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Preface

Nanotechnology is currently a buzz word in almost every field, be it be 
Communication, Material Science, Bioprocessing or Food Processing. Food pro-
cessing sector is also undergoing radical changes globally and nanotechnology has 
moved in to different spheres such as emulsion preparation, encapsulation, targeted 
delivery, packaging, food safety, extension of shelf-life etc. Nanosensors are finding 
wide range of applications such freshness indicators, detection of spoilage through 
identification of contaminants in food samples etc. Various research groups are 
working across the globe in this area and some of the technologies have already 
been commercialized and well established. This book is an attempt to provide a 
comprehensive perspective of nanotechnology in food processing; the current state 
of research, industrial applications and future prospects.

This book on Nanotechnology in Food Engineering Vol 1, contains 12 chapters 
covering basic information about nanotechnology, various techniques used for the 
preparation of nanomaterials, nanoencapsulated foods, packaging materials and 
nanosensors. These chapters have been presented by research groups having rich 
expertise in this area and hailing for different parts of the world. The book discusses 
about techniques such as Supercritical Fluid for the preparation of nanoencapsu-
lated food-grade materials, Cavitation Technology for Nano-Foods, Spray drying 
technique for the preparation of nanomaterial, Inclusion Complexation and 
Coacervation to fabricate Nanoencapsulated foods and Microfluidization technique 
in Nano-Food Engineering. Also, the book covers topics on food packaging such as 
Nano-films for food packaging, Biopolymer Nanocomposite based food packaging 
and Herbal Bioactive Agents for Edible Food Packaging. It also includes chapters 
on Nanosensors for foods, nano-sorbents for determination of food contaminants 
and nanotechnology to improve solubility of bioactive constituents of foods for 
health-promoting purposes. We hope readers will be benefitted immensely from the 
vast experience of authors in their respective fields.

Mysuru, Karnataka, India Umesh Hebbar
Johannesburg, South Africa Shivendu Ranjan
Lucknow, Uttar Pradesh, India Nandita Dasgupta
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Introduction to Nanofood

Nikita Meghani, Sruja Dave, and Ashutosh Kumar

1  Introduction to Nanotechnology

Richard Feynman, a renowned physicist has first discussed the concept of nanotech-
nology and the scope for manipulating atoms for synthesis purpose by saying the 
fact that “There’s Plenty of Room at the Bottom”, (Feynman 1959).

The term “Nano” is derived from a Greek word that means “dwarf” or “small” 
thus nanotechnology takes into consideration all the science, engineering and tech-
nology operated at the nanoscale (Zhou 2013).

National Nanotechnology Initiative (NNI) is known to be world largest funding 
source for nanotechnology research and according to them, nanotechnology can be 
defined as “the understanding and control of matter at dimensions between approxi-
mately 1 and 100 nanometers, where unique phenomena enable novel applications 
not feasible when working with bulk materials or even with single atoms or mole-
cules. Encompassing nanoscale science, engineering, and technology, nanotechnol-
ogy involves imaging, measuring, modeling and manipulating matter at this length 
scale” (Zhou 2013).

The field of nanotechnology is developing rapidly as it attracts the attention of 
everyone by offering novel application and benefits at the nanoscale. Nanoparticles 
show the different property at a different size, in other words, that nano and mac-
roparticles of the same powder will have different properties (Chaudhry et  al. 
2008a). Several industries are being affected by this innovative and enabling tech-
nology. Starting from cleaning agents to edible items, personal care, sports, medi-
cine, and materials science, there is no field left unchanged by the usefulness of 
nanotechnology to make things better and susceptible for humans. The food indus-
try is one such area among generals where nanotechnology has already started to 
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inspire and change not only the traditional way of industries existence but also the 
way research and innovation are being carried out in general. Nanotechnology con-
ceptually has already started to provide the basic framework for the development 
required to understand the roots of food components into micro and nanoscale, 
which has led to influence the food structure and it’s rheological and functional 
properties (Sanguansri and Augustin 2006). In a simple way, nanotechnology has 
the potential to transform, every aspect associated with the food industry. Food 
packaging, food storage, processing and pesticides sense are some of the aspects of 
food industry where notable research is in progress using and the unique physico-
chemical properties of nanomaterials (Chaudhry et al. 2008a).

2  Nanotechnology in Food Industry – Overview

The food and beverage industry are globally a multi-trillion-dollar industry and 
looking into the ways to improve in every aspect as possible, starting from produc-
tion efficiency to food safety. Nanotechnology has emerged as a boon to this indus-
try, as this innovative technology has provided one-stop solution to multiple 
problems. Food safety, waste reduction and authenticity of the product are the part 
of food industry dependent on several different industries such as electronics, data 
storage and advancement of integrated devices. Nanotechnology has tremendously 
affected this industry and is thus affecting food industries in indirect ways. For e.g. 
the development of nanosensors has affected both electronics and food industry 
(Cushen et al. 2012).

Food safety, molecular synthesis of new food products, food packaging, compo-
sition, storage etc. are some vital areas concerning food industries which have 
already being impacted by the incorporation of nanotechnology in food industries 
which has now let to the emergence of food nanotechnology as an independent field 
of its own (Chen et al. 2006). Since the physiochemical and biological properties of 
nanostructures and nanomaterials are different from their bulk product, there is a 
rise of a new approach to looking into food systems especially the biological and 
physical occurrence of food. Several studies show a significant improvement in 
food safety, packaging, processing, and nutrition available in food due to the usage 
of nanotechnology in the food industry (Chaudhry et  al. 2008a; Dasgupta et  al. 
2015; He and Hwang 2016; Pathakoti et al. 2017; Pradhan et al. 2015; Sekhon 2010; 
Sekhon 2014).

Food preservation, colouring, flavouring, nutritional additives, usage of antimi-
crobial agents for food packaging are some of the most noteworthy application of 
nanotechnology in the food industry. However, food packaging is the area in which 
nanotechnology is in maximum demands as this has already challenged the conven-
tional methods of packaging by adding an enhanced barrier, and mechanical and 
heat-resistant properties as merits to its list (Honarvar et al. 2016; Patel et al. 2018; 
Pathakoti et al. 2017).

N. Meghani et al.
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Although nanotechnology has shown great potential in the formulation of inno-
vative products and processes in the food sector, there are many challenges left to 
overcome in food science and technology. One such is the production of edible 
delivery systems of nutraceuticals using economic approaches that are effective for 
human consumption and meet the safety norms (Dupas and Lahmani 2007; Patel 
et al. 2018).

To meet the challenges of the food sector, a great knowledge of food materials 
and processes at the nanoscale is required, which will be helpful in the innovation 
of new and improved products. Although the number of nanofood currently avail-
able in market is limited, nanotechnology has already thrilled the manufacturers, as 
its potential seems unlimited. Available technology has so far promised the intro-
duction of new food products in the market while bringing innovation like better 
food texture, improved taste, higher process ability, and increased shelf life (Gilligan 
2008; Rao 2009). Nanotechnology thus has the potential to change the entire food 
Industry from its roots.

3  Nanofood

Usage of nanotechnology in food Industry has brought back the usage of term nano-
food. The term “Nanofood” is now used to describe food that has been cultivated, 
produced, processed or packaged using nanotechnology techniques or tools, or to 
which manufactured nanomaterials have been added (Gilligan 2008; Joseph and 
Morrison 2006). However, nanofood was considered as a part of food industries 
since centuries as food structure naturally exists at the nanoscale. The idea of nano-
food is to have food products in the market with improved safety, enhance nutri-
tion’s, flavour and cost-effective. Nanofood though is still a relatively new aspect, 
one of the earlier applications of nanotechnology is as a carrier to deliver antimicro-
bial peptides required to stop the antimicrobial decay of food quality in the food 
industry. The following was achieved by coating starch colloids filled with an anti-
microbial agent so that when microorganism grow on the packaged food they will 
break the coating of starch leading to release of antimicrobial agents (Boumans 
2003; Gilligan 2008). The recent application of nanotechnology focuses on detec-
tion of food pathogen using nanosensors, which have the merit of being quicker, 
more sensitive and less labor-intensive procedures than the existing one. On one 
side where the benefits of nanofood are increasing exponentially like health- 
promoting additives, longer shelf life, new flavour and smart food packaging the 
questions are being raised on its safety of the nanomaterials and being used as they 
may interact with the living system and thereby can cause toxicity (Das et al. 2009).

Sooner or later, the warnings about nanofoods product are going to reach a tip-
ping point in terms of public attentions since nanofood is grabbing media attention 
worldwide. Questions are going to be raised about the materials and particles used 
in the products which are already available in the market, which may or may not 
have FDA approval (Gilligan 2008; Yiannaka 2012). A list of food products 
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currently containing nanoproducts include: Canola Active Oil (Shemen, Haifa, 
Israel), Nanotea (Shenzhen Become Industry Trading Co. Guangdong, China), 
Fortified Fruit Juice (High Vive. com, USA), Nanoceuticals Slim Shake (assorted 
flavors, RBC Lifesciences, Irving, USA), NanoSlim beverage(NanoSlim), Oat 
Nutritional Drink (assorted flavors, Toddler Health, Los Angeles, USA), and ‘Daily 
Vitamin Boost’ fortified fruit juice (Jamba Juice Hawaii, USA) and nanocapsules 
containing tuna fish oil (a source of omega 3 fatty acids) in “Tip-Top” Up bread 
(Enfield, Australia) (Gilligan 2008; Kirdar 2015; Sekhon 2010). Thus, along with 
food industries, a deeper knowledge of nanotechnology is important for innovation.

4  Nanomaterials and Nanostructures

Nanomaterials can either be naturally occurring or be externally added. Most widely 
used nanostructures in the food industry are engineered nanomaterials, nanoemul-
sion, nanoliposomes, and nanofibers.

4.1  Engineered Nanomaterials

Nanoemulsion of inorganic and organic substances both are used to form engi-
neered nanomaterials (ENMs), which are used in food industry for multiple pur-
poses. The ENMs are differentiated into three basic categories, inorganic, surface 
functionalized materials, and organic engineered nanomaterials (Chaudhry 
et al. 2008a).

Inorganic nanomaterials and surface functionalized nanomaterials are generally 
used as food additives or in food packaging and storage. While as organic nanoma-
terials are used to in products to enhance their uptake or absorption or as a carrier 
for certain nutraceuticals. Usage of inorganic nanomaterials has increased signifi-
cantly in food packaging and on another hand; surface functionalized nanomaterials 
are used to enhance properties such as antimicrobial or gas-barrier properties etc. 
One of the examples of inorganic nanomaterials is nanoselenium which is soon 
going to be used as an additive to green tea product, in order to enhance its antioxi-
dant effect (Sekhon 2010; Vance et al. 2015) (Table 1).

4.2  Nanoemulsion

The fundamental components of food, the food ingredients are rarely used in their 
purest form and thus there is a constant need for a better and stable delivery system 
to deliver nutraceuticals such as vitamins, antioxidants, flavouring etc. The delivery 
system needs to not only deliver the functional food but also not react with the bio 
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molecules being delivered, also need to protect the ingredient from various environ-
mental factors and its own degradation (Ravichandran 2010). For this purpose, 
nanoemulsion and nanoliposomes are already being exploited in the food industry.

Nanoemulsion have been recently exploited in the food industry due to their 
greater stability, higher optical clarity, increased bioavailability and their efficiency 
to delivery nutraceuticals (Meghani et al. 2018). Due to above mentioned proper-
ties, nanoemulsion are considered as the best emulsion-based delivery systems as 
they make encapsulation, protection and delivery of hydrophobic nutraceuticals and 
drugs, very conveniently for both functional food and pharmaceutical application 
(Kumar et al. 2016; Mirhosseini 2016). However, nanoemulsion so far have been 
synthesized to decontaminate food packaging equipment, remove pesticide residues 
from fruits and vegetables, to reduce surface contamination of chicken skin etc 
(Drusch 2007; Gharsallaoui et  al. 2007). Nanoemulsion have also shown great 
promise to be used in beverage industries (Shukla 2012). Nanoemulsion have been 
used as an antimicrobial agent against a broad range of food pathogens including 
some gram-negative bacteria e.g. Salmonella typhimurium (Mirhosseini 2016). 
These are currently being used to deliver nutraceuticals. For e.g. Cinnamon oil 
nanoemulsion synthesized using ultrasonic emulsification was used to deliver 

Table 1 The table lists examples of different type of nanomaterial used in Food Industry. Adapted 
from FSAI 2008 (Ireland 2008)

Category Nanomaterials Application Reference

Inorganic 
nanoparticle

Silver consumer products such as health 
food and water, food contact 
surfaces and packaging materials

Sekhon (2010); 
Vance et al. 
(2015)

Iron as a health supplement, in the 
treatment of contaminated water

Sekhon (2010)

Calcium and 
magnesium

health supplements and use as 
chewing gum

Gallus et al. 
(2003); Sekhon 
(2010)

Silica food contact surfaces, food packing Joseph and 
Morrison (2006); 
Sekhon (2010)

Surface 
functionalized 
nanomaterial

Nanoclays
(Montmorillonite)

improved properties in packaging 
(barrier, thermal, durability)

Avella et al. 
(2005)

Organic 
nanoparticles

Liposomes bioactive agent
nanoencapsulation, improved 
solubility and bioavailability, 
cell-specific targeting

Kumari et al. 
(2014)

Protein nanoencapsulation of hydrophobic 
nutraceuticals.
improved functionalities (gelation, 
heat stability)

Semo et al. 
(2007)

Polymeric nanoencapsulation & improved 
functionalities (delivery, 
antimicrobial)

Chen and 
Subirade (2005)

Introduction to Nanofood
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vitamin D (Meghani et al. 2018), while as a corn oil and orange oil were used to 
deliver polymethoxyflavones (PMFs) extracted from citrus peel (Li et  al. 2012), 
both of the nutraceuticals are hydrophobic compounds (Chakraborty et al. 2009). 
One of the most successful used of nanoemulsion was to deliver megestrolacetate 
oral suspension (MAOS) which are used as appetite stimulant in patients with AIDS 
(Deschamps et al. 2009).

4.3  Nanoliposomes

Like nanoemulsion, nanoliposomesare nanometric version of liposomes, colloidal 
structures formed by input of energy to phospholipids in an aqueous solution. 
Nanoemulsion and nanoliposomes both are under extensive research by all different 
sectors including food industries for their use a colloidal delivery system to deliver 
hydrophobic bioactive and functional agents. Nanoliposomes technology offers all 
the merits to industries similar as nanoemulsion such as enhanced stability and the 
protection of encapsulated material from all the environmental factors, chemical 
and enzymatic changes, stability from range of pH and ionic strength and most 
importantly masking unwanted odour or taste (Reza Mozafari et al. 2008). However 
nanoliposomes offers food industry an extra benefit, a possibility of controlled 
release of food material, a approach still not feasible with nanoemulsions (Astete 
et al. 2009). Traditionally food industry has been using liposomes and nanolipo-
somes to deliver flavours and nutrient, however recently they are being use to deliver 
antimicrobials to provide protection against microbial contamination (Tumbarski 
et al. 2018). Since nanoliposomes can be synthesized from natural occurring ingre-
dients such as soy, egg or milk, they have a edge over other in obtaining regulatory 
approval to be used in food industry (Reza Mozafari et al. 2008). The very first use 
of liposome was in synthesis of cheese (Law and King 1985). Recently nanolipo-
somes are used in delivery of concentrated enzyme during food processing and 
delivering antimicrobials to avoid microbial contamination (Fathi et  al. 2012). 
Coenzyme q10 nanoliposomes are an example of stable nanoliposome used to 
delivery enzyme in with a desired concentration of the enzyme (Xia et al. 2006) 
(Fig. 1).

4.4  Nanotubes

Carbon nanotubes (CNT) have been used in numerous application in different 
industries and thus the idea of using nanotubes emerged in the food industry (Weiss 
et al. 2006). Nanotubes are beneficial in food industry due to their large surface area 
which is exploited to immobilize antibodies, detect food pathogens and increase the 
sensitivity of immunosensors (Yang et al. 2008). Nanotubes having allyl isothiocya-
nate on their surface area are been used to have an antimicrobial effect and 
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prohibited the growth of Salmonella in cellulose-based food packaging (Dias et al. 
2013). Nanotubes are more beneficial compared to other particles because of their 
ability to resist heat and mechanical stress, improved gelation and viscosity and 
their increased surface to volume ratio which in turn increases the encapsulation or 
absorption efficiency of the functional food on their surface (Neo et al. 2013; Okutan 
et al. 2014). The example of nanotubes used in the food industry is the use of CNT 
assembled with milk protein α-lactalbumin (Graveland-Bikker and De Kruif 2006).

4.5  Others

An association colloid is also a nanosystem used in food industry, is basically a 
stable dispersion system made up of small particles used to deliver polar, nonpolar 
and amphiphilic functional ingredients (Flanagan and Singh 2006; Garti et al. 2004; 
Garti et al. 2005; Golding and Sein 2004). Association colloids have size generally 
in the range of 5–100 nm but have the disadvantage of compromising flavours and 
are known to dissociate spontaneously when diluted (McClements et  al. 2005). 
Apart from this, another used nanoscale technique is nanolaminates, which are 
extremely thin food grade film comprising two or more layers of materials in their 
nanometer dimensions. Nanolaminates have a layer of 1–100  nm each and are 
known to have physical or chemical bonded dimensions are used in the preparation 

Engineered 
Nanomaterials 

• 3 types- Inorganic, Surface 
func�onalized and 
Organic

• Used as food addi�ves or 
in food packaging and 
storage 

Nanoemulsions & 
Nanoliposomes

• Greater stability, high op�cal 
clarity, increased 
bioavailability, and protec�on 
of encapsulated material 
against environmental and 
non-environmental factors

• Used to deliver hydrophobic 
nutraceu�cals, flavors and 
an�microbials

Nanotubes

• Increased surface to volume 
ra�o, resistance to heat and 
mechanical stress

• Used to immobilize 
an�bodies, detect food 
pathogens and increased 
sensi�vity of immunosensors 

Fig. 1 Schematic for the types of nanomaterials used in food industry
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of edible films (Cagri et  al. 2004; Cha and Chinnan 2004; Morillon et  al. 2002; 
Rhim 2004).

5  Functionality and Applications of Nanoconstructs 
in the Food Industry

5.1  Functions

Nanotechnology has a potential to play a significant role in the development of food 
packagings, such as intelligent packaging, active packagings like controlled atmo-
sphere packaging, modified atmosphere packaging, and antimicrobial packaging. 
Antimicrobial packaging is an area of emerging interest and is evolving with the 
application of nanotechnology due to its critical role in improving microbial safety 
and extending the shelf life of the food products (Duncan 2011). It releases the anti-
microbials and preservative into the food to elevate the quality of microbes and the 
safety of food, which is done by incorporating or coating the packaging materials 
with antimicrobial agents for slow release. This is more efficient as the direct addi-
tion of microbes may react with other food components and results in loss of its 
activity (Mauriello et al. 2005).

There are various nanomaterials used in food industry, which can be classified as 
organic and inorganic. Inorganic nanoparticles like zinc oxide, silver, copper and 
titanium oxide are used for improving the physical performance, durability, barrier 
properties and biodegradation. Nanoparticles are coated on food packaging film or 
materials which are utilized for preservation and safety, these nanoparticles have the 
antimicrobial activity against the food spoilage microorganisms and foodborne 
pathogens (Bradley et al. 2011). Plastics beer bottles are embedded with nanoclays, 
which increases strength, makes them more shatterproof, increases the shelf life by 
acting as a barrier to keep oxygen outside the bottle and carbon dioxide inside. ZnO 
nanoparticles are already integrated into food packaging, ZnO coated food packag-
ing films are developed as ZnO nanoparticles show stability under intensive pro-
cessing conditions and antibacterial properties (Patel et al. 2014; Taylor et al. 2005). 
Similarly, silver nanoparticles show antibacterial properties, biosynthesized silver 
nanoparticles are incorporated into sodium alginate films as it shows antibacterial 
effect (Mohammed Fayaz et al. 2009). Films are prepared using silver nanoparti-
cles; they are deposited on multi-layered linear low-density polyethylene (LLDPE) 
by laminating, casting and spraying (Sánchez-Valdes et al. 2008). Nanoparticles of 
titanium oxide are used widely due to its photocatalytic activity, non-toxicity, and 
antibacterial activity against a wide spectrum of microorganisms and utilized as 
self-disinfecting of surfaces (Fujishima et al. 2000). Titanium oxide nanopowder 
coated on oriented-polypropylene (OPP) film showed a reduction in bacterial cells 
(Chawengkijwanich and Hayata 2008).

N. Meghani et al.
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5.2  Applications

5.2.1  Nanosensors

Combination of advanced nanoelectronics and suitable functional nanomaterials 
with smart biological components allows the development of highly specific and 
selective sensing devices for the detection of viruses, pathogenic microorganisms, 
detrimental chemicals and physical contaminants in food (Archana H 2012). With 
the help of nano fluidic technology, miniature sensing devices are developed for 
field application (Fig. 2).

Nano-biosensors are used to detect gases, pathogens, or toxins in packaged 
foods. They are also used in food processing plants, alerting consumers, procedures, 
and distributors on the safety status of food (Baeumner 2004). An electrochemical 
glucose nano biosensor fabricated by layer by layer self-assembly of polyelectrolyte 
for detection and quantification of glucose (Rivas et al. 2007). Sensors prepared by 
liposome nanovesicles are used for detecting peanut allergenic proteins in chocolate 
and pathogens (Edwards and Baeumner 2006; Wen et al. 2005). An electronic nose 
is a device, which has a combination of chemical sensors, linked with data process-
ing system; which mimics like the nose, helps to identify different types of odor. 
These electronic noses are used to detect the fruit odors (J. S Detection of fruit odors 
using an electronic nose (n.d)).

The electronic nose can be used to measure chemical and physical properties of 
pears (Zhang et al. 2008), helpful in monitoring strawberry aroma changes during 
osmotic dehydration (Buratti et al. 2006). The nanosensor can also be used to check 
the milk quality during the industrial processing. Ultimately, the nanotechnology- 
based electronic nose can be useful for monitoring and control; more accurate vola-
tiles measurement than measuring temperature and the time is taken, quality 
assurance and more (J. S Detection of fruit odors using an electronic nose (n.d)). 
Nanosensors are integrated into food packaging and confirm if the food product is 
fit enough for the human consumption.

Nano-technology
in

food industry

Food processing

Nanosensor

An�microbial

Food packaging

Nutraceu�cal

Agriculture

Fig. 2 Applications of 
nanotechnology in food 
industry
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5.2.2  Food Processing

Food products consist of nanoscaled biomolecules such as proteins, carbohydrates. 
These nanomaterials are either naturally present in foods or formed during the 
transformation of preliminary products. In food processing, nanoparticles can be 
used for improving the nutritional quality of food, flow properties, flavour, colour, 
and stability or to increase shelf life, to protect functional ingredients such as anti-
microbials or vitamins, for instance, chitosan nanoparticles are used as antimicro-
bial compounds to enhance food safety (MF Hochella 2008).

Food processing includes removal of toxins, prevention from pathogens, preser-
vation, enhancing the consistency of foods. Food processing is equally an important 
section along with formulation and preparation, as it has a significant impact on the 
physicochemical properties of food such as texture, flavour release profile, stability 
and others (A. Wallace and Sahu 2017).Properties of different food-based nanoma-
terials vary from material to material, like peptide and polysaccharide nanomaterial 
properties vary from the properties of metal and metal oxide nanoparticles and 
hence several nanostructured food ingredients are being developed which acts as 
anticaking agents and gelatin agents and claims to offer an enhanced taste, texture, 
and consistency (Cientifica Report Nanotechnologies in the Food Industry 2006). It 
also helps to increase the shelf life of different food materials and also reduces the 
extent of wastage of food due to microbial infestation (Pradhan et  al. 2015). 
Nanocarriers have been introduced as delivery systems to carry food additives in 
food products without disturbing their elementary morphology. Nanocapsules as a 
delivery system play an important role in processing sector as the functional prop-
erty are maintained by encapsulating simple solutions, colloids, emulsions, biopoly-
mers and others into foods. Self-assembled nanostructured lipids serve as a liquid 
carrier of healthy components that are insoluble in water and fats called nanodrops, 
these nanodrops are useful to inhibit transportation of cholesterol from the digestive 
system into the bloodstream (Abbas et al. 2009; Dingman 2008).

Furthermore, the role of nanotechnology in food processing can be evaluated by 
considering its part by upgrading the food products in terms of texture, appearance, 
taste, nutritional value, and food shelf-life. Nanoencapsulation techniques have 
been implemented to improve the flavour release, retention and to deliver culinary 
balance (Nakagawa 2014). Multifunctional nanocarriers are fabricated for bioactive 
molecule protection and delivery, for instance, rutin is one of the basic dietary fla-
vonoids with essential pharmacological activities but due to its poor solubility, it has 
limited application in the food industry. To eliminate this problem, ferritin nano-
cages are used which enhances the solubility along with better thermal and UV 
radiation stability of ferreting trapped rutin (Yang et al. 2015). The main advantage 
of using nanomaterials is that it can release encapsulated compounds much slower 
and over longer time periods, carriers of fragrances and flavours (Dekkers et  al. 
2011), and also provides a favourable improvement in the bioavailability of nutra-
ceuticals due to its subcellular size (Singh et al. 2017).

Various nanomaterials used in food processing are nanocapsules in cooking oils 
to improve the bioavailability of neutraceuticals, nanotubes, and nanoparticles as 
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gelation and viscosifying agents, nancapsule infusion of plant-based steroids to 
replace meat cholesterol, nanoemulsions and particles for better availability and 
dispersion of nutrients, nanoparticles to selectively bind and remove chemicals or 
pathogens from food.

5.2.3  Food Packaging

Food packaging techniques are designed to maintain the food flavour, quality, and 
protect from an infestation of microorganisms that leads to food spoilage. Utilization 
of nanomaterial helps to enhance the shelf life of food by avoiding the spoilage or 
loss of food nutrients. Nanomaterials as carriers, are used these days as delivery 
systems in food products which transport food additives without disturbing their 
basic morphology. An ideal delivery system consists of following properties: (i) 
targeted delivery of the active compound (ii) ensure availability at a target time and 
specific rate, and (iii) capability to conserve active compounds at suitable levels for 
long periods of time. Various nanomaterials in the form of emulsions, encapsula-
tions, biopolymer matrices, colloids offer different and efficient delivery systems 
with all the above-mentioned properties (Bratovcic et al. 2015).

One of the main reasons behind the deterioration of food is due to oxygen, oxy-
gen inside the food packaging causes oxidation of fats and oils and growth of micro-
organisms. It also responsible for discoloration, changes in texture, rancidity, and 
off-odor, and flavour problems. Nanotechnology plays a very significant role here, 
it has the potential to scavenge oxygen by using moisture absorber sheets and scav-
enging bags prepared using nanomaterials (Gaikwad et al. 2018). Nanocomposites 
are used for the controlled release of active substances from the food packaging 
materials, referred to as ‘active’ food packaging. Active packaging enhances the 
condition of the packed food, longer shelf life and improves sensory properties 
while maintaining the freshness and helping the migration of functional additives, 
such as minerals, probiotics, and vitamins, into food quality of food. Nanocomposites 
used in ‘active’ packaging consist of polymer composites with antimicrobial nano-
materials, like silver, zinc oxide, copper oxide, magnesium oxide (Chaudhry et al. 
2008b). The most common material used in active food packaging is nanosilver in 
plastics which confers antimicrobial properties to improve food and beverage shelf 
life (de Azeredo 2013).

Other nanocomposites are used to enhance other physical properties to make the 
packaging more tensile, durable, or thermally stable, e.g. nanocomposites of tita-
nium dioxide, iron oxides, silica, and alumina are UV absorbers and hence are used 
to prevent UV degradation of plastic polymers (Beltran et  al. 2014). Similarly, 
nano-titanium nitride is used to advance strength of packaging materials, nano- 
calcium carbonate-polymer composites, nano-chitosan-polymer composites, biode-
gradable nanoclay, biodegradable cellulose nano-whiskers, and other gas-barrier 
coatings (e.g. nano-silica) (Reig et  al. 2014). Nanocomposites of nanosilver and 
nanoclay or other nanomaterials are formulated to enhance the barrier and antimi-
crobial properties. Nano clay-nylon nanocomposites are used to maintain freshness 
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and block out food odour. Nano-precipitated calcium carbonate is used to improve 
the mechanical properties, heat resistance and printing quality of polyethylene, 
nanofilms made up of zinc oxide calcium alginate are used as food preservative, the 
nanoscale hybrid structure of silica/polymer for better oxygen-diffusion barriers for 
plastics (Smolander and Chaudhry 2010). Biodegradable nanocomposites are used 
for packaging, as it has favourable potential towards the environment.

5.2.4  Delivery of Nutraceuticals

Nutraceuticals are a combination of nutrition and pharmaceuticals which have 
health benefits with their actual function of providing nutrition and hence used to 
prevent the occurrence of a disease or as its treatment. Principles of nanotechnology 
have been implemented by various researchers for the efficient delivery of nutraceu-
ticals with the aim to enhance their biological activity. Several formulations have 
been utilized for the efficient delivery of this nutraceutical, like nanoemulsion, 
micelles, nanoparticles, nanocapsules, nanocochleats, nanocrystals, etc. (Gupta S 
2010). These nanoformulations are benefitted in targeted delivery of encapsulated 
nutraceuticals with the controlled release and better bioavailability as well as pro-
vide protection for bioactive compounds such as vitamins, antioxidants, proteins, 
carbohydrates and lipids with enhanced functionality and stability (Quintanilla- 
Carvajal et al. 2010). When a multitude of bioactive and active ingredients are nano-
encapsulated, they have an ability to break down and get absorbed by the common 
food after delivering their active ingredients (Ezhilarasi et al. 2012).

Lipid-based nanoencapsulation systems are used to elevate the performance of 
antioxidants by producing better solubility and bioavailability, stability, controlled 
release of food materials, protection of foods and nutraceuticals and prevention 
against unnecessary interactions with other food components. These lipid-based 
nanoencapsulation which delivers food and nutraceuticals are mainly nanolipo-
somes, nanocochleates, and archaeosomes. They act as carrier vehicles of nutrients, 
nutraceuticals, enzymes, food additives, and food antimicrobials (Mozafari et  al. 
2008). Preparation of Coenzyme Q nanoliposomes was done with the preferred 
encapsulation quality and stability (Mozafari et al. 2006). Tiny capsules made of 
particles one-tenth the size of a human cell known as Colloidsomes, assemble them-
selves into a hollow shell, where other molecules of any substance such as fat block-
ers, medicines, and vitamins can be placed inside this shell (Xia et  al. 2006). 
Nanocochleates are nanocoiled particles that wrap around micronutrients and have 
the ability to stabilize and protect an extended range of micronutrients and can ele-
vate the nutritional value of processed foods (Pathakoti et al. 2017).

Development of nanoencapsulation of probiotics, which blends of bacteria spe-
cies incorporated in foods in the form of yogurts and yogurt-type fermented milk, 
cheese, puddings and fruit-based drinks. Encapsulation enables the longer shelf life 
of the product. These can be useful to deliver the probiotic bacterial formulations to 
certain parts of the gastrointestinal tract with specific receptors and may act as de 
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novo vaccines with the capability of modulating immune responses (Vidhyalakshmi 
and Subhasree 2009).

5.2.5  Agriculture

Nanomaterials have a significant role in the agriculture sector as it has the potential 
to boost agricultural production by improving nutrient use efficiency with nanofor-
mulation of fertilizers, boosting the ability of plants to absorb nutrients, agrochemi-
cals for crop enhancement; introducing new tools for detection and treatment of 
disease, host-parasite interactions at the molecular level using nanosensors, con-
taminants removal from soil and water, postharvest management of vegetables and 
flowers, and reclamation of salt-affected soils, precision farming techniques and 
ultimately leading to highly qualitative and quantitative yield. (Avensblog 2016; 
Kumar et al. 2018; Mousavi and Rezaei 2011).

Nanomaterials enabled tiny sensors and monitoring systems will have an enor-
mous impact on future of precision farming methodologies. As precision farming 
makes use of global satellite positioning systems, remote sensing devices through 
which it can measure highly confined environmental conditions which help deter-
mine whether crops are growing at supreme efficiency or precisely identifying the 
nature and location of problems. Nano-structured smart delivery systems could help 
in the efficient use of agricultural natural resources like water, nutrients, and chemi-
cals through precision farming. When these nanosensors, are scattered on fields, 
they are expected to monitor and provide detailed data on crop growth and soil 
conditions, seeding, fertilizers, usage of chemicals and water. These nanosensors 
can be useful for diagnosis of the presence of the plant viruses or the level of soil 
nutrients. At the nanoscale, due to high surface to volume ratio and, ease of access 
to modify its surface makes it possible to bind selectively with particular biological 
proteins. Sensors prepared using nanomaterials such as carbon nanotubes or nano-
cantilevers can be used to trap and measure individual proteins or even molecules. 
Nanoparticles can be engineered to trigger an electrical or chemical signal, in pres-
ence of crop pathogens like bacteria and viruses (Morrison 2006). Nanostructured 
catalysts will help elevate the efficiency of pesticides and herbicides, with minimal 
usage, and also protect the environment indirectly through the use of alternative 
energy supplies and clean-up existing pollutants (Ditta 2012).

The concept of nano-fertilizers- nano-enabled bulk fertilizers can help enhance 
crop productivity and reduce nutrient losses. There will thorough and rapid absorp-
tion of nano fertilizers by plants. Nano-encapsulated fertilizers with slow release 
have become a trend to minimize the fertilizer consumption and environmental pol-
lution. Nutrients are released at a slower rate throughout the crop growth and plants 
are able to take up most of the nutrients without waste, this is done using naturally 
occurring minerals at nanoscale having a honeycomb-like crystal structure known 
as zeolites, it has a network of interconnected tunnels and cages which are loaded 
with nitrogen and potassium, mixed with other gradually dissolving ingredients 
containing phosphorous, calcium and a complete suite of minor and trace nutrients. 
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The releases of nutrients from the fertilizer capsule are regulated using a coating 
and cementing of nano and sub nano-composites (Liu et al. 2006).

Smart seeds are seeds which are imbibed with nano-encapsulations with specific 
bacterial strain, it helps reduce seed rate, safeguard right field stand and improve-
ment in crop performance. Seeds are coated with nanomembranes, can sense the 
availability of water and allows seeds to release when ready for germination, aerial 
broadcasting of seeds embedded with a magnetic particle, detecting the moisture 
content during storage to take appropriate measure to reduce the damage and use of 
bio analytical nanosensors to determine the aging of seeds (Manjunatha et al. 2016).

Nanomaterial has a significant role in agriculture machinery as well, like appli-
cation in machines structure, agriculture tools to increase their resistance to wear 
and corrosion. Developing strong mechanical tools having nano coating and sensors 
to control weed growth, to reduce friction in bearings, and in the production of 
alternative fuels to reduce environmental pollution (DeRosa et al. 2010). Eventually, 
by implementing the use of smart sensors, productivity in agriculture will be 
enhanced by providing accurate information and hence help farmers to make better 
decisions.

Multidisciplinary approaches could potentially improve food production, incor-
porating new emerging technologies, and disciplines such as chemical biology inte-
grated with nanotechnologies to tackle existing biological bottlenecks that currently 
limit further developments. The potential benefits of nanotechnology for agricul-
ture, food, fisheries, and aquaculture need to be balanced against concerns for the 
soil, water, environment, and the occupational health of workers (Sekhon 2014).

6  Toxicity and Safety Aspects

Generally, food and beverage industry are conservative and cautious when the future 
of nanotechnology and food comes into the picture, despite the evident potential of 
nanotechnology in the application of food engineering and processing. 
Nanomaterials, due to their high surface area, might have toxic effects which are not 
apparent in the bulk materials (Dowling 2004; Kumar et al. 2018). Apart from that, 
there might be potential and unexpected risks for their use in food industry. It is 
extremely unlikely that the representatives, scientists from food and beverage cor-
porations and others involved with food and nanotechnology to provide specific 
details about the level of funding and industry partners. The food industry may be 
skittish about owning up to R&D on “atomically modified” food products after 
witnessing widespread rejection of genetically modified foods (Ravichandran 2010) 
(Fig. 3).

With the application of nanotechnology in food industries, there will be a wide 
range of food products, like any other new technologies, but there are some serious 
queries regarding the safety which requires attention by the industry and the policy-
makers. The generally recognized as safe (GRAS) list of additives universally 
accepted will have to be reassessed when used at the nanoscale. It was observed that 
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rats breathing nanoparticles revealed a tendency of collecting nanoparticles in their 
brain and lungs, leading to increasing in biomarkers for inflammation and stress 
response. The main concern of any consumer will be about the toxicity and as 
nanoparticles are more reactive, more mobile and likely to be more toxic which 
must be addressed. Nanoparticles, when in the body have strong potential to result 
in increased oxidative stress which can generate free radicals, leading to DNA 
mutation, cancer, and possible fatality. It is yet to be understood whether enhancing 
the bioavailability of certain nutrients or food additives might affect human health 
negatively (Savolainen et al. 2010).

7  Regulations

It is essential for manufacturers to demonstrate that the food ingredients and food 
products are not injurious to health, according to the Food and Drug Administration 
(FDA) in the United States. However, this regulation does not explicitly cover 
nanoparticles, which could become harmful only in nanoscale applications. 
Therefore, no such distinct regulations exist for the use of nanotechnology in the 
food industry (Administration.). On the other hand, the European Union has sug-
gested special regulations which are yet to be accepted and imposed. As FDA regu-
lates on a product-by-product basis, it emphasizes that many products that are 
already under regulation contain particles in the nanoscale range. FDA expects that 
many products of nanotechnology will come under the jurisdiction of many of its 

CONS

• Acute toxic responses
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•

to the environment
• Unforeseen effects
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and freshness
•

•
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• Improved traceability and 
safety of food products
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Fig. 3 Nanofood- a dilemma of the decade. The image depicts the positive and negative side of 
nanotechnology being used in food industry
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centers; thus, the Office of Combination Products will likely absorb any relevant 
responsibilities (Chau et al. 2007).

The Institute of Food Science and Technology (IFST), a United Kingdom-based 
autonomous Professional form for food scientists and technologists has a different 
opinion of nanotechnology, it states that size matters and suggests that nanomateri-
als can be treated as potentially harmful until testing proves otherwise (TARVER). 
IFST recommended that the conventional E-numbering system for labeling should 
be used along with subscript “n” when nanoparticles are used as food additives 
(Maynard and Kuempel 2005). The UK government agrees with the Royal Society 
and the Royal Academy of Engineering that the presence of nanoparticles on ingre-
dient labels is essential for consumers to make informed decisions. Therefore, an 
updated version of ingredient labeling will be a necessary requirement. Recently, 
The Swiss center for technology assessment analyzed the circumstances concerning 
nanotechnologies and food in Switzerland (Ireland 2009).

Certain rules and guiding principles for nanomaterials are established by the 
regulatory forms around the world that have ramifications for use in food. Due to 
lack of essential safety data, there is uncertainty over the regulation of nano-based 
products, which needs to inform regulatory bodies (Sandoval 2009). Efforts are 
made to facilitate international collaboration and information exchanges are under-
way to confirm approval and utilization of the advantages of nanotechnology 
(Magnuson 2009). Hence, organizations across the world are collecting information 
in an effort to decide how best to proceed (Kahan et al. 2009).

8  Future Aspects

In the past two decades, nanotechnology in the field of food sector has shown 40% 
increase in publications and 90% patent filings. More than 1000 companies now 
have an R&D focus on nanotechnology-based products (food?). In the previous few 
years, it was observed by the food industries that the nanotechnology has integrated 
into numerous food and food packaging products. Currently, there are around 300 
and more nanofood products available in the market worldwide, which has moti-
vated a huge rise of R&D investments in nanotechnology for food industries. 
Nanotechnology in food has a massive impact, ranging from basic food to food 
processing, from nutrition delivery to intelligent packaging (Pereira de Abreu et al. 
2007) (Fig. 4).

Nanotechnology can benefit exclusively from processed foods in numerous 
ways. Programmable foods considered the ultimate dream of the consumer, will 
have designer food features built into it and a consumer can make a product of 
desired color, flavor, and nutrition using specially programmed microwave ovens. 
The trick is to formulate the food at the manufacturer’s end with millions of nanopar-
ticles of different colors, flavors, and nutrients and under the program in the oven set 
by the consumer based on his preferences, only selective particles are activated 
while others stay inert, giving the desired product profile (Kaynak and Tasan 2006). 
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Nanoscaled resources in food packaging will help amplify nourishment life, upgrade 
food safety, prepared customers that food is sullied or destroyed, repair tears in 
packaging, and uniform release added substances to grow the life of the food in the 
package.

Nanotechnology and nano-bio-info are one of the promising fields to maintain 
the leadership in food and food-processing industry, in the future. The first step 
towards it will be improving the safety and quality of food. Nanotechnology permits 
the change in the existing food systems to ensure products safety, creating a healthy 
food culture, and enhancing the nutritional quality of food.
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1  Introduction

In the recent decade, nanotechnology is used to encapsulate bioactive compounds 
(e.g., micronutrients, antioxidants, enzymes, nutraceuticals, and polyphenols) and 
protect them from adverse conditions while at the same time ensuring control 
release of compounds at a targeted site (Ezhilarasi et al. 2013). This fast-emerging 
area provides great potentials for enhancing the stability, control release and bio-
availability of bioactive compounds (Alessa 2014; Suganya and Anuradha 2017). 
The encapsulation process involves enclosing the desired component within an inert 
material that provides protection from the environment and control the release of 
the substance. Consequently, undesirable odours, flavour, and colours can be 
masked resulting in the improvement of the organoleptic attributes of the end prod-
ucts (Gómez-Estaca et al. 2015).

An important area that combines aspects of nanotechnology with encapsulation 
is referred to as nanoencapsulation. It is a process, which involves coating sub-
stances within another material at nanoscale sizes (between 10 to 1000 nm) and 
expressed as nanocapsules and nanospheres. Nanoencapsulation differs from micro-
encapsulation technique, which involves the production of larger particles at a 
microscale (between 1 to 1000 μm) (Fathi et al. 2012; Suganya and Anuradha 2017). 
The basic requirements for a food grade nanoencapsulated compounds are that it 
should be non-toxic, biodegradable and suitable for human consumption, and must 

U. Garba (*) 
Department of Food Science and Technology, Faculty of Agriculture, Bayero University 
Kano, PMB 3011, Kano state, Nigeria
e-mail: ugarba.fst@buk.edu.ng 

B. B. Ismail 
Department of Food Science and Technology, Faculty of Agriculture, Bayero University 
Kano, PMB 3011, Kano state, Nigeria 

College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou, China

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-44552-2_2&domain=pdf
https://doi.org/10.1007/978-3-030-44552-2_2#DOI
mailto:ugarba.fst@buk.edu.ng


26

use an ingredient that is generally regarded as safe (GRAS). Nanoencapsulation 
technique has initially been used to design a drug delivery system, however, 
researches in recent time have focused on its application in food systems. A number 
of methods have been employed for nanoencapsulation including supercritical flu-
ids, self-assembly, nanoemulsification, lipid-based nanoencapsulation nanoprecipi-
tation, high-pressure homogenization, nano complexation, coacervation, among 
others (Gutiérrez et al. 2013).

The use of supercritical fluid (SCF) technique for nanoencapsulation of heat- 
sensitive compounds such as bioactive components, micronutrients has become a 
promising technology with wider applications (Ezhilarasi et  al. 2013). The SCF 
possesses a temperature and pressure greater than its critical points and still 
remained as a single phase (Kalani and Yunus 2012). The technique is very effective 
and safe for the production of nanoencapsulated particles. Its widely used due to its 
low critical temperature and the use of a minimum amount of organic solvent 
(Ezhilarasi et al. 2013). Carbon dioxide, water, propane, nitrogen are the common 
compounds that can be brought to the supercritical state. Among these compounds, 
carbon dioxide is the most commonly used supercritical fluid. This is because it is 
colourless, odourless, safe, highly pure, cost-effective, non-flammable, non-toxic 
and recyclable (Girotra et al. 2013; Sohail et al. 2017).

However, despite an incredible growth in the field of nanoencapsulation of bio-
active components and the potentials of SCF for active food packaging, its usage is 
still rare. This chapter aims to fill the gap in knowledge regarding the use of SCF 
technology for nanoencapsulation by providing a broad review of the current appli-
cation of this technology as it relates to nanoencapsulation of bioactive compounds 
in food grade materials, focusing on the techniques, properties, and applications. 
Topics covered include the properties of SCF, techniques, and application of super-
critical fluid techniques to fabricate nanoencapsulated food grade materials. Here 
we conclude with a brief overview of the future trends in the nanoencapsulation of 
bioactive materials using SCF.

2  Supercritical Fluids and Their Properties

Supercritical fluids (SCFs) are substances in either liquid or gas state that exist at 
pressures and temperatures above their critical thermodynamic values (Brunner 
2005; Ezhilarasi et al. 2013; King 2014; Subramaniam 2017). SCFs are highly com-
pressive on reaching their supercritical state leading to a dramatic change in their 
properties (Subramaniam 2017). A number of unique properties can be seen at a 
stage where pressure and temperature of a substance reached or exceeded its critical 
levels as such, SCF behaves as either liquid or gas while it is actually neither. The 
supercritical status of SCF corresponds to a region where the physicochemical 
properties such as density, viscosity, the coefficient of diffusion, and heat conductiv-
ity values are at an intermediate state between those of a liquid and that of a gas 
(Deshpande et al. 2011). Thus, SCFs exhibit properties such as low viscosity, low 
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density, high solvating power and high diffusivities that are typical of liquids and 
gases (Ezhilarasi et al. 2013).

King (2014) reported that the use of SCF in the processing of food materials has 
been on the rise since the late 1960s and to date, this represents undoubtedly the 
most successful application of SCFs and related compressed fluids. The solvent 
power of SCF is the highest for non-polar or slightly polar compounds and decreases 
as the molecular weight increases and can be removed easily by mere expansion 
to an ambient pressure. Carbon dioxide (CO2) is particularly useful for the process-
ing of food materials. SCFs are used for batch extractions of solids, multi-stage 
counter-current separation (fractionation) of liquids, and adsorptive and chromato-
graphic separations. Special food applications of SCFs includes decaffeination of 
coffee, lipid extraction from foods, enrichment of vitamins from natural sources, 
removal of alcohol from wine and beer, and for the encapsulation of thermally sen-
sitive compounds (Brunner 2005; Ezhilarasi et al. 2013).

The following are a brief overview of the general properties and thermo-physical 
properties of SCF as provided by Sadjadi (2016) and Carlès (2010).

 1. The compressibility of any pure fluid goes to infinity when it approaches the 
critical point. Because of high compressibility of SCFs near the critical point, 
their density and density-dependent solvent properties, such as the dielectric 
constant and viscosity can be sensitively tuned through small changes in pres-
sure, leading to variations in dissolving power.

 2. In its supercritical state, the density of a SCF at a constant temperature increases 
with pressure and eventually decreases when the temperature rises, (at a constant 
pressure).

 3. The coefficients of diffusion of SCFs are usually in an order of magnitude larger 
than those obtained in the liquid phase. The diffusivity is directly proportional to 
the temperature and inversely proportional to the pressure.

 4. The viscosity of SCF is near that of normal a gas, which enhances mass transfer. 
Although temperature has little influence on the viscosity of a liquid, it can have 
a considerable effect on the viscosity of SCF.

 5. There is no surface tension for SCFs because they are not subject to the vapour- 
liquid boundary.

 6. The most interesting characteristics of SCFs which provide the basis for the 
SCFs processes is their “tunability” with pressure and temperature, particularly 
the tunability of their solvent power.

 7. The thermos-physical properties of SCFs enable them to be dense and at the 
same time compressible; their coefficient of heat diffusion is generally very 
small in comparison with the standard gases whereas their coefficients of mass 
diffusion are generally much larger than in most liquids. Additionally, most of 
the properties of SCFs can be changed easily by small variations of the average 
temperature and pressure.

The advantages of using (SCFs) over other solvents are largely due to their phys-
ical and chemical properties that are intermediate between those of liquids and 
gases and their adjustability with temperature and pressure changes. SCFs possess 
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densities comparable to those of liquids, viscosities that are close those of gases and 
diffusion coefficients that are greater than those of liquids, in addition to a surface 
tension that is approximately zero (Tabernero et al. 2012). Due to these transport 
properties as shown in Fig. 1, SCFs are used for a wide range of applications such 
as extraction of bioactive compounds, chromatographic analyses, and particle for-
mation. The liquid-gas mixing properties are particularly useful in various 
nanotechnology- related applications (Reverchon and Adami 2006; Tabernero et al. 
2012; Silva and Meireles 2014).

3  The Concept of Nanoencapsulation

The concept of nanoencapsulation of food component covers an important applica-
tion of food nanotechnology. It is a technique used to fabricate nanoparticles by 
incorporating any intended active ingredient into a desired wall/coating material 
(Fathi et al. 2012; Shah et al. 2016). The resulting particles after nanoencapsulation 
process are known as nanoparticles that comprise of nanocapsules and nanosphere 
(Fig. 2). The nanosphere has matrix type structure in which active materials or drugs 
are encapsulated within the particle or get absorbed at the surface of the sphere. 
While nanocapsules are a vesicular system in which an active substance usually dis-
solve in the inner core or get absorbed on to the surface of the capsules (Pinto et al. 
2006). Nanocapsules are also described as hydrophilic or an oil like cavity sur-
rounded by thin wall materials. There are novel delivery systems obtained at a 
nanoscale to entrap, protect and ensure a controlled release of bioactive compounds 
(Katouzian and Jafari 2017).

Nanocapsules have a promising application in food delivery systems due to their 
suitability for the encapsulation of many different bioactive ingredients including 
antioxidants, antimicrobial agents, phenolic compounds, natural pigments, pep-
tides, essential fatty acids, and minerals (Mittal 2013; Jafari 2017; Katouzian  
and Jafari 2017). Nanocapsules have various advantages in comparison with 

Fig. 1 Phase diagram of a compound and physicochemical properties for liquids, gases, and SCFs
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micron-sized carriers including a larger surface area, enhanced solubility, bioavail-
ability, and controlled release of the encapsulated ingredients. Various wall materi-
als are used to prepare nanocapsules including biopolymers (proteins, carbohydrates), 
lipids, chemical polymers, surfactants etc. (Jafari et al. 2015; Jafari 2017).

There are several nanoencapsulation technique that can either be (1) top-down 
approach: such as emulsification and emulsification-solvent evaporation; or (2) 
bottom-up approach: such as coacervation, nanoprecipitation, inclusion complex-
ation, lipid-based nanoencapsulation, flow-focusing and supercritical fluid (SCF) 
technique (Garay et al. 2010; Ezhilarasi et al. 2013; Gutiérrez et al. 2013). The “top- 
down” method is characterised by a decrease in particle size during the encapsula-
tion process due to the utilisation of various mechanical forces. On the other hand, 
the “bottom-up” process results in the increase of particle size by methods, such as 
self-assembly. Further, combinations of both approaches are useful in some cases 
(Jafari 2017).

The nanoencapsulation techniques provide a proper protection of active ingredi-
ent from interaction with other food components and degradation, which may lead 
to the loss of activity. It also enhances the bioavailability of active food ingredient 
during digestion, uptake in the gastrointestinal tract, transportation to the target sites 
and retention of volatile compounds (Shah et al. 2016; Trucillo et al. 2018).

4  Requirements for Food-Grade Materials 
for Nanoencapsulation

Nanoencapsulated compounds that are intended for food application are specifically 
needed to be non-toxic and biodegradable, and the coating material must have a 
GRAS status. Further, it is necessary to perform an appropriate toxicological inves-
tigation to confirm their safety for human consumption (Gutiérrez et  al. 2013). 
Selection of an appropriate wall/coating material is one vital condition for encapsu-
lation of active ingredients. For any coating material to be used, it must be compat-
ible with the food product, have a good mechanical strength and be able to protect 

Fig. 2 Structure of nanoparticle (a) and nanosphere (b)
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the core material from any  environmental factor that may cause degradation. 
Additionally, it should also be able to limit the loss of volatile compounds, allow 
control release and have good thermal properties to the designated product (Silver 
and Meireles 2014). The properties of coating materials particularly their interac-
tion with SCFs are of great importance in the encapsulation process. It is known that 
when SCF interact with some polymeric materials, several changes in physical 
properties of the polymer such as swelling, reduction in melting and glass transition 
temperatures and crystallinity are observed. These properties may enable proper 
incorporation of active compounds into the carrier materials (Martín et al. 2014).

Polymers are widely used as coating materials due to their ability to maintain the 
properties and activities of an active ingredient. They are easy to process, nontoxic 
and biocompatible. Polymers used in the food industry are of food grade and have 
a GRAS status. Various forms of carbohydrates used for encapsulation purposes 
include; starch, modified starch (Octenyl succinic anhydride (OSA) starch), malto-
dextrin, mannitol, etc. Proteins such as whey protein, soy protein isolate, gelatin, or 
a combination of both proteins and carbohydrates. Many lipids and inorganic mate-
rials have commonly been used as wall materials for example in the encapsulation 
of DHA.  Other synthetic polymers such as carboxymethyl cellulose (CMC), 
hydroxypropyl methylcellulose (HPMC) have also been used (Antonio et al. 2014; 
Singh et al. 2018). The use of β-cyclodextrin, acacia gum, chitosan, and phospholip-
ids were reported for coating various essential oils (Martín et al. 2014). Cyclodextrin 
and starches were also used for the encapsulation of various vitamins (Katouzian 
and Mahdi, 2016). Lipid-based materials have been reported for coating of hydroxy-
cinnamic acids derivatives (HADs) such as ferulic, sinapic, caffeic and coumaric 
acids (Granata et al. 2018).

The use of carbohydrates and proteins alone has been associated with poor 
encapsulation efficiency and oxidative instability during storage due to the problem 
of caking and recrystallization of amorphous carbohydrate matrix, and the denatur-
ation (unfolding) of protein molecules at the droplet-air interface. The use of poly-
mers alone has also been associated with poor loading and water dispersibility 
(Singh et al. 2018).

5  Supercritical Fluid Technology to Fabricate 
Nanoencapsulated Food Grade Materials

There are several techniques used for the production of nanocapsules as the end 
products of nanoencapsulation and some of these include nano spray-drying, spray 
chilling, jet milling, fluidized bed coating, liposome entrainment, coacervation, 
thermal and ionic gelation etc. Nonetheless, there are some drawbacks related to the 
use of these methods including the difficulty of producing capsules with the desired 
particle size distribution and relatively higher operating temperatures. This leads to 
the demands for novel techniques to overcome these drawbacks. The use of SCFs 
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serves as a great alternative technique for nanoencapsulation with improvements in 
the results obtained from other techniques while overcoming their limitations and 
allowing for the creation of novel formulations and products. Specific properties of 
SCFs particularly the CO2 responsible for an increase application in nanoencapsula-
tion include dynamic solvation power, low viscosity, moderately high diffusion 
coefficient, and near absence of contamination (Osorio-Tobón et  al. 2016; Jafari 
2017; Katouzian and Jafari 2017). The SCF technique can be categorised according 
to the function of SCF in the encapsulation process, as solvent, antisolvent, solute 
or cosolvent, nebulization compound, extractor and antisolvent techniques (Keven 
et al. 2014). There are various techniques that involve supercritical fluids and these 
include supercritical antisolvent process (SAS) and its various modifications, rapid 
expansion of supercritical solutions (RESS), gas antisolvent process (GAS), super-
critical fluid extraction of emulsions (SFEE), aerosol solvent extraction system 
(ASES), precipitation with compressed fluid antisolvent (PCA) etc. However, the 
SAS has recently received an enormous attention more than other methods because 
of its feasibility of application (Reverchon and Della 1999; Jin et al. 2009; Nerome 
et al. 2013; Esfandiari and Ghoreishi 2015). Herewith, these various supercritical 
processes for nanoparticles formation are discussed in details.

5.1  Supercritical Antisolvent Process (SAS)

SAS is a popular technology in the field of SCF processing which has recently been 
used as an alternative to liquid antisolvent (LAS) precipitation for the production of 
nanoparticles with controlled particle size and distribution (Reverchon and Della 
1999; Reverchon et al. 2000; De Marco and Reverchon 2008; Campardelli et al. 
2015). In a traditional liquid anti-solvent technique, precipitation involves the addi-
tion of the antisolvent to a liquid solution of the desired solid compound. The anti-
solvent is normally miscible with the primary solvent but immiscible with the solute 
and thus, as the two solvents mix together, the solute precipitated (Reverchon and 
Della Porta 1999). While in the SAS process, two completely miscible solvents are 
used. The solute intended for precipitation is miscible with the first solvent but 
immiscible with the second one. The addition of antisolvent leads to the formation 
of a solution with two solvents, and a subsequent supersaturation and solute precipi-
tation (Garay et al. 2010). Additionally, the mixing of SAS and the liquid solvent is 
faster than in the conventional LAS process. This leads to a higher supersaturation 
level and smaller particle diameters (Nerome et al. 2013). The basic principle of 
SAS and GAS technique are the same but the SAS process is a semi-continuous 
process (Silver and Meireles 2014). SAS technique typically uses Carbon dioxide as 
SCF, which serves as antisolvent for the polymer-solute mixture. (Chong et  al. 
2009). Depending on the pressure and temperature, the process can be carried out as 
a one-phase supercritical method or two-phase gas-liquid methods. However both 
the methods lead to the formation of a particle, in case of SAS, there is no interface 
between the solution and antisolvent fluid and therefore, the precipitation is achieved 
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primarily by nucleation, and the particles show less agglomeration and smaller par-
ticle sizes (Nerome et al. 2013). The challenges associated with this process is that 
the control of the particle size and distribution of precipitate particle size, as well as 
the elimination of residual solvent, becomes very difficult (Reverchon and Della 
Porta 1999).

In a typical SAS process, the SC-CO2 is fed at a constant flow rate into the pre-
cipitation chamber through the nozzles, until the required pressure is reached. The 
pure solvent is then passed into the chamber through the nozzles with the aim of 
obtaining a steady state composition condition of fluid phase during precipitation of 
the solute (De Marco and Reverchon 2008). In a normal operation of SAS process, 
the stream of SC-CO2 and solution are co-current, while in modified method 
(SAS-EM) the streams are brought in contact by a cross pattern. The SAS process 
is semi-continuous, with CO2 and organic solution continuously vented from the 
chamber (Bahrami and Ranjbarian 2007). To avoid blockage of the nozzles during 
the precipitation of the solute, the solvent is also fed at the initial phase. When a 
steady state is reached, the flow of the liquid solvent is stopped. The liquid solution 
is also delivered at a given flow rate through the nozzles. Solute precipitation is 
achieved when a certain quantity of organic solvent is injected, the liquid pump is 
stopped. However, the SC-CO2 continue to flow in order to wash the chamber and 
eliminate the supercritical solution, which is formed by the liquid, solubilized in the 
SAS. The final purge with pure CO2 is done to avoid solvent condensation during 
depressurization step and modify or solubilize the precipitates. The CO2 flow is 
stopped at the end of the washing and the precipitator is depressurised to atmo-
spheric pressure. Various solvents are used for the SAS process, some of the com-
monly used solvents include: N-methyl pyrrolidone (NMP), dimethylsulfoxide 
(DMSO), methanol (MeOH), ethanol (EtOH), dichloromethane (DCM), chloro-
form (CHCL3), acetone (AC), isopropanol, formic acid, acetic acid, etc. (Reverchon 
et al. 2008; Fathi et al. 2012; Tamzeedul et al. 2017). The DMSO and NMP are the 
most popular solvents for the SAS (Montes et al. 2016). A schematic diagram of a 
typical SAS process is presented in Fig. 3.

In recent years, several researchers have focused on the synthesis of food and 
pharmaceutical grade nanocapsules using the SAS technology. Some examples of 
such studies include the β-carotene nanoparticles with a mean diameter below 
400  nm in an aqueous media suspension using SAS precipitation of emulsion 
(Mattea et al. 2009), and antibiotics (e.g., ampicillin, amoxicillin, griseofulvin, and 
tetracycline) (Reverchon and Della Porta 1999). Vitamin D3 nanoparticles were pro-
duced through coating with hydrogenated phosphatidylcholine (HPL) and ethanol 
with n-hexane as solvent. The optimum conditions of this process were a pressure 
of 8 MPa, temperature of 318 K and mass ratio of HPL to Vitamin D3 of 15%. A 
solution flow rate of 0.5 mL/min, the CO2 flow rate of 6.0 kg/h and coaxial nozzle 
type were used in the process (Xia et al. 2011). Another attempt was made to encap-
sulate passion fruit seed oil in poly-lactic-co-glycolic acid (PLGA) with dichloro-
methane as solvent. Nanoparticles of size ranging from 721 to 1498  nm and 
encapsulation efficiency of 67.8 to 91% were achieved at optimum condition of 35 
and 45 °C temperature, 90 and 110 bar pressure, and 92.5 and 95.0% CO2 mass 
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fraction. Microscopic image analysis revealed that the pressure can affect the 
nanoparticles morphology and size, consequently, spherical to irregular shape par-
ticles were at both low pressure (90 bar) and high pressure (110 bar) (Oliveira et al. 
2017). Similarly,  Mezzomo et  al. (2012) produced nanoparticles of carotenoids 
extract of shrimp coated using polymer through SAS technique with an encapsula-
tion efficiency of about 74%. Moreso, Guamán-Balcázar et al. (2017) studied the 
production of mango leaf antioxidant extract by SAS techniques. Nanoparticles of 
sizes ranging from 40–440 nm were produced, with optimum processing conditions 
of 150 bar pressure, 50 °C temperature, 20 mg/mL extract concentration, 20 g CO2/
min flow rate and 5 g extract/min flow rate. The study has observed that initial con-
centration of the solution is a very crucial factor for obtaining nano- or submicron- 
particles of the leaf antioxidant. Likewise, their result revealed that changing the 
precipitation condition of temperature from 35 to 50 °C had an influence on the 
particle size even though the pressure, extract and SC-CO2 flow rates have remained 
the same. Another study recommends the use of higher flow rate of CO2 and liquid 
solution, higher pressure and lower temperature and lower nozzle diameter to obtain 
nanoparticles with smaller sizes. At a high flow rate of the liquid solution, the 
smaller particles are due to an increase in turbulence and effective mixing, which in 
turns favour the supersaturation. The CO2 has a great effect on the morphology, and 
when a higher CO2 flow rate is used, spherical nanoparticles with a narrower parti-
cles size distribution could be obtained (Montes et  al. 2014). The bioactivity of 
lutein was successfully maintained through SAS nanoencapsulation with hydroxy-
propylmethylcellulose phthalate (HPMCP). The lutein/HPMCP nanocapsules were 
prevented from thermal and light degradation, and encapsulation efficiency of 
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Fig. 3 A diagram for the concept of SAS/PCA process
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88.41% was achieved. The nanocapsules size ranges between 163 to 219 nm at a 
pressure of 11 Mpa, temperature of 40 °C and concentration of HPMCP: lutein of 
5:1 ratio (Jin et al. 2009). A lycopene nanoparticle coated with β-cyclodextrin at a 
ratio of 0.35:0.74 mg/ml lycopene: β-CyD was also produced through SAS tech-
nique. It was observed that smallest particles of 38 nm could be obtained at a higher 
temperature (50  °C), high pressure (14  MPa), and low flow rate of the solution 
(0.75 ml/min) (Nerome et al. 2013). Similarly, Wang (2004) has demonstrated the 
use of SC-CO2 in SAS for nanoencapsulation by a model system of silica nanopar-
ticles (as a core material) and Eudragit polymer as a coating material. The result has 
shown that the SAS process could successfully produce nanoparticles of 16–20 nm 
size. The coating process was found to be independent of surface hydrophilicity. It 
was also observed that the heterogeneous polymer nucleation where the nanoparti-
cles serve as nuclei and subsequent deposition of polymer on the surface of nanopar-
ticle due to the mass transfer and phase transition. In this study, the thickness of 
polymer coating was controlled by adjusting the ratio of polymer to core material 
ratio. Despite the popular application of SAS technique, the major drawback of the 
process is the inevitability of using an organic solvent (Oliveira et al. 2017).

An advance SAS method with an enhanced mass transfer has been studied to 
overcome the limitation of SAS process. It is known as a supercritical antisolvent- 
enhance mass transfer (SAS-EM). This modified technique uses a vibrating ultra-
sonic processor to atomise the solution into a micro-droplet. High turbulence 
resulted from this method helps to enhance the mixing operation and the subsequent 
mass transfer generates particles of smaller size (Miwa et  al. 2016; Kankala 
et al. 2017).

5.2  Rapid Expansion From Supercritical Solution (RESS)

The RESS has been used for encapsulation of compounds with a good solubility in 
SC-CO2 (Campardelli et al. 2015). The process utilises the high solvating power of 
SCF (Türk and Lietzow 2004) and it is based on the supersaturation and nucleation 
of a polymer when it is saturated with SCF at high pressure. Since the polymer is 
slightly soluble in SCF medium, the resultant solution becomes of very high pres-
sure. When the solution is passed through an orifice or capillary tube, high-pressure 
drop occurred as a result of which the supersaturation and nucleation take place, and 
subsequently the formation of micro- or nanoparticles (Chen et al. 2005; Fathi et al. 
2012; Girotra et al. 2013). For depressurization to occur, the orifice size of the pre-
cipitation chamber is kept at about 150 μm. This process gives smaller and uniform 
sized particles. Controlling the temperature, pressure, and nozzles orifice geometry 
can lead to a larger particle size (Girotra et al. 2013). Normally, at the end of RESS 
process, a solvent-free and dry product is obtained. This is because the solvent is in 
the gaseous phase and thus no additional drying is required (Chen et al. 2005). Since 
some materials are not sufficiently soluble in SC-CO2 which is used by RESS tech-
nique, it is often required to modify the process by using organic solvent or 
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cosolvent solid for more efficient particles production. Based on this modification, 
the RESS process can be classified into rapid expansion of supercritical solution 
into a liquid solvent (RESOLV), the rapid expansion of supercritical solution into an 
aqueous solution (RESAS) and rapid expansion of supercritical solution with cosol-
vent (RESS-SC) (Miwa et al. 2016). A schematic diagram of this process has been 
presented in Fig. 4.

The RESS techniques offer a solvent-free product because, after expansion, the 
solvent is in a form of a dilute gas. It also enables the nanoencapsulation of ther-
mally labile materials and the formation of particles with lower than 500 nm diam-
eter (Türk and Lietzow 2004; Calderone and Tallon 2008). It offers a great potential 
to produce a fine powder with small size distribution, thin films (Matson et al. 1987). 
This method is simple and more effective when a single nozzle is used. It also mini-
mises the use of organic solvent and allows for reuse of SCF in a continuous process 
(Parhi and Suresh 2013).

RESS technique was successfully shown to produce a model nanoparticles of 
SiO2 coated with poly(vinyl chloride) polymer, using a range of supercritical sol-
vent (Matson et al. 1987). In another attempt, the RESS technique was used to pre-
pare protein-conjugated nanoparticles of silver sulphide using a bovine serum 
albumin. Monodisperse particles obtained were well coated with the protein 
(Meziani and Sun 2003). Some disadvantages of the RESS process that could limit 
its use include the difficulty to scale up and design of nozzle and relatively high- 
energy cost related with the need to recompress CO2 to enable its circulation into the 
system. Consequently, certain modifications are made to overcome some of these 
drawbacks (Mittal 2013). Another drawback is the fact that many polar and high 
molecular compounds are insoluble in the SCF especially CO2 (Chen et al. 2005). 
Nevertheless, various compounds particularly pharmaceutical products or other 
materials of high economic value have been encapsulated using the RESS process. 
The use of the RESS process in the food industry and related products is said to be 
limited because of the moderate solubility of some food components such as fat- 
soluble vitamins in CO2 (Osorio-Tobón et al. 2016).

DepressurizationSolute dissolution in SC-CO2
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Fig. 4 A schematic diagram of the RESS process
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5.3  Gas Antisolvent (GAS)

The GAS technique is commonly used for polymers that are insoluble in SCF thus; 
this process is a suitable alternative to their precipitation or recrystallization to form 
nanoparticles. In this method, the polymer is initially dissolved in a liquid solvent 
and a gas is used as antisolvent for the polymer (Garay et al. 2010; Girotra et al. 
2013). The antisolvent is used in order to reduce the solubility of compounds that 
are dissolved in the solution and promote the nucleation and crystals formation 
(Miwa et al. 2016). The GAS technique involves saturating the polar solvent con-
taining the dissolved substrate with SC-CO2. By doing so, the solvent power of the 
polar solvent got reduced, thereby leading to the precipitation of the substrate 
(Girotra et al. 2013). It is important that the SCF be completely miscible with the 
liquid solvent, while the solute is insoluble in the SCF. Thus, when the liquid solu-
tion comes in contact with the SCF, the supersaturation and precipitation of solute 
in form of micro- or nanocapsules takes place (Garay et al. 2010). This technique 
can be batch or semi-continuous process with a good prospect for a scale up (Chen 
et al. 2005; Bahrami and Ranjbarian 2007). The important parameters in this pro-
cess are pressure, temperature, flow rate and the initial concentration of SCF. The 
quality of the product can be controlled by these parameters through their effect on 
the thermodynamic, hydrodynamic and mass transfer kinetics, and precipitation 
(Chen et al. 2005). Elvassore et al. (2001) have demonstrated the use of GAS CO2 
precipitation to produce insulin nanoparticles coated with polyethylene glycol 
(PEG)/poly l-lactic acid (PLA). Similarly, a semi-continuous compressed CO2 GAS 
precipitation was used to fabricate nanoparticles of insulin/PLA, and more than 
70% product recovery was obtained under proper operating conditions of tempera-
ture, pressure, CO2 flow rate and washing time (Caliceti et  al. 2004). The major 
drawback of this technique is the lack of control over the particle formation, which 
makes it difficult to obtain monodisperse particles (Parhi and Suresh 2013).

5.4  Supercritical Fluid Extraction of Emulsions (SFEE)

The SFEE is a particle formulation process that combines the conventional emul-
sion techniques and the unique properties of SCF in producing nanoparticles (De 
Aguiar et al. 2016). In this technique, an oil-in-water emulsion is prepared with an 
active ingredient dissolved in a dispersed organic phase, and the aqueous phase 
contains the carrier and stabilizing agent. The emulsion is then exposed to SCF 
which enables the  extraction of organic solvent from the organic phase, thereby 
leading to the precipitation of active ingredient in form of micro- or nanoparticles 
(Fathi et al. 2012; Gutiérrez et al. 2013). The resultant aqueous suspension can be 
dried into a powder. As compared to a conventional evaporation, the drying process 
in this technique avoids the high temperature and possible disruption of the product 
by gas bubbles formation during the evaporation (Fathi et al. 2012). The concept of 
this process is presented in Fig. 5.
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The SFEE technique has been studied for the production of quercetin nanopar-
ticles to enhance its delivery to the gastrointestinal tract using two different biopoly-
mers (Pluronic L64® poloxamers and soybean lecithin) as coated materials. A 
quercetin loaded multivesicular liposomes were obtained with an average particle 
size of 100 nm and encapsulation efficiency of about 70% (Lévai et al. 2015). In a 
similar attempt, thermo-economic evaluation was carried out to assess the bottle-
neck of the scale-up of a semi-continuous SFEE technique for the production of 
quercetin microparticles. According to the study, decreasing CO2 flow was found to 
be the major parameter to decrease the energy requirement and cost of the manufac-
turing process under SFEE technique (Lévai et al. 2017). The SFEE has also been 
used to fabricate carotenoids (β- carotene and lycopene) nanoparticles using OSA 
as surfactant and coating materials. The particle size of 344–366 nm with encapsu-
lating efficiency of 34–89% was achieved. This work revealed that emulsion flow 
rate could influence the production of suspension carotenoids particularly the 
encapsulation  efficiency and degree of isomerisation. The final particle size was 
influenced by the concentration of the  carrier material/surfactant, while the effi-
ciency of the encapsulation efficiency was influenced by the pressure and concen-
tration of the carrier material (Santos et  al. 2012). Other attempts were made to 
produce a composite micro- and nanoparticles of ketoprofen and indomethacin in 
biodegradable polymers (poly-lactic/glycolic acid (PLGA) and Eudragit RS) by 
Chattopadhyay et al. (2006) and gene encapsulation in the PLGA by Mayo et al. 
(2010). The benefit of SFEE over other SCF precipitation methods is that there is a 
correlation between the distribution of the diameters in emulsion droplets and in the 
particle suspension. It is thus possible to control the particle size in the final suspen-
sion by changing the parameters that directly influence the final emulsion droplets 
size through their formation (De Aguiar et al. 2016).

Emulsion

Pump

Pump

Vent

CO2

CO2 Flow

Particles collection

Preheater

Preheater

Extraction 

column

CO2 delivery

Fig. 5 The concept of SFEE process
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5.5  Aerosol Solvent Extraction (ASES)

This technique uses the extraction properties of SCF to produce micro/nanoparticle. 
Selection of the organic solvent to be used in this method is based on its solubility 
in SC-CO2 (Bleich et al. 1993; Girotra et al. 2013). In this process, the SCF is ini-
tially pumped to the top pressure vessel until the system reaches a constant pressure 
and temperature. The polymer and active ingredient are both dissolved in an organic 
solvent and then sprayed in form of a fine droplet into an SC-CO2 medium (Figs. 6 
and 7) through atomization nozzles (Girotra et  al. 2013). The solution of active 
substance largely expanded in the vessel leading to the dissolution of SCF into drop-
let followed by supersaturation due to a reduction in the solvent power, which leads 
to nucleation and ultimately the formation of nanoparticles. Nanoparticles are col-
lected at the bottom of the vessel, and the SCF and organic solvent mixture flow 
down to the depressurized tank where they are separated based on their suitable 
temperature and pressure conditions. The major advantage of ASES technique over 
GAS is that its suitability for continuous operation and has a great potential for a 
large-scale particles production (Parhi and Suresh 2013).

5.6  Precipitation With Compressed Fluid Antisolvent (PCA)

In PCA technique, the SCF (or compressed gas) is mixed with an organic solvent in 
a way that is completely in contrast to the GAS method. In this case, the organic 
solvent is dispersed in SFC, and unlike GAS method, this method does not require 

Solution/suspension

Spraying in 

supercritical gas phase

Micro/Nanoparticles Organic liquid

Active ingredient Organic solventCoating 

material/polymer

Fig. 6 Flowchart of the ASES process
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a drying step. The SCF phase can be used in continuous or static mode (Bahrami 
and Ranjbarian 2007). The liquid solution is sprayed through nozzles into a vessel, 
which was pressurized with a dense gas. A typical schematic diagram of this pro-
cess is presented in Fig. 3. The PCA technique is more suitable for systems where 
high supersaturation and quick precipitation are required because it provides a more 
efficient mass transfer between the solution and antisolvent. The efficiency of the 
mass transfer can be enhanced by adjusting the operating parameters for full misci-
bility of solvent and antisolvent, or by substituting the capillary nozzles with more 
sophisticated devices like coaxial devices, ultrasonic dispersion devices, or two- 
component jets. The nozzles provide an intimate contact between the antisolvent 
and solution before the entrance of the precipitator (Fusaro et al. 2005). An impor-
tant control parameter in this process is the emulsion physical properties rather than 
the core material characteristics, thus, developing appropriate emulsion formula 
which will sustain the stable emulsion and ensure particle’ suspension is critical 
(Parhi and Suresh 2013).

6  Application of SCF for Nanoencapsulation of Food 
Grade Materials

SCF based processes are important for the fabrication of nanoencapsulation prod-
ucts (Caliceti et al. 2004). In recent years, the SCF technique has attracted much 
attention for  the encapsulation of bioactive ingredients (Fathi et  al. 2012). 
Supercritical carbon dioxide (SC-CO2) is an ideal medium for the particle 

Nozzles

CO 2

Drug solution

Vent

High pressure vessel

Pump

Pump

Low Pressure

vessel

Fig. 7 Schematic diagram of a typical ASES process
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encapsulation process owing to its relatively mild critical temperature (Tc = 304.1 K) 
and pressure (Pc = 7.38 MPa). The SC-CO2 is chemically stable, nontoxic, non- 
flammable, readily available and inexpensive (Wang et al. 2005; Fathi et al. 2012). 
Generally, CO2 is the most commonly used supercritical solvent recognised by the 
United States' Food and Drug Administration (FDA) in food and pharmaceutical 
applications. The use of SCF technology was first reported by Hannay et al. in 1879 
(Kankala et al. 2017). It was developed in order to overcome some challenges asso-
ciated with the conventional techniques such as spray drying (Chattopadhyay et al. 
2006; Singh et  al. 2018). In a  conventional encapsulation technique, the coating 
materials are atomised and then dissolve in a fluidized bed reactor together with the 
active ingredients in form of small solid or liquid particles. Upon atomisation, the 
droplet of coating material permeates the bed particles and the solvent quickly evap-
orated. While in SCF technique, production of nanoparticles is achieved through a 
single precipitation and encapsulation step using SC-CO2 (Arango-Ruiz et al. 2018). 
Generally, in SCF technique, the active ingredient (core material) and the polymer 
(coating material) are both dissolve in SFC, and the solution expanded through 
nozzles. The SCF is subsequently evaporated by the spraying process and eventu-
ally, the particles are precipitated (Reverchon and Della 1999). The SCF technology 
is based on the principle of co-precipitation of active compound and polymer using 
antisolvent (non-solvent) properties of the supercritical fluid carbon dioxide (SC- 
CO2) (Chattopadhyay et al. 2006). Typically, a polymer-solute is dissolved in a liq-
uid solvent to form a solution, which is sprayed into a chamber that is preconditioned 
with the SCF, causing a rapid contact between the two media. This form a super-
saturated condition leading to a quick nucleation and growth that consequently gen-
erates smaller particles (Chong et al. 2009). The major problem associated with the 
SCF precipitation method is plasticization of polymers in the presence of SC-CO2. 
The polymer-CO2 solution tends to have high viscosity during atomization or sol-
vent extraction, thereby leading to a strong particle agglomeration, inconsistent par-
ticle size and incomplete encapsulation (Chattopadhyay et al. 2006).

Oliveira et  al. (2017) and Reverchon et  al. (2010) stated that during the SCF 
precipitation process, SC-CO2 acts like a plasticizer and reduce the glass transition 
temperature of the polymer, thereby making the particles to aggregate. The SCF 
nanoencapsulation technique is considered clean because the final precipitated sol-
utes are free from any solvent. The process is also considered to have a suitable 
technological and biopharmaceutical properties and yield a product of good quality 
(Pinto et al. 2006). Table 1 provides a summary of some recent application of SCF 
to fabricate efficient nanoencapsulated food grade materials.

6.1  Advantage and Limitation of SCF Technology

SCF technology is regarded as green technology due to the environmental friendli-
ness of the SCFs such as SC-CO2. This technology also overcomes the challenges 
of conventional encapsulation techniques such as thermal and solvent-based 

U. Garba and B. B. Ismail



41

Ta
bl

e 
1 

A
pp

lic
at

io
n 

of
 s

up
er

cr
iti

ca
l fl

ui
d 

na
no

en
ca

ps
ul

at
io

n 
us

in
g 

di
ff

er
en

t f
oo

d-
gr

ad
e 

co
at

in
g 

m
at

er
ia

ls

C
or

e 
m

at
er

ia
l

C
oa

tin
g 

m
at

er
ia

l
SC

F 
Te

ch
ni

qu
e

So
lv

en
t

E
ffi

ci
en

cy
 

(%
)

R
ef

er
en

ce
s

C
ar

ot
en

oi
d

Po
ly

m
er

Su
pe

rc
ri

tic
al

 
an

ti-
so

lv
en

t
74

M
ez

zo
m

o 
et

 a
l. 

(2
01

2)
A

st
ax

an
th

in
Po

ly
(3

-h
yd

ro
xy

bu
tir

at
e-

co
- 

hy
dr

ox
yv

al
er

at
e)

 (
PH

B
V

)
Su

pe
rc

ri
tic

al
 

an
ti-

so
lv

en
t

D
ic

hl
or

om
et

ha
ne

48
.2

5
M

ac
ha

do
 e

t a
l. 

(2
01

4)
E

ug
en

ol
 a

ce
ta

te
PH

B
V

Su
pe

rc
ri

tic
al

 a
nt

is
ol

ve
nt

D
ic

hl
or

om
et

ha
ne

58
L

os
s 

et
 a

l. 
(2

01
6)

T
ra

ns
-r

es
ve

ra
tr

ol
PH

B
V

Su
pe

rc
ri

tic
al

 a
nt

is
ol

ve
nt

D
ic

hl
or

om
et

ha
ne

99
.5

4
D

al
 M

ag
ro

 e
t a

l. 
(2

01
7)

Pa
ss

io
n 

fr
ui

t s
ee

d 
oi

l
PL

G
A

(p
ol

y(
la

ct
ic

-c
o-

gl
yc

ol
ic

)A
ci

d
Su

pe
rc

ri
tic

al
 a

nt
is

ol
ve

nt
D

ic
hl

or
om

et
ha

ne
91

D
 A

 O
liv

ei
ra

 
et

 a
l. 

(2
01

7)
Ly

co
pe

ne
L

ec
ith

in
 a

nd
 α

 to
co

ph
er

ol
Su

pe
rc

ri
tic

al
 a

nt
is

ol
ve

nt
N

-d
im

et
hy

lf
or

m
am

id
e 

an
d 

te
tr

ah
yd

ro
fu

ra
n

C
he

ng
 e

t a
l. 

(2
01

7)
R

os
em

ar
y

Po
lo

xa
m

er
s

Su
pe

rc
ri

tic
al

 a
nt

is
ol

ve
nt

90
V

is
en

tin
 e

t a
l. 

(2
01

2)
C

ur
cu

m
in

L
ac

to
se

Su
pe

rc
ri

tic
al

 
an

tis
ol

ve
nt

-fl
ui

di
ze

d 
be

d 
pr

oc
es

s

Fr
ee

93
M

at
os

 e
t a

l. 
(2

01
8)

C
ur

cu
m

in
Po

ly
vi

ny
lp

yr
ro

lid
on

e,
 E

ud
ra

gi
t®

 L
10

0,
 a

nd
 

Pl
ur

on
ic

®
 F

12
7

Su
pe

rc
ri

tic
al

 a
nt

is
ol

ve
nt

A
ra

ng
o-

R
ui

z 
et

 a
l. 

(2
01

8)
O

liv
e 

po
m

ac
e 

po
ly

ph
en

ol
s

L
ip

os
om

es
Su

pe
rc

ri
tic

al
 a

ss
is

te
d 

lip
os

om
e 

fo
rm

at
io

n
E

th
an

ol
58

T
ru

ci
llo

 e
t a

l. 
(2

01
8)

L
ut

ei
n

H
yd

ro
xy

pr
op

yl
m

et
hy

lc
el

lu
lo

se
 p

ht
ha

la
te

 
(H

PM
C

P)
Su

pe
rc

ri
tic

al
 a

nt
is

ol
ve

nt
A

ce
to

ne
88

.4
1

Ji
n 

et
 a

l. 
(2

00
9)

Ly
co

pe
ne

β-
cy

cl
od

ex
tr

in
Su

pe
rc

ri
tic

al
 a

nt
is

ol
ve

nt
N

,N
-d

im
et

hy
lf

or
m

am
id

e 
(D

M
F)

N
er

om
e 

et
 a

l. 
(2

01
3)

In
su

lin
Po

ly
et

hy
le

ne
 g

ly
co

l/p
ol

y 
– 

l-
la

ct
id

e
G

as
 A

nt
is

ol
ve

nt
D

ic
hl

or
om

et
ha

ne
 a

nd
 

D
im

et
hy

ls
ul

ph
ox

id
e

E
lv

as
so

re
 e

t a
l. 

