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Abstract

Nutraceuticals and food industries are opening to a tremendously upcoming technology in the field of “Nano science”. A
new prospect has been defined by nanotechnology by conferring modified properties of nanomaterials and its application in
the development of nanoformulations, nutritional supplements and food industry. Nanomaterials reveal exclusive properties
because of their small size and high surface/volume ratio; thus, they have a complete application in nutraceuticals and food
sector. In the existent review article, we obligate to present a comprehensive outline of the application of nanomaterials in
development of advanced nano-based nutraceuticals with enhanced bioavailability, solubility, improved encapsulation effi-
ciency, increased stability, sustained and targeted drug delivery, protection against degradation and microbial contamination
and with improved pharmacological activity. It also highlights the importance of nanomaterials as nanosensors/nano-bio
sensors for encapsulating peptides, antibodies, enzymes, etc. and in the food packaging industry and its future application.
Thus, the review aims to focus on the benefits and new dimensions provided by nanomaterials and nanotechnology in health
sectors by improving treatment strategies and quality of life.
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Introduction

Nanotechnology, in a nutshell, is a technology for the devel-
opment, synthesis and application of nanometer-sized prod-
ucts. Since 1959, it has been presumed that specific material
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and substance features can be regulated and manipulated by
reducing their particle size to very tiny scales [1-3]. Nano-
technology deals with investigating, modifying and control-
ling the object’s atomic/molecular structures extending after
1 to 100 nm in size [4-6]. More specifically, nanoparticle
engineering is the study of the synthesis and growth of arti-
ficial or designed nanoparticles for technological advances
and applications that would otherwise be downright impos-
sible. The term nanoparticles (NPs) and nanostructured
materials (NSMs) have been coined with the unprecedented
growth of the research over the past few decades [7, 8].
Nanomaterials or materials of nanostructure have dis-
tinct sizes intended for their essential components, constel-
lations, crystallites or molecules. Dimensions similar to
zero (nanoclusters, nanoparticles and quantum dots), one
(nanotubes or nanorods), two (nano-thin films) and three-
dimensional (nanomaterials) ranging from 1 to 100 nm
[9, 10]. The combination of nanostructure components
with other polymers, biomolecules and other elements
of the nanostructure or existing in the aggregate shape
may lead to the creation of a more extensive particle size
material (> 100 nm) [11-13]. These high surface-volume
nanomaterials have unimaginable physicochemical prop-
erties, similar to strength, solubility, magnetism, toxicity,
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strength, colour, thermodynamics, diffusivity and optics.
[14—-16]. The nanomaterial surface area is several hun-
dred times greater than its weights, a phenomenon that
enhances its physicochemical characteristics [17, 18].

Nanotechnology incorporates various sectors, compris-
ing chemistry, physics, biotechnology and engineering
as well applies to nanomaterial practice with nanoscale
arrangement sort [7]. Recently, new trends have been
emerging for nanotechnology procedures, which have
a significant quantity of prospective characteristics and
applications in various sectors, similar as material sci-
ences, cosmetics, coatings, catalysis, bioremediation,
pharmaceutical production, food industry and the environ-
ment [19, 20]. Materials take on unique properties in these
nano-sizes that remain not extant while the constituents
stood in their novel form [6, 21-23]. By keeping these
unique properties in mind, the objective of nano research-
ers around the globe is to understand these distinctive
characteristics to create innovative and amended products
over green procedures.

Owing to their exclusive aptitude to upsurge solubility
and bioavailability and guard bioactive constituents while
existence handled and stored, the solicitations of these nano-
materials remain mounting in diverse areas of nutraceuticals
[24, 25]. In accumulation, nanostructured materials (NSMs)
remain existence pragmatic in food diligence as nanosensor,
novel packaging substantial and summarised food constitu-
ent. This manuscript particularly pays attention, which is
given to the utilization and implementation of nanotechnol-
ogy in the nutraceutical industry.

Currently, the medications and health safeguarding foods
of natural source necessitate the substantial protracted con-
cern and remain chosen for beyond artificial ones in the
ground of medication and nutrition. These novel perceptions
involve in the resulted products which assist as nutraceuti-
cals. Nutraceuticals is a mixture of “nutrition” and “pharma-
ceuticals” that are distinct as “the natural substance which
remains food or functional food or a part of the food having
bioactive phytochemicals that deliver therapeutic or health
benefits, besides it can be adopted even as a preventing and
treatment mode of diseases”. Similarly, it is dependent on
the implications that can hold the vital quantity of the essen-
tial nutrients like vitamins, lipid, proteins, carbohydrate and
mineral, etc. The scope of nutrition limit has extended to
hold the disease hazard failure, controlled with the absence
of syndrome supervision which is echoed in the intensified
usage of nutraceuticals.

The nutraceuticals need to be ensured an important abode
in the food and drug diligence as a harmonizing exemplary for
nourishing health and decreasing health distresses. The accom-
plishment of these products stood ascribed to various aspects,
comprising the indulgence of new medication, laterally through
its partial attainment mark of advanced ailments that can lead
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the society adjoining other operative substitutes in existing
drugs, which are taking destructive side effects. An intensified
mark from nutritional exploration and pharmacological or epi-
demiological revisions considered for the welfare and efficacy
of phytotherapy finished through prevalent within those who
examine for dietary enhancements to impede ailment.

Nutraceuticals recurrently remain alienated into three
extensive groups similar to dietary developments, herbals
and nutrients (vitamins, minerals, etc.). Further, they remain
used daily by humans, for instance, a substitute for contem-
porary medicine, consequently endorsing quality life and
comprehensive life prospect as displayed in Fig. 1. They
oblige determined to deal benefits similar as a substitute
to regular immune booster and antioxidant, rarer adverse
reactions as compared with medications, amended bioavail-
ability and extensive half-life. The prominence of the manu-
script exists partial to several causes of vitamins, exclusively
of nano-formulated liposoluble vitamins. Significant pro-
gression adjoining the instructive bioavailability and stabil-
ity of vitamins, consequently validating health profits within
customers, remained attained by many researchers.

Certain nanoscale spectacles obligate been exploited in
nutraceutical and practical food formulation, developed, and
practices. Novel notions based on nanotechnology remain
being reconnoitred to advance product functionality and
delivery proficiency. Newly developed abilities in nanoscale
portrayal offer an improved conception of these erections in
nanometer perseverance and advance a restored empathetic
of their functionality.

