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Abstract: Over the past few years, nutraceuticals have gained substantial attention due to the health-
promoting and disease-preventing functions behind their nutritional value. The global prevalence of
nutraceuticals is reflected in the increasing number of commercially available nutraceuticals and their
wide range of applications. Therefore, a unique opportunity emerges for their further exploration
using innovative, reliable, accurate, low cost, and high hit rate methods to design and develop next
generation nutraceuticals. Towards this direction, computational techniques constitute an influential
trend for academic and industrial research, providing not only the chemical tools necessary for further
mechanism characterization but also the starting point for the development of novel nutraceuticals.
In the present review, an overview of nutraceuticals is discussed, underscoring the crucial role of
chemoinformatic platforms, chemolibraries, and in silico techniques, as well as their perspectives
in the development of novel nutraceuticals. This review also aims to record the latest advances
and challenges in the area of nanonutraceuticals, an innovative field that capitalizes on the assets
of nanotechnology for the encapsulation of bioactive components in order to improve their release
profile and therapeutic efficacy.

Keywords: nutraceuticals; chemolibraries; natural products databases; chemoinformatics; computa-
tional chemistry tools; novel drug delivery; nanonutraceuticals

1. Introduction

Nowadays, public awareness of health issues and concerns have created a new flourish-
ing economy based on food-derived bioactive compounds which present health-promoting
and disease-preventing functions, commonly referred to as nutraceuticals. Nutraceuticals
constitute an emerging sector in the pharmaceutical and food industry, receiving consider-
able interest due to their functions [1]. The increased scientific community interest in the
field of nutraceuticals is reflected in the fact that more than 8000 manuscripts have been
published in the last decade, highlighting the unforeseen worldwide response (Figure 1).

Recent studies have revealed that several nutraceuticals are promising agents for the
prevention and treatment of various diseases, such as allergies, Alzheimer’s disease, car-
diovascular and eye disorders, cancer, obesity, diabetes, and Parkinson’s disease, as well as
the regulation of immune system function and inflammation [2]. Therefore, nutraceuticals
have attracted substantial interest which offers novel opportunities for the development of
innovative products that will cover consumer needs for health-enhancing foods [3]. Based
on the increasing number of commercially available nutraceuticals and their wide range of
applications, the global nutraceutical market accounted for $289.8 billion in the year 2021
and is expected to grow to $438.9 billion by the year 2026, with a compound annual growth
rate of 8.7% for the aforementioned period [4]. Furthermore, following the outbreak of the
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COVID-19 pandemic, the nutraceutical market is expected to increase due to the possible
beneficial effects of these products on the human immune system function [5]. Additionally,
the number of nutraceutical-based patents has increased, highlighting the crucial role of
nutraceuticals worldwide [6].
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Figure 1. Number of published manuscripts for the period 2010–2022, derived from the bibliographic
database “SCOPUS” (https://pubmed.ncbi.nlm.nih.gov/?term=nutraceuticals&filter=simsearch3
.fft&filter=years.2010-2022/ Last access: 11 April 2022).

Currently, the nutraceutical industry conforms to the practices of conventional food
or pharmaceutical technology. However, current advances in the field of nanotechnol-
ogy are the driving force behind the novel research strategies followed in nutraceutical
development. Presently, nanosystems (structures or molecules of at least one dimension
with a size from 1 to 100 nm) are incorporated in many different areas of food and health
sciences. For instance, nanoengineered materials have been applied (a) for the nanopack-
ing and improvement of the sensory attributes of foods, (b) for the smart delivery and
nanofortification of functional and fortified products, and (c) for personalized treatment in
nanomedicine [7]. The implementation of nano-scale materials for the encapsulation and
delivery of nutraceuticals coined the concept of nanonutraceuticals [8].

Although the mechanism of action of nanoparticles is not yet fully elucidated and
may differ according to the selected nanosystem, the beneficial biological properties of
nanonutraceuticals are mainly attributed to the biological action of the loaded bioactive
compounds [9]. For instance, nanonutraceuticals can act through the scavenging of free
radicals, the improvement of antioxidant potential, and the chelation of transition metals.
Various molecular pathways (including NF-κB, interleukin 6 and 1β, and TNF-α) and
enzymatic functions (acetylcholinesterase, inducible nitric oxide synthase, superoxide
dismutase, NADPH oxidase, etc.) are affected [10]. In addition, these nanoformulations
protect the encapsulated bioactive molecules from oxidation or the action of gastrointestinal
tract enzymes. Thus, through targeted delivery, they facilitate their slow and controlled
release, elongate their activity, and enhance their bioefficacy [7,8].

Moreover, in recent decades, in silico virtual screening has emerged as a substantial
research tool, defined as a set of computational methods that analyze large libraries of
chemical compounds to identify potential hit candidates [11]. Among them, natural product
(NP) libraries constitute the main tool for the discovery of novel nutraceuticals by applying
virtual screening strategies. A remarkable number of academia, pharmaceutical, and
food companies utilize these methods, worldwide, highlighting their contribution to the
design and development process of novel compounds [12]. Computational techniques
provide a wide range of possibilities to speed up the design of nutraceuticals and reduce
the associated risks and costs [13].

In the field of nutraceuticals, in silico applications are still in their infancy, offering a
unique opportunity for further investigation and exploitation. Recent publications have
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revealed new pathways toward the discovery of novel nutraceuticals by using in silico
approaches [14]. The present comprehensive review is focused on the innovative concept
of nutraceuticals and, in particular, on the latest advances in that field which concern the
implementation of nanotechnology for the formulation of nanonutraceuticals. Furthermore,
the current overview delves into the use of these state-of-the-art nanoformulations in the
food and healthcare fields and also into their limitations and regulatory frameworks. In
addition, it emphasizes the applications of computational methodologies and tools that
facilitate the design and discovery of novel nutraceuticals. This overview illustrates the
potential of computational techniques to drive the first screening steps of the nutraceutical
industry in detail. Moreover, a prospective analysis of the impact of these techniques in the
field of nutraceuticals is discussed.