(2
00

1)

(c
on

tin
ue

d)

Supercritical Fluid Techniques to Fabricate Efficient Nanoencapsulated Food-Grade…



42

Ta
bl

e 
1 

(c
on

tin
ue

d)

C
or

e 
m

at
er

ia
l

C
oa

tin
g 

m
at

er
ia

l
SC

F 
Te

ch
ni

qu
e

So
lv

en
t

E
ffi

ci
en

cy
 

(%
)

R
ef

er
en

ce
s

In
su

lin
Po

ly
 l-

la
ct

id
e 

(P
L

A
)

G
as

 a
nt

is
ol

ve
nt

D
im

et
hy

ls
ul

ph
ox

id
e 

(D
M

SO
)

C
al

ic
et

i e
t a

l. 
(2

00
4)

Β
-c

ar
ot

en
e

M
od

ifi
ed

 s
ta

rc
h 

su
rf

ac
ta

nt
 (

n-
oc

te
ny

l 
su

cc
in

ic
 a

nh
yd

ri
te

)
Su

pe
rc

ri
tic

al
 a

nt
is

ol
ve

nt
D

ic
hl

or
om

et
ha

ne
M

at
te

a 
et

 a
l. 

(2
00

9)
C

ur
cu

m
in

Po
ly

m
er

 (
E

ud
ra

gi
ta

 L
10

0,
 P

lu
ro

ni
c 

F1
27

, 
an

d 
Po

ly
vi

ny
lp

yr
ro

lid
on

e)
Su

pe
rc

ri
tic

al
 a

nt
is

ol
ve

nt
A

bs
ol

ut
e 

et
ha

no
l a

nd
 9

5%
- 

pu
re

 a
ce

to
ne

(A
ra

ng
o-

R
ui

z 
et

 a
l. 

(2
01

8)
Pa

ss
io

n 
fr

ui
t s

ee
d 

oi
l

Po
ly

-l
ac

tic
 c

o-
gl

yc
ol

ic
 a

ci
d 

(P
L

G
A

)
Su

pe
rc

ri
tic

al
 a

nt
is

ol
ve

nt
D

ic
hl

or
om

et
ha

ne
67

.8
–9

1
D

. A
. O

liv
ei

ra
 

et
 a

l. 
(2

01
7)

V
ita

m
in

 D
3a

H
yd

ro
ge

na
te

d 
ph

os
ph

at
id

yl
ch

ol
in

e 
(H

PL
)

Su
pe

rc
ri

tic
al

 a
nt

is
ol

ve
nt

E
th

an
ol

 a
nd

 h
-h

ex
an

e
X

ia
 e

t a
l. 

(2
01

1)
C

ap
sa

ic
in

oi
ds

H
i-

ca
p 

10
0 

m
od

ifi
ed

 s
ta

rc
h

Su
pe

rc
ri

tic
al

 fl
ui

d 
ex

tr
ac

tio
n 

of
 e

m
ul

si
on

E
th

yl
 a

ce
ta

te
99

.5
D

e 
A

gu
ia

r 
et

 a
l. 

(2
01

6)
Q

ue
rc

et
in

Pl
ur

on
ic

 L
64

®
 p

ol
ox

am
er

s 
an

d 
so

yb
ea

n 
le

ci
th

in
Su

pe
rc

ri
tic

al
 fl

ui
d 

ex
tr

ac
tio

n 
of

 e
m

ul
si

on
E

th
yl

 a
ce

ta
te

70
L

év
ai

 e
t a

l. 
(2

01
5)

β-
ca

ro
te

ne
 a

nd
 

ly
co

pe
ne

n-
oc

te
ny

l s
uc

ci
ni

c 
an

hy
dr

id
e 

(O
SA

)-
m

od
ifi

ed
 s

ta
rc

h
Su

pe
rc

ri
tic

al
 fl

ui
d 

ex
tr

ac
tio

n 
of

 e
m

ul
si

on
D

ic
hl

or
om

et
ha

ne
34

–8
9

Sa
nt

os
 e

t a
l. 

(2
01

2)
M

an
go

 le
af

 
an

tio
xi

da
nt

 e
xt

ra
ct

Su
pe

rc
ri

tic
al

 
A

nt
is

ol
ve

nt
G

ua
m

án
-B

al
cá

za
r 

et
 a

l. 
(2

01
7)

U. Garba and B. B. Ismail



43

techniques (Girotra et al. 2013). SCF has advantages over other solvents primarily 
because of their intermediate physical and chemical properties between those of 
liquids and gasses, and are easily adjustable by changing the temperature and pres-
sure (Silver and Meireles 2014). It has been regarded as a novel technique due to its 
ability to enhance the solubility of poorly soluble drugs, surface modification, plas-
ticizing of polymers, nanosizing and nanocrystal modification, and chromatographic 
extraction (Girotra et al. 2013).

One of the limiting factors of using SCF techniques is the solubility of substrate 
and polymer matrix in SFC (Silver and Meireles 2014). The high-pressure require-
ment, the high cost of maintenance and need for auxiliary equipment has limited the 
application of SCF technology for many pharmaceutical industries (Girotra 
et al. 2013).

7  Conclusion

In the recent years, the use nanoencapsulation process for  the encapsulation at a 
nano scale of bioactive compounds on a wall material is increasingly useful. This is 
necessary due to their volatile nature and high sensitivity to heat and other environ-
mental conditions. The advantages of nanoencapsulation over other encapsulation 
techniques include larger surface area, enhanced solubility, bioavailability, and con-
trolled release of the encapsulated ingredients. It is a promising technology with 
tremendous potentials in food, pharmaceutical, cosmeceutical applications. Several 
techniques are used for nanoencapsulation of bioactive compounds including emul-
sification, coacervation, inclusion complexation, emulsification–solvent evapora-
tion, nanoprecipitation, and supercritical fluid technology (SCF). The use of 
supercritical fluids particularly CO2 possess several advantages over the traditional 
encapsulation techniques including mild processing temperatures, generally below 
50 °C, an inert atmosphere suitable for unstable bioactive compounds, minimal use 
of organic solvents and the production of contamination-free products. Among the 
various techniques that were reviewed, RESS and SAS techniques were particularly 
most important SCF techniques to fabricate food grade nanoparticles.
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1  Introduction

The presence of contaminants in foods is nowadays a topic of special relevance as a 
result of the security/hazard issues in which they are involved. Pesticides, pharma-
ceutical compounds, polycyclic aromatic hydrocarbons (PAHs), mycotoxins, hor-
mones or heavy metals are some examples of food contaminants of concern that 
have already been found in a wide variety of foods at different concentrations (Farré 
and Barceló 2013; González-Sálamo et  al. 2016b; Socas-Rodríguez et  al. 2017), 
thanks to the analytical methods that have been developed so far and whose applica-
tion and development still represents a challenge (Farré and Barceló 2013; González- 
Sálamo et al. 2016b; Socas-Rodríguez et al. 2017). Such analytical information has 
also played and, in fact, is currently playing, a very important role in the implemen-
tation of food safety actions in all stages of food production -harvest, processing, 
storage and preparation-, since trace levels of those contaminants can inadvertently 
enter the food chain at different stages and, as a result, represent serious health risks. 
In particular, analytical information concerning food contaminants has been essen-
tial for the establishment of maximum residue limits (MRLs) by different regulatory 
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authorities worldwide or even to ban the commercialization or use of certain prod-
ucts in order to guarantee a safe consumption.

In a context with an increased globalization in the food supply and with a con-
stant flow of chemicals being released to the environment, the development of accu-
rate, sensitive and reliable methodologies for food safety and food quality assurance 
(particularly including identification, monitoring and quantification of newly- 
recognized food contaminants) is still a hot topic of research nowadays. For that 
purpose, especially when organic analytes are studied, most conventional analytical 
methods are chromatographic-based techniques, mainly liquid chromatography 
(LC) and gas chromatography coupled with mass spectrometry (GC-MS), com-
bined with different sample pre-treatment methods. In this sense, it should be high-
lighted that sample preparation is still a key step in any analytical method. As it is 
widely known, its main objective is the selective extraction of the target analytes 
and, in many cases, their preconcentration in order to increase the sensitivity of the 
method. Contrary to what it may seem, the development of new analytical methods 
is a field under a constant evolution in which new alternative sample preparation 
methods are being proposed, based also on the developments of other areas.

Nanoscience and nanotechnology, which produce materials for their applications 
well below the sub-microscopic level (< 100 nm), have reached an extraordinary 
level of development. At the nm level, surface physics and chemistry start to domi-
nate the material’s properties and, therefore, such fact, if properly considered and 
managed, could be of high utility. Such physico-chemical properties depend on 
their three-dimensional morphology, the surrounding media and their arrangement 
in space (Adams and Barbante 2013). Among the different fields in which nanoma-
terials have found a good level of application, Analytical Chemistry could be high-
lighted (González-Sálamo et al. 2016b, Socas-Rodríguez et al. 2017). In particular, 
their use as nano-sorbents for sample preparation purposes currently provides one 
of the most promising avenues for developments in Analytical Chemistry. 
Concerning the food safety field, they have been applied with success for the extrac-
tion and preconcentration of a wide variety of contaminants and matrices.

Among the nanomaterials most commonly used as sorbents it could be high-
lighted the use of carbon-based materials such as graphene, fullerenes, carbon nano-
tubes (CNTs), carbon nanohorns or nanodiamonds (all of them functionalized or 
not) (Liang et al. 2014; Ravelo-Pérez et al. 2010), as well as metal-organic frame-
works (MOFs) (Wang et  al. 2019; Hashemi et  al. 2017) and a wide variety of 
nanoparticles (NPs) (González-Sálamo et  al. 2016a; Płotka-Wasylka et  al. 2016) 
coated or combined with different materials such as those previously commented 
(MOFs and carbon-based materials) and polymers (including polymeric ionic liq-
uids (PILs) (Yu et  al. 2013a) or molecular imprinted polymers (MIPs)) (Speltini 
et al. 2017), among others. All of them have been mostly used with success as solid- 
phase extraction (SPE) and solid-phase microextraction (SPME) sorbents, under 
their different modalities.

This book chapter is aimed at providing a general description of the different 
nano-sorbents that have been used in food safety for the extraction and preconcen-
tration of food contaminants as well as at describing the most general preparation 
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methods of each nanomaterial. Particular emphasis has been paid to describe the 
most recent applications in this field.

2  Nano-Sorbents Synthesis/Preparation Methods

As it has already been commented, the features of the nanomaterials used for extrac-
tion purposes are of special concern in order to achieve a suitable and selective 
extraction of the target analytes. Thus, especial attention should be paid to the 
development of preparation strategies which provide the most suitable structures 
and the highest purity possible. This section is aimed at providing a general over-
view of the most common synthesis procedures used in this field.

2.1  Carbon-Based Nano-Sorbents

Carbon-based nanomaterials are the ones mostly applied in sample preparation 
methodologies as a result of their extraordinary properties which have transformed 
them in exceptional sorbents for the extraction of a wide number of analytes from 
matrices of different nature. Among them, CNTs and graphene have been the most 
widely used and, as a consequence, numerous synthetic routes have been proposed 
for their obtention (Bhuyan et al. 2016; Herrera-Herrera et al. 2012; Ravelo-Pérez 
et al. 2010).

Since the first report of the preparation of CNTs using an arc discharge evapora-
tion method in 1991 by Sumio Iijima (Iijima 1991), several synthetic methodologies 
have allowed the preparation of both single- (SWCNTs) and multi-walled CNTs 
(MWCNTs). In this sense, chemical vapor deposition (CVD), arc discharge and 
laser-ablation are the three most established (Eatemadi et al. 2014). Among them, 
the former technique has been the preferred one, probably because it requires lower 
temperatures and it offers a better control of the final structural features of the nano-
material. This method makes use of carbon-based gases (e.g. methane or ethylene) 
to provide a carbon source in the presence of metallic NPs (e.g. Au, Pt, Fe, Co, etc.) 
at high temperature (350–1000 °C). In this case, the carbon atoms deposited on the 
surface of the NPs, which can be floating or supported on a substrate, precipitate as 
CNTs. This methodology has given place to multiple variants of the thermochemi-
cal CVD traditionally used, including aerosol assisted CVD (AA-CVD), alcohol 
catalyst CVD (AACC-CVD) or plasma enhanced CVD, among others (Crevillen 
et al. 2019; Rümmeli et al. 2010). Besides CVD, arc discharge constitutes a simple 
methodology for obtaining CNTs. In this high temperature procedure, the ignition 
of an arc placed between two high-purity graphite electrodes in a chamber filled 
with helium (argon or hydrogen can also be used) produces the evaporation of car-
bon. When carbon cools, it condenses forming CNTs. However, this technique 
shows as an important disadvantage the fact that not all carbon condenses as nano-
tubes, being necessary the inclusion of purification steps at the end of the process 
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(Eatemadi et al. 2014; Rümmeli et al. 2010). Finally, laser-ablation allows obtaining 
SWCNTs with controlled diameters by suitably changing the conditions influencing 
the reaction during the synthesis process. Briefly, CNTs are obtained by applying an 
intense pulse of a laser on a carbon surface in a stream of helium gas and in the pres-
ence of a metal catalyst. The evaporated material condenses on the surface of the 
catalyst particles forming CNTs (Rümmeli et al. 2010).

It is important to highlight that the dimensions (length and diameter), morphol-
ogy (closed or open ends), the number of walls and the carbon atoms alignment 
(zig-zag, armchair or chiral -see Fig. 1-) of the CNTs obtained, directly depend on 
the synthetic strategy followed to obtain them. Moreover, it should also be consid-
ered the possibility of ulterior treatments of the CNTs for their covalent or non- 
covalent functionalization in order to provide a higher selectivity during the 
extraction process (Herrera-Herrera et al. 2012).

As it has been mentioned, CNTs can be functionalized or combined with other 
materials, normally in order to improve their selectivity or their extraction capacity, 
although in certain cases it has been carried out to improve their solubility, which is 
very low in most solvents as a consequence of the strong inter-tube van der Waals 
interactions (Socas-Rodríguez et al. 2014). In this sense, the process usually includes 
an initial oxidative or acidic treatment of pristine CNTs followed by different pro-
cedures for their covalent (Meng et al. 2009) or non-covalent functionalization (Hu 
et al. 2009). In the first case, it is possible to carry out a direct or an indirect func-
tionalization by covalent linkage between the functional groups and the CNT skel-
eton or the carboxylic groups present on its surface, respectively. The second one is 
based on physical adsorption processes of molecules onto the CNT sidewall by van 
der Waals, hydrophobic or electrostatic forces, among others (Ravelo-Pérez et al. 
2010). Thus, this versatility has made possible their application for the extraction of 
a wide variety of organic and inorganic analytes from matrices of different nature 
(Socas-Rodríguez et al. 2014).

Regarding graphene synthesis, a broad spectrum of methods can be found in the 
literature, some of them very similar to those used for CNTs obtention. All these 
methodologies can be classified in two well-differenced groups: top-down methods, 

Fig. 1 SWCNTs and MWCNTs structures and torsions. Reprinted from (González-Sálamo 2018) 
with permission
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which are those based on the separation of the stacked layers of graphite to obtain 
single two-dimensional sheets; and bottom-up methods, which are those based on 
the synthesis graphene sheets from different carbon sources (Crevillen et al. 2019).

In the first group, different processes can be found such as mechanical, electro-
chemical or solvent-based exfoliation or graphene oxide (GO)  reduction, among 
others. In relation to mechanical exfoliation, the first application of this kind of 
methods, developed by Novoselov and co-workers in 2004 (Novoselov et al. 2004), 
used scotch tape to cleave the layers apart. Although this approach provided high 
quality layers, the process is slow and laborious, which makes it unsuitable for 
large-scale production. Since then, the following methods have emerged as the two 
main alternatives to obtain graphene sheets from monocrystalline graphite based on 
the application of ultrasounds and electric fields (Bhuyan et al. 2016; Crevillen et al. 
2019). Electrochemical exfoliation is based on the application of a certain voltage 
between two electrodes, both or at least one made of graphite, in an electrolyte solu-
tion, producing the exfoliation of graphite and delivering the graphene sheets from 
the sacrificial electrode. In this case, surfactants or sulfuric acid have been added to 
the electrolyte solution in order to avoid the re-agglomeration of graphene sheets 
(Shams et al. 2015). The use of ultrasounds has also been explored for obtaining 
graphene. In this case, it is really important to make a good selection of the solvent 
used, since it determines the number of layers of the graphene obtained. N-methyl 
pyrrolidone, N,N-dimethyl formamide, cyclopentanone or even aqueous surfactant 
solutions have been used in this sense (Crevillen et al. 2019; Shams et al. 2015).

Besides these methods, the most commonly used to obtain graphene sheets are 
based on the reduction and exfoliation of graphite oxide. In such methods, the exfo-
liation process produces GO layers, which are subsequently reduced using different 
reducing agents such as hydrazine, hydroquinone or NaBH4, among others (Bhuyan 
et al. 2016; Crevillen et al. 2019).

Concerning bottom-up methods, CVD is the most widely used. This approach 
results very similar to the above-mentioned for CNTs obtention, with the difference 
that a catalytic metal foil (Ni, Pd, Cu, Ru, etc.) is used instead of catalyst metal NPs 
(Bhuyan et al. 2016; Crevillen et al. 2019). Besides CVD, other methodologies have 
also been proposed, including epitaxial growth or pyrolysis. Pyrolysis of graphene 
is a solvothermal process in which graphene sheets can be detached using a mixture 
of sodium:ethanol 1:1 (v/v) under sonication in a closed recipient. Regarding epi-
taxial thermal growth, it uses single-crystalline SiC substrates. In this process, the 
substrate is heated above 1000 °C under ultra-high vacuum, resulting in the subli-
mation of Si atoms, which originate a realignment of the carbon atoms producing 
graphene sheets. Controlling the process conditions, it is possible to control the 
number of graphene layers (Bhuyan et al. 2016; Crevillen et al. 2019).

2.2  Metal-Organic Frameworks (MOFs)

Nowadays, there is an increasing interest on the use of MOFs in different fields, 
including Analytical Chemistry. In the particular case of sample preparation proce-
dures (Hashemi et al. 2017; Pacheco-Fernández et al. 2019), MOFs gather more 
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than 2800 scientific publications and 370 patents in the last five years (Scopus 
Database n.d.) as sorbent materials in different techniques such as SPME (Gutiérrez- 
Serpa et  al. 2019; González-Hernández et  al. 2019; Rocío-Bautista et  al. 2016b, 
2018), SPE (He et al. 2017; Rocío-Bautista et al. 2016a; Sajid 2017), and dispersive 
solid-phase extraction (dSPE), including its miniaturized form, micro-dSPE 
(μ-dSPE) (Rocío-Bautista et al. 2016a, 2017), or even as stationary phases in chro-
matography (Qian et al. 2018; Wang and Ye 2017).

MOFs are three-dimensional nanomaterials consisting on an inorganic second-
ary building unit (SBU) of at least one metal ion (or metal cluster), and one or more 
organic linkers, connected by coordinated bonds in a specific spatial disposition 
forming a highly well-organized crystalline structure full of cavities and porous 
feasibly tuneable. Some of them are even flexible, changing their poro size without 
affecting their crystallinity (Kalmutzkl et al. 2018). These materials are known to 
possess the highest surface area known so far with values as high as 10,000 m2·g−1 
(Kalmutzkl et al. 2018; Moghadam et al. 2017; Rowsell and Yaghi 2004). Depending 
on the selected precursors (inorganic SBU and linkers), the way in which building 
units are connected, and the synthesis conditions, the network will present a specific 
structure, pore volume and surface area enrolled with the material properties - see 
Fig. 2- (Kalmutzkl et al. 2018; Yuan et al. 2018). Therefore, there is an enormous 
number of possible combinations of all those factors being theoretically possible the 
design of specific MOFs with concrete physical characteristics in order to use it for 
a particular application such as CO2 capture, catalysis, environmental monitoring 
studies, among others (Furukawa et al. 2013; Yuan et al. 2018). Currently, there are 
more than 70,000 different MOF structures characterized and registered in the 
Cambridge Structural Database (CSD) (Cambridge Crystallographic Data 
Center n.d.; Piri-Moghadam et al. 2017).

Conventional MOFs synthesis is performed by crystallization procedures that 
can be divided into non-solvothermal and solvothermal methods (Rowsell and 
Yaghi 2004; Stock and Biswas 2012).

Non-solvothermal methods are those that imply soft synthesis conditions of 
pressure and temperatures under the solvent boiling point. Examples of that are the 
direct precipitation and modulated precipitation methods, evaporation approaches, 
re-crystallization and other strategies like slow diffusion (Stock and Biswas 2012).

Precipitation methods consist on obtaining the MOF by the simple mixing of the 
precursors. However, the direct mixing can result in a quick precipitation (Yuan 
et al. 2018) which is not favourable for obtaining a highly ordered crystalline pow-
der. One way of obtaining a more ordered structure once the non-ordered precipitate 
has been formed is to perform a recrystallization by a better control of the crystal 
reformation (Stock and Biswas 2012). The other option is to perform modulated 
precipitations instead of direct precipitations. The main difference between them is 
the introduction of a third compound into the reactive solution: a modulator. 
Modulators are substances that prevent the quick precipitation by the regulation of 
the precipitation equilibrium by competitive coordination with the metal or by 
blocking the organic linker reducing the nucleation rate and slowing the crystal 
growth time, allowing a more controlled crystal growth (Yuan et al. 2018).
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Regarding the evaporation approach, it consists on the removal of the solvent by 
soft heating (though it can also take place at room temperature), increasing the 
MOFs precursors concentration in solution and forcing the crystal formation when 
the solution reaches oversaturation. However, long times are required for the forma-
tion of the crystalline structures. This long time wasting inconvenient is very fre-
quent in the diffusion synthesis strategy (Dey et  al. 2014). In that case, two 
non- miscible liquids, one of them containing the inorganic SBU and the other the 
organic linker, get slowly in contact by diffusion and the MOF is formed. Whenever 
the reaction advances, the precursors concentrations decrease in the two original 
solutions until no more crystals are formed. These two methods often provide large 

Fig. 2 Influence of the SBU election in the MOF chemical and structural characteristics, and its 
applicability. Reprinted from (Kalmutzkl et  al. 2018) with permission from the American 
Association for the Advancement of Science
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crystals highly ordered and stable compared with the other methods (Dey et  al. 
2014; Stock and Biswas 2012).

Solvothermal methods consist on performing the synthesis under high tempera-
ture and pressure conditions. Generally, MOFs precursors are dissolved with a polar 
solvent and mixed. Then, the resulting solution is placed into a Teflon-lined 
stainless- steel autoclave, which is sealed and heated at high temperatures over the 
boiling point of the solvent. Under these conditions, regular crystals are formed. 
Nevertheless, the extreme conditions required for their obtaining, and the organic 
solvents used has brought to light the need of developing novel strategies more 
environmentally friendly using non-organic solvents and lower synthesis tempera-
tures (Rowsell and Yaghi 2004).

There are other alternative synthetic methods for obtaining MOFs such as solid 
matters (mechanochemistry), electrochemistry, microwave assisted synthesis and, 
in a less extended way, sonochemistry, ionothermal methods and surfactant thermal 
process (Li et al. 2018b; Stock and Biswas 2012).

Solid matters are considered metal ion reservoirs that can be used for the synthe-
sis of MOFs. In the solid matter approach, crystals synthesis can take place by a 
solvent-based or a solvent-free procedure, which is related with mechanochemistry 
reactions (Zhan & Zeng 2017). The solid matter and the organic linker are mixed, 
then external energies are applied in order to promote the reaction due to the low 
diffusion rate that the ions present into the solid state. The external energy can be 
mechanical or supported by heating using an oven or by microwaves (Zhan & 
Zeng 2017).

Electrochemical procedures take place by introducing progressively metal ions 
into a solution containing a conducting salt and the organic linker dissolved in a 
protic solvent in order to avoid the crystal formation over the cathode surface. 
Applying a potential to the solution, the MOF is formed as microcrystals. Such 
electrochemical procedures are widely used in the industry and are specially fol-
lowed for obtaining thin films coatings (Stock and Biswas 2012; Yue et al. 2015).

Microwave assisted synthesis is based on the interactions between MOFs pro-
moters and electromagnetic waves. Applying the appropriate wave frequency, the 
number of collisions that take place into the solution increases exponentially, giving 
as result a homogeneous system with high temperatures and high kinetic energies, 
allowing a fast synthesis of small crystals (Stock and Biswas 2012).

Sonochemistry synthesis is based on a cavitation process that takes place when 
an intense ultrasound radiation is applied to a solution. Ultrasound waves produce 
the collapse of bubbles in the solution creating short-time local hot spots with ther-
mal and pressure conditions favourable for the promotion of the chemical reactions 
responsible of the nucleation points formation (Dey et  al. 2014; Stock and 
Biswas 2012).

Regarding ionothermal methods and surfactant thermal processes, their use has 
turn up as an alternative to conventional methods using less aggressive substances 
with low toxicity and cost as well as high biodegradability and recyclability. That 
implies the use of ionic liquid (IL) solvents, deep eutectic solvents or even surfac-
tants (Li et al. 2018b).
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2.3  Nanoparticles (NPs)

Apart from carbon-based materials and MOFs, NPs of different composition have 
also been used as nano-sorbents for food contaminants analysis. Among them, those 
that show a permanent magnetism (ferromagnetism) or those that can be attracted 
by a magnetic field without retaining residual magnetism after such field is elimi-
nated (superparamagnetism) have been the most applied in this field. Such fact 
greatly facilitates and simplifies the extraction process.

The m-NPs most commonly used are those composed of metals like iron, nickel 
and cobalt or their oxides, spinel-type ferromagnets such as MnFe2O4, MgFe2O4 and 
CoFe2O4 as well as alloys such as CoPt3 and FePt. In particular, the iron oxides 
magnetite (Fe3O4) and maghemite (γ-Fe2O3), which can be easily obtained (He et al. 
2014), are the ones with the highest applications, also in the food analysis field, 
since they can be easily produced. Concerning their synthetic methods, they can be 
obtained by different procedures: chemical co-precipitation, solvothermal/hydro-
thermal reactions, thermal decomposition, microemulsion/nanoemulsion based 
synthesis, metal reduction, flow injection methods and aerosol/vapor phase proce-
dures (He et al. 2014; Lu et al. 2007). Most of these methods can also be used to 
obtain m-NPs different from iron by just changing the precursor salt. It should be 
mentioned that in the particular case of maghemite it can also be easily obtained 
from the oxidation of magnetite (Jolivet and Tronc 1988; Lyon et al. 2004). Despite 
the wide variety of methods currently used, it should be highlighted that the obtained 
m-NPs do not have a specific shape and size; in fact, a wide variety of shapes and 
sizes can be obtained depending on the method. Besides, they tend to aggregate and 
are also easily oxidizable in air and, as a result, they may lose part of their magne-
tism and dispensability. To overcome this problem, and to increase their selectivity, 
they are normally coated or grafted with an inorganic (silica, carbon –including 
graphene and CNTs–, alumina, etc.) or an organic (surfactants or polymers) layer 
(Xie et al. 2014).

Concerning the synthetic procedures most widely used for iron m-NPs, the co- 
precipitation method, which is the most common, consists on the mixing of Fe2+ and 
Fe3+ salts (mainly their chlorides, although sulphates and nitrates can also be used) 
and precipitation of the oxides in the presence of an alkaline solution (i.e. aqueous 
ammonia) (Giakisikli and Anthemidis 2013), since pH should be in the range 8–14. 
Appropriate control of the NP size and magnetic response can be obtained by vary-
ing the experimental conditions (molar ratio of reagents and temperature, pH, etc.), 
although the co-precipitation method tends to produce particles with a wide size 
distribution. m-NPs made of cobalt (Román et  al. 2011), nickel-zinc ferrite 
(Mahmoodi 2013) or manganese (Kumar et al. 2014) have also been obtained with 
this procedure.

Another method that has been used with success is thermal decomposition, 
which is also applicable to Ni and Co m-NPs. In this case, a metal carbonyl, a low- 
valent metallic alkene, polyene metal complexes or metal oleates precursors are 
mixed with high-boiling point organic solvents containing stabilizing surfactants at 
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high temperatures and pressures in reactors or autoclaves (He et al. 2014). The fact 
that the cost and toxicity of the reagents is high has precluded its wider application, 
although m-NPs of a controlled size distribution and good crystallinity are obtained.

Regarding the solvothermal approach, also widely applied, it is mainly carried 
out by mixing FeCl3, ethylene glycol (which acts as solvent and reductant) and 
sodium acetate (as assistant reductant and electrostatic stabilizer) (Faraji et al. 2010; 
Kaur et al. 2014) and heating above 200 °C. In some cases, the synthesis has also 
been assisted with microwaves to accelerate it (Li et al. 2013).

Metal reduction consists on the electrochemical reduction of metallic salts 
(nitrates, chlorides, and acetates, among others) or on their treatment with appropri-
ate reducing agents in the presence of a surfactant (Lu et al. 2007), while flow injec-
tion requires the continuous (or segmented) mixing of reagents under a laminar flow 
(He et al. 2014). The last methods applied are aerosol/vapor phase techniques in 
which the precursors are continuously reduced in an aerosol or vapor state in a reac-
tor (He et al. 2014).

As previously indicated, and concerning the application of m-NPs as sorbents, 
there currently exists a wide variety of inorganic and organic coating materials 
being the most popular in food sample analysis those consisting of silica (Abbaszadeh 
and Tadjarodi 2016; Chen and Zhu 2015, 2016; Chen et al. 2016; Du et al. 2014; Hou 
et al. 2013; Keramat and Zare-Dorabei 2017; Li et al. 2018c, Mahpishanian et al. 
2015; Miao et al. 2015; Noormohamadi et al. 2018; Wang et al. 2013; Zhan et al. 
2013; Zheng et al. 2014b), carbon-based coatings (Du et al. 2013; González-Sálamo 
et al. 2016a; Ruan et al. 2014), MOFs (Abbaszadeh and Tadjarodi 2016; Ghorbani- 
Kalhor 2016; Liu et al. 2015b, 2016; Shi et al. 2018; Xia et al. 2017), and polymers 
(González-Sálamo et  al. 2017; McCullum et  al. 2014; Xu et  al. 2011; Ríos and 
Zougagh 2016; Safdarian et al. 2013; Zhao et al. 2013).

Concerning silica functionalization, this strategy is widely used to avoid agglom-
erates formation and also if further functionalization is desired. Silanol groups 
existing on silica are versatile and allow performing an easy functionalization of the 
material surface in order to coat them with another nanomaterial. The silanization 
reaction is carried out by a single step Störber process (Stöber et al. 1968) introduc-
ing slight differences. The general procedure is based on the silica precursor -tetra-
ethyl orthosilicate (TEOS)- hydrolysis followed by a crosslinking condensation in 
an alcoholic solution using ammonia as catalyst (Stöber et al. 1968). Once the SiO2 
layer is obtained, the possible combinations of the m-NPs with other materials are 
infinite. Regarding food sample analysis, the materials attached to this kind of NPs 
have been CNTs (Du et al. 2014), GO (Chen et al. 2016; Hou et al. 2013; Keramat 
and Zare-Dorabei 2017; Mahpishanian et  al. 2015), MOFs (Abbaszadeh and 
Tadjarodi 2016), ILs (Chen and Zhu 2015, 2016), and polymers (Li et al. 2018c; 
Miao et al. 2015; Noormohamadi et al. 2018; Wang et al. 2013; Zhan et al. 2013; 
Zheng et al. 2014b).

Regarding polymers, they are by far the nanomaterials most extensively com-
bined with NPs, due to their good versatility and stability as well as the good reten-
tion of multiple compounds in comparison with other materials. In this sense, 
different natural (e.g. chitosan (Xu et al. 2011) or agarose (Safdarian et al. 2013)) 
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and synthetic (e.g. polypyrrole (Zhan et  al. 2013) or polydopamine (McCullum 
et al. 2014)) polymers have been applied as coatings in diverse extraction proce-
dures. Concerning the synthesis processes, the method most commonly used con-
sists on the dispersion of the NPs in the same media in which the polymerization 
takes place. Thus, the polymer grows around the NPs, resulting in a core-shell type 
structure. In this sense, it is important to mention that in some cases, NPs are previ-
ously coated with silica in order to provide a better surface for polymer binding as 
it has been previously indicated (Ríos and Zougagh 2016).  However,  polymeric 
coatings have also been synthesized directly on the NPs surface in other occasions. 
As an example of this, González-Sálamo et al. (González-Sálamo et al. 2017) syn-
thesized Fe3O4@polydopamine by dispersing the m-NPs (previously synthetized by 
a co-precipitation method) in a phosphate buffered saline media at pH 8.3. Then, the 
dopamine was added, and the polymerization process was maintained for 6 hours 
under magnetic stirring at room temperature. This coated m-NPs showed good sta-
bility for at least one week after their preparation, which is more than acceptable to 
their application in any extraction procedure. Finally, it is important to mention that 
polymers and NPs have not only been combined by coating procedures. In some 
occasions these two materials are simply mixed, creating a composite in which NPs 
are embedded in the polymeric structure (Zhao et  al. 2013), although its use is 
reduced in comparison with coated NPs.

Besides polymers, the combination of NPs, especially m-NPs, with nanomateri-
als to form composites have also gained importance in the last years. This kind of 
new nanocomposites gather the magnetic properties of m-NPs with the extraordi-
nary characteristics of materials such as CNTs, graphene or MOFs, among others 
(González-Sálamo et al. 2016a), which makes them excellent alternative sorbents 
for their application in m-dSPE. Among them, the use of carbon-based nanomateri-
als can be highlighted, as a result of the well-known properties of CNTs or gra-
phene. Besides that, the combination of m-NPs with this kind of nanomaterials is 
also of special concern because CNTs and graphene show a low solubility in water 
and organic solvents and their isolation from the sample matrix results quite diffi-
cult. However, their combination with m-NPs solves this problem, since they can be 
easily isolated with a simple magnet (González-Sálamo et al. 2016a). Regarding the 
synthesis of this kind of nanocomposites, the most usual consists on the deposition 
of m-NPs onto the surface of the carbon-based material, normally by electrostatic 
forces (Ruan et al. 2014). However, in the case of CNTs, they can also be filled with 
m-NPs (Du et al. 2013). As an example, Du et al. (Du et al. 2013) carried out the 
synthesis of cobalt ferrite filled MWCNTs for the extraction of organochlorine pes-
ticides (OCPs) from tea and honey samples. For this purpose, MWCNTs were firstly 
cut and oxidized with nitric acid at 80 °C for 4 hours. Then, they were dried and 
mixed with a solution containing iron and cobalt nitrates under ultrasound. The 
particles were dried overnight at 60 °C and then heated at 100 °C in air. Finally, they 
were heated at 550 °C with charcoal or activated carbon as reductant.

MOFs-based materials employed in m-dSPE for the analysis of contaminants in 
food samples have been obtained by combination with other materials forming a 
composite, being this approach the most commonly used so far (Abbaszadeh and 
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Tadjarodi 2016; Liu et al. 2015b; Shi et al. 2018; Xia et al. 2017), or by a direct 
synthesis without the need of another magnetic material to induce the magnetism 
(Liu et al. 2015b, 2016). Composite nanomaterials are obtained by the combination 
of m-NPs and MOFs. There are several ways to obtain them, being the in-situ 
growth of the MOF over the surface of the m-NP the strategy most extensively used 
(Abbaszadeh and Tadjarodi 2016; Liu et al. 2015b; Shi et al. 2018; Xia et al. 2017). 
In order to achieve that crystal growth over the particle surface, there must be first a 
functionalization step of the m-NP in order to establish the seed for the MOFs for-
mation and growth. Some examples of that, are the dithiocarbamate functionalized 
Fe3O4 (Abbaszadeh and Tadjarodi 2016), mercapto acetic acid functionalized Fe3O4 
(Xia et al. 2017), amine functionalized Fe3O4 (Shi et al. 2018), and 4-(thiazolylazo) 
resorcinol (TAR) functionalized Fe3O4 (Ghorbani-Kalhor 2016). This strategy has 
been successfully applied to obtain, for example, magnetic HKUST 1 (Abbaszadeh 
and Tadjarodi 2016; Ghorbani-Kalhor 2016), MIL-101 (Shi et al. 2018) and JUC-48 
(Xia et al. 2017) nanocomposites, which have been applied in food sample analysis.

Regarding the direct synthesis of magnetic nanomaterials, it is becoming trendy 
the use of carbonized MOFs in sample preparation. Some of these nanomaterials 
have magnetic properties and are obtained by carbonization of the MOF once it has 
been synthetized (Li et al. 2016; Liu et al. 2015b). Although these nanomaterials 
have been prepared out of a crystalline structure, when carbonized, the three- 
dimensional structure is broken and is no more a perfect organized network. Thus, 
a careful study of what the carbonized MOFs are and how they should be classified 
(as carbonaceous nanomaterial or as framework) must be done.

3  Nano-Sorbent Applications in Food Contaminant Analysis

3.1  Solid-Phase Extraction (SPE)

SPE, introduced in the 1970s (Fritz 1999), is probably the sorbent-based extraction 
and clean-up procedure most widely used nowadays in Analytical Chemistry 
(Anderson et al. 2015). It consists on the use of solid chromatographic materials 
normally packed into a column or cartridge. Such materials are initially activated 
with an appropriate solvent and then the liquid sample/extract containing the target 
analytes is passed through while they are retained. Afterwards, the cartridge can be 
washed with another solvent, dried with air or under vacuum and finally eluted with 
an appropriate solvent. Although this is the general procedure, gaseous samples can 
also be extracted, and it can be used for clean-up purposes when the components of 
the matrix are retained onto the sorbent and not the target analytes. In all cases, the 
technique is characterized by its simplicity, an easy handling and a much lower 
consumption of solvents compared, for example, with liquid-liquid extraction.

The sorbent is selected according to the target analytes or sample components 
and to the type of modality to be used: extraction or clean-up. In this sense, it should 
be highlighted that there are four main characteristics of a chemical compound that 

A. Gutiérrez-Serpa et al.



61

can be used to achieve the extraction/retention in SPE: polarity, electrical charge, 
molecular recognition and molecular size (Anderson et  al. 2015). In all cases, a 
wide variety of sorbents are nowadays commercially available which are also 
accompanied by feasible and effective procedures already studied.

One of the main drawbacks of SPE is probably the long times required for the 
sample-loading step, which is indeed its bottleneck. To overcome this limitation, 
SPE has evolved in two different ways: towards its miniaturization (which is fre-
quently called μ-SPE, mainly when less than 100 mg of sorbent are needed) and 
also towards the complete dispersion of the material in the sample/extract (also 
called dSPE) (Anderson et al. 2015). In some cases, dSPE also implies miniaturiza-
tion, which is frequently designated as μ-dSPE.

Miniaturization is one of the current trends in the Analytical Chemistry field 
(Anderson et al. 2015), which contributes to the simplification of the procedures and 
time-saving as well as to a low consumption of organic solvents and reagents. The 
use of nano-sorbents has greatly contributed to its development, as a result of their 
high extraction capacity, their ability to establish different types of interactions and 
their high surface-to-volume ratio.

Regarding dSPE, such modality has several advantages over traditional SPE. First 
of all, there is no need to activate the cartridge, which clearly reduces the consump-
tion of organic solvents and simplifies the procedure. Instead, the sorbent is directly 
dispersed in the liquid sample/extract and the equilibrium is quickly reached. When 
samples containing microparticles or microorganisms that could block traditional 
SPE cartridges are analysed, dSPE is more suitable. Furthermore, if magnetic materi-
als are used (which is also a current trend in dSPE (Anderson et al. 2015)), the proce-
dure, which is called magnetic-dSPE (m-dSPE), is even easier since it is developed 
with the help of an external magnet. The application of magnetic sorbents for m-dSPE 
was not developed until 1996, when Towler et al. (Towler et al. 1996) reported the 
recovery of different metals from seawater samples using manganese dioxide coated 
magnetite as the magnetic sorbent. However, the term m-SPE was only introduced 
three years later by Safariková et al. (Šafaříková and Šafařík 1999).

Concerning the use of nano-sorbents for food contaminants analysis, both dSPE 
and m-dSPE have been the SPE modalities most widely applied and their applica-
tion in both procedures using nano-sorbents will be discussed below. However, and 
regarding the use of SPE, Table 1 compiles different works in which nano-sorbents 
have been used in SPE for the extraction of different types of contaminants from 
food samples. As can be in the table, such works include the use of MWCNTs (Qin 
et al. 2016), GO (Chen et al. 2013b, c; Wu et al. 2012), combinations of graphene 
and MWCNTs (Yuan et al. 2019) or combinations of GO with other compounds or 
polymers (Hou et  al. 2018; Qi et  al. 2014; Zhai et  al. 2015; Zhang et  al. 2015), 
coated silica NPs (Ahmadi et al. 2019; Sun et al. 2016; Li et al. 2014a, b) or even a 
MOF combined with a MIP (Liu et al. 2017), among others. Regarding the food 
matrices selected, such nanomaterials have been mainly applied to the extraction of 
fish (Ahmadi et al. 2019; Chen et al. 2013b, c; He et al. 2019; Wu et al. 2012; Zhang 
et al. 2015), fruits and vegetables (Barreto et al. 2010; Li et al. 2014a; Duo et al. 
2018; Qi et al. 2014; Zhai et al. 2015), milk and its derivatives (Deng et al. 2018; He 
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et al. 2019; Liu et al. 2017; Sun et al. 2016; Yuan et al. 2019), meat (He et al. 2019) 
and honey (Deng et al. 2018).

3.1.1  Dispersive Solid-Phase Extraction (dSPE)

As pointed before, dSPE has turn up as a reliable alternative to conventional/static 
SPE, also for contaminants analysis in foods, due to the reduction in the amount of 
the extractant material required (Jia et al. 2018), the organic solvents needed (less 
than 5 mL in many cases (Zeng et al. 2015)) and the extraction and desorption times 
(less than 30 and 10  minutes, respectively (Xu et  al. 2016; Zeng et  al. 2015)). 
However, the number of steps followed in order to apply this extraction technique 
are high and could be considered even tedious. The general extraction procedure is 
as follows. A certain amount of the nanomaterial (in many cases less than 100 mg) 
is added to the sample. Then, the extractant material has to be dispersed into the 
solution in order to maximize the interaction between the analytes and the sorbent. 
Such dispersion can be performed by soft shaking (Li et al. 2014b; Mirabi et al. 
2017; Wu et al. 2015; Yu et al. 2013b) or stirring (Xu et al. 2016), or by another 
more energetic procedure such as sonication (Jia et al. 2018; Kashanaki et al. 2018; 
Li et al. 2015b, c; Lu et al. 2019; Stanisz and Krawczyk 2017) or vortex (Eftekhari 
et al. 2019; Tokalioglu et al. 2017; Zeng et al. 2015). Once the extraction has ended 
up, the sorbent has to be separated from the solution in order to remove the sample 
and to continue with the desorption of the analytes. This separation is often per-
formed by centrifugation (see Fig. 3A) instead of decantation or filtration to reduce 
the sample treatment time. In some cases, the sorbent is retained into a column or 
cartridge (see Fig. 3B). Then, the solid sorbent containing the analytes is mixed with 
a suitable solvent to elute the analytes. This desorption requires also an external 
agitation to favour the interactions between the adsorbed analytes and the selected 
solvent that is preferably performed by an energetic procedure such as vortex 
(Eftekhari et al. 2019; Tokalioglu et al. 2017; Wu et al. 2015; Yu et al. 2013b; Zeng 
et al. 2015) or sonication (Jia et al. 2018; Kashanaki et al. 2018; Li et al. 2014b, 
2015b, c; Lu et al. 2019; Xu et al. 2016) to ensure the maximum interactions in a 
short period. Finally, the nanomaterial and the elution solvent containing the ana-
lytes are separated by centrifugation. Sometimes, further steps such as filtration, 
solvent evaporation and reconstitution with a  solvent compatible with the equip-
ment used for the analytical determination is also required for the analysis.

Regarding the nanomaterials most commonly used in dSPE so far for contami-
nants determination in food samples, Table 2 summarizes their applications in this 
field. As can be seen, CNTs (as MWCNTs) (Lu et al. 2019; Mirabi et al. 2017; Wu 
et al. 2015; Xu et al. 2016; Zeng et al. 2015) are the ones mostly applied, followed 
by MOFs (Jia et al. 2018; Kashanaki et al. 2018; Li et al. 2014b, 2015b, c; Tokalioglu 
et al. 2017) and, in a less extended way, NPs (Gao et al. 2010; Stanisz and Krawczyk 
2017) and GO (Yu et al. 2013b; Eftekhari et al. 2019).

Commercial MWCNTs, synthesized in the previous indicated ways, can be used 
directly without further functionalization for most applications. Examples of that 
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are the determination of tocopherol and tocotrienols (Lu et al. 2019), adulterants 
(Zeng et al. 2015) and fungicides (Wu et al. 2015) in tea, fruits, cereals, nuts and 
vegetables samples obtaining excellent analytical quality parameters. Nevertheless, 
in other cases a functionalization is required. An example is the extraction of metal 
ions, which requires the presence of a complexant able to form complexes with the 
metal ions dissolved on the solution. For that purpose, Mirabi et al. modified the 
surface of the MWCNTs with dithiooxamide. Making this modification excellent 
results are obtained with limits of detection (LODs) of 0.6 μg·L−1 and with recov-
ery values around 97% (Mirabi et al. 2017).

Regarding MOFs, MIL-101(Cr) has been widely used for the determination of 
herbicides in peanuts (Li et al. 2014b), different kinds of oils (Li et al. 2015c), and 
soybeans (Li et al. 2015b) combined with high-performance liquid chromatography 
coupled to a diode array detector (HPLC-DAD), obtaining in all the cases similar 
LODs (under 2.0 μg·kg−1) and relative standards deviations (RSDs) lower than 7%, 
proving the reliability of the use of this kind of materials for the determination of 
contaminants at trace levels in complex samples. In the particular case of the work 
of Li et al., the extraction using MIL-101(Cr) is performed by dynamic microwave 
assisted extraction reducing considerably the extraction times (Li et  al. 2015b). 
Other MOFs used in food sample analysis are Al-Fu MOF (Kashanaki et al. 2018) 
and MOF-545 (Tokalioglu et al. 2017) for the analysis of metal ions in fruits, rice 
and vegetables. More recently, Jia et al. has described the use of a MOF-125(Ti) 
core-shell surface modified with Indium (III) sulphur for the analysis of nitro-PAHs 

dSPE
(with centrifugation)

dSPE
(without

centrifugation)

Supernatant removal

Desorption
solvent
addition

Desorption
solvent
addition

Centrifugation

Desorption
Separation of the

supernatant containing
the analytes

A

B

C

Elution of the
analytes

Elution
solvent
addition

Sorbent
retention

Extraction

Analytes
retention

Sorbent
addition

Analytes
Interferences Sorbent

Frit

Magnet

m-dSPE

Supernatant removal Desorption
Separation of the

supernatant containing
the analytes

Fig. 3 Schematic representation of (A) dSPE with centrifugation, (B) dSPE without centrifuga-
tion (the sorbent in retained into a column) and (C) m-dSPE procedures. Reprinted from (González- 
Sálamo 2018) with permission
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in cooked meats (Jia et al. 2018). The combination of both materials (MOF-125 and 
In3S2) increases significantly the extraction properties of the resulting material due 
the high porosity of the MOF and the Indium nanosheet activity.

Concerning NPs, these materials have been less used in dSPE for food sample 
analysis (Gao et  al. 2010; Stanisz and Krawczyk 2017) due to their properties, 
which are more interesting in other sample preparation techniques such as 
m-dSPE. As an example of their applications in dSPE, Gao et al. have proposed the 
use of silica modified NPs with a layer of a MIP for the determination of sulfon-
amides (SAs) in milk and egg samples (Gao et  al. 2010). In that case, the main 
responsible of analytes extraction is not the NP itself, but the MIP coating which is 
characterized by presenting a highly selective extraction capability. Silica NPs act 
as the support for the extractant material. Their reduced dimensions ensure a high 
surface area-to-volume ratio suitable for the attachment of the extractant material 
and to perform dSPE using this kind of polymers that are more commonly used in 
static extraction procedures such as SPME and SPE (Turiel and Martín-Esteban 
2010, Zhang et al. 2013c). However, NPs can also be used as extractant material and 
not just as support. As an example, Stanisz et al. have used ZnO NPs for the deter-
mination of metal ions in tea, goji berries, fresh ginger root and aloe vera pulp juice 
by electrothermal atomic absorption spectrometry (ETAAS) (Stanisz and Krawczyk 
2017). The NPs are added to the digested samples and an ultrasound assisted extrac-
tion is performed. Then, the NPs with the metal ions retained are separated and 
suspended in a more reduced volume of water (200 μL), achieving, as a result, a 
slurry that is introduced in the ETAAS system.

3.1.2  Magnetic Dispersive Solid-Phase Extraction (M-dSPE)

As it has already been mentioned, the use of m-NPs, either as sorbents or as part of 
them, has provided an important simplification of the dSPE procedure. In that case, 
in which the procedure is called m-dSPE, the initial extraction step is developed as 
described for dSPE in the previous section. However, in m-dSPE the sorbent is eas-
ily retained and isolated from the sample matrix using an external magnetic field 
(see Fig. 3C), which allows avoiding any centrifugation or sorbent retention and 
results in a significant reduction of the extraction time (Socas-Rodríguez et al. 2015; 
Płotka-Wasylka et  al. 2015). After analytes retention, a magnet is placed on the 
outer wall of the recipient to retain the magnetic sorbent, which allows removing the 
supernatant by decantation. Then, the sorbent is re-dispersed in the desorption sol-
vent and isolated again with the magnet in order to recover the supernatant contain-
ing the analytes by decantation. It is important to highlight that the strength of the 
magnet, together with the paramagnetic behaviour of the m-NPs, determine the time 
needed to settle the m-NPs before decantation.

The inherent advantages derived from the use of m-dSPE have made this tech-
nique one of the most used in last years for the extraction of a wide variety of 
 inorganic and organic compounds from matrices of very different nature 
(Khezeli & Daneshfar 2017). Regarding its application to the analysis of food con-
taminants, Table 3 compiles some of the most relevant works in this sense. As can 
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be seen in the table, magnetic sorbents have been successfully used for the extrac-
tion of a wide variety of analytes, which includes from metal ions (Abbaszadeh and 
Tadjarodi 2016; Babaei et  al. 2018; Ghorbani-Kalhor 2016; Keramat and Zare- 
Dorabei 2017; Khan et al. 2016; Zaman et al. 2020) to multiple organic contami-
nants such as antibiotics (Chen et al. 2013a; Chen et al. 2019; Karami-Osboo et al. 
2015; Karimi et al. 2013; Li et al. 2018c; Liu et al. 2015a; Lv et al. 2013; Xia et al. 
2017; Zhao et  al. 2014, 2015; Zheng et  al. 2014a), pesticides (Hou et  al. 2013; 
Mahpishanian et  al. 2015; Synaridou et  al. 2014; Zhao et  al. 2013; Zheng et  al. 
2014b), PCBs (Du et al. 2014; Lin et al. 2015a; Lin et al. 2015b; Synaridou et al. 
2014), chlorophenols (Li et al. 2016; Liu et al. 2015c; Zhang et al. 2013a), PAHs 
(Li et al. 2018a; Boon et al. 2019), mycotoxins (Es’haghi et al. 2014; Hashemi et al. 
2014; Sereshti et al. 2019; Taherimaslak et al. 2015; Wu et al. 2011), steroidal com-
pounds (Gao et al. 2016; Ning et al. 2014) or dyes (Shi et al. 2018; Zhan et al. 2013, b), 
among others. Such compounds have been extracted from food matrices of different 
nature, including animal origin food, such as fish (Abbaszadeh and Tadjarodi 2016; 
Du et al. 2014; Feng et al. 2016; Ghorbani-Kalhor 2016; Keramat and Zare- Dorabei 
2017; Li et al. 2018a; Lin et al. 2015a; Lin et al. 2015b; Zhang et al. 2013a), milk 
(Chen et al. 2013a; Chen et al. 2019; Gao et al. 2016; Hashemi et al. 2014; Karami-
Osboo et  al. 2015; Keramat and Zare-Dorabei 2017; Liu et  al. 2015a; Liu et  al. 
2020; Lv et al. 2013; Synaridou et al. 2014; Zhao et al. 2015; Zheng et al. 2014a), 
milk powder (Ning et al. 2014), honey (Chen et al. 2013a; Li et al. 2018c; Duo et al. 
2019; Liu et al. 2015c; Zhao et al. 2015), meat (Chen et al. 2019; Cheng et al. 2018; 
Karimi et al. 2013; Li et al. 2018a, c; Liu et al. 2015a; Liu et al. 2020; Xia et al. 
2017; Zhan et  al. 2013; Zhao et  al. 2014), eggs (Babaei et  al. 2018) or shrimps 
(Ghorbani-Kalhor 2016; Xia et al. 2017), among others, food of plant origin like 
vegetables (Babaei et al. 2018; Chen and Zhu 2015, 2016; Chen et al. 2016, 2018; 
Ghorbani-Kalhor 2016; Hou et  al. 2013); Liu et  al. 2015b; Mahpishanian et  al. 
2015; Zaman et al. 2020; Zhan et al. 2013), rice (Abbaszadeh and Tadjarodi 2016; 
Es’haghi et al. 2014; Boon et al. 2019; Jiang et al. 2019; Keramat and Zare- Dorabei 
2017; Li et al. 2015c; Liang et al. 2018; Yilmaz and Soylak 2016), cereals (Es’haghi 
et al. 2014; Wu et al. 2011; Yilmaz and Soylak 2016), fruits (Chen and Zhu 2015; 
Ghorbani-Kalhor 2016; Hou et al. 2013; Liu et al. 2015b; Mahpishanian et al. 2015; 
Zhao et al. 2019), spices (Khan et al. 2016; Khani et al. 2019; Zhang et al. 2013b) 
or flour (Babaei et al. 2018) as well as different types of beverages (Keramat and 
Zare-Dorabei 2017; Li et al. 2016; Yazdinezhad et al. 2013; Zhao et al. 2013; Zheng 
et al. 2014b). The high number and the varied nature of the compounds and matrices 
to which magnetic sorbents have been applied, as well as the good results provided 
in all cases, highlight the good extraction performance and versatility of this kind of 
sorbents.

Regarding the composition of the sorbents, multiple combinations of materials 
have been used. In this sense, and as it has been previously mentioned, Fe3O4 NPs 
have been by far the preferred material to provide magnetic properties to the sor-
bents. It is noteworthy to mention that, although this kind of m-NPs are usually 
functionalized/modified, Fe3O4 NPs have shown a good extraction capacity in 
 certain applications without further modifications, also for the analysis of 

Preparation Methods and Advantages of Nano-Sorbents for Food Contaminants…



76

contaminants in food samples, although in very few occasions (Karami-Osboo et al. 
2015; Zhang et al. 2013b). As an example of their good performance in this field, 
Zhang et  al. (Zhang et  al. 2013b) carried out the ultrasound-assisted m-dSPE of 
Sudan I, II, III and IV dyes from chilli oil, chilli powder and tomato paste as well as 
tap and river water, and their subsequent determination by HPLC-UV. These NPs 
allowed obtaining recovery percentages in the range 93–111%, which show that the 
application of uncoated m-NPs is an option to consider in some cases in this field.

However, and as it is usual, m-NPs have been normally superficially modified in 
order to obtain a higher selectivity during the extraction of the target analytes. In 
this sense, and although a wide variety of materials have been used with this goal, 
polymeric materials have been the most common alternative by far (Chen et  al.  
2013a; Feng et al. 2016; Gao et al. 2016; Karimi et al. 2013; Li et al. 2018c; Lv et al. 
2013; Miao et al. 2015; Noormohamadi et al. 2018; Wang et al. 2013; Zhan et al. 
2013; Zhao et al. 2014; Zheng et al. 2014a). Regarding the multiple polymers which 
can be used, in the particular case of their application in food analysis, m-NPs have 
been combined with MIPs in almost all works (Chen et al.  2013a; Feng et al. 2016; 
Gao et al. 2016; Karimi et al. 2013; Li et al. 2018c; Lv et al. 2013; Miao et al. 2015; 
Wang et al. 2013; Zhan et al. 2013; Zhao et al. 2014; Zheng et al. 2014a), as a result 
of the great selectivity and versatility shown by this kind of coatings. At this point, 
it is important to mention that m-NPs combined with polymers have been used in 
two different ways: they have been coated with the polymeric material resulting in 
a core-shell type structure; or they have been simply mixed with the polymer result-
ing in a composite material in which m-NPs have been embedded in the polymeric 
structure. In both cases, the polymer can be isolated from the sample matrix by 
applying an external magnetic field. As an example of the former, Karimi et  al. 
(Karimi et al. 2013) coated Fe3O4 m-NPs with a MIP using sulfamethazine as tem-
plate and applied them as sorbent for the selective m-dSPE of four SAs from chicken 
meat. The analytes were finally separated and determined by HPLC-UV. The m-NPs 
coating resulted in an important increment of the active surface, which allowed 
obtaining recovery percentages higher than 95% and LODs lower than 0.6 μg·L−1, 
without losing the characteristic simplicity and rapidity of dSPE. Another interest-
ing article that should be commented in this sense was developed by Zhao and co- 
workers (Zhao et al. 2014). In this work, the authors synthesized what they called a 
core–shell nanoring amino-functionalized superparamagnetic MIP, abbreviated as 
CS-NR-Mag-MIP.  This particular sorbent, whose synthesis process is shown in 
Fig.  4, does not show a classical core-shell structure. Instead, several m-NPs 
arranged in a circular distribution are coated with the MIP providing multiple selec-
tive cavities for the target analytes retention. This sorbent, designed for the selective 
extraction of SAs, was applied for the m-dSPE of 22 SAs from chicken breast mus-
cle, allowing the obtention of recovery values in the range 85–112%.

In relation to composite materials (m-NPs combined with polymers -non-coated 
NPs-), although their use is reduced in comparison to the above-commented, some 
examples can be found. An interesting application of this kind of sorbents was pro-
posed by Zhao et al. (Zhao et al. 2013), in which the authors prepared polypyrrole 
nanowires by in situ chemical oxidative polymerization directed by 
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cetyltrimethylammonium bromide. These polymeric nanowires were magnetized 
by mixing them with Fe3O4 m-NPs with ultrasound agitation. This sorbent was fur-
ther applied for the m-dSPE of 11 pesticides from juice and tea samples (water 
samples were also analysed) obtaining recovery percentages in the range 63–129%.

Besides polymeric coatings, and as it has been previously mentioned, other 
materials have also been used as superficial modifiers of m-NPs in order to achieve 
a high selectivity. In this sense, aptamers (Liu et al.  2015a; Wu et al. 2011), hydro-
carbon chains of different lengths (Synaridou et al. 2014; Yazdinezhad et al. 2013; 
Zhang et al. 2013a), ILs (Chen and Zhu 2015, 2016) and PILs (Zheng et al. 2014b) 
have been some of the most common coating materials used in food analysis. 
However, one of the most relevant magnetic sorbents used in this field have been 
synthesized by combining m-NPs with nanomaterials, creating nanocomposites 
which gather the extraordinary extraction capacity of materials such as CNTs, gra-
phene, GO or MOFs with the advantages derived from the magnetic properties of 
such NPs. In the particular case of CNTs (Cheng et al. 2018; Du et al. 2014; Zhao 
et al. 2015), MWCNTs have been used in almost all cases. However, regarding food 
analysis, CNTs have not been used as sorbents but as a support for other materials 
which interact with the analytes. As an example of it, Zhao et al. (Zhao et al. 2015) 
combined Fe3O4 m-NPs with CNTs and used them as support for a MIP. This sor-
bent was applied for the selective extraction of sulfamethoxazole from milk and 
honey, with recovery values between 68 and 80%. Such materials combination 

Ultrasound-Suspension
polymerization

GMA, MMA, DVB

OA-modified Fe3O4

Core (Nano Fe3O4)

CS-NR-Mag-EOP

CS-NR-Mag-MIP

Self-assembled

Grafting reaction

Sulfonamides@TEPA

Imprinted molecular-CS-NR-Mag-MIP

E
luting the tem

plate

R
ebinding the tem

plate

200 nm100 nm

Fig. 4 Preparation procedure of a CS-NR-Mag-MIP. Reprinted from (Zhao et al. 2014) with per-
mission from Elsevier
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provides a high imprinting factor, an improved binding capacity and a fast adsorp-
tion kinetics, as well as an easy separation of the sorbent from the sample matrix 
thanks to its magnetic properties.

As it has already been mentioned, m-NPs have also been combined with gra-
phene (Es’haghi et al. 2014) or GO (Babaei et al. 2018; Chen et al. 2016; Hou et al. 
2013; Keramat and Zare-Dorabei 2017; Khan et al. 2016; Lin et al. 2015a; Liu et al. 
2015c; Mahpishanian et al. 2015; Ning et al. 2014; Sereshti et al. 2019). Similarly 
to CNTs, GO has also been used as support for further modifications with other 
materials. In this sense, polymeric materials have been the most common coatings 
once more (Khan et al. 2016; Lin et al. 2015b; Ning et al. 2014), although phenyl-
ethyl amine (Mahpishanian et al. 2015) has also been used, among others. As an 
example, Es’haghi et al. (Es’haghi et al. 2014) carried out the synthesis of Fe3O4@
graphene by chemical co-precipitation of Fe(II) and Fe(III) in an alkaline media in 
the presence of graphene. This nanocomposite was applied for the m-dSPE of four 
aflatoxins from rice, wheat and sesame, followed by the HPLC with fluorescence 
detection (FD) for analytes separation and determination. This methodology 
resulted a promising pre-treatment method for the fast trace analysis of aflatoxins in 
complicated matrices, with recovery values in the range 64–122% and LODs lower 
than 0.075 μg·kg−1.

Besides the above-mentioned combinations, m-NPs have also been combined 
with MOFs such as HKUST-1, MIL-101, among others, in a good number of appli-
cations (Abbaszadeh and Tadjarodi 2016; Ghorbani-Kalhor 2016; Li et al. 2016; 
Liang et al. 2018; Shi et al. 2018; Xia et al. 2017). The extremely porous structure 
of MOFs makes them an excellent alternative for their combination with m-NPs. 
Thus, they have been applied for the extraction of different families of compounds 
from matrices of different nature. As it has been previously commented for CNTs 
and graphene, the extraordinary properties of MOFs have allowed them not only to 
be used as sorbents but also as supports for other materials with higher selectivity or 
affinity for the target analytes. However, and despite their good performance in 
these two applications, they have also been used to create new nanoporous sorbents. 
That is what Liu et al. proposed in their work (Liu et al. 2015b). In this case, the 
authors carried out the synthesis of MOF ZIF-67 which was later calcined at 700 °C 
under nitrogen atmosphere, providing a magnetic black carbon material powder that 
the authors denoted as magnetic nanoporous carbon. This magnetic material was 
then applied for the extraction of phenylurea herbicides from grape and bitter gourd 
samples, providing recovery values in the range 89–105%. Besides MOFs, covalent 
organic materials (COFs) have emerged in recent years as a novel kind of porous 
materials assembled reversibly through strong covalent bonds. These new materials 
have also been used in combination with m-NPs in food analysis. That is the case of 
the work of Li et al. (Li et al. 2018a), who designed Fe3O4@COF hybrid micro-
spheres for the m-dSPE of PAHs from pork, fish, grilled fish, smoked bacon and 
coffee. These materials present some advantages against MOFs, such as better sta-
bility, greater specific area or better π-π interactions, among others. Such good fea-
tures have made them excellent sorbents, providing recovery percentages between 
84 and 107% in this particular case.
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As can be seen, the great versatility of Fe3O4 m-NPs to be combined with mul-
tiple materials or to be used alone as sorbent, and the advantages derived from their 
magnetic properties have made m-dSPE one of the most extended pre-treatment 
techniques in the last years in food analysis, as a result of its simplicity, rapidity, and 
low solvents and sorbents consumption against other classical methods.

3.2  Solid-Phase Microextraction (SPME)

SPME is a non-exhaustive sample preparation technique based on the establishment 
of partitioning equilibriums between the analytes contained in a sample and an 
extractant material exposed to it (Arthur et al. 1992). Generally, the extractant mate-
rial is located at the extreme of a fused silica wire (Ø 110 nm) coating at least one- 
centimetre of the surface with a variable thickness forming a fibre. In addition, there 
are other SPME variants where the extractant is not onto the surface of a fibre but 
onto a magnetic stir bar, for example, as it happens in stir bar sorptive extraction 
(SBSE) devices (Baltussen et  al. 1999; Nogueira 2012; Rykowska and Wasiak 
2013), in hollow fibres (HF) (Li et al. 2015a), or onto the inner walls of tubes in the 
so called in-tube SPME (Fernández-Amado et  al. 2016; Moliner-Martínez 
et al. 2015).

Analytes extraction can take place in two different ways: by the direct exposition 
of the fibre to the sample matrix (direct immersion -DI- modality) or by the exposi-
tion of the fibre to the gas phase situated over the sample (headspace -HS- modal-
ity). In both cases, an equilibrium between the donor phase and the extractant phase 
has to be reached, being just one in the DI modality (sample/fibre) case and two for 
the HS modality (sample/gas phase/fibre). Thus, the extraction capability of the 
extractant material, its volume and the possible interactions between the fibre and 
the sample matrix will play an important role in the extraction and preconcentration 
procedure. After a certain time (the technique can be applied under equilibrium or 
non-equilibrium conditions), the adsorbed/absorbed analytes are submitted to a 
desorption process. In most of the cases, a thermal desorption into a gas chromato-
graph injection port is performed avoiding the use of organic solvents and further 
sample treatment steps prior to the analysis. Nevertheless, this option is not always 
feasible due to the thermal instability of certain analytes or to the detection require-
ments, and an off-line desorption using organic solvents might be needed.

Since its commercialization (Reyes-Garcés et al. 2018), SPME fibres popularity 
has experienced an increase, and the number of users has raised up considerably due 
to its advantages over conventional sample preparation procedures. Some of these 
advantages are the reduction of extraction time, the high pre-concentration factor 
obtained using low sample volumes, the reduction of organic solvents volumes 
required in the sample preparation step, and the reusability of the fibres among oth-
ers (Reyes-Garcés et al. 2018).
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Currently, there are six commercial SPME fibres available (Shirey 2012). Three 
of them are single polymeric films of divinylbenzene (DVB), polyacrylate (PA), or 
polydimethylsiloxane (PDMS), and the other three are a mixture of the polymers 
with another compound: carboxen/PDMS (CAR/PDMS), PDMS/DVB, and DVB/
CAR/PDMS. Fibre selection will depend mainly on the nature of the analytes and 
the desired analysis. For non-polar volatile or semi-volatile compounds, PDMS 
fibres are the best option, while for polar compounds, PA and CAR fibres are recom-
mended. The employment of mixed fibres (CAR/PDMS, PDMS/DVB, and DVB/
CAR/PDMS) is appropriated for the extraction of more complexed analytes that 
need a higher adsorption efficiency, and be released faster, due to their low trace 
concentration levels compared with other compounds with a higher molecular 
weight and size.

Although the commercially available fibres have demonstrated to possess an 
indubitable excellent extraction capability and analytical performance quality, poly-
meric coatings present in some cases a low selectivity, making difficult the analysis 
of the target analytes due to the extraction of non-desired compounds that are also 
in the sample (Shirey 2012). Such fact should be added to their chemical, mechani-
cal and thermal stability, which in some cases are not enough to ensure analyte 
extraction without breaking or damaging the fibre under the required extraction 
conditions. In this sense, current investigations have focused their efforts on the 
development of novel coatings using fashion coatings such as nanomaterials, which 
can offer those properties (Piri-Moghadam et al. 2017; Reyes-Garcés et al. 2018).

Regarding the nanomaterial-based coatings developed for the extraction of pol-
lutants in food samples (Souza-Silva et al. 2015), the most studied have been MOFs 
(Jia et al. 2016; Lan et al. 2014; Liang et al. 2016; Lin et al. 2014, 2016; Lirio et al. 
2016; Liu et al. 2019; Mondal et al. 2019; Wu et al. 2016; Zhang et al. 2015; Zhang 
et al. 2017), followed by graphene (Hou et al. 2016; Shi et al. 2019; Sun et al. 2014; 
Zhang et al. 2014), and in a less number of occasions CNTs (Saraji et al. 2016), and 
certain types of NPs (Sehati et  al. 2014). Table  4 summarizes some of the 
nanomaterials- based coatings developed and their application for the analysis of 
emerging and persistent contaminants in food samples.

SPME-nanomaterial-based coatings can be divided into neat nanomaterials coat-
ings (Liang et al. 2016; Lin et al. 2016; Zhang et al. 2014, 2015) and hybrid/com-
posites obtained from the combination with another material as a protection layer or 
if a more specific and selective extraction is desired (Hou et al. 2016; Jia et al. 2016; 
Lan et al. 2014; Lirio et al. 2016; Lin et al. 2014; Saraji et al. 2016; Shi et al. 2019; 
Sun et al. 2014; Wu et al. 2016; Zhang et al. 2017).

There is a wide variety of procedures for the preparation of SPME fibres coat-
ings. They are divided mainly into three differentiated groups taking into account 
the existence of a chemical bonding or not, and if the nanomaterial is already pre-
pared or not (Pacheco-Fernández et  al. 2018; Rocío-Bautista et  al. 2018). These 
groups are physical adhesion methods (Jia et al. 2016; Lan et al. 2014; Zhang et al. 
2017), in-situ growth methods (Lin et al. 2016; Wu et al. 2016; Zhang et al. 2015), 
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and chemical bonding methods (Hou et  al. 2016; Liang et  al. 2016; Saraji et  al. 
2016; Zhang et al. 2014).

Physical adhesion preparation methods are based on the material attachment to 
the SPME wire by physic interactions to avoid the previous support chemical func-
tionalization, which is time consuming and tedious due to the numerous steps 
required (Rocío-Bautista et al. 2018). One example is the use of sealants such as 
epoxy glue or silicone to fix the nanomaterial to the support surface (Jia et al. 2016; 
Zhang et al. 2017). Zhang et al. have proposed the employment of a carbonized 
ZIF-90 based coating for the analysis of pyrethroid pesticides in fruits and vegeta-
bles prepared by physical adhesion (Zhang et al. 2017). Briefly, an active stainless- 
steel wire is coated with a silver mirror by reduction using glucose as reductant 
agent in order to increase the surface area. Then, the wire is immersed into a silicone 
sealant to impregnate the surface with the adhesive. Finally, before the silicone is 
dried, the wire is dipped into the MOF carbonized powder. Fibre fabrication takes 
less than three hours ensuring porous crystalline structures homogeneously dis-
posed all over the fibre coating surface. Nevertheless, sealants have an appreciable 
content of PDMS, which provides a non-selective extraction. Thus, comparison 
studies using just the sealant coating and the material attached coating using the 
sealant must be performed. Another option to avoid the influence of the sealant is to 
prepare the coating by an electromagnetic bonding. Ferrite NPs are synthetized and 
coated with the desired material. Then, these magnetic particles are exposed to the 
stainless-steel wire and are physically adsorbed onto the wire surface without the 
use of any external chemical substance (Lan et al. 2014).

In-situ growth methods consist on the nanomaterial synthesis in the presence of 
the support where it is going to be attached. In order to obtain those coatings, the 
support must be pre-treated to increase the roughness and to ensure the presence of 
active places or nucleation points where the nanomaterial can grow. The easiest 
option is to expose the wire to an aggressive procedure in order to remove the pas-
sivation film and to activate the silanol groups of the wire surface. As an example, 
Wu et al. employed that strategy for the development of MOF-5 and MOF-5-IL-GO 
composite-based coatings for the determination of chloramphenicol and thiamphen-
icol in milk and honey samples (Wu et al. 2016). A stainless-steel wire was activated 
using hydrofluoric acid. Then, it was introduced into a suspension containing 
MOF-5 precursors, and the IL modified GO particles. MOF-5 synthesis took place 
by the solvothermal method. Finally, the fibre coating was activated under nitrogen 
atmosphere at 300 ° C for 10 h. A similar strategy was followed by Lin et al. to 
obtain a MOF-5 based coating but instead of the solvothermal synthesis of the MOF, 
an electrochemical in-situ growth was performed by cyclic voltammetry obtaining 
the coating in less time than the solvothermal option (Lin et al. 2016). In addition, 
an aptamer was immobilized over the fibre surface for the selective extraction of 
polychlorinated biphenyls. With application of the cyclic voltammetry, the experi-
mental parameters that influence the deposition of the material can be better con-
trolled (Lin et al. 2016). Although these procedures have demonstrated to pose good 
inter-fibre reproducibility (under 6.0% in both cases) and good extraction efficiency, 
in some cases there are not enough activated silanol groups to ensure the in-situ 
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growth. Thus, a chemical functionalization procedure is previously required for the 
surface modification. In this sense, Zhang et al. coated the wire with a silver mirror, 
after the acid pre-treatment, and then this thin silver layer was functionalized with 
3-mercaptopropyl-trimethoxysilane (3-MTMS). This compound poses three silanol 
groups and a thiol that is easily bonded to silver due to the strong interactions 
between the metal and the group forming a high stable metal-sulphur bond, allow-
ing to obtain a surface totally functionalized and with silanol groups available for 
the in-situ growth of the MOF (Zhang et al. 2015).

Chemical procedures are half on the way between physical and in-situ growth 
coatings preparation methods. The main idea is to perform a wire pre-treatment and 
functionalization to ensure a chemical bonding and then nanomaterial is attached to 
the surface. However, in spite of the development of an in-situ growth of the nano-
material it is already synthesized and ready for the deposition. A clear example of 
that is the layer-by-layer procedure, which consists on the successive deposition of 
a material by the functionalization of the surface. For that purpose, two different 
parts are needed: the selected nanomaterial and a linker that must be able to estab-
lish a union between the layers. Following this kind of strategies, the coating thick-
ness is controlled because the number of layers that are deposited over the fibre 
determines the coating thickness. Nevertheless, the layer-by-layer method is time 
consuming and, in most cases, for obtaining large thickness coatings an elevated 
number of layers must be deposited (Hou et  al. 2016; Liang et  al. 2016; Zhang 
et al. 2014).

All these coatings have been applied for a wide range of food contaminants such 
as organophosphorus pesticides (OPPs) (Saraji et al. 2016), fungicides (Shi et al. 
2019), PAHs (Hou et al. 2016; Jia et al. 2016; Liu et al. 2019; Zhang et al. 2014), 
PCBs (Lin et al. 2014, 2016; Zhang et al. 2015, Zhang et al. 2018) and phthalates 
(Hou et al. 2016; Liang et al. 2016) (see Table 4).

Concerning the food samples, they have been applied to different kinds of matri-
ces such as fruits and vegetables (Liu et al. 2019; Saraji et al. 2016; Shi et al. 2019; 
Zhang et al. 2017), meat (Jia et al. 2016; Lan et al. 2014; Liu et al. 2019; Zhang 
et al. 2014), fish (Lan et al. 2014; Lin et al. 2014, 2016; Mondal et al. 2019), milk 
(Lirio et al. 2016; Wu et al. 2016), honey (Sun et al. 2014; Wu et al. 2016), among 
others (Liang et al. 2016; Zhang et al. 2015).

Regarding MOFs based coatings, MOF-5 is the most commonly used mainly as 
a neat MOF (Lin et al. 2016) but also as functionalized MOF with other materials/
compounds such as aptamers (Lin et al. 2014) and ILs combined with GO (Wu et al. 
2016), specially for the study of PCBs in fish samples (Lin et al. 2014, 2016). The 
study of these compounds using this kind of fibres has shown excellent analytical 
results (reproducibility, LODs and recovery values), improving the results obtained 
by the commercially available PDMS, PDMS/DVB, CAR/PDMS and PA fibres. 
Similar results have been obtained by Zhang et al. for this group of analytes in veg-
etable oils using a ZIF-90 based coating instead of MOF-5 -see Fig. 5- (Zhang et al. 
2015). The improved results obtained compared to commercial fibres acclaim the 
excellent extraction capability that characterize these porous materials.
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Concerning GO based coatings, they have been mainly used for determining 
PAHs in grilled meat (Zhang et al. 2014) and potatoes (Hou et al. 2016), this may 
be due to the high interactions between the GO and the π electrons of these com-
pounds favouring the extraction of these analytes (Hou et al. 2016; Zhang et al. 2014).

4  Conclusions and Future Trends

Nanomaterials have been applied with success for the selective extraction and pre-
concentration of contaminants from a wide variety of food matrices, which has 
notably increased the number of analytical methods devoted to food contaminants 
analysis. Their high porosity, high volume-to-surface ratio and their ability to estab-
lish different types of interactions with a wide variety of analytes are the main rea-
sons for their success.

Among the different types of nano-sorbents currently applied in this field, the use 
of carbon-based nanomaterials, in particular, CNTs, graphene and GO, MOFs and a 
wide variety of NPs in which different materials are combined can be highlighted. 
Most of them have been used in SPE, μ-dSPE, m-dSPE and SPME procedures. In 
particular, GO has been the most widely applied in SPE, MOFs and CNTs in dSPE, 
MOFs in SPME and a wide variety of m-NPs in m-dSPE. The low amounts at which 
they are frequently used and the low volumes of organic solvents normally neces-
sary for the desorption process, has greatly contributed to the development of the 
so-called “Green Analytical Chemistry” processes (Armenta et al. 2015).

Notwithstanding the high number of publications in this field, there exists a lot 
of scope for further investigation. In particular, there are still groups of contami-
nants and food matrices that have not been studied and, therefore, the full potential 
of those materials currently available has not yet been established. Besides, nanosci-
ence and nanotechnology fields are in continuous development and novel nano- 
sorbents, including modifications of previous ones, will surely appear in the near 
future and will also be surely applied in this and other fields.

Fig. 5 Comparison of the 
extraction capability 
between a ZIF-90 based 
SPME fibre and PDMS, 
PA, and PDMS/DVB 
commercial fibres for the 
analysis of six PCBs. 
Reprinted from (Zhang 
et al. 2015) with 
permission from Elsevier

Preparation Methods and Advantages of Nano-Sorbents for Food Contaminants…



86

Acknowledgements A. G.-S. thanks the Canary Agency of Research and Innovation (ACIISI), 
co-funded by the European Social Fund, for his FPI PhD fellowship.

References

Abbaszadeh A, Tadjarodi A (2016) Speciation analysis of inorganic arsenic in food and water sam-
ples by electrothermal atomic absorption spectrometry after magnetic solid phase extraction 
by a novel MOF-199/modified magnetite nanoparticle composite. RSC Adv 6:113727–113736

Adams FC, Barbante C (2013) Nanoscience, nanotechnology and spectrometry. Spectrochim Acta 
B 86:3–13

Ahmadi T, Bahar S, Ziarani GM, Badiei A (2019) Formation of functionalized silica-based 
nanoparticles and their application for extraction and determination of Hg (II) ion in fish sam-
ples. Food Chem 300:125180

Anderson JL, Bethod A, Pino V, Stalcup A (2015) (Ed) Analytical separation science. Sample 
preparation, method validation, and analytical applications. Wiley-VCH, Verlag ISBN: 
978-3-527-33374-5.