Various slants have remained reconnoitred to advance
the functionality and permanence of hydrophilic vitamins
through storage of the product. Innovative techniques stood
used to upsurge the shelf life and conveyance of vitamin
C expending chitosan nanoparticles. Further, three various
diverse vitamins (C, B9, and B12) remained magnificently
condensed in water-soluble results of chitosan biopolymer
[9, 10]. The revision exhibited N, N, N-trimethyl chitosan
nanoparticles might magnificently possess usage of a con-
stant vitamin carrier organization with probable solicitations
in food products.

Numerous of these vitamins obligate stood initiated
to need noteworthy precincts similar as short chemical
constancy, profound to low solubility, oxidation, and high
melting points, consequently prominent to small bioavail-
ability. Considering the incapability of human body for
attaining vitamins intensifies humans to obligate poised
food to ingestion the acclaimed resource of crucial nutri-
ents. The low consumption of numerous vitamins over
the diet might negotiate biological utilities like vision,
advance, enlargement, immunological action, reproduc-
tion, and cellular growth. The solicitation of passable
management holds the potential to lessen the threat of
advance of impediments allied to the deficit of vitamins.
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Processing of Nutrients
i. Encapsulation of Aromas.
ii. Viscosifying agents for sanitation
of Equipments.

Taking care of final products
i. Protection of products from UV
degradation.

ii. Monitoring of any microbial
conditions

Fig. 1 Role of nanomaterials in nutraceuticals

Fortification of food and enhancements obligate strate-
gies to thwart the absence of vitamins. Enhancement of
nutritional premixes and exhilarated food to effort, the
vitamins, and micronutrients confined in these produce
requisites to endure active till depletion, which might
not be frequent always and be the instance. Refreshed
foods and premixes might lose a significant proportion
of micronutrients and vitamin action formerly depletion
through handling, packaging, storage, and transportation.
Consequently, it calls for a need for vital prerequisite to
progress, reconnoitre cost-effective, advanced methods
which expands the permanence of nutraceuticals, exclu-
sively liposoluble vitamins.

Possible nanomaterials in nutraceuticals

The provision of vitamins expending nanotechnology has
fascinated attention freshly and remains anticipated as soli-
tary of the probably advanced slants. Abundant methods
suggested for the nanoformulations of liposoluble vitamins
as described in Fig. 2.

Nutraceuticals Delivery of
Nutrients
i. Fortification of minerals &
Vitamins.
ii. Sensing applications of Food
Supplements.

Taking care during farming
i. Development of different
sensors to monitor soil conditions.
ii. Delivery of agrochemicals by
Genetic Engineering.

Nanoemulsions

Dispersions of colloids entailing droplet of oil disseminated
in aqueous medium of 5-200 nm sort recognised as nanoe-
mulsion. They are isotropic schemes that remain constant
on a kinetic basis paralleled to the predictable emulsions.
Moreover, their tendency remains translucent or transparent
to the naked eye. Also, they obligate similarly initiate and
embrace distinct features similar to safeguard from oxidant
and hydrolysis. There stand numerous sort of nanoemulsions,
and the collective ones include oil in water, O/W type, water-
in-oil (W/O) type, and the bi-continuous type, for instance,
water-in-oil-in-water (W/O/W) type. Diverse provision
practises for nanoemulsions stood probed diligently expend-
ing high and low energy. Several revisions on encapsulated
O/W nanoemulsions of vitamins A, D, and E bioavailability
improved and their aspects are distressing the stability. The
emulsion schemes for vitamin E encapsulation exhibited the
nanoemulsion preparation that amended the stability of emul-
sion through an average particle size of 277 nm as paral-
leled to the standard emulsion [26]. However, this seems that
noteworthy exploration on nanoemulsions depicted upsurge
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Fig.2 Nanoformulations for
lipophilic nutraceuticals

(e A e e oo

Nanocamers based on Surfactants

ez

& Lipids
S0
. Polymeric nanoparticles
vjﬁgs))ﬁ —
Nano 3
emulsion | | | =000
e *, E—
*d0s, Polymeric micelles
33 o 3%, R
Nanosuspension,
Nano Lipid Solid di . @ ...l
. spersion e
Carrier (NLC) Inculsion complex Casein micelles

and emphasised requisite for further in vivo bioavailability
revisions of foods exhilarated through lipophilic vitamins
because their revisions are few owing to the high costs.

Polymeric nanoparticles

Polymeric nanoparticles (NPs) are the reliable carrier
adept of adsorbing, dispersing, entrapping and attribute
active constituents to medium size slighter than 1 pm. NPs
remain fashioned after pre-formed polymer emulsion by the
approaches like salting out, solvent evaporation, superficial
fluid, dialysis and nanoprecipitation. Polymeric nanoparti-
cles exhibited adequate stability, greater loading efficiency
and controlled release of bioactive composites as paral-
leled to micelles, emulsion and liposomes [27]. Likewise,
the obligate considered broadly in the field of nutraceutical
because of appearances comprising amplified stability, abil-
ity to guard drugs etc.

Lipid nanoparticles

Lipid nanoparticles (LPs) stood advanced a substitute to
traditional nanosystems similar to polymeric elements and
liposomes. The lipid nanoparticles might be distinct as the
colloidal particles poised of lipid stabilised by surfactants
which remain solid at the ambient temperature through
wavering sizes amid 40 and 1000 nm. The first nanoparticle
(lipid) was solid lipid nanoparticles (SLN). The second-
generation LPs remained a few years advanced entitled
nanostructured lipid nanoparticles (NLC). NLC is finished
after a composite of solid and liquid (oil) lipids [28]. Accu-
mulation of oil in NLC preparation is intended to mislead
the development of impeccably organised lipid crystals that
initiate in SLN, consequently forming other room through
interest ability intended for the summarised active.
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Polymeric micelles

Polymeric micelles remain fashioned after block copoly-
mers which obligate the amphiphilic character. It remains
poised of water-liking and water-resisting parts. The con-
centration at which the micelles remain designed is known
as the critical micelle concentration (CMC). In contrast,
the temperature at which this micelle subsists is entitled
as critical micellization temperature (CMT). They can
remain exploited as medication transporters, by incorpo-
ration of the low soluble nonpolar constituents inside the
micellar core and polar constituents on the micellar cas-
ing; consequences through intermediate polarity remain
distributed amid the core and shell. The belongings permit
the schemes for integrating inadequate aqueous soluble
medications in the micellar core by chemical conjugation
or physical interaction foremost to superior solubility
ranges, for guarding the main drugs or the sensitive con-
stituents from impulsive degradation and likewise decrease
the drug toxicity [29]. While parallel to the conventional
micelles, the polymeric micelles obligate minor CMC
standards, which also remain stabilised even at concen-
trations beneath CMC.

