability (F) of encap-

sulated vitamin A with NPs can be defined by the following equation:

F=FgxFyxFy

Here, F is the percentage of consumed vitamin A that remains pro-
tected in the upper GIT and discharges from the nano-materials into
the colon, thus becoming bioavailable to enterocytes for absorption.
F, is the percentage of bioavailable vitamin that extends into the portal
blood circulation. F,, is the portion of absorbed vitamin A that lasts in
its active form following the first-pass metabolism of the liver and GIT.
Nanotechnology has successfully found its application in improving
the oral bioavailability of vitamin A by protecting the physiochemical
changes such as temperature, moisture, oxidation, and pH (Maurya &
Aggarwal, 2017).

6.2 | VitaminB,,

Protein lipid composite NPs containing three-layer assembly (phos-
pholipid, protein, and tocopherol layer) with an inner hydrophilic
portion have been established recently as a transport system for
hydrophilic bioactive elements. These improved NPs enhanced the
uptake efficacy of vitamin B12 over 20 times (Yao et al., 2015).
Vitamin B,, is absorbed in the terminal ileum with the help of an
intrinsic factor that is produced by parietal cells in the stomach.
Moreover, absorbed vitamin B,, is utilized as a cofactor for en-
zymes that are used in the synthesis of fatty acid, DNA, and my-
elin (Ankar & Kumar, 2019). While the in vivo findings indicated
that the altered NPs could enhance a vitamin B12 insufficiency in
a rat model more effectively than a free vitamin supplement (Liu
et al., 2019). However, extensive research is needed to find a real-
istic approach to the increased bioavailability of vitamin B,, with
nanotechnology.

6.3 | Folic acid

According to Penalva et al. (2015) zein, NPs offer sufficient proper-
ties for oral targeted delivery of nutrients. When these NPs were
orally administered, they remain confined within the GIT and pro-
tect the mucus layer of the jejunum. The encapsulation of folic acid
with zein NPs enhanced its relatively oral bioavailability about 2
folds compared with an aqueous suspension of vitamin B,. This fact
can be associated with the capacity of these particular NPs to affect
the intestinal mucosa and establish the mucoadhesive associations
(Penalva et al., 2015). However, there is a paucity of data in the clini-
cal trials and about the effects of nanotechnology on the bioavail-

ability of folic acid.

6.4 | Iron

The preparation of iron with solid lipid NPs can enhance bioavail-
ability by more than fourfold compared to the commercial tablets
(Hosney et al., 2015). Katuwavila et al. (2016) demonstrated the pro-
duction of ferrous (Fe?*) loaded with alginate NPs and its significant
findings as a targeted system for oral iron consumption. Moreover,
effective loading of ferrous (Fe?*) with alginate NPs was confirmed
by using Fourier transform infrared spectroscopy and thermogravi-
metric analysis (Katuwavila et al., 2016). However, further in vivo
studies and clinical trials are needed to confirm the efficacy of
nano-based delivery systems for the bioavailability of iron and other

micronutrients.

7 | TOXICITY OF NANOPARTICLES

Besides many significant applications of nanotechnology, some tox-
icities are associated with NPs (Ibrahim, 2013). The benefits of NPs
include small size, great capacity, and high reactivity, which may be
fatal by causing cellular lethal effects. NPs may cause the potential
for adverse human effects due to their early appreciation in bio-
technology via extended exposure in GIT. One of the common NPs
toxicities is the ability to gather nearby the protein concentration
that can be influenced by particle size, shape, and surface. Due to
this unique binding capability, some nano-materials produce adverse
biotic consequences via protein fibrillation, unfolding, loss of enzy-
matic activity, and thiol crosslinking (Bahadar et al., 2016).
Moreover, NPs are readily bioavailable but their increased sur-
face area can result in different toxicities. The discharge of lethal
ions is another premise when the thermodynamic characteristics
of substances may favor NPs discharge in a biological system (Xia
et al., 2008). Moreover, nano-structures established for curative te-
nacities are in very primary stages and the lasting adverse effects
on human health need advanced research. However, a few numbers
of studies are being done to decrease the toxicity of synthesized
nano-structures but still, there are crucial concerns regarding the
potentials of NPs (Agrawal, 2016; Lambadi, 2015). The production,
handling, and storage of nano-structures may result in loss of effi-
cacy and increase the risk of toxicities which are necessary to be

investigated in detail.

8 | FUTURE PERSPECTIVE AND TRENDS

The applications of nanotechnology can provide new insight into the
fields of medicine, biological treatment, nutrition, food science, and
biochemistry (Perez-Esteve et al., 2016). However, there is still a long
way to go for claims and applications of nano-fortificants (Gallocchio
et al., 2015). The safety concerns of nano-materials are a prerequi-
site to be resolved because there are huge gaps in understanding

the toxicities of NPs. However, it is the need of an hour to study the
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interaction of nano-materials with food and their fate after inges-
tion. The key issues associated with “nano-labeling” on the food sup-
plements are also needed to take into consideration (Knijnenburg
et al., 2019).

Moreover, NPs are being synthesized globally, but only a small
number of countries have formulated the approved guidelines for
the application of nanotechnology in the food industry. Regarding
the effective delivery of micronutrients, insufficient scientific evi-
dence on nanotechnology has caused complexities in giving definite
conclusions, while NPs have a significant role in prospect expansion
of curative and preventive applications for the targeted delivery of

micronutrients (Nile et al., 2020).

9 | CONCLUSIONS

Nanotechnology plays a dynamic role in improving the bioavailability
of micronutrients through targeted delivery systems. Due to the sig-
nificant thermodynamic properties of NPs, oral delivery of bioactive
compounds can be enhanced. However, the research and findings
by different researchers are supporting the increased bioavailabil-
ity of micronutrients. The toxicity of NPs is questionable which can
be problematic after ingestion of nano-based supplements. Besides
this, clinical findings and human-based studies are still lacking in the
literature to give a clear statement about the improved bioavailabil-
ity of each of the essential micronutrients.
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