Armenta S, Garrigues S, de la Guardia M (2015) The role of the green extraction techniques in 
green analytical chemistry. TrAC-Trends Anal Chem 71:2–8

Arthur CL, Killam LM, Buchholz KD, Pawliszyn J (1992) Automation and optimization of solid- 
phase microextraction. Anal Chem 64:1960–1966

Babaei A, Zeeb M, Es-haghi A (2018) Magnetic dispersive solid-phase extraction based on gra-
phene oxide/Fe3O4@polythionine nanocomposite followed by atomic absorption spectrom-
etry for zinc monitoring in water, flour, celery and egg. J Sci Food Agric 98:3571–3579

Baltussen E, Sandra P, David F, Cramers C (1999) Stir bar sorptive extraction (SBSE), a novel 
extraction technique for aqueous samples: theory and principles. J Microcolumn Sep 
11:737–747

Barreto AS, Luiz da Silva R, Santos Silva SCG, Rodríguez MO, Simone CA, Sá GF, Júnior SA, 
Navickiene S, Mesquita ME (2010) Potential of a metal–organic framework as a new mate-
rial for solid-phase extraction of pesticides from lettuce (Lactuca sativa), with analysis by gas 
chromatography-mass spectrometry. J Sep Sci 33:3811–3816

Bhuyan MSA, Uddin MN, Islam MM, Bipasha FA, Hossain SS (2016) Synthesis of graphene. Int 
Nano Lett 6:65–83

Boon YH, Zain NNM, Mohamad S, Osman H, Raoov M (2019) Magnetic poly(β-cyclodextrin- 
ionic liquid) nanocomposites for micro-solid phase extraction of selected polycyclic aromatic 
hydrocarbons in rice samples prior to GC-FID analysis. Food Chem 278:322–332

Chen J, Zhu X (2015) Ionic liquid coated magnetic core/shell Fe3O4@SiO2 nanoparticles for the 
separation/analysis of linuron in food samples. Spectrochim Acta A 137:456–462

Chen J, Zhu X (2016) Magnetic solid phase extraction using ionic liquid-coated core-shell mag-
netic nanoparticles followed by high-performance liquid chromatography for determination of 
Rhodamine B in food samples. Food Chem 200:10–15

Chen D, Deng J, Liang J, Xie J, Huang K, Hu C (2013a) Core-shell magnetic nanoparticles with 
surface-imprinted polymer coating as a new adsorbent for solid phase extraction of metronida-
zole. Anal Methods 5:722–728

Chen L, Lu Y, Li S, Lin X, Xu Z, Dai Z (2013b) Application of graphene-based solid-phase extrac-
tion for ultra-fast determination of malachite green and its metabolite in fish tissues. Food 
Chem 141:1383–1389

Chen L, Zhou T, Zhang Y, Lu Y (2013c) Rapid determination of trace sulfonamides in fish by 
graphene-based SPE coupled with UPLC/MS/MS. Anal Methods 5:4363–4370

Chen Y, Cao S, Zhang L, Xi C, Li X, Chen Z, Wang G (2016) Preparation of size-controlled mag-
netite nanoparticles with a graphene and polymeric ionic liquid coating for the quick, easy, 

A. Gutiérrez-Serpa et al.



87

cheap, effective, rugged and safe extraction of preservatives from vegetables. J Chromatogr A 
1448:9–19

Chen S, Fu J, Li Z, Zeng Y, Li Y, Su X, Jiang X, Yang H, Huang L, Zou L, He L, Liu S, Ao X, Yang 
Y (2019) Preparation and application of magnetic molecular imprinted polymers for extraction 
of cephalexin from pork and milk samples. J Chromatogr A 1602:124–134

Cheng H-L, Wang F-L, Zhao Y-G, Zhang Y, Jin M-C, Zhu Y (2018) Simultaneous determina-
tion of fifteen toxic alkaloids in meat dishes and vegetables dishes using double layer pipette 
tip magnetic dispersive solid phase extraction followed by UFLC-MS/MS.  Anal Methods 
10:1151–1162

Crevillen AG, Escarpa A, García CD (2019) Carbon-based nanomaterials in analytical chemis-
try. In: García CD, Crevillén AG, Escarpa A (ed) Carbon-based nanomaterials in Analytical 
Chemistry. Royal Society of Chemistry

Deng ZH, Xu GJ, Wang X, Wang ML, Lin JM, Zhao RS (2018) A Zr(IV)-based porphyrinic metal- 
organic framework as a solid-phase sorbent for extraction of sulfonamides prior to their quan-
titation by LC-MS. Microchim Acta 185:450–458

Dey C, Kundu T, Biswal BP, Mallick A, Banerjee R (2014) Crystalline metal-organic frameworks 
(MOFs): synthesis, structure and function. Acta Crystallogr Sect B-Struct Sci Cryst Eng Mat 
B70:3–10

Du A, Liu M, Li G (2013) Novel magnetic SPE method based on carbon nanotubes filled with cobalt 
ferrite for the analysis of organochlorine pesticides in honey and tea. J Sep Sci 36:3387–3394

Du X, Lin S, Gan N, Chen X, Cao Y, Li T, Zhan P (2014) Multi-walled carbon nanotube modi-
fied dummy-template magnetic molecularly imprinted microspheres as solid-phase extraction 
material for the determination of polychlorinated biphenyls in fish. J Sep Sci 37:1591–1600

Duo H, Wang Y, Wang L, Lu X, Liang X (2018) Zirconium-based metal-organic frameworks 
(UiO-67) as solid-phase adsorbents for extraction of phenoxyacetic acid herbicides from veg-
etables. J Sep Sci 41:4149–4158

Duo H, Lu X, Wang S, Wang L, Guo Y, Liang X (2019) Synthesis of magnetic metal-organic 
framework composites, Fe3O4-NH2@MOF-235, for the magnetic solid-phase extraction of 
benzoylurea insecticides from honey, fruit juice and tap water. New J Chem 43:12563–12569

Eatemadi A, Daraee H, Karimkhanloo H, Kouhi M, Zarghami N, Akbarzadeh A, Abasi M, 
Hanifehpour Y, Joo SW (2014) Carbon nanotubes: properties, synthesis, purification, and med-
ical applications. Nanoscale Res Lett 9:393–406

Eftekhari A, Shakerian M, Majeed HJ, Eftekhari M (2019) Pectic acid–graphene oxide nanocom-
posite as an adsorbent in vortex-assisted dispersive solid-phase extraction for preconcentration 
of copper ion followed by flame atomic absorption spectrometry. Polym Bull

Es’haghi Z, Beheshti HR, Feizy J (2014) Extraction of aflatoxins from food samples using graphene- 
based magnetic nanosorbents followed by high-performance liquid chromatography: a simple 
solution to overcome the problems of immunoaffinity columns. J Sep Sci 37:2566–2573

Faraji M, Yamini Y, Rezaee M (2010) Magnetic nanoparticles: synthesis, stabilization, functional-
ization, characterization, and applications. J Iran Chem Soc 7:1–37

Farré M, Barceló D (2013) Analysis of emerging contaminants in food. TrAC-Trends Anal Chem 
43:240–253

Feng M, Li H, Zhang L, Zhang J, Dai J, Wang X, Zhang L, Wei Y (2016) Preparation and applica-
tion of novel magnetic molecularly imprinted composites for recognition of sulfadimethoxine 
in feed samples. Analytical Sci 32:517–521

Fernández-Amado M, Prieto-Blanco MC, López-Mahía P, Muniategui-Lorenzo S, Prada- 
Rodríguez D (2016) Strengths and weaknesses of in-tube solid-phase microextraction: a scop-
ing review. Anal Chim Acta 906:41–57

Fritz JS (1999) Analytical solid-phase extraction. Wiley-VCH, New York isbn:0–471–24667–0
Furukawa H, Cordova KE, O’Keeffe M, Yaghi OM (2013) The chemistry and applications of 

metal-organic frameworks. Science 341:1230444
Gao R, Zhang J, He X, Chen L, Zhang Y (2010) Selective extraction of sulfonamides from food 

by use of silica-coated molecularly imprinted polymer nanospheres. Anal Bioanal Chem 
398:451–461

Preparation Methods and Advantages of Nano-Sorbents for Food Contaminants…



88

Gao R, Cui X, Hao Y, Zhang L, Liu D, Tang Y (2016) A highly-efficient imprinted magnetic 
nanoparticle for selective separation and detection of 17β-estradiol in milk. Food Chem 
194:1040–1047

Ghorbani-Kalhor E (2016) A metal-organic framework nanocomposite made from functionalized 
magnetite nanoparticles and HKUST-1 (MOF-199) for preconcentration of Cd(II), Pb(II), and 
Ni(II). Microchim Acta 183:2639–2647

Giakisikli G, Anthemidis AN (2013) Magnetic materials as sorbents for metal/metalloid precon-
centration and/or separation. A review. Anal Chim Acta 789:1–16

González-Hernández P, Gutiérrez-Serpa A, Rocío-Bautista P, Pasán J, Ayala JH, Pino V (2019) 
Micro-solid-phase extraction using metal-organic frameworks. In: Mittal V (ed) Metal organic 
frameworks. Central West Publishing, Australia

González-Sálamo J, (2018) PhD Thesis, New extraction protocols for the determination of endo-
crine disrupting compounds in samples of environmental and agri-food interest . University of 
La Laguna, Spain

González-Sálamo J, Herrera-Herrera AV, Fanali C, Hernández-Borges C (2016a) Magnetic 
nanoparticles in solid-phase extraction. LCGC Europe 29:180–193

González-Sálamo J, Socas-Rodríguez B, Hernández-Borges J, Rodríguez-Delgado MÁ (2016b) 
Nanomaterials as sorbents for food sample analysis. TrAC-Trends Anal Chem 85:203–220

González-Sálamo J, Socas-Rodríguez B, Hernández-Borges J, Rodríguez-Delgado MÁ (2017) 
Core-shell poly(dopamine) magnetic nanoparticles for the extraction of estrogenic mycotoxins 
from milk and yogurt prior to LC-MS analysis. Food Chem 215:362–368

Gutiérrez-Serpa A, Pacheco-Fernández I, Pasán J, Pino V (2019) Metal-organic frameworks as key 
materials for solid-phase microextraction devices – a review. Separations 6:47

Hashemi M, Taherimaslak Z, Rashidi S (2014) Enhanced spectrofluorimetric determination 
of aflatoxin M1  in liquid milk after magnetic solid phase extraction. Spectrochim Acta A 
128:583–590

Hashemi B, Zohrabi P, Raza N, Kim K-H (2017) Metal-organic frameworks as advanced sorbents 
for the extraction and determination of pollutants from environmental, biological, and food 
media. TrAC-Trends Anal Chem 97:65–82

He J, Huang M, Wang D, Zhang Z, Li G (2014) Magnetic separation techniques in sample prepara-
tion for biological analysis: a review. J Pharmaceut Biomed 101:84–101

He M, Huang L, Zhao B, Chen B, Hu B (2017) Advanced functional materials in solid phase 
extraction for ICP-MS determination of trace elements and their species - a review. Anal Chim 
Acta 973:1–24

He J, Huan Y, Zhao T (2019) Well-designed high selective carbon molecularly imprinted polymer 
nanocomposite based on a green synthesis strategy for solid-phase extraction of tetracyclines 
residues in food samples. Food Anal Methods 12:2601–2613

Herrera-Herrera AV, González-Curbelo MÁ, Hernández-Borges J, Rodríguez-Delgado MÁ (2012) 
Carbon nanotubes applications in separation science: a review. Anal Chim Acta 734:1–30

Hou M, Zang X, Wang C, Wang Z (2013) The use of silica-coated magnetic graphene micro-
spheres as the adsorbent for the extraction of pyrethroid pesticides from orange and lettuce 
samples followed by GC-MS analysis. J Sep Sci 36:3242–3248

Hou X, Guo Y, Liang X, Wang X, Wang L, Wang L, Liu X (2016) Bis(trifluoromethanesulfonyl)
imide-based ionic liquids grafted on graphene oxide-coated solid-phase microextraction fibre 
for extraction and enrichment of polycyclic aromatic hydrocarbons in potatoes and phthalate 
esters in food-wrap. Talanta 153:392–400

Hou X, Tang S, Guo X, Wang L, Liu X, Lu X, Guo Y (2018) Preparation and application of 
guanidyl- functionalized graphene oxide-grafted silica for efficient extraction of acidic herbi-
cides by box-Behnken design. J Chromatogr A 1571:65–75

Hu C-Y, Xu Y-J, Duo S-W, Zhang R-F, Li M-S (2009) Non-covalent functionalization of carbon 
nanotubes with surfactants and polymers. J Chin Chem Soc 56:234–239

Iijima S (1991) Helical microtubules of graphitic carbon. Nature 354:56–58

A. Gutiérrez-Serpa et al.



89

Jia Y, Su H, Wang Z, Wong YLE, Chen X, Wang M, Chan TWD (2016) Metal-organic frame-
work@microporous organic network as adsorbent for solid-phase microextraction. Anal Chem 
88:9364–9367

Jia Y, Zhao Y, Zhao M, Wang Z, Chen X, Wang M (2018) Core–shell indium (III) sulfide@metal- 
organic framework nanocomposite as an adsorbent for the dispersive solid-phase extraction of 
nitro-polycyclic aromatic hydrocarbons. J Chromatogr A 1551:21–28

Jiang Y, Piao H, Qin Z, Li X, Ma P, Sun Y, Wang X, Song D (2019) One-step synthesized magnetic 
MIL-101(Cr) for effective extraction of triazine herbicides from rice prior to determination by 
liquid chromatography-tandem mass spectrometry. J Sep Sci 42:2900–2908

Jolivet J-P, Tronc E (1988) Interfacial electron transfer in colloidal spinel iron oxide. Conversion 
of Fe3O4-γFe2O3 in aqueous medium. J Colloid Interf Sci 125:688–701

Kalmutzkl MJ, Hanlkel N, Yaghi OM (2018) Secondary building units as the turning point in the 
development of the reticular chemistry of MOFs. Sci Adv 4:1–16

Karami-Osboo R, Miri R, Javidnia K, Shojaee MH, Kobarfard F (2015) Extraction and determina-
tion of sulfadiazine and sulfathiazole in milk using magnetic solid phase extraction-HPLC-
 UV. Anal Methods 7:1586–1589

Karimi M, Aboufazeli F, Zhad HRLZ, Sadeghi O, Najafi E (2013) Determination of sulfonamides 
in chicken meat by magnetic molecularly imprinted polymer coupled to HPLC-UV. Food Anal 
Methods 7:73–80

Kashanaki R, Ebrahimzadeh H, Moradi M (2018) Metal–organic framework based micro solid 
phase extraction coupled with supramolecular solvent microextraction to determine copper in 
water and food samples. New J Chem 42:5806–5813

Kaur R, Hasan A, Iqbal N, Alam S, MKR S, Raza SK (2014) Synthesis and surface engineering 
for magnetic nanoparticles for environmental cleanup and pesticide residue analysis: a review. 
J Sep Sci 37:1805–1825

Keramat A, Zare-Dorabei R (2017) Ultrasound-assisted dispersive magnetic solid phase extrac-
tion for preconcentration and determination of trace amount of Hg (II) ions from food samples 
and aqueous solution by magnetic graphene oxide (Fe3O4@GO/2-PTSC): central composite 
design optimization. Ultrason Sonochem 38:421–429

Khan M, Yilmaz E, Sevinc B, Sahmetlioglu E, Shah J, Jan MR, Soylak M (2016) Preparation 
and characterization of magnetic allylamine modified graphene oxide-poly(vinylacetate-co- 
divinylbenzene) nanocomposite for vortex assisted magnetic solid phase extraction of some 
metal ions. Talanta 146:130–137

Khani R, Sobhani S, Yari T (2019) Magnetic dispersive micro solid-phase extraction of trace 
Rhodamine B using imino-pyridine immobilized on iron oxide as nanosorbent and optimiza-
tion by Box–Behnken design. Microchem J 146:471–478

Khezeli T, Daneshfar A (2017) Development of dispersive micro-solid phase extraction base on 
micro and nano sorbents. TrAC-Trends Anal Chem 89:99–118

Kumar S, Nair RR, Pillai PB, Gupta SN, Iyengar MAR, Sood AK (2014) Graphene oxide- 
MnFe2O4 magnetic nanohybrids for efficient removal of lead and arsenic from water. ACS 
Appl Mater Interfaces 6:17426–17436

Lan H, Gan N, Pan D, Hu F, Li T, Long N, Shen H, Feng Y (2014) Development of a novel mag-
netic molecularly imprinted polymer coating using porous zeolite imidazolate framework-8 
coated magnetic iron oxide as carrier for automated solid phase microextraction of estrogens in 
fish and pork samples. J Chromatogr A 1365:35–44

Li C, Wei Y, Liivat A, Zhu Y, Zhu J (2013) Microwave-solvothermal synthesis of Fe3O4 magnetic 
nanoparticles. Mat Lett 107:23–26

Li J, Zhou H, Liu YX, Yan XY, Xu YP, Liu SM (2014a) Solid-phase extraction for selective deter-
mination of bisphenol a in drinks and fruits by dummy surface molecularly imprinted polymer 
with direct synthetic method. Food Addit Contam 31:1139–1146

Li N, Wang Z, Zhang L, Nian L, Lei L, Yang X, Zhang H, Yu A (2014b) Liquid-phase extraction 
coupled with metal–organic frameworks-based dispersive solid phase extraction of herbicides 
in peanuts. Talanta 128:345–353

Preparation Methods and Advantages of Nano-Sorbents for Food Contaminants…



90

Li J, Wang YB, Li KY, Cao YQ, Wu S, Wu L (2015a) Advances in different configurations of solid- 
phase microextraction and their applications in food and environmental analysis. TrAC-Trends 
Anal Chem 72:141–152

Li N, Wu L, Nian L, Song Y, Lei L, Yang X, Wang K, Wang Z, Zhang L, Zhang H, Yu A, Zhang 
Z (2015b) Dynamic microwave assisted extraction coupled with dispersive micro-solid-phase 
extraction of herbicides in soybeans. Talanta 142:43–50

Li N, Zhang L, Nian L, Cao B, Wang Z, Lei L, Yang X, Sui J, Zhang H, Yu A (2015c) Dispersive 
micro-solid-phase extraction of herbicides in vegetable oil with metal-organic framework 
MIL-101. J Agric Food Chem 42:5806–5813

Li M, Wang J, Jiao C, Wang C, Wu Q, Wang Z (2016) Magnetic porous carbon derived from a 
Zn/co bimetallic metal-organic framework as an adsorbent for the extraction of chlorophenols 
from water and honey tea samples. J Sep Sci 39:1793–2012

Li N, Wu D, Hu N, Fan G, Li X, Sun J, Chen X, Suo Y, Li G, Wu Y (2018a) Effective enrichment 
and detection of trace polycyclic aromatic hydrocarbons in food samples based on magnetic 
covalent organic framework hybrid microspheres. J Agric Food Chem 66:3572–3580

Li P, Cheng FF, Xiong WW, Zhang Q (2018b) New synthetic strategies to prepare metal-organic 
frameworks. Inorg Chem Front 5:2693–2708

Li Z, Lei C, Wang N, Jiang X, Zeng Y, Fu Z, Zou L, He L, Liu S, Ao X, Zhou K, Chen S (2018c) 
Preparation of magnetic molecularly imprinted polymers with double functional monomers for 
the extraction and detection of chloramphenicol in food. J Chromatogr B 1100-1101:113–121

Liang X, Liu S, Wang S, Guo Y, Jiang S (2014) Carbon-base sorbents: carbon nanotubes. J 
Chromatogr A 1357:53–67

Liang W, Wang J, Zang X, Wang C, Wang Z (2016) A porous carbon derived from amino- 
functionalized material of Institut Lavoisier as a solid-phase microextraction fibre coating for 
the extraction of phthalate esters from tea. J Sep Sci 39:1331–1338

Liang L, Wang X, Sun Y, Ma P, Li X, Piao H, Jiang Y, Song D (2018) Magnetic solid-phase extrac-
tion of triazine herbicides from rice using metal-organic framework MIL-101(Cr) functional-
ized magnetic particles. Talanta 179:512–519

Lin S, Gan N, Qiao L, Zhang J, Cao Y, Chen Y (2015a) Magnetic metal-organic frameworks coated 
stir bar sorptive extraction coupled with GC–MS for determination of polychlorinated biphe-
nyls in fish samples. Talanta 144:1139–1145

Lin S, Gan N, Zhang J, Chen X, Cao Y, Li T (2015b) A novel reductive graphene oxide-based 
magnetic molecularly imprinted poly(ethylene-co-vinyl alcohol) polymers for the enrichment 
and determination of polychlorinated biphenyls in fish samples. J Mol Recognit 28:359–368

Lin S, Gan N, Zhang J, Qiao L, Chen Y, Cao Y (2016) Aptamer-functionalized stir bar sorptive 
extraction coupled with gas chromatography–mass spectrometry for selective enrichment and 
determination of polychlorinated biphenyls in fish samples. Talanta 149:266–274

Lirio S, Liu WL, Lin CL, Lin CH, Huang HY (2016) Aluminum based metal-organic framework- 
polymer monolith in solid-phase microextraction of penicillins in river water and milk samples. 
J Chromatogr A 1428:236–245

Liu C, Lu C, Tang Z, Chen X, Wang G, Sun F (2015a) Aptamer-functionalized magnetic nanoparti-
cles for simultaneous fluorometric determination of oxytetracycline and kanamycin. Microchim 
Acta 182:2567–2575

Liu X, Wang C, Wu Q, Wang Z (2015b) Metal-organic framework-templated synthesis of magnetic 
nanoporous carbon as an efficient absorbent for enrichment of phenylurea herbicides. Anal 
Chim Acta 870:67–74

Liu X, Zhou X, Wang C, Wu Q, Wang Z (2015c) Magnetic three-dimensional graphene solid-phase 
extraction of chlorophenols from honey samples. Food Addit Contam A 32:40–47

Liu H, Mu L, Chen X, Wang J, Wang S, Sun B (2017) Core-shell metal-organic frameworks/
molecularly imprinted nanoparticles as absorbents for the detection of pyrraline in milk and 
milk powder. J Agric Food Chem 65:986–992

Liu M, Liu J, Guo C, Li Y (2019) Metal azolate framework-66-coated fiber for headspace solid- 
phase microextraction of polycyclic aromatic hydrocarbons. J Chromatogr A 1584:57–63

A. Gutiérrez-Serpa et al.



91

Liu X, Tong Y, Zhang L (2020) Tailorable yolk-shell Fe3O4@graphitic carbon submicroboxes as 
efficient extraction materials for highly sensitive determination of trace sulfonamides in food 
samples. Food Chem 303:125369

Lu A-H, Salabas EL, Schüth F (2007) Magnetic nanoparticles: synthesis, protection, functionaliza-
tion, and application. Angew Chem Ed 46:1222–1244

Lu D, Yang Y, Sun C, Wang S (2019) Determination of tocopherols and tocotrienols in cereals and 
nuts by dispersive solid-phase microextraction-gas chromatography-mass spectrometry. Anal 
Methods 11:5439–5446

Lv Y-K, Zhao C-X, Li P, He Y-D, Yang Z-R, Sun H-W (2013) Preparation of doxycycline-imprinted 
magnetic microspheres by inverse-emulsion suspension polymerization for magnetic disper-
sion extraction of tetracyclines from milk samples. J Sep Sci 36:2656–2663

Lyon JL, Fleming DA, Stone MB, Schiffer P, Williams ME (2004) Synthesis of Fe oxide core/Au 
shell nanoparticles by iterative hydroxylamine seeding. Nano Lett 4:719–723

Mahmoodi NM (2013) Magnetic ferrite nanoparticle-alginate composite: synthesis, characteriza-
tion and binary system dye removal. J Taiwan Inst Chem Eng 44:322–330

Mahpishanian S, Sereshti H, Baghdadi M (2015) Superparamagnetic core-shells anchored onto 
graphene oxide grafted with phenylethyl amine as a nano-adsorbent for extraction and enrich-
ment of organophosphorus pesticides from fruits, vegetable and water samples. J Chromatogr 
A 1406:48–58

McCullum C, Tchounwou P, Ding L-S, Liao X, Liu Y-M (2014) Extraction of aflatoxins from 
liquid foodstuff samples with polydopamine-coated superparamagnetic nanoparticles for 
HPLC-MS/MS analysis. J Agric Food Chem 62:4261–4267

Meng L, Fu C, Lu Q (2009) Advanced technology for functionalization of carbon nanotubes. Prog 
Nat Sci 19:801–810

Miao SS, Wu MS, Zuo HG, Jiang C, Jin SF, Lu YC, Yang H (2015) Core-shell magnetic molecu-
larly imprinted polymers as sorbent for sulfonylurea herbicide residues. J Agric Food Chem 
63:3634–3645

Mirabi A, Rad AS, Abdollahi M (2017) Preparation of modified MWCNT with dithiooxamide for 
preconcentration and determination of trace amounts of cobalt ions in food and natural water 
samples. ChemistrySelect 2:4439–4444

Moghadam PZ, Li A, Wiggin SB, Tao A, Maloney AGP, Wood PA, Ward SC, Fairen-Jimenez D 
(2017) Development of a Cambridge structural database subset: a collection of metal−organic 
frameworks for past, present, and future. Chem Mat 29:2618–2625

Moliner-Martinez Y, Herráez-Hernández R, Verdú-Andrés J, Molins-Legua C, Campíns-Falcó 
P (2015) Recent advances of in-tube solid-phase microextraction. TrAC-Trends Anal Chem 
71:205–213

Mondal S, Xu J, Chen G, Huang S, Huang C, Yin L, Ouyang G (2019) Solid-phase microex-
traction of antibiotics from fish muscle by using MIL-101(Cr)NH2-polyacrylonitrile fiber and 
their identification by liquid chromatography-tandem mass spectrometry. Anal Chim Acta 
1047:62–70

Ning F, Peng H, Li J, Chen L, Xiong H (2014) Molecularly imprinted polymer on magnetic gra-
phene oxide for fast and selective extraction of 17β-estradiol. J Agric Food Chem 62:7436–7443

Nogueira JMF (2012) Novel sorption-based methodologies for static microextraction analysis: a 
review on SBSE and related techniques. Anal Chim Acta 757:1–10

Noormohamadi HR, Fat’hi MR, Ghaedi M (2018) Fabrication of polyethyleneimine modified 
cobalt ferrite as a new magnetic sorbents for the micro-solid phase extraction of tartrazine from 
food and water samples. J Colloid Interf Sci 531:343–351

Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, Grigorieva IV, Firsov AA 
(2004) Electric field effect in atomically thin carbon films. Science 306:666–669

Pacheco-Fernández I, Gutiérrez-Serpa A, Afonso AM, Pino V (2018) Metallic coatings in solid- 
phase microextraction: environmental applications. In: Zhang J, Jung YG (eds) Advanced 
ceramic and metallic coating and thin film materials for energy and environmental applications. 
Springer Nature, Switzerland. isbn:978-3-319-59905-2

Preparation Methods and Advantages of Nano-Sorbents for Food Contaminants…



92

Pacheco-Fernández I, González-Hernández P, Pasán J, Ayala JH, Pino V (2019) The rise of metal- 
organic frameworks in analytical chemistry. In: de la Guardia M, Esteve-Turrillas FA (eds) 
Handbook of smart materials in analytical chemistry. Wiley, New York. isbn:978-1-119-42262-4

Piri-Moghadam H, Alam MN, Pawliszyn J (2017) Review of geometries and coating materials 
in solid phase microextraction: opportunities, limitations, and future perspectives. Anal Chim 
Acta 984:42–65

Płotka-Wasylka J, Szczepańska N, de la Guardia M, Namieśnik J (2015) Miniaturized solid-phase 
extraction techniques. TrAC-Trends Anal Chem 73:19–38

Płotka-Wasylka J, Szczepańska N, de la Guardia M, Namieśnik J (2016) Modern trends in solid 
phase extraction: new sorbent media. TrAC-Trends Anal Chem 77:23–43

Qi R, Jiang H, Liu S, Jia Q (2014) Preconcentration and determination of pesticides with graphene- 
modified polymer monolith combined with high performance liquid chromatography. Anal 
Methods 6:1427–1454

Qian HL, Yang CX, Wang WL, Yang C, Yan XP (2018) Advances in covalent organic frameworks 
in separation science. J Chromatogr A 1542:1–18

Qin Y, Zhang J, Li Y, Han Y, Zou N, Jiang Y, Shan J, Pan C (2016) Multiplug filtration cleanup 
method with multi-walled carbon nanotubes for the analysis of malachite green, diethylstilbes-
trol residues, and their metabolites in aquatic products by liquid chromatography–tandem mass 
spectrometry. Anal Bioanal Chem 408:5801–5809

Ravelo-Pérez LM, Herrera-Herrera AV, Hernández-Borges J, Rodríguez-Delgado MÁ (2010) 
Carbon nanotubes: solid-phase extraction. J Chromatogr A 1217:2618–2641

Reyes-Garcés N, Gionfriddo E, Gómez-Ríos GA, Alam MN, Boyaci E, Bojko B, Singh V, Grandy 
J, Pawliszyn J (2018) Advances in solid phase microextraction and perspective on future direc-
tions. Anal Chem 90:302–360

Ríos Á, Zougagh M (2016) Recent advances in magnetic nanomaterials for improving analytical 
processes. TrAC-Trends Anal Chem 84:72–83

Rocío-Bautista P, González-Hernández P, Pacheco-Fernández I, Pino V, Ayala JH, Afonso AM 
(2016a) Metal-organic frameworks as promising sorbents in solid-phase microextraction. In: 
Reeves P (ed) Metal-organic frameworks (MOFs): chemistry, technologies and applications. 
Nova Science Publishers, New York. isbn:978-1-63485-051-3

Rocío-Bautista P, Pacheco-Fernández I, Pasán J, Pino V (2016b) Are metal-organic frameworks 
able to provide a new generation of solid-phase microextraction coatings? Anal Chim Acta 
939:26–41

Rocío-Bautista P, González-Hernández P, Pino V, Pasán J, Afonso AM (2017) Metal-organic 
frameworks as novel sorbents in dispersive-based microextraction approaches. TrAC-Trends 
Anal Chem 90:114–134

Rocío-Bautista P, Gutiérrez-Serpa A, Pino V (2018) Solid-phase microextraction coatings based 
on tailored materials: metal-organic frameworks and molecularly imprinted polymers. In: 
Li L, Yang Q (eds) Advanced coatings materials. Scrivener Publishing, Massachusetts, 
p 9781119407560

Román IP, Chisvert A, Canals A (2011) Dispersive solid-phase extraction based on oleic acid- 
coated magnetic nanoparticles followed by gas chromatography–mass spectrometry for 
UV-filter determination in water samples. J Chromatogr A 1218:2467–2475

Rowsell JLC, Yaghi OM (2004) Metal-organic frameworks: a new class of porous materials. 
Microporous Mesoporous Mat 73:3–14

Ruan X-L, Qiu J-J, Wu C, Huang T, Meng R-B, Lai Y-Q (2014) Magnetic single-walled carbon 
nanotubes-dispersive solid-phase extraction method combined with liquid chromatography- 
tandem mass spectrometry for the determination of paraquat in urine. J Chromatogr B 
965:85–90

Rümmeli MH, Ayala P, Pichler T (2010) Carbon nanotubes and related structures: production and 
formation. In: Guldi DM, Martin N (eds) Carbon nanotubes and related structures. Wiley VCH

Rykowska I, Wasiak W (2013) Advances in stir bar sorptive extraction coating: a review. Acta 
Chromatogr 25:27–46

A. Gutiérrez-Serpa et al.



93

Šafaříková M, Šafařík I (1999) Magnetic solid-phase extraction. J Magn Magn Mater 194:108–112
Safdarian M, Hashemi P, Adeli M (2013) One-step synthesis of agarose coated magnetic nanopar-

ticles and their application in the solid phase extraction of Pd(II) using a new magnetic field 
agitation device. Anal Chim Acta 774:44–50

Sajid M (2017) Porous membrane protected micro-solid-phase extraction: a review of features, 
advancements and applications. Anal Chim Acta 965:36–53

Saraji M, Jafari MT, Mossaddegh M (2016) Carbon nanotubes@silicon dioxide nanohybrids coat-
ing for solid-phase microextraction of organophosphorus pesticides followed by gas chroma-
tography–corona discharge ion mobility spectrometric detection. J Chromatogr A 1429:30–39

Scopus Database.: https://www.scopus.com/search/form.uri?display=basic
Sehati N, Dalali N, Soltanpour S, Dorraji MSS (2014) Extraction and preconcentration of tylosin 

from milk samples through functionalized TiO2 nanoparticles reinforced with a hollow fibre 
membrane as a novel solid/liquid-phase microextraction technique. J Sep Sci 37:2025–2031

Sereshti H, Khodayari F, Nouri N (2019) Simultaneous determination of aflatoxins in bread by 
in-syringe dispersive micro-solid phase extraction using magnetic three-dimensional graphene 
followed by HPLC-FLD. Food Anal Methods 12:2273–2281

Shams SS, Zhang R, Zhu J (2015) Graphene synthesis: a review. Mater Sci 33:566–578
Shi X-R, Chen X-L, Hao Y-L, Li L, Xu H-J, Wang M-M (2018) Magnetic metal-organic frame-

works for fast and efficient solid-phase extraction of six Sudan dyes in tomato sauce. J 
Chromatogr B 1086:146–152

Shi Z, Chen D, Chen T-T, Wei G, Yin C-Y, Xu H, Yang G-F (2019) In vivo analysis of two new 
fungicides in mung bean sprouts by solid phase microextraction-gas chromatography-mass 
spectrometry. Food Chem 275:688–695

Shirey RE (2012) SPME commercial devices and fibre coatings. In: Pawliszyn J (ed) Handbook of 
solid phase microextraction. Elsevier, Amsterdam. isbn:978-0-12-416017-0

Socas-Rodríguez B, Herrera-Herrera AV, Asensio-Ramos M, Hernández-Borges J (2014) Recent 
applications of carbon nanotube sorbents in analytical chemistry. J Chromatogr A 1357:110–146

Socas-Rodríguez B, Herrera-Herrera AV, Asensio-Ramos M, Hernández-Borges J (2015) 
Dispersive solid-phase extraction. In: Anderson JL, Berthod A, Pino V, Stalcup AM (eds) 
Analytical separation science. Sample preparation method validation, and analytical applica-
tions. Wiley-VCH Verlag, Weinheim/Germany

Socas-Rodríguez B, González-Sálamo J, Hernández-Borges J, Rodríguez-Delgado MÁ (2017) 
Recent applications of nanomaterials in food safety. TrAC-Trends Anal Chem 96:172–200

Souza-Silva EA, Gionfriddo E, Pawliszyn J (2015) A critical review of the state of the art of 
solid-phase microextraction of complex matrices II. Food analysis. TrAC-Trends Anal Chem 
71:236–248

Speltini A, Scalabrini A, Maraschi F, Sturini M, Profumo A (2017) Newest applications of molecu-
larly imprinted polymers for extraction of contaminants from environmental and food matrices: 
a review. Anal Chim Acta 974:1–26

Stanisz E, Krawczyk-Coda M (2017) ZnO nanoparticles as an adsorbent in ultrasound-assisted dis-
persive micro solid-phase extraction combined with high-resolution continuum source electro-
thermal atomic absorption spectrometry for determination of trace germanium in food samples. 
Microchem J 132:136–142

Stöber W, Fink A, Bohn E (1968) Controlled growth of monodisperse silica spheres in the micron 
size range. J Colloid Int Sci 26:62–69

Stock N, Biswas S (2012) Synthesis of metal-organic frameworks (MOFs): routes to various MOF 
topologies, morphologies,and composites. Chem Rev 112:933–969

Sun M, Cui P, Ji S, Tang R, Wu Q, Wang C, Wang Z (2014) Octadecyl-modified graphene as an 
adsorbent for hollow fibre liquid phase microextraction of chlorophenols from honey. Bull Kor 
Chem Soc 35:1011–1015

Sun H, Yu QW, He HB, Lu Q, Shi ZG, Feng YQ (2016) Nickel oxide nanoparticle-deposited silica 
composite solid-phase extraction for benzimidazole residue analysis in milk and eggs by liquid 
chromatography-mass spectrometry. J Agric Food Chem 64:356–363

Preparation Methods and Advantages of Nano-Sorbents for Food Contaminants…

https://www.scopus.com/search/form.uri?display=basic


94

Synaridou M-ES, Sakkas VA, Stalikas CD, Albanis TA (2014) Evaluation of magnetic nanopar-
ticles to serve as solid-phase extraction sorbents for the determination of endocrine disruptors 
in milk samples by gas chromatography mass spectrometry. J Chromatogr A 1348:71–79

Taherimaslak Z, Amoli-Diva M, Allahyari M, Pourghazi K, Manafi MH (2015) Low density 
solvent based dispersive liquid-liquid microextraction followed by vortex-assisted magnetic 
nanoparticle based solid-phase extraction and surfactant enhanced spectrofluorimetric detec-
tion for the determination of aflatoxins in pistachio nuts. RSC Adv 5:12747–12754

The Cambridge crystallographic data center.: https://www.ccdc.cam.ac.uk/
Tokalioglu S, Yavuz E, Demir S, Patat S (2017) Zirconium-based highly porous metal-organic 

framework (MOF-545) as an efficient adsorbent for vortex assisted-solid phase extraction of 
lead from cereal, beverage and water samples. Food Chem 237:707–715

Towler PH, Smith JD, Dixon DR (1996) Magnetic recovery of radium, lead and polonium from 
seawater samples after preconcentration on a magnetic adsorbent of manganese dioxide coated 
magnetite. Anal Chim Acta 328:53–59

Turiel E, Martín-Esteban A (2010) Molecularly imprinted polymers for sample preparation: a 
review. Anal Chim Acta 668:87–99

Wang X, Ye N (2017) Recent advances in metal-organic frameworks and covalent organic frame-
works for sample preparation and chromatographic analysis. Electrophoresis 38:3059–3078

Wang R, Wang Y, Xue C, Wen T, Wu J, Hong J, Zhou X (2013) Selective separation and enrich-
ment of glibenclamide in health foods using surface molecularly imprinted polymers prepared 
via dendritic grafting of magnetic nanoparticles. J Sep Sci 36:1015–1021

Wang P-L, Xie L-H, Joseph EA, Li J-R, Su X-O, Zhou H-C (2019) Metal-organic frameworks for 
food safety. Chem Rev 119:10638–10690

Wu X, Hu J, Zhu B, Lu L, Huang X, Pang D (2011) Aptamer-targeted magnetic nanospheres as a 
solid-phase extraction sorbent for determination of ochratoxin a in food samples. J Chromatogr 
A 1218:7341–7346

Wu J, Chen L, Mao P, Lu Y, Wang H (2012) Determination of chloramphenicol in aquatic products 
by graphene-based SPE coupled with HPLC-MS/MS. J Sep Sci 35:3586–3592

Wu YL, Chen RX, Zhu Y, Zhao J, Yang T (2015) Simultaneous determination of sixteen amide 
fungicides in vegetables and fruits by dispersive solid phase extraction and liquid chromatog-
raphy–tandem mass spectrometry. J Chromatogr B 989:11–20

Wu M, Ai Y, Zeng B, Zhao F (2016) In situ solvothermal growth of metal-organic framework–ionic 
liquid functionalized graphene nanocomposite for highly efficient enrichment of chloramphen-
icol and thiamphenicol. J Chromatogr A 1427:1–7

Xia L, Liu L, Lv X, Qu F, Li G, You J (2017) Towards the determination of sulfonamides in 
meat samples: a magnetic and mesoporous metal-organic framework as an efficient sorbent 
for magnetic solid phase extraction combined with high-performance liquid chromatography. 
J Chromatogr A 1500:24–31

Xie L, Jiang R, Zhu F, Liu H, Ouyang G (2014) Application of functionalized magnetic nanopar-
ticles in sample preparation. Anal Bioanal Chem 406:377–399

Xu Z, Zhang J, Cong L, Meng L, Song J, Zhou J, Qiao X (2011) Preparation and characterization 
of magnetic chitosan microsphere sorbent for separation and determination of environmental 
estrogens through SPE coupled with HPLC. J Sep Sci 34:46–52

Xu X, Long N, Lv J, Wang L, Zhang M, Qi X, Zhang L (2016) Functionalized multiwalled car-
bon nanotube as dispersive solid-phase extraction materials combined with high-performance 
liquid chromatography for thiabendazole analysis in environmental and food samples. Food 
Anal Meth 9:30–37

Yazdinezhad SR, Ballesteros-Gómez A, Lunar L, Rubio S (2013) Single-step extraction and 
cleanup of bisphenol a in soft drinks by hemimicellar magnetic solid phase extraction prior to 
liquid chromatography/tandem mass spectrometry. Anal Chim Acta 778:31–37

Yilmaz E, Soylak M (2016) Preparation and characterization of magnetic carboxylated nanodia-
monds for vortex-assisted magnetic solid-phase extraction of ziram in food and water samples. 
Talanta 158:152–158

A. Gutiérrez-Serpa et al.

https://www.ccdc.cam.ac.uk/


95

Yu H, Ho TD, Anderson JL (2013a) Ionic liquid and polymeric ionic liquid coatings in solid-phase 
microextraction. TrAC-Trends Anal Chem 45:219–232

Yu L, Li P, Zhang Q, Zhang W, Ding X, Wang X (2013b) Graphene oxide: an adsorbent for the 
extraction and quantification of aflatoxins in peanuts by high-performance liquid chromatogra-
phy. J Chromatogr A 1318:27–34

Yuan S, Feng L, Wang K, Pang J, Bosch M, Lollar C, Sun Y, Qin J, Yang X, Zhang P, Wang Q, Zou 
L, Zhang Y, Zhang L, Fang Y, Li J, Zhou HC (2018) Stable metal–organic frameworks: design, 
synthesis, and applications. Adv Mater 30:1704303–1704338

Yuan Y, Wang M, Jia N, Zhai C, Han Y, Yan H (2019) Graphene/multi-walled carbon nanotubes 
as an adsorbent for pipette-tip solid-phase extraction for the determination of 17β-estradiol in 
milk products. J Chromatogr A 1600:73–79

Yue Y, Mehio N, Binder AJ, Dai S (2015) Synthesis of metal–organic framework particles and thin 
films via nanoscopic metal oxide precursors. CrystEngComm 17:1728–1735

Zaman BT, Erulaş AF, Chormey DS, Bakirdere S (2020) Combination of stearic acid coated mag-
netic nanoparticle based sonication assisted dispersive solid phase extraction and slotted quartz 
tube-flame atomic absorption spectrophotometry for the accurate and sensitive determination 
of lead in red pepper samples and assessment of green profile. Food Chem 303:125396

Zeng L, Wu X, Li Y, Lu D, Sun C (2015) Multiwalled carbon nanotube-dispersive solid-phase 
extraction followed by high performance capillary electrophoresis for simultaneous determina-
tion of six adulterants in antihypertensive functional foods. Anal Methods 7:543–550

Zhai H, Su Z, Chen Z, Liu Z, Yuan K, Huang L (2015) Molecularly imprinted coated graphene 
oxide solid-phase extraction monolithic capillary column for selective extraction and sensitive 
determination of phloxine B in coffee bean. Anal Chim Acta 865:16–21

Zhan G, Zeng HC (2017) Alternative synthetic approaches for metal-organic frameworks: trans-
formation from solid matters. Chem Commun 53:72–81

Zhan J, Fang G, Yan Z, Pan M, Liu C, Wang S (2013) Preparation of a semicovalent, molecularly 
surface imprinted polymer for the rapid determination of trace acid orange II in food and envi-
ronmental samples. Anal Bioanal Chem 405:6353–6363

Zhang H, Liu Q-S, Yang C-L, Lv J-Z, Xie L-Q, Tang M-J, Yue Z-F, Wan Z-G (2013a) C18/
C8-functionalized magnetic silica nanospheres (Fe3O4@Si-C8/C18) as capture probes 
for highly efficient and rapid purification of veterinary drug residues. Food Anal Methods 
6:933–940

Zhang J, Shao J, Guo P, Huang Y (2013b) A simple and fast Fe3O4 magnetic nanoparticles-based 
dispersion solid phase extraction of Sudan dyes from food and water samples coupled with 
high-performance liquid chromatography. Anal Methods 5:2503–2510

Zhang M, Zeng J, Wang Y, Chen X (2013c) Developments and trends of molecularly imprinted 
solid-phase microextraction. J Chromatogr Sci 51:577–586

Zhang W, Zhang Z, Zhang J, Meng J, Bao T, Chen Z (2014) Covalent immobilization of graphene 
onto stainless steel wire for jacket-free stir bar sorptive extraction. J Chromatogr A 1351:12–20

Zhang Q, Li G, Xiao X (2015) Acrylamide-modified graphene for online micro-solid-phase extrac-
tion coupled to high-performance liquid chromatography for sensitive analysis of heterocyclic 
amines in food samples. Talanta 131:127–135

Zhang S, Yang Q, Yang X, Wang W, Li Z, Zhang L, Wang C, Wang Z (2017) A zeolitic imidazolate 
framework based nano-porous carbon as a novel fibre coating for solid-phase microextraction 
of pyrethroid pesticides. Talanta 166:46–53

Zhang N, Huang C, Feng Z, Chen H, Tong P, Wu X, Zhang L (2018) Metal-organic framework- 
coated stainless-steel fibre for solid-phase microextraction of polychlorinated biphenyls. J 
Chromatogr A 1570:10–18

Zhao Q, Lu Q, Feng Y-Q (2013) Dispersive microextraction based on magnetic polypyrrole 
nanowires for the fast determination of pesticide residues in beverage and environmental water 
samples. Anal Bioanal Chem 405:4765–4776

Zhao Y-G, Zhou L-X, Pan S-D, Zhan P-P, Chen X-H, Jin M-C (2014) Fast determination of 22 sul-
fonamides from chicken breast muscle using core-shell nanoring amino-functionalized super-

Preparation Methods and Advantages of Nano-Sorbents for Food Contaminants…



96

paramagnetic molecularly imprinted polymer followed by liquid chromatography-tandem 
mass spectrometry. J Chromatogr A 1345:17–28

Zhao Y, Bi C, He X, Chen L, Zhang Y (2015) Preparation of molecularly imprinted polymers based 
on magnetic carbon nanotubes for determination of sulfamethoxazole in food samples. RSC 
Adv 5:70309–70318

Zhao B, Wu D, Chu H, Wang C, Wei Y (2019) Magnetic mesoporous nanoparticles modified with 
poly(ionic liquids) with multi-functional groups for enrichment and determination of pyre-
throid residues in apples. J Sep Sci 42:1896–1904

Zheng H-B, Mo J-Z, Zhang Y, Gao Q, Ding J, Yu Q-W, Feng Y-Q (2014a) Facile synthesis of mag-
netic molecularly imprinted polymers and its application in magnetic solid phase extraction for 
fluoroquinolones in milk samples. J Chromatogr A 1329:17–23

Zheng X, He L, Duan Y, Jiang X, Xiang G, Zhao W, Zhang S (2014b) Poly(ionic liquid) immobi-
lized magnetic nanoparticles as new adsorbent for extraction and enrichment of organophos-
phorus pesticides from tea drinks. J Chromatogr A 1358:39–45

A. Gutiérrez-Serpa et al.



97© Springer Nature Switzerland AG 2020
U. Hebbar et al. (eds.), Nano-food Engineering, Food Engineering Series, 
https://doi.org/10.1007/978-3-030-44552-2_4

Inclusion Complexation and Coacervation 
to Fabricate Nanoencapsulated Foods

Shivani Uppal, Aashima, Khushwinder Kaur, and S. K. Mehta

1  Introduction

From the time immemorial, man has tried to mimic nature and create novel materi-
als for the advancement, improvement, and betterment of humanity. With this desire, 
the nanotechnology platform was discovered and a new nomenclature for small 
things evolved. Richard Feynman (Feynman 1961) introduced the concept of 
“Nano” to the world in 1959 that has revolutionized the scientific world. He pro-
posed a technological direction of minimizing the material’s size, manipulating 
their shape and size at nanoscale level (Sahoo et al. 2007). Small-scale, small things 
and miniaturization of materials are the terms which were replaced by nanotechnol-
ogy, nanoengineering, and nanoscale in the modern concept of Feynman (Feynman 
1961). In 1974 at Tokyo Science University, Norio Taniguchi first elaborated upon 
the term “nanotechnology” explaining the separation procedure, consolidation and 
deformation of materials by one atom or one molecule.

Despite the hype created for nanotechnology in recent years, it is not a new tech-
nology. The examples can be traced back from ancient times e.g. Lycurgus glass cup 
in British Museum appears jade green in natural light and red color when bright 
light shines through it due to the presence of nanoparticles of gold and silver and 
carbon nanoparticles were utilized in tire manufacturing. The first observation and 
size measurements of nanoparticles were carried out using an ultra-microscope by 
Richard Zsigmondy in 1902. It is an innovative technology with the potential to 
change the world (Verma et al. 2011). It has emerged as one of the most promising 
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fields with multifaceted applications starting from production and processing to 
enhancement in the inherent mechanical, electrical and optical properties of the 
materials.

1.1  Nanotechnology and Food

Food, water, shelter, and clothing are the four essential needs of mankind. The prog-
ress and development of human race has transformed the food needs. The advent of 
nanotechnology has revolutionized the entire food system from manufacturing to 
handling and packaging. After the “Green” and “White” Revolution in the food 
industry, related to “agricultural” and “food” respectively, now it is nanotechnology 
that has the potential to change the face of the food industry. There are new innova-
tions strengthening the taste, color and texture of food which indirectly augments 
the shelf life and enhances the stability of food materials. The applications of nano-
technology (Fig. 1) in the food industry has metamorphosed food to give it a new 
outlook as “intelligent food” with controlled diffusion, improved quality, strength-
ened nutrient content, low contamination, and efficient packaging. The entire cycle 
from the procurement of raw materials to the processing of food, it’s packaging and 
selling of the final product to the market has been modernized by nanotechnology. 

Fig. 1 Various aspects of nanotechnology in the food industry
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It also has the potential to customize the food making it handier and customer 
friendly; meeting with the demands of an ever-changing busy world.

This technology not only improves the water solubility, thermal stability and 
bioavailability of the bioactive component of the food but has proven its potential in 
increasing the number of new intelligent products in the market that enhances the 
consumer benefits. Thus, the introduction of nanotechnology in the food sector has 
ushered new aspirations and unfolded myriad of arenas for this emerging industry. 
Yaktine and Pray (Yaktine and Pray 2009) reported numerous advantages of nano-
technology and recognized it it as a food friendly technique. They elaborated upon 
intelligent nano-packaging and eco-friendly processes for the synthesis of food 
products with tunable properties.

The use of medicinal herbs (Fig. 2) in traditional medicine practices has been 
known since prehistoric times. Numerous phytochemicals with potential therapeu-
tic functions have been identified. However, since a single plant can contain diverse 
phytochemicals, the effects of using a whole plant as medicine are uncertain. The 
place of plants in medicine was radically altered in the nineteenth century by chemi-
cal analysis and technological intrusion. Nanotechnology has helped to bridge the 
gap between the ancestral medicine where bioactive foods were used to cure the 
ailments, and the modern-day dietary supplements. It has taken the plant therapeu-
tics to the advanced treatment level. The holy basil, a sacred super herb was used in 
the Indian system of medicine to harmonize the mind, body, and spirit. The unique 
ability of basil is empowered by nanotechnology and there are numerous syrups and 
tablets for a cough, fever, respiratory disorders using Basil. Currently, the market of 
nanotechnology products in the food industry approaches US$1 billion (most of this 

Fig. 2 Commercial products of natural bioactive
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on nanoparticle coatings for packaging applications, health-promoting products, 
and beverages) and it has the potential to grow to more than US$20 billion in the 
next decade (Chau et al. 2007).

1.2  Merits and Demerits of Employing Nanotechnology 
to the Food Industry

The dynamic entry of nanotechnology within the food sector has generated new 
hopes and is expected to bring various benefits to the food industry’s concerns. 
Nevertheless, as technology brings risks with benefits for consumers, it may also do 
the same. It may bring various kinds of opportunities such as developing nano- 
processes, nano eco-friendly fabricating techniques, intelligent nano-packaging, 
providing consumers with low-calorie food. It aims at changing the unhealthy food 
habits of the busy world into healthy ones (Silvestre et al. 2011).

However, there are questions in the mind of researchers that how nano food com-
ponents are formed, disintegrated, and ingested into our body. Without this knowl-
edge, it will not be possible to overcome the potential risks and uncertainties of this 
technology. Consumption of excessive nutrient will leave toxic effects on human 
body and create an imbalance in the functioning of the body in the future. Talking 
about the risks and disadvantages of applying this technology within the food indus-
try, most of the nanoparticles enter the gut through oral administration and gets 
absorbed via intestine cells (enterocytes). It is designed in a way that they do not 
allow large or foreign particles to pass through them, nevertheless, the nano-sized 
ingredients are able to cross these barriers. Therefore, there is a potential risk in 
bringing up gastric diseases which should be investigated through in vivo and clini-
cal studies. Before analyzing these uncertainties, it is not possible to overcome the 
potential risks within this nanotechnology food combination.

2  Encapsulation

The word “Encapsulation” has been derived from the Latin word “Caspa” meaning 
“box”. In a literal sense, encapsulation means “to encompass something in a cap-
sule”. The word first appeared in the late nineteenth century. Encapsulation is a 
technological method for entrapping active components within a carrier to improve 
its delivery (Fig. 3). It is an expeditionary developing technology with many pro-
spective applications in pharmaceutical and food industries. This budding method-
ology is successfully used to bestow the sensitive bioactive material in safe core 
thus protecting it from environmental decay. It preserves its taste and aroma, masks 
the foul odor, enhances stability and increases its bioavailability. Some of the prime 
reasons for encapsulation of active ingredients are listed in Fig. 2. Shahidi and Han 
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reported that most of the times, the core material is sensitive towards moisture, sun-
light so the outer layer in encapsulation prevents the core from damage and increases 
its shelf-life, leading to a controlled release of encapsulate (Shahidi and Han 1993). 
Norton and Frith (Norton and Frith 2001) discussed upon the improved facilitation 
of micronutrient bioavailability due to the nanometric size of the assembly which is 
one of the major advantages of the nanoencapsulation technique. The improved 
bioavailability is due to two main mechanisms (i) by increasing bioactive stability 
during digestion (ii) by enhancing the solubility in intestinal fluids and accelerating 
the transport within the body, absorption through or between the intestinal epithelial 
cells, and decreasing first pass metabolism (Yao et al. 2015). Carotenoids represent 
a large group of tetraterpenoid organic pigments and one of them is β-carotene, a 
well-known active phytochemical possessing promising health benefits. The bio- 
accessibility of β- carotene in starch hydrogels containing no fat was less than 1% 
due to its crystalline nature and lack of mixed micelles to solubilize it (Mun et al. 
2015). The bio-accessibility increases from 3.1 to 35.6% through nanoencapsula-
tion (Liang et al. 2013). Thus, with encapsulation, the bioactive component could be 
kept as fully efficient. Curcumin, another neuro-protective and anticancer potential 
agent containing phytochemical properties, lack retention in our body. But, when 
complexed with β- cyclodextrin (β-CD) using co-precipitation, freeze-drying and 
solvent evaporation methods, they exhibit higher pH, storage and heating stability 
(Mangolim et al. 2014). In addition to the above, encapsulation can be applied for 
modification of physical characteristics of the original bioactive to (a) allow easier 
handling, (b) help separate the components of the mixture that would otherwise 
react with one another, (c) provide an adequate concentration and uniform disper-
sion of an active agent (Desai and Park 2005).

Fig. 3 Reasons for 
encapsulation
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Nanoencapsulation is used to produce nano-capsules from food ingredients and 
wall materials. Wall material is the outer covering which protects the food ingredi-
ent by means of controlled release. Generally, some precautions need to be taken 
while preparing the nanocapsules: the wall around the food ingredient should be 
proper so that leakage of the food ingredient does not occur. Further, selection of 
nanoencapsulation method and wall materials is interdependent. Based on the wall 
material, a suitable method for the nanoencapsulation is chosen. Wall materials can 
be chosen from a variety of synthetic or natural polymers which is dependent on the 
material to be coated and properties desired in the final formulation. The selection 
of the wall material composition is important and responsible for the final functional 
property of the formulation. An ideal wall material should exhibit the following 
characteristics (Scheme 1):

2.1  Nanoencapsulation Techniques

The encapsulation process was originally established in biotechnology to build pro-
duction processes more efficient. This process starts with the matrix formation 
around the cells which allows for rapid and efficient separation of the producer cells 
and the metabolites. These technologies developed approximately 60 years ago, are 
of significant interest to the pharmaceutical sector (especially for drug and vaccine 
delivery), but also have relevance for the food industry. The reason behind this is the 
food industry demands for complex functional compounds in products. The encap-
sulated food has a multitude of possible benefits in the food industry. Encapsulation 
aims to preserve the stability of the bioactive compounds during processing and 
storage and to prevent undesirable interactions with the food matrix. During the 
encapsulation process, bio-actives are preserved for profit since the procedure 

Scheme 1 Characteristics of an ideal wall material
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reduces the degradation processes (e.g., hydrolysis or oxidation) or halts the degra-
dation process until the product is delivered at the desired sites (McClements et al. 
2009). This is how the bio-active component is kept fully functional. Also, this 
technology develops a barrier between sensitive bioactive materials and the envi-
ronment, thus, allowing taste and aroma differentiation, mask bad tasting or smell-
ing, stabilize food ingredients or increase their bioavailability. In addition to the 
above, encapsulation can be applied for modification of physical characteristics of 
the original material to (a) allow easier handling, (b) help separate the components 
of the mixture that would otherwise react with one another, (c) provide an adequate 
concentration and uniform dispersion of an active agent.

The encapsulation technique and delivery system have a very important impact 
on the physicochemical properties. In general, physicochemical properties such as 
surface area, shape, size distribution, particle size, solubility and encapsulation effi-
ciency, and releasing mechanisms have been reported to be varied via the encapsu-
lation technique. Depending on which kind of application someone is focusing, the 
nanoencapsulation technique is chosen. Therefore, it is important to choose an 
effective technique based on physicochemical properties. The prevailing techniques 
for this purpose include emulsification, coacervation, inclusion complexation, 
emulsification–solvent evaporation, nanoprecipitation, and supercritical fluid tech-
nique (Risch 1995). They produce capsules of nanometer range due to which they 
are considered as nanoencapsulation techniques.

Nanoencapsulation technique uses either top-down or bottom-up approaches for 
the development of nano-encapsulated formulation (Fig. 4). The size reduction and 
structure shaping for the desired application can be developed by employing precise 
tools in a top-down approach. In the bottom-up approach, formulations are devel-
oped by self-assembly and self-organization of molecules. The self-assembly is 
affected by many factors including pH, temperature, concentration, and ionic 
strength (Augustin and Sanguansri 2009). Techniques such as emulsification and 
emulsification–solvent evaporation are used under the top-down approach whereas 
bottom-up approach includes supercritical fluid technique, inclusion complexation, 
coacervation, and nanoprecipitation (Fig. 4) (Sanguansri and Augustin 2006, Mishra 

Fig. 4 Top-down and bottom-up approaches in nanoencapsulation techniques

Inclusion Complexation and Coacervation to Fabricate Nanoencapsulated Foods



104

Table 1 Physical methods for the preparation of nano encapsulated food

Physical Methods
Spray drying Oldest encapsulation 

method capable of 
encapsulating 
liposoluble vitamins 
and producing 
encapsulated 
powders with 
different particle size.

Fluid bed 
coating

In this method, a 
coating is applied 
onto powder particles 
in a batch process or 
a continuous set-up 
and 5–50% of the 
coating is applied 
depending on the 
particle of the core 
material.

Extrusion 
Spheronization

It is a multistep 
process which starts 
with dry mixing of 
active ingredients 
with the addition of a 
binder to form wet 
mass and extrusion 
and finally 
spherization to form 
extrudate into 
spheroids of uniform 
size

Centrifugal 
extrusion Shell

material
Shell
material

Core
material

Core material

Shell gelled by immersion
in gelling bath Shell solidifies

by cooling air
Gelliing Bath

Liquid
Core

Liquid
Shell

AIR

It is a process in 
which liquids are 
encapsulated using a 
rotating extrusion 
head containing 
concentric nozzles to 
form particles size of 
400–2000 μm in 
diameter.
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Physical Methods
Spray drying Oldest encapsulation 

method capable of 
encapsulating 
liposoluble vitamins 
and producing 
encapsulated 
powders with 
different particle size.

Supercritical 
liquid 
modelling

It involves method 
like rapid expansion 
from a supercritical 
solution, gas 
antisolvent, aerosol 
solvent extraction. It 
is used for 
encapsulation of 
thermally sensitive 
compounds.

Spray freezing They are used for 
encapsulation heat 
sensitizing flavors.

Emulsification It protects the 
droplets from 
re-coalescence and 
improves their 
stability for use in 
food and 
pharmaceutical 
industry.

Coacervation It starts with the 
formation of a 
chemical phase and 
depositing the liquid 
polymer coating 
upon the core 
material and 
rigidizing the 
coating.

Inclusion 
Complexation

This technique works 
on the principal of 
host-guest chemistry 
using the lock and 
key mechanism.

Table 1 (continued)
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et al. 2010). Hydrophilic and lipophobic compounds are generally encapsulated via 
emulsification, coacervation, and supercritical fluid technique (McClements et al. 
2009, Cheong et al. 2008, Leong et al. 2009). But, emulsification–solvent evapora-
tion inclusion complexation, and nano-precipitation techniques are employed for 
lipophilic compounds (Lakkis 2007). Table 1 summarizes the details of the different 
techniques used for the nanoencapsulation process.

3  What Is Coacervation?

Coacervation technique is based on the principle of phase separation or desolvation 
of macromolecules. It is a physicochemical process involving a thermodynamic 
transition in which a uniform colloidal solution separates into two immiscible liquid 
phases which are thermodynamically compatible  - (a) Dense Coacervate and (b) 
Dilute Liquid Phase. The former thick liquid is concentrated and rich in colloidal 
particles while the latter is an equilibrium solution. Structurally, it lies between the 
interface of crystallinity and liquid phase. Thus, it can bear the intermediate range 
of structural order and can be referred to as mesophase.

Gouin (Gouin 2004) elaborated the concept of the coacervation encapsulation 
phenomenon which is based on phase separation of one or many hydrocolloids form 
the initial solution along with deposition of the newly formed coacervate phase 
around the ingredient suspended or emulsified in the reaction media. Ambinder 
et al. described the production of coacervates using calcium alginate and calcium 
alginate chitosan having active ingredient yerba mate extract. Chitosan-coated 
beads displayed lower loading capacity than the alginate beads. The results implied 
that wall materials can affect the release of natural antioxidants of yerba mate 
(Ambinder et al. 2011). A new type of protein/polyphenol microcapsule-based on 
(−)-epigallocatechin gallate (EGCG) and gelatin containing glycine, proline, and 
4-hydroxyproline residues, has been prepared using layer-by-layer assembly (LbL) 
method (Shutava et al. 2009). The outermost (first layer) was a gelatin layer over the 
MnCO3 microcores, over which an EGCG layer was formed by adding EGCG solu-
tion to the gelatin-coated microparticles. The EGCG content of the protein/polyphe-
nol film material was as high as 30% w/w, while the EGCG in the LbL assemblies 
retained its antioxidant activity.

3.1  The Process of Coacervation

The process starts with the deposition of liquid polymer coating on the core material 
and then rigidizing the coating usually by different techniques like thermal, cross- 
linking and de-solvation. This step is the most difficult step and important too. Each 
step involves a distinct technology in physical chemistry to obtain a coacervate for 
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improved encapsulation. The coacervation and phase separation from organic and 
aqueous media depend on many properties i.e. materials and processes such as 
phase inducing agents, core to wall ratio, polymer characteristics, cooling rates and 
rates of addition, stirring rates, core characteristics (wettability, solubility).

The technology for the fabrication of coacervates was first developed by National 
Cas Register Co. in the year 1950. It was the first commercial product of microen-
capsulates and was the rationale behind the carbonless copy paper. The process of 
coacervation involves three steps (Fig. 5):

3.1.1  Emulsion Formation

In the first step, three immiscible chemical phases are formed by the addition of the 
carrier/vehicle to the core (the active component) in the presence of the liquid coat-
ing under continuous agitation (thermal and mechanical).

Fig. 5 Various steps involved in the process of coacervation
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3.1.2  Induction of Coatin

The second step comprises the deposition of the liquid polymer which acts a protec-
tive layer upon the core material.

3.1.3  Stabilization

The prepared nanocapsules can be stabilized and made rigid by (a) Crosslinking; (b) 
De-solvation; (c) Thermal treatment. The liquid coating of an immiscible polymer 
is made rigid by temperature changes and add salt or non-solvent (if needed). 
Inducing polymer-polymer interactions by addition of copolymer also leads to the 
generation of liquid coating. Phase separation occurs due to reduced solubility 
caused by an interaction of oppositely charged polyelectrolytes.

3.2  Types of Coacervation

3.2.1  Coacervation Is Generally of Two Types (Fig. 6)

3.2.1.1 Simple Coacervation

It involves only one polymer which is de-solvated or dehydrated resulting in phase 
separation. There are various factors which effect phase separation phenomenon. It 
can be affected by mixing two colloidal dispersions, one having a high affinity for 
water. It changes by addition of strongly hydrophilic substance such as alcohol or 
sodium sulphate. It can be driven via the addition of salts or alcohols or by increas-
ing the temperature. It demands either more water-soluble polymer or an aqueous 
non-solvent for the macromolecule or surfactant. Singh et al. (Singh et al. 2016) 

Fig. 6 Comparative analysis of simple and complex coacervation
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reported that two phases including polymer rich and polymer poor phases are pro-
duced during the processing when liquid-liquid phase separation happens. Since a 
macromolecule is difficult to solubilize so to bring out the coacervation equilibrium, 
the mixing of various ratios of water and alcohol is done. This brings the macromo-
lecular solute to coacervation phase separation. Separation of a water-soluble mac-
romolecule into two phases at a special water/alcohol ratio results in the formation 
of one phase with a high concentration of macromolecule in equilibrium with the 
second phase containing a higher water concentration. This phenomenon is known 
as “simple coacervation”.

Jincheng et al. (Jincheng et al. 2010) reported the nanoencapsulation of capsaicin 
with natural polymeric materials shell, gelatin. Gelatins made nanocapsules are 
compatible with the applied polymer matrix and are helpful for the users. They 
concluded that gelatin is a good candidate for fabrication of nanospheres, nanocap-
sules for controlled release applications of drugs and food components. The main 
reason to use gelatin is an excellent safety, biocompatibility, and biodegradation. 
The combination of gelatin and encapsulated capsaicin is for enhanced bio-safety. 
These gelatin-based systems can effectively release the components to a specific 
target along with protecting them from vulnerable molecules. They also help them 
form degradation so that they can’t lose their bio-efficacy while interacting with the 
external environment. Taylor and Taylor (Taylor and Taylor 2010) showed that by 
dissolving kafirin in glacial acetic acid and adding water in a controlled manner, 
kafirin precipitated out of solution as organized structures, a process of simple coac-
ervation. It does not change the properties of kafirin and sustained its bioactivity 
which can be explored for further applications.

3.2.1.2 Complex Coacervation

Complex coacervation is defined as a phenomenon of the interaction of two or more 
oppositely charged macromolecular colloidal systems in a single solvent i.e. it is 
induced in those systems which has two dispersed hydrophilic colloids of opposite 
charge. It is primarily driven by the electrostatic interactions between two or more 
colloidal components. The established interactions between oppositely charged bio-
polymers in aqueous media lead to the formation of an electrostatic equilibrium in 
the concentrated phase. The charged macromolecules in a single solvent separate 
itself into two or more phases with each phase having both the polymers. The for-
mation of a dense phase called coacervate; coexist with the polymer poor phase; 
called the supernatant. Secondary hydrogen bonding and hydrophobic interactions 
also facilitate the formation of coacervates, although, less is known about these 
forces (Liu et al. 2015). This process of neutralization of overall positive charges on 
one of the colloids by negative charges on the other is used to bring about the sepa-
ration of polymer-rich complex coacervate phase. The gelatin-gum Arabic (gum 
acacia) system is the extensively studied complex coacervation system (Lv et al. 
2014). Coacervation relies on the mixing ratio of the two polymers.
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The mixing of oppositely charged species leads to the formation of a complex 
named “electrostatic complex“. This complex can be soluble or insoluble in the 
phase. The insoluble part condenses and leads to the formation of coacervate drop-
lets due to Ostwald ripening. This causes mesophase separation resulting in the 
generation of a distant coacervate layer. The outcome of this process results into two 
phases; out of two one is super concentrated and other contains a very low concen-
tration of biopolymer.

Complex coacervation is considered to have no definite types and is an expensive 
method for encapsulation of food ingredients however the potential benefits it offers 
especially to high value, labile functional ingredients (Bungenberg and Kruyt 1929). 
Yuan et al. (Yuan et al. 2017) investigated the encapsulation efficiency and oxidative 
stability of two different microencapsulated systems prepared via the coacervation 
process. Astaxanthin, a food colorant which is sensitive to thermal treatment. Due 
to this, it was encapsulated in gelatin/cashew gum fabricated using complex coacer-
vation which not only increases stability, but the encapsulation was found to be 
59.9 ± 0.01%. This improves the coloring capacity of astaxanthin (Gomez et  al. 
2016). Mendanha et al. (Mendanha et al. 2009) microencapsulated casein hydroxyl-
ate via complex coacervation using a fixed ratio of soy protein isolate and pectin 
which results in controlled release of the core material.

Surfactants are also one of the materials used in the coacervation process other 
than polymers. With advancement in surfactant chemistry, surfactants with novel 
structures have been developed and found to be efficient in coacervation process. 
Among the various developed surfactants, gemini surfactants are of special interest 
due to its extremely low concentration and large concentration range for formation 
of coacervates. Menger et al. (Menger et al. 2000) explored the gemini surfactants 
of intermediate size resulting in sponge framework and coalesce into coacervate. 
So, coacervation is an interesting process for encapsulation and have great potential 
in this field for research and development.

3.3  Advantages of Coacervation

Encapsulation by coacervation method is increasingly being utilized in the food 
industry due to high encapsulation efficiency and mild processing conditions which 
is essential for sensitive food ingredient (De et al. 2004). The water-insoluble ingre-
dients need to be addressed for controlled release profile which can be achieved via 
encapsulation through coacervation process. The coacervation process not only 
increases the loading efficiency but also increases the shelf live of the food ingredi-
ent if sensitive to the environment. It protects the encapsulated ingredient against 
nutritional losses and interacting with harmful environmental factors like heat, 
moisture, air, and light. The process can modify the physical property of the original 
ingredient like converting the liquids one to dry solids for easy handling.

S. Uppal et al.



111

3.4  Factors Influencing Coacervation

Coacervation depends on the mixing ratio of the two polymers because the electro-
static contact depends on the mixing amount or the active sites available on the 
biopolymers. Under high concentration of salt, the macromolecule is having low 
charge density which results in suppression of complex coacervation (Scheme 2). 
Low molecular weight polymer macromolecules also result in fewer chances of 
coacervation due to ion pairing. The interaction of biopolymers is electrostatic in 

n = 6 � - cyclodextrin

� - cyclodextrin
� - cyclodextrinn = 7

n = 8

n

Hydrophobic cavity
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hydroxyl groups
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hydroxyl groups

0.88 nm

0.56 nm

0.70 nm

Fig. 7 Classification of cyclodextrins

Scheme 2 Factors affecting coacervation process
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nature and coacervation is strongly dependent on the molecular charge density, pH 
and ionic strength (Weinbreck et al. 2003).

4  Cyclodextrin

4.1  What Are Cyclodextrins?

CDs (Fig. 7) are tasteless, odorless and non-digestible cyclic oligosaccharides com-
prising of glucose units. 1,4 glycosidic bonds link these glucose units together giv-
ing them a truncated cone shape with a hydrophobic interior and hydrophilic exterior 
(Stella and He 2008). The hydrophobic cavity has the potential to encapsulate a 
large number of hydrophobic drugs, and bioactive, without changing their chemical 
nature. Unmodified or native cyclodextrins have been extensively used in the food 
and pharmaceutical industry owing to their non-carcinogenic and non-caloric char-
acteristics (Szejtli and Szente 2005). They are enzyme modified starch derivatives 
produced industrially for versatile application in food, cosmetics, environmental, 
agricultural, pharmaceuticals industry.

They play a key role in solubilizing, stabilizing, encapsulating and protecting the 
bioactive components. These macrocyclic oligosaccharides were first discovered by 
Villiers in 1891 and since their discovery, their application has been many-fold 
(Lacovino et al. 2017).

CDs have been widely used either for stabilization of flavors and fragrances or 
for the elimination of undesired tastes, microbiological contaminations, and other 
undesired compounds in food, cosmetic industry. Over time, CDs has become a 
boom to the food industry. They are carriers for molecular encapsulation of flavors 
and other sensitive ingredients (Fenvvesi et al. 2016). They are used as dietary fibers 
as they have a proven potential for controlling the body weight by reducing the 
digestion of carbohydrates and lipids. They are also instrumental in improving the 
blood lipid profile. They are prebiotics in nature and are approved by food authority 
as carriers for food supplements and nutraceuticals. CDs have been extensively 
exploited in myriads of fields. α-, β-, and γ-CDs with 6,7 and 8 glucose units respec-
tively, are the most excepted members of CDs family. CDs can form inclusion com-
plexes with molecules of low hydrophobicity and proper geometrical size (Ryzhakov 
et al. 2016). To further improve the hosting features of these native CDs, they are 
chemically modified to enhance their solubility and reduce toxicity and improve 
inclusion capability. Due to the presence of a large number of free reactive hydroxyl 
on the exterior of native CDs, their functionality can be amplified by many folds 
through chemical modification. The chemical modification of CDs has made them 
a solid market product for encapsulation of food materials and neutraceuticals. 
There are around 30 marketed pharmaceuticals products based on CDs inclusion to 
improve the physical and chemical properties, or to enhance the bioavailability of 
poorly soluble drugs.
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4.2  Why some Food Needs Cyclodextrin Encapsulation?

Food substances (natural or synthetic) are an integral part of human nutrition but the 
direct use of these raw materials is hindered due to following reasons (Astray et al. 
2009, Fenyvesi et al. 2016):

• Variable composition: The aroma/ flavor content of these species can be pre-
served by forming complexes with CDs and it enhances the reproducibility of the 
marketed product.

• Contaminations: Certain natural products may be contaminated by microbes or 
parasitic infections and hence their direct utilization is hindered. CDs act as pre-
servatives for such food products and prevent them from such infestations.

• Storage: The aroma content of the flavored substances reduces on storage. These 
natural substances also undergo some undesirable alterations in presence of heat, 
light, and moisture. Thus, CDs act as protective agents and help store their origi-
nal properties over a considerable long period of time.

• Shelf life: The shelf life of food extracts is generally limited due to their extrac-
tions by steam distillation method. In order to enhance their shelf life, these 
components are converted to solid powders like product by encapsulating them 
with starch derivatives.

The inclusion complexes formed by CDs makes the use of sensitive ingredients 
(hydroscopic gels, oils sensitive to light etc.) more practical and renders them mar-
ketable. These powdered products offer the food manufacturers a clean and stan-
dardized form of variable and unreliable ingredients.

4.3  Methods of Preparation of Cyclodextrin Complexes

There are many innovative methods reported in the literature for the preparation of 
an inclusion complex using CDs. But concerted efforts are being made to find an 
effortless and proficient method which would make the process more cost-effective. 
A number of complexation studies are available in the literature (Kaur et al. 2015), 
most common among them is the simple physical stirring using the magnetic stirrer. 
Although this standard procedure is easy, it needs long hours for the complexation 
process to complete. To reduce the time, the microwave energy is being used. This 
fabrication process is quick and facile and the product is obtained within a few min-
utes, but it suffers on economic grounds. The commercial microwaves are expensive 
and involve high maintenance cost inflating the overall price of the market product. 
Lately, the cavitation technique is being explored in this area which is showing 
promising results (Kaur et al. 2015). It neither requires laborious, endless stirring 
nor is the use of any toxic solvents required. Research is going on in this field to 
scale up the product using sonication. Other obsolete techniques involved are grind-
ing, agitation and use of mortar and pestle.

Inclusion Complexation and Coacervation to Fabricate Nanoencapsulated Foods



114

4.4  Advantages of Cyclodextrin (Scheme 3)

4.4.1  Applications in Food Industry

CDs are widely used in the food industry as hosts for the encapsulation of flavors. 
Flavors play a very vital role in customer satisfaction which further has a direct 
impact on the marketing and consumption of food. But these ingredients being very 
fragile gets degraded during processing and storage, therefore, the formation of 
flavor/CD inclusion complex offers great potential for the protection of these labile 
materials. Complexation with CDs is preferred over the other existing encapsulation 
practices like spray drying, fluidized bed coating, coacervation, co-crystallization 
etc. due to its ability to protect the guest throughout the food processing operation 
withstanding the freezing, thawing and thermal processing.

Besides flavors, CDs are also capable of protecting the lipophilic food materials 
sensitive to photodegradation and sensitive to oxygen. Numerous enzymes cata-
lyzed browning reactions takes place in the production of juices due to the mechani-
cal damage. The compounds are treated with CDs to remove polyphenol-oxidase by 
complexation (Szejtli 2004).

Scheme 3 Advantages of cyclodextrin
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4.4.2  Application in Pharmaceutical Industry (Davis and Brewster 2004)

4.4.2.1 Factors Influencing Cyclodextrin Encapsulation

Only the surface of the CD is available for complexation in the crystalline form, but 
the CDs become more accessible in the solution form thereby improving the chances 
of the formation of an inclusion complex. Water, being the universal solvent, is used 
in most of the reactions, the amount of water directs the rate of complex formation 
(Scheme 4). Since many guest molecules are hydrophobic in nature, the nature of 
the solvent also affects the complexation process. Under very dilute conditions, i.e. 
excess solvent, the distance between the CD and the guest molecule increases so 
much that it curtails the complexations. They are unable to get in contact with each 
other and hence the complexation becomes very slow or impossible to happen. 
Another prominent factor affecting the CD-guest formation is -Temperature.

With the rise in temperature, the molecular vibrations increase which could lead 
to destabilization of the host-guest complex. To make their industrial use more via-
ble, enormous research is being done in this field in recent years (Yang et al. 2014).

4.5  Use and Regulatory of Cyclodextrins

Presently there is an annual increase of around 20–30% in the use of CDs and it can 
be attributed to its widespread utilization in pharmaceutical, food and chemical 
industries. CDs and their modified products are used extensively in drugs as com-
plexing agents, solubilizing agents, diluting purposes or as additives to improve the 
physical and chemical properties of the sensitive bioactive. CDs also hold an impor-
tant place in the catalytic industry. While it can enhance the selectivity of reactions 
it can also be used for the separation of industrial products. The food industry is 
indebted to CDs for the stabilization of flavors and fragrances; elimination and 
reduction of undesirable taste and odor. Since most of the bioactive and healthy 
food components have unpleasant sensory characteristics, CDs form inclusion 

Scheme 4 Factors influencing cyclodextrin encapsulation
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complexes with healthy bioactives and make the food product more consumer- 
friendly. It bridges the gap between health and commercialization in the food 
industry.

Despite tremendous uses of CDs and their derivatives, the regulatory agencies 
keep a austere eye on the safety quotient of commercial use of CDs. The regulatory 
status of CDs is variable in different countries. In the United States of America, α,β 
and γ CDs have been included in the “generally regarded as safe” list and can be 
commercialized while the Japanese consider the CDs as Natural Products and limits 
its industrial use in food and pharmaceutical sector based on its concentration and 
purity. For Australia and New Zealand, CDs are classified as Novel Food from 2004 
and 2003, respectively (Cravotto et al. 2006). The U.S. Environmental Protection 
Agency (EPA), has put an end to the need of requirement to evince a maximum 
permissible level for residues of α,β and γ CDs in various food commodities.

5  A Brief Overview of the Literature

Bioactive Ingredient Structure Wall material

Inclusion complex
Curcumin (turmeric) (Li 
et al. 2018)

α-, β-, γ-CD, 
hydroxypropyl 
(HP)-β-CD, and 
dimethyl (DM)-β-CD

Vitamin A (Lin et al. 2000) β-CD and hydroxyl 
propyl β-CD

Vitamin D (Kong et al. 
2018)

Dextran nanoparticles

DHA (L) (Zimet and 
Livney 2009)

β-lactoglobulin and 
low
methoxyl pectin

Linoleic acid (L) 
(Hadarunga et al. 2006)

α- and β-cyclodextrin
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Bioactive Ingredient Structure Wall material

Resveratrol (Kaur et al. 
2015),

(HP)-β-CD

Benzyl Isothiocyanate 
(Uppal et al. 2017)

β-,CD, and 
hydroxypropyl 
(HP)-β-CD,

β-carotene (Kong et al. 
2018)

Amylose-surfactant 
and amylose/
starch-ascorbyl 
palmitate (AscP) 
inclusion complexes

Vanillin (Karathanos et al. 
2007)

β-cyclodextrin

Astaxanthin (Yuan et al. 
2008)

hydroxypropyl-β-
cyclodextrin

Trans-ferulic acid (Wang 
et al. 2011)

hydroxypropyl-β-
cyclodextrin

Rutin (Nguyen et al. 2013) β-cyclodextrin 
(β-CD), 
(2-hydroxypropyl)-α-
cyclodextrin 
(HP-α-CD), 
(2-hydroxypropyl)-β-
cyclodextrin 
(HP-β-CD) and 
(2-hydroxypropyl)-γ-
cyclodextrin 
(HP-γ-CD)
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Bioactive Ingredient Structure Wall material

Paeonol (Tsai et al. 2010) β-cyclodextrin

Coacervation
Vitamin A (Junyaprasert 
et al. 2001)

Gelatin and gum 
Arabic

Folic acid (vitamin B9) 
(Chapeau et al. 2017)

OH

OH

OH

O
O

O

H

H2N

N
N

N

H
N

NN

Lactoferrin and 
b-lactoglobulin 
co-assembly

Capsaicin (L) (Wang et al. 
2008)

Gelatin, maltodextrin 
and
Tannins

Vitamin B12 (Chalasani 
et al. 2007)

Dextran nanoparticles

Folic acid (vitamin B9) 
(Penalva et al. 2015)

OH

OH

OH

O
O

O

H

H2N

N
N

N

H
N

NN

Casein nanoparticles

Capsaicin (L) (Jingcheng 
et al. 2010)

Gelatin, maltodextrin 
and
Tannins
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Bioactive Ingredient Structure Wall material

Vitamin B12 (Wang et al. 
2011)

Dextran nanoparticles

Folic acid (vitamin B9) 
(Penalya et al. 2005)

OH

OH

OH

O
O

O

H

H2N

N
N

N

H
N

NN

Casein nanoparticles

Capsaicin (L) (Xing et al. 
2005)

Gelatin, acacia, and 
hydrolyzable
tannins

Capsaicin (L) (Xing et al. 
2004)

Gelatin, acacia, and 
tannins

6  Conclusion and Future Scope

In upcoming years, nanoencapsulation is emerging as a beneficial method for the 
entrapment of environmentally sensitive compounds. By entrapment of different 
combinations of compounds, the synergic effect can be achieved that enriches the 
value of the food. From the literature, it is evident that the utilization of encapsu-
lated compounds instead of free one can increase the stability and bioavailability of 
the compounds which increases their utilization for the administration process. 
Techniques like coacervation and host-guest chemistry are enduring methods for 
the efficient entrapment of the ingredients. Basic understanding of supramolecular 
chemistry and non-covalent interactions can be manipulated to create desirable 
micro and nanostructures which are widely applied in various fields of bio-medical. 
With delicate designing and work plan, these systems generate formulations that 
have many advantages like prolonged circulation, unique size and shape character-
istics for passive targeting as well as specific cellular trafficking pathways. 
Coacervation is one of the emerging nanoencapsulation technique. It is subdivided 
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into two forms: Simple and complex coacervation. Coacervation process deals with 
proteins, surfactants, and polysaccharides which results into the coacervate forma-
tion. But the gemini surfactants and globular proteins are new into the world of 
coacervation. They are rapidly developing in this field due to their unusual behav-
iour which creates curiosity into the researchers to explore this field. In order to 
apply these gemini surfactants into the formulation process, the in-depth under-
standing of the behaviour of these surfactants is very important. The coacervation 
process involving globular proteins is an interesting topic to explore as the interde-
pendent specificities in the heteroprotein process can create many new systems 
including gels, high concentration systems. The urge to find healthier food options 
and to maintain the taste, odour and health benefits of fragile food components the 
CDs encapsulation has played a vital role. CDs have proven their niche in the devel-
opment of good food and its healthy components. When administered orally, CDs 
are non-toxic as they do not get absorbed in the gastrointestinal tract and are also 
unsusceptible to α-amylase (Valle and Martin 2004). Thus, the augmentation in the 
society for healthy food demands is the thrust behind the rapid commercialization 
of new, smart food using techniques like encapsulation with CDs and 
coacervation.
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1  Introduction

Ultrasound (US) cavitation has attracted much attention recently in the scientific 
community as green and energy saving approach for nanofood preparation. It con-
tinue to serve as one of the rapidly emerging methods that promote mild processing 
conditions while able to improve the food quality (Majid et al. 2015; Manickam 
et al. 2014). US is a sound wave above the threshold of human hearing range with 
frequency of 20 kHz and above up to few hundred MHz (Avison 1989). Generally, 
it can be categorized two operating modes, namely the low power ultrasound (LPU) 
and high power ultrasound (HPU) mode. LPU have frequency above mega-hertz 
ranges while low power modes generally have frequencies ranging from 20–500 kHz 
(Mason et al. 2011). It generally operates as analytical techniques to obtain various 
information regarding the physicochemical properties of nanofood including sugar 
content, texture hardness, ripeness and others (Soria and Villamiel 2010). On the 
other hand, the applications of HPU facilitates turbulent mixing and secondary 
effects attributed to acoustic cavitation (the formation, growth, and collapse of bub-
bles) (Suslick 1990; Suslick and Price 1999), which creates short burst of extreme 
pressure (≈ 100 MPa), temperature (≈ 5000 °C) and free radicals (•H & •OH) as 
well as rapid heating and cooling rates above 1010 K/s during the implosion of the 
cavitation bubbles (Suslick 1990). This not only promotes the changes in physical 
and chemical properties of food (Piyasena et al. 2003), but also capable of reducing 
the sizes of food to the nanometer ranges. Additionally, the free radicals produced 
from US cavitation also found to be able to deactivate microorganisms activities 
that will caused food decomposition, which thus led to a reduced shelf life of food. 
Thus, HPU mode is considered to serve a more important role for the nanofood 
production and preservation as regarded by its vigorous cavitation phenomenon due 
to high dispersing power. To date, the US cavitation technology has found its appli-
cation in dairy processing, emulsion-based food products, commercial cooking oils, 
food gels, etc. (Majid et al. 2015).

Throughout this chapter, the basic principle of US cavitation and its potential 
applications in emulsification, spray drying and pasteurization will be described. On 
the other hand, some other potential applications of the US cavitation will also be 
mentioned briefly. The outline of this chapter can be seen in Fig. 1. It is important 
to remark the importance of this technique because US cavitation technology is a 
green and mild processing method that hold promising potential to effectively pre-
serve the nutrient, bioactive and physical characteristics of a food.

2  Nanotechnology and Nanofood

Nanotechnology has been receiving increasing attentions in the food industry in 
recent years for food engineering and processing. According to world nanoforum, a 
food is defined as nanofood if nanotechnology techniques or tools are used during 
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cultivation, production, processing, or packaging of the food. Literature survey has 
revealed that the total market value of nanofood had reach US$5.8 billion in 2012, 
and continued to increase in recent years, offering heavy profit to economy 
(Chellaram et al. 2014). Food nanotechnology has its history since the introduction 
of Pasteurization process to kill the spoilage bacteria and improve the quality of 
foods. Soon after, work done by Watson and Crick (1953) on the model of DNA 
structure that is about 2.5 nm further opened the gateway of applications in bio-
medical, agriculture and food production fields.

The implication of nanotechnology in food industry has leads to several advan-
tages in the food production and packaging processes. This includes the better shelf 
life and nutrient delivery of the produced nanofoods as well as food packaging that 
are more perseverance, consumer and environmental friendly (Chellaram et  al. 
2014). Nanofood was readily available in human everyday life, even before the 
modern days. Some examples of traditional nanofood products include milk, butter, 
ice-cream, yogurt, etc., that consist of the dispersion of nano-sized oil droplets in 
aqueous suspensions (Martirosyan and Schneider 2014; Pray and Yaktine 2009; 
Sekhon 2010). Figure 2 show the example of the nanofood with nano-sized droplets 
(milk). With recent advancement on the development of nanotechnology and nano-
materials, many other approaches have been performed for development and 
improvement of foods with enhanced health benefits or better shelf life. For exam-
ple, recent reports have shown that the employment of nutrient encapsulated nano- 
structured capsule/particles as food supplement improved the nutrient absorption in 
human body due to the nanomaterial’s high surface area to volume ratio that leads 

Cavitation Technology for 
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Fig. 1 Chart showing the outline of the chapter
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to effective transport of nutrient as compared to common supplements (Alfadul and 
Elneshwy 2010; Chaudhry et al. 2008; Mishra et al. 2017; Pathakoti et al. 2017). 
Besides that, literature also showed that the used of nano-sized self-assembled 
structural lipids successfully inhibited the transportation of cholesterol from the 
digestive system into the bloodstream (Dingman 2008).