Supercritical fluid technology

Approaches conferred in the preceding segments com-
prise the practice of the organic solvents that might divulge
remaining moistness on nanoparticles thus fashioned. The
supercritical fluid expertise, on the other hand, exploits the
CO, that habitually augment the stability of these bioactive.
They are significantly advocated meant for the conveyance
of vitamins primarily owing to the physical forte, after that,
owing to the capacity for safeguarding the actives from eco-
logical aspects [30].
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Nanomaterial technology used in nutraceuticals

In material classifications, the most existing NPs and NSM
can be structured as follows:

Composite-based nanomaterials

Composite nanoparticles are sophisticated materials which,
owing to their science and technological significance, have
recently received increasing consideration [31]. Composite
NMs are multi-phase NPs and NSMs with one nanoscale
aspect phase that can mix NPs with other NPs or NPs cou-
pled with larger or bulk components. The composites may be
combined with any type of metals, ceramics, or bulk poly-
mers of carbon-based, metal-based or organic-based NM
[32].

Liu et al. introduced a new protein—lipid composite
nanoparticle with a three-layered structure (a barley pro-
tein layer, a-tocopherol layer and phospholipid layer) and
an inner aqueous compartment to load hydrophilic nutraceu-
ticals. This delivery system showed efficient encapsulation
of vitamin B12 (69%) and controlled release behaviour in
simulated gastrointestinal media [33].

Carbon-based nanomaterials

Carbon NPs are made entirely of carbon. Carbon nanoma-
terials, due to their flexible structures, the dimension of
which range from 0 to 3D and its tunable surface chemistry,
have often been used as primary or as functional additives
in various applications [34]. The functioning of carbon
nanomaterials is possible using atoms such as nitrogen
and fluorine, function groups like hydroxyl and carboxyl
groups and polymers [35]. It can be divided into several
subdivisions, including carbon nanotubes (CNTs), black
carbon (activated carbon), carbon nanofibers, fullerenes
and graphene [36].

The combination of carbon-based nanomaterials with
excellent properties is a specific type of sensor for enhanc-
ing the signal conversion and thus improving detection
accuracy and sensitivity, thus reaching unprecedented
levels and having good application potential. A consid-
erable number of theoretical and practical studies have
been carried out describing the preparation, modifica-
tion and application of carbon-based nanomaterials in
the food testing-related field. Substantial progress has
been achieved, thus fully demonstrating the prospects of
carbon-based nanomaterials as a new sensor construction
material. The development of advanced preparation tech-
nology, nanotechnology and sensing technology will lead
to more advances in the use of carbon-based nanomaterials
in studies of food analysis [37].

Metal oxide NPs

Metal oxide NPs are designed due to their faster reactivity
and performance, due to its distinctive and enhanced charac-
teristics of MO-NPs concerning size, structure and composi-
tion in a broad range of applications [38]. Various techniques
are existing designed for the synthesis of MO-NPs consisting
primarily of gas phase, liquid-based gas phase, liquid phase,
microemulsion/microcell practice, template/surface-derived
techniques, co-precipitation and sol-gel, hydrothermal [39].
NPs from iron (Fe) are instantly oxidised by oxygen at room
temperature to iron oxides (Fe203) NPs. In comparison
with iron NP, iron oxide NPs are more reactive. Among all
these materials, several frequently used nanomaterials are
metal oxide NPs such as ZnO NPs, TiO2 NPs, CuO NPs and
Fe203 NPs [40]. These NPs acquired superior properties
concerning their metal counterparts.

Inorganic-based nanomaterials

Inorganic particles are often unique because their size
reaches the dimensions of the nanometer [41]. Inorganic
nanoparticle (NP) chemistry has extended ample consid-
eration owing to their future solicitations in drug treatment,
sensing, imaging and others [42]. NPs based on metal and
metal oxide will generally be categorised, for instance, inor-
ganic NPs, while inorganic NPs do not have carbon in their
structure [43]. Metal NPs are either developed by construc-
tive or destructive means from metal precursors. For the
synthesis of nanoparticles, the frequently used metal precur-
sors are aluminium (Al), iron (Fe), lead (Pb), cadmium (Cd),
copper (Cu), silver (Ag), cobalt (Co) and zinc (Zn) [43].

Organic-based nanomaterials

Organic nanoparticles in size range from 10 to 1 pm can be
described as solid particles consisting primarily of lipids
or polymeric compounds [44]. Organic NPs like dendrim-
ers, liposomes, ferritin and micelles are frequently referred
to as polymeric NPs. These polymers are also recognised
for their more excellent biodegradability, lower toxicity and
hollow cores such as micelles and liposomes. They are also
extremely sensitive to thermal radiation (light and tempera-
ture) [45]. These exceptional features make them the right
candidate for nutraceutical applications.

These NPs could remain described by innumerable meas-
urement procedures, similar to particle size and morphology,
which are frequently assessed by transmission and scanning
electron microscopy, respectively [46]. A significant param-
eter controls the efficiency and characteristics of NPs on
their surface area. Brunauer—Emmett—Teller (BET) explora-
tion is practiced to extend surface area of NPs [47]. X-ray
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photoelectron spectroscopy (XPS) enables the revision of
the structure and quality of the samples [48]. X-ray diffrac-
tion analysis provides us with insight into the crystallinity
of the distinct samples [49].

Applying various nanotechnology-based materials can
improve solubility, expedite organised release, enhance the
bioavailability and safeguard the stability of nutraceuticals’
micronutrients. It can also upsurge the superiority and func-
tionality of food.