2. Review Methodology

The present review focuses on collecting data regarding the current knowledge in
the field of nutraceuticals in terms of in silico applications and nanotechnology advents.
In order to structure this overview, a thorough bibliographic search was employed in
different search engines, mainly Scopus and Google Scholar. The selected time frame was
between 2015 and 2022. The period of the search was limited from 2020 to 2022, only for the
terms related to nanonutraceuticals, since these concepts and their applications have been
discussed in other recent review papers. The keywords used for the collection of papers
were ‘Nutraceuticals AND market’, ‘Natural products databases’, ‘In silico screening’, ‘Com-
putational techniques’, ‘Nanonutraceuticals’, ‘Nanofibers’, ‘Nanoparticles’, ‘Liposomes’,
‘Nanoemulsions’. The type of documents that were examined included original articles,
reviews, and book chapters, published in the English language. The pipeline of the research
methodology is illustrated in Figure 2 by a PRISMA flowchart.
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3. Current Knowledge in the Field of Nutraceuticals
3.1. Nutraceuticals: Definition and Introduction

The term ‘nutraceutical’ originated from the plausible combination of the words ‘nu-
trient’ and ‘pharmaceuticals’ and was invented in 1989 by Dr. Stephen De Felice (Chairman
of the Foundation for Innovation in Medicine) [15]. According to the present definition,
‘nutraceutical’ refers to ‘a food (or part of a food) that provides medical or health benefits,
including the prevention and/or treatment of a disease’ [16]. The described terminol-
ogy has evolved through the years, characterizing ‘nutraceutical’ as ‘a product isolated
or purified from foods that are generally sold in medicinal forms not usually associated
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with food’ [17]. Based on literature data, there are a plethora of definitions that describe
‘nutraceuticals’, by referring to them as ‘food, food components or nutrients providing
health benefits behind their nutritional value’ [18]. To date, there is a controversy over the
specific definition of ‘nutraceutical products’ based on their deliberate usage. Even though
there is no clear definition of ‘nutraceuticals’ globally, the term includes health-promoting
and disease-preventing functions behind the nutritional value of these products [19].

3.2. Nutraceuticals Classification

Since no scientific consensus has been reached yet over the classification of nutraceuti-
cals, various criteria have been applied for their categorization (Figure 3). The key categories
of nutraceuticals are herbal and botanical products (natural extracts or concentrates), nu-
trients (fatty acids, amino acids, vitamins, and minerals), functional foods, and dietary
supplements, while their major natural sources are animals, plants, and microbes. If classi-
fied as nutritional ingredients, they can be divided into probiotics, prebiotics, antioxidant
vitamins, polyunsaturated fatty acids, dietary fibers, polyphenols, and carotenoids [20].
Tablets, pills, creams, capsules, liquids, and powders are the most common forms touted in
the global market [21]. On the basis of their health benefits, nutraceuticals serve several
functions against various ailments, such as neurodegenerative and cardiovascular diseases,
metabolic syndromes, congenital abnormalities, bone-related pathologies (osteoarthritis,
osteoporosis), and cancer [21,22]. The term ‘established nutraceuticals’ includes the prod-
ucts with confirmed health-promoting effects, while the lack of validated clinical evidence
describes the group of ‘potential nutraceuticals’ [20].
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3.3. Regulatory Framework and Official Guidelines

Whilst nutraceuticals, as a concept, attract the interest of the current global market,
there are still challenges that should be faced in order to bring nutraceuticals from bench
top to bedside. Essential issues, such as the safety, toxicity, efficacy, and quality of the final
products require further scrutiny to ensure consumers’ acceptance and reduce health risks.
Therefore, the adoption of a shared international regulatory system, which at this point
resides in the grey area between pharma and food regulations, is a key requirement.

For instance, the United States Food and Drug Administration (FDA) classifies nu-
traceuticals as ‘dietary supplements’ and therefore no safety or efficacy reports are de-
manded before approval. On the other hand, Canadian authorities have established a
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broader categorization of nutraceuticals, where they can be designated as drugs, foods, or
natural health products. According to the Japanese regulatory bodies, which are governed
by stricter legislation, nutraceuticals are termed as ‘Foods in General’, ‘Food with Health
Claims’, and ‘Food for Specified Health Uses’ [3,22], while European directives remain
quite equivocal since nutraceuticals can be considered as food supplements or medicinal
products, according to European Food Safety Authority (EFSA) [3,23].

Focusing on the future perspectives of nutraceuticals, the official international and
local authorities should set forth collective legislation that will provide a clear defini-
tion of nutraceuticals by describing a solid scientific rationale and common practices or
responsibilities regarding their manufacturing, approval, and labeling [23].

4. Novel Approaches in Nutraceuticals’ Discovery
4.1. Natural Products (NPs) Databases (Chemo-Libraries)

Chemo libraries consist of the main resources for in silico applications and have
emerged as a fundamental tool in the initial steps of computer-aided molecular discov-
ery [24]. These databases are repositories of chemicals, mainly composed of synthetic
and natural compounds, which provide information about their chemical scaffolds, their
computable structural properties, and their vendors.

The natural compounds databases constitute the main tool for the discovery of novel
nutraceuticals by applying virtual screening strategies. Natural compounds have been
the center of attention of the scientific community in recent decades, rendering them in
the limelight as an attractive and promising target for the discovery of novel bioactive
compounds. In comparison to synthetic compounds, the key areas in which they excel are:
(a) their structural diversity and complexity, often bearing numerous stereogenic centers
and fused ring systems, which are poorly represented in synthetic compounds, (b) their
abundance, and (c) their acceptance from consumers. It is noted that in 2017, the natural
products market reached 11.5 billion USD and it is expected to rise with an annual CAGR
of 19.7% between 2018 and 2026 [25].

Focusing on this knowledge-intensive scientific field, the current section attempts
to present an overview of free and open access databases consisting of compounds with
natural origins. These databases could be divided into two major classes, including (a)
Virtual and (b) Physical Natural Product libraries. The major difference between virtual and
physical libraries is that the first library contains only the chemical structures in an easily
retrievable format, appropriate for computational applications, while physical libraries
provide not only the chemical scaffold of NPs but also the available suppliers [26].