Although nanofood offers exciting possibilities in the food industry and prod-
ucts, it should be noticed that the nanofood, including the nanomaterials for the 
packaging are difficult to be produced without heavy consumptions of time, energy 
and sometimes, extreme treatment conditions (Majid et al. 2015). More importantly, 
from recent years food industry has demand for minimal processing of food under 
critical conditions since these may lower their nutrient level and bioavailability 
(Czechowska-Biskup et  al. 2005). Thus, it is advisable for the food industry to 
employ newer processing method with mild treatment conditions in order to retain 
the nutrient, bioactive and physical characteristics of a food.

3  Ultrasound Cavitation

3.1  Principle of Ultrasonic Cavitation and its Development 
for Nanofood

The utilization of ultrasound (US) began in circa 1700, when a physiologist named 
Lazzaro Spallanzani first studied ultrasonic physics by deducing that bats used US 
to navigate by echolocation (Tsung 2011). From there, research and innovations 
started to follow one after another. For example, the invention of first transducer in 
1915 by physicist Paul Langevin after Titanic sunk in 1912 to detect icebergs and 
submarines, the application of US on medical diagnosis by Karl Dussick in 1942, 
and more (Tsung 2011). In the twenty-first century, there had been great advances 
in the ultrasonic field and many equipment/instrument were invented to be equipped 
with ultrasonic capabilities that is differentiable in two categories; low power 
ultrasound (LPU) with high-frequency, and high power ultrasound (HPU) with 
low-frequency.

Fig. 2 Example of traditional nanofood (milk) and its optical microscopic form
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HPU utilizes US ranging from 20 to 100 kHz to generate cavitation bubbles that 
served as one of the important alternative for a variety of applications such as clean-
ing, food processing, chemical synthesis and more (Nithila et al. 2014). In acoustic 
cavitation, the bubble inside a liquid is continuously getting compressed and 
expanded through the alternating positive and negative pressures produced from the 
acoustic energy input. The bubbles grow along with the oscillating sound wave until 
a big void (big bubbles) is created in the liquid medium, where the big void then 
imploded and caused a short bursting release of thermal, mechanical and chemical 
effects (see Fig.  3). Thermal effects compose of the generation of heat (up to 
5000  °C) with rapid cooling rates of 1010  K/s (Suslick 1990; Suslick and Price 
1999). The mechanical effects include an extremely high pressure (100 MPa) as 
well as shockwaves and microjets (Suslick and Price 1999; Yusaf and Al-juboori 
2014). Besides, the collapse of the cavitation bubbles also exerted free radicals 
(•OH and •H) as chemical effects from US cavitation.

The aids of US cavitation in generating nanofoods can be categorized into 
mechanical, chemical and thermal effects from the collapse of cavitation bubbles 
(Fig. 4). For instance, the high pressure shear force and microjet produced mechani-
cal effects of the acoustic cavitation can results in the delivery of high energy for 
production and processing of food, thereby reducing the sizes of the ultrasonically 
treated foods to nano-sizes range. An example of such employment is the ultrasonic 
preparation of nanoemulsions (Manickam et  al. 2014). Nanoemulsions can take 
various forms in our daily life as food including milk, cheese, emulsion-based sup-
plements, ice-cream and mayonnaise (Martirosyan and Schneider 2014; Pray and 
Yaktine 2009; Sekhon 2010). The process of US-induced nanoemulsification uti-
lized the high-pressure microjets and energy exerted from US cavitation to first 
disperse one liquid into another immiscible liquids to create a coarse emulsion 
droplet, and followed by breaking it down to finer size ranges. Recent literature has 
demonstrated that US is, in fact a relatively greener and more energy efficient 

Fig. 3 Theoretical mechanisms and outcome of the growth and collapse of a cavitation bubble 
when it is subject to ultrasound field
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techniques for the preparation of nanoemulsions as compared to conventional 
methods (Manickam et al. 2014). Besides that, the radicals and thermal heat pro-
duced from US cavitation can also assist in the inactivation of microorganism and 
enzyme in food products to improve the food quality and shelf life. Microorganisms 
such as bacteria and fungi tend to secrete enzymes to decompose the lipid and pro-
teins in the food product, which then accelerates the food decaying process and 
caused undesirable food spoilage. The use of ultrasonically induced radicals was 
found to successfully disrupted the microbes and leads to improved food quality and 
preservation (Alvarez et  al. 2003; Condon-Abanto et  al. 2016; Evelyn and Silva 
2015; Gabriel 2015; Moody et  al. 2014; Pagan et  al. 1999). Upon disruption of 
microbe cells by the high pressure and temperature generated through US irradia-
tion, the hydroxyl radicals produced oxidized the microorganisms and thus deacti-
vate its enzyme secretion, thereby preventing the unwanted damage from the 
microorganisms. In overall, US cavitation technology has showed tremendous 
potential in the preparation and preservation of nanofoods. The mentioned potential 
applications will be further discussed in the later sections of this chapter.

3.2  Ultrasound Generation

US can be generated via an ultrasonic transducer that utilize the high-frequency 
oscillating electric field and converted it to mechanical vibrations of the same fre-
quency. It is generally made up of either the piezoelectric or magnetostrictive mate-
rials that expand or contract when they are placed in electromagnetic fields (Suslick 
1989), where US is produced as a result of the expansion and contraction of the 
material. Due to the simplicity of US generation and the energy concentration effect 
of acoustic cavitation, US has been widely used to intensify and to enhance the 

Fig. 4 Possible mechanical, chemical and thermal effects on nanofoods based on ultrasound 
sonochemistry
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process of chemical reactions, bioactives encapsulation and extraction (Tang et al. 
2012). The energy efficient property of ultrasound has also led to the increased 
interest in extensive research on the use of US for nanofoods production and pres-
ervation. As an example, the nanoemulsion is one of the most well documented 
nanofood systems producible by US cavitation. In emulsification process, US is 
generally emitted either by cylindrical sonotrodes immersed in the liquid (Fig. 5a). 
However, one vital drawback of such US process is the low processing volume and 
high chances for cross contamination due to the direct contact of the ultrasonic 
transducer and the liquid sample. This greatly limited practicality of US equipment 
for large-scale preparation of nanoemulsions. To tackle this issue, researchers tend 
to utilize the ultrasonic bath system for several US processes (Fig. 5b). Although the 
ultrasonic bath system can avoid the cross contamination of samples during the 
sonication, the US intensity implied by the US bath is, unfortunately, too weak for 
an effective US irradiation as compared to the horn system. As an alternative, a 
newly invented high-intensity ultrasonic tubular reactor (HUTR) revealed promis-
ing capability in preparing highly stable Pickering emulsions (Low et al. 2019). The 
outcome demonstrated the possible employment of the HUTR as a replacement for 
both the US horn and bath systems. However, further researches will be needful to 
evaluate the potential of the HUTR for nanofood engineering. Overall, the afore-
mentioned issue is expected to be addressed with the future advances in the ultra-
sonic technology.

4  Application of Cavitation in Nanoemulsification

4.1  Cavitation-Induced Nanoemulsification

The utilization of cavitation technology for nanoemulsion preparation has been 
extensively studied over the years (Manickam et al. 2014). Nanoemulsions are formed 
through the mixing of two immiscible liquids with the presence of surface- active 

Fig. 5 US generated by the (a) horn system and (b) bath system
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agent and forms homogeneous dispersion (emulsification). The droplet size of the 
nanoemulsion is ranging from 20 nm to 500 nm (nanoscale) with high stability against 
separation due to its nanosized droplets having lower attraction force as compared to 
normal macro−/micro- emulsion (Bilbao-Sáinz et al. 2010; Silva et al. 2011). In most 
cases the mixing is performed between water and oil, where the oil phase are nor-
mally vegetable oil, essential oil with loaded vitamins, antioxidants, and bioactive 
agents, whereas the water phase includes water, gums, emulsifiers, sweeteners, salts, 
preservatives, and protein (Chanamai and McClements 2000). The mixing process 
required external energy through either mechanical agitation (high shear) to break the 
oil and water into smaller droplets with the presence of air bubbles in between of both 
phases, or with US cavitation that involved the formation, grows, and collapses of 
cavity bubbles, where the collapse of cavitation bubbles released high energy, form-
ing asymmetrical microjets between the interface of two immiscible liquids which 
then aiding the emulsification process to form emulsion (Thompson and Doraiswamy 
1999). Li and Fogler (1978a, b) mentioned that the emulsification mechanism implied 
by US contained two stages: (1) the generation of coarse droplets by the acoustically 
produced interfacial waves, which erupted the oil phase into aqueous phase in the 
form of droplets. (2) The coarse droplets then imploded violently and causes local-
ized intense turbulence and shear forces that produce microjets to further breaking 
the primarily generated oil droplets into finer ones (see Fig. 6).

Between the two mentioned methods, US cavitation technology is preferred for 
nanofoods processing due to its low power supply and ability to promotes mild 
processing conditions (Majid et al. 2015; Manickam et al. 2014). Abismail et al. 
(1999) reported that emulsification process with US provides better results as com-
pared to mechanical mean in term of surfactant requirement and emulsion stability. 
The mixture of oils and water under US treatment formed smaller droplets and 
bigger dispersed phase volume, which provide better stability for the emulsion 
(Gaikwad and Pandit 2008). Generally, there are three parameters in the formation 
of nanoemulsion with US namely frequency, power output and exposure time 
(Cardoso-Ugarte et al. 2016). Abbas et al. (2013) reported that most of the nano-
emulsion is produced with low frequency of US from 20 kHz to 24 kHz range due 
to the fact that lower frequency US leads to a more vigorous cavitation. Moreover, 

Fig. 6 US emulsification: droplet formation and break-up (adapted from Tang et al. 2012)
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longer exposure time of the emulsion to US reduces the droplet size and forms a 
more stable emulsion (Leong et al. 2009). It was reported that nanoemulsion is an 
important food ingredient due to the diffusion and migration on the materials con-
tent in the food matrix. The advantage of nanoemulsions is their ability to improve 
the bioavailability of the encapsulated compounds because these have a high 
surface- volume ratio in the system (Dickinson 2003). Goindi and co-workers (2016) 
categories the application of nanoemulsion as food additive in 3 functions, namely 
the carrier of antimicrobial agents, antioxidant agents and nutraceutical ingredient.

4.2  Preparation of Essential Oil-Based Nanoemulsions

Essential oil is known as a natural preservative with antimicrobial properties in food 
products (Goindi et al. 2016). One of the limitations of essential oil is its hydropho-
bic characteristic that retarded its antimicrobial activity in many food products 
(Sugumar et al. 2015). As such, various studies were conducted on the application 
of essential oil in the form of nanoemulsion as natural antimicrobials and preserva-
tives in food industry without compromising the food quality (Donsì and Ferrari 
2016). For instance, Bhargava et al. (2015) reported that oregano oil nanoemulsions 
can effectively inhibit the foodborne bacteria such as Listeria monocytogenes, 
Salmonella typhimurium, Escherichia coli. A study was conducted on the orange 
essential oil in the nanoemulsion form to study its antimicrobial activity against the 
yeast known as Saccharomyces cerevisiae that responsible for the apple juice spoil-
age. The results showed that the presence of essential oil in nanoemulsion exhibit 
complete antimicrobial activity as compared to the control sample (Fig. 7). Another 
evaluation was conducted on the effect of lemon grass oil in nanoemulsions 
form against Salmonella typhimurium and Escherichia coli (Kim et al. 2013). 

Fig. 7 Time kill analysis curve of orange oil nanoemulsion in real food system-apple juice 
(adapted from Sugumar et al. 2015)
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By encapsulating the lemon grass oil nanoemulsions in plums, the findings revealed 
that the lemon grass oil-containing plums have longer shelf life and better stability 
as compared to the control plums due to the antimicrobial activity of the encapsu-
lated nanoemulsions (Fig. 8a and b). Another trial conducted on the bread packed in 
films that contain nanoemulsions shows high antimicrobial activity with longer life 
span. The nanoemulsion produced from essential oils of clove bud and oregano was 
assimilated into edible films to form a protective layer against microorganism and 
hence improve the shelf life of the food products (Otoni et al. 2014).

4.3  Nanoencapsulation of Food/Nutraceutical Ingredients 
in Nanoemulsions

US irradiation promotes the nanoencapsulation of food additive and supplements in 
nanoemulsions to favor products with increased bioactive content (Chaudhry et al. 
2008). Nanoencapsulation is a method of nanocarrier system where additives such 
as antioxidant, color and flavors are loaded into a food carrier such as nanoemul-
sions (Ezhilarasi et al. 2013). In general, food products contain flavors and colorants 
that are prone to oxidation that will degrade the food quality (Goindi et al. 2016). As 
such, nanoemulsification is introduced to encapsulate the functional food ingredient 
to preserve and improve its stability. For example, in hazelnut paste industry, nano-
emulsion is used to improve the phenolic efficiency against lipid oxidation to 
enhance the product’s antioxidant activity (Spigno et al. 2013). In another study by 
Yang et al. (2011), oil-in-water nanoemulsions is found to decrease the formation of 

Fig. 8 Effect of lemon grass oil (LO) in nanoemulsions form against the growth of (a) Salmonella 
typhimurium and (b) Escherichia coli on plums during storage at 4 and 25 °C at different LO con-
centration (adapted from Kim et al. 2013)
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undesired compounds while stabilizing the citral chemically. Their extended study 
on the citral nanoemulsion further demonstrated that assimilating the citral with 
antioxidants compounds such as beta-carotene resulted in enhanced stability of the 
citral against degradation and oxidation (Fig. 9).

Nutraceuticals ingredient is the derivative of food products that contain addi-
tional nutritional value that is beneficial to the consumer in term of health. 
Polyunsaturated fatty acids (PUFA) that is rich of omega-3 is known for benefits in 
preventing various diseases such as cardiovascular diseases and cancer. However, 
its application is limited due to its high oxidative degradation rate as regarded by the 
high numbers of weak double and triple bonds (Kris-Etherton et  al. 2009). 
Fortunately, the encapsulation of the omega-3 rich PUFAs with nanoemulsions 
showed feasibility in its protection against oxidation. In Esquerdo and others’ 
(2015) study on fish oil based omega-3 PUFAs encapsulated emulsions, the oxida-
tion rate of PUFAs was reported to be significantly enhanced due to the shielding 
effects of emulsion that limited the contact of omega-3 PUFAs with foreign com-
pound. Besides that omega-3, Resveratrol is another interesting natural polyphenol 
that possessed various health benefits such as anti-inflammatory, anti-carcinogenic, 
anti-obesity, protection to heart and nervous system. High amount of resveratrol are 
detected in various fruits and berries such as blueberry, grape and raspberry (Neves 
et al. 2013). However, the resveratrol is sensitive to ultraviolet light and prone to 
degradation and isomerization when it was exposed. As such, studies were con-
ducted to encapsulate the resveratrol in the form of nanoemulsion to shelter it 
against ultraviolet light and the results are positive (Fig. 10). To date, nanoemulsion 
is known as promising nano-vehicles in the pharmaceutical industry. Therefore, it 
showed high potential in food industry as food supplements and other nanofoods 
with increased nutrient contents.
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5  Application of Cavitation in Nanofood Preservations

5.1  Spray Drying

Drying has been widely adopted since prehistorical times as a process for food pres-
ervation to ensure good quality by avoiding physiological changes during storage, 
to extend its shelf life and for the ease of transportation (Huang et al. 2017). Drying 
involves the removal of volatile liquid, which often known as moisture or water 
content from the food products via thermal treatment, pressurize condition or both. 
The preservation of food can be achieved when the water content is reduced to a 
level where it inhibits the growth of microorganisms and hinders the potential 
chemical reactions such as enzymatic reaction or lipid oxidation that will contribute 
to the deterioration of food products (Anandharamakrishnan 2017). Freeze drying, 
drum drying and spray drying are some of the most commonly used approaches in 
the formation of powder from liquid, emulsions or suspensions. In which, spray 
drying has attracted a lot of attention specifically in the drying of dairy products 
(Schuck et al. 2016).

Spray drying is a continuous process that produced dried powders from emulsion 
by evaporating the volatile liquid. This process is achieved by mixing a hot, flowing 
gas (usually 150 °C – 250 °C) with the emulsion which atomized into fine droplets 
(10–150 μm) within the drying chamber, causing the solvent to evaporate and form 
powder. The drying kinetics are influenced by the air-liquid interface area and the 
process typically occurs within a few seconds. This is the main benefits when com-
pared with freeze drying which might take up to hours or days. In addition, spray 
drying also signifies lower specific energy cost as well as higher productivity which 
makes it an efficient dryer for continuous processing operations. (Whitby et  al. 

Fig. 10 Percentage of 
remaining trans-resveratrol 
after direct exposure to 
UV-light Different letters 
are significantly different 
(P < 0.05). From left to 
right, the photograph 
shows SE-SER 5% R, 
SE-SER 10% R and 
M-SER 10% R (adapted 
from Davidov-Pardo and 
McClements 2015)
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2017; Huang et al. 2017) Over the years, dairy products has served as one of the top 
quality and multifunctional protein source that is preferred in high demand by con-
sumers. This has put researchers to work on new and innovative methods to increase 
the productivity of dairy products while conserving its nutritional value during the 
food processing. Several studies have shown that the extended storage time and 
temperature have adverse effects on the solubility of milk protein concentrate pow-
ders due to the physiochemical interactions between proteins, salts and sugars 
(Anema et al. 2006; Havea 2006). It is therefore essential in maintaining and modi-
fying the stability and functional properties of milk proteins for the desired end- 
product characteristics such as the appearance, viscosity, taste and dietary 
requirements. For instance, protein modification can be done to decrease its viscos-
ity during spray drying to greatly increase the solid levels, thus reducing overall 
energy cost and the operating cost (Schuck et al. 2016).

Besides that, the incorporation of cavitation technology with spray drying has 
emerged as one of the potential application in protein modification. The cavitation 
process generates millions of cavities (bubbles) under high pressure and when the 
pressure recovers, the cavities collapsed, resulting in a powerful, energy shockwave 
to the surrounding liquid. The exerted shockwave forces the surrounding liquid to 
mix, forming emulsion and generates high temperature to facilitate optimal heating 
via heat and mass transfer. In brief, the US cavitation generates different variations 
of pressure waves at liquid/gas interface and causes alternative compressions and 
expansions (sponge effects) that causes the liquid to flow out of the food and 
increases the evaporation rate during the food drying process. Moreover, the US 
waves also reduced the boundary layer between the liquid and hot air interface and 
thus increased the total mass transfer to achieve higher diffusion rate, which is 
essential as it determines the required process temperature, flow rate and pressure to 
accomplish better drying process. A brief illustration of the cavitation aided spray 
drying process is shown in Fig. 11. In fact, it has been proven that this technology 
is able to enhance the drying efficiency typically during spray drying that promote 

Fig. 11 Brief illustration on the US cavitation effects on nanofoods prior to spray drying process
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emulsification, increase powder hydration and functionalization as well as enhanc-
ing the encapsulation of bioactive compounds (Li et al. 2018). One study has shown 
that the viscosity of whey protein concentrate 80 has been reduced by 20% which 
increased the solid levels of more than 15% when incorporating cavitation technol-
ogy prior to spray drying (Oestergaard 2016).

Furthermore, de Barros Fernandes and his co-workers have demonstrated that 
the encapsulation of ginger essential oil using blends of gum Arabic, maltodextrin 
and inulin as wall materials assisted by cavitation technology with spray drying 
displayed better characteristics for wettability, encapsulation efficiency and hygro-
scopicity (de Barros Fernandes et al. 2016). Li and her co-workers have success-
fully reduced the viscosity of milk protein by 20% and 56% upon the application of 
cavitation rotor speed of 25 Hz and 50 Hz prior to spray drying (Li et al. 2018). Zisu 
and his co-workers (2010) have demonstrated that gels formed after batch sonica-
tion were denser and firmer as compared with unsonicated powders (see Fig. 12). 
Moreover, the viscosity and particle size of whey proteins retentate were lowered by 
more than 50% when sonicated with 50–100% amplitude as shown in Fig. 13. The 

Fig. 12 Protein networks of whey protein retentate by (a) scanning electron microscopy (b) trans-
mission electron microscopy with and without sonication at 20 kHz (Adapted from Zisu et al. 2010)
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addition of cavitation approach prior to spray drying could improves drying effi-
ciency and reduces the overall energy required.

By incorporating the cavitation technology into food drying process, it was 
found that the high-intensity air-borne US enhanced the food drying process by 
increasing the evaporation rate through either disturbing the liquid/gas interface via 
acoustic pressure waves or through reducing the boundary layer of the interfaces to 
ease the mass transfer rate. It is no doubt that the hot air present during spray drying 
could lead to the degradation of food quality especially when it is used in a long 
period of time. Therefore, the incorporation of cavitation technology can be one 
appropriate approach when dealing with heat sensitive materials (Yao 2016). The 
parameters of US cavitation assisted spray drying process are important in modify-
ing and tailoring the dairy products according to the needs of end-products to ensure 
enhanced processing efficacy and to maintain the overall food quality. The incorpo-
ration of cavitation technology with spray drying showed numerous advantages 
over other types of drying methods and this mutual method can be further explored 
to develop additional useful approaches in handling other types of food and in a 
larger scale.

5.2  Pasteurisation and Sterilisation

Nanofood has become the new trend in food industry after the advancement of 
nanotechnology in other fields such as biomedical, information technology and 
manufacturing industries. It is related to the application, production and processing 
of materials with sizes of less than 1000 nm. At the size of less than 1 micron, the 
properties and characteristics of food materials would be different, and this provides 
new understanding about the properties of the food materials. Thus, better 
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functional properties of new food system can be developed to improve the well-
being and health of individuals. In addition, nanofood can also be produced by 
using various nanotechnology such as US emulsification, dry milling and high-pres-
sure homogenization (Sanguansri and Augustin 2006). In this section, the potential 
application of US cavitation technology in pasteurization and sterilization of nano-
food products will be addressed.

The traditional thermal processing method has been used to kill microorganism 
and to inactivate enzyme effectively. However, the nutrients lost, formation of unde-
sirable flavours, colours and the decreased of overall food product quality were 
inevitable. Its effectiveness is highly dependent on the processing temperature and 
time, while these two factors are strongly associated with the drawbacks as men-
tioned above (Chemat et al. 2011). Therefore, a new processing method for pas-
teurization and sterilization of nanofood products has led to the development of US 
treatment due to the increased in demand by consumers in the recent years to replace 
the conventional thermal processing method.

Food deterioration is associated with the activity of microorganism and the 
action of enzyme in a food product. Microorganisms such as bacteria and fungi 
consumed nutrients by secreting enzymes including lipases and proteases to break-
down the lipid and proteins found within the food product. This renders the food 
decaying process, resulting in food spoilage that is undesirable for consumption. To 
date, the US treatment alone has been widely used by biologist or microbiologist for 
cell lysis and denaturation of enzyme but its applications are still new in food pro-
cessing. By using sufficient high intensity US, the cell membranes can be disrupted 
through thinning of cell membranes by localized generated heat energy and the 
formation of cavitation bubbles (Butz and Tauscher 2002). The formation of cavita-
tion bubbles undergoes irregular oscillations and induces implosion which generate 
high temperature and pressure that would disrupt the cellular structures and kill the 
cells. The mechanical shear force generated during the bubbles implosion as well 
has contributed sufficient physical energy to disrupt the cell membrane (Butz and 
Tauscher 2002). Once the cell membrane has been disrupted, water can be easily 
influx through osmotic pressure and caused swelling, which eventually lead to cell 
lysis. (see Fig. 14).

The physical effects of cavitation have been widely studied while the chemical 
effects of cavitation are less explored until recent years. The formation of free radi-
cals during acoustic cavitation is also responsible for inactivation of microorganism 
and enzyme. Hydroxyl radicals (•OH) are produced during sonolysis of water mol-
ecules (H2O → OH− + H+) and these radicals are highly reactive against living cells 
which could cause oxidative stress (see Fig. 15). The cavitation intensity can be 
measured as the rate of peroxide generation (H2O + OH− + H+ → H2O2 + H2) and 
this is one of the significant inactivation mechanism (O’Donnell et al. 2010). It is 
known that the concentration of hydroxyl radicals plays an important role in the 
activity of antioxidants in food while the degree of free radicals formation can be 
controlled via adjusting of the frequency of US. It was reported that by using lower 
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Fig. 14 Schematic diagram of cell lysis induced by ultrasound treatment

Fig. 15 Schematic diagram of cell destruction induced by free radicals
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frequency of US treatment, the amounts of free radicals produced are lesser com-
pared to high frequency US. This is due to the higher localized generated heat and 
the higher number of active cavitation bubble that can lead to the formation of free 
radicals during high frequency US (Soria and Villamiel 2010). Hence, it is essential 
to optimize the frequency and temperature to achieve higher rate in inactivation of 
microorganism and enzyme to better preserve the food products.

More and more studies have been conducted lately to evaluate the effectiveness 
of US treatment in combination of both heat and pressure. The critical processing 
factors in inactivation of microorganism and enzyme are the nature of ultrasonic 
waves, the processing time and temperature, the volume and composition of food 
product, as well as the chemical environment (pH). (Chemat et al. 2011) It is there-
fore important to analyse and optimize the time and temperature for US treatment 
to achieve greater food quality and to reduce the resultant damage. Application 
involving US with heat or pressure or also known as manosonication, MS (combi-
nation of US and pressure), thermosonication, TS (combination of US with heat) 
and manothermosonication, MTS (combination of US with pressure and heat) have 
been investigated by several researchers (Manas et al. 2000; Pagan et al. 1999; Raso 
et al. 1998; Ordonez et al. 1984). The processing temperature and pressure during 
US treatment must be precisely controlled to ensure even distribution on the resul-
tant product. For instance, the pressure can be monitored by manometer that was 
placed in the treatment chamber while cold circulation water coil can be installed 
around the chamber for better controlling of temperature. Despite the regulation of 
temperature and pressure, the ultimate effectiveness of US treatment is still largely 
relying on the microorganism types and food composition.

The use of US alone in food industry is not so promising at the current moment 
but the use of US with pressure and heat has demonstrated synergistic effects in the 
inactivation of microorganism especially in bacteria. These combined US technolo-
gies (MS, TS, and MTS) required less energy intake, more cost-effective and more 
environmental friendly as compared with conventional thermal processing. Also, 
the overall quality of food product can be retained. Some example of successfully 
inhibited bacteria done by various researchers are Listeria monocytogenes, rod- 
shaped and gram-positive bacteria (Pagan et al. 1999; Gabriel 2015), Escherichia 
coli, rod-shaped and gram-negative bacteria (Brayman et  al. 2017; Moody et  al. 
2014), Salmonella enterica, rod-shaped, flagellated and gram-negative bacteria 
(Alvarez et al. 2003; Luo and Oh 2016) and Bacillus spp., rod-shaped, endospore- 
forming and gram-positive bacteria (Raso et al. 1998; Condon-Abanto et al. 2016; 
Jambrak et al. 2018).

Besides microorganism, enzyme also played an important role in food deteriora-
tion. The activity of enzyme will need to be reduced or inactivated to prevent defects 
on food product properties such as flavour, nutritional value, appearance and colour. 
Heat is the most common energy or process to silent the protein activities but this 
treatment always come with some drawbacks and it is not effective against high heat 
resistant protein. Thus, the alternative method for enzyme inactivation has led 
researcher to focus on US wave treatment in combination with heat or pressure, to 
improve the effectiveness in denaturing the proteins while greatly reducing the 
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harmful effects to the food products. Generally, the inactivation of enzyme is 
achieved by depolymerizing the polymeric globular protein into polypeptide chains. 
Followed by the loss of molecular function, the prolong US treatment can further 
hydrolysed the polypeptide chains to break down into smaller subunit. (Chemat 
et al. 2011). The effectiveness of US treatment in inactivation of enzyme can be 
quantified by calculating the activation energy (Ea) from the Arrhenius equation as 
shown below:

 
k A Ea RT= −( ).exp /

 
(1)

k is the rate of reaction and it can be used to calculate the total Ea by plotting log k 
against the inverse of the absolute temperature (T). To put in simple term, the activa-
tion energy is the required energy or the threshold for a reaction to proceed (Mason 
et al. 2003).

It is important to determine the factors that can affect the effectiveness on inacti-
vation of enzyme using US treatment together with the heat or pressure. These fac-
tors included the rate of US waves, the temperature and time for the process as well 
as the nature of the enzyme. Enzymes are macromolecules biocatalyst which made 
up of different types of proteins in a 3-dimensional structure conforming by forces 
such as hydrogen bonding, van der Waals forces of attraction, electron static force 
and steric hindrance. All these mentioned molecular forces must be broken down or 
altered to decrease the enzyme activity and hence inactivate them (Chemat et al. 
2011). Generally, environment factors such as temperature and pH have been widely 
used for this purpose as the enzyme’s activity decreases remarkably outside its opti-
mum temperature and pH. For instance, heat treatment is the most traditional way 
in enzyme inactivation but these US technologies (MS, TS, and MTS) have replaced 
the conventional heat treatment to counter the variety of enzymes available, differ-
ent amino acid sequences and different molecular structures (O’Donnell et al. 2010). 
Studies were conducted using US treatment in inactivation of several enzymes such 
as peroxidases (POD) (Cao et al. 2018; Silva et al. 2015), polyphenol oxidase (PPO) 
(Cao et al. 2018; Silva et al. 2015; Zhou et al. 2016), lipoxygenase (LOX) (Lopez 
et al. 1994) and pectinmethylesterase (PME) (Raviyan et al. 2005).

Conventional thermal processing method may not be adequate in processing 
many types of fruits as it often results in the loss of flavour, appearance, and nutri-
tional value of the products. In this regard, the emerge of US approach in nanofood 
technology has shown numerous benefits in preserving the quality food and at the 
same time, inactivate harmful microorganism and enzymes that may contribute 
towards food deterioration. The combination technique of US with both thermal and 
pressure treatment has been even proven to be having synergistic effects. It was 
found to be very effective against various types of microorganisms and several 
enzymes that are commonly found in nanofood product such as dairy products. 
Zhang and his co-workers have demonstrated by using low intensity ultrasound 
combined with heat (LIUH) pretreatment was efficient in deactivation of enzymes 
(POD, AAO and PPO) in daylilies compared to thermal pretreatment alone (see 
Fig . 16).
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In order to achieve even greater inactivation rate and to reduce the harmful effects 
on the food products, the US amplitude, temperature and pressure can be optimized 
further and studies are currently on-going to try to apply this technique on many 
others food product to extend their shelf-life while preserving the food quality at its 
best. No doubt all the treatment parameters can be optimized to obtain better out-
come in the inactivation of microorganism and enzyme but the effectiveness are still 
largely dependent on the types and properties of the microorganism and enzyme.

6  Other Applications

Besides the application of US on emulsion, pasteurization and spray drying, there 
are others potential application in nanofood production. One of the potential appli-
cation is the extraction of vegetable oil and phytonutrient from plants, where they 
can be further processed to form lipid nanoemulsions that aids in increasing the 
flavor, bioactive delivery efficiencies, shelf life, etc. (Juliano et al 2013; Medina-
Torres et al 2017). US cavitation application, particularly the HPU produces micro-
bubbles along with the high shear forces from cavitation. When the micro-bubbles 
collapse, it releases high amount of localized energy that cause water molecules to 
form free radicals. This phenomenon increases the chemical reaction when 

Fig. 16 Effects of thermal and LIUH on activities of (A) POD, (B) AAO, and (C) PPO from day-
lilies. LIUH: 0.2 W/cm2; LIUH: 0.4 W/cm2 (Adapted from Zhang et al. 2017)
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contacted to the matter and enhanced the mass transfer rate (Takahashi et al. 2007). 
In oil extraction, the application of US assists in the disruption of tissue structures 
such as membrane that encapsulate the oil, which allows the increment in mass 
transfer rate of trapped oil to the surface and thus increasing oil extraction rate 
(Amirante and Paduano 2016; Clodoveo et al. 2014; Vilkhu et al. 2008). The mecha-
nism of US cavitation on the cell disruption is shown in Fig. 17.

In fact, recent study of the application of US in olive oil extraction process had 
shown that US-assisted extraction improvised the extraction efficiency and the pro-
duction throughput due the mechanical and thermal effect from US (Jiménez et al. 
2007; Clodoveo et al. 2017; Cravotto et al. 2008). It should be noted that the employ-
ment of US application not only improved the oil yield during extraction by 1%, but 
also resulted in oil that contained higher content of antioxidant such as tocopherols 
and tocotrienols (Jiménez et al. 2007; Clodoveo et al. 2013; Hashemia et al. 2015). 
As an example, Amirante et al. (2017) reported that the oil extraction with US appli-
cation increases the oil yield and polyphenol by 5% and 12% respectively. 
Polyphenol is a type of antioxidant where it delays the oxidation process, which 
thus increases the shelf life of the extracted virgin oil (Clodoveo et al. 2013). With 
the increase in the extraction of the nanonutrients such as vitamin and antioxidant in 
oil, one can envision that the use of cavitation technologies in oil extraction can 
greatly improve the shelf life and quality of the virgin oil. In another example on 
chia seed’s oil, De Mello and co-workers (2017) reported a higher oil yield without 
alteration of the oil fatty acid composition upon utilizing US for extraction pro-
cess as compared to conventional solvent extraction method. Besides that, Benito-
Román et al. (2013) reported that application of US boosted the yield of β-glucans 
extraction from barley with shorter processing time and energy utilization. The US 
assisted extraction took just three minutes and consumed 170 kj/L of energy as 
compared to traditional extraction that took three hours under heat at 55 °C with 
stirring at 1000 rpm (Benito-Román et al. 2013). Research was also conducted on 
soybean where the slurry was treated with US with different temperature and dura-
tion to improve the protein yield extraction (Fahmi et al. 2014). The work revealed 
that the protein content extraction rate was enhanced by 6.3% under US treatment 
with the frequency of 35 kHz (Fahmi et al. 2014). From the above examples, it is 
clearly shown that the cavitation application able to enhance extraction yield of 
nanonutrient compounds and oil from plant. In addition, US assisted extraction 
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Fig. 17 Mechanism of US cavitation in cell disruption during the oil and bioactive compounds 
extractions
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treatment in generally reduces extraction time and consume less energy. This 
showed high potential in producing down-stream food products such as nanoemul-
sions that can be utilized to improve the bioavailability stability of the extracted oil 
and nutrients.

7  Conclusion

In summary, ultrasonic cavitation technology plays a prominent role in food-related 
applications. The high pressure shear of ultrasonication can functioned well in 
breaking the cell wall of plant, thus improving the extraction of the lipid and other 
nutrients in the plant. Besides that, US irradiation with high power also supplements 
the formation and nanoencapsulation of nutritious lipid nanoemulsion. The main 
mechanisms should be attributed to the high pressure sound waves that first disperse 
the plant lipids into another immiscible aqueous liquids to create a big oil droplet, 
and then further breaking it down to smaller size. This mechanism is also commonly 
known as emulsification. Besides emulsification, the high pressure jets from US 
cavitation as well as the continuous compression and extension of the sound waves 
can also aids in reducing the boundary thickness of food products to improve the 
water evaporation rate in the food, which thus generate a greener route for spray 
drying of nanofood. The reactive radicals and heat produced through US cavitation 
aided well in the preservation of food by deactivating the microorganisms and 
enzyme activities via cell lysis and enzyme depolymerization (pasteurization). 
Combining the US cavitation with heat and pressure showed superior effectiveness 
in pasteurization process as compared to conventional methods. However, in depth 
analysis and optimization of processing parameters are required for each microor-
ganism types and food composition to ensure the maximum preservation effects as 
well as minimum destructive damage to the foods. Besides the mentioned applica-
tions, US cavitation also found its role in enhancing the extraction yield of oil and 
nutrient from various sources, where the product can be further processed using 
cavitation technology to further processed into nanofoods. Although US cavitation 
has been extensively studied for nanofoods processing, nevertheless, the future of 
US in the development of nanofood deserves substantial attention since there are 
still tremendous possibility for the US cavitation in applications involving the qual-
ity control of nanofoods.
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1  Introduction

A wide variety of nano-food related products have been designed in the last few 
years which have been prepared by using relatively new techniques and operations. 
One of them is micro-channeling of fluids by using high pressure homogenizers or 
microfluidizers. Their design is based on the collision of fluids at very high veloci-
ties being conducted through micro-channels into interaction chambers (IX). Design 
and operation of these pieces of equipment are complex issues and many aspects of 
them are still under investigation given the presence of turbulent flows that change 
direction and collide in the IX giving place to local differences of momentum, mass 
and heat transfer. Also, there is a wide variety of nano-foods and nano-ingredients 
produced by using this technique that have proved to have advantages over tradi-
tionally preparations with the same ingredients. In this chapter a revision of engi-
neering principles, design considerations and a description of selected nano-foods 
produced by microfluidization as well as an example of effects of microfluidization 
(MF) on functional properties of a microparticulated protein are presented.

I. Monroy-Rodríguez · A. Monroy-Villagrana · S. García-Pinilla · H. Hernández-Sánchez   
G. F. Gutiérrez-López (*) 
Departamento de Ingeniería Bioquímica, Escuela Nacional de Ciencias Biológicas, Instituto 
Politécnico Nacional, Carpio y Plan de Ayala S/N, Ciudad de México 11340, Mexico 

M. Cornejo-Mazón 
Departamento de Biofísica, Instituto Politécnico Nacional Escuela Nacional de Ciencias 
Biológicas, Carpio y Plan de Ayala S/N, Ciudad de México 11340, Mexico

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-44552-2_6&domain=pdf
https://doi.org/10.1007/978-3-030-44552-2_6#DOI


154

2  Design and Operating Principles of Microfluidization

Microfluidization comprises the transfer of mechanical energy to the particles from 
a high-pressure/velocity fluid (Kasaai et al. 2003). It is a form of homogenization 
that uses micro-channel Interaction Chambers (IX) to promote cavitation, with high 
shear and impact.

The microfluidizer contains an intensifier pump that generates high pressures, 
which are used to force the product through an IX formed by micro channels that 
will divide the product into streams which are further forced to collide with one 
another so giving place to size reduction, dispersion, or formation of emulsions 
(Kasaai et al. 2003). The pneumatically pump is capable of rising the inlet com-
pressed air (150–600 kPa) up to about 150 MPa (Microfluidics 2008; Jafari et al. 
2007b). (Jafari et al. 2006). Figure 1 shows the equipment M-110Y produced by 
Microfluidics Corp. The chamber is essentially a continuous microreactor that uses 
a turbulent mixer.

There are mainly, two types of IX: “Y” and “Z.” which may have a variety of 
sizes, ranging from the ones that are used in laboratory to those applied in large- 
scale production. These chambers can be used in combination with an auxiliary 
processing module (Microfluidics 2008). A number of works have shown that the 
homogenization by MF has advantages when compared to other types of conven-
tional homogenization systems. The particle size distribution produced by a micro-
fluidizer appears narrower and smaller than that obtained in systems produced by 
traditional methods of homogenization (Jafari et al. 2006, 2007a, b; Perrier-Cornet 
et  al. 2005 and Wooster et  al. 2008). Even more, a number of cycles or passes 
through the equipment may be used as to obtain the desired product and the charac-
teristics of the final product will depend specially on the applied pressure, number 
cycles or passes used, and the type of the product. In the case of emulsions, it has 
been reported that MF at very high pressures and longer emulsification times and 
cycles, produces to overprocessing of the product which consist in recoalescence of 
the droplets and an increment of the droplet sizes (Jafari et al. 2006, 2007a, b and 

Fig. 1  M-110Y Microfluidizer® M-110Y and schematics of the MF process (Microfluidics Corp) 
Microfluidics International Corporation (2014)
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Olson et al. 2004). Nowadays, microfluidizers are designed aiming at preventing 
cavitation since although it is a strong force that may break particles, it may damage 
the equipment. Moreover, the relationship between the turbulent mixer, the local-
ized energy dissipation device, and a fixed geometry are the responsible parts which 
generate a uniform pressure profile that creates a precise and repeatable size distri-
bution in the nanosystem. This distribution depends on (Lee and Norton 2013 and 
Qian and McClements 2011):

 1. Hydrodynamic conditions within the break-up zone, the energy dissipation, the 
viscosity of the two phases.

 2. Residence time in the break-up zone, type of oil, emulsifier, and 
concentrations.

 3. Physicochemical properties of each phase such as interfacial tension.

The size of the channels at large-scale operations is very similar to those at labo-
ratory scale and a wide variety of micro-channel sizes are available as to produce a 
range of shears and modes of collision in such a way that, for scale-up procedures, 
the use of multiple microchannels in parallel is recommended to attain similar 
shears at the production scale similar to those reached at the laboratory scale. The 
chambers are shown in Fig. 2. 

3  MF Hydrodynamics: Mixing in Microchannels 
and Residence Time Distribution (RTD)

The shear forces caused by differences in  local pressure are different among the 
rheology of the system, in laminar flows the deformation is performed only by shear 
forces, while in turbulent flow the inertial forces also influence the break-up, which 
is executed by three mechanisms of rupture (Stang et al. 2001):

Fig. 2 Microfluidizer IX “Z” and “Y” (Microfluidics Corp)
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 1. Rupture due to shear forces in laminar flow
 2. Rupture due to shear forces in turbulent flow
 3. Inertial forces in turbulent flow

Knowing the hydrodynamics within the microfluidizer through the measurement 
of residence time distribution (RTD), inside and outside the IX, is a useful tool since 
on the one hand it offers the possibility of characterizing the flow within the equip-
ment and correlate them with the products obtained, this because the turbulence 
associated with the shocks, caused by the different types of flow cause different 
RTD influencing the characteristics of the product and will depend on the type of IX 
used and the pressure (Levenspiel 1999; Gutierrez et al. 2010 and Monroy-Villagrana 
et al. 2015).

In the case of emulsions, liposome formation, homogenization of dairy products 
and coencapsulation, this time, within the IX, must be sufficient to allow the break-
ing of the drops and the absorption of the emulsifiers to be carried out in order to 
stabilize the new interfaces formed and generate stable systems, with a homoge-
neous particle size distribution. Regarding other types of systems, it is important to 
know the desirable final characteristics of the products to be obtained in order to 
optimize the flow and mixing conditions.

3.1  E Curve. Distribution of Fluid Age

To get the RTD is necessary to determine the RT of each portion of the fluid stream, 
also called C curve (Levenspiel 1999). This curve corresponds to the curve of age 
distribution at the output when a pulse of tracer substance (i.e., dye) is introduced 
into the fluid stream. The average residence time (RT) is calculated by Eq. 
(Levenspiel 1999).

 
RT =

∫
∫

=
∑
∑

∞

∞
0

0

tCdt

Cdt

t C t

C t
i
n

i i i

i
n

i i

∆
∆  

(1)

Where

RT = average residence time
t = time
C = concentration of the tracer

There are three different types of ideal flow: the plug flow, the completely stirred 
tank, and the intermittent stream which depend on the variations in the distribution 
or dispersion of the fluid within the device (in our case throughout the microchan-
nels). The real flows deviate from ideal flow patterns such as piston flow and com-
pletely stirred tank (Pinheiro-Torres and Oliveirah 1998; Gutierrez et al. 2010 and 
Levenspiel 1999) and, in general, the flow patterns are calculated from dispersion 
models (Pinheiro-Torres and Oliveirah 1998; Levenspiel 1999 and Gutierrez et al. 
2010). This model consider the piston flow of a fluid with some degree of back 
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mixing. Deviations from ideal plug flow arise in real systems when different liquid 
flows and associated turbulences are present and the dispersion number (D/vL) 
characterizes such deviations.

D

Lv
→ 0  Small dispersion, tends to plug flow,

D

Lv
→∞  Great dispersions, which tend to completely stirred tank flow.

To calculate the dispersion in the equipment it is necessary to evaluate the vari-
ance of the RT of the individual samples and the dimensionless variances from the 
average RT (Eq. 1) and dimensionless variances, Eq. (2) as follows:

 
σ 2

0

= ∫ −( )∗ ( )
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t RT E t dt
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 σ σθ
2 2 2= / RT  (3)

From the calculated values of the dimensionless variance, the dispersion module 
is calculated by means of Eq. (4) for closed containers. Once obtained the disper-
sion module (D/vL) an Eθ curve (dimensionless) as a function of the dimensionless 
time may be obtained by considering the corresponding dispersion module.

 

σθ
2

2

2 2 1= − 





−










−D

L

D

L
e

L

D

v v

v

 

(4)

3.2  Energy Density and Pressure Drop During Mixing 
in a Microfluidizer

The analysis of the RTD curve must consider the fluid path before reaching the IX, 
the type of flow in terms of the Re number, the amount of dissipated energy and the 
pressure drop through the different parts of the equipment for finally evaluating the 
energy per volume applied or energy density in the IX that is the site of maximum 
shear. Since shear, turbulence, and impact occur simultaneously in the IX, a consid-
erable amount of the mechanical energy applied is dissipated as heat (Skurtys and 
Aguilera 2008; Stang et al. 2001).

Monroy-Villagrana et al. (2015) performed an experiment to evaluate the hydro-
dynamic characterization on the formation of α-tocopherol emulsions using MD 
and gum Arabic (GA) as emulsifying agents (1:1, respectively) changing: oil-phase 
concentrations (17–28%), pressure (69–103 MPa), 1 cycle of MF and comparing 
the behavior of the emulsion with a red-dye tracer in water (0.05% w/v red 40 dye). 
Authors found that the pressure drop primarily occurs in the IX. The flow in the 
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pipes before reaching the IX is laminar and in the IX is turbulent, emulsification by 
MF is primarily caused by collision of liquid streams at high shears, applied pres-
sure and effective viscosities which control type of flow regime and particle-size 
reduction. When the aim of the MF is to stabilize surface-active biopolymers, small 
particle sizes are obtained by increasing the amount of the oil fraction and increas-
ing the residence time in the IX and by applying the lowest possible pressure 
(69 MPa).

4  Applications of MF in Nano-Food Engineering

As a homogenization technique, MF can change the properties of the feed depend-
ing on its composition and some practical applications of MF will be discussed in 
this section. This technology has been investigated as an alternative method for 
homogenization, dispersion, emulsification and as a particle size reduction method 
(Sinaga et al. 2018). One of the main consequences of treating fluids by MF is the 
possibility of having a more homogenous particle size distribution, changes on par-
ticle charge, increased stability of colloidal systems and changes on the microstruc-
ture that may favor the properties of the products. It is important to analyze the 
conditions of MF treatments depending on the type of food-related fluids to obtain 
the minimum particle size, maximum stability and functionality which will strongly 
depend on the type of the IX, operating conditions, sample composition, interfacial 
tension, and rheological properties (Maherani et al. 2018). As a consequence of the 
many variables involved in MF and given the vast number of interactions amongst 
them, heuristic approaches to the design of operating conditions are frequently 
applied and may be part of an artificial intelligence algorithm to obtain rational and 
systematic designed processes and products.

4.1  MF as a Pretreatment for Encapsulation

Encapsulation is a technique widely used in the food areas with the purpose of pre-
serving bioactive compounds. The process of homogenization prior to the formation 
of solid encapsulates is relevant for determining their particle size, structure, func-
tionality and stability. The advantage of nanocapsules (as compared to micro and 
macrocapsules) is that they provide more surface area and have the potential to 
increase solubility, enhance bioavailability, functionality, and to improve time- 
controlled release (Mozafari et al. 2008). Some of the types of bioactive compounds 
that have been analyzed mainly for the formation of encapsulates by MF are micro-
bial compounds, since it has been observed that MF does not affect their chemical 
composition.
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García-Toledo et  al. (2018) produced nanoencapsulates of bacteriocin from 
Pediococcus acidilactici with phosphatidylcholine from soybean using a rotor- 
stator homogenizer (Ultra-Turrax® IKA® T-25) and a microfluidizer (Microfluidics 
M-110)and their results did not show statistical difference when applying 1 and 2 
MF cycles in respect to the particle size and polydispersity index (PDI). In addition, 
particle size distribution (PSD) was unimodal in most cases when using 2 MF 
cycles, with a narrow PDI (0.4). Besides, these authors did not observe overprocess-
ing under the homogenization conditions used. They concluded that by applying 
one MF cycle, highly stable encapsulates were generated since there is a particle 
size reduction limit in which interaction forces could decrease, giving place to floc-
culation and coalescence (García-Toledo et al. 2018).

Moreover, Arredondo-Ochoa et al. (2017) compared different homogenization 
techniques such as ultrasound and microluidization for the formation of beeswax 
and starch nanoemulsions (wall materials) of different antimicrobial agents. Their 
best products were obtained by using MF with a particle size of 77.6 ± 6.2 nm, PDI 
of 0.4 ± 0.0 leading to a good stability (ζ-potential values of −36 ± 4 mV) and trans-
lucency as measured by a whiteness index (WI) of 31.8  ±  0.8. Nanoemulsions 
showed a Newtonian behavior, and good wettability properties. Additionally, they 
observed that antimicrobial activity was not affected by MF.

Maherani et al. (2018) optimized the MF conditions to prepare an emulsion with 
antioxidant and antimicrobial properties, they obtained a reduction of particle size 
from 170 to 70 nm and viscosity by increasing the MF pressure and cycles. No sig-
nificant changes on particle size were observed at pressures higher than 172.37 MPa.

On the other hand, the encapsulation of antioxidant compounds and vitamins has 
been reported by using MF (Monroy-Villagrana et al. 2014; Granillo-Guerrero et al. 
2017 and Villalobos-Castillejos et  al. 2018). Bamba et  al. (2018) examined the 
influence of homogenization on the coencapsulation of phenolics and anthocyanins 
when preparing a double emulsion stabilized with a whey protein isolate. They 
observed that overprocessing arises at 200  MPa (particle size increased from 
327 ± 5.46 nm when it was processed at 100 MPa up to 1580 ± 100 nm at 200 MPa) 
affecting encapsulation efficiency which could be observed by an increase of zeta 
potential values (from −44.53 ± 0.47 to −31.43 ± 0.50 mV). The droplet coales-
cence is critical since may cause the loss of encapsulated compounds and a deterio-
ration of emulsion properties.

Also, Wang et al. (2017) found no adverse effects of homogenization pressure in 
the range 5 to 65 MPa on the oil droplet size in W1/O/W2 emulsions. On the other 
hand, it is important to consider the influence of other homogenizations systems 
such as different nozzles in the formation of encapsulates by spray drying since this 
process could modify the characteristics of the original emulsions (Villalobos- 
Espinosa et al. 2019). Detailed pre-treatments, MF conditions as well type of micro-
fluidizer used in the above described works are shown in Table 1.
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4.2  MF as Nanoemulsifying Technique

Nanoemulsions refer to emulsion systems (simple or multiple) in which the size of 
the dispersed droplets range from 50 to 200 nm in diameter (transparent emulsions) 
or up to 500  nm resulting in a milky appearance (Jafari et  al. 2006). Nanoscale 
droplets can be obtained by high pressure/shear homogenization methods 
such as MF.

As in encapsulation, the formation of nanoemulsions have the objective of stabi-
lizing and preserving bioactive compounds present in the oil phase (García-Toledo 
et  al. 2018). Nanoemulsions as a conservation technique has advantages such as 
greater stability, lower susceptibility to creaming and sedimentation levels than 
microemulsions, since the Brownian motion prevails over gravitational forces 
(Jafari et al. 2017). Besides, the droplet size also influences the appearance, bio-
availability, bioaccessibility, texture and stability of the final product (Qian and 
McClements 2011; Salvia-Trujillo et  al. 2013 and Tang and Liu 2013). In this 
respect, MF processing, consistently generate significantly higher shear than other 
methods and more uniform particle size reductions (Sadeghpour et al. 2015).

Table 1 Pre-treatment conditions for MF and type of microfluidizer used in Section 1.4.1

MF treatment Sample Reference

Pre-homogenization: ULTRA- 
TURRAX® 13,500 rpm for 3 min.
Microfluidizer (Microfluidics M-110) 
50 or 100 MPa pressure for 2 cycles

Bacteriocin (Pediocin) encapsulation 
with phosphatidylcholine

García- 
Toledo et al. 
(2018)

Pre-homogenization: ULTRA- 
TURRAX® 21,500 rpm for 3 min.
Microfluidizer (M110P Nano DeBEE, 
Easton, MA, USA) 150 MPa pressure 
for 3 cycles

Beeswax, starch, emulsifyers and 
antimicrobial agents

Arredondo- 
Ochoa et al. 
(2017)

Pre-homogenization: ULTRA- 
TURRAX® 10,000 rpm 40s.
Microfluidizer (electric-hydraulic 
M-110P) equipped with a diamond IX 
for emulsions downstream 
(Microfluidics international Corp., 
Newton, MA, USA). Optimization was 
performed at pressures of 103.42, 137.9 
and 172.37 MPa in 1–2 cycles (at 25 
°C)

The oil-in-water (O/W) 
microemulsion, contains plant oil 
extracts, BIOSECUR F440D® with 
ratio of 1:3 (W/W), 1% (W/W) lecithin 
and sucrose monopalmitate with 
different ratio (45:55%, 36:64%) as 
emulsifier

Maherani, 
et al. (2018)

Pre-homogenization: 10,000 rpm for 
10 min (W1/O) and 6000 rpm for 
15 min (W1/O/W2).
The effect of MF was assessed by 
varying the microfluidizer pressure 
from 50 to 200 MPa with one cycle 
through the microfluidizer 
(Microfluidics M-110P)

Coencapsulation of polyphenols and 
anthocyanins from blueberry pomace 
by double emulsion stabilized by whey 
proteins

Bamba et al. 
(2018)
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Although the concentration and type of stabilizer is a determining factor in the 
stability of emulsions, the MF conditions change depending on the nanoemulsion’s 
formulation. Santos et al. (2018) used a new type of xanthan gum (advanced perfor-
mance xanthan gum) in combination with egg protein and sunflower oil and their 
results indicated that pressures above 68.95 MPa provoked an increase of floccula-
tion. However, emulsions prepared by using MF were more stable than those 
untreated.

On the other hand, rheology of the products may change aiding to obtain prod-
ucts with modified texture depending on the nature of the emulsifier used since MF 
could give place to the formation of gel-like colloids. This has been reported in 
whey protein isolate (Zong-Cai Tu et al. 2017) gliadin particles (Liu et al. 2017) and 
soy protein isolate (Liu and Tang. 2013) with the advantage of replacing treatments 
which use aggressive chemical and thermal treatments as well the incorporation of 
food additives.

Detailed pre-treatments, MF conditions as well type of microfluidizer used in the 
above described works are shown in Table 2.

4.3  MF as Liposome Formation Technique

A liposome is a spherical vesicle (small bubble) with a membrane composed of a 
double layer of phospholipids, consisting of water-soluble and liposoluble phases. 
The traditional liposome preparation method involves the utilization of detergents 
or organic solvents, which are either undesirable or impermissible components in 

Table 2 Pre-treatment conditions for MF and type of microfluidizer used in Section 1.4.2

MF treatment Sample Reference

Pre-homogenization: 8000 rpm for 3 min. 
Microfluidizer M110P (chamber Y) at pressures 
34.4, 68.9, 103.4 and 137.89 MPa.

O/W emlusions, sunflower 
oil, advanced performance 
xanthan gum and egg 
protein.

Santos et al. 
(2018)

MF using an air-driven high-pressure 
microfluidizer (Microfluidics PureNano, Newton, 
MA, USA) with a 75 μm chamber (F20Y) 
operated at a fixed pressure of 90 MPa for three 
passes.

Oil-in-water nanoemulsions 
stabilized by whey protein 
isolate (WPI).

Zong-Cai Tu 
et al. (2017)

Pre-homogenization: ULTRA-TURRAX® 
23,000 rpm for 2 min.
Microfluidizer (M110EH model, Microfluidics 
International Corporation, Newton, MA) for one 
pass at a pressure level of 40, 80, and 120 MPa,
Respectively at 25 °C

Algal oil (50%, v/v) and 
gliadin particle solutions 
(50%, v/v).

Liu et al. 
(2017)

Pre-homogenization: ULTRA-TURRAX® T50 
(IKA, Shanghai, China). 2000 rpm for 120 s.
Microfluidizer M110P at different pressures (10, 
35, 60 and 70 MPa) for one pass.

Biopolymers (Rhamsan and/
or welan gum) surfactant, 
AMIDET®N and thyme oil.

Trujillo- 
Cayado, et al. 
(2019)
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food products. The utilization of high-pressure homogenizers, such as microfluid-
izers, to fabricate liposomes overcomes many of the current processing challenges 
(Peng et al. 2018)

Recent research has confirmed the viability to produce liposomes by MF such as 
curcumin-loaded liposomes formed from sunflower lecithin (Peng et al. 2018) and 
alkaloid-catechin-cocoa extract loaded liposomes (Toro-Uribe et al. 2018). In both 
studies, the MF treatment produced a decrease in particle size of the liposomes and 
therefore an improved stability.

Detailed pre-treatments, MF conditions as well type of microfluidizer used in the 
above described works are shown in Table 3.

4.4  MF in Dairy Processing

Homogenization in milk processing is applied to produce more consistent raw milk 
through the breaking down of the fat globules avoiding creaming (López-Fandino 
2006). Another research, suggested that high pressure homogenization can also be 
used to produce particular changes in the molecular structure of proteins, that might 
modify milk constituents and properties of final products (Garcia-Risco et al. 2002 
and López-Fandino 2006).

Bucci et al. (2018) analyzed the changes in the physical, chemical and microbial 
properties in milk homogenized by MF.  They observed a pressure-dependent 
increase in outlet temperature, inactivation of alkaline phosphatase in raw and ther-
mized samples at 125 and 170 MPa, observing that the microfluidized milk was a 
stable emulsion of fat droplets ranging from 0.390 to 0.501 μm, compared with 
7.921 μm (control) and 4.127 (homogenized control) μm. No chemical composition 
changes in these last treated products were found, but the t protein content was 
reduced to approximately 3.1–2.2% as detected by infrared spectroscopy. 
Microbiological results indicated a decrease in mesophilic aerobic and psychro-
philic milk microflora with increasing temperature and pressure, suggesting that 
MF may eliminate bacterial load. Tthe viscosity increased up to 0.7 Pa∙s in micro-
fluidized milk in comparison with the control (0.3 Pa∙s). Addittttionally, Hardham 

Table 3 Pre-treatment conditions for MF and type of microfluidizer used in Section 1.4.3

MF treatment Sample Reference

Microfluidizer (M-110P, Microfluidics 
Corporation, Newton, MA, USA) pressure of 
117.21 MPa for 3 cycles.

Curcumin-Loaded 
Liposomes Formed from 
Sunflower Lecithin

Peng et al. 
(2018)

Pre-homogenization: high shear blender (T10 
ULTRA-TURRAX®, IKA, Staufen, Germany) at 
20,000 rpm for 2 min at 25 °C.
Microfluidizer (110 T, Microfluidics, Newton, MA, 
USA) at 137.9 MPa for several passages (up to 
8 cycles) in an ice bath (4 °C)

alkaloid-catechin-, and 
cocoa extract-loaded 
liposomes

Toro-Uribe 
et al. (2018)
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et al. (2000) reported a decrement of fat separation on microfluidized milk during 
storage.

The properties of milk are likely to be dependent on the casein micelle size and 
various processing technologies produce a particular change in the average size of 
casein micelles. Sinaga et al. 2018 analyzed the changes in casein micelle size by 
subjecting milk to MF.  Their results also showed that microfluidized milk had 
smaller particle size (3%) with treatments at pressures up to 126 MPa. No further 
reduction in particle size was observed after increasing the microfluidized cycles up 
to a maximum of 6. Although the average casein micelle sizes were similar amongst 
MF treatments, elevating the processing pressure resulted in narrower size distribu-
tions. In contrast, increasing the number of cycles had little effect on casein micelle 
size distribution.

Another application of MF in diary processing are, the production of non-fat or 
low-fat ice creams that usually had a slower meltdown without affecting sensory 
properties. Olson et al. (2003) changed mozzarella cheese microstructure by reduc-
ing fat globes size (Tunick et al. 2000). On the other hand, by increasing of intercon-
nectivity in the protein networks with embedded fat globules in yogurt did not affect 
water retention while improving the thickness, creaminess, cohesiveness and vis-
cosity of this product (Ciron et al. 2010; Ciron et al. 2011 and Penna et al. 2014).

4.5  MF as a Structural Modifier in Starch

Starch is one of the polysaccharides with higher occurrence in nature (Sweedman 
et al. 2013). In the food industry, the starch has been used in different applications, 
such as texturizer, as additive to increase yields and for the stabilization of emul-
sions (Jobling 2004 and Leal-Castañeda et al. 2018).

As discussed above, MF could provoke changes on the structure of products and 
therefore in their functional properties and in this regard, some studies have ana-
lyzed the structural changes caused in starch by MF. Wang et al. (2018) evaluated 
the structural characteristics of rice amylose treated by MF, observing an increment 
of hollows and grooves on the surface of the treated rice amylose in comparison 
with the untreated starch. Also, the particle size decreased and became uniform with 
an increase in MF pressure. MF treatments above 100 MPa were sufficient to cause 
the complete destruction of the crystalline structure of rice amylose. In other cases, 
it has been observed that MF treatment increased the starch particle size due to its 
partial gelatinization as a consequence of the high pressures and temperatures 
reached (Che et al. 2007 and Wang et al. 2018). The same behavior was observed in 
cassava starch granules (Kasemwong et al. 2011). Błaszczak et al. (2005) claimed 
that MF treatments could lead to the filling of inner parts of the granules with a gel- 
like network. Augustin et al. (2008) found that MF could improve the functionality 
of resistant starch by increasing water retention and viscosity.
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Other researchers suggested that reduced particle size and starch degradation as 
a consequence of MF’s treatments could decrease solubility and apparent viscosity 
of starch pastes (Wang et al. 2012; Tu et al. 2013 and Duan et al. 2016).

Due to the changes provoked in the structure of the starch by MF, some practical 
considerations could be applied to facilitate the modification of the starch by chemi-
cal methods such as those reposted by Li et al. (2018) who proved that MF was 
useful as a pretreatment during OSA modification of rice starch due to the changes 
of starch structure induced by MF. Their results showed that the surface of starch 
particles became rougher and was destroyed with a decreasing degree of crystallin-
ity caused by the MF treatments. They also pointed out that the degree of substitu-
tion increased with MF pressures. Resultant starch showed a significantly higher 
peak viscosity, emulsifying activity, and emulsion stability but lower pasting tem-
perature as compared with the native rice starch.

MF conditions as well type of microfluidizer used in the above described works 
are shown in Table 4.

4.6  MF for Improving the Extraction of Bioactive Compounds

Due to the high shear forces and pressures applied in MF, this process can cause the 
rupture of cells and particles and therefore has the potential to improve the extrac-
tion yield of bioactive compounds from food and food waste including those which 
sizes are in the range of a few nm.

Xing et al. (2018) used MF as a pretreatment for sulforaphane extraction from 
broccoli (Brassica oleracea) seeds, by using a Microfluidizer (M110-Y, Microfluidics 
Corp. USA) equipped with a Z type chamber (H10Z, 100 μm),as they could reduce 
the particle size 2–10 times of the broccoli seeds and obtained a unimodal distribu-
tion by increasing the MF pressure and number of passes. The highest sulforaphane 
content was obtained at 34.47 MPa and 5 passes, achieving three times the yield 
with respect to the control sample. Also, structural changes were confirmed by 
means of SEM images. From this research it could be assumed that there were vari-
ous relationships between the decrease in particle size and the extraction yield. 

Table 4 MF and type of microfluidizer used in Section 1.4.5

MF treatment Sample Reference

Pre-treatment: Colloid milling (JMS-80, Langfang Tongyong 
Machinery Manufacturing Co.,Ltd., Henan, China) and 
homogenization (GYB60-6S, Donghua Co.,Shanghai, China) were 
used to mix the suspension above sequentially before MF.
MF was performed using an M-110EH-30 microfluidizer 
(Microfluidics Co., Newton, MA, USA) at 60, 100, 140, and 
180 MPa, respectively.

Rice amylose 
suspension

Wang et al. 
(2018)

Microfluidizer (M-110EH, Microfluidizer, USA) at pressure of 0, 
60, 120, or 180 MPa for 2 cycles.

Rice starch Li et al. 
(2018)
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Prasad et al. (2009) also found that ultrasonication and high-pressure extractions 
had a potential to achieve high extraction efficiency from plant tissues.

4.7  MF as a Protein Structural Modifier

In food technology, proteins have different useful functional properties such as sta-
bilizing agents for colloidal systems and some research has focused on determining 
MF conditions to cause changes in the structure and functionality of different types 
of proteins.

MF could be considered as a milling technique to modify corn gluten meal (a sub 
product rich in zein). Ozturk and Mert 2018 evaluated the potential of MF as a 
value-adding process to this product and their results showed that pH modifications 
and MF caused deformation within the protein structure such as the breakages of 
bonds, unfolding of hydrophobic amino acids and hydrolysis. Due to these changes, 
water holding ability was improved.

Sha et al. (2018) treated fish gelatin by applying MF and their results showed 
improvement on its emulsifying and foaming properties, the microstructure was 
analyzed by SEM and they could see endowed fish gelatin with many rough porous 
but uncracked. On the other hand, McCarthy et al. (2016) suggested that MF treat-
ment in pea protein isolate could be used to produce cold-set-gels since MF created 
more uniform size distributions, which can contribute to increase the viscosity of 
the product (Qian and McClements 2011 and Román et al. 2015).

Oliete et al. (2019) studied the effect of MF as a pretreatment in the obtention of 
spray dried pea globulin aggregates and their results showed a decrease in aggre-
gates size and surface hydrophobicity due to protein re-arrangements that caused 
higher solubility of the aggregates.

It is assumed that MF could affect the antigenicity of proteins because some 
epitopes could result exposed during this process. Recently, Chen et al. (2018) eval-
uated the antigenicity changes after MF and in vitro digestion in beta-lactoglobulin 
(β-LG) and their results showed that antigenicity declined from 13.41 to 12.27 and 
7.19 lg mL−1 at 0.1, 80 and 160 MPa of MF pressure respectively. Also, the reduc-
tion of antigenicity has also been evaluated by combining the β-LG with oleic acid 
by MF (Zhong et al. 2019). The effect of MF pressure on β-LG particle size indi-
cated that the average particle size decreased as the pressure increased to 80 MPa, 
while it increased at pressure of 160 MPa possible due to overprocessing effects 
(Zhong et al. 2012). These changes were observed by the values of PSD and atomic 
force microscope images.

Although MF promotes changes in the functional and structural properties of 
proteins, some studies suggested that the primary structure of some proteins kept 
stable and was not affected by physical processing such as HHP and MF (Liu et al. 
2010 and Meng et al. 2017).

Detailed pre-treatments, MF conditions as well type of microfluidizer used in the 
above described works are shown in Table 5.
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5  A Case Study on Evaluation of MF Effect on Soy Protein 
Isolate Foaming Properties

Aiming at illustrating the effects of MF on the functionality of polymers, in this 
section a case-study on the effects over soy protein isolate (SPI) foaming capacity is 
presented. It has been reported that, protein microparticles (with particle sizes 
between 0.1–10 μm) are obtained from protein aggregates (by pH changes and ther-
mal treatments) after MF.  The applications of microparticles have recently been 
evaluated aiming at be added to food preparations as a fat substitute (Ipsen 2016).

In our case, the protein was treated by MF to achieve improved foaming proper-
ties by modifying its structure, since the reduction in particle size due to MF changes 
could be expected in the stabilization of this dispersed systems. On the other hand, 
the structure of the protein treated by high pressure homogenization could promote 
the exposure of hydrophobic and hydrophilic groups thus modifying its solubility.

5.1  Design of Experiments and Preparation of Samples

A Box-Behnken experimental design with three numeric variables were chosen; 
ionic strength (IS) (100, 300 and 500  mM NaCl), pH (3, 5 and 7) and pressure 
12,000, 14,000 and 16,000 psi (82.73, 96.53 and 101.32 MPa) and choosing as cat-
egorical variable the number of MF cycles (1 and 3).

Suspensions of a commercial isolate of 6% (w / v) soy protein were prepared and 
NaCl was added to control ionic strength of the media. Subsequently, the pH was 
adjusted with 2 M solutions of HCl and NaOH and 0.02% of sodium azide was 
added to prevent microbial growth. Finally, samples were subjected to thermal treat-
ment (93 °C for 15 min) before MF as reported by Liu and Tang (2013).

Table 5 Pre-treatment conditions for MF and type of microfluidizer used in Section 1.4.7

MF treatment Sample Reference

Microfluidizer (M-110EH-30, Microfluidics, Newton, MA, 
USA) at pressures of 0.1, 80 and 160 MPa for 3 cycles.

β-lactoglobulin Chen et al. 
(2018)

Microfluidizer M-110Y, Microfluidics, USA) equipped with two 
chambers: the first chamber having 200 μm size and 50 MPa 
pressure and the second chamber having 100 μm size and 
125 MPa pressure. Samples were MF three times.

Corn gluten 
meal

Ozturk and 
Mert (2018)

Microfluidizer (M-100EH-30 Microfluidics Co., Newton) at 
pressures of 40, 80, 120, and 160 MPa for 5 cycles, respectively 
at 25 °C.

Fish gelatin Sha et al. 
(2018)

Pre-homogenization: ULTRA-TURRAX® (IKA, Staufen, 
Germany) 10,000 rpm for 1 min.
Microfluidizer (M110-EH) equipped with a 75 μm Y-type 
ceramic IX (MicrofluidicsInternational Corp., Newton, MA, 
USA) at 50 MPa for one cycle.

Pea protein McCarthy 
et al. (2016)

Microfluidizer (LM10 Microfluidics, Newton, MA, USA) fitted 
with a Z-type chamber (G10Z) at 130 MPa for 3 cycles.

Pea protein 
isolated

Oliete et al. 
(2019)
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5.2  Particle Size (PS) and Zeta Potential (ζ)

The PS and (ζ) were measured in the Zeta Sizer (Malvern Nano, S USA) as reported 
by Monroy-Villagrana et al. (2014).

5.3  Evaluation of Foaming Capacity (FC) and Foam 
Stability (FS)

To determine the capacity of foaming, the formation, drainage and foam collapse 
described below were evaluated (Morales et al. 2015):

15 ml of the protein suspensions were taken and subjected to shaking in a gradu-
ated tube for 1.5  min at 15,500  rpm with an ULTRA-TURRAX® homogenizer 
(T18 IKA USA) at room temperature. The foaming capacity was calculated 
with Eq. 5.

 

CF
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A
x%( ) =

−( )
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(5)

Where A and B are the volumes before and after stirring respectively.
The stability of the foam was evaluated by using Eq. 6.

 

FS
V B

A
x%( ) =

−( )
−( )













30

100
100

 

(6)

Where V30 is the volume after 30 min, A and B are the volumes before and after 
stirring respectively.

5.4  Particle Size

Nicolai et al. 2011 and Ryan et al. 2013 reported that size of protein aggregates was 
influence by the concentration of the protein, heat treatments, type of protein, ionic 
strength and pH of the media. The effect of concentration of the protein in the 
media, heat treatments, type of protein, ionic strength and pH variables on particle 
sizes of whey protein aggregates was reported by Nicolai et  al. 2011 and Ryan 
et al. 2013 

The particle sizes (PS) of microparticulated protein were in the range of 647 nm 
to 10.07 μm which resulted in the smallest protein particle sizes (0.679–1.32 μm) 
obtained at a pH value of 7 at 1 MF cycle, with 3 cyles of MF the range of particle 
size was 0.627–0.866 μm. It was observed that when the IS increased, the particle 
size value decreased. On the other hand, at a pH of 3 and 5 the particle size increased 
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considerably in values between 5 and 10 μm and as the number of cycles increased, 
the PS decreased. In these pH values, the size of particles increased by increasing 
the value of IS as shown in Fig. 3 (in the red area the largest particles are found).

The size of the protein aggregates seems to be affected by the solubility decre-
ment, since when it is less soluble (pH 3–5), the PS was higher, whereas at pH 7, the 
PS considerably decreased. Achouri et al. (2005) analyzed the solubility in SPI at 
different pH values, the solubility was lower in a pH range of 5 to 8, the isoelectric 
point of SPI proteins is between 3 and 4.5. In addition, the heat treatment is also a key 
factor for the formation of the aggregates since, at the temperature reached 93 ° C 
during the first 15 minutes it was expected that the solubility of the protein decreased 
due to the exposure of the hydrophobic groups (Guo et al. 2015). During MF treat-
ments this effect was also expected due to the high pressures reached this process.

5.5  Zeta Potential (ζ)

The ζ is indicative of the electric charge of the particles in the media. When the 
charged particles approach each other at high absolute values of ζ ≥ │30│mV, they 
repel to each other, promoting stability of the dispersed particles (González et al. 
2007; Luo and Gu 2007; Kaszuba et al. 2008 Cano-Sarmiento et al. 2018).

The ζ results for our samples were between −22.56 and − 35.15 mV. At pH 7 at 
lower pressure (82.73 MPa) the value of this parameter was lower (−35.15 ± 0.1 mV) 

Fig. 3 PS contour graphs (y-axis; ionic strength, x-axis; pressure). (A) pH 3, 1 cycle (B) pH 3, 
3 cycles (C) pH 5, 1 cycle (D) pH 5, 3 cycles
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compared to the microparticles at pH 3 subjected at higher MF pressure (101.32 MPa) 
the ζ was −22.56 ± 0.51 mV. Liu and Tang (2013) observed an increment of ζ (from 
−25 to -10 mV) by increasing the value of IS in emulsions stabilized with soybean 
protein subjected to MF, in our case we observed that MF pressure and pH had more 
impact on ζ.

5.6  Foaming Capacity

The FC obtained values (150–190%) are considered to be high under conditions of 
pH 7 and an IS of 500 mM. It has been reported that the conditions of the heat treat-
ment in SPI reached improved the FC, on the other hand, if the heating time is 
higher to 30 min the FC could decrease (Guo et al. 2015) These results could be 
explained due to the decrement of solubility of the protein which might cause the 
decrement of the surface tension of the system, favoring the entry of air into the 
media, resulting in a greater volume of the foam, improving the FC. In Fig. 4, the 
best FC conditions can be observed in graphs C and F at higher IS (500 mM) in 1 
and 3 cycles of MF.

5.7  Foaming Stability

The most stable foams were obtained at pH  3 and 5 at a pressure lower than 
96.53 MPa with one MF cycle and IS between 100–300 mM as shown in Fig. 5, in 
graphs A and B.

Fig. 4 FC contour graphs (y-axis; pH, x-axis; pressure). (A) IS 100 mM, 1 cycle (B) IS 300 mM, 
1 cycle (C) IS 500 mM, 1 cycle (D) IS 100 mM, 3 cycles (E) IS 300 mM, 3 cycles (F) IS 500 mM, 
3 cycles
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Zúñiga et al. (2011) concluded that smaller and less dense aggregates could bet-
ter stabilize the foam structure due to the formation of a continuous network of a 
thin layer in whey protein. On the other hand, Guo et al. (2015) observed that FS is 
high when the protein aggregates are larger in SPI, in our case we observed a similar 
behavior. As a result of structural changes in the protein aggregates, their surface 
properties are modified in the same way, causing changes in their emulsifying and 
foaming capacity (Palazolo et al. 2011; Moro et al. 2011 and Ryan et al. 2013).

6  Conclusions

MF engineering is complex since many interacting variables are involved in micro- 
channeling of the fluids subjected to MF and the fundamentals of high-speed fluids 
collision are still being investigated and represent a challenge for process engineers. 
However MF is widely applied in the food area and a variety of nano-foods and 
nano-ingredients have been prepared by using it. As for example, encapsulates, 
nanoemulsions, liposomes, dairy products are commonly prepared by MF. Also, 
this operation has been applied to extract bioactive compounds from complex 
matrixes and, in the characteristics of starch and protein preparations which func-
tional properties have been improved improved by using this technique. Future 
studies must include overprocessing considerations as well as the effect of nano- 
sizing in structure-function relationships.

Fig. 5 FS contour graphs (y-axis; pH, x-axis; pressure). (A) IS 100 mM, 1 cycle (B) IS 300 mM, 
1 cycle (C) IS 500 mM, 1 cycle (D) 100 mM, 3 cycles (E) IS 300 mM, 3 cycles (F) IS 500 mM, 
3 cycles
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Biopolymer Nanocomposite Based Food 
Packaging

Sherif M. A. S. Keshk and Ameni Brahmia

1  Introduction

Regular fibers are considered as an environmentally friendly material that exhibits 
good physical properties comparing with petroleum-based plastics. In 2015, the 
global natural fiber reinforced polymer composites industry sector was about U$ 5.1 
billion. The employment of natural fiber reinforced polymer composites has recently 
expanded in the shopper goods as developing packing sectors. As showed by evalu-
ations over 2012–2017, the biodegradable fiber reinforced polymer composites 
industry is expected to grow 15% worldwide (Layth et al. 2015). Packaging is a 
significant subject in developed civilizations; especially, food packaging has expe-
rienced a great growth because most commercialized foodstuffs are marketed in 
packages (Lopez-Rubio et al. 2004). One of the most important roles of packaging 
technology is to avoid deterioration of food, thus, to extend shelf-life and maintain 
quality and safety of the packaged food. Starch is one of the most considered bio-
polymers owing to its wide availability, biodegradability, non-toxicity, and low cost. 
Despite advantages, starch films are moisture sensitive and very fragile in compari-
son to the conventional packaging materials (Flores et al. 2007). In order to recover 
their usability, incorporation of plasticizers, blending with other materials, chemical 
modifications, and the combinations of these treatments have been attempted 
(Colussi et al. 2017). On the other hand, natural fibers are neither artificial nor man-
made; they can be extracted from animals or plants (Ticoalu et al. 2010). The use of 
natural fibers from resources, renewable and non-renewable including oil palm, 
flax, and sisal, gained significant attention in the last decades. Plants that can 
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produce cellulose fibers are categorized into bast filaments (such as jute, ramie, flax, 
kenaf, and hemp), seed fibers (such as cotton, kapok, and coir), leaf fibers (such as 
sisal and abaca), and grass and reed fibers (such as rice, wheat, and corn), and core 
fibers (hemp, jute, and kenaf) as well as all other kinds as roots and wood (Faruk 
et al. 2012; Keshk 2014). The fiber-reinforced polymer matrix got extensive consid-
eration in several aspects owing to their good physical properties and superior ben-
efits over artificial fibers in term of its cost, low weight, less damage to handling 
equipment, good mechanical characterization as tensile and flexural modulus, 
improved surface finish of composites, being abundant, renewable resources, biode-
gradability, flexibility during processing, and least health risks (Shalwan and Yousif 
2013; Keshk and Yahia 2018; Alghamdi et al. 2019). Natural fiber reinforced com-
posites possess a high specific stiffness and strength that can be realized by adding 
the tough and light-weight fiber onto the synthetic polymer (thermoplastic and ther-
moset) (Xie et al. 2010). However, natural fibers are not problems-free, as they have 
deficits in physical properties. The structure of natural fibers is composed of cellu-
lose, pectin, hemicelluloses, lignin, and waxy substances. They permit moisture 
absorption from the surroundings that may cause weak bindings between the poly-
mer and fiber. Furthermore, the lacking compatibility between natural polymers and 
fibers is considered as a challenge since the chemical structures of both polymers 
and fibers are two different. Modifications of the natural fiber using certain treat-
ments are required in order to compatibilized both polymers. Such modifications 
are focused on the use of reactive functional groups that have the capacity for react-
ing with the fiber structures and changing the chemical composition. Thus, fiber 
modifications may cause reduction of moisture absorption that lead to an excellent 
improvement of compatibility between the polymer and fiber (Ray and Bousmina 
2005). Cellulose has been successfully shaped into nanoforms, namely nano- 
fibrillated cellulose (NFC) and micro-fibrillated cellulose (MFC) (Nogi et al. 2009). 
NFC can deliver reactive site and possess excellent mechanical and oxygen barrier 
properties. Whereas, high loading of MFC is commonly required to enhance the 
mechanical stability of the composite, because of the MFC is larger, and it decreases 
intrinsic energy and element ratio. MFC films displayed opportunity for food pack-
ing owing to its high rigidity together with the essential barrier properties (Zhang 
et al. 2011; Aulin et al. 2012). Current developments in packaging material have 
focused on high barrier performance with a minimal amount of material. Therefore, 
there is a need for functional coatings of cellulosic materials for special or enhanced 
properties in the field of food packaging (Gouda and Keshk 2010).

2  Starch

In order to recover starch usability, blending with other materials, chemical modifi-
cations, and the combinations of these treatments have been evaluated (Colussi 
et al. 2017; Keshk et al. 2018a, b). Starch films with clay nanoparticles were pre-
pared and their tensile, barrier properties and transition temperature were 
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investigated (Souza et al. 2012). The presence of clay affected the tensile and barrier 
properties; whereas, the glass transition temperature was not affected (Souza et al. 
2012). In additional investigation, a biodegradable film obtained from acetylated 
starch displayed higher moisture content and water solubility in comparison to 
starch film (Colussi et al. 2017). Among various derivatives of starch, dialdehyde 
starch (DAS) that produced from the periodate oxidative cleavage of C2–C3 bond 
of the starch molecule. FT-IR spectroscopy data of starch and DAS are shown in 
Fig. (1) (Keshk et al. 2016a, b). In the fingerprint region from 800 cm−1 to 1500 cm−1, 
the spectral features of starch and DAS were dissimilar; where the peaks in starch at 
1158 cm−1 and 930 cm−1 that are characteristic to a C–O stretching vibration were 
missing in DAS (Keshk et  al. 2016a, b). Furthermore, a new absorption band at 
1735 cm−1 appeared in the DAS spectrum, which was assigned to the C=O stretch-
ing vibration.

DAS is highly reactive and possesses higher thermal stability (T = 355 °C) than 
starch (T = 191 °C), hence, it is widely used as a cross-linking agent (Keshk et al. 
2016a, b; Wisniewska et al. 2016). The rigidity of cross-linked DAS matrix formed 
due to hydrogen bonds confers a better thermal stability to DAS (Wisniewska et al. 
2016). Nanotechnology can remarkedly recover the quality and safety of food pack-
ing. Different food concerns have used nanotechnology to develop safer and more 
attractive products with longer shelf-life and lower costs. Nanomaterials in food 
packing technology can alter permeation properties, increase barrier properties, 
improve mechanical and heat-resistance, confer active antimicrobial and antifungal 
surfaces, and detect and signal microbiological and biochemical changes (Cichello 
2015). Magnetic iron oxide nanoparticles (MNPs) have been used in various arenas 
owing to their unique properties including large specific surface area and simple 

Fig. 1 FT-IR spectra of starch & dialdehyde starch (DAS)
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separation with magnetic fields. For food-related applications, they have been used 
for enzyme immobilization, protein purification, and food analysis (Caoa et  al. 
2012). The incorporation of MNPs with a polymer packing film will modify barrier 
properties and prevent the destruction of basic structure of starting materials. 
Besides this, the addition of MNPs will significantly recover the mechanical (tensile 
strength, elongation at break) and thermal properties (Rešček et  al. 2016). 
Furthermore, an MNPs/DAS composite showed good thermal stability, small par-
ticle size, low biological toxicity, and slow anticancer drug-releasing capability 
(Saikia et al. 2015). Recently, MNPs/ DAS composite film was fabricated for use in 
food packaging (Keshk et al. 2018a, b). Scan electron microscope showed that the 
starch granules were of ellipsoidal morphologies with smooth surfaces and were 
larger than those of the DAS and MNPs/DAS granules, as the latter were of irregular 
polygonal shape (Fig. 2).