B-lactoglobulin assembled nanomaterials

The use of nutraceutical-based proteins to generate col-
loidal protein-drug nanocomplexes only improved the dis-
persibility and solubility of poorly soluble drugs such as
curcumin (CUR), resveratrol, thymol etc. The succinylation
provided binding sites for Epsilon poly-L-lysine (E-PLL)
a positively charged food grade polymer which further
improved curcumin’s permeability across Caco-2 mon-
olayer followed by improved anti-inflammatory activity in
3D colonic organoids. Due to complexation of curcumin
with BLG and succ. BLG, the solubility of curcumin was
increased by ~ 160 times and ~ 86 times, respectively. Fur-
ther succinylation prevented curcumin release in the gastric
environment in vitro due to its capacity of resisting gastric
fluid as compared with BLG. The in vitro release profile of
succ. BLG-CUR at pH 7.4 within 120 h showed that > 50%
curcumin was released from succ. BLG-CUR. This shows
that succ. BLG is likely to be dispersed in the intestine and
therefore release curcumin in a sustained manner. Due to
increased solubility of curcumin by BLG and cross link-
ing with cationic E-PLL (BCEP), its apparent permeability
through Caco-2 cells was also increased as compared with
all the other formulations including soluble curcumin [50].
BLG is a good candidate for the delivery of bioactive
compounds and other ligands. Indeed, the fact that it can be
engineered to modify the ligand binding, as has been shown
for another lipocalin, increases this potential considerably.
In addition, because BLG due to its structure is resistant
to acids but degrades in alkaline condition and contains a
good balance of essential amino acids, it is well suited to
form a biodegradable and biocompatible advanced delivery
system especially for the GIT. BLG has enormous potential
as a nanocarrier with good colloidal stability, net charge
profile and spherical shape. Overall, significant new insights
into various nano-scale ligand delivery systems have been
afforded by these studies on BLG nanoparticles [51].
Naisarg et al. stated that in the complexation of resver-
atrol with BLG, the solubility of resveratrol in water was
increased by ~ 1.7 times [52]. The release of resveratrol
from BLG-RES particles was found to be significantly
higher compared with free resveratrol. For resveratrol (RES)
within BLG-RES, particles showed rapid release with more
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than 95% of resveratrol releasing in simulated intestinal fluid
at pH 7.4 within 12 h. The mice treated with BLG-NPs alone
showed significant improvement in disease activity index,
which could be due to BLG’s role in body calories and intes-
tinal mobility. However, BLG-NP alone has no effect on
histology or expression levels of Tnfa and I110.

Velikov et al. proposed that the particles whose size
falls in the range of 100—1000 nm may deliver a satisfying
combination of taste and mouth feel. Smaller delivery sys-
tems give off strong and unpleasant flavour probably due to
the rapid diffusion, while larger delivery vehicles (such as
microparticles) may increase the sandiness or creaming of
the product [53].

The application of BLG-based carriers in the areas related
to the food industry but different from nutraceutical delivery
may also be pursued. For instance, BLG with suitable sur-
face modification might serve as a potential carrier for pesti-
cides or antimicrobial agents, providing satisfactory solubil-
ity, stability and cell penetrating efficacy to the incorporated
compounds. As an alternative field of application, the unique
properties of BLG may inspire the synthesis of biomimetic
materials, e.g. hybrid films or metallic nanoparticles with a
BLG coating that provides desirable ligand-binding capacity
or controllable digestion profiles [54].

Nanomaterials in food packaging

Food packaging has a direct impact on the maintenance of
the value and safety of food, mainly fruit and vegetables
during processing, as well as on the transport and distribu-
tion of food to clients. It devours a binding consequence on
sustaining the eminence and safety of foods, mostly fruits
and vegetable through-loading as well as transference and
transport to customers. Despite preserving food quality,
freshness and safety, customers today need to do much more
to packaging. Food packaging remains deliberated to be one
of the first viable nanotechnology solicitations in the food
industry [24]. Nanotechnology, which practices microscopic
elements, is current and inexpensive and presently resolves
to produce seemly food and dairy packaging.

With the application of nanomaterials in nutraceuticals in
active packaging, it will help in encompassing the shelf-life
of the product. In detail, packaging devours the probable to
persist the shelf-life of the food by restraining objection-
able aspects and circumstances similar to chemical contami-
nants, moisture, microorganisms and enzyme activities [55].
Packaging material sort and concentration have significant
properties on the effectiveness of packaging delivered to pro-
long the shelf-life of packaged nutraceuticals. Natural and
biodegradable polymers are an option to petroleum-based
packaging obligate that received a lot of publicity in the last
century [56]. Mostly, biodegradable polymer nanomaterial
aggregates through the outline of inorganic elements, similar
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to clay, into the biopolymeric matrix and similarly stay exact
with surfactants which remain intended for amendment of
layered silicate.

Combining food packaging products with effective ingre-
dients is a new method of controlling food surface microbial
contamination [57]. These useful food contact materials can
increase the durability of the item and improve the value and
safety of food, which eventually lead to fewer food surpluses.
Different food-grade antimicrobial proxies similar as citric
acid, potassium sorbate, sorbic acid, polysaccharides, ben-
zoic acids like chitosan and nanoparticles are proposed to be
used for fresh food packaging, in particular metals and metal
oxides. Amid these, chitosan provides the existent probable
intended for solicitation in packaging expertise [58].

Although nanomaterials for implementation are not
entirely on the sector, the performance of nanotechnology
in food and beverage fields is still mostly in R&D at pre-
sent. Food packaging submissions form a principal portion
of the current and short-term anticipated market for nano-
enabled produces in the food section. While assimilated
into the packaging of food, the nanosensors perceive clear
signs of pathogen metabolism or can enlighten the consumer
almost a product’s temperature, light or oxygen acquaint-
ance antiquity. This might eradicate essential expiration
date in certain occurrences, which might give customer
further precise appraisal of the state of decomposition of
the food. The arrangement of food pack constituents and
active elements is an innovative approach to control surface
microbial contagion of foods. Specific nanomaterials reveal
antimicrobial properties [59]. To ensure dynamic packaging
substantial, allotment of an acquainted interface or physi-
cal exchange through food surface is crucial. The functional
food exchange constituents encompass product shelf-life,
improving food quality and well-being hence eventually
foremost to lessen wastage of food.