Virtual Natural Product Libraries

Up-to-date, only the COlleCtion of Open Natural prodUcTs (COCONUT: https:
//coconut.naturalproducts.net, accessed on 11 April 2022), a free of charge and open
access natural compounds database, efficiently aggregates the natural compounds chemical
structures collected from various open sources (most compounds were added from the
Ayurveda, Alkamid, CMNPD, and CyanoMetDB databases). Particularly, COCONUT
contains 406,747 unique natural compounds in a readable format (.SMILES file) which are
easily and quickly downloaded. Apart from chemical structures, COCONUT provides
information about the stereochemical forms, organisms, natural geographical presence,
and diverse pre-computed molecular properties of natural compounds [27].

The Natural Products Atlas (NPAtlas: https://www.npatlas.org/, accessed on 11 April
2022) constitutes another recently created open-access database, incorporating 24,594 natu-
ral compounds. It is a well-annotated database, including detailed information (structure,
name, organisms source, isolation references, total syntheses, and cases of structural reas-
signment) about natural compounds, but unfortunately, it involves only microbial natural
compounds [28].

The FooDB (https://foodb.ca/, accessed on 11 April 2022), a food-related chemical
database, obtains >23,000 food chemicals in a searchable and downloadable format. Up
to today, it is the most informative public resource of food ingredients, offering a unique

https://coconut.naturalproducts.net
https://coconut.naturalproducts.net
https://www.npatlas.org/
https://foodb.ca/
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opportunity for the identification of dietary components by performing virtual screening
methods [29].

Based on the proven beneficial effects of functionally useful plants, as food and
medicine, the Collective Molecular Activities of Useful Plants database (CMAUP: http:
//bidd.group/CMAUP/index.html, accessed on 11 April 2022) collected and classified in
a downloadable format 47,645 plant ingredients derived from 5645 plants. The novelty of
the aforementioned freely available database is that it possesses information not only for
the chemical structure, name, and predicted physicochemical properties of the ingredients
but also reports the ZINC code pointing out potential suppliers [30].

Marine natural products (MNPs) are considered important sources of biologically
active agents that regulate a variety of biological functions, offering a major impact on
human health [31–34]. The Comprehensive Marine Natural Products database (CMNPD:
https://www.cmnpd.org/, accessed on 11 April 2022) is a freely available database that
provides abundant information. The complete dataset could be downloaded via https:
//docs.cmnpd.org/downloads (accessed on 11 April 2022) in a ready-to-use format for
virtual screening [35].

Another database conveniently downloadable in a readable format is the South African
Natural Compounds Database (SANCDB: https://sancdb.rubi.ru.ac.za/, accessed on 11
April 2022), comprising more than 1000 compounds isolated from the plant and marine
life in South Africa. Compared to other natural databases, SANCDB incorporates avail-
able analogues from MolPort (https://www.molport.com/, accessed on 11 April 2022)
and Mcule (https://mcule.com/, accessed on 11 April 2022), two commercially available
vendors, overcoming the major problem of the commercial availability of the compounds.
Additionally, it facilitates virtual screening, including chemical scaffolds in a ready-to-dock
format [36]. Table 1 enlists the most common free access and downloadable virtual natural
compounds databases.

Table 1. List of the most significant open-access virtual natural compounds databases.

Database Name NP Type No. of Compounds VS Format Link

COCONUT [27] Generalistic 406,747 .SMILES and .SDF
https://coconut.

naturalproducts.net
accessed on 11 April 2022

NPAtlas
[28] Microbial 24,594 .SMILES and .SDF https://www.npatlas.org/

accessed on 11 April 2022

FooDB
[29] Food Ingredients 23,883 .MOL, .SDF, .PDB,

and .SMILES
https://foodb.ca/

accessed on 11 April 2022

CMAUP [30] Plant Ingredients 5645 .SMILES
http://bidd.group/

CMAUP/index.html
accessed on 11 April 2022

CMNPD [35] Marine >31,000 .SDF https://www.cmnpd.org/
accessed on 11 April 2022

SANCDB [36]
Chemical compounds

of South African
biodiversity

1012 .SDF and
.SMILES

https:
//sancdb.rubi.ru.ac.za/

accessed on 11 April 2022

NuBBEDB
[37]

NPs and derivatives
from

plants and
microorganisms native

2218 .MOL2

https:
//nubbe.iq.unesp.br/

portal/nubbe-search.html
accessed on 11 April 2022

http://bidd.group/CMAUP/index.html
http://bidd.group/CMAUP/index.html
https://www.cmnpd.org/
https://docs.cmnpd.org/downloads
https://docs.cmnpd.org/downloads
https://sancdb.rubi.ru.ac.za/
https://www.molport.com/
https://mcule.com/
https://coconut.naturalproducts.net
https://coconut.naturalproducts.net
https://www.npatlas.org/
https://foodb.ca/
http://bidd.group/CMAUP/index.html
http://bidd.group/CMAUP/index.html
https://www.cmnpd.org/
https://sancdb.rubi.ru.ac.za/
https://sancdb.rubi.ru.ac.za/
https://nubbe.iq.unesp.br/portal/nubbe-search.html
https://nubbe.iq.unesp.br/portal/nubbe-search.html
https://nubbe.iq.unesp.br/portal/nubbe-search.html
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Table 1. Cont.

Database Name NP Type No. of Compounds VS Format Link

TIPdb [38] Phytochemicals
originated in Taiwan

>9000
Focused on anticancer,

antiplatelet, and
antituberculosis

.SDF
https://cwtung.kmu.edu.