A comparison of the DAS and MNPs/DAS granules at high magnifications 
(Fig. 2f and i) indicated that the DAS granules were smoother, while MNPs/DAS 

Fig. 2 SEM micrographs at different magnifications for potato starch (a-c), DAS, (d-f), and 
MNPs/DAS (g-i)
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granules designed agglomerations owing to the magnetic properties of iron. It can 
also be caused by the crosslinking of DAS and MNPs. The average pore sizes in 
DAS and MNPs/DAS composite were 4.25 μm and 0.65 μm, respectively. Thus, the 
MNPs/DAS composite film was more compact with a higher thickness than DAS 
film (Fig. 3).

Furthermore, thermogravimetric analysis confirmed that the MNPs/DAS film 
was thermally stable up to 300 °C, and the maximum decomposition happened at 
500 °C. Furthermore, SEM micrographs recognized the homogenous distribution of 
MNPs onto the DAS film. The MNPs/DAS composite film displayed lower water 
vapor transmission in comparison to DAS film, thus it can be decided that MNPs 
improved the hydrophobicity and mechanical properties of starch film. Therefore, 
the prepared MNPs/DAC composite film could be considered for oxygen sensitive 
foods like Chilled meat, as it contains a highly effective oxygen scavenger (Fe3O4) 
(Keshk et al. 2018a, b).

3  Cellulose

Cellulose fibres offer a large renewable raw material base for various kinds of prod-
ucts, e.g., from paper and board to various composite materials ranging from pack-
aging applications to building materials. The physical modification of cellulose 
fibres has recently received attention in the field of composite applications 
(Alghamdi et al. 2019). The physicochemical modification of cellulose is important 
for making it more compatible with nonpolar polymers by introducing a hydropho-
bic polymer into its structure (Thielemans et al. 2008). Therefore, there is a need for 
new derivatives of cellulosic materials for special or enhanced properties in the field 
of food packaging. Zinc oxide is generally used in several applications, such as in 
the pharmaceutical, commodity chemical, and glass industries (Arrieta et al. 2010; 
Jia et al. 2012; Ko et al. 2014; Espitia et al. 2016). ZnO is presently listed as a safe 

Fig. 3 DAS and MNPs/DAS Films
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food additive and preservative by the US Food and Drugs Administration. The 
reported synthetic methods of metal/cellulose composite preparation have poor 
metal stability in the composite and heterogeneous distributions of metals (Ma et al. 
2013; Al-Sehemi et al. 2014). The preparation of metal/cellulose composites via the 
reduction of metal salts in aqueous suspensions of cellulose has been investigated 
(El-Kemary et al. 2013). In this method, a soluble metal salt is used with a suitable 
reducing agent in the presence of a co-stabilizer to avoid agglomeration and to 
improve the metal particle distribution on the cellulose (Yue et al. 2013). On the 
other hand, microwave-assisted synthesis of metal/cellulose composites have been 
reported, in which ionic liquids were used to obtain cellulose fibres coated with 
metal particles (Dinand et al. 2002; Keshk et al. 2016a, b). In the fact, the hydrophi-
licity of cellulose made it difficult to form a good composite with metals owing to 
hydrogen bonds between cellulose chains that hinder any other metal or metal oxide 
from forming a good composite. Sodium hydroxide treatment (mercerization) of 
natural cellulose (cellulose-(OH)3) fibres results in the structural transformation to 
sodium cellulose (cellulose-(ONa)3) (Keshk 2015; Keshk and Hamdy 2019). During 
mercerization, cellulose I proceeds through a crystal-to-crystal phase transforma-
tion. The intermediate structure between the parallel chains (cellulose I) and anti-
parallel chains (cellulose II) is sodium cellulose (Keshk et al. 2018a, b; Keshk and 
Hamdy 2019). Sodium cellulose increases the interplanar distance between cellu-
lose chains owing to O− Na+ group formation. The mercerization affects the twisting 
and swelling of cellulose because of the presence of Na+ ions, which play a crucial 
role in widening the accessible regions between the lattice planes to allow diffusion 
of the Na+ ions into those planes (Keshk et al. 2018a, b; Keshk and Hamdy 2019). 
Zinc oxide/sodium cellulose composite with different ZnO loadings was prepared 
and characterized by FT-IR, XRD, XPS, SEM, and EDX Keshk and Hamdy 2019). 
ZnO/sodium cellulose showed a similar XRD pattern to that of cellulose II. The 
XPS spectrum emphasized the presence of Zn2+ and Na+ ions in the prepared com-
posite (Fig. 4) (Keshk and Hamdy 2019).
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Furthermore, the SEM analysis displayed the growth of ZnO crystals on the 
sodium cellulose surface. UV-Vis spectrometry of the ZnO/sodium cellulose spec-
trum exhibited a distinguished absorption band at 360 nm that was attributed to the 
presence of ZnO particles on the cellulosic fibres (Keshk and Hamdy 2019). 
Therefore, the ZnO/sodium cellulose fibres swelled, and their diameter increased 
from 15 μm to 30 μm. Furthermore, ZnO/sodium cellulose exhibited lower air and 
water vapor permeability than cellulose and sodium cellulose and can be perfectly 
utilized as food packing film to increase the shelf life of preserved foods (Table 1) 
(Keshk and Hamdy 2019).

4  Chitosan

Chitosan is considered as a safe natural polymer that possesses biocompatible and 
biodegradable properties. Chitosan is a polysaccharide produced by chemical or 
enzymatic deacetylation of chitin. There are at least four prepared methods pre-
sented: ionotropic gelation (Calvo et al. 1997), microemulsion (Maitra et al.1999), 
solvent emulsification diffusion (Niwa et  al. 1993) and polyelectrolyte complex 
(Erbacher et al. 1998). The most widely developed methods are ionotropic gelation 
and self-assemble polyelectrolytes; as there are simple and mild preparation method 
without the use of organic solvent or high shear force (Tiyaboonchai 2003; 
Sudarshan et al. 1992). The nanofibers based on chitosan have large surfaces and 
high porosity therefore potentially working in the fields of enzyme immobilization 
(such as chitosan/PVA), filtration (chitosan/PEO, Chitosan/nylon-6…) wound 
dressing (chitosan/PVA, Chitosan/PET), tissue engineering (Chitosan/collagen) 
drug delivery (PEG-g-CS/ PLGA…) and catalysis (CS-g-AA) (Sun and Li 2011). 
Depending on the technique of preparation, chitosan-based nanofibers size can vary 
from 10 nm to 4 nm (Sun and Li 2011; Van et al. 2013). Chitosan-based nanofibers 
were prepared via acid hydrolysis of chitin whiskers (Lu et al. 2004; Sriupayo et al. 
2005). The average dimensions of the whiskers obtained were 500–417 nm (length) 
and 50–33 nm (diameter) (Lu et al. 2004; Sriupayo et al. 2005). The suspension 
consisted of individual chitin fragments that having a spindle shape. As shown in 
the AFM image of a dilute suspension of chitin whiskers (Fig. 5).

These fragments have a broad distribution in length (L) ranging from 100 to 
650 nm and diameter (D) ranging from 10 to 80 nm. SEM images of the fractured 

Table 1 Barrier properties of cellulose, sodium cellulose and its composite

Sample
Air permeability (cm3/ (m2/Pa. 
S))

Water vapour permeability 
(g/m s Pa)

Cellulose 1.05 4.68 X 10-9

Sodium cellulose 1.15 4.12 X 10-9

ZnO/sodium 
cellulose

0.137 2.44 X 10-9
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surface of the GSPI sheet and nanocomposites of SPI-5, SPI-15, and SPI-30 are 
shown in Fig. 6.

The GSPI sheet exhibits a relatively uniform surface. The chitin whiskers, as 
particles, are easily identified. A relatively uniform distribution of the chitin whisker 
in the SPI matrix can be observed when the chitin content is lower than 15 wt %. 
However, as the chitin content increases, the resulting nanocomposites show 
agglomerates of whiskers. The diameter of whiskers determined by SEM is larger 
than identified by AFM shown in Fig. 2, which resulted from a charge concentration 
effect due to the emergence of whiskers from the observed surface.

This suggests that the adhesion between SPI and chitin whisker is strong. 
Chitosan nanoparticles can be obtained by ionic gelation, where the positively 
charged amino groups of chitosan form electrostatic interactions with polyanions 
worked as cross-linkers, such as tripolyphosphate (López et al. 2005). Chitosan–tri- 
polyphosphate (CS–TPP) nanoparticles that incorporated with hydroxy propyl 
methylcellulose (HPMC) films was significantly improved the mechanical and bar-
rier properties (Caner and Cansiz 2007; De Moura et  al. 2009). Chitosan-based 
nanocomposites have several applications like food industry, medicine and paper 
manufacturing, etc. These nanocomposites, films and coating based on chitosan, 
offer capable improvement in food packaging industrial because of chitosan’s capa-
bility to hold up the life of food products (Shahidi et al. 1999). Different types of 
nanofillers with different nanoscale have been synthesized and investigated till now 
(Radhakrishnan et al. 2015). Therefore, physicochemical properties along with the 
types, size, and surface areas of nanofillers could significantly improve the chitosan. 
Clay-based nanocomposite enhanced oxygen barricade capacity of chitosan film 
(Radhakrishnan et  al. 2015). Therefore, the integration of clay into the chitosan 
matrix enhances the transport and barrier characteristics. For the substitute of plas-
tic resources to decrease the ecological contamination, chitosan/methyl cellulose 
nanocomposite can substitute the plastic in packaging foods (Mura et al. 2011).

Fig. 5 AFM imaging of a 
dilute suspension of chitin 
whiskers
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5  Conclusion

Nanotechnology has revealed numerous advantages in food packaging industry, 
including better barriers; mechanical, thermal, and biodegradable properties. 
However, the use of nanocomposites in food packaging might be challenging owing 
to the reduced particle size of nanomaterials and the physicochemical characteris-
tics of such nano- materials may be quite different from those of their macro-scale 
counterparts. Despite several advantages of nanomaterials, their use in food packag-
ing may cause safety problems to human health since they exhibit different physi-
cochemical properties from their macro-scale chemical counterparts. Different 
research disciplines including identification, characterization, and quantification of 
the nanoparticles are requested.

Fig. 6 SEM image of GSPI sheet and SPI/chitin whiskers nanocomposites
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Nanotechnology Applications to Improve 
Solubility of Bioactive Constituents 
of Foods for Health-Promoting Purposes

Silvana Alfei

1  Introduction

Starting from the consideration that often foods belong to the plant kingdom and 
that several plants are edible as food and consequently, that many chemicals con-
stituents present in foods are also in plants and vice versa, with “phytochemical” is 
meant a plant constituent, that can be present also in plant-derived foods, that has 
beneficial properties, but that is not established as an essential nutrient. Differently, 
with the term “nutrient” is meant a chemical substance present in food, that must be 
assumed during the nutrition process, that is essential for the life and the metabo-
lism of humans and that may have animal, plant or fungi source. When a nutrient 
possesses also health properties is named “nutraceutical”. So, for better clarity, 
nutraceuticals are nutrients, while phytochemicals are non-nutrients but both are 
edible, can be ingested with the diet and possess properties beneficial for humans 
health. In this regard, evidences have been extensively reported, asserting that sev-
eral foods can be associated to a number of health benefits that develop after their 
ingestion and following, in vitro studies have proved that many multifunctional con-
stituents of foods, such as carotenoids, vitamins, phytosterols, polyunsaturated lip-
ids, curcuminoids, flavonoids and polyphenols, in addition to the basic nutritional 
values, own extra health benefits and are considered “pharmaceutical-grade com-
pounds”. In the last decades, consumers perception and preferences toward health- 
promoting foods, as well as their awareness about the health properties of 
phytochemicals of plants, have undergone an exponential growth involving the 
world food market and that one of natural compounds. From this, the desire came to 
be able to use these beneficial compounds, both as part of a normal food regime and 
as food supplements or even as less toxic nature-derived therapeutics. As a direct 
consequence, the increasing demand of the Western societies for availability of 
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nutraceuticals and bioactive natural products, as well as the call for the development 
of novel functional foods, are today a leading trend in food and plants-derivatives 
industry. Furthermore, the incorporation in conventional foods and in nutraceutical 
formulations of natural bioactive compounds, in order to improve food quality, such 
as its shelf life, taste or aspect, in place of using synthetic additives and the develop-
ment of novel functionalities, especially related to health promotion, such as anti-
oxidant, antiradical and antitumor abilities, are highly desired from manufacturing 
companies and are object of intensive investigations from food scientists, food engi-
neers and food technologists.

A very dynamic research sector is focused on obtaining and quantifying the vari-
ous bioactive chemical compounds (BACs) from foods and plants, performing 
proper and optimized extraction methods (Turrini et al. 2019a, 2020) and suitable 
and conservative determination techniques  (Alfei et  al. 2020a). Once extracted, 
purified and chemically identified, based on their chemical structure and functional 
groups, BACs are classified into different categories such as poly-hydroxyl acid 
compounds (polyphenols), indoles, alkaloids, isothiocyanates, saponins, phytopros-
tanes, furanes, vitamins, carotenoids (Hamri et  al. 2011; Jeong et  al. 2015; Lim 
et al. 2017). The most part of food-related BACs have been isolated from vegeta-
bles, herbs, fruits, legumes, oils, spices, nuts and whole grains and like phytochemi-
cals, have proved to be endowed with a number of properties that can enhance 
humans’ life. Among the numerous beneficial effects concerning human health 
aspects, antifungal, antiviral, anti-inflammatory, antibacterial, antiulcer, anti- 
cholesterol, hypoglycemic, immunomodulatory and antioxidant activities are just a 
few (Ben Saad et al. 2017; Hsieh et al. 2015; Imm et al. 2014; Kris-Etherton et al. 
2002; Bisio et al. 2016, 2017). Vitamin C administered as sodium ascorbate salt 
proved a strong apoptotic activity on neuroblastoma cells  (Carosio et  al. 
2007). Remarkable healthy activities against a lot of degenerative diseases such as 
cardiovascular, cancer and central nervous system disabling disorders, including 
also Parkinson’s disease, Alzheimer, multiple sclerosis, amyotrophic lateral sclero-
sis, have been established by polyphenols such as ellagitannins (ETs) and their 
metabolic derivatives as gallic and ellagic acids (GA and EA), both in vitro and in 
animal models (Hseu et al. 2012; Ahire and Mishra 2017; Larrosa et al. 2010; Heber 
2008; Nejad et al. 2015, 2017; Firdaus et al. 2018). It is now commonly recognized, 
that the most part of humans diseases are triggered by oxidative stress (OS), in turn 
caused by the uncontrolled accumulation of reactive chemical species known as 
Reactive Oxigen Species (ROS) and Reactive Nitrogen Species (RNS) and that the 
BACs benefits for human health mainly depend on their free radicals scavenging 
activity, their capability to inhibit the assembly of microtubule and microfilament, 
to chelate metals and to inhibit protease, among others (Lu et al. 2016; Chang et al. 
2016; Son et al. 2016). Concerning whole foods, epidemiological studies have sug-
gested that red wine consumption is related to a reduction in overall mortality 
caused by cardiovascular events evoked by atherothrombosis (Renaud et al. 1998). 
Although the exact nature of the protective effect of red wine is unclear, it might be 
partially attributed to its ability to reduce the progression of atherosclerotic lesions 
(Hayek et  al. 1997). Green tea has proved to have protective effects on 
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cardiovascular diseases (Cabrera et al. 2006). Furthermore, isolated BACs as GA 
and EA and other more complex natural products such as propolis extracts (which 
contain phenolic acids, flavonoids, terpenes and essential oils) have demonstrated to 
be effective in the control of some infectious diseases caused by bacteria also of 
sporogenic type. In particular, GA proved to be effective against a number of Gram- 
positive and Gram-negative bacteria as Paenibacillus larvae,  Staphilococcus aureus 
(Vico et  al. 2016; Pu et  al. 2019), Escherichia coli, Pseudomonas  fragi, 
Pseudomonas  fluorescens, Pseudomonas  putida, Pseudomonas spp. P30–4, 
Plesiomonas schigelloides and Schigella  flexneri B (Díaz-Gómez et  al. 2014; 
Sorrentino et al. 2018; Rattanata et al. 2016). Other polyphenols as 2-(3, 4-dihy-
droxy-phenyl)-ethanol (DHPE) from olive oil, tumerone and curcumin from 
Curcuma longa L. rhizome, GA again, protocatechuic acid, quercetin and resvera-
trol from fruits and vegetables in general (Fig.  1) are capable to inhibit platelet 
aggregation and ROS activity induced by thrombin, collagen or other agonists 
(Petroni et al. 1995; Lee 2006; Kim et al. 2012; Crescente et al. 2009). Allicin (from 
garlic), curcumin (from turmeric), catechins (from tea leaves) may help to prevent 
and treat cancer, cardiovascular illness, neuronal degenerative diseases, diabetes, 
infectious (Fig. 1) (Pandey and Rizvi 2009; Pham-Huy et al. 2008).

Phytochemicals as terpenoids, that constitute one of the largest group of natural 
products, mainly extracted from plants, accounting for more than 40,000 individual 
compounds, with several new compounds being discovered every year, have proved 
activity against several cancers, including mammary, skin, lung, forestomach, 
colon, pancreatic and prostate carcinomas. In particular, a large number of triterpe-
noids have been shown to suppress the growth of a variety of cancer cells without 
exerting any toxicity in normal cells and to possess chemo-preventive and 

Fig. 1  Some examples of BACs from vegetable foods
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therapeutic effects against colon, breast, prostate and skin cancer (Thoppil and 
Bishayee 2011). Terpenoids are present in a lot of spices and recently di- and tri- 
terpenoids from different typology of Salvia, showed a multi-target bioactivity and 
antibacterial, hypoglycemic and anticancer properties among the others (Bisio et al. 
2016, 2017). Food-related bioactive compounds and phytochemicals, not only 
attract food industry, but are arising an increasing interest also for applications in 
cosmetics or in medicinal formulations, as skin and hair care products, that could 
positively interact with the biological function of skin and hair, for enhancing their 
beauty and health. Unfortunately, the idea of exploiting the strong potentials of 
foods and related nutraceuticals or phytochemicals for healthy purposes, is not so 
simply viable for many reasons (Ting et al. 2014). Starting from freshly harvested 
edible plants and foods, BACs naturally occurring in the food matrix, can be 
degraded during extraction process or subsequently, from foods processing tech-
niques such as cooking (Bongoni et al. 2013, 2015; Palermo et al. 2014). As a con-
sequence, industrially processed foods often, contain less health-promoting 
compounds than fresh or frozen foods, and therefore, even if extensively consumed 
with the daily diet, they would not contribute to reduce the risk of preventable dis-
eases (Liu 2004; Rao and Rao 2007). In this regard, the main cause for the loss of 
nutraceuticals or phytochemical compounds due to cooking, is thermal decomposi-
tion (Palermo et al. 2014). On the other hand, the rational solution of incorporating 
isolated BACs into commercial food products, in order to increase the bioactive 
compounds concentration and thus preparing BACs-enriched functional foods, as 
well as the appealing idea to formulate BACs in pharmaceutical preparations to 
achieve Food Supplements or food-based therapeutics, are further challenging 
tasks. BACs poor stability and low rate of solubility strongly limit the feasibility of 
such resolutions (Lee et al. 2015; Teleki et al. 2013; Yousuf et al. 2016). Furthermore, 
concerning the actual possibility to exploit BACs as health promoters after inges-
tion, it has to be remembered that, when orally administered, for an effective thera-
peutic result, a bioactive compound needs to reach a proper concentration in blood/
plasma and then in cells and tissues and ideally, for a protracted time. Solubility in 
an aqueous environment, permeability through the epithelial cell membrane and 
molecular interactions in gastro intestinal (GIT) fluids, are therefore additional piv-
otal factors, that strongly influence the route of BACs towards the bloodstream, and 
their final distribution to targets and so their actual bio-efficacy. Unfortunately, the 
majority of these food and plants beneficial constituents are water-insoluble and, in 
whatever form they are orally introduced, if not properly manufactured, rarely they 
manage to reach the site of action in therapeutically effective concentration. In addi-
tion, nutraceuticals and phytochemicals, after ingestion, are recognized as xenobiot-
ics and promptly degraded by the different digestion chemical, enzymatic and 
microbial phases in mouth, stomach, small and large intestine (Ting et al. 2014). 
Then, the survived fraction and the still bioactive metabolites, if they would 
absorbed, frequently undergo fast metabolism and are excreted via renal, biliary or 
pulmonary (Xiao et  al. 2017). In this sense, BACs bio-efficacy is strongly influ-
enced by their chemical nature and unfortunately, evidences assert that, due to the 
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cited drawbacks, after oral intake, BACs reach only the nano/picomolar concentra-
tion range in cells and tissues, i.e. an insignificant dose for getting an efficient 
response in terms of health promotion. All these considerations explain why when 
the activity of BACs upon in vivo studies is evaluated, the most part of them were 
not competent to translate the activities previously demonstrated in vitro. The first 
approach to achieve the required bioavailability rates and to take advantage of BACs 
biological activities, was to resort to higher doses, but even if an improved efficacy 
was showed it was associated also to systemic toxicity (Simion et al. 2016).

In the last decades, for the progress and prosperity of mankind and inspired by 
nature’s creation, that had shaped the essential building blocks of life in nanoscale, 
researchers in many fields, had engineered nanomaterials. So, in order to overcome 
all issues concerning the application of nutraceuticals and phytochemicals as health 
enhancers, nanotechnology and nanostructures with a magnitude of 10−9 m were 
resort to. By the design of structures, devices and systems with controlled shape, 
and size arranged at the nanoscale, several food-grade delivery systems have been 
developed to overcome solubility, permeability and pharmacokinetics drawbacks of 
bioactive nutrients and non-nutrients (Ting et  al. 2014). In the meantime, edible 
food or plants-related nanoparticles were and are designed and developed for acting 
as colour, flavor and preservative additives, in order to improve food shelf life, taste 
and look. In this contest, a number of methods, as particle size reduction, crystal 
engineering, salt formation, use of surfactants, as well as prodrugs design by physi-
cochemical modifications, solid micro- and nano-dispersions, complexation and 
complexation inclusion techniques, have been investigated and implemented (Zuccari 
et al. 2020). Drug Delivery (DD) is a specific engineered technology dealing with 
the development of drugs carriers known as Drug Delivery Systems (DDSs), that 
usually resorts to nanotechnology and to the use of solid nanoparticles for its pur-
poses. Nanoparticles (NPs) are heavy involved in the development of devices capa-
ble to solve the questions related to BACs formulation and delivery, to the 
improvement of BACs solubility, bioavailability and cells uptake, to their protection 
from early degradation and fast metabolism, while minimizing the impact on the 
sensory and quality properties of the BACs-enriched products (functional foods and 
beverage). Already in the 2007, the market of nanotechnology products in the food 
industry concerning food-grade nanosized delivery systems for functional foods 
and food supplements realization, beverages included, as health promoting prod-
ucts, was worth about $ 1 billion, but it was foreseen to grow to more than $20 bil-
lion in the next decade (Chau et al. 2007). Today in 2019, the food and beverage 
sector is a global multi trillion dollar industry and a currently estimate of the global 
economic impact of nanotechnology is projected to be at least $3 trillion by 2020, 
which may employee six million labors in the rising nanotechnology industries 
worldwide (He et al. 2019).

Nowadays, several diverse types of NPs have been industrialized and tested for 
various uses and the numerous nanosized carriers developed for delivering bioac-
tive natural products such as nutraceuticals and phytochemicals in a health 
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promotion frame, are mainly natural materials. However, also biocompatible and 
biodegradable synthetic polymers and copolymers as polyethylene glycol (PEG), 
poly urethane (PUR), poly capro-lactone (PCL), poly lactic-co-glycolic acid 
(PLGA), polyvinylalcohol (PVA) or poly 2-vinyl pyridine (P2VP) are extensively 
under consideration. They are used to form micelles present in many therapeutic 
devices approved by the Food and Drug Administration (FDA) (Guo and Ma 2014). 
As an example, modified PVA polymers were used to encapsulate all trans-retinoic 
acid (ATRA) in polymeric micelles, achieving a ATRA formulations characterized 
by a slow ATRA release, particularly suitable to treat cancer, and endowed wih 
improved cytotoxic activity on neuroblastoma cells (Zuccari et  al. 2005, 
2009). Furthermore, also synthetic biocompatible dendrimers as polyester-based 
ones (Alfei et al. 2017a; Alfei and Castellaro 2017; Alfei and Catena 2018b, 2018c), 
are extensively under evaluation, as promising nano devices to dissolve, deliver 
and protect BACs. Recently, non-cytotoxic hydrophilic and amphiphilic den-
drimers proved to be successful in physically entrapping (Alfei et al. 2018a, 2019a, 
2020c) or covalently linking (Alfei et al. 2020b) bioactive molecules derived by 
foods or plants as ursolic and oleanolic acids, EA and GA, thus providing them a 
defensive support or enclosing them in a protective shell. The nanosized core-shell 
bioactive dendrimer particles so achieved, showed highly improved solubility in 
water or lipids, enhanced Hydrophilic-Lipophilic Balance (HLB) for a better 
absorbability, high degree of biocompatibility and biodegradability with conse-
quent very low cell cytotoxicity. In particular, when the BACs were physically 
entrapped, the BAC-enriched dendrimer was characterized by having a food-related 
functional core and a dendrimer casing (Alfei et al. 2018a, 2019a, 2020c), while 
when BAC was peripheral covalently bound, the dendrimer formulation was typi-
fied by a dendrimer core and a bioactive shell (Alfei et al. 2020b). In addition, the 
drug-loaded dendrimers showed a favorable drug release profile protracted in time 
(Alfei et al. 2018a, 2020b, 2020c) and improved biological activities (Alfei et al. 
2019a, 2019b, 2019c, 2020b, 2020c).

Since the subject of this chapter is very vast, the discussion on synthetic den-
drimers, that represent a unique class of polymer NPs and needs a dedicated dis-
sertation, will not be addressed here and only a few other references to the use of 
dendrimers will be made in the course of this work. This chapter provides an updated 
overview concerning the contribution and the advances of nanotechnology regard-
ing the “wrap” of nutraceuticals and phytochemicals in more bioavailable food- 
grade NPs, for allowing their safe and effective oral administration in the frame of 
medical treatments and for masking eventual unpleasant taste and flavors associated 
to the isolated BACs. In addition, the use of BACs-enriched NPs as smart foods 
ingredients for improving look, taste, quality and resistance to spoilage, along stor-
age of nourishment is also disserted. In this regard, nanoemulsions (NEs), nanosus-
pensions (NSs), nanoencapsulations (NEs), solid NPs-based vehicles as lipid-based, 
saccharide-based, protein-based, natural inorganic-based or synthetic organic-based 
ones, their different production methods and some applicative examples are the 
most topics discussed in this chapter.
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2  Solubility of Bioactive Chemical Compounds (BACs): 
A Pivotal Factor in the Development of Food-Related 
Healthy Products

Solubility is essential for the GIT absorbability of any bioactive chemical molecule 
employed for the development of novel therapeutics. It represents a key parameter 
to achieve the systemic drug concentration necessary for having a significant thera-
peutic response (Vemula et al. 2010). Unfortunately, low aqueous solubility is the 
foremost and limiting issue with the majority of bioactive molecules, if considered 
that more than 40% of the chemicals developed in pharmaceutical industry or natu-
rally occurring in foods and plants are practically water-insoluble (Savjani et  al. 
2012). The aqueous solubility is the factor which most affects the dissolution of any 
bioactive compound in the intestinal fluids and which remarkably contributes to 
their bioavailability (Stegemann et al. 2007). A limited water-solubility translates in 
a low absorption rate at gut level, in a very poor bioavailability and in a trivial blood 
and then tissues concentration. In parallel, the solubility issues of a drug, influence 
also the attempts to formulate them in emulsions for improving their water- 
dispersibility, asking for an excessive use or for very high concentrations of surfac-
tants with the promotion of unpleasant side effects such as GIT irritation (Sivakumar 
et al. 2014; Wang et al. 2014). In this context, engineering nanotechnology works 
extensively to develop powerful solubilizing methods for improving the solubility, 
absorption and bioavailability of BACs, tries to minimize or even avoid the use of 
harmful excipients, solvents, co-solvents, emulsifiers or other additives and oper-
ates for keeping low the manufacturing costs, at the same time. In the field of 
Science and Technology of Foods, specifically regarding the development of nutra-
ceuticals, functional foods and food supplements, the basic objective of nanotech-
nology is to solve the conflict between the exciting and very promising results for 
humans’ health obtained in vitro, by the application of food-derived compounds or 
phytochemicals and the in vivo “miserable” ones.

2.1  Factors Affecting Solubility

The amount of solute that can be dissolved in a solvent depends on various factors 
including temperature, pressure, substances chemical nature and physicochemical 
properties. A brief description of the main aspects that affect chemical molecules 
solubility follows.

Nanotechnology Applications to Improve Solubility of Bioactive Constituents of Foods…



196

2.1.1  Particle Size and Shape

The dissolution rate of a solute strongly depends on particle size and molecular 
symmetry. Unsymmetrical and very small size particles, gifted with large surface 
area, dissolve better. The reduction of particles size and/or the disruption of molecu-
lar symmetry result in an increase in solubility and dissolution rate (Mosharraf and 
Nyström 1995; Pinal 2004; Ishikawa and Hashimoto 2011).

2.1.2  Temperature

The solute molecules are held together by intramolecular attractions that, during 
the dissolution process, are to be broken apart by the solvent molecules. Since the 
solvent kinetic energy increases with temperature, a higher temperature promotes 
dissolution (Feriyanto et al. 2014).

2.1.3  Molecular Weight

Generally, greater the molecular weight of a substance more poor its solubility. 
Organic molecules with a large amount of branching in carbon chains show higher 
solubility and, in a similar way, branched polymers are more soluble of linear ones 
of the same molecular weight, because the branched-chain molecules exhibit 
smaller volume/dimension ratio in solution thus dissolving more readily (Jadhav 
and Pandey 2013; Ravve 2013).

2.1.4  Molecular Polarity

The solubility rate strongly depends on intermolecular attractive forces solute/sol-
vent that must be greater than the intramolecular ones, i.e. solute/solute. Then, gen-
erally, polar solutes/substances are dissolved by polar solvents, and nonpolar 
substances are dissolved by nonpolar solvents.

2.1.5  Physical Form

Molecules arranged in amorphous forms possess greater aqueous solubility than the 
crystalline ones. Different polymorphs have different solubility and consequently, 
the study of polymorphic forms is become important due to its strong influence on 
the physicochemical properties of the bioactive substances, their solubility and sub-
sequently their therapeutic outcomes. (Raza et al. 2014).

S. Alfei



197

2.1.6  pH of the Medium

Both hydrophilic and lipophilic compounds exhibit different solubility at different 
pH values. Weak acids and weak bases undergo an ionization reaction in solution. 
The ionized form of substance will be more soluble in water.

2.1.7  Presence of Stabilizers/Emulsifiers

The emulsifiers, are surface-active compounds encompassing a head hydrophilic 
group and a lipophilic tail and are able to reduce the interfacial tension between the 
oil and water interface and to increase the both phases solubility (Krog 1977).

3  Techniques and Approaches for Enhancing Solubility 
and Bioavailability of Poorly Water-Soluble Bioactive Food 
Constituents and Natural Products (BACs)

BACs solubility can be altered through Particle Engineering Techniques (PETs) and 
Formulation Approaches (FAs). By taking into account of factors influencing mol-
ecules solubility (Sect. 2.1), PETs aim at modifying the physicochemical properties 
of poorly soluble substances by their rearrangement in very smaller sized and so 
more soluble particles, possibly without employing additives as stabilizers or 
surfactants.

Smaller particles with improved solubility can be achieved through the use of 
specific techniques such as mechanical particle-size reduction (wet-milling, dry- 
milling, high-pressure and ultra-high-pressure homogenization), cryogenic particle 
engineering (freeze-drying, spray freezing) (Kale et al. 2014; Koshy et al. 2010), 
nanoprecipitation, nanosuspension and supercritical fluid processing (Kale et  al. 
2014; Morales et al. 2016).

Formulation approaches (FAs) concern instead the formulation of the BACs in 
solutions which consist of a mixture of water/oil phases, stabilizers, solvents/co- 
solvents and other excipients. With such approaches, solid formulations, lipid for-
mulations, as emulsion based drug delivery systems and amorphous formulations, 
as amorphous solid dispersions (Merisko-Liversidge et al. 2003; Pouton 2006) have 
been achieved by using spray drying, milling and other techniques.

More in general, emulsion and double-emulsion solvent extraction, spray- drying, 
freeze drying, liquid anti-solvent and solvent evaporation techniques are the most 
conventional ones and all of them allow the production of BACs-loaded micropar-
ticles (MPs) and nanoparticles (NPs), but, except for spray-drying and freeze dry-
ing, they have the disadvantage to be generally associated with high residual solvent 
content and low encapsulation efficiency.
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Furthermore, excluding only freeze drying, all the mentioned techniques could 
evoke thermal degradations, are multi-stage processes and in most cases, they 
require a micronisation step in order to generate the desired particle size and size 
distribution. Micronization techniques, usually by air jet milling, often cause the 
production of cohesive, electrostatically charged products with occasional crystal-
lographic defects (Majerik et al. 2004).

On the contrary, the untraditional supercritical fluid extraction processes, even if 
more expensive, offer an alternative single-step advantageous method, that allow to 
prepare micronized dry powders with controllable physical properties including 
particle size, morphology, crystallinity and residual solvent content, with reduced 
operations time (Jung and Perrut 2001).

Highly advantageous and very useful nanomaterials with high degree of solubil-
ity, can be obtained by the use of Solid Nanoparticles Delivery Systems (SNDSs), 
either through the BACs physical entrapment or through the formation of covalent 
bonds. In such a way, BACs-loaded NPs endowed with a number of features, that 
can promote a valid oral administration, in terms of BACs availability and GIT 
absorbability, have been prepared.

Thanks to the very small particles size achievable (the most relevant feature), to 
the surface properties, to the matrix materials and to the compartment structure, by 
using SNDSs, it is also possible to enhance the bio-efficacy of phytochemicals and 
of food-related compounds (Kumari et al. 2014). The higher bioactivity is due to an 
improved dispersion and stability in GIT, to a controlled release rate at the target 
site, to a better transportation through the endothelial cell layer, to an enhanced 
systemic spread and still, to the possibility to control the impact of the microbiota 
metabolism (Xiao et al. 2017).

Furthermore, the reduction of BACs particles size, jointly with the use of poly-
meric NPs, solid-lipid NPs or nanoemulsions as encapsulating devices, may allow 
the target release of the BACs and may improve their cellular uptake by decreasing 
the repulsion factors and/or interfacial tensions (Xiao et al. 2015; Kumar et al. 2015).

Obviously, efficiency and biocompatibility are in general pivotal properties for a 
well working SNDS, but when the BAC to be loaded is a food constituent, a nutra-
ceutical formulation or a phytochemical for oral administration and food uses, the 
SNDS has to be also food-grade.

The main features that the delivery systems for food uses should possess are fol-
lowing summarized (Mcclements 2007).

• Food grade ingredients. A delivering system usable in food industry should be 
manufactured with food-grade, possibly all natural ingredients avoiding the use 
of solvents (Acosta 2009).

• Food incorporation. In the design of functional foods preparation, a SNDS must 
be able to physically incorporate or covalently bind the bioactive compound, 
compacting it in more soluble and stable NPs, that have to be suitable for being 
incorporated into the food matrices with high physicochemical stability and min-
imal impact on the sensory properties of the derivative product (Donsi et al. 2011).

• Protection against degradation. For having a positive feedback in terms of health 
benefits, a BAC should reach the cell in adequate concentration and there, it 
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should survive for a long time. So, another task of the SNDSs is to protect the 
loaded BAC, both from the interaction with the food matrix constituents, that 
might inactivate it and from other environmental degrading agents such as tem-
perature, light, pH, during food manufacturing, storage and processing. In addi-
tion, once ingested, the SNDS must go on protecting the loaded BAC from early 
inactivation by digestion and from fast metabolism (Mcclements 2007).

• Uptake and bioavailability. After the intake with food and upon the transport to 
the sites of action, the BAC-loaded SNDS should promote the cell uptake of the 
encapsulated compounds (Acosta 2009). In addition, a controlled release in 
response to specific environmental stimulus may be appreciable 
(Mcclements 2007).

• Industrial scalability. The SNDSs should be easily produced on large scale 
(Donsi et al. 2010).

3.1  Further Insight Into the Advantages From the Use 
of SNDSs

Once loaded in food-grade SNDSs, a bioactive phytochemical and/or food constitu-
ent initially water-insoluble, can be easily dispersed in aqueous media (Pan et al. 
2013) and in parallel, it results protected against oxidation, acidic and alkaline deg-
radative conditions present in stomach and small intestine respectively, thanks to the 
outer shell of the host material (Hu et al. 2012; Zou et al. 2016).

This can help in preserving also in vivo, the bioactivity that BACs have proved in 
in vitro investigations. In fact, because critically affected by poor solubility and 
stability issues of BACs in GIT conditions, often the results achieved after BACs 
oral administration don’t match the promising ones valuated in vitro.

Resorting to SNDSs can help in nullifying this conflict, thus allowing to exploit 
BACs properties. When loaded in NPs, BACs may more easily reach the specific 
tissues affected by pathophysiological situations in adequate concentrations and 
exert their benefits. In designing a SNDSs-based strategy, that aim at the effective 
oral administration of BACs, the physicochemical features of the materials used to 
develop NPs in relation to the NPs digestibility in the gastric or intestinal tracts, are 
key issues that should be addressed to predict and plan the release sites and meth-
ods, according to the needs (Xiao et al. 2017).

In addition, it must considered, that the drug loading efficiency, that in turn 
affects the final release of BACs and their bioavailability and bioactivity, is strongly 
influenced by the drug-loading method. To better understand the concept, some situ-
ations are following illustrated.

Starch-based NPs are digested at oral level by the activity of amylase, while 
polysaccharide and protein/polysaccharide NPs are degraded in the small intestine, 
due to variations of pH and salt concentrations, that occur in the GIT lumen during 
the separate stages of digestion (Zou et al. 2016). Accordingly to these degradative 
processes the BACs release happen.

Nanotechnology Applications to Improve Solubility of Bioactive Constituents of Foods…



200

Similarly, lipid nanovesicles release phytochemicals in the small intestine simul-
taneously to the digestion of triglycerides (Xiao et al. 2017). SNDSs can also posi-
tively influence the transport of BACs through enterocytes (by transcellular 
endocytosis for particles between 20 and 1000 nm), by modulating residence time, 
the efficiency of transportation pathways and by controlling the metabolic reactions 
undergone by such compounds within endothelial cells.

The surface charge of NPs could be responsible of the formation of hydrogen 
bonds with the mucosal surfaces, contributing to a momentary retention (Barua and 
Mitragotri 2014), while the presence of surface cell-penetrating ligands could con-
tribute to enhance transmembrane transport efficiency (Xiao et  al. 2017), with a 
positive influence on the effectiveness and bioactivity of transported material.

By using NPs equipped with a lipid phase (o/w or w/o emulsions, liposomes and 
solid-lipid NPs), the bloodstream could be reached via mesenteric lymph and tho-
racic ducts, avoiding hepatic first-pass metabolism with consequent extended shelf 
life of BACs-loaded SNDSs.

4  Engineering Nanoparticles (NPs) Suitable for Food 
Applications: A Nanotechnology Challenge

Today, nanotechnology is widely applied in our everyday life and is changing the 
entire society. It has begun marching into the agriculture and food industry since 
2003, when United States Department of Agriculture published the first roadmap in 
September 9, 2003. Research on this topic has skyrocketed over the last decades.

The rapid development of nanotechnology has been facilitating the transforma-
tions of traditional food and agriculture sectors and the invention of smart and active 
packaging, nanosensors, nanopesticides and nanofertilizers has been covering now 
almost every aspect in the food industry.

Numerous novel nanomaterials, have been developed for improving crop growth 
and monitoring environmental conditions and regarding the topic of this chapter, for 
enhancing food quality, safety, shelf life and for improving solubility and bioavail-
ability of food bioactive ingredients (Acosta 2009; Magnuson et  al. 2011; Wang 
et al. 2014) and phytochemicals also in the frame of health-promoting uses.

An exemplar case is EA, a polyphenol highly widespread in fruits and vegeta-
bles, whose several health-promoting properties, unfortunately associated to a very 
poor solubility and to a number of pharmacokinetic drawbacks, have inspired sev-
eral studies focused on the adoption of appropriate SNDSs to ameliorate its solubil-
ity, Hydrophilic Lipophilic Balance (HLB) and GIT absorbability and in addition, 
to protect it from early metabolism (Zuccari et al. 2020).

In this regard, many researchers have resorted to nanotechnology and to the use 
of NPs. Several EA formulations such as nanosized self-microemulsifying drug 
delivery systems (SMEDDS) and EA-loaded materials, obtained by microencapsu-
lation, nanoencapsulation, complexation or solid dispersion techniques, have been 
prepared (Zuccari et al. 2020; Avachat and Patel 2015; Madrigal-Carballoa et al. 
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2010; Hajipour et  al. 2018; Bulani et  al. 2016; Mady and Ibrahim 2018; Alfei 
et al. 2019a).

In particular, very promising results in terms of water-solubility have been 
achieved using cyclodestrins (Bulani et  al. 2016; Mady and Ibrahim 2018) and 
adopting pectin or polyester-based dendrimers (Alfei et al. 2019a). In order to pre-
pare food-grade edible NPs, nanotechnology resorts to a number of methods, each 
of them featured by advantages or drawbacks.

4.1  Nanosuspension-Based Conventional Techniques

Nanosuspensions (NSs) technology is a formulation approach suitable to improve 
solubility and bioavailability both of hydrophilic (H) and lipophilic (L) bioactive 
compounds (HBACs and LBACs). A NS is a colloidal dispersion of NPs in an aque-
ous media, stabilized by surfactants, sometimes associated with co-surfactants, and 
polymers (Rabinow 2004).

NSs are gifted with high dispersibility and solubility, thanks to the very small 
particles dimension and the emulsified BACs gain an increased therapeutic efficacy 
and a reduced toxicity. NSs-based NPs are suitable for operations of pre- and post-
conjugation strategy, which involve the conjugation of proper ligands, such as anti-
bodies or others, before or after the preparation of the BACs-loaded NPs.

In such a way, a sustained, controlled and target delivery of the loaded BAC can 
be realized, that translates in extra stability in cells and tissues and in better thera-
peutic effects (Liu et al., 2010). The possible conventional approaches to prepare 
NSs can be grouped into two methodologies types, i.e. the top-down and bottom-up 
methods (Fig. 2) (Gao et al. 2011).

Antisolvent
(water) with
surfactantBottom-up

e.g. by
precipitation

BAC Feed
Solution Top-down e.g.

by attrition

Supersatured BAC solution

Nucleation and growth of
BAC nanoparticles

High-share
media milling

Nanosuspension

Fig. 2 Example of the top-down and bottom-up methods to prepare NSs
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The top-down techniques start from materials made of large dimensions particles 
and reduce them to nanoscale size by media milling technique, high pressure and 
ultra-high-pressure homogenization or super critical fluid processes .

The bottom-up approaches start instead from the BACs molecules that, subjected 
to precipitation, melt emulsification, coacervation, inclusion complexation or super-
critical fluids extraction, undergo self-association and self-organization forming 
nanosized materials. Table 1 summarizes the most common conventional top-down 
and bottom-up methods.

4.1.1  Some Application of NS-Based Conventional Techniques

NS inclusion complexation technique was successfully applied for encapsulating 
β-carotene by using n-octenyl succinate-modified starch thus improving its dispers-
ibility, coloring strength and bioavailability (De Paz et al. 2012). Quercetin, a very 
promising antioxidant poorly water-soluble molecule, was instead subjected to 
high-pressure homogenization (HPH) and the NS achieved showed amorphous par-
ticles of nanometric size and enhanced solubility (Karadag et al. 2014). By using 
HPH, spray-drying and maltodextrin as carrier agent, water re-dispersible powders 
with radicals scavenging activity, reducing ability, and oxygen radical absorbance 
capacity, higher than non-treated samples, were easily prepared. These powders 
proved to be suitable for the development of quercetin-based functional food prod-
ucts. By preparing NS formulations, also α-tocopherol solubility and bioavailability 
were enhanced and a stable aqueous NPs (150 nm) suspension was obtained by 
supercritical assisted process (Campardelli and Reverchon 2015).

4.2  Nanosuspension-Based Combined Techniques

In order to ameliorate the performance of the singles bottom-up and top-down tech-
niques, some combination methods were born by merging the two approaches.

4.2.1  NanoedgeTM Technology

The first combination method was the Nanoedge™ technique, by the company 
Baxter Healthcare, i.e. an amalgamation of a micro-precipitation step, followed by 
a phase involving the application of high energy shear forces such as high-pressure 
homogenization by piston-gap homogenizers or sonication. This technique has the 
advantage of getting smaller particle size materials, endowed with greater stability 
in short period of time. Briefly, in this technique, the precipitated suspension (bot-
tom- up phase) is further homogenized (top-down phase) to get smaller and more 
stable particles (80–700 nm). Precipitation is performed in water, using water mis-
cible solvents, such as methanol, ethanol or isopropanol to dissolve the BACs. The 
precipitate particles so obtained, are amorphous or partially amorphous, implying 
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Table 1 Some common conventional top-down and bottom-up methods to prepare 
nanosuspentions (NSs)

Approach 
type Technique

Instruments
Solvents
Additives/polymers Advantages Limitations

Bottom-up Nanoprecipitation 
(solvent/
anti-solvent)a

Mixer (pre-grinding)
Organic solvent, water 
(anti-solvent)
Surfactants

Nanosized 
particles simple 
low cost 
equipment

Only for soluble 
BACs
Residual 
organic solvents

Bottom-up Supercritical Fluid 
Extraction (SFE)

Syringe or diaphragm 
CO2 pumps
Solvents/co-solvents

Nanosized 
particles 
selectivity speedy

High costs

Bottom-up Inclusion 
complexationb,c

Organic solvent, water 
polymer NPs
(β-cyclodextrin, 
β-lactogloglobulin)

Nanosized 
particles masks 
odors/flavors 
preserves aromas 
high 
encapsulation 
high stability

Use limited to 
few materialsb

Bottom-up Coacervationb Organic/aqueous 
solvents polymers, 
chemical/enzymatic 
cross-linker such 
(glutaraldehyde, 
transglutaminase)b

Nanosized 
particles very 
high payloads 
(99%)b controlled 
releaseb sustained 
releaseb

Many 
influencing 
variables

Top-down
(dissocubes)

High Pressure 
Homogenization 
(HPH) at r.t.d

Piston-gap 
homogenizers 
aqueous media 
Surfactants

Nanosized 
particles no 
material erosion 
both for organic 
and aqueous 
solubility 
drawbacks

Pre-processing 
micronization 
thermic 
degradation 
high-cost 
instruments

Top-down
(Nanopure®)

Deep-freeze 
Homogenization
Non aqueous media 
or in water with 
water-miscible 
liquidsd

Piston-gap 
homogenizers
PEG-400, PEG-1000

Nanosized 
particles no 
crystals grow 
short operation 
times long term 
stability

Pre-processing 
micronization 
high-cost 
instruments

Top-down
(IDD-P)e

Jet stream 
homogenizationf

Z-type or Y-type 
collision chamber 
aqueous media 
phospholipids, 
surfactants, stabilizers

Nanosized 
particles no 
crystals grow 
short operation 
times long term 
stability

Pre-processing 
micronization 
thermic 
degradation 
high-cost 
instruments

Top-down Media milling 
technique collisiong

High-shear media 
mills/pearl mills 
aqueous media 
excipients

Nanosized 
particles very 
short batch-to- 
batch variation

Long operation 
times thermic 
degradation

a Patel and Agrawal 2011; b Ezhilarasi et al. 2013; c hydrogen bonding, van der Waals force or an 
entropy-driven hydrophobic effect; d Keck and Müller 2006; e Insoluble Drug Delivery-Particles; 
f Salazar et al. 2014; g Ghosh et al. 2011
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the risk of an undesired recrystallization during the shelf life of the product, causing 
the growth of crystals, that negatively affects solubility, oral availability and phar-
macokinetic. On the contrary, by a further homogenization in the associated second 
step, amorphous particles are completely converted to crystalline smaller ones, 
endowed with greater stability. For the production of final ultrafine sub micronized 
materials, it was reported a slightly modified procedure, that involves the complete 
removal of the solvents before high pressure homogenization phase, by including an 
evaporation step to provide a solvent free modified starting material (Moschwitzer 
and Muller 2006; Lakshmi and Kumar 2010). By performing a “Nanoedge-like” 
technique involving microprecipitation followed by sonication, all-trans retinoic 
acid was formulated in 155 nm sized particles, suitable for oral administration, in 
30′ operations time (Zhang et al. 2006).

4.2.2  H 69 Technology

The H 69 process belongs to the SmartCrystal® technology family and is similar to 
the NanoEdge™ approach. It combines a microprecipitation bottom-up step, that 
involves the dissolution of BACs in a suitable solvent (organic, water-compatible), 
followed by the addition of an aqueous non-solvent for provoking particles nucle-
ation and precipitation, with a top-down phase of HPH for particle size reduction. In 
H 69 method, differently from Nanoedge, the particle formation takes place in the 
high-energy zone of a homogenizer, where the just-formed BACs particles are 
immediately treated with cavitation, particle collision and shear forces. This par-
ticular type of precipitation, which happen almost simultaneously to homogeniza-
tion, is called cavi-precipitation and allows a better control of the particle 
crystallization and permits to stop nucleation avoiding crystal growth and thus 
obtaining highly stable drug nanocrystals in the range 20–900  nm (Müller and 
Möschwitzer 2009). A drawback of this combinative process is that the resulting 
NSs contain organic solvent residues, that need to be removed before further pro-
cessing, just as with the conventional Nanoedge™ technology. H 69 process involv-
ing a cavi-precipitation step, followed by HPH applied on particles in nucleation, 
was performed to formulate resveratrol. Resveratrol is a non-flavonoid phenol 
endowed with remarkable antioxidant power and belonging to the phytoalexins, i.e. 
molecules naturally produced by several plants. Resveratrol is found in great amount 
in the grape skin where acts as plant defense against pathogens such as bacteria or 
fungi. By H 69, it was formulated in particles of 150 nm, suitable for oral adminis-
tration, after 10 cycles HPH at 1200 bar (Sinha et al. 2012).

4.2.3  H 42 Technology

The H 42 process belongs to the SmartCrystal® technology platform again and 
combines a bottom-up pretreatment step, involving BAC precipitation by spry- 
drying (SD) with the usual HPH phase belonging to top-down approaches, for 
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particle size reduction. Briefly, the poorly soluble BAC is dissolved in an accurately 
selected organic solvent, possibly endowed with low toxicity, and added with sur-
factants such as poloxamer or sugars such as mannitol, to improve the results of the 
SD step and to achieve suitable, more breakable BAC powders for the subsequent 
comminution process. The obtained spray-dried BAC powder is then dispersed in 
aqueous media containing surfactants for stabilization purposes and processed to 
NSs by employing HPH forces using a homogenizer equipment. Among advantages 
of H 42 combinative technology, there are relatively short processing times, solvent- 
free dry intermediates and small drug nanocrystals after a reduced number of HPH 
cycles (170–600 nm). Unfortunately, the employment of high temperatures during 
SD could make this technology unsuitable to process thermolabile compounds 
(Möschwitzer 2006; Liu et al. 2012).

A number of experiments were performed by using H 42 technique for achieving 
a nanosized formulation of the antioxidant resveratrol, eligible for oral administra-
tion. The best mean particle size was obtained after only 1 HPH cycle at 1500 bar 
was 200 nm (Liu et al. 2012).

4.2.4  H 96 Technology

The H 96 combinative technology belongs to the SmartCrystal® technology family 
(Abbott/Soliqs, Germany). The bottom-up pre-treatment step involves the freeze 
drying (FD) technique that eliminates the organic solvent content as in H 42, while 
the top-down step for particle size reduction is the high-pressure homogenization 
(HPH) as usually. Poorly soluble BACs are dissolved in a suitable and carefully 
selected organic solvent or in a mixtures of organic solvents and the solutions are 
frozen (e.g., with instant freezing or snap-freezing) with liquid nitrogen. Then, the 
frozen mixtures are subjected to a freeze-drying phase to modify the starting mate-
rial for improving the particle size reduction effectiveness during the subsequent 
HPH (Möschwitzer and Lemke 2006).

The H 96 technology is especially suitable to process thermolabile or expensive 
drugs due to the low temperatures and the high yields of the FD. Its drawback is the 
extension of the lyophilization step.

4.2.5  Combination Technology (CT)

The CT technology is the only combinative process that does not employ organic 
solvents and merges two top-down approaches by combining a low-energy pearl 
milling step and the usual HPH phase for particle size further reduction. The top- 
down pre-treatment of BACs involves the milling of their aqueous macrosuspen-
sions achieving, in general, drug particle sizes between 600 nm and 1500 nm. The 
subsequent homogenization process improves the homogeneity of the NSs, reduces 
the particles size in the range 250–600 nm and enhances their physical stability dur-
ing storage by avoiding crystal growth (Keck et al. 2008). Other advantages related 
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to this technology are the possibility to reduce the homogenization pressure and 
process length, even if particles with sizes relatively bigger if compared to the other 
combinative technologies, are achieved.

Hesperidin is a glycosylated flavanone found mainly within citrus fruits and 
especially abundant in the peel and pulp. According to in vitro studies, it is an anti-
oxidant and when introduced in the human diet, has proven to be a valid vasoprotec-
tor by increasing the efficiency of collagen and connective tissue but, the in vivo 
application of hesperidin for therapeutic purposes is limited by its very poor solubil-
ity. By using CT technology, after only five homogenization cycles at 1000 bar, the 
hesperidin was processed obtaining NPs with a mean particle size of 599  nm, 
improved solubility and long-term stability (Kobierski and Keck 2008) suitable 
both for oral administration and topical application. Hesperidin nanocrystals can be 
found in the Platinum Rare cosmetic product (La Prairie, Switzerland).

Rutin and apigenin are others very poorly soluble BACs belonging to flavonoids 
class and are endowed with antioxidant power and with potentials for applications 
in pharmaceutical and cosmetic products. Rutin is found in a wide variety of plants 
including citrus fruit, while apigenin is found in many fruits and vegetables, but 
parsley, celery, celeriac, and chamomile tea are the most common sources. To ame-
liorate their solubility and enhance their skin penetration capability both rutin and 
apigenin were processed with the CT technology. By a pearl milling step followed 
by only 1 cycle HPH at 100 bar, more soluble rutin NPs of about 600 nm, suitable 
both for oral and topical administration, were achieved. Similarly, apigenin 275 nm 
NPs were obtained after 1 cycle HPH at 300 bar. As an example, rutin nanocrystals 
were present in a cosmetic product launched by Juvena, Switzerland (Keck 
et al. 2008).

CT technology could drastically reduce the number of homogenization cycles 
which is more cost-effective and in addition, is suitable for scaling-up (Al Shaal 
et al. 2010).

4.3  Emulsion-Based Techniques

Emulsions (EMs) technology is a formulation approach suitable for enhancing solu-
bility and bioavailability of orally administrable HBACs and LBACs, both for phar-
maceutical and functional food applications. By using EMs technology, the bioactive 
molecules are encapsulated in small droplets mixing an aqueous phase (w) and an 
oil one (o) and obtaining water in oil (w/o), oil in water (o/w) or bi-continuous col-
loidal dispersions, stabilized by specific additives such as pharmaceutical surfac-
tants, co-surfactants, emulsifiers Generally Regarded As Safe (GRAS). Oils used in 
EMs preparation include Captex 355, Captex 8000, Witepsol, Myritol 318, Isopropyl 
myristate, Capryol 90, Sefsol-218, triacetin, isopropyl myristate, castor oil, olive 
oil, etc. In w/o dispersions, aqueous droplets containing water-soluble HBACs are 
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dispersed in an oil medium; in o/w dispersions, oil droplets containing LBACs are 
dispersed in an aqueous medium; in bi-continuous colloidal dispersions, micro 
domains of oil and water are inter-dispersed in the system. While w/o EMs are bet-
ter choice for HBACs, LBACs are preferably solubilized in o/w EMs. The so 
obtained emulsion-based delivery systems are able to protect the entrapped com-
pounds and to realize their controlled release at the target site ideally also in a con-
trolled and sustained way (Chakraborty et  al. 2009; McClements and Li 2010). 
Surface charge of NPs obtained by EM-based techniques could affect both the per-
meability and the integrity of biological barriers. Then, NPs surface ionization, 
achievable by using properly charged surfactants, is a double-edged sword that has 
to be considered. Proper surface ionization could be useful, because it can be 
exploited for enhancing NPs capability in crossing the biological membranes like 
the Blood Brain Barrier (BBB) in order to achieve higher BACs concentrations at 
the target site and higher therapeutic efficiency. On the contrary, an excessive num-
ber of charged groups on NPs surface, could provoke severe damage to cells by 
disrupting permanently the protective barriers. In this regard, reported studies have 
revealed that neutral NPs and low concentration anionic NPs, can be successfully 
utilized as colloidal drug carriers to brain with good efficiency and trivial damage, 
while cationic NPs have an immediate toxic effect at the BBB (Lockman et al. 2004).

The emulsion-based delivery systems can be divided into microemulsions (MEs) 
and nanoemulsions (NEs), based on the emulsion droplets size (Table 2). A third 
type of EM is known as Self-Emulsifying Drug Delivery System (SEDDS) and a 
detailed description is reported in Sect. 4.3.3.

4.3.1  Microemulsions (MEs) Preparation Methods

In MEs preparation, the treated BACs arrange in colloidal dispersions by spontane-
ous self-assembling, that occurs mixing the water phase, the oil phase, BACs dis-
solved in the suitable phase and stabilizers (> 20%), such as surfactants, often 
associated to proper co-surfactants, only by applying gently stirring (low energy 
methods) or by acting on temperature (phase inversion temperature) and without 
additional application of mechanical devices (Flanagan and Singh 2006). However, 
in order to speed up the process, or to overcome energy barriers, an additional 
energy can be applied by using colloidal mills or homogenizers. As already reported, 
in o/w MEs, oil droplets are dispersed in aqueous media, in w/o MEs water droplets 
are dispersed in oil media while in the bi-continuous MEs micro domains of oil  
and water are inter-dispersed in the system. Droplets size is not exceptionally small 
(< 0.1 mm) but MEs possess good stability thanks to the very poor tendency of 
droplets to re-aggregate along storage time. ME features depend on pH, tempera-
ture, packing ratio, type of additives or physicochemical nature of BACs. The three 
methods mainly used for MEs formation are reported in Table  3 (Flanagan and 
Singh 2006).
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4.3.2  Nanoemulsions (NEs) Preparation Methods

NEs can be obtained both by low energy and high energy techniques. Low-energy 
techniques don’t involve the use of additional mechanical devices and make use of 
two approaches known as “phase inversion temperature” and “phase transition” 
methods associated with gently stirring. In this case, the emulsion droplets forma-
tion occurs by self-assembling as in MEs, but nano-dimensioned in the place of 
micro-dimensioned droplets can be achieved. High-energy methods need the use of 
mechanical devices (Table  3) and strong agitation. However, in both cases, NEs 
stability results lower than in MEs, because the very small droplets initially obtained, 
tend to re-aggregate along time with formation and growth of undesired great crys-
tals. Droplets size depends on the type of stirring device used, the operating condi-
tions and the BACs physicochemical properties (Qian and McClements 2011).

4.3.3  Self-Emulsifying Drug Delivery Systems (SEDDS)

SEDDSs are suitable for delivering, via oral administration, bioactive food-derived 
compounds (BACs), food-grade chemicals additives and more in general drugs. 
These systems are anhydrous pre-concentrated nanodispersion systems, obtained 
by drying up a mixture made of an oil phase, surfactants, co-surfactants/co-solvents 
and lipophilic BACs through proper procedures, i.e. spray drying or freeze drying 

Table 2 Significant details about Microemulsions (MEs) and Nanoemultions (NEs)

Emulsion 
type

Average 
droplet 
size

Not suitable 
BACs

Advantages Additivesa Solution features
Suitable 
BACs

MEsb <0.1 mm Very high 
MWc BACs

↑solubilityb

↑bioavailabilityb

↑shelf-life

Surfactantsd 
co-surfactans 
Stabilizers (> 
20%)

thermodynamically 
stable transparent 
isotropicHBACs/

LBACs, H/L 
food additives, 
H/L bioactive 
cosmetics

NEse 100–
500 nm

High melting 
BACse

↑solubilitye,f

↑stabilitye,f

↑shelf-lifee

↑bioavailabilitye

↑drug loadinge

Surfactantsd 
co-surfactans 
stabilizers 
(5–10%)

isotropic, transparent, 
kinetically stable

HBACs/
LBACs, H/L 
food 
additives, H/L 
bioactive 
cosmetics

a  Food-grade additives are required; b Flanagan and Singh 2006; c MW  =  Molecular Weight; 
d Lecithins (phosphatidylcholine, phospatidylethanolamine, phospatidylinositol), saponins, fatty 
acids sorbitan esters (sorbatin monostearate/monolaurate); e Chime et al. 2014; f Odriozola-Serrano 
et al. 2014
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(Ezhilarasi et al. 2013). This powder materials spontaneously will arrange in col-
loidal EMs when combined with water or with GIT fluids (Lee et al. 2017). The 
isotropic mixtures of SEDDSs represent a nanotechnology solution adopted for the 
design of formulations aiming at improving the oral absorption of highly lipophilic 
drug compounds. SEDDSs can be in turn classified into Self-Nanoemulsifying 
Drug Delivery Systems (SNEDDSs), whose droplets size is <50  nm and Self- 
Microemulsifying Drug Delivery Systems (SMEDDSs), whose droplets size ranges 
from 100 to 200 nm (Singh et al. 2009). These delivery systems can be taken orally 
through capsules filled with gelatin or together with water (Fig. 3).

When the SEDDS will meet water, by small agitation or GIT fluids, by the diges-
tive motility of the stomach and intestine, the nanosized oil in water droplets (o/w) 
will form. The efficiency of oral absorption of a BAC from the SEDDS depends on 
many formulation-related parameters, such as surfactants concentration, oil/surfac-
tant ratio, polarity of the emulsion, droplets size and charge, all of which in essence 
determine the self-emulsification ability. Actually, there are only few products on 
the pharmaceutical market, formulated as SEDDSs, confirming the difficulty of for-
mulating hydrophobic drug compounds into such formulations. Various physico-
chemical properties of the BACs, such as pKa, log P, molecular structure and weight, 
presence and quantity of ionisable groups have considerable effects on the perfor-
mances of SEDDSs. BACs gifted with low therapeutic dose are ideal drug candi-
dates for SMEDDSs. The Self-Double-Emulsifying Drug Delivery Systems 
(SDEDDSs) are novel self-emulsifying formulations, which represent a further evo-
lution of conventional SEDDSs (Singh et al. 2014). Like SEDDSs, SDEDDSs can 
self-emulsify with GIT fluids, but they form water-in-oil-in-water (w/o/w) or oil- 
water- in-oil double emulsions. The main advantages associated to the use of 

Fig. 3 Schematic process for preparation of SEEDSs and of NE formation
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SEEDSs are: oral bioavailability improvement, easiness of manufacture and possi-
bility of easy scale-up, ability to deliver peptides, delivery not effected by lipid 
digestion process, high drug loading capacity. As an example, a SDEDDS loaded 
with epigallocatechin-3-gallate (EGCG), i.e. a hydrophilic flavonol, and α-lipoic 
acid, endowed with improved photo-stability in respect of free EGCG was success-
fully prepared by Hu et al. (2015).

4.3.4  Some Application of NE-Based Techniques

NEs-based delivery systems have been extensively used for encapsulating herbal 
drugs, plant extracts or their bioactive chemical entities, as well as vegetable food 
bioactive constituents that, when administered without proper carriers, are instable 
in highly acidic pH and liver metabolism. Due to this instability, they are unable to 
reach therapeutic concentration in the blood, resulting in less or no therapeutic 
effect. On the contrary, by manufacturing in NEs, degradation or pre-systemic 
metabolism and severe side effects due to their accumulation to the non-targeted 
areas, have been minimized, while therapeutic efficacy and safeness have been 
improved. In addition, the administration also in the pediatric and geriatric patients 
was authorized (Chime et  al. 2014). Lipid NEs containing oils from medicinal 
plants, have evidenced improved drug solubility, reduced side effects, increased 
bioavailability and prolonged pharmacological effects in comparison to other tradi-
tional formulations. NE techniques were used to encapsulate in nanosized droplets, 
BACs known as turmeric or curcumin (diferuloylmethane) and dibenzoylmethane 
(a structural analog of curcumin). Curcumin (E100, in the European code of food 
additives), is an extract from Curcuma longa and, in the food and cosmetic sector, 
is used primarily as a food coloring. It has a yellow color similar to that of saffron. 
As cosmetic, it is identified by Color Index: C.I. 75,300 or from Natural Yellow 3. 
In addition, curcumin can also be considered as a phytochemical to be used as 
GRAS food supplement according to FDA, because it is endowed with several 
health properties. Turmeric is an integral part of the folk medicine of many coun-
tries in Southeast Asia, where it is commonly used to treat biliary disorders, jaun-
dice, anorexia, cough, diabetic ulcers, liver disorders, rheumatism, inflammation, 
sinusitis, menstrual disorders, hematuria, and hemorrhage. Curcumin is also used as 
an antiseptic, analgesic, antimalarial and insect repellent. Triacylglycerol was 
selected as oil phase and Tween-20 as emulsifier to formulate curcumin in 
NE. Curcumin NE proved to exert reduced toxicity, improved bioavailability and 
bioactivity and especially strong anti-inflammatory properties (Wang et al. 2008; 
Cheng et al. 2001; Simion et al. 2016).

Other polyphenols of pharmacological interest such as tannins, stilbenes and fla-
vonoids (Scalbert and Williamson 2000), that in vitro have manifested antioxidant 
activity exploitable to counteract OS, have been encapsulated in NEs. The poor 
antioxidant activity showed in vivo by epigallocatechin gallate, when formulated in 
a suitable emulsion composition, has resulted increased without any toxicity issue 
(Koutelidakis et al. 2012). Bioactive lipids and carotenoids were formulated as NEs 
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and when they were delivered, more protection against autoxidation and an increased 
bioaccessibility were respectively observed. Furthermore, NEs were used to protect 
lactic acid bacteria and to restore the proper microbiota in diverse intestinal diseases 
conditions (Martínez-Ballesta et al. 2018).

Some examples of emulsion-based devices up today prepared for delivering 
some bioactive foods-derived constituents (BACs) are reported in Table 4.

A number of studies were performed aiming at enhancing bioavailability and 
effectiveness of polyphenols food constituents such as EA form fruits and vegeta-
bles, for dermatologic applications with the aim at treating skin diseases or at pro-
tecting skin from toxic agents. In this regard, crucial is the BACs capacity to 
permeate the skin layers deep down. Ethyl acetate fractions of Pomegranate peel 
polyphenols were emulsified with pomegranate seed oil (as oil phase) achieving 
polyphenols-loaded NEs suitable for topical applications. Once applied onto the 
skin, NEs allowed the mixture of polyphenols, including EA, to mange to permeate 
the skin barrier, to reach the viable epidermis and dermis layers and the deeper skin 
layers and there, to act as anti-photo-aging cosmetic helping to avoid or delay UV 
radiation damage (Baccarin and Lemos-Senna 2014).

Lemongrass essential oil (LEO) is a volatile and hydrophobic concentrate 
extracted from the leaves and stalks of the lemongrass plant, i.e. a tropical and 
grassy plant commonly used in cooking, but also considered as herbal medicine. 

Table 4 Emulsion-based delivery systems for bioactive food-derived constituents (BACs)

BACs Method Surfactant(s) Results Reference

Carotenoids
(Paprika Oleoresin)

Solid self- 
microemulsifying 
carotenoid systems 
(S-SMECS)

Tween 80 ↑solubility Chow et al. 
2015

Lutein MEs-based Tween 80 ↑solubility
↑bioavailability

Amar et al., 
2003

SNEDDS Labrasol, 
TranscutolHP/
Lutro-E400a

Yoo et al. 
2010, 
Shanmugam 
et al., 2011

Polymethoxyflavones
(PMFs)

High Pressure 
Homogenization 
(NEs-based)

Tween 20
Tween 85

↑dissolution rate Li et al. 2012

β-Carotene High Pressure
Homogenization 
(o/w NEs-based)

Tween 20 ↑emulsion 
stability
↑solubility
↑bioaccessibility

Yuan et al. 
2008
Qian et al. 
2012

Lycopene MEs-based Ethoxylated 
sorbitan esters, 
3GIO, SML

↑solubility Spernath et al. 
2002, Ha 
et al. 2015

Quercetin SNEDDS Tween 80, PEG 
400

↑solubility Tran et al. 
2014

Abbreviations: 3GIO – triglycerol monooleate, SML – sucrose monooleate, PEG – polyethylene 
glycol; a co-surfactants
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LEO has a powerful citrus scent and it’s often found in soaps and other personal 
care products as flavour. Although lemongrass has traditionally been used to treat 
digestive problems and high blood pressure, nowadays it’s becoming a popular tool 
in aromatherapy to help relieve stress, anxiety, and depression. LEO, like many 
other essential oils (EOs), has also proven to be an effective natural antimicrobial 
agent and gained particular interest and wide acceptance by consumers due to its 
relative safety, as well as its eco-friendly and biodegradable properties. Unfortunately, 
LEO and EOs in general, due to the high susceptibility of their labile phytochemical 
constituents to autooxidation, tend to degrade easily, losing activity and providing 
smelly or even harmful compounds, responsible for allergic reactions and skin irri-
tation. This fact limits the potential of EOs as therapeutics in their free form and in 
addition, EOs high volatility, their particular odor/flavor and price restrict EOs 
introduction in food preparations or in food packaging, with antimicrobial and pre-
servative purposes. By resorting to nanotechnology and by incorporating LEO into 
NE formulations, its undesired sensory impact has been reduced, while enhancing 
its antimicrobial activity. In the specific case, edible NEs containing LEO were 
developed, in order to achieve a coat packaging for protecting plums, that are cli-
macteric perishable fruits, with a short shelf life. More in general, the carnauba wax 
and LEO NEs prepared, that proved to inhibit the growth of foodborne pathogens as 
Salmonella spp. and  E. coli, could represent smart nanosized food ingredients for 
preserving nourishments from degradative spoilage, provoked by bacteria action 
and for extending their shelf life (Kim et al. 2013).

Similarly to LEO, other EOs have been subjected to modifications by nanotech-
nology and converted in nanoparticles formulations for improving their antimicro-
bial activity and for extending food shelf life, minimizing the growth of foodborne 
pathogens and some examples are reported in Table  8 at the end of the follow-
ing Sect. 4.4.

4.4  Biocompatible and Biodegradable Solid 
Nanoparticles Vehicles

Besides poor solubility and low bioavailability, the most bioactive nutraceuticals 
and phytochemicals, after oral administration, suffer from a number of pharmacoki-
netic drawbacks, that translate in poor absorption at gastric or intestinal levels, in 
early degradation, as a result of the GIT digestion and in a fast metabolism, that in 
the complex, furtherly limit their effectiveness and clinical applications as health 
promoters.

During last decades, the research was focused on the development of food-grade 
carriers for overcoming all these barriers. According to the results retrieved in recent 
years, BACs nanoencapsulation by using solid NPs with diameters ranging from 1 
to 100 nm, as delivering carriers, manages to enable higher concentrations of BACs 
in cells and tissues, by increasing their solubility, by reducing early inactivation, fast 
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metabolism and rapid excretion and by allowing a slowdown delivery (Momin et al. 
2013). Given these advantages, in order to increase the benefits for health deriving 
from a normal intake of BACs with a conventional diet, with an additional inges-
tions of effective dosages of BACs, the research on the engineering nanotechnology 
known as Drug Delivery, is unceasingly boosted, to optimize their antioxidant, anti-
radical and antitumor abilities and their pharmacokinetic profile.

Solid NPs developed, including dendrimer NPs, embody a high number of sur-
face functional groups, available for chemical reactions and host/guest interaction 
both with HBACs and LBACs (Khan et al. 2017; Alfei et al. 2017a, 2018b, 2018c) 
and in addition, provide inner cavities able to accommodate hydrophobic bioactive 
molecules (Fig. 4).

Thanks to the chemical or physical interactions that can occur between the nano-
carriers (host molecules) and BACs (guest molecules), high surface area formula-
tions with enhanced solubility may be prepared. In such complexes (dendriplexes if 
the host molecules are dendrimer solid NPs) or conjugates, NPs act as nanocontain-
ers and protective envelopes that can opposite GIT digestion and as permeability 
enhancers able to promote GIT absorption and bioavailability of the guest mole-
cules (Bengoechea et al. 2011; Berton-Carabin et al. 2013; Cerqueira et al. 2014). 
Furthermore, nanosized high molecular weight particles carriers, typically increase 
the systemic drug/carrier complex retention time, allowing the BACs to reach unal-
tered the specific sick areas, where their liberation will provide health benefits with 
higher bio-efficiency (Kaminskas et  al. 2011). Moreover, using solid NPs, addi-
tional constraints compromising stability, shelf life and effective bioactivity of 
BACs, such as the effect of light, temperature or oxygen can be minimized (Weiss 
et al. 2006; Neethirajan and Jayas 2011).

Currently, there are different types of solid nanosized delivery systems, whose 
classification depends on their physicochemical nature, production method, proper-
ties, free energy, interactions type and forces typology etc. (Khan et al. 2017). To 
date, the most adopted NPs for food-derived bioactive compounds encapsulation are 
non-synthetic lipid-based delivery systems (solid–lipid NPs, liposomes, micelles 
and niosomes), protein-based polymeric NPs, oligosaccharides-based 
(cyclodestrins), polysaccharides-based, metal oxide-based and clay-based NPs. 
Due to their specific structural properties, low cost and non-toxic nature, these 
nanosystems are considered more suitable carriers for the delivery of food constitu-
ents than synthetic polymeric ones (Harde et al. 2011). Nevertheless, also others 
biodegradable synthetic organic polymers and biodegradable and biocompatible 
synthetic dendrimers, as polyester-based ones, known for their nonpareil properties, 
could be considered eligible as food-grade delivery systems, for realizing a thera-
peutically effective administration of BACs. These natural or synthetic solid NPs, if 
necessary, may be used also for masking unpleasant sensory properties often associ-
ated to isolated BACs, for authorizing their utilization as tasteless ingredients to 
prepare food supplements, functional foods or as flavourless additive for preserving 
food from early degradation, foodborne bacteria attack and for improving food 
qualities. Polycationic, anionic or uncharged dendrimer NPs are extensively under 
investigation for formulating nutraceuticals in nanosized materials, both by physical 
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Fig. 4 Examples of polycationic hydrophilic (a), polycationic  amphiphilic (b) and uncharged 
four generation (c.1) and fifth generation (c.2) biocompatible dendrimer NPs (Alfei et al. 2017a, 
2017b, 2018b, 2018c). In panel (b), A = arginine, S = sarcosine and L 0 lysine
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interactions and covalent links, in order to improve their solubility and bioavailabil-
ity, with healthy purposes (Shadrack et  al. 2018; Abderrezak et  al. 2012). Very 
recently, non-soluble triterpenoids extracted by spices and poorly water- soluble poly-
phenols from fruits  as EA and GA, have been successfully loaded on synthetic 
polyester-based dendrimer nanoparticles, achieving a number of different hydro-
philic and amphiphilic water-soluble complexes (Alfei et al. 2018a, 2019a, 2020c) 
and a hydrophobic nanosized conjugate with GA (Fig. 5). Among the complexes, 
the EA and GA-enriched dendrimers proved enhanched radical scavenging activity 
and antioxidant power, while the GA-conjugate, in addition to show an improved 
antioxidant effect, proved to be more fats-compatible than GA and to be endowed 
with biological activities higher than those of not conjugated GA (Alfei et al. 2019b, 
2019c, 2020b).

 In particular, it proved significant antibacterial effects and remarkable activity in 
inhibiting platelet aggregation and intraplatelet ROS production (Alfei at al. 
2019c),  thus representing a very promising alternative, as therapeutic devices 
against bacterial growth, thrombosis, OS and associated diseases. In additon, thanks 
to its compatibility with fats and oils, it showed to be a well performant preservative 
additive against auto-oxidative spoilage of some phytochemicals such as essential 
oils (Alfei et al. 2019b). An overview on the natural solid NPs commonly adopted, 
either as food-grade delivery systems of BACs with health promotion purposes, or 
for preparing nanosized edible ingredients, helpful to enhance shelf life, taste, fla-
vour and quality of foods, has been reported below. An additional discussion on the 
most conventional synthetic organic polymers, employed for similar purposes, is 
also provided.

4.4.1  Lipid-Based Nanoparticles (LNPs) (Naseri et al. 2015)

Lipid-based NPs include Solid-Lipid Nanoparticles (SLNPs), Liposomes (LPs), 
Micelles (MICs), that in turn encompass Normal Micelles (n-MICs) and Inverse 
Micelles (i-MICs) and Niosomes (NIOs) (Fig. 6).

Fig. 5 Schematic representation of the hydrophobic polyester-based dendrimer NPs conjugated 
with gallic acid (GA) and the relative SEM images, showing a rather perfect spherical morphology
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4.4.1.1 Solid-Lipid Nanoparticles (SLNPs)

The development of solid-lipid NPs (SLNPs) is one of the emerging fields of lipid 
nanotechnology (Pardeshi et  al. 2012; Mashaghi et  al. 2013). In the last years, 
SLNPs have become the most popular and commercially available NPs for deliver-
ing lipophilic food-derived functional compounds (LBACs), thanks to their natural 
composition and biocompatibility. A SLNP has a typical spherical morphology and 
an average diameter between 10 and 1000 nanometers, easily detectable by 
Transmission Electron Microscopy (SEM) (Gregoriadis 1990). SLNPs, differently 
from NEs, that possess an external lipid monolayer shell enclosing a liquid lipid 
core, are made of an analogous external lipid monolayer but with a solid-lipid core 
matrix, that can solubilize lipophilic molecules (Fig. 7) and the lipid core is stabi-
lized by surfactants and emulsifiers.

Lipid composition and the surfactant properties could influence SLNPs stability 
and size. The most common lipids used to get SLNPs include triglycerides (e.g. 
tristearin), diglycerides (e.g. glycerol bahenate), monoglycerides (e.g. glycerol 
monostearate), fatty acids (e.g. stearic acid), steroid molecules (e.g. cholesterol) and 
waxes (e.g. cetyl palmitate) (Blasi et al. 2007). Concerning stabilizers, practically 
all classes of emulsifiers (with respect to charge and molecular weight) have been 
adopted to stabilize the lipid dispersion. It has been found, that the combination of 
more emulsifiers might prevent more efficiently particles agglomeration, which is 
one of the crucial drawbacks related to SLNPs. A typical percentage fat/aqueous 
medium ratio of 0.1:30.0 (w/w) is considered the best choice to develop SLNPs 
(Thatipamula et al. 2011).

Fig. 6 Examples of Lipid-based Nanoparticles
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4.4.1.2 Liposomes (LPs)

Liposomes (LPs) are nanosized artificial vesicles obtained by mixing phospholipids 
and cholesterol that, from years, are considered of remarkable interest as immuno-
logical adjuvants and drug carriers (Gregoriadis 1990; Alving 1991). LPs are made 
of a lipid bi-layer enclosing an aqueous core (Fig. 6). They proved structural versa-
tility and possess high capacity in encapsulating diverse BACs also with wide range 
of polarities by including them either into the aqueous core of the phospholipid 
vesicle or at the bilayer interface (Sharma and Sharma 1997). When orally adminis-
trated, they can also preserve the included materials from the deleterious activity of 
external factors, such as enzymes and degrading agents of the GIT (Chaize et al. 
2004). Furthermore, LPs obtained from natural lipids, are biodegradable, biologi-
cally inactive, non-antigenic, non-pyrogenic and don’t present intrinsic toxicity 
(Vanrooijen and Vannieuwmegen 1980; Campbell, 1983). Until very recently, the 
use of LPs were primarily directed at the target drug delivery, but today, the abilities 
of liposomes are being discovered also in other settings. LPs are extensively used by 
the pharmaceutical industry to control the release of several bioactive compounds as 
drugs, vaccines and enzymes for the prevention of several pathological situations 
(Zhou and Neutra 2002; Matteucci and Thrall 2000; Mady et al. 2004). Recently, 
LPs have attracted rising consideration as delivery systems for food-derived bioac-
tive compounds and nowadays a number of food-related manufacturing companies 
are pioneering the potentials of this unique science towards this novel application. 
Presently, LPs are being implemented for the specific oral delivery of certain dietary 
and nutritional supplements. Unfortunately, also LPs suffer from some drawbacks 
as instability in plasma (Koo et al. 2005) but, in this regard, new insights into the 
mechanisms of transendothelial pathways of LPs, improvements in LP-mediated 
drug delivery evasion systems and sterically stabilized LPs have been developed 
(Yuan et al. 1994).

Fig. 7 Comparison between a SLNP and a NEs
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4.4.1.3 Micelles (MICs)

Micelles (MICs) are very slim, spherical lipid particles in the range of 10–100 nm, 
whose formation occurs usually in aqueous solutions (Kataoka et al. 2001), but also in 
an oil medium MICs can form. MICs, that are formed in aqueous solution, are Normal 
Micelles (n-MICs), e.g. PEG-PLGA micelles in water medium. They are able to solu-
bilize LBACs in the non-polar inner core. Differently, Inverse Micelles (i-MICs) 
assemble in oil solution, e.g. PLC-P2VP micelles in oleic acid medium, and are capa-
ble to solubilize HBACs in the polar inner core (Fig. 6). As examples of pharmaceuti-
cal applications, micellar delivery systems are extensively employed as successfully 
carriers of antitumor drugs for allowing the intravenous administration of hydropho-
bic drugs, avoiding to resort to solubilizing adjuvants, which has been associated with 
the appearance of toxic symptoms (Kloover et al. 2004). Unimolecular MICs exhibit 
a maintained distribution thanks to a pH- sensitive drug release and have been described 
for the administration of rapamycin (Chen et al. 2013). Paclitaxel micellar formula-
tions, consisting of PEG and modified poly-aspartate as hydrophobic block, showed 
cytotoxicity in a range of human tumors (Matsumura and Kataoka 2009).

MICs can also be exploited to improve bioavailability and systemic residence 
time of bioactive phytochemicals and nutraceuticals. MICs are able to protect them 
from early inactivation reactions by surrounding factors, are gifted with high load-
ing capacity and good stability (Kataoka et  al. 2001; Gong et  al. 2012). Many 
aspects could influence the release of BACs from MICs, i.e. the MIC intrinsic stabil-
ity, the BACs diffusion rate, the partition coefficient, the copolymers biodegradation 
rate, BACs concentration within the MICs, BACs molecular weight and physico-
chemical features and BACs location within the MICs (Kwon and Okano 1996; 
Teng et al. 1998). Nevertheless, BACs release can be also voluntarily provoked in 
the target area by local stimuli, as variation of pH, temperature or by application of 
ultrasounds or light (Rapoport 2007). In such a way, a more efficient BACs internal-
ization and localization within the separate cell compartments, where the biological 
activity of the compounds carried is actually required, could be obtained. Entrapping 
BACs in MICs, by gaining a high BACs concentration specifically at the organic 
site affected by pathological situations and a low level of side effects relative to 
systemic administration, very higher therapeutics advantages can be achieved (Zia 
et al. 2010; Mikhail and Allen 2009).

4.4.1.4 Niosomes (NIOs)

Niosomes (NIOs) are lipid-based lamellar nanostructures (Fig. 6), similar to LPs 
but not charged, that are formed by merging non-ionic surfactants, such as alkyl or 
dialkyl polyglycerol ethers and cholesterol (Malhotra and Jain 1994). NIOs repre-
sent an alternative to LPs for enhancing oral bioavailability of compounds with 
limited absorption. NIOs, thanks to their uncharged structure, result in being less 
toxic for cells providing overall a more beneficial therapeutic effect (Uchegbu and 
Vyas 1998). NIOs vesicles are osmotically active and stable, act as a reservoir 
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system and could provide the delivery of bioactive compounds in a controlled and 
sustained way along time. NIOs possess potentials also for different therapeutic 
applications such as diagnostic imaging agents (Jain et al. 2005; Balasubramaniam 
et al. 2002; Gude et al. 2002; Shahiwala and Misra 2002; Uchegbu and Vyas 1998).