Nanosensors/nanobiosensors

Nutraceutical safety is a significant concern in food diligence
and agriculture because of its straight alliance to the impact
of food on the health of humans. Current food protection
and public health distress about food essences and chemical
remain in the food industry obligate fascinated extensive
responsiveness [60]. Conventional revealing techniques
for perilous constituents and bacterial pathogens are time
overwhelming and affluent, so it essential to expand rapid,
sensitive practices to identify these constituents. Consider-
ing current years, the nanotechnology devours appeared as
a capable field for deciphering safety of food concerning
expressions of sighted toxin constituents. There is probable
intent for solicitation of nanosensors for observing food
quality and safety in the food and agriculture diligence [61].
Their solicitations remain in medication, food, agriculture

and biotechnology. Nanobiosensors stood advanced designed
for their submissions in recognition of particles identical to
glucose, urea, pathogens and several microorganisms. The
nanosensors have further benefits owing to presence small,
transportable, sensitive, assessable, consistent, precise,
reproducible and stable.

Advantages of nanomaterials
in nutraceuticals

e Herbal nutraceuticals are valuable in retaining health, and
they also help for nutritionally provoked acute or chronic
ailments, promote longevity, quality of life and health.

e Nutraceuticals have established significant curiosity
because of their supposed safety, prospective nutritional
value and therapeutic outcomes.

e The increasing trend in nutraceuticals is public education,
cultivation and processing, a renewable source, environ-
mental friendliness and local availability.

e Nanosensors can control accommodating dealings amid
enzymes, analyte and correspondent dyes. Packaging
integrating nanosensors intended for beckoning and sens-
ing of biochemical and microbial variations.

e The efficient solubilization, stabilization, encapsulation
and delivery of nutraceuticals/bioactive based on nano-
technology lead to properties such as enhanced absorp-
tion in low doses, reduction in the frequency of dose
administration and improved therapeutic index.

Gleeson et al. [62] looked into the potential of certain
delivery strategies for the improvement of the oral bioavaila-
bility of different types of nutraceuticals, such as fatty acids,
bioactive peptides, micronutrients and phytochemicals, and
emphasised that nutraceutical and pharmaceutical indus-
tries could leverage approaches to oral delivery formula-
tions, which would result in synergies for nutraceutical and
pharmaceutical molecules. For example, microfluidization
could be considered as an efficient emulsification technique
resulting in fish oil-encapsulated powder producing emul-
sions at the nanoscale range (d43 of 210-280 nm) with the
lowest unencapsulated oil at the surface of particles [63].

At the preparation of liposomes starting from large multi-
lamellar vesicles with a diameter range, 2.9-5.7 pm using an
ultrasound-assisted approach based on the thin-film hydration
method, unilamellar vesicles with diameter sizes ranging from
40 to 51 nm were achieved, showing the EE of 56% for cobal-
amin, 76% for a-tocopherol and 57% for ergocalciferol. The
nanovesicles and their content were kept intact for > 10 days
when incubated at simulated conditions of the extracellular
environment thanks to the used lipid composition [64].

The investigation of the encapsulation and preservation
of quercetin (Q) with cyclodextrins (CDs), conventional
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liposomes composed of three different types of phospholip-
ids (unsaturated egg Lipoid E80, unsaturated soybean Lipoid
S100 and saturated soybean Phospholipon 90H) and drug-
in-CD-in-liposomes showed that the application of Lipoid
E80-liposomes resulted in better protection of Q against UV
irradiation, and its photostability was additionally improved
when encapsulated in drug-in-CD-in-liposomes (sulfobuty-
lether B-CD/Q inclusion complex in Lipoid E80 liposomes)
[65].

Semenova et al. [66] focused their attention on the molec-
ular design of DESs on the basis of nanoscale complexes
formed between a covalent conjugate (sodium caseinate
(SCas) + maltodextrin; dextrose equivalent=2) and combi-
nations of polyunsaturated lipids that are mutually comple-
mentary in the content of ®-6 and w-3 PUFAs: a-linolenic
acid (a-LNA) + a-linoleic acid (a-LLA), liposomes of soy
PC+ a-LNA and micelles of soy lyso-PC + a-LNA. The
researchers concluded that thanks to the EE of all these lipid
combinations by the conjugate, lipids were highly protected
against oxidation, and their high solubility in an aqueous
medium was reached.

Dey et al. [67] designed ®-3 PUFA that is enriched with
biocompatible NE with sesame protein isolate (SPI) as a natu-
ral surfactant. NE with 0.5% (w/v) SPI and Tween 20 and Span
80 used in 1:1 ratio having the hydrodynamic droplet size of
89.68 +2.38 nm effectively enhanced the shelf-life stability of
NEs, and the fatty acid release from NE droplets was >90%
during 120 min of simulated two-step in vitro digestion.

Zheng et al. [68] subjected CUR-loaded oil-in-water
(O/W) NEs prepared using the conventional oil-loading
method, the heat-driven method and the pH-driven method
and three commercial CUR supplements (Nature Made, Full
Spectrum, and CurcuWin) to a simulated GI tract model
consisting of mouth, stomach and small intestine phases and
found that the three tested NEs showed similar CUR bioac-
cessibility (74—79%) with the highest absolute amount of
CUR in the mixed micelle phase of the NE fabricated by the
pH-driven method.

Nunes et al. [69] focused on the use of solid lipid NPs
as oral DESs of phenolic compounds that allow overcom-
ing the pharmacokinetic limitations of these compounds
and ameliorate their nutraceutical potential. In another
study, Papagiannopoulos and Vlassi [70] reported the
preparation of multi-functional stimuli-responsive NPs
for food and biomedical applications by combining elec-
trostatic complexation between proteins and polysaccha-
rides with following thermal protein denaturation for the
production of chondroitin sulfate/bovine serum albumin
NPs. The irreversible protein-protein contacts upon tem-
perature treatment provide the complexes with properties
of nanogels, and the surface charge of the prepared NPs
reversed at pH 5.3, while their size depended on the solu-
tion ionic strength and pH.
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Rubio et al. [71] identified proteins described as media-
tors of Lactobacillus’ probiotic effects, namely p40, p75 and
the product of LCABL_31160, which was annotated as an
adhesion protein. The expression and subsequent encapsu-
lation of proteins into microvesicles of bacteria generally
considered as safe could also be used in applications of foods
and nutraceuticals.