tw/tipdb/
accessed on 11 April 2022

TCM database@Taiwan
[39] Generalistic >20,000 .MOL2 http://tcm.cmu.edu.tw/

accessed on 11 April 2022

ChEBI [40] Generalistic >12,000 .SDF and
.SMILES

https:
//www.ebi.ac.uk/chebi/
accessed on 11 April 2022

Physical Natural Product Libraries

The ZINC 15 database (http://zinc15.docking.org, accessed on 11 April 2022) consti-
tutes the most comprehensive resource, which includes readily purchasable compounds
(over 230 million compounds in a ready-to-dock format), overcoming the limitations of
the compounds’ commercial availability. Particularly, the field of natural compounds
consists of over 80,000 ready-to-use compounds, derived from a plethora of vendors. In
addition, it categorizes natural compounds according to the following vendors: Analyticon
Discovery (www.ac-discovery.com, accessed on 11 April 2022), AfroDB [41], Compound
cloud (https://compoundcloud.bioascent.com/, accessed on 11 April 2022), Indofine
(www.indofinechemical.com, accessed on 11 April 2022), MolPort (www.molport.com,
accessed on 11 April 2022), MicroSource Natural Products (www.msdicovery.com, accessed
on 11 April 2022), Nubbe (www.nubbe.iq.unesp.br, accessed on 11 April 2022), Specs
(www.specs.net, accessed on 11 April 2022), TimTec (www.timtec.net, accessed on 11 April
2022) and UEFS (www.uefs.br, accessed on 11 April 2022), offering a direct assessment
of purchasability and price of compounds. Therefore, ZINC 15 combines the information
about the structure collection and potential suppliers, rendering it an ideal tool for virtual
screening applications. Another advantage of the ZINC 15 database of particular interest is
that, apart from chemical structures and vendors, it provides physicochemical properties
and analogs of the compounds that can also be examined as potential hits [42].

Analyticon Discovery (https://ac-discovery.com/, accessed on 11 April 2022) is a
free access database, that provides a continuously growing collection of purified natural
compounds. In particular, the library could be divided into the following subsets: (a) MEGx
which offers about 5000 purified natural compounds originating from plants and microor-
ganisms, (b) MACROx comprises over of 1800 macrocycle compounds, and (c) FRGx
with over 200 fragments. Additionally, Analyticon Discovery includes a semisynthetic
NP-derived compound subset (NATx) with over 26,000 compounds. Finally, polyphenols
and flavonoids collections are also available, offering a unique opportunity for further
exploration in the fields of the development of novel taste-modulating or health-promoting
ingredients for the food industry [26].

Ambinter (https://www.ambinter.com/, accessed on 11 April 2022) and Greenpharma
(www.greenpharma.com, accessed on 11 April 2022) constitute two collaborative com-
panies, offering a set of ~8000 natural compounds (alkaloids, phenols, phenolic acids,
terpenoids, and others) in .SDF format ready to use for virtual screening. Additionally,
the above-mentioned companies propose more than 11,000 semi-synthetic derivatives of
natural compounds [26].

One of the largest natural compound libraries is InterBioScreen (https://www.ibscreen.
com/, accessed on 11 April 2022), listing over 68,000 well-annotated natural compounds
derived from a variety of sources, such as plants and microorganisms. The presented
library is easily and quickly downloaded in a readable format (.SMILES and .SDF) [26].

The MolPort (https://www.molport.com/, accessed on 11 April 2022) database is
another natural compound vendor of paramount importance since it stores in downloadable

https://cwtung.kmu.edu.tw/tipdb/
https://cwtung.kmu.edu.tw/tipdb/
http://tcm.cmu.edu.tw/
https://www.ebi.ac.uk/chebi/
https://www.ebi.ac.uk/chebi/
http://zinc15.docking.org
www.ac-discovery.com
https://compoundcloud.bioascent.com/
www.indofinechemical.com
www.molport.com
www.msdicovery.com
www.nubbe.iq.unesp.br
www.specs.net
www.timtec.net
www.uefs.br
https://ac-discovery.com/
https://www.ambinter.com/
www.greenpharma.com
https://www.ibscreen.com/
https://www.ibscreen.com/
https://www.molport.com/
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files over 10,000 unique natural and over 100,000 natural-like products from a variety of
suppliers (.SMILES and .SDF). Therefore, its usage facilitates in silico screening applications
since it possesses available-to-purchase natural products.

A collection of more than 3000 natural compounds and 396 food additive-related
compounds are supplied from MedChemExpress (https://www.medchemexpress.com/,
accessed on 11 April 2022). For data accessibility, a query is required, and purchasable
compounds in .SDF format is received. The main advantage of the present database is that
all compounds have indicated bioactivity and safety.

INDOFINE Chemical Company (https://indofinechemical.com/, accessed on 11 April
2022) includes around 1900 NPs and semisynthetic compounds, in a ready-to-screen format
(.SDF), focused on flavonoids. The library consists of flavonoids, flavones, isoflavones,
flavanones, coumarins, chromones, chalcones, and lipids especially. The chemical scaffolds
of Indofine are offered and are classified according to compound types.

The most common free access and downloadable physical natural compounds databases
are presented in Table 2.

Table 2. List of the most significant open-access physical natural compounds databases.

Database Name NP Type No. of Compounds VS Format Link

ZINC 15 [42] Generalistic >80,000
.MOL2
.SDF

.SMILES

https://zinc15.docking.org/
accessed on 11 April 2022

Analyticon Discovery
[26]

MEGx
plants and

microorganisms
5000 NC

.SDF
via request

https://ac-discovery.com/
accessed on 11 April 2022

MACROx
Macrocycle compounds >1800

FRGx
Fragments >200

Ambinter and
GreenPharma [26] Generalistic >8000 .SDF https://www.ambinter.com/

accessed on 11 April 2022

InterBioScreen [26] Plants and
Microorganisms >68,000 .SDF

.SMILES
https://www.ibscreen.com/

accessed on 11 April 2022

Indofine Generalistic >1900 .SDF
https:

//indofinechemical.com/
accessed on 11 April 2022

MolPort Generalistic >10,000 .SDF
.SMILES

https://www.molport.com/
accessed on 11 April 2022

MedChemExpress
Generalistic >3000

.SDF
https://www.

medchemexpress.com/
accessed on 11 April 2022

Food additive-related
compounds 396

4.2. Virtual Screening (VS) Techniques

As it is generally known, the identification of bioactive molecules constitutes an ex-
pensive, time-consuming, and laborious inter-disciplinary process. As a result, innovative
approaches are continuously developed, aiming to optimize and simplify this procedure.
Among them, Virtual Screening (VS) is one of the most important and widespread strategies
that has been applied for the determination of potentially bioactive molecules. In recent
years, a variety of tools and software that can be performed in VS were utilized to reduce
the selection of promising compounds that will be tested experimentally. Particularly, VS
objectives are to accelerate the discovery process, increase the number of compounds to be
tested experimentally, and rationalize their choice [13,43]. Additionally, the classification

https://www.medchemexpress.com/
https://indofinechemical.com/
https://zinc15.docking.org/
https://ac-discovery.com/
https://www.ambinter.com/
https://www.ibscreen.com/
https://indofinechemical.com/
https://indofinechemical.com/
https://www.molport.com/
https://www.medchemexpress.com/
https://www.medchemexpress.com/
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of NPs into libraries contributes effectively to VS, facing and tackling issues related to the
extraction, purification, and purchasability of NPs [26].