4.4.2  Some Application of Lipid-Based Nanoparticles (Martínez-Ballesta 
et al. 2018)

Essential oils (EOs) are important volatile and easily degradable plant derived bio-
active compounds with interesting benefits. They are endowed with analgesic, seda-
tive, anti-inflammatory, spasmolytic and anesthetic properties and have showed 
promising potentials for the prevention of chronic pathologies or infectious dis-
eases. Microemulsion (ME) methods are successful in providing protection to EOs 
and in inhibiting and/or delaying EOs degradation, but seem to be no competent to 
enhance their therapeutic activities such as the antimicrobial one. On the contrary, 
by the nanoscale technology, a slower delivery and a higher cell permeability, espe-
cially in the skin layers, was achieved. In particular, by using lipid-based NPs, EOs 
were entrapped in the core of the nanostructure, achieving EOs-loaded lipid NPs 
that showed the capability to reach different types of cells and proved an increased 
activity. Similar results (He et al. 2019) were achieved by the nanoencapsulation of 
ferulic acid, that is a hydroxycinnamic acid phytochemical abundant in plant cell 
walls, and tocopherol, that instead is an essential nutrient belonging to the lipophilic 
vitamins, present in many foods and also known as Vitamin E. Both these com-
pounds are endowed with remarkable antioxidant power and if efficiently adminis-
tered can exert activities to counteract OS and related diseases.

Recently, a new type of compounds has emerged, i.e. plant oxylipins, phytopros-
tanes and phytofurans, which derived by the non-enzymatic oxidation of linolenic 
acid. It has been suggested that bioavailability and biological activity of such com-
pounds is based on their structural analogy with human eicosanoids (Pinciroli et al. 
2017; Domínguez-Perles et  al. 2018). These lipid phytochemicals are capable to 
migrate into fatty acids-based micelles which in turn contribute to their better solu-
bility and subsequent cellular transportation (Xiao et al. 2017).

A dermal delivery system involving EA-loaded niosomes, was prepared by using 
a mixture of Span 60 and Tween 60 (2,1), with 15% PEG 400 as solvent. It exhibited 
very high percentage of entrapment and high efficacy in delivering EA to human 
epidermis and dermis (Junyaprasert et al., 2012).

4.5  Oligosaccharide-Based Nanoparticles: Use 
of Cyclodestrins

Cyclodestrins (CDs) represent a form of delivery system suitable for interesting 
applications in the development of novel formulations for preparing functional 
foods, food supplements, innovative food-related therapeutics and smart food 
packaging.
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CDs are commonly used as host molecules for implementing the monomolecular 
inclusion complex technique. CDs are cyclic oligosaccharides consisting of six 
(α-cyclodextrin), seven (β-cyclodextrin), eight (γ-cyclodextrin) or more glucopyra-
nose units which are linked by α-(1, 4) bonds (Del Valle 2004). They are obtained 
through enzymatic degradation of amylose by the enzyme cyclodextrin glucosyl 
transferase, which causes one intramolecular reaction with formation of cyclic α-(1, 
4) compounds. CDs has a truncated cone structure and can accommodate hydropho-
bic molecules inside their hydrophobic interior cavity characterized by the presence 
of several CH2 groups. On the contrary, their outer side, rich in OH groups, repre-
sent a hydrophilic layer thank to which, CDs are endowed with high water-solubil-
ity (Fig. 8).

CDs are able to improve solubility, chemical stability and resistance at the exter-
nal environment degradative action of the guest molecules transported. Furthermore, 
CDs allow unpleasant taste and flavor modification and a controlled release of 
drugs (Linde et al. 2009; Marques 2010). From a toxicological point of view, low 
doses of CDs are well tolerated by humans, but high doses may cause some adverse 
effects such as diarrhea and soft stools. Among CDs, β-CDs are currently the most 
exploited for drug delivery purposes due to their diameter that is suitable for a num-
ber of non- polar bioactive guest molecules (Astray et  al. 2009; Del Valle 2004; 
Marques 2010).

Fig. 8 Chemical structure, spatial arrangement and size of naturally occurring cyclodestrins
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4.5.1  Techniques to Prepare CDs Inclusion Complexes (CD-ICPXs)

Different methods are available to prepare the inclusion complexes (ICPXs) of 
poorly water soluble BACs using CDs as host molecules (Patil et al. 2010) and the 
basic details are reported in Table 5 (Recharla et al. 2017).

4.5.2  Some Applications of CDs in Food Industry

CDs, and especially β-CDs, are extensively used as carriers suitable for applications 
in food, pharmaceutical and cosmetics industry. Researchers have been reported 
several β-CDs applications for forming inclusion complexes with food-derived bio-
active compounds. The most of these studies report the improvement of stability, 
shelf life and water solubility of flavonoids or of other plant bioactive compounds 
by their encapsulation in the CDs inner hydrophobic core cavity (Pinho et al. 2014).

Table 5 Most common methods for preparing CD-ICPXs

Method type
Mixing
Physical state Solvent Drying Instruments Preparation steps

Physical blending mechanical
powder

No No Mixer Mixing

Kneading method mechanical
paste

Water 
Water/
alcohol

Yes Kneading 
machine

CDs pasting
BAC addition
mixing drying

Co-precipitation 
method

mechanical
solutions

Solvent 
(BAC)
Water 
(CD)

Yes Magnetic 
mechanical 
stirrer

dissolutions 
precipitation 
drying

Ball Milling 
technique

mechanical
solid state

No No Mechanical 
oscillatory mill

Mixing

Spray drying 
methoda

---
solutions

Solvent 
(BAC)
Water 
(CD)

No Spray dryer dissolutions
Spray drying

Freeze-drying 
techniqueb

----
solution

Solvent 
(BAC)
Water 
(CD)

No Freeze dryer dissolutions
Freeze drying

Supercritical 
anti-solvent 
technique

mechanical 
solutions/gas 
CO2

Solvent 
(BAC)
Water 
(CD)
CO2 
(anti- 
solvent)

No Magnetic 
mechanical 
stirrer

dissolutions 
precipitation 
solvent extraction

a  non-suitable for thermosensitive compounds; b  suitable for thermosensitive compounds; c  by 
employing CO2
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Linoleic acid (LA) is a polyunsaturated ω-6 fatty acid abundant in many nuts, 
fatty seeds (flax seeds, hemp seeds, poppy seeds, sesame seeds) and in their derived 
vegetable oils comprising over half of poppy seed, safflower, sunflower, corn, and 
soybean oils. The consumption of LA is vital to proper health, as it is an essential 
fatty acid. Due to its abundant double bonds, LA may be easily oxidized providing 
molecules such as 9-hydroxyoctadecanoic acid and 13-hydroxyoctadecanoic acid, 
that have shown to activate the capsaicin receptor, thus playing a major role in 
hyperalgesia and allodynia, an inflammation form with negative health effects. By 
using CDs, the thermal stability of the linoleic acid and its resistance against the 
environmental degradation factors were increased (Hadaruga et al. 2006). The sta-
bility and solubility of resveratrol were improved by resveratrol– β-CDs inclusion 
complexes formation (Lucas-Abellán et al. 2008). Carotenoids, from red bell pep-
per extracts, were instead encapsulated into 2-hydroxypropyl-β-CD, succeeding in 
enhancing their water solubility (De Lima et al. 2016). Lycopene (Lyc) (from sola-
num lycopersicum or tomato) is an acyclic isomer hydrocarbon of β-carotene, con-
taining 11 conjugated double bonds and 2 non-conjugated. Lyc belongs to the 
carotenoid group and is commonly used as a colorant food additive identified by the 
abbreviation E160d. It is synthesized by plants and microorganisms, but not by 
animals and possesses also antioxidant properties. Given the presence of double 
bonds, Lyc easily undergoes spoilage by trans-cis isomerization induced by light, 
thermal energy and chemical reactions and due to its lipophilicity it is not water- 
dispersible in GIT fluids. Nano-sized lycopene-β-CD complexes were prepared by 
solution-enhanced dispersion using supercritical fluids (SEDS) process (Nerome 
et al. 2013) that promoted dispersion of Lyc in water (Nerome et al. 2013). In addi-
tion, several more available polyphenols-enriched nanomaterials were obtained by 
using CDs and are listed below (Fang and Bhandari 2010).

Hesperetin and hesperidin-loaded HP-β-CD, resveratrol-enriched maltosyl-β- 
CDs were prepared; olive leaf extract (rich in oleuropein) were loaded into β-CD, 
quercetin and myricetin were entrapped into HP- β-CD, maltosyl-β-CDs and β- 
CDs; kaempferol, quercetin and myricetin were encapsulated in HP-β-CD while 
α- and β-CDs were loaded with 3-hydroxyflavone, morin and quercetin. Moreover, 
rutin-enriched β-CD, curcumin-loaded HP-β-CD, quercetin and myricetin-loaded 
HP-β-CD and ferulic acid-loaded α-CD were successfully achieved.

Adopting CDs, EA water solubility was increased by four (Bulani et al. 2016) 
and later by five (Mady and Ibrahim 2018) times. Concerning the first case, a freeze- 
dried inclusion complex of EA/β-cyclodextrin (EACD) was prepared by hydrogen 
bonding interactions and EA accommodation in the β-CD cavity. The solubility and 
in vitro anti-inflammatory activity of EA was significantly enhanced by complex-
ation with β-CD. In the second case, β-CD-based nanosponges (CDNSs) have been 
utilized, both to improve the solubility of EA and to control its release. Using β-CD 
and dimethyl carbonate (DMC) as cross-linker, EA nanosponges (EA-NSs) of 
423 nm with low polydispersity index (0.409) and high zeta potential (−34 mV), 
which manifested the construction of a stabilized colloidal nanoformulation were 
prepared. EA-NSs showed a loading % of about 69, a dissolution efficiency of 
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50 μg/mL, and a controlled in vitro release of about 24 hours and studies on animals 
displayed an improvement in the oral bioavailability of EA.

Amino acids as well as hydrolyzed soy proteins are endowed with unpleasant 
bitter taste that affect their use in preparing functional foods or food supplements as 
beverages, that result acidic. According to a study by Linde et al. (2009) and the 
judge from a panel of trained tasters, by including the amino acids in α-CDs and by 
the formation of amino acid inclusion complexes, the bitter taste perception of the 
amino acids can be altered and the bitter taste from hydrolyzed soy protein can be 
reduced, thus indicating a general high potential use of CDs for debittering protein 
hydrolysates in acidic beverages.

4.6  Polysaccharide-Based Nanoparticles

Polysaccharide-based NPs (PNPs) can be considered as another valuable alternative 
for improving solubility of BACs and for realizing their transport, controlled and 
protracted release ideally where necessary (Singh and Lillard 2009). PNPs are 
appropriate also for improving stability of food constituents, in order to use them for 
developing fortified functional foods (Joye et al. 2015) and for preparing bioactive 
smart foods ingredients to enhance food shelf-life, quality, look and sensory proper-
ties (Yu et al. 2018).

PNPs can be prepared starting from natural hydrophilic polysaccharides such as 
alginate, chitosan, hyaluronic acid, pectin and cellulose derivatives (hydroxyethyl 
cellulose and carboxymethylcellulose), that may form macroscopic hydrogels at 
sufficiently high concentrations in the presence of cross linkers or other substances 
inducing polymer-polymer interactions (Fig. 9).

PNPs can be achieved by four categories of preparation methods, which include 
covalent crosslinking, ionic crosslinking, polyelectrolyte complexation, and self- 
assembly (Liu et al. 2008; Nitta and Numata 2013; Fojan et al. 2006). As cross- 
linkers, tripolyphosphate sodium salt (PPT) or ZnCl2 anhydrous are commonly 
used. BACs can be physically entrapped during NPs formation, covalently attached 
to the precursor materials, or absorbed at the NPs after preparation. In order to 
achieve long shelf-life bioactive PNPs, NPs are often freeze-dried, in the presence 
of a suitable cryoprotectant or spray-dried into a microparticulate powder. With the 
first process, non-applicable to thermolabile BACs, nanomaterials suitable for oral 
administration as suspensions are achieved, while with the latter one, a fine powder 
suitable also for direct administration by inhalation or for compression into tablets 
can be obtained (Vauthier and Bouchemal 2009). A combination of spray-freezing 
and freeze-drying techniques has been also described, by directly processing the 
frozen NPs achieved from the first step in a freeze-drying second step.

PNPs possess high affinity to mucosal layers of cell present in the respiratory 
tract and GIT (Lemarchand et al. 2004) that promotes higher permanence in such 
compartments, with a high bio-efficiency. PNPs are classified into polyelectrolytes, 
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in turn divided into cationic, anionic and neutral subtypes, and non-polyelectrolytes 
(Liu et al. 2008) on the bases of their intrinsic charge.

By encapsulating a bioactive compound using these materials, the transported 
BAC is covered by a polysaccharide coat that, in addition to exert protection against 
early degradation, recently has demonstrated to be able to interact with specific 
receptors in cells and tissues promoting cellular up-take and site-specific controlled 
targeting (Lemarchand et al. 2004).

4.6.1  Cationic Polyelectrolytes: Chitosan

Chitosan is made of repeated units of D-glucosamine and is non-toxic and biode-
gradable. It is a bio adhesive material and therefore, thanks to its mucho-adhesive 
nature, allows a controlled release of encapsulated agents and their prolonged resi-
dence time at the site of absorption (Salatin and Jelvehgarim 2017).

Chitosan, thanks to its positive charge, is able to complex negative charged mac-
romolecules, avoiding toxic solvents during preparation, and allows the administra-
tion of several types of bioactive compounds, also food derived, for treating diseases 
in several body compartments such as nasal, oral, ocular and dermal (Amidi et al. 
2010). In addition, chitosan NPs can be easily modified by introducing ligands that 
contribute to a more rapid and efficient interaction with cells membranes for an 
improved delivery efficiency (Duceppe and Tabrizian 2010).

Fig. 9 Schematic representation of the process to prepare polysaccharide-based NPs
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4.6.2  Anionic Polyelectrolytes: Alginate, Heparin, Pectin, 
and Hyaluronic Acid

PNPs based on alginate, heparin, pectin and hyaluronic acid sodium salt belong to 
anionic polyelectrolytes NPs. As far as alginate is concerned, it is endowed with 
biocompatibility, biodegradability, non-antigenicity, and mucho-adhesive features 
(You and Peng 2005; Ojea-Jiménez et al. 2012; Sun and Tan 2013). Since BACs 
encapsulation occurs thank to host/guest electrostatic interaction, these NPs are par-
ticularly suitable for incorporating positively charged compounds. A combination 
of alginate and chitosan is an alternative system for enhancing the circulation time 
of the BACs delivered. Pectin, is a hydrophilic food compatible polymer, naturally 
occurring in several fruits (fruits fiber) and often used in food industry as thickener 
excipient in jams preparations. It is a safe ingredient with no limit on the acceptable 
daily intake and has reported potential beneficial and prebiotic properties (Chan 
et al. 2017; Holscher 2017).

Concerning hyaluronic acid NPs, this acid as sodium salt, is highly soluble and 
stable in aqueous medium, is non-toxic and non-immunogenic. Hyaluronic acid is 
particularly suitable to target delivery anticancer drugs, because it has affinity to 
hyaluronan receptors, which are highly expressed in tumor cells.

4.6.3  Neutral Compounds

Neutral PNPs are made of uncharged polysaccharides such as dextran, maltodex-
trin, pullulan etc. (Salatin and Jelvehgarim 2017).

In these uncharged materials, the presence of hydroxyl groups is the most respon-
sible in modulating the incorporation of BACs in the base skeleton. Dextran was 
used to develop delivery systems able to escape the reticuloendothelial system and 
therefore, endowed with enhanced systemic residence time and circulation perma-
nence, which may promote the efficiency of the delivered BACs (Salatin and 
Jelvehgarim 2017).

Maltodextrin is a water-soluble complex carbohydrate obtained through chemi-
cal hydrolysis processes from the breakdown of cereal starches (corn, oats, wheat, 
rice) or tubers (potatoes, tapioca). If oral administered, it has a neutral and not very 
sweet taste, it is easily digestible and is usually well tolerated and consequently, it 
is eligible to encapsulate food related bioactive constituents.

Maltodextrins consist of glucose molecules ordered in more or less long poly-
mer chains. The chains length provides the parameter that allows to identify and 
classify maltodextrins, basing on their dextrose equivalence (DE), starting from 
2–4 up to 19. The higher the DE, the shorter the polysaccharide chain. Maltodextrins 
have a digestive behavior similar to that of glucose and are excellent substitutes for 
dextrose and for this reason, in the late eighties, the bodybuilding industry used it 
massively to increase the intake of carbohydrates in the diet without resorting 
to sugar.
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4.6.4  Some Applications of PNPs in Food Industry

Chitosan has been used as a wall material to encapsulate an olive leaf extract (OLE) 
and, after spray drying, OLE-loaded microspheres, with a loading percent in poly-
phenolic compounds of 27% and a smooth surface morphology, were achieved 
(Kosaraju et al. 2006). OLE resulted physically entrapped into the chitosan matrix. 
Chitosan was used to encapsulate other polyphenols, endowed with antioxidant 
properties, such as GA (Cho et al. 2011) and caffeic acid (CA), obtaining bioactive 
food-grade particles with maintained antioxidant power, while by entrapping EA, 
chitosan-based NPs eligible as anti-hemorrhagic agents were achieved 
(Gopalakrishnan et al. 2014).

Yerba mate (Ilex paraguariensis) from Aquifoleaceae family, is a South American 
native species, whose leaves and stems are commonly used by the local population 
to prepare an infusion beverage with perception of benefits. In effects, yerba mate is 
gifted with a remarkable bioactive fraction that encompasses the presence of alka-
loids as xanthines and methylxanthines, including caffeine and theobromine, sapo-
nins and polyphenols, known for their stimulating, anti-obesity, anti-hyperlipidemic, 
anti-inflammatory, anti-oxidative actions. Studies have shown that yerba mate pos-
sesses the beneficial properties of improving lipid metabolism and of counteracting 
OS, provides protective effect against oxidative damage to lipids and DNA, miti-
gates lipid peroxidation in blood vessels and ameliorates the metabolic unbalance 
events associated with diabetes (Rocha et al. 2018). Yerba mate extracts (YME), 
containing 62 mg of GA/g yerba mate, have been encapsulated with two different 
matrix systems, i.e. calcium alginate and calcium alginate-chitosan (Deladino et al. 
2008). The extracts loading (%) was higher in the alginate beads (85%), than in 
chitosan coated beads (50%), while the YME release was faster from chitosan- 
covered formulation, than from the alginate one. The results highlight that polyphe-
nols are better retained into alginate matrix, but after re-dispersion in water, the 
maximum YME release is allowed in a shorter time by the chitosan coated beads 
and therefore that, the wall materials play a key role in the release profile of the 
natural antioxidants of yerba mate and more in general of loaded BACs.

In the recent past, there has been an explosion of probiotic health-based prod-
ucts. Probiotics are microorganisms that improve intestinal microflora when 
released in specific regions of the GIT. Unfortunately, many reports indicate that, in 
these products, there is poor survival of probiotic bacteria and in addition that, the 
survival of these bacteria in the human GIT system is questionable. Providing pro-
biotic living cells with a physical barrier against adverse environmental conditions 
is therefore appeared a valuable approach of considerable interest. So, the technol-
ogy of microencapsulation of probiotic bacterial cells was evolved and by alginate- 
starch encapsulation, probiotics delivery systems, that manage to improve probiotics 
storage stability, shelf-life and resistance to acidic pH, were prepared. The success 
of the encapsulation process was further improved by the use of supercritical carbon 
dioxide method, that allows to avoid the exposure of “active” microbiotics to water, 
oxygen, solvents or heat that are deleterious for their survival (Vidhyalakshmi 
et al. 2009).
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Maltodextrins are widely used for encapsulating flavours (Bhandari 2007) and 
polyphenols. The ethanol extracts of black carrots, which contain high levels of 
anthocyanins, have been spray-dried using maltodextrins of 20–21 DE as carriers 
and coating agents, achieving at the end of drying process a powder with very high 
anthocyanins content (Ersus and Yurdagel 2007). Maltodextrins can also be mixed 
with gum arabic as additional wall material. A mixture of maltodextrins (60%) and 
gum arabic (40%) has been used for encapsulating procyanidins from grape seeds 
(Zhang et al. 2007). Procyanidins are members of the proanthocyanidin (or con-
densed tannins) class of flavonoids that, among others, are gifted with antioxidant 
powers. The encapsulation efficiency was up to 89%, and the procyanidin properties 
were not changed during conventional drying, but through spray-dry technique the 
stability of the products was furtherly improved.

In a recent work, low methoxyl pectin was exploited to improve water solubility 
of EA, the well-known polyphenol present in several fruits and vegetables and 
endowed with several recognized heathy properties, among which a strong antioxi-
dant power. In order to ameliorate its insignificant water-solubility that limits its 
biomedical applications, EA was physically entrapped in a pectin matrix by the 
spray-drying technique, achieving a solid microdispersion with a drug loading of 
22% (w/w) and a water solubility increased by thirty times (Alfei et al. 2019a). This 
EA formulation is suitable both to prepare fine suspensions for oral administration 
of EA at a high dosages (i.e. as food supplement) and to be used as an ingredient in 
functional food preparations as beverages. In in vivo evaluations on mice, the EA 
microdispersion administered thorough EA-enriched pomegranate juice, proved to 
produce beneficial properties and to be tasty, palatable and well-tolerated (Turrini 
et al. 2019b).

Pectin, the natural fiber of fruits, proved to be an excellent material carrier for 
performing the spray drying also of sticky materials. Pectin from citrus fruit, has 
been used as an encapsulating agent for entrapping bioactive compounds extracted 
from Hibiscus sabdariffa L. by using spray-drying technique. The main bioactive 
compounds in H. sabdariffa L. extract are polyphenols, or more specifically, the 
anthocyanin complexes. By the encapsulation process were combined into one mul-
tipurpose functional food, two bioactive products, i.e. the fruit fiber endowed with 
beneficial activities on cholesterol metabolism and colonic functions and the anti-
oxidant polyphenols. With this strategy, a novel nutraceutical product suitable for a 
variety of applications in functional food manufacturing, has been created (Chiou 
and Langrish 2007).

Gluten protein is a by-product from wheat starch isolation, that has been arising 
great interest as bioactive ingredient, to develop fortified functional foods. Gliadin, 
that represent half of the gluten protein, was formulated in NPs by using liquid anti- 
solvent precipitation, that proved to be still unstable in conditions relevant to food 
products. Then, the gliadin-based NPs prepared, were further coated with different 
polysaccharides such as low methoxyl pectin (LMP) and high methoxyl pectin 
(HMP), achieving PNPs with mean particle size of about double that of uncoated 
ones, and the charge reversed from positive (uncoated) to negative (coated) that, as 
reported, tends to cause less damage to cells. Thanks to the polysaccharide pectin 
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coating, the stability of the gliadin NPs to environmental stresses, such as pH, ionic 
strength and thermal treatment, was remarkably improved providing stable func-
tional ingredients for uses in the food industry, as texture modifiers, lightening 
agents or delivery systems (Joye et al. 2015).

4.7  Protein-Based Nanoparticles

Protein-based NPs (ProNPs) may be prepared through several methods including 
desolvation, coacervation, emulsification, nanoprecipitation, spray-drying, NP 
albumin- bound technology, self-assembly, electro-spraying, salting out and 
crosslinking.

The most used proteins to obtain ProNPs could belong both to animal proteins 
such as gelatin, collagen, albumin, casein and silk protein and vegetable ones as 
zein, gliadin and soy protein.

Even if very numerous, all encapsulation methods are based on the precipitation 
of the protein macromolecules dissolved in a suitable solvent and this occurs when 
the protein solubility in the adopted solvent decreases by adding a non-solvent or by 
changing the physicochemical parameters of the protein solution, such as pH, salin-
ity or temperature (Miladi et al. 2014).

To the proteins water solutions, a desolvating agent, like alcohol or acetone, is 
often added under stirring, in order to promote the dehydration of the protein, that 
changes its conformation from stretched to coil.

Crosslinking methods allow to achieve a sustained drug delivery and to increase 
the stability of the protein. Different types of chemical, ionic, thermal and enzy-
matic cross-linkers are usually used in ProNPs preparation and 8% glutaraldehyde 
aqueous solution or Calcium phosphate are extensively adopted (Fig. 10).

Unfortunately, often cross-linkers are not removed properly, representing a con-
cern, because residual cross-linkers can induce toxicity to biological systems.

An additional worry is the washing step, which requires dialysis process, thus 
being time consuming. To address this issue another method of crosslinking, based 
on irradiation was investigated and introduced. ProNPs were exposed to γ-irradiation 
in phosphate buffer (pH 7.2), in the absence and/or presence of ethanol and metha-
nol at 30% and 40% (v/v), and the results showed that irradiation has a significant 
effect on particle size.

By controlling the irradiation dose, crosslinking density and subsequently the 
particle size could be controlled. This innovative method allows to produce ProNPs 
in a one-step procedure, along which, simultaneous crosslinking and sterilization 
may be achieved (Tarhini et al. 2017).

The utility of using of ProNPs as delivery systems for food constituents and 
phytochemicals is supported by several argumentations and the main ones are 
listed below.
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 (1) simple manufacturing
 (2) absence of requirement of emulsification performance
 (3) compatibility with the high pressure emulsification processes
 (4) high freeze–thaw stability (Zhu et al. 2017)
 (5) loading capacity trackable by ultraviolet (UV)-spectrophotometry, fluorescence 

spectrophotometry or high performance liquid chromatography (HPLC)

By resorting to diverse classes of proteins, different types of NPs have been devel-
oped, making use of a plethora of laboratory approaches.

Each of them possesses advantages and constraints, but in respect of many other 
NP carriers suggested for drug delivery, ProNPs present various advantages that 
were listed below again.

 1) abundance of proteins in nature
 2) suitability to be transformed
 3) absence of strong deleterious effects concerning the biological systems in which 

they are applied
 4) susceptibility to modifications due to the occurrence of functional groups
 5) possibility to achieve the desired bio distribution
 6) biocompatibility
 7) capacity of carrying the selected molecules
 8) stability (Tarhini et al. 2017)
 9) possibility to add hydrophilic polymers (PEG) for improving circulation resi-

dence time (Kaul and Amiji 2004)
 10) capacity to stabilize food-grade Pickering emulsions (Zhu et al. 2017)
 11) suitability for applications in frozen food (Zhu et al. 2017)
 12) suitability for functional food formulations (Zhu et al. 2017)

Fig. 10 Schematic representation of a casein-based NP
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ProNPs are classified on the base of their origin (animal or plant proteins) and on 
the base of the diverse types of benefits and constraints associated to proteins prov-
enance. Toxicity and/or infections associated to their application are related only to 
animal proteins, while plant proteins, due to their hydrophobic characteristics, lack 
of toxicity and have a lower economic cost (Tarhini et al. 2017)

Table 6 reports schematically the main protein-based nanoparticles features.

4.7.1  Some Applications of ProNPs in Food Industry

Gelatin is an animal protein containing many glycine, proline and 4-hydroxyproline 
residues. By using gelatin (type A), protein-based microcapsule loaded with epigal-
locatechin gallate (EGCG), have been produced using the layer-by-layer (LbL) 
assembly method (Shutava et al. 2009). The EGCG content of the protein/polyphe-
nol film material obtained was as high as 30% w/w and EGCG retained its antioxi-
dant activity also in the LbL assemblies (Shutava et al. 2009). Gelatin was also used 
to bind GA, thus increasing its stability with a maintained bioactivity (Cirillo et al. 
2010). Zein, is a vegetable protein belonging to the prolamine group, contained in 
the seeds of cereals and in particular in corn. Zein was exploited to prepare 
EA-loaded biodegradable hollow zein NPs (70 nm) in order to mediate efficient oral 

Table 6 The most remarkable ProNPs features

Protein-based nanoparticles (ProNPs)

Why as delivery systems simple manufacturing by just heating protein solution
absence of requirement of emulsification performance
compatibility with the high pressure emulsification process
high freeze–thaw stability
good drug loading capacity (DL)
DL isoelectric point dependent
DL instrumentally predictable and trackable

Constraints Toxicity and/or infections (Animal ProNPs)
Advantages abundance of proteins in nature

suitability to be transformed
absence of strong deleterious effects
susceptibility to modifications
possibility to achieve 
desired

biodistribution
biocompatibility
capacity of carrying selected 
molecules
stability

possibility to add hydrophilic polymers (PEG)
capacity to stabilize food Pickering emulsions
applicability in frozen food
suitability for food formulations
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delivery of EA (Ruan et al. 2018). Firstly EA-loaded NPs made of a nano dispersion 
of EA/sodium carbonate were prepared by co-precipitation method. Subsequently, 
these first EA-NPs, were further encapsulated in other hollow-zein-NPs, by using 
triethyl citrate as a natural plasticizer. The EA/Na2CO3 nanodispersion initially pre-
pared became the core in the final NPs. The optimized EA-hollow plasticized zein 
NPs (EA-HTZN) exhibited a dimension of 72 nm, good stability, high drug loading 
capacity and significantly improved permeation ability in vitro. In addition, oral 
administration of EA-HTZN showed to be effective against inflammation in 
carrageenan- induced mouse paw edema model and to be endowed with better phar-
macokinetic parameters.

Rennet-gelled protein and whey protein gel particles were adopted to encapsu-
late probiotics microorganisms in order to protect them from degradation and diges-
tion in stomach. Delivery systems were achieved, that manage to improve probiotics 
storage stability, shelf-life and resistance to acidic gastric pH. Supercritical carbon 
dioxide extraction method was performed to avoid the exposure of the “active” 
microbiotics to detrimental water, oxygen, solvents or heat, thus improving the via-
bility of the precious microorganisms (Vidhyalakshmi et al. 2009).

4.8  Inorganic-Based Nanoparticles

An alternative and efficient approach for the encapsulation of BACs is represented 
by inorganic materials as silica nanoparticles (SiNPs) (Deligiannakis et al. 2012) 
and gold-nanoparticles (AuNPs) (Rattanata et al., 2016). Inorganic NPs based on 
metals oxides, such as SiO2, MgO, and TiO2, are extensively applied for obtaining 
bioactive materials to be used as anti-caking agents, food flavor carriers and food 
color additives, and are approved also by the U.S. FDA (He et al. 2019). Titanium 
dioxide (TiO2) or E171, in the European codification of food additives, is a crystal-
line, colourless compound tending to white, commonly found as additive in many 
processed foods, but also in personal care and consumer products. It is primarily 
used as a pigment because of its brightness, high refractive index, and resistance to 
discoloration. Concerning foods, the highest content of TiO2 is found in candies, 
sweets as cake icing and puddings, sauces and chewing gums, while among per-
sonal care products, toothpastes, sunscreens and some other crèmes contain from 
1% to >10% titanium by weight. Shampoos, deodorants, and shaving creams con-
tain instead the lowest levels of titanium (< 0.01 μg/mg). As asserted by Electron 
microscopy stability testing of food-grade TiO2 NPs, approximately 36% of the NPs 
are less than 100 nm and they readily disperse in water as fairly stable colloids. An 
anxiety about extensive use of TiO2, concerns its entering the sewage system after 
products uses. TiO2 that enters the environment, may accumulate in the treated 
effluent discharged to surface waters, the biosolids applied to agricultural land, 
incinerated wastes or landfill solids and its quantification is quite difficult (Weir 
et  al. 2012). In addition to food products directly serving human beings, animal 
feeds play a significant role in the global food industry throughout the world. In this 
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sector, copper oxide, di-copper oxide [Cu2O or copper (I) oxide], iron oxide, and 
zinc oxide NPs, have been categorized as GRAS by the U.S. FDA and are exten-
sively used to formulate nutritional dietary supplements in animal feeds.

SiO2-based NPs (SiNPs) are commercially available in the form of fumed silica, 
also known as pyrogenic silica and are nowadays among the largest industrial nano-
technology products, that find applications in paints, microelectronics, pharmaceu-
ticals, cosmetics and drug delivery. Fumed silica is produced in a flame (Fig. 11) 
and consists of microscopic droplets of amorphous silica fused into branched, 
chainlike, three-dimensional secondary particles, which agglomerate into tertiary 
particles. It appears as powder with an extremely low bulk density and high sur-
face area.

Silica is considered biochemically inert, so it is vastly used as flowing-aid for 
nutraceutical and pharmaceutical products. SiO2 NPs with specific functionalities, 
like antioxidant ones, represent added-value hybrid nanomaterials, that combine the 
advantages of each component. Since besides to be chemically inert, SiNPs are far 
more thermally stable, they offer distinct advantages vs. organic polymer matrices. 
SiNPs provide a nonpareil tool to exploit the health potentials of natural antioxi-
dants present in foods and plants, otherwise unstable and susceptible to easy autoxi-
dation, degradation and inactivation in the presence of water, oxygen, light or heat.

Concerning AuNPs, recent studies have revealed that gold nanoparticles have 
gained much attention in drug delivery due to their unique dimensions, tunable 
functionalities on the surface, and controllable drug release. AuNPs can be conju-
gated with bioactive compounds to prepare bioactive nanomaterials stable, and 
without toxicity to cells.

Among many novel nanomaterials, clay-based NPs are one of the most widely 
studied, mainly for their mechanical, thermal, barrier properties and low cost. 
Nanoclays are developed into several subclasses including montmorillonite, ben-
tonite, kaolinite, hectorite, and halloysite, depending on the physiochemical proper-
ties of the nanomaterials. Montmorillonite and bentonite are now listed as GRAS 
and in Effective Food Contact Substance (FCS) notifications by the 
U.S. FDA. Polymer/Nanoclay Composites (PNcCs) have been expanded to several 

Fig. 11 Preparation of fumed silica in the flame
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hybrid, innovative materials including biocomposites and organoclay hybrid films, 
with properties superior to conventional composite materials and have found appli-
cation in several industrial sector such as pharmaceutical (as carriers of drugs and 
penetrants), food (as carrier of nutraceutical and phytochemicals), food packaging 
and textiles. PNcCs can be prepared thorough three methods i.e. solution-blending, 
melt-blending and in-situ polymerization (Guo et al. 2018).

Table 7 reports the PNcCs achievable by the three methods.

4.8.1  Some Applications of Inorganic-Based Nanoparticles (INPs) 
in Food Industry

SiNPs with Radical Scavenging Capacity (RSC) have been prepared by using com-
mercially available SiNPs of various sizes (8–30 nm). They were covalently func-
tionalized with a well-known natural antioxidant, i.e. GA, which was grafted on 
SiNPs surface. In such a way, robust hybrid GA-enriched materials with a remark-
able stability were developed, with results comparable to that achievable by the 
chemical grafting of GA on chitosan.

Table 7 Polymer/nanoclay prepared by the solution-blending, melt-blending method and in-situ 
polymerization (Guo et al. 2018)

Method Nanoclay Polymer

solution-blending Co-Al-LDHa Polystyrene
Cloisite® 30B Chitosan/polylactide
Mg-Al-LDHa Epoxy
Mg-Al-LDHa Acrylic resin
Cloisite and sepiolite Hydrogenated nitrile butadiene rubber

melt-blending Cloisite® 30B Nylon 6
Na-MMTb Nylon 66
Na-MMTb Epoxy
Na-MMTb Polyamide
MMTb Polypropylene
MMTb Polyvinyl chloride

in-situ polymerization MMTb 2,2,2-trifluoroethyl methacrylate
Fe-kanemite Polypyrrole
MMTb Bisphenol A polycarbonate
Vinyl clay Polystyrene
Sepiolite Polypropylene
MMTb Polypropylene

a Layered Double Hydroxide; b Montmorillonite
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In order to counteract foodborne pathogens, that are the cause of endemics dis-
eases worldwide, and solve the problem of the increasing antibiotic drug resistance, 
food-related bioactive compounds, that in in vitro tests, proved antibacterial activity 
as polyphenols, could be a promising solution. It is the case of GA, but its intrinsic 
low stability and poor bioavailability limit its effectiveness in vivo. With the aim at 
ameliorating GA performances in vivo, it was attached to 7 nm diameter fumed 
silica particles, by performing different functionalization methods that involved the 
condensation of hydroxyl or carboxyl groups of the acid (Vico et al. 2016). The aim 
was to increase GA stability and intrinsic antimicrobial activity, for achieving a 
novel promising bioactive tool against Paenibacillus larvae, that affects honeybee. 
Depending on the type of functional group interested in the linkage, GA-enriched 
SiNPs named GAO-NPs and GACON-NPs were obtained. The attachment of GA to 
the inert support led to an improvement of GA stability against auto-oxidation and 
of its antibacterial activity by 14–27 times, while GA capacity to produce free radi-
cals in alkaline conditions was maintained. GAO-NPs and GACON-NPs represent 
an alternative to existing antibiotics which, due to an excessive and prolonged use, 
are increasingly undergoing a progressive loss of activity, caused by the develop-
ment of resistant bacteria strains.

In order to counteract foodborne pathogens as Plesiomonas shigelloides and 
Shigella flexneri B, which are the major cause of diarrheal endemics worldwide, 
gold nanoparticles (AuNPs) have been chosen as drug delivery agent for GA, which 
was successfully conjugated with AuNPs, providing core–shell structures. 

Table 8 Main associations of essential oils (EOs) with solid polymeric NPs

Formulation BAC
Targeted 
microorganism Activity

PLC-based NPs Tea tree oil Tricophyton rubrum ↑ EO effectiveness against 
fungal cells infecting nails

Zein-Sodium 
Caseinate NPs

Thymol E. coli and 
Salmonella

Good antimicrobial activity
ttwo-phase release profile

PLGA-based NPs Cinnamaldehyde 
and Eugenol

Salmonella spp. and 
Listeria spp.

Good antimicrobial activity
controlled release profile

Chitosan-based 
NPs

Carvacrol E. coli, S aureus and 
B. cereus

↑ antimicrobial activity

Chitosan-based 
NPs

Oregano EO – Controlled release profile

Zein-based NPs Thymol and 
Carvacrol

E. coli Good antimicrobial activity
↑ solubility

Chitosan-based 
NPs

Eugenol and 
Carvacrol

S. aureus and E. coli ↓ Cytotoxicity toward mice 
cells

PLGA-based NPs Carvacrol S. epidermidis 
biofilms

↓ elasticity and stability of 
performed biofilm

Methyl and 
ethylcellulose 
NPs

Thymol S. aureus, E. coli 
and P. aeruginosa

Good antimicrobial and 
preventive activity for cosmetic 
lotions, creams and gels
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Conjugation of GA with AuNPs led to the improvement of the antibacterial activity 
of GA, which proved to act by causing alterations in bacterial membrane composi-
tions, in terms of altered lipids or fatty acids, proteins, and nucleic acids.

Tyrosine-based and GA-based phenolic compounds, highly susceptible of oxida-
tive degradation, were stabilized by using Montmorillonite clay (Laponite) through 
their incorporation via intercalation into the interlayer space of the clay 
(Deligiannakis et al. 2012).

4.9  Synthetic Organic Polymer-Based Solid 
Nanoparticles (SOPNPs)

Synthetic Organic Polymers (SOPs) and copolymers are widely used for preparing 
drug delivery systems in the form of SOPNPs, because of their biocompatibility and 
biodegradability, simple design, easy preparation and good efficiency in delivering 
BACs to the diseased tissues.

The polymers and copolymers properties depend on the physicochemical charac-
teristics of their building blocks.

SOPNPs offer the possibility to load BACs by physical interactions or by cova-
lent conjunction through versatile modifications of their several chemical groups.

By tuning the hydrophilic/hydrophobic balance (HLB), it is possible to achieve 
NPs endowed with a variety of shapes and morphologies in water solution.

Figure 12 shows only some of the most utilized biocompatible and biodegrad-
able organic polymers approved by the U.S. FDA and European Medicines Agency 
(EMA). They proved to act as effective carriers for drug delivery in humans, suit-
able also for oral administration of nutraceuticals and phytochemicals and for pro-
ducing food-grade smart materials devoted to preserve food quality, looks and taste 
along storage.

Fig. 12 Structure of the most used organic polymers to produce GRAS NPs-based deliv-
ery systems
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4.9.1  Polyethylene Glycol (PEG)

PEG is a polyether compound with many applications, from industrial manufacturing 
to medicine. PEG is also known as polyethylene oxide (PEO) or polyoxyethylene 
(POE) and its structure is commonly expressed as H−(O − CH2 − CH2)n − OH. PEG 
is generally considered biologically inert and therefor it is used as innocuous com-
ponent for drugs formulation and in particular is extensively used as excipient in 
many pharmaceutical products because is unlikely to have specific interactions with 
biological chemical constituent of drugs.

When used as constituent of any formulation, besides providing a matrix scaf-
fold, PEG may perform different functions, acting as a stabilizer or as a preservative 
material. PEG derivatives, such as narrow range ethoxylates, are instead often used 
as surfactants. PEG has been used as hydrophilic block in the synthesis of amphi-
philic block copolymers, that were employed either to create polymersomes or to 
induce complete fusion (mixing of both inner and outer leaflets) in liposomes recon-
stituted in vitro. Polymerosomes are in turn “reservoir” polymeric NPs, in which the 
outer membrane consists of amphiphilic polymers. They are biomimetic systems 
with a behavior similar to phospholipids.

PEG is the basis of many skin creams (as cetomacrogol), personal lubricants 
(frequently combined with glycerin) and is also used in a number of toothpastes as 
a dispersant, since it manages to bind water and helps to keep xanthan gum uni-
formly distributed throughout the toothpaste. Concerning food sector, PEG is 
widely used as an anti-foaming agent both in solids food and in drinks.

PEG is also used as a host polymer for solid polymeric electrolytes and it has 
proved to be a reliable and well performant polymer to enhance systemic circle resi-
dence time, by acting as a steric barrier and by protecting the PEG-coated NPs from 
opsonization (Aqil et al. 2013). According to these features, PEG is eligible as sol-
vent, co-solvent, container, surfactant, stabilizer, preservative additive, dispersant, 
lubricant, protecting agent etc. for preparing food-grade nanoformulations of nutra-
ceuticals and phytochemicals. As a polyol, PEG easily reacts with isocyanate deriv-
atives for providing polyurethanes.

4.9.2  Polyurethane (PUR)

PUR is a synthetic alternating copolymer composed of organic units joined by car-
bamate links, traditionally formed by reacting a di- or tri poly-isocyanate with a 
polyol such as PEG. Both the isocyanates and polyols used to make PURs contain, 
on average, two or more functional groups per molecule. Concerning polyols for 
PURs preparation, the growing interest in sustainable “green” products outstretched 
attention and research in polyols derived from vegetable oils (Niemeyer et al. 2006), 
including oils from soybean, cotton seed, neem seed and castor oil or resulting from 
renewable sources, as dimerized fatty acids from dimerization of unsaturated fatty 
acids or fatty acids (Rajput et al. 2014). Some bio-based PURs, rather than from 
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poly-isocyanates and polyols, are prepared exploiting the reaction between poly-
amines and cyclic carbonates (Bassam et al. 2013).

PURs are chemically inert and no exposure limits have been established in the 
U.S. by Occupational Safety and Health Administration (OSHA) or by American 
Conference of Governmental Industrial Hygienists (ACGIH).

PURs are used in the manufacture of high-resilience foam seating, rigid foam 
insulation panels, microcellular foam seals and gaskets, durable elastomeric 
wheels and tires, such as roller coaster, escalator, shopping cart, elevator, and 
skateboard wheels. In addition, PUR can be found in automotive suspension bush-
ings, electrical potting compounds, high performance adhesives, surface coatings 
and surface sealants, synthetic fibers as Spandex, carpet underlay, hard-plastic 
parts for electronic instruments, condoms and hoses and, since the most PURs are 
not melting thermosetting polymers, thermoplastic materials made of PURs are 
also available.

PURs, especially if made up exploiting aromatic isocyanates, contain chromo-
phores able to interact with light, and therefore they are rising particular interest in 
the area of coatings, where light stability is a critical factor, as in foods storage. 
Usage of PUR packaging is calculated in 251millions of pounds, i.e. 4.6% of the 
total. PURs are used in a variety of food packaging applications, including adhe-
sives materials for rigid and flexible food coating. Furthermore, PURs are also uti-
lized for manufacturing materials eligible for food contact applications as conveyor 
systems, hoses and tubing, chutes and chute liners, hoppers, gaskets and seals.

On August 10, 2016 the industry group American Chemistry Council (ACC) pub-
lished a guidance document on the use of PURs in food contact applications [ACC 
(August 10, 2016). “Guidance for the use of PURs in food contact applications”].

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

PLGA is one of the most widely exploited biodegradable polymer for the develop-
ment of food-grade NPs and several studies report its applications as biomaterial 
for the controlled delivering and release of BACs (Kumari et  al. 2010). PLGA 
rapid metabolism by physiological hydrolysis, provides lactic acid and glycolic 
acid, which are in turn easily processed via the Krebs cycle, thus allowing low 
systemic toxicity. Surface modifications of PLGA using non-toxic and blood com-
patible material are required and are crucial, in order to allow the increase of the 
length of blood circulation, for achieving a sustained and protracted delivery of the 
transported BACs (Boulle et al. 2012; Huang and Reichardt 2001). With this pur-
pose, PEG in combination with hydrophobic biodegradable aliphatic polyesters, is 
widely used as hydrophilic non-toxic segment. This practice equips PLGA with 
the capacity to resist against opsonizing and the ulterior phagocytosis, contribut-
ing to enlarge its shelf life in the bloodstream and tissues (Martínez-Ballesta 
et al. 2018).
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4.9.4  Polycaprolactone (PCL)

PCL is a biodegradable polyester used in the production of special PURs for impart-
ing good resistance to water, oil, solvent and chlorine. PCLs are often used as addi-
tives for resins preparation in order to improve their processing characteristics and 
their end-use properties (e.g., impact resistance). Being compatible with a range of 
other materials, PCL can be without problems mixed. As an example, PLC is often 
mixed with starch to lower its cost and to increase biodegradability or it can be 
added to polyvinyl chloride (PVC) as a polymeric plasticizer.

The PLCs applications include controlled drug releases, tissue engineering, bone 
scaffolds, packaging, compost bags etc. A variety of drugs, including bioactive food 
constituents or phytochemicals, have been encapsulated within PCL beads for 
achieving a controlled release and target drug delivery (Mady and Shaker 2017).

4.9.5  Some Applications of Organic Polymer-Based Solid Nanoparticles 
(OPNPs) in Food Industry

A topical ointment was prepared with PEG and 5% standardized pomegranate rind 
extract, containing high concentration of multi-target bioactive polyphenols includ-
ing EA (13%). This formulation was essayed in releasing and skin permeation stud-
ies and was found to exhibit good physicochemical properties (Mo et  al. 2015). 
When the wound healing activities of this ointment were compared with the equiva-
lent amount of EA (0.65%), the latter was less effective in inhibiting neutrophil 
infiltration and collagen augmentation in rat skin (Mo et al. 2014). However, both 
products applied topically, exhibited anti-inflammatory effects in a mouse model of 
contact dermatitis (Mo et al., 2014). SOPNPs (150–300 nm) made of PLGA, deco-
rated with chitosan and PEG, were loaded with EA (up to 100  μM) achieving 
EA-loaded PLGA-chitosan-PEG NPs, that were able to potentiate apoptosis–medi-
ated cell death in HepG2 human hepatoma cells (Abd-Rabou and Ahmed 2017).

The hydroxyl groups of food phenols constituents (for instance, anthocyanins) 
are easily oxidized into quinones, causing the reduction of the biological power of 
these molecules. In order to minimize this issue, PLGA NPs, which were stabilized 
resorting to the use of PEG, were used to encapsulate anthocyanins, achieving bio-
degradable nanosized formulations with 60% efficiency and endowed with improved 
stability. These anthocyanins-enriched NPs evidenced a biphasic release profile, in 
vitro, characterized by an initial abrupt release followed by a continued supply. In 
vivo, they proved anti-inflammatory and anti-neurodegenerative capacities (Amin 
et al. 2017; Jiménez-Aguilar et al. 2011), thus preventing memory losses in estrogen- 
deficient rats (Varadinova et al. 2009) and showed a neuroprotective power against 
Alzheimer’s dementia. The strong efficiency of the anthocyanins, when adminis-
tered by using NPs, has been further demonstrated by monitoring their capacity to 
attenuate the expression of clinical inflammatory and apoptotic indicators (Jiménez- 
Aguilar et  al. 2011). Anthocyanins-loaded NPs reduced significantly the level of 
apoptotic proteins and the expression of various inflammatory markers, cytotoxic 
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compounds and proinflammatory cytokines (Amin et al. 2017). Anthocyanins asso-
ciated to NPs significantly upregulated endogenous antioxidant genes, thus helping 
in the prevention of OS with consequent attenuation of the clinical symptoms of the 
Alzheimer’s dementia (Li et al. 2011).

An additional functionality demonstrated for anthocyanins-loaded NPs is related 
to their capacity to reduce DNA damage in a higher extent than native non- 
conjugated anthocyanins. The enhanced activities of anthocyanins-loaded NPs 
derive from an increased stability and prolonged shelf life (Jiménez-Aguilar et al. 
2011). By using PCL biodegradable polymer, EA-loaded PLC-NPs (EA-NPs) were 
prepared through the emulsion–diffusion–evaporation technique. NPs with distinct 
shape were obtained with high entrapment and loading efficiency.

An in vivo study to measure the oral bioavailability of EA-NPs compared to free 
EA was performed, using New Zealand white rabbits. The results revealed that the 
oral administration of EA-NPs produced an EA plasma concentration increased by 
3.6 times if compared to the administration of free EA. From these results, it can be 
concluded that incorporation of EA into PCL, as NPs delivery system, enhances 
significantly its oral bioavailability and activity (Mady and Shaker 2017).

By making use of the “green” approach concerning the adoption of amino poly-
ols from soybean-oil, several soybean-oil-based cationic PURs were prepared in 
respect of polyols different structures. In the specific case, these materials were 
employed to developed edible food coatings endowed with antimicrobial properties, 
for preventing degradation by foodborne bacteria but in general, the edible semi- 
natural NPs achieved could represent an alternative food ingredient, promising for 
preserving food from bacteria degradative development and for extending its shelf 
life. The structure and hydroxyl functionality of adopted amino polyols affected the 
particle morphology, their mechanical properties, thermal stability, and antibacterial 
properties. With some strain-specific exceptions, these PURs-based NPs showed 
good antibacterial properties toward a panel of bacterial pathogens including 
Listeria monocytogenes NADC 2045, Salmonella typhimurium ATCC13311 and 
Salmonella Minnesota (S. minnesota) R613). Concerning the activity against the 
same strains but of wild-type, the PURs-based NPs exhibited better antibacterial 
properties toward the Gram-positive Listeria monocytogenes than the Gram- 
negative S. minnesota and excellent activity against S.  Minnesota R613 (Xia 
et al. 2012).

As previously anticipated (Sect. 4.3), Table 8 summarizes the main associations 
of EOs with NPs developed in the last years, to prepare bioactive materials with 
considerable antibacterial properties, increased stability, improved pharmacokinet-
ics and bioavailability.

 Concluding this overview on nanomaterials for foods industry, the authors report 
to readers particularly interested, that a detailed table summarizing the most com-
mon nanotechnologies performed for encapsulating a number of bioactive com-
pounds with the description of the purposes, of the used materials, solvents, 
surfactants and of the particles size, associated with the direct reference for any 
case, is available in an appealing review by Ezhilarasi et al. (2013).
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5  Further on the NPs-Mediated Controlled Release

In the last decades, growing attention and resources have been devoted to the devel-
opment of nanosized carrier systems for an effective delivering of therapeutic 
agents, including food-related compounds and phytochemicals (BACs). The con-
trolled BACs release, possibly only where necessary, has been identified as a key 
stage of BACs administration. Studies in vitro have proved that by realizing a con-
trolled delivery, a higher local concentration could be reached, while reducing the 
overall administered dose and consequently the systemic toxicity associated to.

Several internal and external factors can control the specific release of BACs, 
including pH, temperature, ultrasound or magnetic fields applications, light inci-
dence, type of NPs adopted and their physicochemical features, BACs chemical 
structure and their physicochemical properties etc. (Fomina et al. 2012).

Nanoencapsulation of BACs, besides to increase their bioavailability, solubility 
and to prolong their shelf life, could also allow a controlled release. By allowing 
target delivery and controlled, long-term release,  stimuli-sensitive nanocapsules 
possessing an oil core, showed to improve the effects following the oral administra-
tion of BACs, thus contributing to decrease the dosage and administration frequency 
and giving rise to an increased patient compliance (Fomina et al. 2012).

In this contest, the “layer-by-layer self-assembly” of pH-sensitive building 
blocks has been explored as promising approach to obtain biomaterials with cus-
tomized properties (Bisby et al. 2000). Such materials showed to be excellent can-
didates for interesting applications as stimuli-responsive nanocarriers, able to 
transport BACs through diverse biological barriers and to promote BACs controlled 
and target release (Morgan et al. 1995). Moreover, by the carful use of biocompati-
ble pH-dependent polyelectrolyte for the building up of the nanocapsules shell, non-
toxic nanocarriers with shell permeability were designed (Fomina et al. 2012).

In addition to favour a controlled and target-specific delivery of transported 
BACs, NPs encapsulation could allow to achieve an increased cellular up-take and 
a slower BACs release, that translate into an improved bioactivity, thus contributing 
to exert a sustained therapy (Panyam and Labhasetwar 2004).

Rhodamine-loaded PolyAlkylene Glycol (PAG)-NPs were applied to SH-SY5Y 
neuroblastoma cells or prostate cancer DU145 cells and were visualized by fluores-
cence. The results showed PAG-based NPs located in the cytoplasm, suggesting that 
they have been internalized via endocytosis, overcoming, without damage, the 
phospholipidic barrier of the  cell membrane, that represents an impediment for 
hydrophilic compounds to enter the cells (Bareford and Swaan 2007; Sha et  al. 
2012). In addition, reported outcomes have highlighted that, by carrying BACs in 
NPs, target distribution in specific brain areas can be favoured, providing more valu-
able benefits concerning neuroregeneration and minimizing distribution to the sys-
temic circulation with consequently, less toxic side-effects (Angelova et al. 2013).
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6  Biodegradable NPs: The Other Part of the Coin

By using biodegradable and biocompatible NPs to load BACs for preparing bioac-
tive delivery systems or food ingredients, a lot of nonpareil advantages can be 
achieved, but the risks to human health that could be associated to the long term use 
of nanosized devices so prepared, are to be more deeply explored (Kumari 
et al. 2010).

The mechanisms responsible for the deleterious effects of NPs, in the frame of 
complex biological systems, are surely mainly associated to the formation of pro- 
oxidants species with increased productions of Reactive Oxygen Species (ROS) and 
free radicals, that could give rise to OS, inflammation, and consequently to several 
disabling pathophysiological situations including immune-toxicity. Residual sol-
vents from preparation techniques, as well as polymers intrinsic toxicity, also play 
a pivotal role in possible immune reactions (Maurer-Jones et al. 2009). From the 
information available in the literature regarding this, it can be noticed that toxico-
logical outcomes associated to NPs are closely linked to their size, shape and sur-
face charge, as well as to their capacity and modalities to cross biological barriers 
(Vega-Villa et al. 2008).

In relation with the use of BACs-loaded NPs addressed to be ingested in foods, 
the constraints associated to their toxicity, following oral ingestion, have been asso-
ciated to the occurrence of deleterious effects on liver, kidney and spleen and of 
possible allergic reactions (Lanone and Boczkowski 2006). PEG-grafted liposome 
infusion has been described to trigger non-IgE-mediated signs of hypersensitivity 
(Moghimi et al. 2005). On the other hand, the immunogenic characteristics of NPs 
could be exploited as advantageous tools and NPs that cause hypersensitivity can be 
used as valuable adjuvants for the development of vaccines.

Fortunately, there is no lack of studies on nanoencapsulation and controlled 
release from nanostructured carriers, which have demonstrated the safety of these 
systems. In this frame, different concentrations of free-anthocyanins and anthocya-
nins loaded in PLGA-based NPs were evaluated concerning the cytotoxic profiles in 
a model of human neuroblastoma. The results allowed to discard significant cyto-
toxic effects but the joint application of anthocyanins loaded NPs increased the 
viability of treated cells, by protecting them from neurotoxic events (Amin et al. 
2017). Thus, PLGA-based NPs might constitute promising carrier for phytochemi-
cals with negligible cytotoxicity events.

7  Consideration and Future Perspectives

It seems that, in the coming years, the research trends in the application of edible 
NPs for the administration of BACs, will be focused on identifying and developing 
new manufacturing strategies aiming at combining multiple structural designs in 
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order to prepare materials endowed with more specific features and suitable for the 
diverse types of bioactive compounds.

This strategy would contribute to maximize effectivity and to strive the maxi-
mum profit by an extended release and by an in situ delivery of BACs-loaded NPs. 
One of the major constraints concerning the administration of BACs, even when 
nanotechnology products are adopted, lies in the degradation of these compounds in 
the GIT lumen before being absorbed. Although reports about in vitro results, have 
revealed promising potentials of the use of NPs for the administration of BACs, in 
order to forecast in reliable way their actual oral bioavailability, the confirmation by 
in vivo results on simulation models, where the impact of GIT digestion could be 
evaluated, is required (Minekus et al. 2014). With this aim, in addition to imple-
menting models mimicking the salivary, gastric, and the salts and enzymes concen-
trations in the intestinal fluids, it is necessary to include also proper simulators of 
GIT dynamics, structure, and mechanical issues.

The current definition of “bioaccessibility” and “bioavailability”, that takes into 
account only the absorption in the upper GIT emphasizing its value, must be 
reviewed in the consideration of gut metabolism, that strongly affects the actual 
biological activity of compounds ingested by oral administration.

A complete information on the features of this physiological process, according 
to the chemical properties of the BACs of interest and of their metabolites, that 
come from GIT digestion, is pivotal for the rational design of the specific and well- 
functioning NPs-based delivering systems. Often, to develop NPs aiming at improv-
ing the BACs gastric or small intestine absorption only, may not be a good design. 
Concerning some phytochemicals, the highest bioefficacy is associated with metab-
olites that form only in the large intestine, as a result of the metabolism of the local 
microbiota. It is the case of EA, whose bioactivity is nowadays mainly associated to 
urolithins, which form only in the last tract of GIT by microbiota metabolism (Espín 
et al., 2013). In this case GA absorption in the upper GIT turns into being undesirable.

When the effects of NPs and/or nanovesicles (NVs) on the bioefficacy of phyto-
chemicals are evaluated, special attention should be paid to eventual changes in the 
NPs structure, as a result of the digestive conditions, such as dilution occurring in 
the GIT fluids, pH and ions environments, as well as the enzymatic activity in these 
compartments. These factors can change the NPs structure and may provoke modi-
fications in their bioactive functionality. Stability of micelles, liposomes, nanoemul-
sions or solid NPs can be undermined, thus compromising their success as carriers 
of bioactive compounds (Xiao et al. 2017).

Among other reflections, it has to be considered, that by loading BACs in NPs, 
somehow, modification in cellular signaling routes can be evoked and cells responses 
after BACs-loaded NPs oral administration could differ from the administration of 
the free forms of BACs. In this regard, it is evident that the interaction between 
phytochemicals and matrix materials or between them and molecules present in 
complex biological systems (for instance in mammals) needs further in deep inves-
tigations (Xiao et al., 2017).

A considerable amount of topics about NPs-mediated BACs administration 
remain underexplored, and the application of the gathered knowledge on the use of 

Nanotechnology Applications to Improve Solubility of Bioactive Constituents of Foods…



244

NPs, as carriers of BACs, needs to more deeply decode the reciprocal interactions 
between phytochemicals and GIT and the events, as the gut microbiota activity, for 
exploiting them with advantages. Despite the rational utility of the nanotechnology 
to enhance the bioavailability and bioactivity of BACs, NPs are synthesized by 
physical and chemical methods and by using expensive and hazardous chemicals 
such as metallic biomaterials, which could limit their actual application in vivo and 
which could have a considerable environmental impact in terms of the residues that 
derive from the NPs synthesis. Green technologies using no toxic reagents to pre-
pare metal NPs are required and the synthesis of NPs using eco-friendly and bio-
compatible reagents could be a promising solution and an appealing contribute to 
minimize the side effect of these processes.
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Emerging Sustainable Nanostructured 
Materials Facilitated by Herbal Bioactive 
Agents for Edible Food Packaging
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1  Edible Food Packaging

Since decades, the edible food packaging is considered as a potential candidate for 
increased consumer need for safe, ready-to-eat food products, and related aware-
ness concerning food waste, and disposable issues of conventional packaging waste. 
The fresh food products including fruits and vegetables, meat and fish products are 
perishable by nature; where the quality of the products get deteriorated by several 
factors including environmental agents such as physiological and microbial entity. 
The common factors for decreased shelf life of food products include temperature, 
enzymatic activity, humidity, bacterial attack, etc. However, these specific factors 
increase the food waste throughout the postharvest supply chain of fruits and vege-
tables. Further, the growth of pathogenic microorganism in individual food causes 
serious health issues (foodborne illness) to consumers, especially if food product is 
distributed under inappropriate conditions. The properties of the food products 
commonly degraded due to some undesirable reactions, which further alter the tex-
ture properties such as flavour, odour, colour. Thus, various preservation techniques 
are used for improved product quality and safety throughout the life cycle of food 
products. As shown in Table 1, the conventional preservation methods include ther-
mal treatments (blanching, pasteurization, sterilization), cold processing (chilling, 
freezing, refrigeration), controlling water (drying, dehydration), use of preserva-
tives (salting, sugaring, acidification), and non-thermal processes (irradiation, ultra-
sound, pulsed electric field, ohmic heating, microwave heating, filtration, high 
pressure processing), which are used from early days to reduce the growth rate of 
pathogenic microorganism in food products, however, these specific techniques 
often cause some undesirable losses in the nutritional values of food products. To 
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overcome these shortcomings of the existing techniques, edible food packaging is 
utilized to maintain the nutritional quality of the food products.

Among available packaging techniques, the edible food packaging is a primary 
packaging material, which is used globally to protect food products without chang-
ing the nutritional quality. However, this specified technique of food packaging is 
more efficient in preserving food with an additional delivery of nutrients through 
the packaging material. The worldwide issues in regards to the environment, sus-
tainability, packaging cost, food quality, and storability are considered as crucial 
factors for consumers, where the safety issues are also imposed by several food 
packaging related regulations. However, after buying the food products, these are 
consumed within a few minutes’ leaving behind the package based waste that lasts 
for years to get disposed of. Therefore, edible packaging is considered a remarkable 
candidate to solve these issues. Further, edible food packaging is very promising 

Table 1 Available food preservation techniques

Approaches of 
preservation Techniques Advantages Disadvantages

Thermal 
treatments

Blanching
Pasteurization
Sterilization
Hurdle 
technology

Simple and easy 
technique
High heat processing
Deactivate enzyme
Destroy microorganism

Loss of heat sensitive 
nutrients
Change structural properties 
of food
Food may get overcooked

Cold processing Chilling
Freezing
Refrigeration

Reduce rate of 
microbial action
Reduce rate of enzyme 
action
Provide good quality of 
food products

Loss of nutrients
Chilling injury may occur
May break cell wall of some 
foods

Controlling water Drying
Dehydration

Increase storage 
stability
Decrease packaging 
requirement
Off-season product 
availability
Decrease in 
transportation weight
Inexpensive

Loss of nutrients
Non-uniform drying
More time is required

Chemicals Chemical 
preservatives
pH controlling

Prevent growth of 
microbes
No loss of nutrients
No complex equipment 
is needed

Alter food texture
Change in structure property
Increase in concentration of 
preservatives

Non thermal Irradiation
Ultrasound
Electric field 
method
Filtration

Easy to use
Prolong shelf life of 
food products
Destroy pathogens

May cause greater nutrient 
loss
May alter chemical properties 
such as oxidized flavor
May alter sensory properties
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and currently one of the most investigated approaches for maintaining the food 
quality and increased shelf life. The foremost advantages of edible packaging over 
synthetic/biodegradable packaging are that it can be ingested along with the pack-
aged food products. A food packaging is termed as “edible food packaging” only if 
it possesses potential qualities similar to the food components and also act as an 
integral part of food that is designed to be consumed along with food. The primary 
roles of edible food packaging include as a selective barrier to gas exchange, mois-
ture transfer or oxidation processes by delaying food deterioration, and retaining 
food property in order to enhance the product life (Fig. 1). In other words, the major 
functions of food packaging involve preserving and protecting food products from 
the surrounding environment, and further preventing surface contamination (mini-
mizing exposure to spoilage components; i.e. moisture, microorganism, solutes, 
vapours, oils and off flavours). The use of food packaging also helps to protect 
desirable components (flavour volatiles) of food products by protecting them from 
chemical, physical, and biological activities, which is a promising outcome in fresh 
food preservations. The prime functions of edible coating/films are represented in 
Fig. 1. They also provide structural protection to limit mechanical damage during 
storage, transportation, and handling; and also protect the food against oxidation 
and other chemical reactions. In addition, they are also utilized to transfer bioactive 
components such as antimicrobial, antioxidants, colours, flavours, and nutraceutical 
agents (Fig. 1). Based on this discussion, the chapter discusses the use of edible 
food packaging for prolonging the shelf life of food products in comparison to avail-
able food processing techniques. The utilization of available emerging bio-based 
nanostructured materials is considered as remarkable agents for improved food 
properties and shelf life, where the nanostructured materials further acts as a 

Fig. 1 Functions and trends of edible film and coating in preserving food products
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delivery agent for nutraceuticals. Interestingly, the bio-based nanostructured materi-
als can be functionalized and modified according to the targeted food products for 
the prolonged shelf life.

1.1  Categories and Worldwide Availability of Edible 
Food Packaging

As mentioned in the earlier section, the various kinds of edible food packages are 
classified into two groups: (i) edible coatings, and (ii) edible films. Both edible coat-
ings and films are developed based on similar principles, however, they are gener-
ally applied in different ways to food products. Moreover, an edible coating can be 
differentiated from an edible film by the concept that an edible coating is applied on 
food products as a skinny layer, which remains intact to the food products, whereas 
an edible film is used to wrap the food product or can be used as sandwich material. 
The edible coating is defined as a preformed thin layer for primary packaging of 
food; made up of edible material, which is eatable in nature. Edible coating as a 
layer must attach easily to the food exterior surface, and also avoid crack or undesir-
able sensory properties during storage and handling. From very past years, the edi-
ble coating is developed on citrus fruit products (dipped coating) using wax to 
reduce food degradation and extend the shelf life as well as aesthetic appearance. 
Since the twelfth century, the use of wax coating on citrus fruit products was very 
familiar in China (Cuq et al. 1995). Further, during the sixteenth century, the fat or 
lard was used for coating meat in England, which is specially known as “larding” 
(Donhowe and Fennema 1994). In later days, the various derivatives of sucrose and 
sugar were also applied on nuts and further waxing/lipid based coating were utilized 
on vegetables and fruits. In 1930’s, hot-melt paraffin waxes were initiated at a com-
mercial level without understanding the associated chemistry which helped to pro-
long the shelf life of coated fruits in comparison to uncoated fruits (Park 1999). 
Moreover, the first use of edible film in Japan was made by utilizing soy milk pro-
teins which are known as “Yuba film”. In the nineteenth century, US patented gela-
tine films, which were utilized to protect various meat products. The fabrication of 
edible materials for the preparation of films/coatings are dissolved in water, alcohol, 
and in combined form. Further, the different kind of antimicrobial agents, nutraceu-
tical agents, colorants, flavours, and plasticizer can also be used for improved pack-
aging properties. The tailor-made edible coating properties are obtained by drying 
the solution at a precise temperature and relative humidity. The edible coatings are 
being applied to food by different approaches including enrobing (chocolates), 
encapsulation (food items), seasoning (snack), breading (prepared meals), foaming, 
dipping (food items), spraying (food items), layer by layer coating (food items), 
fluidized bed coating, screw coating, panning (confectionary), electro-spraying, etc.

On the other hand, the edible film is defined as a thin layer of edible material, 
which can be placed on or between food components, or even can be sealed into 
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edible pouches. The approach helps to reduce package waste, where the biodegrad-
able food packaging films are non-edible, which may contribute to minimize envi-
ronmental pollution but create some packaging waste. This problem limits the 
demands of conventional film to the supply of a barrier to moisture loss and pre-
serves the food from external impurities. Edible films can be used in various way, 
which is usually utilized to develop single or multilayer films using different tech-
niques such as casting, extrusion, and blow moulding in order to achieve the target 
performances of edible films. In order to be considered a film, the thickness of film 
should be less than 250 μm. It is noteworthy to mention that edible coatings/films 
are considered as promising technologies to preserve the quality and improved the 
shelf life of foodstuff. Edible film/coating generates a modified atmosphere through-
out the food by offering a passive barrier to gases, and water vapour, flavour com-
pounds, and can enhance the structural integrity. Further, the use of edible food 
packaging provides an attractive alternative to packaging reducing the negative 
environmental impact and disposals cost.

1.2  Market Analysis of Edible Packaging

The worldwide availability of edible food packaging is segmented on the basis of 
region (North America, South America, Europe, Asia-pacific, Middle East & Africa 
and others), material types (protein, polysaccharides, lipids, and others), and appli-
cations (Fruits & vegetables, dairy products, nutritional products, bakery and con-
fectionary, meat poultry and fish) (as represented in Fig.  2). According to the 

Fig. 2 Market segmentation of edible food packaging
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available reports on edible packaging, published by allied market research, the 
global market of edible packaging was valued at $697 million in 2016 and is pro-
jected to reach at $1097 million by 2023. The reduction in packaging wastes 
increases due to the consumption of processed food & beverages, which encourages 
the adoption of edible packaging products and thus drive the edible packaging mar-
ket growth.

On the basis of region, North America region dominates the global edible pack-
aging market, where the market of edible packaging in North America is expected 
to witness a CAGR of 5.7% during 2017–2023. Further, North America obtain a 
major shareholder in the global edible packaging market, accounting more than 
33.8% share in 2016. The Food & Beverages market dominated the North America 
edible packaging market by applications in 2016. The rapid growth of pharmaceuti-
cal industry and rise in preference of hygienic packaging in this region is the major 
factor for driving the growth of the edible packaging market. The Pharmaceutical 
market is expected to witness a CAGR of 6.8% during 2017–2023. Further, the 
major market segments of North America include US, Canada, and Mexico. The 
U.S. market has a major shareholder in the North America region, accounting for 
more than 42% share in 2016. As reported, US is both a prominent consumer and 
producer of edible packaging in North America market. The Europe edible packag-
ing market size would grow at a growth rate of 5.9% CAGR during 2017–2023. In 
Europe, edible packaging market is segmented into Germany, UK, France, Russia, 
Spain, Italy, and Rest of Europe. However, Germany accounted for the largest mar-
ket share in the edible packaging market in Europe during 2016.

1.2.1  Materials for Edible Packaging

There are several materials available for developing edible packaging, however, the 
major materials used in the market of edible packaging include polysaccharides, 
proteins, fats and lipids, plasticizers, additives, etc. (Fig.  3). The polysaccharide 
based materials for edible packaging include cellulose, chitosan, starch, alginate, 
pectin, dextrin, carrageenan, gellan gum, gum Arabic, etc., which are widely used 
for improved functionality and shelf life of food products. Moreover, several materi-
als can be combined to develop composite based films/coatings with the aid of lipid, 
polysaccharides, and protein-based materials, which can offer new functionalities 
such as compatibility and biodegradability. The lipid based packaging materials has 
acquired a major segment in the global edible packaging market for being an excel-
lent barrier of oxygen and water vapour, which is an essential quality required for 
food packaging materials for preserving food products. Further, the protein segment 
has gained popularity for easy processing and for providing enormous ability to add 
a wide range of packaging properties, where the properties can be modified adopting 
several methods. The protein films are generally made up of both animal and plant 
proteins, which include corn zein, gluten, collagen, soy, whey protein, gelatine, 
caseins, and silk fibroin which are considered safe for human consumption. Further, 
the use of protein based edible packaging is expected to dominate the market in 
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upcoming years for their widespread application in the food and pharmaceutical 
industry. The value-added benefits of proteins to the body such as high immunity 
and proper functioning of human body as well as improve the  energy levels in 
humans. The use of plasticizers (monosaccharides, oligosaccharides, polyols, lipids, 
polyethylene glycols, corn syrup, etc.), additives (antioxidants, antimicrobials, anti-
fungals, antibacterial, flavouring compounds, nutraceuticals, probiotics, etc.) and 
others materials such as emulsifiers, nanocompounds, nanofillers etc. can improve 
functionality of edible packaging materials for extending the shelf life of food prod-
ucts. Further, the various polysaccharides materials such as cellulose, chitosan, gum 
Arabic, starch and other materials are widely used in edible packaging industries. 
The various polysaccharide materials are widely used in the pharmaceutical sector at 
large scale. The use of polysaccharide materials provides several advantages includ-
ing tunable inherent properties, cost effective raw materials, easy handling and dura-
bility, which increase the use of polysaccharide and related nanostructured materials 
over others. The application of polysaccharides and protein for the development of 
edible packaging films can propose profitable growth opportunities for sustainable 
solutions due to the reduced dependency on fossil fuel. Further, a detailed discussion 
has been made on the related materials, their derivatives and related nanostructured 
materials which are extensively utilized in the edible packaging sector.

1.2.2  Application Analysis of Edible Packaging

The edible packaging materials as edible films/coatings are extensively utilized for 
various food industries such as fruits and vegetables, meat and meat products, fish 
products, etc. Besides, edible packaging is also extensively used for packaging 

Fig. 3 Targeted materials for edible packaging
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pharmaceuticals across the world. In this regards, the Food & beverage industry 
dominates the edible packaging application segment for increased ready to eat food 
products. Interestingly, the specific packaging system is used to pack bakery & con-
fectionary, dairy products, fruits & vegetables, meat, poultry & fish, frozen meals, 
snack foods, etc. (Fig. 2). The materials and packaging techniques may vary depend-
ing on the type of food product and storage conditions. In this regards, the bakery 
and confectionary items are moisture sensitive, where the crispiness of bakery prod-
ucts is an essential property for customer acceptance of the products. The bakery 
products require packaging materials having better water barrier properties in order 
to prolong shelf life and quality. The fruits and vegetables, meat, poultry & fish seg-
ments cover a large share of the global edible films and coatings market due to their 
perishable nature. The use of innovative packing design is a kind of strategy to raise 
product acceptance by the customer.

2  Current Prospects of Emerging Sustainable Biopolymers 
and Their Nanostructured Materials

Sustainable materials in edible food packaging are commonly obtained from 
plants, animals, microbes, and other sources. The sustainable materials in edible 
food packaging include various classes of biopolymers such as carbohydrates, pro-
teins, lipids, and fats, where carbohydrates and proteins are used as matrix materi-
als. Additionally, sustainable nanomaterials/ bionanomaterials are used for edible 
food packaging applications due to their various noteworthy characteristics such 
as biocompatibility, non-toxicity, renewable sources, tunable properties, etc. as 
represented in Fig. 4a. The sustainable nanostructured materials deliver multifunc-
tional activities including antibacterial, antimicrobial, antidiabetic, weight reduc-
ing agent, which make them considerable materials to be used in edible food 
packaging (edible coating and edible films). This class of biomaterials can be used 
both individually and in combined form for targeted applications. The most 
focused biopolymers for edible packaging application include the various classes 
of carbohydrates such as cellulose, chitosan, starch, pectin, dextran, xanthan, aga-
rose, etc. Furthermore, the biopolymers derived from protein based sources such 
as collagen, keratin, silk fibroin, soy protein, gelatin, have also received much 
attention. The nanotechnology in food using biopolymers are delivered through 
nanomaterials, liposomes, nanoemulsion, nanoencapsulation, and nanocompos-
ites. The nanotechnology is widely used in the sectors of packaging, intelligent 
packaging, active packaging, and in improving food texture, etc. as represented in 
Fig. 4. Based on this, a detailed discussion on the essential properties of several 
sources of biopolymers for deriving bionanostructured materials and their proper-
ties has been made.
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2.1  Cellulose and Its Nanostructured Materials

Cellulose is a class of polysaccharides, consisting of a linear chain of β (1 → 4) 
linked D-glucose unit, which is one of the most abundant biopolymers available in 
nature. The vital sources of cellulose are plant cell wall, algae, and oomycetes. 
However, the rich sources of cellulose mostly include cotton fiber (95–97%) (Chen 
2014), hemp fibers (70–78%) (Brinchi et al. 2013), flax fibres (60–81%) (Brinchi 
et al. 2013), pineapple leaf fibers (79–83%) (Brinchi et al. 2013), rice straw (62%) 
(Brinchi et al. 2013), wood (40–60%) (Brinchi et al. 2013), etc. Cellulose is taste-
less, odorless, biodegradable, biocompatible, and non-toxic in nature. Further, cel-
lulose is crystalline, thermally stable, and provide superior mechanical properties 
rendering it to be used extensively in various sectors. The promising nature of cel-
lulose allows it to be used in edible food packaging applications including films, 
coating, and hydrogels (Park et  al. 1993; Ghosh et  al. 2019; Ghosh and Katiyar 
2019). Various reports suggest the use of cellulose and its various derivatives for 

Fig. 4 (a) Traits of biopolymers; (b) Nanotechnology in biopolymers; and (c) Application of 
biopolymer based nanostructured materials in food
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edible films and coatings, where cellulose offers positive effectiveness for improved 
food properties. Cellulose nanostructured materials can be extracted from lignocel-
lulose biomass following (1) Pretreatment method (Chemical pretreatment/enzy-
matic pretreatment), and (2) Acid hydrolysis method (Fig.  5). The pretreatment 
method is used to extract cellulose from a particular substrate, whereas the acid 
hydrolysis treatment yields nanostructured cellulose materials. The nanostructured 
cellulose can be obtained in the form of nanocrystals, nanofibers, whiskers, which 
are utilized as edible nano-coating materials for perishable food products (Ghosh 
et al. 2019). The nanostructured cellulose materials deliver a range of properties 
depending on the dimensions, crystallinity, surface properties, barrier properties, 
and mechanical properties, etc. Nanostructured cellulose is also used for food func-
tionalization as thickeners, stabilizers, carrier materials for active agents, etc. 
Additionally, the nanocellulose material is used for preparing nanocomposite based 
biodegradable films (active packaging/smart packaging), edible nano-coatings and 
films, etc.

However, bacterial/microbial nanocellulose has also gained more importance in 
edible coating and films as compared to plant derived cellulose. Bacterial/microbial 
cellulose as the name suggests is produced by certain kinds of bacteria (Acetobacter, 
Rhizobium, Salmonella, Agrobacterium, Sarcina ventriculi). The bacterial/micro-
bial cellulose is different from plant based cellulose in terms of its purity, mechani-
cal property, and water holding capacity. Bacterial cellulose has higher tensile 

Fig. 5 Fabrication of nanocellulose
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strength (in wet state), Young’s modulus (in wet state), higher crystallinity and 
water holding capacity as compared to plant based cellulose. The elastic and Young’s 
modulus of bacterial cellulose is found to be 140 GPa and 172.9 GPa, respectively 
(Kucińska-Lipka et al. 2015). Among various available bacteria, Acetobacter xyli-
num is widely used to produce bacterial cellulose. Bacterial cellulose is biocompat-
ible, and have better water holding property, remarkable mechanical properties, 
which makes it suitable for edible food packaging application. However, cellulose 
and bacterial cellulose do not possess antimicrobial properties and thus need to be 
used in combination with antibacterial agents so as to serve as ideal materials for 
packaging application in the sector of active packaging. The incorporation of silver 
nanoparticles into bacterial cellulose makes it antimicrobial in nature, which, on the 
other hand, is not seen in neat cellulose material. Bacterial cellulose incorporated 
with silver nanoparticles has a strong antimicrobial effect for Escherichia coli and 
Staphylococcus aureus (Maneerung et al. 2008). The combination of bacterial cel-
lulose and chitosan membrane has an additional benefit in comparison to neat bacte-
rial cellulose membrane for inhibiting Escherichia coli and Staphylococcus aureus 
(Lin et al. 2013). Furthermore, it has been reported that the loading of various active 
agents to cellulose facilitates the food properties due to its biodegradable, biocom-
patible, and antibacterial property (Laçin 2014). Thus cellulose is found to have 
immense potential to be used in packaging application with the aid of various value 
addition strategies.

2.2  Chitosan and Its Nanostructured Materials

Chitosan is the second most widely used polysaccharide after cellulose. The bio-
polymer consists of a linear chain of β-(1 → 4)-D-glucosamine, which is a cationic 
natural polymer obtained by deacetylation of chitin molecule. The fabrication of 
chitosan from available sources (crustaceans, insects, microorganism, fungi) gener-
ally follows demineralization, deproteinization, and deacetylation process. However, 
chitosan can be extracted following biological and chemical methods, where bio-
logical methods include organic acid producing bacteria, protease producing bacte-
ria, and chitin deacetylase, and chemical methods involve the use of acid and sodium 
hydroxide solution. Chitosan based source is used in edible packaging application 
due to its antimicrobial, antifungal, adhesive nature, biocompatible nature, oxygen 
permeability, etc. As mentioned earlier, chitosan can be used with other biopoly-
mers in order to make it bacteriostatic and fungistatic, which are the essential prop-
erties for appropriate food packaging (active packaging). Further, several forms of 
chitosan such as chitin, chitosan, their oligomers, and monomers can improve the 
packaging property, whereas the degree of deacetylation, molecular weight of chi-
tosan, and nanoparticles provide various tunable properties for protecting the food 
products. Besides, chitosan nanoparticles also act as a delivery agent to deliver 
nutraceuticals, and other bioactive agents for improved food properties. As shown 
in Fig.  6, the chitosan nanoparticles can be fabricated via ionotropic gelation, 
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microemulsion method, polyelectrolyte complexes, reverse micellar method, acid 
hydrolysis, etc. The chitosan has a remarkable use in the preparation of active food 
packaging for the antioxidant, antimicrobial, antifungal properties, etc. Further, chi-
tosan acts as weight reducing agent, which offer an additional benefit for being used 
as an edible coating material. The hydrogels made from chitosan are considered as 
potential materials for several applications, however, the chitosan based hydrogel is 
restricted in food packaging application. The property of chitosan for edible pack-
aging application can be improved by the addition of other biopolymers for devel-
oping blends, composites with the aid of collagen, cellulose, starch, alginate, and 
other biopolymers.

The use of water soluble chitosan based complex and the related nanoparticles 
also provide a remarkable use in food packaging application, where the water solu-
ble chitosan can easily improve the packaging properties. The complex of water 
soluble chitosan and other polysaccharides provide an increase in shelf life of food 
products, when used as an active packaging material, and can be directly applied as 
edible coating materials. In addition, titanium dioxide provides various medicinal 
property, which increases the effective use in edible packaging fields. The addition 
of titanium dioxide nanoparticle to chitosan and pectin materials help in improving 

Fig. 6 Routes of synthesis of chitosan nanoparticles for packaging application
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antibacterial property, water vapor transmission rate, swelling property, biocompat-
ible nature, etc. which are considered as the desired properties for edible packaging 
applications. Chitosan is also used with poly (ethylene glycol) and other plasticizers 
for providing improved packaging properties in prolonging the shelf life. Therefore. 
chitosan with tailored properties can be used extensively for edible food packaging 
application.