Ghayour et al. [72] encapsulated CUR and Q using a hier-
archical approach (binding of a ligand to SCas with subse-
quent re-assembling of micellar nanostructures or formation
of casein NPs). r-CMs had smaller mean particle size than
casein NPs, and the entrapment efficiency of both ligands
was >90%. An incorporated phenolic compound showed
notably improved chemical stability during an accelerated
shelf-life test. The aqueous solubility of CUR and Q after
loading in r-CMs was higher than that of free polyphenol
molecules, and the viability of treated MCF-7 human breast
cancer cells decreased.

Rico et al. [73] investigated controlled FA delivery and sta-
bility in fruit juices to reduce potential for over-fortification
risks by using dated MSPs and observed that the encapsu-
lation of FA into MSPs resulted in considerably improved
vitamin stability and contributed to controlled release after
consumption by modifying FA bio-accessibility.

Singh et al. [74] reviewed causes and consequences of
micronutrient deficiencies and the bioavailability of nutri-
ents, vitamins, minerals and silica for food and outlined that
the release of nutrients from silica in a simulated intestinal
fluid is better than in simulated gastric fluid.

Mao et al. [75] focused their attention also on emulsion
design enabling the delivery of p-Car in complex food sys-
tems and fulfilling its benefits in functional foods. Lipid
droplets in B-Car enriched O/W emulsions stabilised with
surface-active chlorogenic acid-lactoferrin-polydextrose
conjugate used as an emulsifier with the mean particle diam-
eter of <400 nm across the pH range 2-9 (except pH value
around 6.0) exhibited better stability against droplet aggre-
gation under simulated GI tract conditions (mouth, stom-
ach and small intestine) than other systems, which resulted
in improved B-Car bioaccessibility, and such formulations
could be potentially applied as protectors and carriers of
hydrophobic drugs, supplements and nutraceuticals.

Nanosensors or nanobiosensors are used in food microbi-
ology to detect pathogens in treating plants or food materi-
als, quantify obtainable food components and alert consum-
ers and distributors to food safety prominence. Nanosensors
remain encompassed in the packaging of food to sense the
chemical or pathogen impurities throughout food spoilages,
provided that precise cessation dates and real-time rank-
ing in food freshness [76]. Also, they can react towards the
modifications in the environment’s usage of oxygen, humid-
ity and temperature during processing. Several gas sensors
can also detect food spoilage based on microorganisms.



Drug Delivery and Translational Research (2022) 12:485-499

493

Nanoparticles of metal oxide are useful in identifying dif-
ferent substances. Microorganisms may also be seen through
various gas emission activities by conducting polymer
nanoparticles [77]. TiO, nanoparticle-based O, sensing
biosensors, through photosensitization of a triethanolamine
decrease in the UV matrix of methylene blue, have been
developed [78]. The presence, sort and concentration of
contaminant microorganisms could similarly be perceived
grounded on nanowire stabilised antibodies and antigens, as
pathogen-specific antibodies remain involved to the nanow-
ires in the food.

Nano encapsulated antigens, enzymes, polysaccharides,
glycol-proteins and antibodies may be advised as effective
nanobiosensors for the detection of food-specific compounds
that are markers of multiple microbial or chemical spoilage
of food. Temperature and time indicators in smart packaging
are designed to the intellect, record along with construing
the protection of packaged food, particularly on its storage
in non-optimal circumstances.

Potential role of nanotechnologies
and nutraceuticals

Solicitations of nanotechnology in the food or nutraceutical
sector remain merely novel but stand expected to proliferate
in the upcoming years. Research in food nanobiotechnology
involves, in particular, the addition of antioxidants, antimi-
crobials, biosensors and other nanomaterials to food con-
stituents [79]. Nanobiotechnology compromises an exten-
sive sort of prospects intended for the progress of innovative
products and solicitations in the food system. It can be used
for site-specific delivery of nutraceuticals or active products
via different transportation systems, such as nanoemulsions
and nanodispersions [80]. It can be used as a self-cleaning
layer, antibacterial coating and wrapping (e.g. smart and
practical), food pathogen detection and monitoring of nutri-
tion decomposition via nanosensors. It can be used for the
immobilization of enzymes and green synthesis of inorganic
metals and metal oxides, in which structures and features
of nanobiotechnology have a crucial part to play [81]. The
potential application of nanomaterials in different sectors of
nutraceuticals is shown in Fig. 1.

Encapsulation of phytoconstituents

Nanoencapsulation is a method for improving the stabil-
ity of insoluble bioactive water composites. In addition
to enhancing water solubility and permanence of the bio-
active composites, nanoencapsulation offers controlled
discharge to safeguard their pharmacological/biological
action in the body. Fortification of micronutrients and

delicate nutraceutical composites from degradation and
loss of action has stood comprehensively premeditated
inside the perspective of microencapsulation approaches.
Drying, solvent evaporation, electrospraying, nano emul-
sification, nanoprecipitation, coacervation and electro-
spinning and different approaches are the most common
techniques used for compound encapsulation [82].

Using nanoencapsulation methods, phytoconstituents
can be used to pack the essential substances to hide their
unwanted features such as odour or reactivity, protect them
from cultural pressures that destroy them and regulate their
release [83]. Thus, nanoencapsulation procedures can be
used to ensure safety, increase activity and stabilise bioac-
tive compounds like proteins, lipids, polysaccharides, vita-
mins and antioxidants. It can remain arranged in nanocom-
posite, nanoparticles, liposomes and nanoparticles. Thus,
several diverse provision approaches can remain developed
to boost the cell absorption of respected compounds that
promote health and thus reduce the quantity of the com-
ponent required depending on novel nanoencapsulation
and control release technique [84]. The diverse practices
are advised to offer these composite nanocapsules in sev-
eral revisions, comprising high or low energy response
practices. Consequently, nanoencapsulation can provide
substantial savings in which the nano-sized composites
consumed unique amplified surface-based individualities,
similar to colourant activity, solubility and conductivity,
etc., in contrast to their micro-sized form [85].

Numerous synthetic or artificial surface-active compos-
ites can be used as emulsifiers in also small molecular or
polymer types, containing nutraceutical nanoencapsulation
molecules and stabilisers [86]. Proteins and polysaccha-
rides are therefore required in the formulation of nanoen-
capsulation. Protein-carbohydrate conjugations through
enhanced stabilization, water solubility and emulsifying
characteristics enhanced antioxidant and decreased aller-
genicity [87]. They were used in nanoencapsulation of oil
composites similar to essential oils and polyunsaturated
fatty acids. It remains established that nanoencapsulation
of crucial oils might augment their antimicrobial actions,
subsequently, safeguarding adeptness in the food method.
The nanoencapsulation of essential oils has been verified
to increase the antimicrobial activity and thus preserve the
effectiveness of the nutrition scheme [88].