The most commonly used methods for VS of NP libraries include Molecular Docking,
Quantitative Structure-Activity Models (QSAR), Molecular Docking, Pharmacophore Mod-
eling, and Molecular Dynamics (MD) Simulations. The main advantage of these methods
is that they lead to reducing the selection of compounds that will be tested experimen-
tally [44].

In the field of nutraceuticals, in silico approaches such as QSAR, molecular docking,
and molecular dynamic simulations have been utilized, aiming to unravel bioactive food
components with health-promoting and disease-preventing properties [45]. The present
section provides a brief description of the fundamental idea of the above techniques as well
as their state-of-the-art applications in the field of nutraceuticals.

Quantitative Structure-Activity Relationship (QSAR)

In general, Quantitative Structure-Activity Relationship (QSAR) analysis is a ligand-
based computational technique that attempts to correlate the structural properties (chemical
structures) and the biological activity of a compounds’ dataset [46]. The underlying princi-
ple of QSAR models is based on the hypothesis that structurally similar compounds may
exhibit similar biological activities [47]. The creation of QSAR models is causally linked
with equations that relate a dependent variable (i.e., an observed activity) with a num-
ber of calculated descriptors, including physicochemical, constitutional, and topological
properties [48,49]. For this purpose, various multivariate statistical regression (Multiple
Linear Regression—MLR, Principal Component Analysis—PCA, and Partial Least Square
Analysis—PLS) and Machine Learning (ML) tools are applied in an effort to generate appro-
priate algorithms [50]. Table 3 presents a list of available software for molecular descriptor
calculations. The building of the model is followed by the validation process in which
the accuracy of the method is verified. The produced model can be used as a prediction
tool to prioritize compounds that have the potential to display biological activity and to
reduce the number of the compounds that will be tested experimentally [51]. Therefore,
it is a widely used process with a broad spectrum of applications in the pharmaceutical
landscape [52]. Regarding nutraceuticals, the relationship between food ingredients and a
variety of properties has already been studied on several occasions [53].

Table 3. List of several available softwares to calculate molecular descriptors.

Name Availability Link

Open Babel Free http://openbabel.org
accessed on 11 April 2022

RDKit Free http://www.rdkit.org/
accessed on 11 April 2022

Dragon Free
https://chm.kode-solutions.

net/pf/dragon-7-0/
accessed on 11 April 2022

Chemistry Development Kit (CDK) Free https://cdk.github.io/
accessed on 11 April 2022

Qikprop Commercial
https://www.schrodinger.

com/products/qikprop
accessed on 11 April 2022

Molecular Docking

Molecular Docking is the most commonly used in silico technique, which predicts
the interaction between a small molecule (ligand) and a protein (receptor) at the atomic
level. This approach enables the characterization of the behavior of small molecules in the
binding site of a target protein as well as the elucidation of the fundamental biochemical

http://openbabel.org
http://www.rdkit.org/
https://chm.kode-solutions.net/pf/dragon-7-0/
https://chm.kode-solutions.net/pf/dragon-7-0/
https://cdk.github.io/
https://www.schrodinger.com/products/qikprop
https://www.schrodinger.com/products/qikprop
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process behind this interaction [54]. It is a structure-based approach which requires a high-
resolution 3D illustration of the examined target derived from (a) X-ray crystallography [55],
(b) Nuclear Magnetic Resonance Spectroscopy [56], and (c) Cryo-Electron Microscopy [57].
Until now, numerous computational tools and algorithms have been developed, including
commercial or free-of-charge software (Table 4). Molecular Docking finds a plethora of
applications mainly in the field of drug discovery and design [58]. It should be noted that
during recent years, a constantly increasing interest has been observed concerning the
applications of molecular docking in food science [59].

Table 4. The most commonly used ligand-receptor Molecular Docking software.

Name Availability Link

AutoDock [60] Free/Open Source https://autodock.scripps.edu/
accessed on 11 April 2022

AutoDock Vina [61] Free https://vina.scripps.edu/
accessed on 11 April 2022

Dock [62] Free http://dock.compbio.ucsf.edu/
accessed on 11 April 2022

GOLD [63] Commercial
https://www.ccdc.cam.ac.uk/solutions/

csddiscovery/components/gold/
accessed on 11 April 2022

Glide [64] Commercial/License requirement
https://www.schrodinger.com/

products/glide
accessed on 11 April 2022

Molecular Operating
Environment
(MOE) [65]

Molecular Operating Environment
(MOE), 2020.09 Chemical Computing
Group ULC, 1010 Sherbooke St. West,

Suite #910, Montreal, QC, Canada, H3A
2R7, 2022

Commercial
https:

//www.chemcomp.com/Products.htm
accessed on 11 April 2022

PyRx [66] Open Source https://pyrx.sourceforge.io/downloads
accessed on 11 April 2022

OEDocking [67–69] Commercial https://www.eyesopen.com/oedocking
accessed on 11 April 2022

HADDOCK (High Ambiguity Driven
protein-protein DOCKing) [70]

Docking Web Server/registration
requirement

https:
//wenmr.science.uu.nl/haddock2.4/

accessed on 11 April 2022

SwissDock [71] Docking Web Server http://www.swissdock.ch/
accessed on 11 April 2022

In the nutraceutical landscape, molecular docking studies have been employed to
provide information about the initial steps of nutraceutical research that precede the in vitro
studies [45]. Herein, the most relevant applications of molecular docking in the assessment
of the potential health-promoting benefits of nutraceuticals are reviewed.