2.3  Starch and Its Nanostructured Materials

Starch is another kind of polysaccharide consisting of amylose and amylopectin, 
where the properties of starch are mainly dependent on the composition of both the 
units. The pure form of starch is insoluble in cold water and it is tasteless and odor-
less in nature. Starch is cheap, easily available, biocompatible, non-toxic, biode-
gradable in nature, which makes it a focused polymer for edible packaging 
application. Besides, starch is widely used biopolymer in various sectors including 
drug delivery systems, edible coatings, edible films, biodegradable films, food func-
tionalization, etc. Starch is usually modified for improving its inherent properties to 
be used in edible packaging application wherein, breadfruit derived starch hydroly-
sates possesses better properties than commercial starch hydrolysate with same 
ranges of dextrose equivalent from other sources. Similarly, the composites of sago 
starch, chitosan and silver nanoparticles can be used for edible packaging materials. 
Interestingly, starches are available in the nanoforms as nanocrystals, nanoparticles, 
and nano-colloids, which are extensively used in the edible food packaging applica-
tion (Fig. 7).

Fig. 7 (a) Sources of starch; (b) Modification of starch; (c) Nanoforms of starch
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2.4  Agarose and Its Nanostructured Materials

Agarose is a polysaccharide, consisting of agarobiose, where agarobiose is gen-
erally consisting of D-galactose and 3,6-anhydro-L-galactopyranose, which are 
linked by α-(1 → 3) and β-(1 → 4) glycosidic linkages. However, agarose and 
agaropectin are the two principal components of agar. The specific polysaccha-
ride exists as white powder, gets dissolved in near boiling water and forms a gel 
like three dimensional structure upon cooling. The properties of agarose may be 
varied depending on the sources and concentration. Additionally, agarose offers 
a wide range of thermal, chemical stability, hydrophilic nature, gelling effi-
ciency, favorable biocompatibility, porous structure, which makes it a potential 
candidate to be used in edible food packaging application. Agar has low biodeg-
radation rate and moderate intension strength (wet condition), which needs to be 
tuned by adding various kinds of biopolymers. In this regard, various kinds of 
agarose based edible coatings/films are developed for packaging application 
with the addition of biopolymers such as chitosan, starch, carboxylated agarose 
composites. The incorporation of the various derivatives of agarose can be used 
with other biopolymers for obtaining the tailor- made properties of edible films/
coatings.

2.5  Pectin and Its Nanostructured Materials

Pectin is a heteropolysaccharide (complex polysaccharide) and an indigestible 
soluble fiber, which consists of galacturonic acid and is found in some plants such 
as pears, apples, guavas, plums, oranges, carrots, etc. Pectin is commercially 
available as high methoxyl and low methoxyl pectin, where high methoxyl pectin 
needs a high portion of sugar to form gel like structure, however low methoxyl 
pectin does not require a high portion of sugar to form gel type structure. 
Additionally, the gelation capacity of pectin is generally governed by its degree of 
esterification, where the residue of galacturonic acid is esterified to form methyl 
esters to produce pectin. Further, high methoxyl pectin has a degree of esterifica-
tion more than 50%, whereas low methoxyl pectin has less than 50% degree of 
esterification. However, high methoxyl pectin is sensitive towards low pH values, 
and is the most existing pectin form available. Furthermore, pectin has wide appli-
cation in various sectors including edible coating (Kang et al. 2007), edible films 
(Espitia et al. 2014), drug delivery (Sriamornsak 2011), etc. For edible packaging 
applications, pectin is used with other biopolymers such as chitosan, soy flour, 
sodium alginate, and others for improved properties. The coating of silver nanopar-
ticle with pectin provides antibacterial and antibiofilm action with tuned packag-
ing properties.
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2.6  Protein Based Biopolymers and Its 
Nanostructured Materials

As mentioned earlier, the proteins for edible food packaging application generally 
include collagen, keratin, soy protein, silk fibroin, etc. Proteins are generally widely 
available from various animal and plant based sources. Proteins provide better film 
forming ability, good barrier properties, low cost sources, nutritional benefits, gela-
tion properties, emulsification properties, etc. The collagen is a principal structural 
component of connective tissue and is commonly found in fibrous tissue including 
tendons, ligaments, and skin. Collagen consists of triple helix I, which is formed by 
amino acids such as glycine, arginine, proline, hydroxyproline, hydroxylysine. 
Collagen is an extensively used biopolymer for edible food packaging applications. 
Keratin is another kind of structural protein which is a main structural material of 
hair, horns, outer skin layer, etc. It is used as an essential component in edible pack-
aging application. Protein based biopolymers are thus referred to as promising can-
didates for edible packaging applications which have been extensively explored for 
their use and efficacy.

3  Traits of Sustainable Nanomaterials in Edible 
Food Packaging

The sustainable nanomaterials are extensively used in edible food packaging for 
nano-food safety, nano-functionality, nano-preservation, etc. as shown in Fig. 8. As 
mentioned earlier, the sustainable nanomaterials are used to improve the 

Fig. 8 Traits of sustainable nanomaterials in food sector
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functionality of food products. The sustainable nanomaterials are considered as a 
remarkable source to be used as nano-safety materials, where sustainable nanomate-
rials are used against microbes, allergens, and to reduce metal content. The chitosan 
nanoparticles provide an effective antibacterial activity against gram-positive 
(Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis) and gram- negative 
bacteria (Escherichia coli, Salmonella typhi). Thus, the antimicrobial activity of chi-
tosan NPs provides considerable attention from the past few years, where chitosan 
and its various derivatives are used to treat many postharvest diseases as antifungal 
coating materials. However, the antibacterial activity of sustainable nanomaterials is 
observed due to the repeating units of primary amine groups and the property is fur-
ther influenced by various factors such as molecular weight of chitosan (low molecu-
lar weight/ medium molecular weight/high molecular weight), degree of deacetylation, 
temperature, pH, sources of chitosan, etc. In this regards, the use of antimicrobial/
antibacterial for the fabrication of polymeric, and solid lipid NPs, liposomes help in 
improving product life, particle size, etc. Interestingly, the chitosan based products 
are commercially more acceptable than cellulose due to the high nitrogen content in 
comparison to cellulose materials, which is also used as chelating agent. Further, the 
addressed nanoparticles are used as an additive in improving the qualities of food 
products in terms of texture, crispiness, flavor, color, etc. Chitosan is used as supple-
ments with other biopolymers for improved antibacterial activity. The cellulose, 
starch based nanoparticles are extensively used to provide nano-functionality to food 
products. The cellulose based nanomaterials have attained considerable attention for 
their tunable rheology property, physical and chemical property, structure-property 
relationship, etc. As mentioned earlier, cellulose nanostructured materials have a 
remarkable mechanical property, and biocompatibility, availability, low density, 
which increase the use of the specific nanomaterials in edible packaging application. 
The nanoparticles are performed as nanoencapsulation, and preservative materials, 
where nanoencapsulation helps to increase the bioavailability of active compounds, 
and protect bioactive compounds and offer sustain release of the active compounds. 
The wide application area of the specified nanoparticles includes in the area of edible 
nanocoatings, active packaging, intelligent packaging, and as food supplements to 
improve product life and acceptance. As food supplements, nanoparticles are added 
to food products as additives, anticaking agents, systems for delivery of bioactive 
compounds, flavor and nutrient delivery, etc. The nanoparticles are used as nano-
emulsion for the delivery of bioactive materials, nutraceuticals or nutraceutical rich 
food and can be consumed with nanoemulsion materials. In this regards, the bioavail-
ability of developed materials is tested for their bioaccessibility, absorption, and 
transformation in biochemical properties across mucus layers and epithelium cells.

4  Role of Medicinal Herbs in Edible Food Packaging

From ancient times, medicinal herbs are being used for the traditional therapeutic 
cures as homebased remedies. The long-established practices of using herbal medi-
cines for numerous therapies are increasing day by day due to the various reasons 
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including population growth, insufficient drug supply, side effects of synthetic 
drugs, cost-effectiveness, etc. According to WHO, 80% of people around the world 
depend on the traditional remedies as a principle healthcare measures (Muthu et al. 
2006). Further, plants and its derivatives constitute 25% of medicinal drugs in 
developed countries (Muthu et al. 2006). India has a very rich diversity of medicinal 
plants, where 3000 plants are formally documented as medicinal plants, however, 
more than 6000 plants are used for therapeutics (Seth and Sharma 2004). Many 
medicinal plants are hindered due to lacking scientific data for efficient use of herbal 
products, which do not provide drug regulatory activities. The widely used medici-
nal plants in India include mainly aloe Vera, tulsi, coriander, mint, lemongrass, 
carom, etc., which are used for treating many diseases including cancer, wound 
healing, weight reducing agent, diabetes, cholesterol lowering, etc. In this chapter, 
the main focus has been given to discuss the role of medicinal herbs in edible pack-
aging application. Among available, the generally used medicinal herbs for edible 
packaging include aloe vera, turmeric, ginger, Terminalia chebula, bitter gourd, 
green tea, onion, and others. Further, honey as a medicinal remedy is another kind 
of potent agent to be used in edible coating materials, where honey acts as a medium 
for delivering the medicinal herbs to remove unflavoured conditions.

4.1  Available Sources of Bioactive Agents

Bioactive agents are generally available from many resources such as plant sources, 
animal sources, marine sources, flavonoids, enzymes, essential oils, and others. As 
well known, bioactive agents are used for treating many diseases including preven-
tion of cancer, wound healing activity, diabetic, cholesterol lowering, and others. 
Some of the bioactive compounds may impart some limitations for using as medici-
nal plants due to the side effects. However, the adequate precaution may help to 
recover the side effects. Bioactive compounds available from medicinal plants need 
to be extracted by various means, as the medicinal properties are obtained mainly 
due to the presence of specific active ingredients. In this regards, the extraction of 
bioactive agents from medicinal plants are generally done by following conven-
tional and non-conventional techniques. The conventional techniques generally 
include soxhlet apparatus, maceration, and hydrodistillation, whereas the non- 
conventional techniques include ultrasonic assisted extraction, microwave assisted 
extraction, pulsed electric field extraction, enzyme assisted extraction, pressurized 
liquid extraction supercritical fluid extraction, etc. (Azmir et al. 2013). However, 
various processes may impart different advantages and disadvantages for the low 
stability and sensitive property of active compounds against temperature, pH, and 
other environmental conditions. In this regards, a detailed discussion for some of 
the available sources of bioactive compounds targeting edible food packaging appli-
cation has been done in the below section.
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4.1.1  Aloe Vera

Aloe vera is a kind of fleshy plant which is easy growing and required low mainte-
nance. Aloe vera is used for multipurp1ose application such as wound healing (Vera 
1989), sunburn and suntan (Puvabanditsin and Vongtongsri 2005), relieve from 
heartburn (Panahi et al. 2015), antitumor property (El-Shemy et al. 2010), reduce 
blood sugar (Tanaka et al. 2006), dentistry (Mangaiyarkarasi et al. 2015), etc. The 
medicinal property of aloe vera is generally due to the available active compounds 
in the leaves of aloe vera, where according to available reports, there are 75 com-
pounds have been identified (Hamman 2008; Raksha et al. 2014). It is supposed that 
the medicinal effect of aloe vera gel is due to the synergistic effect of active com-
pounds than individual components. The major classes of phytochemical compo-
nents of aloe vera include tannin, saponin, flavonoids, etc. However, the other 
phytochemical components of aloe vera generally include 1-tetradecyne, phytol, 
oleic acid, tridecanoic acid, hexadecanoic acid, squalene, tocopherol, vitamin E, 
eicosane, etc. (Arunkumar and Muthuselvam 2009). The major sugar of aloe vera is 
mannose-6-phosphate, which has a positive influence on anti-inflammatory applica-
tion (Davis et al. 1994).

4.1.2  Ginger

Ginger (Zingiber officinale) is an extensively used root spice for various beneficial 
properties in medicinal sectors. The rhizome or root of the plant provides various 
health beneficial activities including antioxidant (Kikuzaki and Nakatani 1993), 
wound healing (Bhagavathula et al. 2009); antidiabetic (Račková et al. 2013), cho-
lesterol lowering (Bhandari et al. 1998); against nausea and vomiting (Ernst and 
Pittler 2000), antinflammatory property (Podlogar and Verspohl 2012), and others. 
Besides, ginger is considered a constant component for cooking purpose, health 
drinks for the hot and fragrant spice. The major nutritional component of ginger 
includes carbohydrate (sugar and dietary fiber), fat, protein, vitamins (thiamine, 
riboflavin, niacin, folate, ascorbic acid, tocopherols), minerals (sodium, iron, potas-
sium, phosphorous, calcium), etc. However, the medicinal properties of ginger are 
mainly obtained due to the availabilities of bioactive compounds. Ginger is mainly 
used in the form of oleoresin and essential oils for various application, where the 
properties of oleoresin and essential oils of ginger varies depending on the source, 
extraction process, solvent used etc. The major bioactive compounds in ginger are 
6-gingerol, which has 8-gingerol and 10-gingerol in smaller amounts (Manasa et al. 
2013). The other available bioactive compounds in ginger are gingerenone A, zing-
erone, shogaol, paradol, 1-dehydro-10-gingerdione, zerumbone, etc. The specific 
bioactive compounds are targeted to affect particular health benefits. In this regards, 
the bioactive compounds 6-shogoal, 10-gingerol, 8-gingerol, 6-gingerol provide 
many beneficial effects for human health. As mentioned earlier, antibacterial and 
antimicrobial properties are desirable for edible packaging application, thus zinge-
rone and zerumbone provide antibacterial and antimicrobial activity, respectively 
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(Rahmani et al. 2014). Additionally, ginger extract can also help to provide ginger 
flavored products including edible coating/films/encapsulation. The combined use 
of curcumin and ginger extract provide additional benefits to promote packaging 
properties.

4.1.3  Turmeric

Turmeric (Curcuma longa) belongs to the ginger family, is extensively used for 
various medicinal properties. The nutrient compositions of turmeric generally 
include carbohydrate, protein, fat, minerals, dietary fiber, etc. However, the incorpo-
rated medicinal property is mainly due to the presence of various bioactive com-
pounds in turmeric such as three types of curcuminoids such as curcumin, 
desmethoxycurcumin, bisdesmethoxycurcumin (Wichitnithad et al. 2009) and vari-
ous volatile oils such as tumerone, atlantone, borneol, zingiberene, sesquiterpenes, 
etc. Similar to ginger, turmeric extracts as oleoresin and essential oils are used 
against various diseases. The bioactive in turmeric is used as anticancer agent 
(Kuttan et al. 1987), antioxidant agent (Jayaprakasha et al. 2002), wound healing 
(Das and Cohly 1995), antimutagenicity (Jayaprakasha et  al. 2002), anti- 
inflammatory (Aggarwal et al. 2013), antidiabetic (Lekshmi et al. 2012), improve 
brain function (Ahmed and Gilani 2014), lower blood lipids (Qin et al. 2017), treat-
ing depression (Lopresti et al. 2014) etc. However, the use of turmeric is remarkable 
for edible packaging application mainly due to the presence of curcumin. As home 
remedies, the paste of turmeric is applied to the skin to treat wounds and itching, 
which further helps to kill microbes.

4.1.4  Haritaki

Haritaki (Terminalia chebula) has the common names myrobalan belongs to the 
tropical almond class. T. chebula is considered as one of the principal ingredients 
for Ayurvedic medicinal development viz. Triphala (A herbal medicine consisting of 
T. chebula, amalaki, bibhitaki), which is used to treat dysfunction in kidney and 
liver. T. chebula fruit is known by various names depending on the origin, and prop-
erties, where the preferred variety (vijaya variety) is obtained from the Vindhya 
region of India. Additionally, the fruit is known as the king of medicines in Tibet for 
its existing biological activities (Lee et al. 2007). The divine fruit is used in various 
way to treat many health benefits such as antioxidant effect (Cheng et al. 2003), 
antibacterial effect (Kannan et al. 2009), antidiabetic effect (Kumar et al. 2006), 
anticancer activity (Saleem et al. 2002), anti-ulcer activity (Raju et al. 2009), wound 
healing (Li et al. 2011), anti-HIV-1 (Valsaraj et al. 1997), antifungal (Valsaraj et al. 
1997), antimalarial activity (Valsaraj et al. 1997), etc. The nutritive composition of 
T. chebula generally consists of starch, reducing sugar, sucrose, protein, ascorbic 
acid, minerals (Barthakur and Arnold 1991). The minerals of T. chebula generally 
includes phosphorous, potassium, calcium, magnesium, Sulphur, iron, boron, 
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sodium, chloride, silica, selenium, manganese, etc. (Barthakur and Arnold, 1991). 
The amino acids present in T. chebula includes alanine, arginine, aspartic acid, glu-
tamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine, etc. (Barthakur 
and Arnold 1991). Additionally, T. chebula is a good source of phenolic content, 
tannin content, and triterpenoid content, which provides the medicinal property to 
food product (Chang and Lin 2012). The active compounds in T. chebula are triter-
pene glycosides, chebuloside I and II, arjunglucoside I, arjungenin, chebulin, ellagic 
acid, chebulinic acid, gallic acid, luteolin, terflavin A and B, etc. T. chebula is effec-
tive against dermal wound healing activity in rats, where the treatment of T. chebula 
to wounds provide faster healing and epithelialization (Suguna et al. 2002). Further, 
there is an increase in total protein, collagen content, hexosamine, uronic acids in 
tissues due to the effect of T. chebula (Suguna et al. 2002).

4.1.5  Other Herbal Sources for Edible Food Packaging Application

As discussed earlier, there are a variety of sources which are used for edible food 
packaging application for availing with various active ingredients. The extract of 
bitter gourd provides a positive effect for using as edible food packaging applica-
tion. Green tea has antioxidant and anti-inflammatory properties and is effective in 
developing edible coating/film materials. The major polyphenols in green tea poly-
phenol are epigallocatechin-3-gallate, which is used in treating many diseases. 
Moreover, chitosan and green tea polyphenols are used to control the  release of 
compounds and help in improved food properties when used as edible food packag-
ing materials. Onion has quercetin, gallic acid, and ferulic acid as main components 
and is a rich source of polyphenols, flavonoid, anthocyanin.

4.2  Limitations of Medicinal Herbs for Edible Food 
Packaging Application

As discussed, herbal medicines are widely used for treating many diseases for their 
cost-effectiveness and local availability, however, the herbal medicines have many 
side effects limiting the use of herbs. Considerably, herbal medicines effects slowly, 
so it is considered inappropriate for severe conditions and there is a lack of proper 
instruction for doses and allergic reaction. However, the unavailability in the proper 
doses requirement may cause the overdose of active compounds which may cause 
severe problems in the body. The common disadvantages of medicinal herbs include 
allergic reactions, irritation, headache, vomiting, gas formation, etc. In this regards, 
though aloe vera has many health benefits, however excess of everything is not 
good. The latex content of aloe vera may be a problem for some consumers, as it 
may impart irritation, skin allergies, burning sensation, discomfort, itching, dehy-
dration, constipation, etc. Further, aloe vera may cause a fall in blood sugar level. 
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The latex of aloe vera may cause an imbalance in the electrolyte of a diabetic. 
Additionally, the serious effects of aloe vera include kidney problem, thyroid dys-
function, toxic effects, etc. Similarly, the high intake of ginger may lead to an upset 
stomach, irritation (skin, eye, mouth), gas, heartburn, diarrhea, lower blood sugar, 
and it is riskier for bleeding disorder patients. Considerably, ginger intake is not 
good for pregnant and breastfeeding women. The intake of turmeric may cause 
kidney stones, upset stomach, diarrhea, allergic reaction, may reduce iron absorp-
tion in the body and others. The haritaki has a bitter taste and cause dehydration, 
diarrhea, less sleep, system fatigue, and a decrease in sexual energy, etc. The green 
tea intake may lead to stomach problems, iron deficiency, headache, less sleep, 
vomiting, irregular heart rhythm, muscle contraction, high blood pressure, liver dys-
function, etc. The risk of bitter gourd includes vaginal bleeding, abortion, lowers 
blood sugar, liver damage, irregular heartbeat, etc. In this regards, the content of 
medicinal herbs should be checked properly and should consult with an herbalist 
before the consumption. Further, the herbal medicines act slowly on body thus do 
not work for severe diseases. Some reports also suggest that the herbal medicines 
generally consist of a number of phytochemicals, where a single dose contain a less 
number of active agents which is a problem for proper treatment.

5  Sustainable Nanostructured Materials Facilated by 
Bioactive Compounds for Edible Food Packaging

The sustainable nanostructured materials are generally extracted from available 
renewable sources and are considered as commercialized materials for the charac-
teristics of inherent properties. Interestingly, sustainable nanostructured materials 
are used for the delivery of nutraceuticals and bioactive compounds. As shown in 
Fig. 9, the bioactive compounds are generally obtained from available herbs proving 
various health beneficial properties. Edible coatings and films are a suitable way for 
the delivery of the active compounds to consumer, where sustainable nanostruc-
tured materials act as a delivery agent. Additionally, the bioactive compounds help 
to enrich the food products with natural health beneficial agents. The edible packag-
ing facilitated by bioactive agents is widely used to improve the shelf life of perish-
able food products. The perishable food products such as fruits and vegetables are 
essential parts of a healthy diet, where a single fruit product cannot provide com-
plete nutrients. As discussed in the previous section, fruits and vegetables, meat and 
meat products, fish and fish products are perishable food products, having a ten-
dency to degrade faster if stored in unfavorable condition. Further, fruits and vege-
tables are a rich source of natural antioxidant compounds, which are required for 
good health of consumer. In this regards, there is a problem relating to the seasonal 
availability of perishable fruits and vegetables. Thus various postharvest techniques 
are used to prolong shelf life of fruit products such as low temperature storage 
(freezing, chilling), high temperature storage (sterilization, pasteurization, drying, 
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etc.), applied packaging technology (modified atmospheric packaging, controlled 
atmospheric packaging, active packaging, intelligent packaging), salting, etc. 
However, the use of high temperature and low temperature processing for the 
improved shelf life of food products may change the food properties due to undesir-
able chemical and biochemical changes. So the use of edible coatings and films with 
the addition of bioactive compounds can improve the product life of food products.

The aloe vera can be used to develop edible coating materials in addition to 
applied packaging technology, where aloe vera coated kiwifruit slices provide 
improved fruit quality when stored under modified passive atmosphere (Benítez 
et al. 2013). The edible coating based on aloe vera gel maintains the property of 
sweet cherry in terms of weight loss, reduce respiration rate, color, firmness, total 
soluble solid content, etc. during cold storage (Martínez-Romero et al. 2006). The 
aloe vera is generally used as an antimicrobial coating for improved shelf life and 
quality of papaya fruits (Marpudi et al. 2011). The properties of aloe vera based 
coating for papaya fruits are further improved when papaya leaf extracts are added, 
which help to maintain physiochemical properties. However, the available biopoly-
mers can be used in addition to aloe vera for improved food quality. In this regards, 
the use of chitosan and aloe vera are very effective in maintaining the quality of 
blueberries in terms of delayed fungal decay and reduce weight loss, etc. at cold 
storage (Vieira et al. 2016). The limonene liposomes have a tendency to improve the 
shelf life of strawberries during transportation (Dhital et al. 2017). In this regards, 
the transportation of fruits and vegetables are a crucial reason for fruit degradation, 
where vibration during transportation may cause abrasion, bruising, scuffing, punc-
tures, cuts, etc. The application of edible nano-coating can improve the property of 
food products during mechanical operation, storage, transportation, etc. The limo-
nene based liposomes help to reduce the fungal growth on strawberries, which fur-
ther improve the shelf life of fruit products. The nanotechnology based packaging 
help to improve the quality of fruits and vegetables by maintaining the preservation 

Fig. 9 Significance of bioactive compounds in edible food packaging
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properties of fruits and vegetables for a longer period of time. The edible packaging 
incorporating essential oils such as ginger or cinnamon with sodium caseinate and 
soy protein isolate provides tunable film property for edible packaging (Atarés et al. 
2010a; Atarés et al. 2010b). Further, the nanoemulsion based edible coating from 
sodium caseinate and ginger essential oils can maintain the properties of chicken 
breast in comparison to emulsion based edible coating (Noori et  al. 2018). The 
nanoemulsion coating materials with ginger essential oils (6%) have a tendency to 
decrease the total aerobic psychrophilic bacteria of specified products. Further, the 
addition of essential oils to edible coating materials have a tendency to increase 
opacity, antimicrobial activity, antifungal activity of coating materials. However, 
the sources of essential oils include flowers, herbs, resins, citruses, spices, etc. In 
this regards, the various essential oils from available sources are widely used to 
improve the food quality during storage due to the available activities such as anti-
oxidant, antimicrobials, antibacterial, antifungal activity, etc. The properties of the 
essential oils have attained various application in the area of food additives, edible 
packaging and pharmaceutical industries. The curcumin is a bioactive compound 
available in turmeric, which is used to make bioactive coatings incorporating cur-
cumin in protein for developing nanofiber mats (Alehosseini et al. 2019).

6  Conclusion

The development of edible food packaging with the incorporation of bio-based 
nanostructured materials is very effective in improving the food properties. However, 
the postharvest management system is very crucial in extending the shelf life of 
perishable food products. The inclusion of various unit operations can improve the 
food properties, however, the techniques may alter the food texture. The use of 
edible packaging in terms of edible films and coatings can improve the product life 
without altering the food properties. Moreover, the addition of various bioactive 
compounds for developing edible packaging materials help to provide additional 
benefits such as antimicrobial property, antioxidant property, antifungal activity, 
antibacterial activity, etc. In this regards, the combined use of biopolymers and 
nutraceuticals are a potential candidate to improve the product life of food products.
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1  Definitions of Nano-Films

At present, efforts have been made to improve the quality and safety of food prod-
ucts. One of the best-known strategies is the formation of films in which different 
materials and/or substances with a great impact on the shelf- life of the food can be 
transported. In addition, these materials can be nanostructured in form, which con-
fers different or potentiated properties in contrast to their initial size. In this respect 
nano-films have been attractive in food packaging, since their improved functional 
properties, such as mechanical strength and barrier properties, have even antimicro-
bial and antioxidants activities to maintain the quality and extend shelf-life in vari-
ous ways in different food applications (González-Reza et al. 2018; Sothornvit 2019).

Nano-films can be defined as a barrier formed by polymeric materials that con-
tain at least one of their components in nanostructured form, and which fulfills a 
specific function of interaction with the environment and the food, as well as being 
able to transport substances of high biological impact. The use of nanocomposites 
for food packaging began in the 1990s, and the use of montmorillonite clay as a 
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nanocomponent has been utilized in a wide range of polymers, such as polyethyl-
ene, nylon, polyvinyl chloride, and starch. An example is the transparent nanocom-
posite coating and plastic film known as Durethan®, produced by Bayer® and that 
contains clay nanoparticles dispersed throughout the plastic (Majid et al. 2018).

The packaging of food with nano-films is a new-generation technology based on 
nanomaterials, which has become one of the most developed areas of nanotechnol-
ogy and represents a radical alternative to conventional food packaging (Bradley 
et al. 2011). Nanomaterials are entities that are incorporated into traditional packag-
ing materials, mainly in low fractions, to improve the properties of the original 
material (Huang et al. 2015b). Polymer nanomaterials can potentially be employed 
as food packaging materials and can be classified into four types according to pur-
pose of use: (a) improved packaging; (b) active packaging; (c) intelligent packag-
ing, and (d) degradable or compostable biopolymers.

In this regard depending on the application one wishes to have, or a combination 
of those mentioned previously it is necessary to carry out compatibility studies with 
the product to be conserved, considering aspects of its useful life, in addition to the 
existing regulations on nanomaterials in food packaging.

2  Materials in Nano-Films Preparations

Until recently, the majority of food packaging materials had been derived from 
petroleum due to its machinability, barrier properties, transparency, and availability. 
However, at present, the development of biodegradable and eco-friendly materials 
is necessary; these materials also possess a good barrier to O2 and CO2, and water 
vapor and increase the shelf-life of food. In this respect, nanotechnology has repre-
sented an excellent alternative to modified properties of packaging prepared with 
biodegradable polymers and inorganic fillers, exploiting the properties of nanomet-
ric size, such as chemical reactivity, superficial area, and uniform distribution on 
nano-film. The principal materials utilized in nano-film preparation are as follows: 
(1) biopolymers of vegetal and animal origin, such as polysaccharides, including 
starch, chitin, pectin, cellulose, and lignin, or proteins, including gelatin, carra-
geenan, agar, gluten, etc.; (2) biopolymers obtained from fermentation and biomass, 
such as xanthan gum, polyhydroxy alko-nates, poly-lactic acid, etc., these two clas-
sifications of materials obtained from sustainable and renewable sources; (3) syn-
thetic biodegradable polymers, such as polyvinyl alcohol, polycaprolactone, 
poly-hydroxybutyrate, among others; (4) waxy lipid, solids, and liquid, such as 
beeswax, candelilla wax, candeuba wax, etc., used in the preparation of solid lipid 
nanoparticles, and (5) inorganic materials utilized as fillers and modified in their 
thermal, barrier, optical, and mechanical properties, such as clays (nano- 
montmorillonite and nano-bentonite) and inorganic compounds with antimicrobial 
properties, such as nano-TiO2, nano-Ag, nano-Au, among others. Natural biopoly-
mers are preferred to prepare nano-films due to that these are sensitive to pH since 
there are anionic polymers (pectin, carrageenan, and hyaluronic acid). cationic 
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polymers (chitosan and polylysine), or amphiphile polymers (collagen and gelatin) 
or neutral polymers (dextran and pullulan). Hence, depending on the function to be 
developed in the nano-film, these can have a manner of control release depending 
on pH, temperature, ionic strength, food-lipid content, and humidity (Arora and 
Padua 2010; Hoseinnejad et al. 2018; Ghaderi et al. 2019; Huang et al. 2019).

Currently, and in order to obtain nano-films for food packaging with improved 
properties in relation to thermal resistance, and barrier and mechanical properties, 
as well as having better control of the release of antioxidant, antimicrobial, and 
flavor substances in active food packaging, composite materials are employed, 
including mixtures of polymeric nanostructures filled with inorganic clays or oxides. 
Also, intelligent food packaging requires nano-films capable of changing color by 
means of the effect of pH, temperature, enzymatic activity, or protein modifications 
(microbial growth and protein degradation). In the fabrication of nano-films, the 
principal structures utilized are nanofibers, nanowires, nanocrystals, nanocapsules, 
solid lipid nanoparticles, nanoparticles, or combinations of these.

Moreover, the materials employed to prepare nano-film matrices and substances 
with antimicrobial, antioxidant and flavoring properties are used in the new packag-
ing products, preferably of natural origin. In this latter regard, we note the follow-
ing: (1) essentials oils, such as clove, cinnamon, rosemary, lime, orange, and others, 
are used because these have antioxidant properties due to the effect of the polyphe-
nols that these contain and their antimicrobial capacity due to a volatile component; 
(2) plant extracts that contain anthocyanins, quercetin, epicatechin, gallic acid, tan-
nin, and other substances with a high antioxidant capacity; moreover, these compo-
nents also possess antimicrobial properties; (3) microorganisms and enzymes, such 
as lactase and cellulase, and (4) conductive materials, such as polymers, magnetic 
nanoparticles, employed to detect pathogenic microorganisms and sporulation used 
at low concentrations (Helmy 2018; Vasile 2018). Thus, nanotechnology in nano- 
films renders it possible to obtain structures with functions at the molecular level.

3  Compatibility of Nano-Films and Food Products

Food composition is very varied and includes a multicomponent system in which 
moisture and lipid content exert an important effect on the functionality of food 
packaging, such as the release of active substances trapped in nano-films that are 
composed of different polymers, and probably other materials, such as lipid, oxides, 
or clays. The particle size of nanostructured materials comprises an important 
parameter in terms of chemical reactivity, ionic strength, therefore the potential 
interactions between the organic and inorganic molecules responsible for potential 
interaction with the food. In this respect, the surface charge determines the stability 
of the colloidal systems, their structure, and the possibility of remaining in the 
matrix of the nano-film. Measurement of the surface charge is represented by the 
zeta potential (ζ) and determines a large part of the interactions between the food 
surface and the nano-film. These interactions are affected by pH, temperature, ionic 
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strength, humidity, fat content; the ζ, based on electrophoretic mobility, is expressed 
in mV of the superficial charge (Sharma et al. 2019b).

Foods are considered solid matrices due to their composition, structure, and 
nature. It should be considered that cellular structures in foods are composed of col-
loidal systems in which the organelles are embedded. These colloidal systems have 
superficial charges, viscosity, and size that interact to produce food deterioration. 
However, depending on the composition of the nano-films, food can be slowed in its 
deterioration. Also, the different interactions among the components of food directly 
affect the sensory changes associated with the food’s structure, exerting an influence 
in the first place on color and texture, and finally, on flavor and aroma. The ζ of food 
complexes will be important in the superficial phenomena between the food and the 
nano-film materials (Hernández-Montelongo et  al. 2016; Cano-Sarmiento et  al. 
2018, Souza et al. 2019). The characteristics of the materials used are central, since 
different polysaccharides, proteins, and lipids are utilized in the manufacture of 
nano-films. Moreover, because mechanical and thermal reinforcers or modifiers are 
also employed as nano-clays, oxides and other inorganic materials, some of these 
also have antioxidant and antimicrobial properties (Hong and Chen 2014). It is also 
necessary to consider the positive, negative, or non-polar superficial charges 
involved; the materials that contribute these properties must be selected according 
to the function that is required in the nano-film for food preservation. If any active 
substance (antioxidant, antimicrobial, enzymatic) is added it is necessary to con-
sider how long the surface concentration should be sustained to increase shelf-life 
and to maintain the physicochemical, microbiological, and sensory characteristics 
of the packaged food (Deutsch et al. 2019; Ghaderi et al. 2019).

4  Preparation Methods Nano-Films Dispersions

One of the first steps after the selection of the materials that will form the nano-films 
is the dispersion of their components. The dispersion process of the nanomaterials 
in the solutions or dispersions of the support materials (generally biopolymers) 
should be of high quality, that is, the nanomaterials should be perfectly distributed, 
in order to generate a homogeneous film that maximizes its functional properties 
(mechanical, barrier, optics, etc.).

In the case of polymeric nanoparticles, liposomes, solid lipid nanoparticles, and 
similar systems that can be obtained in the form of aqueous nanosuspensions, their 
incorporation into polymeric support matrices is a relatively simple task, and gener-
ally low-shear mechanical agitation is sufficient to incorporate and homogenize the 
nano-systems efficiently.

However, in the case of inorganic nanomaterials obtained as nano-powders, their 
large surface area, high surface energy, and the electrostatic charge in the breaking 
up of agglomerates is the major challenge. The clustering of particles in polymer 
nano-films could reduce their functional characteristics; therefore, efficient 
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integration should be the goal. Surface modification of inorganic particles could 
comprise a solution because it produces excellent integration and improved inter-
face interaction between the inorganic filler and the polymer matrix (Hong and 
Chen 2014). Direct introduction of functional groups by chemical treatment or 
grafting of functional polymeric molecules onto the hydroxyl groups are two of the 
approaches to modify the surface of the particles.

On the other hand, high-shear homogenization by rotor-stator systems could aid 
in disrupting the aggregates and dispersing the nano fillers based on clays or metal 
oxides in the polymeric solution. There is a special case considered for nanoclays 
and for hydrophilic clays; mixing them in water with water-soluble polymers results 
in good dispersion and homogenous films. In this case, the degree of exfoliation can 
be improved by the use of conventional shear devices, such as extruders, mixers, 
ultrasonicators, ball milling, fluidizations, etc., (Vartiainen et  al. 2010). Another 
special case is that of the dispersion of nano-organoclays; in this situation, it is nec-
essary to add a polar activator prior to the dispersion. For complete dispersion, the 
first step is the wet-out; in this step, organoclay is mixed with the polymeric solution 
under vigorous stirring, and big agglomerates are broken up; however, at this point, 
dispersion is not complete. Complete dispersion is achieved by the addition of a 
polar activator; the function of polar activators is to disrupt the weak Van der Waal 
forces, which tend to hold the clay platelets together (Patel et al. 2006). Once these 
platelets are separated, the dispersion is complete, and the nano-film can be formed 
by means of the appropriate method.

5  Functionality of Nano-Films as Control Release Systems

An important function of the packaging lies in the protective effect and trapping 
substances that generate benefits in the foods, achieving this to increase the shelf- 
life of the food and in addition, for it to be an attractive commercial strategy that 
allows to conserve, for more prolonged time, the color, flavor, aroma, and texture of 
food, limiting the oxidation reactions that give rise to rancidity, discoloration, and 
off-flavors. The employment of the nanostructures that generally encapsulate the 
different components has for increasing the functionality of the substances added 
intentionally during the manufacture of nano-films, with the advantage of the ben-
efits of the nanometric size, in terms of greater surface area, reactivity, and better 
distribution on the packaging, hence better control of the release of active substances.

In addition, with regard to the global trend, it has been necessary to take into 
consideration the manufacture of new materials with biodegradable and eco-friendly 
substances that meet the requirements for use in contact with food in accordance to 
FDA regulations. There are many functions of active packaging in food preserva-
tion, such as the use of components that comply with antioxidant, antimicrobial, and 
other protective functions. Moreover, nano-films can be utilized as electronic 
devices and sensors with changes in color during storage time and the production of 
reaction products that can be used as intelligent nano-packaging.
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5.1  Antimicrobial Packaging

The food industry faces important challenges in order to manufacture products that 
meet the requirements that consumers demand today. One of its main challenges is 
to provide safe products free of pathogenic microorganisms and their toxins, as well 
as other microorganisms that cause food spoilage and deterioration of food, decreas-
ing their shelf-life- nano-food packaging represent a way to help protect food from 
microbial recontamination, taking into consideration that, given that the concentra-
tion of oxygen and optimal conditions for the growth of pathogens and other micro-
organisms is found on the surface of the food, where they develop more easily, it is 
possible to take advantage of nano-films loaded with antimicrobial substances, 
although there are also some polymers that have antimicrobial activity, such as chi-
tosan. Also, there are nano-clays that are employed to improve the mechanical and 
thermal properties in the polymeric matrix, but that also have antimicrobial proper-
ties (Baysal and Çelik 2019). When nano-films are incorporated into natural or syn-
thetic antimicrobial substances in a nanostructure, with the purpose of these 
remaining during storage time, with the antimicrobial being released into the head-
space and fulfilling its function on the surface of the food, then the nano-film is 
denominated an active nano-film. An important effect that is utilized when nanocap-
sules, nanowires, nanotubes, nanoparticles, etc., loaded with active substances are 
incorporated into the polymeric support matrix, is that the antimicrobial substance 
remains for a longer time in the polymeric matrix and lower concentrations of these 
are necessary and with best effectiveness, such as biocides or antimicrobials, due 
the protective effect of the wall of the nanostructure.

Nano-film preparations use both organic and inorganic antimicrobial substances: 
the organic substances include natural compounds of vegetal or animal origin, and 
the synthetic substances, polymers such as chitosan and inorganic compounds 
mainly include nano-titanium, nano-selenium, nano-silver, nano-fold, nano-copper, 
and nano-magnesium. The mechanisms of action of the compound with the antimi-
crobial effect is different, and among the main ones, we find the following: (1) dam-
age to the cell wall and inhibition of nucleic-acid generation; (2) modification and 
damage of the cell membrane, and (3) coagulation of the cellular cytoplasm.

Essentials oils are natural substances employed for their antimicrobial effect that 
is attributable to a compound such as monoterpenes, diterpenes, triterpenes and 
phenolic compounds (Huang et al. 2019). Many essential oils have been tested as 
antimicrobial agents, including clove essential oil nanostructured in an inclusion 
complex, and nanocellulose in a chitosan matrix was tested with respect to Gram- 
positive bacteria (Bacillus subtilis and Staphylococcus aureus) and Gram-negative 
bacteria (Escherichia coli and Pseudomonas aeruginosa), finding that the high 
eugenol in clove is responsible for the antimicrobial effect. Due to that it can dena-
ture proteins and react with cell-membrane phospholipids. Changing their permea-
bility and inhibiting the growth of numerous microorganisms (Adel et al. 2019).
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5.2  Antioxidant Packaging

Active and intelligent packaging with antioxidant capacities is employed in food 
packaging. Nano-films, then, comprise a viable alternative to incorporating, as fill-
ers, nanoencapsulated active substances in a polymer matrix. Moreover some poly-
mers have also been found with certain antioxidant properties, such as gelatin. The 
antioxidant capacity of nano-films is utilized as indicative of oxidation in meat and 
meat products, and substances with antioxidant capacities are able to adsorb free 
radicals by changing the color and indicating that the product has expired or has 
significantly decreased its shelf life. As an example of this, the Lycium ruthenicum 
Murr. extract, with its high content of anthocyanins that are sensitive to changes in 
pH, was used to determine the freshness of pork meat; the extract is sensitive to 
microbial growth and other oxidative reactions (Qin et al. 2019). Gallic acid has 
been used to maintain the oxidative stability of walnuts. The phenol was encapsu-
lated in soft flour/polyethylene oxide nanofibers (Aydogdu et al. 2019). In general, 
polyphenolic natural extracts are the natural substances that possess the greatest 
antioxidant capacity, and these are incorporated into biodegradable and non- 
biodegradable polymers. Among the materials that have been considered due to 
their loading behavior are proteins such as gelatin, zein, and casein that, when pre-
pared by different methods, such as nanoparticles and nanowires, and incorporated 
into a polymeric matrix, modified the mechanical properties and the release kinetic 
(Luecha et al. 2010; Barbosa-Pereira et al. 2014; Souza et al. 2019).

5.3  Retention and Release of Flavors

Aroma and flavor are the most important sensory characteristics of food and a crite-
rion in the purchase decision. Recently, the benefits of nano-sized systems have 
been used to encapsulate and protect compounds that are volatile and sensitive to 
environmental conditions (light, temperature, O2, pH ionic strength) such as aromas 
and flavors. The incorporation of nanostructures into the polymeric matrix this rep-
resents an alternative that contributes to the retention of aromas, mainly those pre-
pared with hydrophilic polymers, such as proteins and polysaccharides, it being 
important to emphasize that these must the selection of the polymers for encapsula-
tion depends to a great extent on the characteristics of the food. The biopolymers 
used form a network with the nanoparticles that fill and modify the diffusion proper-
ties of the film, adsorbing and retaining aromas or else releasing the flavor entrapped 
in the nanostructure and that acts as a barrier that allows a sustained release of fla-
vor, thus preserving the characteristics of the food during storage (Saifullah 
et al. 2019).
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5.4  Nano-Films as Biosensors

Another application area of nano-films is as nanosensors in intelligent packaging. 
The use of materials that react in function of food condition during storage, trans-
port and commercialization, contributed to establish the shelf life of food, consider-
ing color changes by reaction with vapors, gases and products of microbial growth 
(Huang et al. 2015a). The nano-films containing substances that serve to inform to 
the consumer on the internal changes in the product respect to environment condi-
tions. In general, nanosensors targeting improved the pathogen detection and many 
of these are development considering the electrically conducting polymers (Wesley 
et al. 2015).

6  Applications Methods of Nano-Films

6.1  Electrospinning

Electrospinning is a single method enabling the production of nanofibers from a 
polymer solution, dispersion, or melt. In this technique, a strong electrical field cre-
ates the stretching of the droplet of fluid in a single direction, thus originating a 
continuous line of polymer solution or melting polymer into a fine fiber followed by 
its deposition in a grounded collector (Wen et  al. 2017; Vlachou et  al. 2019). 
Figure  1 schematize the basic setup of the electrospinning, Layer-by-Layer, co- 
extrusion, and plasma techniques for the preapration of nano-films.

Electrospinning is a technique with enormous potential because it can be used to 
produce fibers with oriented nanomaterials inside the polymeric matrix, any solid 
particle (e.g., nanoclays, nanotubes, inorganic nanoparticles) or dispersion in the 
fluid can will aligned and stretched in the same flow direction. Electrospinning also 
permits the easy incorporation of bioactive compounds into nanofibers with high 
encapsulation efficiency.

The fabrication of nanofibers via electrospinning is affected by many different 
parameters. Among these, the solution properties are the most important. The latter 
these include the following: the polymer concentration; molecular weight and vis-
cosity; the solution conductivity and relative volatility; volatility of the solvent; sur-
face tension, and the dielectric constant (Vlachou et al. 2019).

Nanofibers obtained by electrospinning can be used directly into the food or 
included as a mat into the supporting materials of the nano-films, food-grade poly-
mers such as proteins and polysaccharides are examples of supporting materials.
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Fig. 1 Schematization of the main techniques for the preparation of nano-films for food 
applications
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6.2  Layer-by-Layer

Layer-by-Layer (LbL) assembly is a cyclical process that includes the sequential 
adsorption of complementary molecules on a substrate surface, driven by multiple 
interactions involving electrostatic and/or nonelectrostatic interactions (Zhang et al. 
2018). Typically, a charged material is adsorbed onto a substrate, and after washing, 
an oppositely charged material is adsorbed on top of the first layer. This constitutes 
a single bilayer with a thickness generally on the order of nanometers, and the depo-
sition process can then be repeated until a multilayer film of desired thickness has 
been assembled (Richardson et al. 2015). Figure 1 schematize the process of films 
obtention by LbL approach.

The LbL assembly method can produce films on various forms of substrates, and 
includes different techniques such as immersion, spinning, spraying, the electro-
magnetic approach, and fluidic assembly. LbL has numerous advantages over other 
preparation methods of nano-films; it includes fine control of composition, mor-
phology, thickness, and topography. The final characteristics of the nano-films can 
be adapted by adjusting the solution properties such as the concentration, ionic 
strength, and the pH, and process parameters such as washing time, interaction time, 
temperature, and drying conditions.

The LbL method possesses the advantage that the nano-film is fabricated directly 
on the surface-of-interest, for example, fruits, vegetables or other food substrates 
(Medeiros et al. 2012; Arnon-Rips and Poverenov 2018), eliminating the need to 
produce the film outside of the food and its later application. Charged biopolymers 
such as chitosan, carboxymethyl cellulose, pectin, and alginate are examples of 
film-formers based on electrostatic forces used in the LbL formation of nano-films 
intended for food preservation.

6.3  Co-Extrusion

Co-extrusion is the production procedure in which a plastic film containing two or 
more distinct plastic layers is formed without requiring any intermediate steps 
(Selke and Hernandez 2001). The melted polymers are fed together carefully to 
produce a layered melt, which is then processed in conventional ways to produce a 
plastic film or sheet (Lagarón 2011) (Fig.  1). Two modalities are possible: feed 
block co-extrusion, where the streams are merged into a single laminar melt flow in 
a feedblock that is positioned immediately upstream of the extrusion die, and die 
co-extrusion, which employs a complex die construction in which separate melt- 
path manifolds are arranged to merge at a point close to the die exit (Ebnesajjad 2016).

The co-extrusion method is one of the easiest ways to obtain economical and 
functional films. Reinforced or functional nano-films by co-extrusion can be pro-
duced incorporating nanoparticles (fillers) in one or more of the melted polymers; 
once they are cold, the fillers are dispersed throughout the polymer forming the 

M. L. Zambrano-Zaragoza et al.



297

composite film. Six nano-fillers constitute the panel of nanoparticles under the 
scope of the NanoSafePack project, including clay nanoparticles, metal oxide 
nanoparticles, and promising applications such as zeolites and calcium carbonate on 
the nanometer scale (Fito 2013). The inclusion of fillers enhances the rigidity, bar-
rier properties, and clarity, or provides functionality to the film. Recently, the use of 
nanoclays, a type of layered silicate with nanometric thickness and a diameter of 
50–200 nm, as fillers in food-grade nano-films, has gained popularity because they 
can be obtained from nature and entertain a low cost.

6.4  Plasm

Recently, plasm deposition technology has been applied to enrich, with functional 
materials, the top of films. These processes usually include two steps: i) an initial 
phase, carried out either with low- or atmospheric-pressure plasma, aimed to enrich 
the topmost surface of the substrates with functional groups (e.g., grafting oxygen- 
or nitrogen-containing reactive groups or depositing functionalized films), and ii) 
the process continues with the adsorption or the covalent binding of the bioactive 
molecule to the substrate surface (Palumbo et al. 2015). At present, a strategy is 
preferred that involves one-step direct deposition of the plasma at atmospheric pres-
sure, because this limits damage to the deposited structures, preserving the func-
tionality of the active molecules (Heyse et al. 2011). Direct plasma deposition at 
atmospheric pressure allows the efficient spraying of low vapor- pressure pure liq-
uids, salts solutions, or even nanoparticle suspensions (Palumbo et al. 2018). During 
the application of the plasma, some aspects of the feeding solution should be con-
sidered, for example, the bioactive molecule prone to be deposited should be dis-
persed in water or a suitable buffer solution, and also, additional gas or vapor can be 
added. Figure 1 schematizes the basic setup of direct plasma deposition.

7  Properties Nano-Films

7.1  Barrier Properties

Barrier properties include permeability of gases (such as O2, CO2, and N2), water 
vapor, aroma compounds, and light, and these acquire vital importance during the 
design of advanced food packinging. The introduction of polymer-based films, par-
ticularly polysaccharide-based films, as packaging materials has been increasing 
over the last few decades because of their biodegradability, innocuousness, and low 
cost. However, due to the hydrophilic nature, they present inherent permeability to 
low-molecular-weight substances, including permanent gases, water, organic 
vapors, aromas, and flavors  (Siracusa 2012). The incorporation of nanomaterials 
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into films can improve the barrier performance of films. The inclusion of inorganic 
materials such as nanoclays, in particular, montmorillonite, laponite, hectorite, and 
cloisite (Luecha et al. 2010; Nagarajan et al. 2014; Qi et al. 2016; Wu et al. 2018), 
has proved to increase the water and gas-barrier properties of nanocomposite films 
due to the presence of dispersed silicate layers in an organized manner with large 
aspect ratios in the polymer matrix (Nagarajan et al. 2014). Also, organic polymers 
such as PolyLactic Acid (PLA), poly(ε-caprolactone), and chitosan in the form of 
nanoparticles have been tested and showed to reinforce barrier properties.

7.2  Mechanical Properties

The mechanical properties of nano-films include the elastic modulus, tensile 
strength, and the percentage of elongation as the most important parameters. The 
adequate mechanical strength of films is necessary to protect the integrity of pack-
aging throughout manipulation. Despite the use of natural polymers in the forma-
tion of food-grade films, there are some strong limitations: for example, starch-based 
films present poor tensile properties and high water-vapor permeability when com-
pared to synthetic conventional films (Souza et al. 2012). The low mechanical prop-
erty of composite films, their hydrophilic nature, and their sensitivity to moisture 
content can be reinforced by cross-linking with nanoclays, carbon nanotubes, or 
other inorganic nanomaterials. However, in practice, the results of the increase in 
the mechanical properties of nano-films are not highly predictable. It has been 
observed that reinforcement with nanoclays works well at a specific range of per-
centage of use; if the proportion of nanoclays is high, films can lose their integrity 
(Souza et al. 2012; Nagarajan et al. 2014). High rigidity in films in the presence of 
nanoclay can be mediated by the presence of strong hydrogen interactions and elec-
trostatic interaction between matrix and clay.

7.3  Optical Properties

The optical properties of the films not only correspond to properties of appearance, 
such as transparency and color, but also include the transmission of UV light, an 
optical property that entertains importance in oxidation or catalytic processes within 
the food (Sanchez-Garcia and Lagaron 2010) showed that nano-films composed of 
Poly(Lactic Acid) (PLA) PolyHydroxyButyrate-co-Valerate (PHBV), and 
PolyCaproLactone (PCL) in which an organo-modified mica-based clay grade was 
included, enhanced barrier properties to UV light. At 5 wt% of clay, light transmis-
sion decreased by up to 90% at 300 nm in the UV region. Transparency is often 
affected by the incorporation of clays or other types of nanoparticles; Luminosity, 
L∗, which forms the CIELAB color system, can be utilized as a parameter for 
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measuring clarity. The L∗ parameter is expected to decrease with an increasing 
nanoparticle content (Vicente et al. 2011).

7.4  Functional Properties

Antimicrobial and antioxidant activity are two of the most sought-after functions in 
the design of nano-films. The incorporation of antimicrobial substances into the 
packaging system delays or prevents microbial growth during postharvest, storage, 
and the retail display of the food. Nanomaterials can provide active functions for 
food packaging when they are incorporated into nano-films. Special emphasis has 
been given to metal-oxide nanoparticles (silver, zinc oxide, titanium oxide, and 
magnesium oxide), which can be used in active packaging to inhibit the growth of 
microorganisms (Azeredo et al. 2012). Polymeric nanoparticles (nanospheres and 
nanocapsules) and other colloidal carriers embedded in natural film-forming poly-
mers can allow the formation of nano-films with functional properties, despite that 
some nanoparticle-forming polymers present antimicrobial activity themselves, 
such as chitosan. The encapsulation of plant extracts (essential oils, saponins, veg-
etal proteins, lipids, etc.) with antimicrobial activity, such as algicides, bactericides, 
and fungicides, is currently a promising resource to prevent the growth of microor-
ganisms inside the package (Azeredo et al. 2012; Leceta et al. 2013), In the same 
manner, plant extracts rich in polyphenolic and proanthocyanidin compounds pos-
sess potential antioxidant properties that inhibit the lipid oxidation of food ingredi-
ents (Perumalla and Hettiarachchy 2011).

7.5  Control Release

Active compounds such as antioxidants, antimicrobials, vitamins, essential oil and 
plant extracts are incorporated into food formulations to improve performance; 
however, sometimes these active compounds are consumed in reactions. As a result, 
the protection stops, and food quality diminishes. Controlled release technology can 
overcome this limitation, because if the zero-order release kinetic is reached, the 
concentration of active compounds can be maintained constant in the package to 
provide sustained food protection.

The incorporation of active compounds directly into a polymeric film structure 
can be an alternative to achieve protection in food systems; however, rapid release 
by diffusion into the food can render the failure of the strategies to prolong food 
shelf-life (Mastromatteo et al. 2010). Nanoencapsulation of the active compounds 
in polymeric nanoparticles, liposomes, solid lipid nanoparticles, nanostructured 
lipid carriers, and later inclusion in the polymeric matrix of nano-films allows a 
protection effect of the active compounds against degradation and also permits the 
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package to release these active compounds in a controlled manner to improve food 
safety and quality and, in combination, a superior effect can be achieved (Chen 
et al. 2018).

8  Recent Development in Nano-Films Packaging

Among the new techniques in the packaging of food, we find active packaging, 
smart packaging, and bioactive packaging, which involve an intentional interaction 
with food or its environment and which an influence on consumer health have been 
the main innovations in the field of packaging technology. These new techniques act 
to prolong the useful life of food, improving or maintaining its quality, providing 
indications, and regulating the freshness of the food product.

The new technologies of food packaging, in addition to the basic function of 
containment, increase the margin of quality and the safety of food. The innovative 
techniques of food packaging help meet the demands of the entire food-supply 
chain when preparing for people’s lifestyle. In this context, nano-films of natural 
proteins have been developed. An example of this is biodegradable zein nano-film 
compounds reinforced with chitosan nanoparticles and cinnamon essential oil 
(Vahedikia et al. 2019) Here it was found that the addition of nanostructures has an 
adequate antimicrobial potential to be applied against Gram-positive bacteria 
(Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli), in addition 
to improving the physical, mechanical, and structural attributes of the obtained 
nano-films.

The functional properties of biopolymer nano-films have been improved by 
incorporating mesoporous silica nanoparticles loaded with curcurmin for food 
packaging (Wu et  al. 2019b). The improved properties of this nano-film include 
controlled release, increased mechanical properties, and excellent antimicrobial 
activity against S. aureus and E. coli.

Regarding the nanofibers contained in nano-films, one of the innovative develop-
ments is a biomechanical process for the production of cellulose nanofibers as a 
more ecological and energy-saving solution and energy’s (Liu et al. 2019). In this 
respect, enzymatic pretreatment of the fibers saved around 60% of the electrical 
energy in mechanical refining subsequent to the production of cellulose nanofibers, 
in addition to the previous treatment with enzymes. Mechanical resistance is not 
significantly affected, and the thermal stability can remain elevated.

Nanocompound films based on k-carrageenan reinforced with cellulose nano-
crystals (Kassab et al. 2019) have been developed, revealing a Young modulus, ten-
sile strength and greatly improved tenacity. In this regard, films of nanocomposites 
that are ecologically strong and flexible on terms of the environment were obtained. 
Another study of-interest is that of chitosan/ε-polylysine bionanocomposite self- 
assembly films that were evaluated in situ (Wu et al. 2019a), highlighting that bion-
anocompound films showed excellent antimicrobial efficacy against E. coli and 
S. aureus due to increasing the proportion of ε-polylysine. In addition, ε-polylysine 
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exhibited sustained and slow-release behavior that was related to the concentration 
of sodium tripolyphosphate, and this could lead to an antimicrobial activity of long- 
term films.

9  Regulation in Nano-Films for Food Applications

Nanotechnology has shown great potential for applications in different knowledge 
areas, presenting products on the market that are identified as containing declared 
nanomaterials. Documents on emerging nanotechnologies state that food and bever-
ages were found (Taylor 2008), however, the regulations of nanotechnology for 
food-industry applications are limited; thus, the global market faces many obstacles 
in the regulation of these products. In the United States, several federal agencies 
oversee products based on nanotechnology. In 2006, the Food and Drug 
Administration (FDA) (FDA 2011) formed the Working Group on Nanotechnology, 
which is responsible for the development of regulatory approaches for 
nanotechnology- based products that will ensure safety and efficacy while facilitat-
ing beneficial technological innovation. The group issued a report recommending 
the evaluation of the orientation of the agency that could indicate which data are 
those that the manufacturer is required to inform the FDA in terms of the nanoprod-
ucts (Huang et al. 2015b).

The Institute of Food Science and Technology (IFST) has recommended that 
nanomaterials be treated as new and potentially harmful materials until proven safe. 
The European Food Safety Authority (EFSA) mentions that an in-depth risk assess-
ment is needed for deliberately designed substances for the size of particles that 
exhibit functional, physical, and chemical properties that differ significantly from 
those on a larger scale until more information is available in terms of nanoscience 
and nanotechnologies (EFSA 2009). The EFSA presents guidance information on 
the assessment of the potential risk of nanomaterials for food-related uses, which 
provides information on the requirements for the detection, identification, and char-
acterization of nanomaterials (EFSA 2011). Studies on toxicity in vitro and in vivo 
are required if it cannot be demonstrated that there is no nanomaterial migration 
after the formulation, and that the nanomaterial is not transformed before or during 
digestion. In the specific case of nano-films, plastic packaging nanomaterials require 
a pre-marketing permit with a safety assessment, according to the chemical and 
toxicity data presented by the manufacturer based on the data requirements guide-
lines (Bradley et al. 2011).

European legislation controls the compounds that can be used in the manufacture 
of containers destined to contain food (Regulation EC 1935/2004), as well as the 
limitations of plastic additives in terms of limits in their migration into food prod-
ucts; in principle, these are also applicable to nanomaterials (European Commission 
2004). Current legislation does not distinguish materials produced by nanotechnol-
ogy from those usually developed by standard manufacturing methods. 
Nanomaterials used for the manufacture of nano-packaging materials are not 
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evaluated as new chemical products. Therefore, the products of nanotechnology are 
treated by means of a combination of the general food legislation of the European 
Union and more specific controls on specific substances. However, due to possible 
differences in physicochemical or biological properties, the maximum safe migra-
tion levels determined for the macrocomponents will not be applicable in the case 
of their nano-equivalent material. In addition, not only the number of elements must 
be considered when using nanomaterials, but also the specific migration of the par-
ticles must also be considered. Due to its highly developed surface, specific toxico-
logical problems could arise, and the migration of nanomaterials, which depends on 
their structure and size, should be quantified instead of merely determined with 
regard to their constituent elements (Huang et al. 2015a).

10  Trends in Nanofilms on Food Packaging Applications

As has been described previouslynano-films in food packaging can play an impor-
tant role in increasing a product’s shelf-life. There are several aspects to consider for 
their design, and these mark their trends, which can be classified in the following 
three ways: (a) nano-film components in packaging; (b) functionality of the film in 
the packaging, and (c) controlled release of the active substances from the nano-film 
to the food.

Nano-film components in packaging: A current trend in food technology is to 
offer natural products with “healthy” labels and with the best food quality and 
safety. Thus, consumer preferences are linked to aspects, such as environmentally 
friendly production and the food’s contribution to decrease CO2 emissions, reduc-
tion of energy-inputs for production, transport, and storage, degradable packaging, 
biodegradable, biocompatible, or renewable components, edibility, antioxidant ben-
efits, etc. (Silvestre et al. 2011). The use of natural ingredients (antimicrobials, anti-
fungals, antioxidants, and nutrients, etc.) or polymers (chitosan, starch, cellulose, 
carrageenan, pectin, etc.) rather than those based on artificial or chemical ingredi-
ents, in particular petroleum-based, is a current and emerging issue in the develop-
ment of nano-films (Ferreira et al. 2018; Ogunsona et al. 2018; Aydogdu et al. 2019; 
Jiang et al. 2019; Mujtaba et al. 2019; Souza et al. 2019; Theodoratou et al. 2019).

Functionality of the film in the packaging: This aspect is related to the capacity 
of the nano-film to interact with the packaging and to work adequately. Thus, the 
nano-film needs to comply with several characteristics, such as good adherence, low 
density, non-abrasiveness, non-toxicity, biodegradable, low combustibility, eco-
nomic, low water absorption, remaining inside the packaging, good barrier ability 
to water vapor, resistance to food- component attack, and having the best mechani-
cal properties to adapt to the use conditions of the packaging, for example, in fold-
ing or reusable packaging, etc. (Ferreira et al. 2018; Ogunsona et al. 2018; Wu et al. 
2018; Jiang et al. 2019; Qin et al. 2019; Theodoratou et al. 2019). It is important to 
point out that some polymers that have poor properties as bulk materials can func-
tion better in composites at nanometric size (e.g., cellulose) (Sharma et al. 2019a). 
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Furthermore, the use of novel intelligent/smart nano-films can monitor the condi-
tion of packaged food or the environmental conditions and can also indicate fraudu-
lent imitation (Rol et al. 2019).

Controlled releaseof active substances from nano-film into food: In general, 
nano-films contain active substances that need to be released adequately into the 
food in a sufficient amount to guarantee the nano-film’s function, for example, to 
control or delay microbial growth (e.g., silver nanoparticles), UV blockers (e.g., 
titanium dioxide, silicon oxide, or magnesium oxide), and lipid oxidation at the 
food surface. A promising technology to encapsulate active substances into natural 
and synthetic polymers is electrospinning. This is based on the grounds of the 
stretching of the polymer solution and active substances under the effect of an elec-
tric field (Munhuweyi et al. 2018; Aydogdu et al. 2019). The system obtained are 
nanofibers that can be incorporated into macromolecular dispersions to prepare 
active and intelligent food-packaging nano-films (Qin et al. 2019).

11  Conclusions

Nanotechnology applied in the development of nano-films represent a viable alter-
native to incorporate natural ingredient to be employed in food preservation. 
Considering that these give the possibility of developing biodegradable packaging, 
eco-friendly and with the advantage of these nano-films serve as vectors for releas-
ing of substances that can interact with the food through the headspace with the 
release of volatile compounds to act as antimicrobial or substances that released 
from the container to be able to act on the surface of food product avoiding the oxi-
dations reactions. The use of fillers based on nano-clays has also made it possible to 
develop of materials with greater mechanical and thermal resistance that also have 
the possibility of having a better control release of active substances used to increase 
the shelf life of food.
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Nanomaterial
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1  Introduction

In Food Technology (1995), the cross-cut structure of spray-dried powder was 
depicted as structure model of emulsified fish-oil powder as shown in Fig. 1. In the 
powder formation of functional food compounds, which are usually fat-soluble, 
emulsification process is essential to produce feed solution to spray dryer. In this 
figure, the emulsified oil-droplet diameter in the powder was about 1–2 μm and 
powder diameter was about 300 μm. The oil-droplet diameters in emulsion and 
spray-dried powder were about μm size almost 20 years ago. We could see two 
emulsification methods with small oil-droplet size; low- and high-energy methods 
(Wang et al. 2015). In high-energy method such as high-pressure homogenization 
(Microfluidizer®), oil-droplet diameters ranged from 50 to 600 nm. Encina et al. 
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(2016) summarized the conventional spray-drying and future trends for microen-
capsulation of fish oil.

Recently, the diameter of emulsified fish-oil droplet became smaller than 300 nm. 
Kuo et al. (2008) indicated that nano-emulsion of anti-oxidant synergy formulation 
containing γ-tocopherol has enhanced bioavailability and anti-inflammatory proper-
ties than their suspension. Lane et al. (2013) showed the comparison of bioavail-
ability of vegetarian ω-3 fatty acids in nano-emulsion or bulk oil. Dey et al. (2012) 
concluded that nano-emulsion significantly enhanced the absorption of lipids from 
the emulsion system in cannulated small intenstine of rats. Oil-droplet size and 
emulsion structure of the lipid oil affected the rate of lipolysis and bioavailability 
(Garaiova et al. 2007; Klinkesorn and McClements 2009). Functional active com-
pounds have been extracted from natural products such as plants and fish to examine 
their physiological functionalities. However, many of those functional compounds 
are unstable to heat, light, oxygen, and environmental conditions. Encapsulation 
technologies have increased in importance in food industry to develop and design 
the stable functional compounds in food powder. Microencapsulation is the most 
common and widely used method in food and pharmaceutical industries. Desai and 
Park (2005) defined that “encapsulation” is based on coating or entrapping the core 
material such as functional food compounds, fish oil. In order to use those com-
pounds in a stable form, the encapsulation of functional compounds has been stud-
ied as comprehensive powdering. Among the various encapsulation techniques, 
spray drying is cost-effective since the product can be obtained continuously in a 
one-step operation. One of the key steps in the spray drying technique is emulsion 
preparation, which has a marked influence on the surface-oil content in the powder. 
Those processes are two-step microencapsulation process (emulsification of the 
core material and drying of the emulsion) for transforming liquid into powdery 
solids to improve their handling properties and to protect them from oxidation by 
means of a wall material that acts as a physical barrier for diffusion of oxygen to the 

300 m oil drops
(1-2 m)

Food starch
layer

gelatin
sucrose

Dry n-3® Composition:
Fish oil 25%
Gelatin 25%
Sucrose 20%
Mainze starch 25%
Tocopherol mixture
Vitamin C

Fatty acid in fish oil:
EPA  18%
DHA 12%
Other n-3 5%
Other PUFA(n-6) 11%
Monosaturated  23%
Saturated 31%

Fig. 1 Schematic model diagram of spray-dried fish oil powder from Andersen (1995)
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core material. Functional foods were the largest application segment of omega-3 
ingredients in 2013, accounting for over 55% of the global demand. Global omega-3 
market expected to reach US $3.77 Bn by 2025. The commercial microencapsulated 
fish oils to fortify foods are almost formed by spray drying as shown in Table 1.

This paper summarizes the effects of emulsifiers, excipient types, emulsification 
conditions and spray drying conditions on the properties of spray-dried powders 
and the stability of functional compounds.

2  Effect of Oil-Droplet Size

Figure 2 shows the cross-cut scanning electron microscope photos of emulsified 
d-limonene spray-dried powders using an equal weight mixture of gum arabic and 
maltodextrin (MD). The average oil-droplet diameters were about 4.1 and 0.84 μm. 
Diameters of both powders were about 60–65 μm. Photo magnification was 6500 
times for both the powders. Which oil-droplet diameter is better to keep the func-
tional compounds stable in spray-dried powder? In the formation of spray-dried 
powder such as Fig. 2, the emulsification process and atomization of feed solution 
of wall material and emulsified oil were very important to control the oil-droplet 
diameter.

In the oil-existence-place in spray-dried powder, total oils are categorized inside 
oil (encapsulated oil), which is located at the closures place surrounded in wall 
material and open pore route to vacuole, and surface oil, which is adsorbed on 
spray-dried powder or contact to the powder surface. (Red pin points indicate sur-
face oil and blue pin points indicate encapsulation oil in Fig. 3.) Vacuole in spray- 
dried powder also affect the oil-droplet distribution and surface oil content.

The oil-droplet diameter affected surface-oil ratio and encapsulation yield. 
Figure 4 shows the effect of oil droplet diameter on the encapsulation yield and 
surface oil ratio based on the data in the reported papers. The surface-oil ratio and 
the encapsulation yield are defined by Eqs. (1) and (2), respectively.

Table 1 Commercial microencapsulated fish oils to fortify foods [Referred from Encina 
et al. (2016)]

Commercial product Process

Arjuna/Omega-3Powder ZP (India) Spray drying
BASF/Dryn-318:12and 5:25 (Germany) Spray drying coated with starch granules
BASF/Dryn-318:12and 5:25 (Germany) Spray drying coanstarch coated matirix
The Wright Group/Supercoat (USA) Spray drying
National Starch-Omega Spray drying
Kievit/Vana-Sana (Netherlands) Spray dryied by spray drying on moving belt
Nu-Mega/Driphorm HiDHA (Australia) Spray dryied powder with Maillard products
Wacker/OmegaDry (Germany) Complexation in water followed by vacuum drying

Spray Drying as for Food-Grade Nanomaterial
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Fig. 2 SEM photographs of cross-cut spray-dried powder with emulsified d-limonene (a, a’) aver-
age oil-droplet diameter = 4.1 μm, (b,b’) average oil-droplet diameter = 0.84 μm. Capsule material 
was the blend of gaum Arabic and maltodextrin. Powder sizes were about 60–65 μm

Fig. 3 Cross-cut structure of emulsified fish oil powder by spray drying
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A bigger oil-droplet diameter showed higher surface-oil ratio in spite of the dif-
ferent conditions. Oil-droplet diameter significantly affected the surface-oil ratio 
and encapsulation yield. Vega and Roos (2006) reviewed the structure of spray- 
dried dairy and dairy-like emulsions. They discussed the importance of surface-oil 
content (free fat) in the oxidative stability of oil in the powder and summarized the 
measurement method of free fat in spray-dried powder. The surface-oil contents 
(extractable oil) of fish oil encapsulated in spray-dried powder were measured by 
Drusch et  al. (2006), Serfert et  al. (2009) with modified starch as wall material, 
Drusch and Berg (2008) with modified starch or glucose, Jafari et al. (2008) with 
modified starch and whey protein and Chen et al. (2013) with whey protein and 
casein. Hogan et al. (2001) reported surface-oil content of soy oil in spray-dried 
powder using sodium caseinate and MDs. They showed the microencapsulation 
efficiency increased from 0 to 88.4% when dextrose equivalent (DE) of MD 
increased from 0 to 28. The reason for this fact was considered that powders with 

Fig. 4 Correlation between average reconstituted oil-droplet diameter and encapsulation yield or 
surface oil ratio in spray-dried powder. Encapsulation yield: closed keys; Surface-oil ratio: open 
keys (This figure is refereed with Abd Ghani et al. 2017)
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high DE of MD might form less porous and more uniform matrices during drying. 
As shown in Fig. 4, the oil-droplet diameter is very important factor in the physico-
chemical properties of spray-dried powder, especially the surface-oil content on 
spray-dried powder.

3  Oil-Droplet Diameter before and after Spray Drying

Oil-droplet diameter in feed solution, which is emulsified with homogenizer, might 
change during drying, mainly at atomizer. The feed solution disperses to small liq-
uid droplets in size and this atomization process is essential in spray drying. Abd 
Ghani et al. (2017) investigated the effect of oil-droplet diameter and DE of MD on 
the surface-oil ratio of microencapsulated fish oil by spray drying. They changed the 
solid content (40, 50 and 60 wt%) in feed emulsion. The solid content affected vis-
cosity of feed emulsion and oil-droplet size in the emulsion. Figure 5 shows the 
relationship between fish-oil droplet diameters in feed emulsion and those after 
spray drying. These data were obtained by the spray dryer (L-8 type, Ohkawara 
Kakohki Co., Ltd., Yokohama, Japan) using rotary atomizer (30, 000 rpm) to form 
fish oil powder. (Abd Ghani et al., 2017). This figure shows that larger oil-droplets 
with a diameter larger than 1 μm became smaller after drying. On the other hand, 
the smaller droplets became bigger after spray drying.

This implies that the larger emulsion might be broken down during atomization 
owing to the high shear force on the rotary disc and the smaller oil droplets below 
500  nm increased in diameter due to oil-droplet coalescence, promoted by the 
shrinkage of the droplets in the atomized emulsion solution during spray drying. 
These coalescence might affect the surface-oil ratio, as well as the encapsulation 
efficiency.

Fig. 5 Correlation 
between fish oil-droplet 
diameters in feed emulsion 
and those after spray 
drying; Oil-loading 
percentage to solid [%]:  
● 30, ▲40, ■50, ♦60. 
Diameter values represent 
the average of triplicate 
measurements with a 
standard deviation 
below 10%
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4  Surface-Oil Ratio

The oil encapsulation yield, y is defined by Eq. (3). In the measurement of surface- 
oil by solvent washing of oil, the thickness, δ, of the removal surface-oil on the 
powder surface neighborhood film is assumed, and y could be expressed.
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(3)

Here, C0 is the initial weight of oil in the powder volume (g/m3), dp is the average 
powder diameter. If the thickness, δ, was assumed to be a similar order of the aver-
age oil-droplet diameter, de, then E is the ratio of de to dp. By using Eq. (3), surface 
oil ratio, s is calculated by the following equation:

 
s E= − −( )1 1 2

3

 
(4)

The encapsulation yield and surface-oil ratio were plotted as a function of the ratio 
of the oil-droplet diameter to the reconstituted emulsion to powder particle diameter 
in Fig. 6. Equation (4) assumes no effect of oil fraction ratio on surface-oil content. 
Kikuchi et  al. (2013) calculated surface-oil content of microcapsules containing 
various oil fractions and oil-droplet sizes using percolation theory (Stauffer and 
Aharony 1985).

Abd Ghani et al. (2017) investigated the effects of oil and powder diameters in 
the solid content from 30 to 60  wt%, and measured the surface oil ratio, s, on 
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Fig. 6 Relationship 
between surface-oil ratio of 
emulsified fish oil 
spray-dried powder and 
diameter ratio of oil 
droplet diameter, de to 
powder diameter, dp, de /dp. 
Keys show solid content 
concentration. ○: 30 wt%, 
△: 40 wt%, □: 50 wt%, 
◇: 60 wt%. Solid line is 
calculated line with 
s = 1− (1–2 de/dp)3
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spray-dried powder of emulsified fish oil at various emulsification conditions in the 
emulsification process. Figure 6 shows the relationship between surface-oil ratio of 
emulsified fish oil spray-dried powder and the ratio in diameter of oil droplet, de to 
powder diameter, dp, de/dp. The surface-oil ratios could be well correlated by Eq. (4). 
In some commercial spray-dried powders of emulsified fish oil, the powder and oil-
droplet diameter were about 300 μm and 0.3 μm, respectively.

5  Morphology of Spray-Dried Powder

The surface-oil ratio is an important factor to estimate the stability of functional 
compounds in spray-dried powder since non-encapsulated functional compounds 
might be easily oxidized compared with the encapsulated ones in spray-dried pow-
der. Morphology of spray-dried powder is also important factor in the stability of 
encapsulated compounds. Walton and Mumford (1999)investigated the morphology 
of spray-dried particles using a single droplet drying method in the effect of process 
variables upon the morphology of spray-dried powder. They indicated the formation 
model of vacuole during spray drying. Walton (2000) also reviewed the morphology 
of spray-dried powder in qualitative view. They categorized three distinct categories 
of particle morphology, namely, crystalline, skin forming and agglomerate. When 
MD was used as wall material, skin formation rate and solid content were important 
in the formation of spray-dried powder. Effect of additives on the morphology of 
spray-dried powder was investigated by using confocal laser scanning microscope 
(CLSM) and scanning electron microscopy (SEM) (Paramita et  al. 2010). Using 
CLSM, the vacuoles of powder could be observed easily without ripping off the 
particle. The vacuole size and the percentage of powders with vacuole were impor-
tant factors to estimate the surface oil content as discussed in the previous section. 
Abd Ghani et al. (2017) investigated the effects of oil-droplet diameter and DE of 
MD on the surface-oil ratio of microencapsulated fish oil by spray drying. A mixed 
aqueous solution of emulsifier (sodium caseinate, SC: 3–9 wt% in solid) and wall 
material (MD): 31–67 wt% in solid) was prepared. Fish oil (30–60 wt% in solid) 
containing 30% eicosapentaenoic acid (EPA) and 25% docosahexaenoic acid (DHA) 
was added to the mixed solution. This mixed solution of fish oil, wall material and 
emulsifier were emulsified with mechanical homogenizer (Polytron® PT−6100, 
Kinematica AG, Luzern, Swiss) to prepare a micro-emulsion. This emulsion was 
furthermore two-times emulsified to form nano-sized emulsion with a high-pressure 
emulsifier at 20 MPa (LAB2000, SMT Co., Ltd., Tokyo, Japan) for 4 min or 100 MPa 
(Starburst Mini HJP-25001, Sugino Machine Limited, Uozu, Japan). The emulsified 
solution was spray-dried by the L-8 type spray dryer to prepare various emulsified 
fish oil spray-dried powders. The spray-dried powders had a lot of hollow particles. 
This hollow (vacuole) formation depended on DE of MD since a film formation rate 
during drying was affected with moisture diffusion rate in MD.

Existence probabilities of vacuole in the particles of spray-dried powder for vari-
ous DE of MD were measured using CLSM containing a florescent agent (sodium 
fluorescein) feed emulsion. Furthermore, the vacuole sizes were measured for 30 
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particles for cross-cut section of the powder. Figure 7 shows SEM images of fish oil 
spray-dried powders with different DE values of MD. The particles were almost 
rounded and not spherical, with wrinkles of almost the same size as the particle 
diameter. Vacuoles in the powder could not be observed for DE = 40.

Keogh et al. (2001) indicated that the vacuole volume was a factor affecting the 
shelf life of the encapsulated fish oil. Probability of vacuole in spray-dried particles 
was counted by using CLSM images. Figure 8 shows CLSM images of the same 
powders. MD (DE = 8) had high vacuole existence percentages of about 64% and MD 
(DE = 40) had that of about 25%. The vacuole structures of spray-dried powder might 
affect the moisture diffusivity in MD and film formation rate during spray drying. 
Figure 9 shows the effect of the ratio, dv/dp of vacuole diameter, dv to powder one, dp 
on the surface oil ratio of powder. The values of dv/dp and surface oil ratio, s correlated 
linearly well. It shows that DE of MD affected significantly the structure of the powder.

6  Stability of Functional Compound

6.1  Fish Oil

The spray-dried powders (5 g) were placed in test tubes at 60 °C. Surface oil was 
washed with hexane and concentrated using a rotary evaporator. Encapsulated oil 
was measured using the washed powder. Using the solubilization of the spray-dried 
powders through incubation in N,N-dimethylformamide (DMF), the peroxide value, 

Fig. 7 SEM images of cross-cut section of fish oil spray-dried powders with different DE values 
of MD; oil load was 40 wt%, a homogenization at 20 MPa, and a spray-dryer atomizer speed of 
30,000 rpm. Values under SEM image was vacuole diameter
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PV of the powders was easily measured without extracting the fish oil from the 
powder. PV was determined using the DMF method based on the AOCS Cd 8–53 
acetic acid-chloroform procedure (AOCS 1997). As shown in Fig. 10, surface oils 
oxidized significantly faster than encapsulated oils for three MDs (DE = 11, 19, and 

Fig. 8 CLSM images of cross-cut section of fish oil spray-dried powders with different DE values 
of MD; oil load was 40 wt%, a homogenization at 20 MPa, and a spray-dryer atomizer speed of 
30,000 rpm. Values under CLSM image was the percentage of vacuole existence probability which 
may affect the surface-oil content
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25). Ahn et al. (2008) also found higher PVs of surface oil in encapsulated seed oil 
kept at 60 °C for 30 days. They concluded that optimizing the microencapsulation 
condition could reduce surface-oil oxidation. Surface-oil oxidation was not affected 
by the DE of MD and was much the same during the storage time. On the other 
hand, the DE of MD affected the PVs of the encapsulated oils. Encapsulated oil for 
MD of DE = 11 had higher oxidation than those for MD of DE = 19 and 25. These 
data indicated that the surface-oil ratio and selection of wall material are important 
in forming stable fish-oil powder by spray drying. Especially, surface oil ratio might 
significantly affect the quality degradation due to odor formation in the initial oxi-
dation stages of fish oil encapsulated spray-dried powder.

6.2  Flaxseed Oil

Effect of oil-droplet diameter on functional food compounds in spray-dried powder 
was also investigated by using flaxseed oil. Flaxseed oil is a good model oil to inves-
tigate the stability of polyunsaturated acid in oil. The average diameters of the oil 
droplets in the emulsion prepared using the rotor-stator homogenizer and that of 
those prepared using the high-pressure homogenizer ranged from 3.7 to 4.1 μm and 
0.10 to 0.28 μm, respectively.

Spray-dried powders contained flaxseed oil (30 wt% to solid), MD (DE = 25) 
(67 wt%), and emulsifier (3 wt%) of sodium caseinate (SC) or polymerized sodium 
caseinate (PSC) with transglutaminase (3 wt%). Six types of spray-dried powders 
with oil droplets of various combinations of sizes were prepared with SC and 
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Fig. 10 PV changes of fish oil in emulsified fish oil spray dried powder at 60 °C. (a): surface oil, 
(b): encapsulated oil, (c): total oil. ●: DE = 11, ▲: DE = 19, ■: DE = 25
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Table 2 Physical properties of spray-dried powder containing flaxseed oil

Emulsifier

Emulsion condition (Cycle 
number of high-pressure 
homogenization)

Powder 
diameter 
(μm)

Reconstituted 
oil-droplet diameter 
(μm)

Moisture 
content 
(wt%)

SC Large oil-droplet (0 cycle) 23.1 4.21 ± 0.54 1.39
Small oil-droplet (2 cycles) 20.0 0.22 ± 0.13 1.73

PSC Large oil-droplet (0 cycles) 22.0 3.50 ± 0.54 1.41
Small oil-droplet (2 cycles) 18.1 0.25 ± 0.11 1.27

The values are presented as the mean ± standard deviation of three measurements

Fig. 11 SEM micrographs of spray-dried powders containing (i, ii, iii, iv) SC and (v, vi, vii, viii) 
PSC with (i, ii, v, vi) large and (iii, iv, vii, viii) small oil droplets. Cross-sectional structures (ii, iv, 
vi, viii) of solid particles and external structures (i, iii, v, vii)
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PSC. Table 2 shows properties of spray-dried powders containing SC or PSC pre-
pared by rotor-stator or high-pressure homogenization. Figure 11 shows SEM pho-
tographs of spray-dried powders with small and large oil-droplets of flaxseed oil. 
The surface oil ratios for the powders were 0.046 for SC and 0.049 for PSC with 
small oil droplets and those values were 0.148 for SC and 0.217 for PSC with large 
oil droplets. As mentioned above in the surface-oil ratio, the oil droplet size had a 
remarkable effect on the surface oil ratio of the powders.

Oxidative stability of spray-dried powder containing flaxseed oil was evaluated 
by PV measurement at 105 °C incubation. After the incubation of spray-dried pow-
der, a spray-dried powder was dissolved in 0.9 mL DMF under sonication. This 
solution was used to measure PV. Figure 12 shows changes in PV for flaxseed oil in 
spray-dried powders with and SC (a) and PSC (b).

All flaxseed oils in spray-dried powders at time zero were characterized by a low 
level of oxidation from 11.5 to 22.6 meq/kg-oil. PVs of the powders with small-oil 
droplets by high-pressure homogenization remained almost constant at the initial 
values for SC and PSC throughout incubation for 7 days. PVs of the powders with 
large oil-droplets represented the highest PV at 4 h and reached 120.6 meq/kg-oil 
for SC and 150 meq/kg-oil for PSC. These results might be due to the oxidation of 
surface oil in spray-dried powder. Stability of flaxseed oil in spray-dried powder was 
also investigated by the conductometric determination method. Two grams of spray-
dried powder was placed in a test tube held at 105 °C and the air flowed continu-
ously into this test tube at 100 mL/min. The outlet air from the test tube was bubbled 
into the concatenated water. The induction times and the conductivities at 1000 min 
were shown in Fig. 13. Induction times for the powder with large oil droplets were 
about 2 h. On the other hand, the induction times for the powder with small oil drop-
lets were 0.42 h for SC and 0.57 h for PSC. These data indicated that oxidation rates 
of small-oil droplets were faster than those of large-oil droplets. The conductivities 
at 1000 min were about 150 μS/cm for large-oil droplets and 50 μS/cm for small-oil 
droplets. This fact means that spray-dried powders containing large-oil droplets 

Fig. 12 Changes in PV of flaxseed oil in spray-dried powders with SC (a) and PSC (b) . ⃝ repre-
sents the emulsion of large oil droplets by rotor-stator homogenization only and ▲ does the emul-
sion of small oil droplets by high-pressure homogenization
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formed a larger quantity of volatile oxidation products. By removal of the surface oil 
of the powder by washing with hexane, the conductivity increase due to oxidation of 
flaxseed oil in spray-dried powder was significantly suppressed.