The research team of Shanmugam et al. (2017) first syn-
thesised and characterised curcumin and rutin-chitosan
encapsulated phytoconstituents [89]. To improve the bio-
availability and effectiveness, curcumin and rutin have been
loaded into a single nanoparticulate device. They prepared the
formulation through solvent evaporation technique in order to
meet this target. In addition to this, the Zeta Sizer, scanning
electron microscopy (SEM) and Fourier transform infrared
(FT-IR) spectroscopy were used to determine particle size
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and shape. The prepared nanoparticles were in the range of
25-100 nm in size, and the release profile was calculated to be
non-Fickian transport. A pharmacokinetic analysis was per-
formed in rabbits and the pharmacokinetic profile was tested
in vivo. When considering the bioavailability, the findings
reveal that the oral bioavailability of Curcumin and Rutin are
boosted by 3.06 and 4.24 times when opposed to their pure
drugs. These results indicate that current novel nanoparti-
cles filled with these combination drugs could have a greater
therapeutic ability in the treatment of drug-resistant cancers.

This encapsulation technique is also applicable for encapsu-
lation of volatile compounds like food flavouring, taste, odour
and aroma. However, due to evaporation, decomposition and
degradation, they tend to decrease. To protect the aroma nature
of the products, application of nanoencapsulation technique is
very important. It can safeguard and govern their releases and
efficiently meet the challenges of the food industry regarding
the allowance of their durability, freshness, prolonged prefer-
ence and organoleptic characteristics [90].

Reducing particle size or nanotechnology in nanoscale
encapsulation and increasing surface area relative to mass
ratio increases bioavailability, improves controlled release,
also allows for more accurate handling of bioactive com-
pounds than microencapsulation. Nanoencapsulation tech-
nologies also have many advantages such as protection
against oxidation, retention of volatile ingredients, targeted
drug delivery, lessening in the magnitude of exploited core-
shell substantial, amended stability beside coalescence and
gravitational departures, taste masking, change in flavour
character, consecutive delivery of multiple active constitu-
ents, articulating optically noticeable bioactive composite
solutions, long-lasting organoleptic discernment, quicker
dissociation and great intracellular endorsement. These
encapsulation technologies can remain engaged to safeguard
the chemical structure and purpose of food substantial and
nutraceuticals and to upsurge the bioavailability and shelf-
life of the product.

Enhancement of solubility

The aqueous insolubility of the utmost significant nutraceu-
ticals, similar to fat-soluble phytosterols, essential oils, vita-
mins, carotenoids and polyunsaturated fatty acids etc., makes
their applications difficult, particularly in food formulations
established on aqueous substances [91]. It has been docu-
mented in the literature that there is adjacent affiliation amid
the cellular uptake of nutritional composite and solubility.
Reduction of the size of the compounds, particularly into
nano range, upsurges the solubilizing rate and the satura-
tion solubility, owing to the substantial reversed surface
area. Consequently, nanotechnology deals homogeneous
dispersal of these efficient lipids bioactive into the water,
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using nano-sized provision schemes. Compared with other
formulation, nano-nutraceuticals deliver different surface
area and obligate the probable to upsurge solubility, aug-
ment the bioavailability, progress the controlled discharge
and assist accuracy affecting the encapsulated substantial
to a superior magnitude [92]. Quercetin, one of the utmost
pretty flavonols, is exceptionally adaptable in its bioavail-
ability and its solubility restrictions its absorption. In con-
trast, its nanoformulation remains stated to be valuable for
its continuous delivery. Conferring to literature, innumerable
revisions obligate stood steered to integrate lipophilic bio-
active into nano-sized conveyance schemes, which remain
dispersible in water schemes [93].

Saoji et al. [94] have increased the solubility and per-
meability of Standardized Bacopa Extract (SBE), a phos-
pholipid-based complexation strategy. To prepare the
SBE-phospholipid complex, a solvent evaporation process
was used. The formulation of BN was confirmed by using
SEM, FTIR, DSC and powder X-ray diffraction (PXRD).
BN demonstrated considerably greater aqueous solubility
relative to pure SBE (20-fold) or the physical mixture of
SBE and phospholipid (13-fold). In vitro dissolution showed
a considerably higher efficiency of the prepared complex
(BN) in releasing the SBE (more than 97%) in contrast to
the pure SCE (42%) or the physical mixture (47%). Hence,
it can be reported that drug-phospholipid complexation
could be necessary to increase the solubility of bioactive
phytoconstituents.

Enhancement of bioavailability

There are many instances of hydrophobic elements from
food products with potential health profits while com-
monly consumed as a measure of an entity’s nutrition,
similar as nutraceuticals (e.g. carotenoids, curcumin, fatty
acids, conjugated linoleic acids and coenzyme Q10) [95].
Many distinct physicochemical and physiological aspects
subsidise to this form of bioactive agent’s low bioavail-
ability. The insolubility of efficient lipid replacements in
the gastrointestinal tract is an alternative purpose for the
less bioavailability of the composites [96]. Consequently,
amassed nutraceutical bioavailability expending numer-
ous nano-sized delivery schemes, for instance, approaches
based on phospholipid have stood anticipated by multiple
researchers. There are several studies, where it has been
designated that bioavailability of practical lipid bioac-
tive compounds has stood substantially amplified by their
integration to nano-sized delivery system.

The nano-sized conveyance schemes can similarly
govern the interfaces of constituents through biological
standard and so the biodistribution. Amendment of the
nano delivery schemes by embedding the hydrophilic
particles, like polyethylene glycol, remains executed to
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regulate the molecular alteration and exploit their bioac-
cessibility and absorption. The bioactive bioavailability
is proportionate to the cellular absorption, molecular
conversion and bioaccessibility. Consequently, amassed
bioaccessibility or absorption bioaccessibility moreover
along with varying molecular assembly, valour ensue
through digestion, indications to an extensive upsurge in
the bioavailability [65].