Pharmacophore Modeling

A pharmacophore model illustrates in a 3D arrangement, the chemical features, which
are crucial for the molecular recognition of a ligand by a macromolecule, offering a putative
explanation for the binding affinity of structurally diverse ligands to a common target [72].
It can be generated either in a structure-based way, by predicting the potential interactions
between the target and the ligand, or in a ligand-based way, by overlaying a group of
active molecules and creating common chemical features that may be responsible for their

https://autodock.scripps.edu/
https://vina.scripps.edu/
http://dock.compbio.ucsf.edu/
https://www.ccdc.cam.ac.uk/solutions/csddiscovery/components/gold/
https://www.ccdc.cam.ac.uk/solutions/csddiscovery/components/gold/
https://www.schrodinger.com/products/glide
https://www.schrodinger.com/products/glide
https://www.chemcomp.com/Products.htm
https://www.chemcomp.com/Products.htm
https://pyrx.sourceforge.io/downloads
https://www.eyesopen.com/oedocking
https://wenmr.science.uu.nl/haddock2.4/
https://wenmr.science.uu.nl/haddock2.4/
http://www.swissdock.ch/
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bioactivity [73]. Currently, a variety of 3D pharmacophore modeling generators have
been constructed, containing commercially available software and academic programs
(Table 5) [74].

Once a pharmacophore model is created, it can be exploited as a query to screen
a chemical library. Compounds that satisfy the query pharmacophore features are re-
trieved and expected to exhibit bioactivity. The described process, commonly known
as Pharmacophore-based Virtual Screening, represents a mainstream tool of VS with a
plethora of applications in the drug discovery process [75,76].

Table 5. List of several 3D pharmacophore modeling software.

Name Availability Link

Catalyst [77] Commercial Not available

FLAP [78] Commercial
https://www.moldiscovery.com/

software/flap/
accessed on 11 April 2022

LigandScout [79] Commercial Not available

MOE Commercial

https://www.chemcomp.com/
accessed on 11 April 2022

Chemical Computing Group. Molecular
operating environment (MOE). Montreal,

QC, Canada; 2010

Pharmer [80] Free for academic use http://pharmer.sourceforge.net
accessed on 11 April 2022

PHASE [81] Commercial
https://www.schrodinger.com/

products/phase
accessed on 11 April 2022

Pharmmaker [82] Free http://prody.csb.pitt.edu/pharmmaker/
accessed on 11 April 2022

PharmaGist [83] Freely available
webserver

https://bioinfo3d.cs.tau.ac.il/
PharmaGist/php.php

accessed on 11 April 2022

Molecular Dynamics Simulations (MD simulation)

Molecular Dynamics Simulation is another powerful computational tool that captures
the behavior of proteins, ligand-protein complexes, and other biomolecules in full atomic
detail and at very fine temporal resolution [84]. It is a well-established technique which
provides a molecular perspective to observe the behavior of atoms, molecules, and particu-
lates [85]. Based on Newton’s equation of motion, MD predicts the physical movements
of atoms and molecules using interatomic potentials or molecular mechanics force fields,
offering the opportunity to comprehend the overall behavior of molecular systems during
the motion of individual atoms [84].

Up to now, several force fields [86] and tools have been developed and are available for
MD simulations. GROMACS [87], AMBER [88,89], Nanoscale MD (NAMD) [90], CHARMM-
GUI [91], and DESMOND are the most commonly used tools for MD simulations.

In recent years, the impact of MD simulations in molecular biology and drug discov-
ery has expanded drastically [92]. MD simulations have gained ground in deciphering
functional mechanisms of proteins and other biomolecules, unraveling the structural basis
of disease, and designing and optimizing the production of small molecules [84].

Applications of in Silico Screening Techniques in the Field of Nutraceuticals

Although the application of in silico screening for the discovery of novel nutraceuticals
is still in its first steps, studies proving the significant role of these methodologies have

https://www.moldiscovery.com/software/flap/
https://www.moldiscovery.com/software/flap/
https://www.chemcomp.com/
http://pharmer.sourceforge.net
https://www.schrodinger.com/products/phase
https://www.schrodinger.com/products/phase
http://prody.csb.pitt.edu/pharmmaker/
https://bioinfo3d.cs.tau.ac.il/PharmaGist/php.php
https://bioinfo3d.cs.tau.ac.il/PharmaGist/php.php
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been carried out. Therefore, in this section, relevant applications of in silico techniques in
the evaluation of the potential health benefits of nutraceuticals are described.

Nowadays, the outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a life-threatening disease causing thousands of deaths daily, is responsible for a
current global health crisis. Therefore, the scientific community has the made treatment
and prevention of SARS-CoV-2 infection its first priority [93]. It has been proven that
nutraceuticals contribute effectively to reducing the chances of SARS-CoV-2 infection, but
also in alleviating COVID-19 symptoms [94].

Towards this direction, Gyebi et al. (2021) performed a structure-based virtual screen-
ing to suggest inhibitors of 3-Chymotrypsin-Like Protease (3CLpro) of SARS-CoV-2 from
Vernonia amygdalina and Occinum gratissimum. In particular, they applied docking studies
in the active site of 3CLpro, aiming to predict the binding affinity of an in-house library,
which includes 173 phytochemicals from Vernonia amygdalina and Occinum gratissimum.
Docking results defined a hit list of 10 phytochemicals with strong binding affinities in the
catalytic center of 3CLpro from three related strains of coronavirus (SARS-CoV, MERS-CoV,
and HKU4). Subsequently, drug-likeness prediction revealed two terpenoids, neoandro-
grapholide and vernolide, as the most promising inhibitors of SARS-CoV-2 3CLpro. The
selected compounds were subjected to Molecular Dynamics simulations and the results
showed that the examined terpenoid-enzyme complexes exhibited strong interactions and
structural stability, which could be adapted in experimental models for the development
of preventive nutraceuticals against coronavirus diseases [95]. Furthermore, Kodchakorn
et al. (2020) employed a combination of in silico screening techniques to determine natural
compounds with high calculated binding affinity on the homology structure of coronavirus
protease (SARS-CoV-2 PR). Molecular Docking and Molecular Dynamics simulations were
applied to eight natural compounds (Andrographolide, anthocyanin-β-D-glucoside, cap-
saicin, curcumin, cyanidin, cyanidin-3-O-glucoside, sesamin, and hesperidin). Result
analysis indicated that all natural compounds presented favorable binding affinities, pro-
viding preliminary data for the development of novel nutraceuticals [96]. On the other
hand, Kumar et al. (2019) utilized Molecular Docking to screen a library, consisting of
106 well-known nutraceuticals, against four SARS-CoV-2 targets (S protein (Receptor Bind-
ing Domain)-ACE2 complex, Mpro, PLpro, and Nsp15). The results suggested that among
the tested nutraceuticals, folic acid and its derivatives, such as tetrahydrofolic acid and
5-methyl tetrahydrofolic acid, were the most promising and could serve as a starting mate-
rial for further in vitro and in vivo experiments [14]. Recently, Baig et al. (2022) studied the
in silico inhibitory activity of 58 compounds, derived from the miraculous herb Nigella sativa,
against the SARS-CoV-2 target in an effort to propose potential compounds as SARS-CoV-2
inhibitors. Three compounds, α-hederin, rutin, and nigellamine A2 were identified as the
most promising molecules and further investigation is necessary to prove the ability of
Nigella sativa to inhibit SARS-CoV-2 targets [97].

5. Nanotechnology: A Powerful Toolbox in the Field of Nutraceuticals
5.1. Health Effects and Limitations of Nanonutraceuticals

Nanonutraceuticals outweigh traditional nutraceutical formulations since they can
(a) enhance the solubility and stability of the encapsulated natural bioactive compounds
and (b) increase their absorption and biological efficacy by diminishing the off-target release
and minimizing their side effects [8]. The up-to-date reported nanosized delivery systems
include polymeric nanonutraceuticals (nanocapsules and nanospheres), carbon-based nano-
materials (i.e., fullerene and graphene particles), lipid-based formulations (solid lipid
nanoparticles (SLNs), lipid nanocapsules, micelles, nanosuspensions, lipid–polymer hybrid
nanoparticles, nanostructured lipid carriers, and liposomes), metal-based nanoparticles
(silver and gold nanoparticles), dendrimers, nanoemulsions, exosomes, niosomes, quantom
dots, nanoshells, nanofilms, and nanofibers. In the majority of cases, the therapeutic cargo
of these nanocarriers is attributed to biologically active constituents, such as minerals, vita-
mins, polyphenols (i.e., resveratrol, rutin, tannins, anthocyanins, catechins and flavonoids,
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curcuminoids, berberine, etc.), carotenoids (lycopene, β-carotene, astaxanthin, etc.), ω-3
fatty acids, phytosterols, and probiotics (Lactobacillus and Bifidobacterium bacteria). When
these nanovehicles are loaded with phytochemicals (i.e., curcumin, resveratrol, vitamin E,
etc.), they are specified as nano-phytomedicines or nano-phytoceuticals. The first insights
concerning these nanoformulations showed that they act as more efficient delivery systems
of phytoconstituents [98,99].

Based on the latest scientific evidence, the role of nutraceuticals in the prevention
and treatment of several pathologies is multifarious. The scope of health-related appli-
cations of nanonutraceuticals is extended from the display of antioxidant, antimicrobial,
anti-inflammatory, wound healing, pain relief, and immunomodulatory properties to the
management of age-related neurogenerative conditions (i.e., Alzheimer’s and Parkinson’s
disease), cancer, diabetes, skin diseases and recently, of pre- and post-COVID-19 infec-
tions [99,100]. Recent examples of nanonutraceuticals in therapeutics and healthcare are
presented in Table 6.

Table 6. Potential therapeutical effects of recent nanonutraceuticals.

Nanonutraceuticals Bioactive Compounds Disease References

Bovine serum albumin
nanoparticles

(BSAnp)
Chrysin (Flavonoid) Potential use in cancer treatment [101]

Poly (lactic-co-glycolic acid)
(PLGA)-polyvinyl

alcohol (PVA)-Chitosan
nanoemulsion

Costunolide
(Sesquiterpene lactone)

Possible anticancer and cardiac
muscles protection [102]

Chitosan-modified solid lipid
nanoparticles

(SLNs)

Thymoquinone
(Monoterpene)

Possible anticancer, antidiabetic,
antimicrobial, hepatoprotective,
anti-inflammatory, and central

nervous system protective activity

[103,104]

Micro-micelles Sinacurcumin
(Curcuminoid)

Possible antiviral properties against
COVID-19 [99]

Nanocomposites Glycyrrhizic acid (Triterpene
glycoside)

Possible anti-inflammatory effects
against COVID-19 [99]

Nanoparticles Vitamin E/Squalene
(Endogenous lipid)

Decrease in pro-inflammatory
cytokines and

increase in IL-10 in COVID-19 cases
[99]

Special focus should be paid to the tuning of probiotics and prebiotics to their nano-
sized products, known as nanoprobiotics and nanoprebiotics, respectively. According to
the International Scientific Association for Probiotics and Prebiotics (ISAPP) definition,
live microorganisms confer beneficial effects on human health by modulating the immune
system, producing antimicrobial compounds, interacting with the gut microbiota of the
host, and improving gut barrier integrity are characterized as probiotics. The substrates
or natural compounds that the host microbiota use to improve the health of the host
are acknowledged as prebiotics [105]. The encapsulation of probiotics and prebiotics to
nanoplatforms reduces any possible side effects, enhances their stability, absorption, and
bioactivity, increases their fermentability and indigestibility in the GI tract, and triggers
their selective stimulation and targeted activity [106,107].

Nonetheless, the research community should address some issues regarding the toxic-
ity and safety implications as well as the manufacturing challenges of nanonutraceuticals.
At first, these nanoformulations must be fully characterized on the basis of their physic-
ochemical properties, especially their size and shape, which may induce tissue damage
or inadvertent permeation of non-targeted cell membranes. In addition, further clinical
data from in vivo animal models should be collected and evaluated to decipher the mecha-
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nisms of action of these nanoproducts, improve their absorption and metabolism by the
gastroinstestinal (GI) tract, and eliminate any possible immunotoxicity. Furthermore, the
commercialization of nanoproducts is strongly related to the establishment of scaled-up
cost-effective processes, which ensure the reproducibility, reliability, and high quality of the
final product. The outcomes of these trials will lead to the establishment of guidelines and
standardized protocols for the safe monitoring of nanonutraceuticals, which, eventually,
will curb the concerns of the consumers regarding their use [8,108].