The solid lipid nanoparticles (SLN), through entire
solid lipid matrix, obligate stood anticipated as the utmost
proficient delivery schemes for bioactive composites
which can moreover upsurge the solubility or advance
the epithelium permeability and bioavailability. In accu-
mulation to nutraceuticals, the SLN can have nanoen-
capsulation numerous medications to upsurge their oral
bioavailability [97].

On the former hand, proteins obligate stood described
as pretty bioavailability accompaniment composites for
nutraceuticals owing to their great profusion, preferred
biocompatibility and amphiphilic nature [98]. Some phy-
toconstituents showed improved bioavailability in their
nano form. The chitosan/polyglutamic acid nanocompos-
ites designed for the oral conveyance of green tea cate-
chins [99]. Their extended nanoparticles exhibited antiox-
idant action along with amplified paracellular transport,
regardless of passage via gastrointestinal. Consequently,
the product owes its usage in numerous food preparations.

Diosmin’s (DSN) bioavailability was improved by
the lyophilised phytosomal nanocarriers by Freag et al.,
[100]. In this research, new phytosomes loaded with DSN
were produced to enhance drug dissolution and intestinal
permeability. The following approaches were employed
for formulation preparation: solvent evaporation, salting
out and lyophilization. The optimization of an nanocarrier
encompassed the collection of various soybean phospho-
lipid (SPC) forms, different solvents and different DSN/
SPC molar ratios (1:1, 1:2 and 1:4). The various instru-
mental methods were used to characterise the prepared
formulation. Diosmin was effectively permeated into rats’
intestines, with 80% of the volume permeated used for
experimentation. The outcomes were then evaluated, and
findings revealed improved dissolution and permeation
characteristics as well as increased drug distribution.

Control release

Owing to their applicability in the arena of drug distribution,
controlled release systems have drawn tremendous atten-
tion. Delivery systems can also have a significant impact
on food processing and digestion by preserving essential
nutrients and other ‘bioactive’ foods. However, owing to a
few constraints, the characteristics of the nutraceuticals are
still not fully realised. Bioactive delivery through food is

a significant challenge because these bioactive are gener-
ally associated with many limitations such as lack of stabil-
ity and release conditions, poor bioavailability due to low
permeability, low solubility and toxicity of the compound
[101]. Thus, to provide active distribution, the concentration
governs the provided bioactive compound that concluded
time and amassing on the site of exploit ought to be pru-
dently intended and organised, which might be magnificently
executed by numerous nano-based delivery schemes. These
distribution schemes can amend the release of composites
due to the small size and surface to volume ratio, the pro-
ficiency to afford intravascular delivery, steady release and
stabilization of bioactive. The alignment and nature of deliv-
ery schemes disturb the discharge of privileged bioactive to
the situation. Consequently, several sorts and concentrations
of bioactive composite, nanoparticle size, emulsifying and
stabilizing agents contribute to numerous release properties.

Organic carriers, similar to micelles, liposomes, and
polymeric nanoparticles, obligate stood expansively probed
for their convenience as delivery schemes. Nevertheless,
organic carriers similar to micelles grieve from poor stability
remaining to a biochemical outbreak. The receptive nano-
sized delivery schemes remain advance promising, scarcity
or further adapts [102].

Singh et al. [103, 104] prepared the multiparticulate sys-
tem of curcumin-loaded granules to the colon and its in vivo
evaluation in rats. Encapsulation of curcumin by multipartic-
ulate coating with inner guar gum and outer Eudragit FS30D
was employed to boost its applicability in the colonic dis-
eases. In vitro release analysis shows that multiparticulate
encapsulation of curcumin is effective in human gastrointes-
tinal tract physiology.

Conclusion and future prospects

The significance of healthy nutrition with significant
nutrients, such as vitamins or antioxidants, in adequate
quantities necessary for human and animal health, is
unquestionable. In reality, the strengthening of food prod-
ucts through similar nutritional appendages can be used
readily while adequate stabilization of the component in
the product can at least be ensured until the expiration
date. For maintaining the quality of the nutraceutical’s
works, it has been suggested that the application of nano-
materials is the best alternative.

The usage of herbal medicines or phytomedicines is
based on utilizing various sections of medicinal plants.
Herbal therapy is being investigated for the treatment’s
various benefits in both industrialised and emerging
countries. Herbs are currently used to cure chronic and
acute illnesses and to activate the immune system by
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utilizing different disorders and complications including
coronary disease, prostate diseases, obesity and inflam-
mation. Since the demand for medicinal plants is growing
on a regular basis, WHO estimates that the global herbal
industry would more than triple to $ 5 trillion by 2050
from the current sum of $ 62 billion. Even though it has
a place in the global economy, it also has to deal with
certain obstacles. The regulatory status, measurement of
protection and effectiveness, quality management, safety
monitoring and insufficient or weak information regard-
ing conventional, complementary/alternative therapies
are encountered and widely seen in many countries. To
promote global standardization and strengthening of regu-
latory policies, it is essential that regulatory policies on
herbal medicines be standardised and strengthened on a
global scale. In order to safeguard public health interna-
tionally, local regulatory bodies in all countries of the
world must be vigilant and consistently enforce success-
ful interventions to guarantee that all herbal medicines
licensed for sale are healthy and of sufficient quality. The
knowledge of healthcare practitioners, suppliers of herbal
medicines and patients/consumers is crucial to avoid the
severe risks of abuse of herbal medicines.

However, various phytochemical-based nanocarriers
have produced and engineered their own advantages,
such as being safe, environmentally sustainable and less
harmful, affordable, easy to scale and providing regulated
size and morphology for particles. In conclusion, plant-
mediated nano systems have the potential to enhance the
pharmacokinetic profile and bioavailability of phyto-
therapeutic substances for multiple disease conditions.

By taking the advantages of different nanocarrier, in
this paper, we attempted to gather data from the exist-
ing literature on the usage of nanomaterials for various
applications. We tried to summarise the solicitation of
nanomaterials to enhance or maintain the quality of the
products. In conclusion, applications of nanomaterials
help for maintaining physicochemical characteristics of
the products throughout life. Also, the micro- and nanoen-
capsulation of nutraceuticals can deliver an assortment
of benefits concerning their permanence, performance
in vitro and in vivo, improved biological activity and
consequent fortification of their nutritive significance
and bioavailability.
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