5.2. The Latest Updates Regarding Nanonutraceuticals Applications

Based on the most recent projections regarding the demands of the current nutraceu-
ticals market [4], nanonutraceuticals will be at the forefront of research and industry
strategies in the upcoming years. Indicative examples of the newest applications of nanofor-
mulations, recorded in the last two years (2021–2022) are exhibited in Table 7.

Table 7. Examples of nanonutraceuticals reported in the last two years (2021–2022).

Nanonutraceuticals Bioactive Compounds Properties References

Nanoemulsion of
monoglyceride oleogels Curcumin Higher encapsulation efficiency/Decelerate

curcumin release [109]

Nanoemulsion of PLGA and
PVA natural polymers Thymoquinone

Reduce cisplatin-induced kidney
inflammation without hindering its

anti-tumor activity
[110]

Almond oil nanoemulsion Thymoquinone Gastroprotective activities [111]

α-Cyclodextrin nanoemulsion Costunolide Enhanced anticancer properties [112]

Oil-in-water nanoemulsions Resveratrol Improved solubility, bioavailability, in vivo
efficacy, and cytotoxic activity [113]

Solid lipid nanoparticles Berberine Higher bioavailability and anticancer effect [114]

Ufasomes Oleuropein Higher antioxidant activity [115]

Liposomes Thymoquinone
Reduced toxicity, increased cell absorption
and permeability/enhanced bioavailability

and anticancer efficacy
[116,117]

Liposomes Quercetin and mint oil Protection against oral cavities [118]

Corn starch-sodium alginate
nanofibers

Bifidobacteria and lactic
acid bacteria

Protection of their probiotic activity in a
food model and a simulated

gastrointestinal system
[119,120]

Food-derived hydrogel
nanostructures

Lupin- and soybean
glycinin-derived peptides

Antioxidant activity/ DPP-IV and ACE
inhibitors [121,122]

Nanoparticles Soy isoflavones Activity against the neurogenerative effect
of D-galactose [123]

The entrapment of curcumin in monoglycerides oleogels, which formed oil nanoemul-
sions of high stability, resulted in higher encapsulation efficiency and a more controlled
release of this bioactive molecule [109]. Nanoparticles increased the solubility and bioavail-
ability of thymoquinone and have been used in a cancer mice model as a complementary
therapy to prevent cases of nephrotoxicity caused by the cisplatin chemotherapy [110]. Thy-
moquinone nanoemulsions also exhibited strong anti-ulcer properties [111]. Costunolide is
another natural anticancer agent of the sesquiterpene group whose anti-tumor properties
were enhanced when it was loaded in an α-cyclodextrin nanoemulsion [112]. Oil-in-water
nanoemulsions of resveratrol demonstrated higher cytotoxic activity and improved signifi-
cantly the solubility, bioavailability, and in vivo efficacy of this polyphenol [113].

Lipid nanocarriers, such as solid lipid nanoparticles (SLNs), enhanced the therapeutic
effect of phytoconstituents, such as berberine, due to their lipid nature that facilitates the
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absorption and the targeted delivery of the bioactive compounds [114]. The combination of
two unsaturated fatty acids, oleic and linoleic acid, formed liposomes, known as ufasomes,
which achieved delivery of less or non-polar molecules, such as oleuropein, and increased
their antioxidant activity [115]. Liposomes containing phosphatidylcholine and the liq-
uid lipid Plurol Oleique also acted as carriers for the ocular delivery of thymoquinone
and decreased its possible adverse effects (i.e., the toxicity of high doses, low cell absorp-
tion, and permeability) [116]. Liposomal formulations (cationic liposomal formulation)
containing thymoquinone were also investigated for their anticancer properties [117]. Fur-
thermore, phospholipid liposomes loaded with quercetin and mint oil were used against
oral cavities [118].

Corn starch and sodium alginate-based nanofibers were applied as coatings to pro-
tect the probiotic activity of Bifidobacteria and lactic acid bacteria in yogurts and under
gastrointestinal conditions in a simulated system [119,120]. Moreover, a nanostructured hy-
drogel formed by a lupin-derived peptide proved to have significant antioxidant properties,
paving the way for the implementation of food-derived peptides in nanotechnology [122].
A year later, the same research group used synthetic analogues of lupin β-conglutin and soy-
bean glycinin bioactive peptides in gel nanoformulation as DPP-4 and ACE inhibitors [121].
Based on the results of Faruk et al. (2022), a soybean nano-isoflavone presented potential
therapeutic activity against the degenerative effect of D-galactose [123].

To sum up, there is mounting evidence that the engineering of natural products into
nanoformulations is emerging as a straightforward approach, able to improve the low
solubility, reduced bioavailability, low stability, non-site specific targeting, and possible
degradation of conventional nutraceuticals by gastrointestinal fluid.

6. Conclusions

In the last few years, a new perception has been shaped in the general public regarding
the incorporation of natural products and functional foods into everyday life. Thus, the
market of nutraceuticals greatly expanded due to their acknowledged health benefits
against several pathologies and their increased therapeutic efficacy compared to known
conventional formulations. Rapid progress in the field of natural compound databases
and chemoinformatics tools facilitates the design and development of novel nutraceuticals
with enhanced bioactivities by applying in silico screening methodologies. Furthermore,
the combination of in silico techniques with modern nanonization strategies is the key
driver in all the innovations related to nutraceuticals. Therefore, nanonutraceuticals are
considered the next generation nutraceuticals since they present improved properties,
such as enhanced stability and solubility and improved absorption and bioavailability,
and thus, more targeted delivery and upgraded therapeutic efficacy. Nonetheless, further
investigation and clinical data are required to draw safe conclusions regarding the toxicity
and safety of these nanoformulations. Finally, it is important to stress that both the research
community as well as international and local authorities should establish shared legislation
and common protocols to ensure the safety of consumers.
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