The surface-oil ratios of the powders with small-oil droplets were significantly 
lower than those of the powders with large-oil droplets. The oil-droplet size had a 
significantly effect on the surface oilratio and affected the initial oxidation stability 
of flaxseed oil in spray-dried powder.

6.3  Squalene

Table 3 shows physical properties of spray-dried powder containing emulsified 
squalene oil. Evaluation of oxidation stability of fish oil and flaxseed oil in spray- 
dried powder was very difficult to observe PV since the PV values at the initial stage 
are usually a constant value, or those values increase and decrease with the oxida-
tion of polyunsaturated fatty acids with the beginning of polymerization of oxida-
tive compounds, respectively. Therefore, it is very difficult to accurately evaluate 
the oxidation behavior of unsaturated fatty acids using PV values. On the other 
hand, squalene was used to evaluate the oxidation rate of functional compound in 
spray-dried powder since squalene could be analyzed by gas-chromatography. Two 
kinds of spray-dried powder, which were 0.27 μm and 0.69 μm of average oil- 
droplet diameter, were used to evaluate the squalene stability. Figure 14 shows the 
changes in retention of squalene at the powder incubation temperatures of 105 °C 
and 50 °C. Squalene stability depended remarkably on the incubation temperature. 
At 105 °C for 28 days’ incubation, the retention of squalene decreased about 0.3 for 
the spray-dried powder with large oil-droplet diameter, 0.69 μm and about 0.6 for 
that with small oil-droplet diameter, 0.27 μm. At 50  °C for the same incubation 
days, the retention of squalene was almost the same for both powders.

Fig. 13 Induction times (c) and conductivities  (d) in the conductometric determination test. 
Unfilled and filled bars represent the use of SC and PSC. The grid line pattern indicated the data of 
hexane washed spray-dried powder
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Squalene stability in spray-dried powder depended on oil-droplet diameter and 
this dependency changed with the incubation temperature. When the oil droplet 
diameter was small at high incubation temperature, the oxidation was triggered by 
the unsaturated fatty acid in the oil droplet and the radical might quickly transfer to 
other unsaturated fatty acid in oil droplets. However, this radical transfer limited in 
a small oil droplet, and might not propagate to other oil-droplets. In a large oil- 
droplets, the radical trigger might propagate the oxidation of the unsaturated fatty 
acid in large oil-droplet. The dependency of oil-droplet diameter might be due to 
this volume of oil-droplet and the radical propagation mechanisms.

7  Conclusion

As a result of recent advances in technology of the emulsification for reducing oil 
droplet size, the technique of spray-drying of a functional lipid has attracted atten-
tion as a method for producing functional food powders. The formation process of 
functional food powders constitutes two steps, the emulsification step and spray- 
drying one. The first emulsification operation of the functional compounds is very 
important to obtain the stable emulsion, and to control oil-droplet diameter and its 

Table 3 Physical properties of spray-dried powder containing emulsified squalene oil

Homogenization 
pressure [MPa]

Powder 
diameter 
[μm]

Reconstituted 
oil-droplet 
diameter [μm]

Moisture 
content 
[wt%]

Retention of 
squalene [%]

Surface-oil 
ratio [%]

100 27.7 0.27 2.95 90.1 3.4
20 29.0 0.69 2.82 95.5 7.0

Fig. 14 Squalene retention changes at powder incubation temperature, 105 °C and 50 °C. Oil- 
droplet diameter ●: 0.27 μm, □: 0.69 μm
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distribution in emulsion. Therefore, the selection of the emulsifier and wall material 
is also very important. In this chapter, effect of oil-droplet diameter on the stability 
of functional lipids such as fish oil 0was discussed based on our previous publica-
tions. A nano-sized oil droplet of about 1 μm or less was prepared with high- pressure 
homogenizer and a micrometer-sized oil droplet was formed by mechanical homog-
enizer. The smaller oil droplets could obtain lower the surface oil ratio and the 
higher encapsulated ratio of functional lipid in spray-dried powder. The initial oxi-
dation of functional lipid occurred at the surface oil. The surface oil ratio greatly 
depended on the ratio of oil-droplet diameter to powder diameter and the powder 
morphology. At high storage temperature of the powder, the stability of the func-
tional lipid was higher for smaller oil-droplet. This phenomenon might be due to the 
radical transfer in oil-droplets. This chapter mentioned the importance of diameter 
ratio of oil-droplet to spray-dried powder and effect of oil-droplet size to the stabil-
ity of functional lipid in spray-dried powder.
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1  Introduction

A serious threat to public health emerging as one of the main concerns is the acces-
sibility to safe food. Residual chemicals in foods above safe levels and the possible 
presence of biological toxins may cause foodborne illnesses. As stated in World 
Health Organization (WHO) reports, approximately 75% of the diarrheal episodes 
around the world stem from biologically contaminated foods. Each year, nearly three 
million people die from diseases caused by unhealthy food and water, making food 
safety a top priority of WHO (2002). Not only in the underdeveloped countries but 
even in the United States millions of people get sick due to contaminated food (CDC 
2010). The growing population of the world and urbanization of farmlands increase 
the demand for effective consumption of foodstuffs. In this regard, food industry has 
a major role in supplying high quality, safe, healthy, nutritious and sustainable food. 
Additionally, it is important to produce fresh, flavorful, authentic foods with a satis-
factory shelf life and to prevent adulteration and fraud (Sarkar et al. 2017).

Modern food industry comprises a number of applications such as processing, 
encapsulation, packaging, control and conservation of the quality and safety of food-
stuffs. Nanotechnology may help food industry in all these areas. Nanotechnology 
can be defined as the science and technology of matter within a size interval of 
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1–100  nm. Owing to the large specific surface area and other superb physico- 
chemical characteristics of nanoparticles, nanotechnology has recently found numer-
ous applications in different industries. It also has a great potential to generate 
pioneering processes and products that can be useful to different areas including the 
food sector. Nanotechnology can modify color, flavor, taste and texture of food prod-
ucts depending on consumers’ preferences. It is also possible to insert ingredients 
having nutritional values so as to prepare functional foods. Additionally, nanotech-
nology can help to increase shelf life and to bring new advantages for tracking spoil-
age of foods using smart packaging or labeling techniques (Nagarajan, 2008).

The basic superiorities of nanomaterials are an outcome of the following distinct 
features: (i) high surface area to volume ratio, (ii) increased and alterable surface 
reactivity, (iii) rapid response kinetics, (iv) comparable Debye length of nanoparti-
cles to the dimensions of analyte ions/molecules enabling closer interactions, (v) 
precise chemical composition and dislocation-defect free structures of nanocrystals 
(vi) high stability depending on high crystallinity (vii) compatibility for use in 
microelectronic devices (viii) high integration density, (ix) dimension-based low 
power consumption (x) relative low-cost (Ramgir 2013).

Nanotechnology helps to improve characteristics and functionalities of food 
products (Roco and Bainbridge 2001). The term “nanofood” has entered our lives a 
while ago, pointing out foods which are planted, cultivated, processed, packaged 
using nanotechnology or foods containing nanomaterials (Joseph and Morrison 
2006). There are number of different application areas of nanotechnology related to 
the food sector such as intelligent packaging, storage, quality monitoring or produc-
tion of foods modified considering consumers’ demands. Nanosensors are impor-
tant tools for ensuring safety and hygiene of foodstuffs by monitoring microbes, 
toxins and contaminants through all steps of the production and consumption 
chains. (Neethirajan and Jayas 2011).

The contribution of nanotechnology in the food sector can be summarized under 
a few main topics, one of these is intelligent packaging technologies. Due to their 
extremely small dimensions compared to classical packaging materials, nanoparti-
cles do not cause a big difference in density and processability. The aims of using 
advanced packaging materials are mostly maintaining food safety and restraining 
microbial growth (Wesley et al. 2014). Food packaging is one of the key parameters 
to ensure a long shelf life by providing protection against spoilage and/or bacteria. 
Another important role of packaging is to restrain nutrient loss and to help to trace 
food products. Polymer nanocomposites may lead to obtain intelligent packaging 
materials having self-healing feature and responding to the changes in atmospheric 
parameters such as temperature and humidity. Owing to intelligent packaging tech-
nology, consumers can be timely warned against spoilage. Immediately after the 
detection of the first signals of spoilage, specific components can be released by 
active packaging material. Nanotechnology helps to improve the chemical, mechan-
ical and antimicrobial parameters of these kinds of materials (Brody 2003).

Since oxygen leads to oxidation of fats/oils and propagation of microorganisms, 
O2 should be kept out of the package to avoid rancidity and spoilage. Oxygen may 
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additionally cause changes in the color, texture, and flavor inside packaging mate-
rial. Using nanotechnology, effective oxygen scavengers can be produced. Using a 
nanotechnological approach, Rivett and Speer fabricated a film for providing active 
packaging that can selectively control transfer of oxygen and aroma effecting 
enzymes (Rivett and Speer 2009). It should be noted that packaging materials are 
never thoroughly impermeable for oxygen or humidity, and actually no material 
bears all the expected properties. Polymer nanocomposites provide a good alterna-
tive for this purpose, also providing a solution for obtaining environmentally 
friendly packaging materials. Bionanocomposites also display faster biodegrada-
tion rates than conventional polymers, which may be important in short life-time 
applications in which recycling has practical and economic difficulties (Ray et al. 
2002). There are also commercial products enriched with nanoparticles which 
decrease oxygen inlet and lead loss of moisture.

Noble metal nanoparticles may find extensive use in the food sector. Especially, 
due to their antibacterial properties, silver nanoparticles are very common materials 
used for storage of foods and beverages (Duncan 2011). Silver has superior proper-
ties as antibacterial agent and is relatively a low-cost product for disinfection. These 
characteristics make it highly suitable to be used as water disinfectant in developing 
countries (Solsana and Méndez 2003). According to modified regulation of 
U.S. Food and Drug Administration, silver nitrate may be added to bottled waters at 
a concentration lower than 17 μg/kg (FDA 2009). It is a long-time known fact that 
silver nanoparticles and colloids have antimicrobial properties against a number of 
bacteria (Duncan 2011). Although both silver nanoparticles and silver nitrate seems 
to be potential sources of Ag+, nanoparticles can have extra antimicrobial properties. 
For example, Navarro et  al. (2008) stated that when equivalent doses of silver 
nanoparticles and silver nitrate were compared, nanoparticles were found to be 
more effective against algae. There are different studies in the literature explaining 
the mechanism of antimicrobial effect of silver nanoparticles, e.g., silver nanopar-
ticles can be activated as antibacterial agents by using external electrical field or 
light (Akhavan and Ghaderi 2009; Fuertes et  al. 2011). This knowledge can be 
applied to obtain self-sterilizing food containers with the addition of silver nano-
structures (Duncan 2011).

Another commonly used nanomaterial in the food sector is titanium dioxide, 
which can be used not only as a food additive but also as an antimicrobial agent. 
TiO2 particles smaller than 100 nm are used in industrial scale for packaging and 
storage containers of food (Alfadul and Elneshwy 2010). However, the antibacterial 
effect of TiO2 involves a mechanism of photoactivation that leads to free radical 
generation, which may create potential risks for certain physiological targets in the 
human body (Long et  al. 2006). The variety of the nanoparticle samples can be 
increased such as zinc (or zinc oxide) (Brunner et al. 2006), silicon dioxide and 
carbon at nanoscale (Chen and von Mikecz 2005). On the other hand, nano-wires 
made of gold and platinum are used for producing biosensors. Nano-sized proteins, 
polysaccharides and carbon can be mentioned among the other common nanopar-
ticles used for the food industry (generally for food packaging). It should be noted 
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that introduction of a new nanomaterial to be used in the food sector requires rigor-
ous toxicity studies (Aigbogun et al. 2017).

Nanotechnology also helps to track foodstuff starting from the production area 
until reaching the consumers. For example, invisible nanobarcodes can be attached 
not only onto package but directly on the food products for providing a tool to trace 
the products by the authorized personnel of a certain brand. This technology allows 
to inhibit counterfeiting and adulteration (Neethirajan and Jayas 2011).

Nanoencapsulation system is another example of the benefits of nanotechnology 
in the food sector. Encapsulation helps to extend the stability of a food sample by 
preventing oxidation and rancidity. Additionally, it can provide the conservation of 
chemically/physically unstable ingredients of food, or control the release of the 
active compound (Ubbink and Krüger 2006). Nanoencapsules protect the active 
ingredient through the digestive system and provide them to be released in the tar-
get area (Assadpour and Jafari 2019). There are specific bioactive compounds in 
certain foods such as β-carotene, lycopene, conjugated linoleic acid and isofla-
vones. Although the relative amount of these compounds is generally small, encap-
sulation may help to develop functional foods containing these substances. Calcium 
alginate, casein, α-lactalbumin are among the materials used for obtaining nano-
capsules (Aigbogun et al. 2017). In spite of the numerous scientific contributions, 
there are only a few commercial applications of nanoencapsulation, e.g., an 
Australian food company applied this technique for incorporating tuna fish oil into 
bread. The nanoencapsules including fish oil did not open before reaching the 
stomach, omega 3 fatty acids in forms of capsules were used for masking the 
unpleasant taste and flavor. Owing to this controlled release of active ingredients, 
organoleptic perceptions, bioavailability and efficiency of the foods could be 
enhanced (Nu Mega Personal communication with company representative 
November 2007).

When it comes to nanosensors, actually this concept is as old as life on earth, pos-
sibly through the evolution of natural nanobiosensors such as enzymes, antibodies, 
and DNA. These nanobiomaterials can magnificently sense and response the meta-
bolic activities and stimuli around them, and can store and compute the information 
and provide a continuous energy supply (Vogel 2019). It is very well known that 
nanoparticles have superior properties compared to bulk materials such as large sur-
face volume ratio that provides powerful interaction with target analytes, and remark-
able electrical properties enabling the development of electrochemical sensors. 
Because of these features, nanomaterials are very suitable using in recognition 
 elements. In January 2000, National Nanotechnology Initiative (NNI) was estab-
lished in the United States, constituting an important factor to the acceleration of 
nanoscience (Roco 2003). Three years later, United States took another step for 
which a road map was announced by the Department of Agriculture (US DOA 2003). 
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The US NNI was followed by different establishments in Europe and Asia shortly 
after (Roco 2003).

Use of nanotechnology helps to develop promising novel chemosensors or bio-
sensors for various areas of the food industry. Nanosensors are the devices engi-
neered using nano-sized materials to detect spoilage and contaminations in foodstuff. 
Some of the significant roles of nanosensors in the food production chain can be 
mentioned as to specify possible pathogens and trace signs of deterioration. Making 
use of the nanosensor technology, a number of nanoparticles can be inserted on a 
single device, helping to improve sensitivity (Sarkar et al. 2017). In addition to pre-
vious achievements of nanosensors in the health sector, their scope in food and 
agriculture has been expanded to include the determination of food pollutants such 
as pesticides and pathogen bacteria besides monitoring temperature, humidity, gas-
eous aroma constituents of foodstuff (Srivastava et al. 2018). Nanosensors can be 
designed to meet a special need, e.g., Zhao et  al. (2004) produced fluorescent 
nanoparticles at 60 nm diameter using antibody-conjugated silica to detect patho-
gens in ground beef, where the authors developed a fluorescence-based immunoas-
say to determine a single bacterial cell in a relatively short time period (Zhao et al. 
2004). In another study, Fu et al. (2008) manufactured a rapidly responding biosen-
sor to detect Salmonella in food samples, where they bound fluorescent dye biosen-
sor particles to anti-Salmonella antibodies located on silicon/gold nanorod array; 
hence, they obtained biosensor particles becoming visible in the presence of 
Salmonella in the food sample (Fu et al. 2008).

One of the large subgroups of nanosensors are nanobiosensors in which biologi-
cally active compounds are immobilized or bonded to the sensing system. These 
devices consist of recognition and sensing elements (Srivastava et al. 2018). The 
task of the recognition system is basically to serve as a specific receptor; transducers 
made of nanomaterials are for sensing. During the operation of biosensors, the 
physico-chemical changes occurring through the interaction between target analyte 
and biologically active material is converted into an output signal by using transduc-
ers (Chaubey and Malhotra 2002). Different types of nanoparticles can be used as 
materials for sensor fabrication. The flexible morphology of nanostructures 
improves the optical, mechanical, electrical, and thermal features of the products. 
The other important contribution of the nanomaterials is to increase transduction 
capability. According to their transduction mechanism, nanosensors can be divided 
into two main groups as optical and electrochemical nanosensors. In this point of 
view, optical nanosensors are mostly made of metallic nanoparticles and quantum 
dots which are known to enhance optical properties, whereas carbon nanotube elec-
trodes are often used to produce electrochemical sensors. Besides these two catego-
ries, mass nanosensors are also known but can hardly find an application area in the 
food sector (Biju et al. 2008; Chao et al. 2012).
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Finally, although nanotechnology and nanomaterials provide distinct advantages 
in the food industry, it should be borne in mind that the potential toxicities of nano-
materials are not fully understood yet, possible awaiting further investigations in the 
future based on a long time interval. Therefore, caution should be paid when using 
nanotechnology in the food sector (He and Hwang 2016).

2  Types and Principles of Nanosensors

2.1  Electrochemical Nanosensors

Nanomaterials help to form a solid medium for analyte sensing by providing a 
 satisfactory detection limit and superior sensitivity (Willander et  al. 2014). 
Nanomaterials have also attracted attention as a building material for electrochemi-
cal sensors. Owing to their superior specifications, nanomaterials can be incorpo-
rated to sensor technologies for enhancing current forms (Barry and O’Riordan 
2016). Being chemically compatible and inert, noble metals (Guo and Wang 2011) 
and carbon are especially used in this area (Sharp and Burkitt 2015). In their paper 
on nanoscale sensor usage for assuring food safety, Wang and Duncan (2017) pre-
sented a number of studies on nanosensing in foods between 2005 and 2016. The 
authors generally observed a logarithmic increase in the overall number of related 
studies, and a superior number of electrochemical sensors in preference to optical 
sensors in recent years (Wang and Duncan 2017).

Electrochemical nanosensors work on the main principles of electrochemistry. 
During the interaction between nanomaterial and target analyte, an electron 
exchange takes place which generates electrical signals measured with the aid of 
electrochemical methods (Srivastava et al. 2018) The measured quantities can be 
voltage, current, or impedance. Current electrochemical transducers are compatible 
with miniaturization/nanofabrication; they also have superior properties such as 
simplicity, rapidity, minimal power requirement, economical cost and low detection 
limit, making them suitable as sensing devices. Electrochemical nanosensors can be 
classified as amperometric, voltammetric, and potentiometric sensors according to 
their working principles. Amperometric sensors are the devices that measure current 
produced by the redox reactions of electroactive species. During the system opera-
tion, the potential keeps constant and the Faradaic current is measured for quantita-
tive determination of the analyte (Chaubey and Malhotra 2002). Owing to the 
contribution of nanotechnology, amperometric biosensors became more reliable, 
sensitive and yet cheap. To give a few examples, Yan et al. (2013) designed an ace-
tylcholinesterase biosensor by means of multiwall carbon nanotubes to detect 
organophosphorus pesticides. In another study, Lin et  al. (2013) investigated the 
electrochemical behavior of selected antioxidants (butylated hydroxyanisole 
(BHA), butylated hydroxytoluene (BHT) and butylated hydroquinone (TBHQ)) 
using a gold nanoparticle modified glassy carbon electrode. The authors reported 
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that they could separate the oxidation peaks of the analytes; hence they could deter-
mine three antioxidants simultaneously and the developed method was successfully 
applied to determine their presence in edible oil samples (Lin et al. 2013).

Another electrochemical method of choice is voltammetry; e.g. in voltammetric 
methods the potential is altered in a controlled way and the subsequently produced 
current is measured. There are various applications in the literature using voltam-
metry, e.g., Nesakumar et al. (2016) developed an electrochemical acetylcholines-
terase biosensor involving modified platinum electrode using ZnO nanocuboids and 
applied this technique to determine carbosulfan in rice. An electrochemical DNA 
sensor was produced by direct electro- deposition of gold nano-aggregates to deter-
mine Salmonella typhi (Singh et  al. 2015). In another study, Yavuz et  al. (2016) 
detected heavy metal contamination in food samples. For this purpose, the research-
ers modified the glassy carbon electrode by attaching graphene oxide covalently; 
then this modified electrode was used for the determination of Pb2+ and Cd2+ via 
differential pulse anodic stripping voltammetry (Yavuz et al. 2016).

Nanoparticles are commonly used for modification of conventional electrodes. 
For example, Karimi-Maleh et  al. (2014) modified carbon-paste electrode using 
(9,10-dihydro-9,10-ethanoanthracene-11,12-dicarboximido)-4-ethylbenzene- 1,2-
diol (DEDED) and NiO nanoparticles (NiO/NPs/DEDED/CPE) for the determina-
tion of ascorbic acid and a synthetic azo dye, Sudan I, simultaneously using 
voltammetric methods (Karimi-Maleh et  al. 2014). In another electrochemical 
study, Elyasi et al. (2013) fabricated an electrochemical sensor to detect Sudan I in 
food samples. For this purpose, the authors modified carbon-paste electrode with Pt/
carbon nanotubes and an ionic liquid, resulting in oxidation current enhancement.

Different research groups reported that when the performances of nanoparticle- 
modified electrodes and bare electrodes were compared, a significant signal 
enhancement was observed in favor of modified electrodes. For example, Cheraghi 
et al. (2017) modified carbon-paste electrode using single wall carbon nanotubes 
(SWCNTs)-decorated cadmium oxide (CdO) nanoparticles using a binder ionic liq-
uid (1,3-dipropylimidazolium bromide, DPIB) (CPE/CdO/SWCNTs/DPIB), and 
used this modified electrode in the determination of vanillin and folic acid in food 
samples by square wave voltammetry (SWV) (Cheraghi et al. 2017).

Potentiometry is another commonly used electrochemical technique that is both 
simple and inexpensive. It has a short response time with high selectivity, low detec-
tion limit, and adaptability to miniaturization. Potentiometric sensors measure the 
potential generated between the working and reference electrodes. Potentiometric 
sensors can be examined in two groups, i.e., field effect transistors and ion selective 
electrodes (Düzgün et al. 2011). In this regard, field-effect transistors (FETs) are 
potentiometric devices that rely on the effective charge of a binding analyte over the 
channel surface, which induces a change in the effective gate potential as well as the 
carrier concentration in the transistor channel through capacitive coupling. For 
example, a quasi-two-dimensional semiconductor oxide, indium(III) oxide-based 
pH sensor, displayed a low detection limit as much as 0.0005 pH and was useful in 
detecting glucose at femtomolar levels (Chen et al. 2017).
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Different types of nanomaterial used in development of electrochemical sensors 
and basic measurement methods are summarized at Fig. 1.

2.2  Optical Nanosensors

Use of optical nanosensors involves the transduction of optical signals into electri-
cal signals for analytical purposes. These sensors are highly analyte-specific and 
generally use a small sample volume (Sarkar et al. 2017). The commonly used spec-
troscopic methods are highly coherent with biosensor technology. Almost all spec-
troscopic methods, i.e., absorption, fluorescence, phosphorescence, Raman, 
surface-enhanced Raman scattering, refraction and luminescence (fluorescence and 
phosphorescence) can be applied to nanosensor technology. Optical nanosensors 
consist of an optical receptor (or a sensing unit) and an inert matrix, and find use in 
the detection of certain properties of the tested sample. These nanosensors utilize 
optical signals to transduce biological or chemical information obtained from the 
sample for analytical knowledge. The introduction of optical nanosensors dates 
back to the late 1990s. Keiji et al. (1996) entrapped fluorescein in polyacrylamide 
nanoparticles for sensing pH. The basic analytical principle of the nanosensor was 
based on luminescence. Fluorescence-based nanosensors with their ease of mea-
surement, high sensitivity and fast response ability are highly popular in this area, 
though their selectivity may sometimes be lower than those of absorption spectros-
copy-based sensors. Gold and silver nanoparticles and quantum dots can be associ-
ated with fluorescence detection to produce nanosensors. There are numerous 
studies in the literature using turn-on or turn-off (i.e., based on fluorescence appear-
ance or decay) fluorescence-based nanosensors (Srivastava et al. 2018).

Fig. 1 Different types of nanomaterial(s) used in development of electrochemical sensors and 
basic measurement methods
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Among optical nanosensors, fiber-optic nanosensors can be mentioned as an 
important group. In order to fabricate an optical nanosensor, the required chemical 
or biological recognition element consists of a sensitive layer covalently integrated 
to an optical transducer. Fiber-optics have a number of superior features in the pro-
duction of optical nanosensors such as being of light-weight and easy configuration. 
When the receptor contacts with the surface of the analyte, the generated physico-
chemical perturbation can be converted to an electric signal. The role of the optical 
probe in the sensor is to receive this signal which is subsequently transmitted to the 
database. Measurement with a fiber-optic nanosensor can be realized directly (i.e., 
optical properties received from the analyte is measured directly) or indirectly (i.e., 
the magnitude of the measured response comes from optically detectable probes/
bioprobes). In food science, the first fiber-optic sensor was used to detect Escherichia 
coli in a complex food matrix. (DeMarco et al. 1999). In other examples, a com-
mercial fiber-optic sensor was developed to detect various pathogens, where a 
fluorophore- labeled antibody was used by the company (Nanduri et  al. 2006; 
Valadez et  al. 2009). Sinha et  al. (2005) used a fiber-optic nanosensor to detect 
benzo[a]pyrene, a well-known carcinogen that may reach elevated levels in well-
cooked meat and chicken skin, inside a single cell.

A noteworthy group among optical sensors is ‘probes encapsulated by biologi-
cally localized embedding’, known as PEBBLEs. Actually, the term PEBBLE refers 
to a series of nano-fabrication techniques which can be used for different optical 
sensing technologies. Cross-linked polyacrylamide and sol-gel silica are the mostly 
exploited matrices for producing PEBBLEs, and are used for H+, some alkali metal 
ions (K+, Na+), alkaline earth ions (Ca2+, Mg2+) and Zn2+, Cu2+, Cl−, and also for 
some non-ionic species (Buck et al. 2004a). The radius of the smallest nanospheric 
sensor may be as low as 10 nm. A sensor probe like this can be encapsulated using 
biologically localized embedding technique. These are suitable to insert into a cell 
(Clark et al. 1998). PEBBLEs can have a spherical shape, the diameter of the spheres 
generally laying between 20 and 100  nm. These are especially designed to be 
applied to a biological medium, consisting of an encapsulated dye (specific for tar-
geted analyte) and a reference dye in an inert matrix. Since PEBBLEs are very 
small, they may be considered to be physically harmless to the cellular medium. 
The encapsulation of dyes within an inert matrix ensures minimum chemical inter-
ference (Buck et al. 2004b). There is a limited number of studies on optical PEBBLE 
nanosensors for food analysis. One was realized by Martin-Orozco et al. (2006) for 
the selective detection of Mg2+ involving encapsulation of a hydrophilic dye (cou-
marin 343, C343) and a commercially used reference dye (Texas Red, TxRed) in 
polyacrylamide nanoparticles. The main purpose was to determine Mg2+ inside 
human macrophage cells to investigate the attack of Salmonella which is a gram- 
negative bacterium. It is known that Salmonella can be present in certain foodstuff 
of animal origin such as meat, poultry and milk and it can pass from contaminated 
food to humans (Martin-Orozco et al. 2006).
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Another optical method, surface-enhanced Raman scattering (SERS), is a rela-
tively old but unique vibrational spectroscopic technique which can provide very 
specific vibrational profiles for analytes having small molecules (Fleischmann et al. 
1974). It may allow the separation of even structural isomers with certain similari-
ties such as fructose and glucose. Raman spectroscopy can be used for the identifi-
cation of molecular structure, but with growing interest for production of nanoscale 
metals and nanomaterial surfaces, the SERS version of this technique has become 
more popular. With the progress achieved both in Raman technology and produc-
tion of metal surfaces at nanoscale, SERS has become one of the most promising 
techniques for the analysis of food and pharmaceuticals and in intracellular or inter-
cellular imaging. The Raman spectrometers used in applications of industrial food 
processing are generally coupled with fiber optic probes which can transmit light. 
With the use of optical fibers as long as 20 m, easy access was realized to distant 
samples (Li and Church 2014). In this regard, Talley et  al. (2004) developed a 
SERS-based pH sensor consisting of silver and gold-silica core nanoparticles. The 
authors produced a pH sensitive nanosensor by mixing silver nanoparticles 
(50–80  nm) with p-mercaptobenzoic acid. The sensor gave a sensitive response 
between pH 6–8, and was used for the quick determination of Bacillus subtilis spore 
(Goodrace et al. 2000). He et al. (2011) used traditional Raman spectroscopy com-
bined with sensors technology for the determination of antifungal effect of ZnO 
nanoparticles (70  ±  15  nm). The authors worked on two postharvest pathogenic 
fungi Penicillium expansum and Botrytis cinerea, and besides Raman spectroscopy, 
conventional microbiological plating and scanning electron microscopy (SEM) 
were also used to examine antifungal activities of ZnO nanoparticles against these 
fungi. Prevention of fungal activity is very important to prevent economical loss 
after fruit harvest. Especially, B. cinerea is one of the most important sources of 
certain diseases of table grapes, while P. expansum is known as the major reason of 
rot of stored apples and pears. As a result, He et  al. (2011) reported that ZnO 
nanoparticles could be used as an efficient fungicide in food safety. Müller et al. 
(2014) detected thiabendazole, a chemical fungicide, with a SERS nanosensor. On 
the other hand, Saute and Narayanan (2011) detected a dithiocarbamate fungicide, 
thiram, in acetonitrile-water solution at ultralow levels by using dogbone-shaped 
gold nanoparticles. For this purpose, two dogbone-shaped gold nanoparticles at dif-
ferent nanometric sizes were synthesized via seed-mediated growth method and 
fully characterized. After the SERS spectra of thiram-bound nanoparticles were 
taken, two different LOD values for thiram were reported for different-sized 
nanoparticles, i.e., the lower LOD was obtained with larger nanoparticles as col-
loidal substrates (Saute and Narayanan 2011). Perchlorate anion, another food con-
taminant, could also be detected with SERS combined with gold nanoparticles and 
nanorods. Gu et al. (2009) determined perchlorate in water at 0.1 μg L−1 levels using 
gold nanoparticles modified with dimethylaminoethanethiol as SERS substrate, 
which they suggested to be used in situ detection with a portable Raman 
spectrometer.

Since waterborne or foodborne microorganisms such as E. coli, Legionella pneu-
mophila, S. typhimurium are the main reasons of serious (even fatal) bacterial 
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infections, their rapid, selective and sensitive detection in food or water is critically 
important.

In food safety applications, determination and discrimination of bacteria play an 
important role. For identification of the pathogens, generally conventional methods 
are used, and these biochemical and microbiological tests need an isolated bacterial 
culture, expensive equipment and chemicals. On the other hand, polymerase chain 
reaction (PCR) and immunological detection can be alternative but these are gener-
ally criticized in terms of accuracy, specificity and sensitivity. It is known that 
Raman spectroscopy can be useful for biological samples, and Raman signals can 
be further intensified via SERS incorporating metallic nanoparticles through sur-
face plasmon resonance (SPR). A series of studies depending on SERS method for 
determination, imaging, and identification of bacteria have been published in the 
literature in the last decades (Galvan and Yu 2018; Xie et  al. 2013). Chen et  al. 
(2015) synthesized silver nanoparticles (Ag NPs) within bacterial cell suspensions 
to detect foodborne bacteria, where they have reported to detect certain widespread 
bacteria that can cause diseases, such as E. coli, Pseudomonas aeruginosa, and 
Listeria in a short time using label-free NIR-SERS method. Additionally, they could 
identify two Listeria species (L. monocytogenes and L. innocua) by using very 
small sample volumes (Chen et al. 2015). Zhang et al. (2012) used magnetic–plas-
monic Fe3O4–Au core–shell nanoparticles in the presence of external point mag-
netic field to determine bacteria. While Bacillus cereus is a bacterium related to 
food poisoning, B. anthracis cause a mortal disease anthrax. This bacterium may 
exist in the animals eating grass such as sheep, goat and cattle and can pass to the 
human body via infectious meat. Zhang et al. (2005) reported to have developed a 
quick determination method for anthrax spores using SERS on silver film over 
nanosphere substrates. The researchers preferred to use B. subtilis (the harmless 
stimulant) instead of B. anthracis (Zhang et al. 2005). Liu et al. (2009) developed a 
SERS-active substrate consisting of Ag-nanoparticles array embedded in anodic 
aluminum oxide to determine chemical specifications of bacterial cell wall to help 
identification of drug resistant bacteria. The nanochannels in the substrate having 
uniform narrow gaps between Ag-nanoparticles provided a reproducible Raman 
signal enhancement factor (Liu et  al. 2009). Additionally, Lin et  al. (2014) used 
antibody conjugated gold nanoparticles with single-walled carbon nanotubes for 
detection of Salmonella DT104.

‘Surface Plasmon Resonance’ (SPR) is another main optical method used in 
combination with nanotechnology. The sign of the real part of dielectric functions 
change sign across the interface of two different materials and the surface plasmons 
are the vibrations of the coherent delocalized electrons in this interface. Surface 
plasmon resonance (SPR) sensors are the optical sensors based on excitation of 
surface plasmons. SPR (bio)sensors technology can be used in the determination of 
pathogens, toxins and drug residues related to food quality or safety (Homola 2008). 
SPR nanosensors have the essential components of an optical sensor, a transducer, 
that provides a correlation between chemical or biological features of the analyte 
and the optical output, and an electronic database. The first two elements of the sen-
sor determine the basic properties of the sensor such as stability, sensitivity and 
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resolution (Homola et al. 1999). For the selective determination of a target analyte, 
biorecognition molecules such as antibodies, enzymes or receptors are immobilized 
onto the surface of the sensor. With specific retention of the target analyte through 
the recognition element on the sensor, refraction intensity changes (Vollmer and 
Arnold 2008). Kara et al. (2013) developed a SPR nanosensor for determination of 
chloramphenicol in honey, and used molecularly imprinted nanoparticles attached 
to the SPR nanosensor. Yılmaz et al. (2017) produced a SPR nanosensor by imprint-
ing a triazinic pesticide for herbicide determination. SPR biosensors were success-
fully applied by Mazumdar et al. (2007) for the determination of Salmonella, i.e., 
one of the main causes of food poisoning in milk In their study, Mazumdar et al. 
(2007) spiked the milk samples with S. typhimurium cells and reported to detect 
S. typhimurium at 1.25 × 105 cells mL−1without a matrix interference for milk. The 
authors used a SPR chip having eight channels and applied a Kretschmann configu-
ration and cuvette-based system.

Basic spectroscopic methods can be used in nanosensor based determinations, 
these are schematized in Fig. 2.

2.3  Nanoparticle-Based Nanosensors

Two of the most used noble metals in nanotechnology are gold and silver. The prop-
erties of noble metal NPs can be altered by changing size, shape, environment, and 
the method of synthesis. AuNPs can be used for different purposes such as being 

Fig. 2 Basic spectroscopic methods used in nanosensor based determinations of food-related 
analysis
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carriers for the biorecognition elements or for signal transduction and amplification. 
Absorption-based colorimetric sensing depends on aggregation-induced interparti-
cle surface plasmon coupling of AuNPs. During the aggregation of AuNPs, the 
color turns from red to blue accompanying a bathochromic shift in the absorption 
maximum wavelength within the visible spectrum. This concept enables the detec-
tion of certain analytes which cause aggregation or redispersion of AuNPs (Saha 
et al. 2014) AuNPs are very useful tools for enhancing the surface area and conduc-
tivity of electrochemical sensors (Bülbül et  al. 2015). Phillips et  al. (2008) used 
AuNPs for the determination of bacterial food contamination, where they utilized 
non-covalent conjugates between AuNPs and poly(para-phenyleneethynylene). 
The mechanism of bacteria detection for this fluorometric sensor involved the inter-
actions between bacteria and nanoparticles, releasing the bound fluorescent poly-
mer from the gold-nanoparticle quencher, thereby recovering the initial fluorescence 
of the polymer. In other words, the (−) − charged bacteria were themselves attached 
to the (+) − charged AuNPs, thereby releasing the (−) − charged polymer from the 
surface and restoring fluorescence (Phillips et al. 2008). Saha et al. (2014) published 
a comprehensive review on AuNP-based sensing.

The working principles of silver nanoparticles (AgNPs) based sensors are very 
similar to those of AuNPs, involving a color change between dispersed and aggre-
gated AgNPs (from yellow to brown). This change can be associated with the con-
centration of analyte. Vilela et al. (2012) discussed the colorimetric assays depending 
on aggregation of gold and silver nanoparticles. When the performances of AuNPs 
and AgNPs are compared, AgNPs have both advantages and limitations. Higher 
extinction coefficients and low cost are the superiorities of AgNPs, but oxidation of 
AgNPs surfaces is quite easy (Bülbül et al. 2015).

Xiong et al. (2008) modified AgNPs using p-sulfonatocalixarene (pSC4) and pro-
duced a colorimetric histidine (His) probe. The authors took the advantage of color 
change in the solution due to pSC4-AgNPs aggregation triggered by His.

Cerium oxide NPs (also known as nanoceria) are also used frequently. Cerium 
has two different oxidation states (Ce(III)/Ce(IV)), and with the change of the oxi-
dation states, nanoparticle surface properties also change. Through its peroxidase-, 
superoxide- and oxidase-like activities, nanoceria can be used for replacing these 
enzymes mentioned above. With certain interactions at the surface, nanoceria exhib-
its unique color patterns owing to this specialty, making it available for colorimetric 
determinations. Different researchers used cerium nanoparticles for the determina-
tion of food antioxidants and glucose. Sharpe et  al. (2013) developed a portable 
nanoparticle-based assay for antioxidant determination. The authors immobilized 
ceria nanoparticles, then these nanoparticles interacted with antioxidants tested. 
The antioxidants acted as reducing agents and caused a color change through the 
redox and surface chemistry reactions. The authors succeeded in determining a 
number of food antioxidants such as ascorbic acid, gallic acid, vanilic acid, querce-
tin, caffeic acid, and epigallocatechin gallate (Ornatska et al. 2011; Sharpe et al. 
2013; Saha et al. 2014). In another study, Ozdemir-Olgun et al. (2018) developed a 
cerium oxide nanoparticles–based colorimetric sensor using tetramethyl benzidine 
(TMB) for the determination of total antioxidant capacity in food and plant extracts. 
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The proposed colorimetric sensor consisted of a poly (acrylic acid) sodium salt- 
coated cerium oxide nanoparticles. The authors utilized the oxidase-like mimetic 
effect of ceria nanoparticles, and exploited the color change of TMB as redox medi-
ator in the absence and presence of tested antioxidants instead of the intrinsic color 
change of nanoceria, as the latter yielded a much lower extinction coefficient 
(Ozdemir Olgun et al. 2018). In a similar study, Kamer et al. (2019) used a nanoceria- 
based sensor for the determination of reactive species scavenging activity of anti-
oxidants, where they exploited the peroxidase-like activity of nanoceria. By using 
{Ce(III) + aqueous NH3} in conjunction with a zahter (Thymbra spicata L.) extract, 
nanoceria was synthesized by ‘green chemistry’ to generate reactive species (RS) 
upon reaction with hydrogen peroxide, and the RS on nanoceria surface caused a 
coloration on the N,N-dimethyl-p-phenylenediamine (DMPD) reagent acting as a 
redox mediator; finally, the DMPD color intensity was attenuated in the presence of 
antioxidants, enabling an indirect antioxidant activity assay (Kamer et al. 2019).

Magnetic Nanoparticles (MNPs) can be easily functionalized with a number of 
surface groups and can be used for different analyses. MNPs are often used for 
detection and removal of food contaminants. Kim et  al. (2010a) developed 
fluorescence- coded MagPlex microsphere sets coated with antibodies for different 
bacteria, and then used them to capture these bacteria and toxins from spiked sam-
ple matrices including apple juice, green pepper, tomato, ground beef, alfalfa 
sprouts, milk, lettuce, spinach, and chicken washes. Dominguez et al. (2015) inte-
grated magnetic nanobeads into a flow-based sensor system, and used it for the 
determination of organophosphate insecticides.

2.4  Nanotube-Based Nanosensors

Although different materials can be used to produce nanotubes, the most popular 
ones are made of carbon. Carbon nanotubes (CNTs), discovered in 1990’s, rapidly 
became the most well-known material worldwide, due to their superior features 
such as electronic conductivity, flexible physical structure, high mechanical strength 
and folding abilities (Malik et al. 2013). Nanotubes can be defined as long and nar-
row tubes having a honeycomb-like structure. They have an extremely large specific 
surface area and can immobilize numerous biomolecules. CNTs can be single-
walled (SW) or multi-walled (MW). While SWCNTs consist of a single layer of 
graphite bended as cylindrical shape, MWCNTs have a concentric array of single 
nanotubes. Microchips and other recent electrochemical devices can be used along-
side nanotubes for determination of different food ingredients (such as sugars, vita-
mins and isoflavones) or food additives. CNTs have a superior surface chemistry 
compared to many other substances, and furthermore, their mechanical properties 
and electrical conductivities are perfectly suitable to be used as electrode material 
(Sarkar et  al. 2017). Cesarino et  al. (2012) developed an acetylcholinesterase 
(AChE) biosensor for the determination of carbamate pesticides in cabbage, broc-
coli and apple. For this purpose, a glassy carbon electrode was modified by using 
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polyaniline and multi-walled carbon nanotubes as core-shell and AChE immobiliza-
tion (Cesarino et al. 2012).

2.5  Quantum Dots (QDs)

QDs are nano-sized crystalline clusters having semiconductor properties (Murphy 
2002). QDs are usually used for the determination of food contaminants such as 
pesticide residues and bacterial toxins, and have certain superior features such as 
long lasting photostability, broad absorption, and specific emission spectra. QDs 
have been used to develop different biosensors by integration of various biomole-
cules (Sarkar et al. 2017). Cadmium sulphide, cadmium selenide, cadmium tellu-
ride, indium phosphide and gallium arsenide are generally used as semiconductors 
for producing QDs. They have remarkable features such as high quantum yield and 
molar extinction coefficients, and additionally are highly resistant to photo- and 
chemical disruption. It is known that QDs are more stable than enzymes or fluores-
cence dyes (Perez-Lopez and Merkoçi 2011). Ji et  al. (2005) developed a novel 
biosensor based on (CdSe)ZnS core-shell QDs; the authors coupled an organophos-
phorus hydrolase (OPH) to the core shell via electrostatic interactions. The devel-
oped nanobiosensor was used for the determination of an organophosphorus 
pesticide, paraoxon, which may be important for food (Ji et  al. 2005). 
2,4-Dichlorophenoxyacetic acid is a herbicide highly harmful for human health 
even at very low concentrations, and for its detection in food, Vinayaka et al. (2009) 
used CdTe QDs.

2.6  Nanofibers

Nanofibers with their large surface areas and porosity have attracted great attention 
in recent years. Electrospinning is one of the most preferred technique to produce 
nanofibers. Electrospinning is to spin fibers with the aid of the electrostatic forces, 
making it possible to produce fibers at nano lavels (Subbiah et al. 2005). According 
to specific requirements, it is also possible to change pore sizes and shapes of the 
nanofibers. The large surface-to-volume ratio of the material provides a number of 
available immobilization sites for biorecognition elements. These specialties lead to 
the manufacture of highly sensitive sensors for different applications including food 
safety analysis. A large number of biocompatible materials can be incorporated to 
nanofibers with different methods for obtaining desired functions (Matlock- 
Colangelo and Baeumner 2012). One of the most used material to produce nanofi-
bers is cellulose, because it is a readily available and cheap by-product of food and 
agriculture industry. On the other hand, the high crystallinity of pure cellulose may 
obstruct electrospinning which may require the addition of other polymers. 
Cellulosic nanofibers produced by electrospinning technology can be used for dif-
ferent applications such as immobilization of biologically valuable materials, 
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packaging technology, production of biosensors and filtration (Rezaei et al. 2015). 
Wang and Hsieh (2004) produced electrospun cellulose acetate nanofiber membrane- 
based polymer thin-film optical sensors. In another study, Yao et al. (1992) reported 
that highly photosensitive photochromic nanofibers are very convenient for produc-
ing optical devices and/or biosensors. Thanks to their favorable electronic and 
mechanical properties carbon nanofibers (CNFs) are one of the most striking mate-
rials in recent years. Tang et al. (2011) used electrospun CNFs modified electrode 
for non-enzymatic determination of xanthine (Xa). Since it is an intermediate of the 
purine metabolism, amount of Xa is evaluated as an indicator of different diseases. 
Additionally, Xa is the first indicator of ATP decomposition in dead fish, so it is an 
important parameter of the freshness of fish (Tang et al. 2011). There are different 
types of nanofibers containing various materials and electrospun nanofibers are 
widely used in food and agriculture industry. In their comprehensive review 
Mercante et  al. (2017) summarized electrospinning- based (bio)sensors and their 
applications.

Different nanostructures used in production of food nanosensors with the selected 
applications are summarized at Table 1.

2.7  Electronic Nose and Electronic Tongue

In sensor studies, evaluation and determination of human-related senses occupy an 
important place. The first occurrence of commercial electronic noses (also known as 
e-noses) dates back to 1993. Electronic noses are a kind of gas sensor, usually con-
sisting of metal-oxide semiconductors and conducting polymers, and their analysis 
techniques depend on a kind of artificial neural network (Gardner and Bartlett 
2000). Volatile compounds can be detected in the headspace of the sample through 
electronic noses, the basic concept of which is mimicking human nose for differen-
tiation of the odors using an array of sensors composed of thin or thick-film semi-
conductors. The conductance of the sensors can be changed by exposing volatile 
compounds. It is known that different gas samples including hydrogen sulfide, chlo-
rine and alcohols could be detected at room temperature by using zinc oxide 
nanoparticles. While working with this kind of devices, samples in microliter vol-
umes is sufficient for analysis, where the sample is evaporated and its vapor injected 
to the system (Sozer and Kokini 2012). Nanomaterials can be produced at con-
trolled morphology and dimension, and their surface activity can be altered, enabling 
their usage for the manufacture of different devices including electronic noses. 
Nanomaterials-incorporated sensitive devices display a fast response, and are suit-
able for miniaturization and integration. The improvements in the nanoscience of 
novel nanomaterials can be used for electronic nose applications (Ramgir 2013).  
In the analysis of aromas or odors, it is possible to work with a group of trained 
expert panelists but it should be noted that the differences between individuals 
may affect the result. The other technique used for this purpose is gas chromatography- 
olfactometry suitable for odor-active substances. In recent years, electronic noses 
began to replace these conventional techniques to overcome subjectivity problems. 
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Electronic noses are the devices that can detect the odors coming from the tested 
sample with great precision, sensitivity and selectivity. These devices comprise a 
group of chemical sensors which can mimic the sense of smell, and are capable of 
replacing human olfactory system. Electronic noses are so suitable to use in food, 
cosmetic, pharmaceutical and clinical applications. Use of electronic sensors, which 
are committed to different odor-sensitive biological or chemical materials, eases to 
differentiate complex odors. To analyze unknown odors, a database is created by 
using the characteristic fingerprints of known odors, hence a recognition system is 
formed by training the system. Electronic noses have three main elements, namely 
sampling, detection and data processing systems. In food industry, electronic noses 
can be used for investigating shelf life, freshness, authenticity, quality and tracking 
process (Peris and Escuder-Gilabert 2009). For example, bioconversion during fer-
mentation step of grape can be controlled by aroma analysis. Pinheiro et al. (2002) 
used an electronic nose to monitor the aroma profile on-line and real-time. In the 
study, the authors detected the muscatel aroma to track fermentation and reported to 
concentrate the aroma components to enhance selectivity (Pinheiro et al. 2002). In 
another study, García et al. (2005) used the technique to detect spoiled Iberian hams; 
the sensor used consisted of a mixture of tin-oxide semiconductor thin film with or 
without metal catalyst. The authors also used statistical methods to differentiate 
spoiled and unspoiled samples. Electronic noses are perhaps mostly used to investi-
gate ripening process of fruits and vegetables from harvest to consumption as the 
quality determiner. In a sample study, the maturity of mango fruits was examined by 
using a commercial electronic nose device having 18 pieces of metal-oxide sensors 
(Lebrun et al. 2008). Freshness is another important parameter of quality for consum-
ers, because during the shelf life, different volatile organic compounds evolve, pre-
senting a great potential for electronic nose detection. Especially, seafood and meat 
release certain volatiles during degradation by bacterial processes. Another main issue 
for this method is to identify geographical origin by analysis of aroma through elec-
tronic nose (Peris and Escuder-Gilabert 2009). A great advantage of the electronic 
nose concept is its nondestructive testing ability (Sarkar et al. 2017).

The electronic tongues (e-tongues) are the devices designed to simulate human 
taste. While electronic noses serve to detect volatile compounds, electronic tongues 
are for detection of nonvolatile compounds in the food samples. Volatile compounds 
are characterized having chemicals with a low boiling point, small molecular weight 
and higher vapor pressure. The volatile organic compounds such as pyruvic acid, 
acetic acid and citrinin, highly occurring in food products, can be detected by elec-
tronic sensing devices such as e-nose and e-tongue. Both e-tongue and e-nose with 
their satisfactory accuracy, reliability, selectivity, sensitivity and quick response are 
suitable devices for sensing applications in the food industry. In recent applications, 
Torri and Piochi (2016) used electronic nose and electronic tongue to determine the 
possible aroma transfer from plastic packages. Men et al. (2014) used electronic 
nose and tongue to analyze mixed edible oil. Electronic tongue systems can be at 
different types: using impedance spectrum sensors, potentiometric electronic tongue 
and voltammetric systems. In the presented study, the authors preferred to use a 
voltammetric system consisting of an array of sensors, electrochemical work station 
and a computer for data analysis (Men et al. 2014).

G. Toydemir et al.



345

2.8  Nanobarcode Technology

Barcode technology is used to symbolize encoded data or information about the food 
product (Srivastava et al. 2018). In its simplest definition, barcodes are readable tags 
containing tremendous amount of information. The term of “bar-code” comes from the 
lines (bars) on conventional barcodes. The information contained in the barcode is very 
useful for monitoring and identifying the products. In present time, with improvements 
in nanotechnology, micro and nanoscale barcodes have begun to be used alongside 
with macrobarcodes. The nanobarcodes with their small size can be used for identify-
ing small targets. By the beginning of the nanobarcode technology, the shapes of bar-
codes also varied, e.g., as nano-beads, −wires, −clusters, −rods, −tubes, −sheets and 
nano-scale metal organic frameworks (NMOF). Nanobarcodes can be used for differ-
ent applications, including the detection of biomolecules (nucleic acid and proteins), 
imaging, security and drug delivery. There are different encoding techniques for pro-
duction of nanobarcodes and decoding of the signals, in conjunction with fluorescence 
microscopy or spectra for a fluorescent encoding nanobarcode. This situation brings 
their own limitations for each technology; for instance, the drawback of fluorescent 
nanobarcodes is the spectral overlap of fluorescent elements. In their comprehensive 
review, Shikha et al. (2017) mentioned encoding techniques under a number of main 
groups, such as optical, graphical, sequence, morphological, magnetic, phase change 
based encoding techniques and hybrid approaches.

3  Use of Nanosensors in Foods

As food is vital for human life and as the food industry is the largest manufacturing 
sector in the world (Yaktine and Pray 2009), food safety and quality remains a major 
concern worldwide in respect to public health. Consumers, with increasing knowl-
edge and health awareness, are now looking for food products that are free from 
contaminants. Food contaminants, which can broadly be grouped as chemical con-
taminants (pesticides, veterinary drug residues, heavy metals, dioxins, melamine, 
etc.) and biological contaminants (foodborne pathogenic bacteria, naturally occur-
ring toxins, etc.), occur through processing, handling, and distribution of most foods 
and show adverse effects on health (Kuswandi et al. 2017; Sonawane et al. 2014).

Many useful technologies have traditionally been proposed for food detection, 
including the chromatographic methods, enzyme hydrolysis, immunological and 
biological assays, and sensor tests (Heo et  al. 2012; Peng et  al. 2012; Jadzinsky 
et  al. 2007; Sonawane et  al. 2014). However, while progress has been achieved, 
these tests are still costly and complicated, require time-consuming processes and 
expensive instrumentation, and are not portable which strongly limit their perfor-
mance and wider application (Bülbül et  al. 2015; Li and Sheng 2014; Qu et  al. 
2011). In this context, nanosensors take the advantage of nanotechnology as a more 
efficient tool to detect food contaminants in an easy and quick manner, and  
enable assessing the quality and safety of foods on-site (Warriner et  al. 2014). 
In   continuation of this chapter, the integration of nanomaterials in the analysis 
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methods of major toxic chemical and microbial food contaminants, as novel nano-
sensors and nanobiosensors, will be discussed as promising tools for providing 
enhanced food safety and quality.

Table 2 provides examples to the applications of various nanoparticle-based sen-
sors for the detection of the most predominant chemical and biological food 
contaminants.

Table 2 Nanoparticle-based sensors used for the detection of chemical and biological food 
contaminants

Type of 
contaminant Analyte Nanoparticles used Method/Sensor References

Pesticides Carbaryl 
methomyl

MWCNT/PANI Electrochemical 
AChE-based 
nanobiosensor; glassy 
carbon electrode

Cesarino 
et al. 
(2012)

Acephate and 
methyl-paraoxon

Fe3O4 MNPs MNP peroxidase
mimetic-based 
colorimetric assay

Liang et al. 
(2013)

Carbofuran AuNPs and 
PB-MWCNTs-CTS

Electrochemical 
immunonanosensor

Sun et al. 
(2012)

Dimethoate, 
dipterex, 
carbaryl, 
chlorpyrifos, and 
carbofuran

Lum-AgNPs Nanoparticle-based 
chemiluminescent sensor

He et al. 
(2015)

Antibiotics Ampicillin AuNPs Apta-nanosensor; 
AuNP-based dual 
fluorescence-colorimetric 
method

Song et al. 
(2012a)

Chloramphenicol CAP imprinted 
PEDMAH 
nanoparticles

Gold surface plasmon 
resonance nanosensor

Kara et al. 
(2013)

Neomycin, 
kanamycin, and 
streptomycin

Acid-functionalized 
AuNPs

Surface plasmon 
resonance spectroscopy

Frasconi 
et al. 
(2010)

Heavy 
metals

Pb(II) Aminothiophenol- 
functionalized 
MWCNT

Potentiometric sensor Guo et al. 
(2011a), 
(2011b)

Pb(II), Hg(II), 
Cd(II)

Triphenylphosphine- 
modified MWCNT

Electrochemical sensor; 
MWCNT-modified 
carbon screen-printed 
electrode

Bagheri 
et al. 
(2013)

Cu(II), Pb(II), 
Fe(II), Ni(II), and 
Zn(II)

SPIMP-MWCNT Flame atomic
Absorption spectrometry

Ghaedi 
et al. 
(2013)

Hg(II) Bipy/AuNPs UV-vis spectrometry Chen et al. 
(2015)

Cu(II) DMAP-AuNPs Electrochemical; cysteine 
modified gold 
nanoparticle film/
paper-based sensor 
modified with cysteine

Liana et al. 
(2013)

(continued)

G. Toydemir et al.



347

Table 2 (continued)

Type of 
contaminant Analyte Nanoparticles used Method/Sensor References

Mycotoxins Aflatoxin B1 C-AuNPs Immunoelectrode Sharma 
et al. 
(2010)

Aflatoxin B1 Citrate-protected 
AuNPs

Colorimetric aptasensor Hosseini 
et al. 
(2015)

Aflatoxin B1 and 
ochratoxin A

Antigen-modified 
MNPs and 
antibody- 
functionalized
UCNPs

Immunosensing probes; 
competitive
Upconversion 
fluorescence 
immunoassay

Wu et al. 
(2011)

Ochratoxin A Nanostructured zinc 
oxide

BSA/r-IgGs/Nano-ZnO/
ITO immunoelectrode

Ansari 
et al. 
(2010)

Ochratoxin A Aptamer- 
functionalized 
AuNPs

Colorimetric aptamer 
AuNP probes

Soh et al. 
(2015)

Pathogenic 
bacteria and 
bacterial 
toxins

Escherichia coli AuNPs 
functionalized with 
quaternary 
ammonium ligands

Colorimetric enzymatic 
nanocomposite biosensor

Miranda 
et al. 
(2011)

Escherichia coli 
O157

Colloidal AuNPs Immunochromatographic 
strip

Jung et al. 
(2005)

Escherichia coli CNTs decorated with 
AuNPs

Multi-array, 
electrochemical 
aptasensor

Maurer 
et al. 
(2012)

Escherichia coli
O157:H7

Oligonucleotide- 
functionalized 
AuNPs

Piezoelectric biosensor Chen et al. 
(2008)

Salmonella Immuno-modified 
MNPs and antibody- 
immobilized titanium 
dioxide nanocrystals

Optical nanocrystal 
probes; UV-Vis 
absorption spectrometry

Joo et al. 
(2012)

Cholera toxin Lactose-stabilized 
AuNPs

Colorimetric aggregation 
bioassay, UV-Vis 
spectrometry

Schofield 
et al. 
(2007)

Staphylococcal 
enterotoxin B

AuNPs Chemiluminescence 
immunosensor

Yang et al. 
(2009)

(continued)
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3.1  Analysis of Chemical Food Contaminants

3.1.1  Pesticides

Pesticides are the chemicals used for pest control in plant protection (Health and 
Safety Executive 2009; Kuswandi and Mascini 2005) and their presence in related 
foodstuffs should be monitored because of their potential health risks (Caetano and 
Machado 2008; Liu et al. 2008a, b). Organophosphates and carbamates are the most 
widely employed ones among this class of compounds (Kumar et al. 2010; Singh 
and Walker 2006).

The mode of action of pesticides involves the inhibition of the enzyme acetyl-
cholinesterase (AChE), by binding to the serine moiety within the active site of the 
enzyme, leading to the deacetylation of the neurotransmitter acetylcholine 
(Kuswandi et al. 2008; Kuswandi and Suwandari 2007; Andreescu and Marty 2006; 
Pope 1999). Hence, the detection of the AChE enzyme inhibition -by the measure-
ment of the enzyme activity before and after exposure to the pesticides- is indicated 
as the most common biosensor method (Kuswandi et al. 2017; Bülbül et al. 2015).

Table 2 (continued)

Type of 
contaminant Analyte Nanoparticles used Method/Sensor References

Adulterants Melamine AuNPs Colorimetric sensor; 
UV-Vis spectrometry

Li et al. 
(2010)

Melamine Dopamine-stabilized 
AgNPs

Colorimetric sensor; 
UV-Vis spectrometry

Ma et al. 
(2011)

Melamine Aptamer-modified 
AuNPs

Colorimetric aptasensor; 
UV-Vis spectrometry

Yun et al. 
(2014

Pork meat Colloidal AuNPs Colorimetric sensor; 
UV-Vis spectrometry

Ali et al. 
(2011)

Horse meat Thiolated 
oligonucleotide- 
functionalized 
AuNPs

AuNP probes Houhoula 
et al. 
(2017)

MWCNT/PANI, multiwalled carbon nanotubes/polyaniline; AchE, acetylcholinesterase; Fe3O4 
MNPs, iron oxide magnetic nanoparticles; AuNPs, gold nanoparticles; PB-MWCNTs-CTS, 
Prussian blue-multiwalled carbon nanotube-chitosan; Lum-AgNPs, luminol-functionalized silver 
nanoparticles; CAP, chloramphenicol; PEDMAH, poly(ethylene glycol dimethacrylate-N- 
methacryloyl- L-histidine methylester); SPIMP-MWCNT, 2-((3-silylpropylimino) methyl) phenol 
functionalized multiwalled carbon nanotube; Bipy, 2,2′-bipyridyl; DMAP, 4-(dimethylamino)
pyridine; C-AuNPs, cysteamine-functionalized AuNPs; UCNPs, upconversion nanoparticles; BSA/
r- IgGs/Nano-ZnO/ITO, bovine serum albumin/rabbit-immunoglubin antibodies/nanostructured 
zinc oxide/indium-tin-oxide; CNT, carbon nanotube
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The working principle of the biosensor includes the formation of thiocholine 
(TCh) and acetic acid as a result of the catalysis of acetylthiocholine (ATCh) by 
AChE, which is followed by further oxidation of the electroactive TCh in the reac-
tion. Gold nanoparticles (AuNPs) and multiwalled carbon nanotubes (MWCNTs) 
are used in AChE-based nanobiosensors to facilitate the electron transfer owing to 
the electrooxidation of TCh (Kuswandi et al. 2017). The level of carbamate pesti-
cides in cabbage, broccoli, and apple samples were determined using electrochemi-
cal AChE-based nanobiosensor, developed on polyaniline (PANI) and MWCNT 
core-shell-modified glassy carbon electrode, and consistent results with those from 
HPLC measurements were obtained (Cesarino et al. 2012). Here, PANI acts as a 
matrix for enzyme immobilization and helps for electrocatalysis of TCh (Somerset 
et al. 2007, 2009). Carbon nanotubes (CNTs), having strong adsorption ability and 
large surface area, are also promising candidates in solid phase extraction (SPE) 
technology (Li and Sheng 2014). Ravelo-Perez et al. (2008) detected 8 different 
organophosphorus pesticide residues (ethoprophos, diazinon, chlorpyriphos-
methyl, fenitrothion, malathion, chlorpyriphos, fenamiphos, and buprofezin) in 
apple, grape, orange, and pineapple juice samples by using MWCNTs as SPE 
sorbents.

A colorimetric method using both AChE and choline oxidase (ChO) enzymes, 
and iron oxide magnetic nanoparticles (Fe3O4 MNPs) that mimick the peroxidase 
activity, was carried out for the detection of organophosphate group pesticides. In 
this method, choline was formed as a product of the AChE activity, which was fur-
ther converted to hydrogen peroxide (H2O2) by ChO activity. The occurrence of 
H2O2 was monitored by a color change as a result of the catalytic action of the 
MNPs on the oxidation of 3,5,3′,5′-tetramethylbenzidine. Pesticides inhibited 
AChE activity, which led to a concurrent decrease in H2O2 production and color 
intensity. The decrease in the color intensity was used to detect AChE inhibition by 
pesticides (Liang et al. 2013).

Non-AChE-based nanobiosensors have also been reported for the detection of 
pesticides. An electrochemical immunonanosensor, comprised of AuNPs, Prussian 
blue-MWCNT-chitosan (PB-MWCNT-CTS), and staphylococcal protein A (SPA) 
layer-by-layer assemble technology has been developed for carbofuran detection 
and quantification. In this method, a number of amino and carboxyl groups were 
provided by the porous three-dimensional PB-MWCNT-CTS nanocomposite film 
which also offered a large specific surface area to immobilize SPA. The binding 
capacity of the antibody increased by the formation of a self-assembled SPA layer 
on the electrode surface (Sun et al. 2012).

Functionalized NPs have also been developed for assays with chemiluminescent 
detection. Recently, luminol-functionalized silver NPs (Lum-AgNPs) were used as 
functional nanomaterials for the detection of organophosphate and carbamate pesti-
cides (i.e., dimethoate, dipterex, carbaryl, chlorpyrifos, carbofuran). A hydrogen 
peroxide (H2O2)-based chemiluminescent detection was used together with the 
Lum-AgNPs to generate a chemiluminescent fingerprint for each specific pesticide 
(He et al. 2015).
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3.1.2  Antibiotics

Antibiotics are extensively used as veterinary drugs to treat bacterial infections and 
to support animal growth. The misuse of antibiotic drugs in animal husbandry leads 
to the presence of undesirable residues in food products and when these food prod-
ucts are ingested too often this could result in the formation of antibiotic resistant 
bacteria in the gut, reducing the efficacy of drugs used to treat human infections 
(Huet et al. 2009; Virolainen et al. 2008).

Ampicillin, a well-known antibiotic used against a broad spectrum of bacteria 
(e.g., Haemophilus influenzae, E. coli, Salmonella, and Shigella), has been detected 
by a recently developed apta-nanosensor using a AuNP-based dual fluorescence-
colorimetric method (Song et al. 2012a). Among the selected three aptamers (AMP4 
(5′-CACGGCATGGTGGGCGTCGTG-3′), AMP17 (5′-GCGGGCGGTTGTA 
TAGCGG-3′), and AMP18 (5′-TTAGTTGGGGTTCAGTTGG-3′)), having high 
sensitivity and specificity to ampicillin, AMP17 ssDNA (single-stranded DNA) 
aptamers were used for adsorption onto the surface of AuNPs. As a result of the 
interaction between ampicillin and the aptamer, AuNPs were released from the 
aptamer and were aggregated in the presence of salt, leading to a color change from 
red to purple. The higher the concentration of ampicillin in the sample gives a more 
intense color in the solution, making this method a promising alternative for the 
detection of ampicillin in the food chain (Song et al. 2012a).

Chloramphenicol (CAP) is another broad spectrum antibiotic used to cure infec-
tions in bees and causes contamination in honey (Fedorova et al. 2010). Kara et al. 
(2013) developed a surface plasmon resonance (SPR) nanosensor for the detection 
of CAP by using molecularly imprinted nanoparticles. The CAP imprinted nanopar-
ticles were attached onto the surface of gold SPR nanosensor. The imprinted 
nanoparticles showed a monolayer attachment onto the SPR nanosensor and selec-
tively recognized the CAP molecules. The CAP imprinted SPR nanosensor showed 
reproducible results for honey samples indicating its potential use for food safety 
purposes.

A series of antibiotics, including neomycin (NE), kanamycin (KA), and strepto-
mycin (ST), having vicinal hydroxyl groups in their molecular structure, were 
detected in milk samples by using AuNPs modified with a composite capping 
monolayer consisting of the electropolymerizable thioaniline units and phenylbo-
ronic acid ligands that act as the functional material for developing sensitive and 
selective matrixes for this series of antibiotic compounds. The electropolymeriza-
tion of the functionalized nanoparticles on a Au surface in the presence of the 
selected antibiotic substrates, NE, KA, and ST, yielded molecularly imprinted 
AuNP matrixes with high sensitivity and specificity for the detection of these 
imprinted antibiotics. Surface plasmon resonance (SPR) spectroscopy was used for 
probing the binding processes of the antibiotic analytes to the imprinted sites 
(Frasconi et al. 2010). SPR is a widely-used method in optical sensors and biosen-
sors (Homola 2008) that monitors refractive index changes on thin metal films (i.e., 
Au) arising from recognition events or chemical transformations (Baba et al. 2001; 
Knoll 1998). The antibiotic substrates in milk samples were analyzed by different 
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sensing matrixes, based on the changes in the dielectric properties of the matrixes 
as a result of the binding of the antibiotics to the imprinted sites (Frasconi 
et al. 2010).

3.1.3  Heavy Metals

Heavy metal contamination in food mostly arises from soil contamination due to 
discharge of industrial effluents or repeated applications of commercial fertilizers 
and pesticides for agriculture (Kuswandi et al. 2017). Several metal ions, including 
arsenic, cadmium, lead, and mercury, can accumulate in the plants grown in such 
contaminated areas and can affect human health adversely by consumption of crops 
containing heavy metals (Kuswandi et al. 2017; Atafar et al. 2010).

Currently, various nanomaterials, including MWCNTs (Bagheri et al. 2013; Guo 
et al. 2011a, 2011b), AuNPs (Chen et al. 2015; Wan et al. 2015; Zhou et al. 2014), 
and AgNPs (Ravindran et al. 2012; Zhou et al. 2011a, 2011b) have been utilized to 
improve the sensitivity of biosensors used in heavy metal detection. Guo et  al. 
(2011a, 2011b) developed aminothiophenol-functionalized MWCNT to monitor 
Pb(II) ions in water, using a potentiometric sensor. The strong covalent bonding 
between the carbonyl group of MWCNTs and the amino group of aminothiophenol 
provided the solid framework for Pb(II) binding, indicating this functionalized sen-
sor as an excellent tool for heavy metal detection. An electrochemical sensor was 
also developed for the detection of Pb(II), Hg(II), and Cd(II) ions in soil, fish, tap 
water, and waste water samples, using MWCNT modified with triphenylphosphine, 
in which the heavy metal ions were bound to the phosphorus group of triphenylphos-
phine monolayer on the MWCNT-modified carbon screen-printed electrode. This 
system was promising for routine analytical applications for trace metal detection, 
with low detection limits (Bagheri et al. 2013). MWCNTs, which were chemically 
functionalized with 2-((3-silylpropylimino) methyl) phenol, were applied as the 
solid phase extraction sorbents of a number of metal ions, including Cu2+, Pb2+, Fe2+, 
Ni2+, and Zn2+, in a variety of food samples (leek, radish, pine apple, and banana), 
providing successful results for the preconcentration and determination of these 
analytes in different food materials (Ghaedi et al. 2013).

Colorimetric detection of Hg(II) ion in water by using AuNPs has been reported 
as another widely-accepted method. In the principle of this method, when no Hg(II) 
was present, color change from ruby red to royal purple occurs as a result of 
2,2′-bipyridyl (bipy) induced aggregation of AuNPs, which could be reverted when 
Hg(II) exists in the solution (Chen et al. 2015). Gold nanoparticles stabilized with 
4-(dimethylamino)pyridine were used in paper-based electrochemical sensors 
where sintered AuNP films were utilized as a sensing surface. Cysteine was self- 
assembled on gold, which resulted in the formation of self-assembled monolayers 
of thiols on the gold surface, and this cysteine-modified gold surface was used to 
detect copper ions electrochemically. The cysteine-sintered gold nanoparticle films 
on paper was able to successfully complex copper ions, forming a basis for a simple 
and a more economical process for the analysis of relevant species (Liana et al. 2013).
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Besides AuNPs, AgNPs have also been utilized for optical nanosensor construc-
tion for the analysis of Pb(II), Cr(VI), and Hg(II) ions in water (Kumar and Anthony 
2014; Farhadi et al. 2012; Ravindran et al. 2012; Zhou et al. 2011a, 2011b). A colo-
rimetric nanosensor has been developed by Zhou et al. (2011a, 2011b) in which 
4-mercaptobenzoic acid-functionalized AgNPs were employed as a receptor for the 
detection of Cu(II) ions. The principle of this method was based on the aggregation 
of 4-mercaptobenzoic acid-functionalized AgNPs in the presence of Cu(II) ions 
which led to a color change from bright yellow to purple.

3.2  Analysis of Biological Food Contaminants

3.2.1  Naturally Occurring Fungal Toxins

Toxic fungal metabolites, named as mycotoxins, are known to contaminate a wide 
range of agricultural commodities (at least 25% of the grain produced worldwide), 
inducing significant health problems as a result of their carcinogenic, teratogenic, 
mutagenic, and immunosuppressive properties (Kuswandi et al. 2017; Bülbül et al. 
2015; Cheli et al. 2008; Sharma et al. 2010). Aflatoxins are the most studied group 
of mycotoxins (Hussein and Brasel 2001), including aflatoxin B1 (AF B1) as the 
most common mycotoxin in food crops that is produced by the strains of Aspergillus 
parasiticus and A. flavus during crop production and storage (Kuswandi et al. 2017; 
Sonawane et  al. 2014; Sharma et  al. 2010). Sharma et  al. (2010) developed an 
immunosensor for the detection of AFB1 that was based on antibody attached 
AuNPs. In this study, fabrication of AuNPs-based immunoelectrode was achieved 
by utilizing amino terminal of cysteamine-functionalized AuNPs (C-AuNPs) for 
immobilization of AF B1 antibody (aAFB1) in the solution phase (aAFB1-C-AuNP) 
in order to enhance the antibodies loading onto AuNP surface, aAFB1, that was 
covalently attached to C-AuNPs, was immobilized onto 4- mercaptobenzoic acid 
(MBA) based self-assembled monolayer on gold electrode (MBA/Au), for the fab-
rication of bovine serum albumin/aAFB1-C-AuNP/MBA/Au immunoelectrode. 
The electrode was further explored for AFB1 detection by monitoring the specific 
interactions between aAFB1 and AFB1 (Sharma et  al. 2010). In another study, 
AuNP-based aptasensor was developed for AFB1 detection. Here, the aptamer-tar-
get interaction led to the desorption of the AFB1 binding aptamer from the surface 
of AuNPs, inducing the aggregation of AuNPs and a change of the color of AuNPs 
from red to purple (Hosseini et al. 2015).

Besides AFB1, ochratoxin A (OTA) is another widely-studied mycotoxin, pro-
duced by A. ochraceus, A. carbonarius, and P. verrucosum, that can be present in 
different food products including cereals, dried fruits, coffee, cocoa, spices, beer, 
wine, and meat (Xiao et al. 2015; Fernandez-Cruz et al. 2010). A competitive fluo-
rescence immunoassay was developed for monitoring AFB1 and OTA in naturally 
contaminated maize samples by using artificial antigen- modified magnetic nanopar-
ticles (MNPs) as immunosensing probes and antibody- functionalized upconversion 
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nanoparticles (UCNPs) as multicolor signal probes; in which the antibody-function-
alized UCNPs were attached to the surface of the MNPs by antibody–antigen affin-
ity (Wu et al. 2011). The principle of this assay was based on a gradual decrease in 
the fluorescent signals of nanocomposites as the concentrations of AFB1 and OTA 
increased. The use of MNPs provided the advantage of rapid separation and purifi-
cation of the immunocomplex, as well as a strong fluorescence signal from the 
UCNPs was observed. This study suggested the UCNP labeling- based competitive 
fluorescent immunoassay as a promising method for the sensitive detection of small 
molecule toxins (Wu et al. 2011). Ansari et al. (2010) worked on an impedimetric 
sensor for OTA detection using sol-gel derived nanostructured zinc oxide (nano-
ZnO) film deposited onto indium–tin–oxide (ITO) glass plate for co-immobilization 
of rabbit-immunoglubin antibodies (r-IgGs) and bovine serum albumin (BSA). This 
method was based on the electrostatic interactions between positively charged 
nano-ZnO and carboxyl groups of r-IgG; where the free amino-terminal sites of 
r-IgG preferably bind to the carboxylic group of the OTA molecules. Strong r-IgGs-
OTA interactions that occurred at the nano-ZnO immunoelectrode surface resulted 
in an amplified electrochemical signal (Ansari et al. 2010). A colorimetric aptasen-
sor was developed for monitoring OTA in red wine that was based on disassembly 
of the preformed AuNP dimers (Xiao et al. 2015). In the absence of OTA, most of 
the AuNPs are formed into dimers, whereas in the presence of OTA, the preformed 
AuNP dimers diassembled into monomers, leading to a color change from blue to 
red (Xiao et al. 2015). Another study also demonstrated a colorimetric assay for 
OTA detection in red wine samples, based on aptamer- target recognition and 
aptamer controlled growth of AuNPs (Soh et al. 2015). In this assay, the interaction 
of OTA with aptamer resulted in desorption of the aptamer strands that were attached 
to the surface of aptamer-functionalized AuNPs; thus modulating the amount of 
aptamer strands attached to the surface of AuNPs. The resulting aptamer coverage 
on AuNPs surface gave rise to different colored solutions as a result of the growth 
of AuNPs into nanostructures with varying morphologies. While low aptamer cov-
erage led AuNPs to grow into spherical NPs with resultant red-colored solutions; 
high aptamer coverage gave rise to AuNPs that grow into branched NPs with resul-
tant blue-colored solutions (Soh et al. 2015).

3.2.2  Foodborne Pathogenic Bacteria and Bacterial Toxins

The presence of pathogens in food or water can lead to food poisoning with symp-
toms including diarrhea, fever, abdominal cramps, nausea, and vomiting. The patho-
genic bacteria that are responsible for the majority of foodborne illness outbreaks 
are listed as Campylobacter spp., Salmonella spp., E. coli O157:H7, L. monocyto-
genes, Staphylococcus aureus, and B. cereus (Poltronieri et al. 2014; Jokerst et al. 
2012; Gandhi and Chikindas 2007; Murphy et al. 2006; Park et al. 2001). The tradi-
tional method used in pathogen detection is colony forming unit assay which is time 
consuming and laborious (Bülbül et al. 2015; Poltronieri et al. 2014). The alterna-
tive methods, including polymerase chain reaction and enzyme-linked 
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immunosorbent assay, are also accepted as slow, expensive, and labour-intensive 
methods which creates the need for developing rapid and cheap methods that will 
also enable on-site analysis (Bülbül et al. 2015; Law et al. 2015; Sonawane et al. 
2014). At this point, nanobiosensors take place as promising alternatives to the 
existing traditional methods, which provide rapid, sensitive, and specific results in 
monitoring foodborne pathogens.

A colorimetric enzyme-nanoparticle conjugate system was developed by 
Miranda et al. (2011) which they applied for detection of E. coli. In the principle of 
this assay, AuNPs, functionalized with quaternary ammonium ligands, were used 
for inhibiting β-galactosidase (β-Gal) enzyme activity as a result of electrostatic 
interactions between their head group and the enzyme. Herein, anionic surface of 
E. coli, which was selected as a model analyte, bound to the cationic surface of 
AuNPs, releasing β-Gal with simultaneous restoration of its activity. The active 
enzyme, that comes off as a result of this binding event, converted the pale-yellow 
substrate into a red product, providing an enzyme-amplified colorimetric readout 
(Miranda et al. 2011). In another study, an immunochromatographic (IC) test strip 
was used for monitoring E. coli O157 in enriched raw beef, pork, bovine feces, and 
swine feces samples (Jung et al. 2005). In this method, murine monoclonal antibody 
to E. coli O157:H7 lipopolysaccharide was conjugated with colloidal AuNPs that 
yielded a visually observable signal in the presence of the target bacteria (Jung et al. 
2005). Maurer et al. (2012) worked on the development of a nano-featured multi- 
step biosensor which was based on carbon nanotubes grown on a graphite substrate 
that were decorated with AuNPs which were directly synthesized on the nanotube 
surface and modified with E. coli-specific thiolated RNA (attached to the bound 
nanoparticles). By the utilization of the compounded nano-materials for sensor 
development, the electrical behaviour property of CNTs could be retained with an 
additional advantage of increased surface area providing additional analyte attach-
ment sites. The coating of AuNPs with a selective RNA sequence was shown to 
enhance E. coli detection compared to their uncoated counterparts (Maurer et al. 
2012). In another study, Chen et al. (2008) designed a piezoelectric quartz crystal 
microbalance (QCM) DNA sensor which utilized sequence-specifically 
oligonucleotide- functionalized AuNPs for amplification (as “mass enhancers”) for 
real time detection and verification of E. coli O157:H7 in real food samples (apple 
juice, milk, and ground beef). The target DNA of E. coli O157:H7 eaeA gene was 
captured by the single-stranded DNA (ssDNA) of a synthesized thiolated probe 
which self-assembled on the QCM sensor surface. Exposure of the immobilized 
probe to the E. coli O157:H7 eaeA gene fragment -that was amplified by PCR- 
induced hybridization which resulted in a mass change and a consequent frequency 
shift of the piezoelectric biosensor. A second thiolated probe, conjugated to the 
AuNPs and complementary to the target sequence, was used to amplify the fre-
quency change of the piezoelectric biosensor, leading to a highly sensitive detection 
of E. coli O157:H7 (Chen et al. 2008).

Immunomagnetic separation by the use immuno-modified magnetic NPs (MNPs) 
was reported to be one of the most common NP-based methods used for monitoring 
another widely distributed pathogenic bacterium, Salmonella. Salmonella in milk 
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were selectively captured by antibody-conjugated MNPs which were subsequently 
concentrated and separated from analyte samples by applying an external magnetic 
field. The MNP-Salmonella complexes were exposed to antibody-immobilized tita-
nium dioxide nanocrystals (TNs), that absorb UV-light, for detecting the complexes 
by absorbance measurement. Magnetic separation of MNP-Salmonella-TN com-
plexes from solution enabled monitoring the UV-Vis absorption spectrum of the 
unbound TN solution. Salmonella concentration was determined by the decrease in 
light absorption intensity (Joo et al. 2012). Huang et al. (2010) worked on develop-
ing amine-functionalized MNPs (AF-MNPs) for rapid capture and efficient removal 
of bacterial pathogens, including E. coli and Salmonella, from water, grape juice, 
green tea, and urine samples. The principle of this assay was based on the strong 
electrostatic interactions between the positive charges on the surface of AF-MNPs 
and negatively charged sites on the surface of target pathogens leading to an effi-
cient adsorption of bacteria on the particle surface (Huang et al. 2010). An electro-
chemical impedance immunosensor was developed for Salmonella detection by 
using glassy carbon electrode (GC) modified by covalently conjugated antibodies to 
single-walled carbon nanotubes (SWCNTs) (Jain et al. 2012). SWCNTs, providing 
high surface area, enabled both antibody immobilization and electrochemical mea-
surements. The insulating properties of bacterial cell membrane led to the changes 
in charge transfer resistance and impedance, before and after the formation of 
antigen- antibody complex, and these changes were monitored by the sensor for 
determining the presence of Salmonella pathogenic bacterium (Jain et al. 2012).

Cholera toxin (CT), which is secreted by the bacterium Vibrio cholera, is the 
major virulence factor cholera disease (Minke et al. 1999), caused by consuming 
contaminated food or water (Sack et al. 2004). A colorimetric sensing system was 
established by Schofield et al. (2007) for CT which was based on lactose-stabilized 
AuNPs. In the principle of this colorimetric bioassay, the red color of AuNPs that 
were conjugated with the specifically synthesized lactose derivative shifted to a 
deep purple color upon aggregation of the nanoparticles as a result of binding of 
CT. The thiolated lactose derivative mimicked the function of the receptor to which 
CT binds in the small intestine (Schofield et al. 2007).

Another group of bacterial toxins are Staphylococcal enterotoxins (SEs) that 
form a group of 21 heat-stable toxins causing foodborne diseases (Asao et al. 2003). 
Yang et al. (2009) worked on developing an enhanced chemiluminescence (ECL) 
immunosensor modified with gold nanoparticles for detecting Staphylococcal 
enterotoxin B (SEB) in mushroom, tomato, and baby food samples using a point-of- 
care cooled charge-coupled device (CCD) detector that was established for micro-
bial toxin analysis. In this assay, gold nanoparticles conjugated with anti-SEB 
antibodies were immobilized onto a polycarbonate surface where SEB was moni-
tored by a “sandwich-type” ELISA assay in which SEB was first bound to the 
immobilized anti-SEB primary antibody followed by binding to the horseradish 
peroxidase (HRP)-labeled secondary antibody. An ECL assay was utilized for 
detecting bound HRP, in which the oxidation of luminol to an excited state was cata-
lyzed by HRP in the presence of hydrogen peroxide. Afterwards, the light emission, 
resulting from the decay of luminol from excited state to ground state, was mea-
sured by CCD sensor (Yang et al. 2009).
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3.3  Analysis of Common Food Adulterants

3.3.1  Melamine Adulteration

Melamine, a trimer of cyanamide with a 1,3,5-triazine skeleton, existing as a white 
crystalline solid, is a well-studied chemical as one of the major food adulterants in 
many countries (Rai and Banerjee 2017; Singh and Kumar 2009). Depending on its 
high nitrogen content (66%), melamine is added illegally into various food products 
-most commonly in raw milk- in order to falsely increase their protein contents (Rai 
and Banerjee 2017; Kim et al. 2010b; Gossner et al. 2009). Melamine-added food 
products can give high protein readings in traditional methods applied for protein 
analysis since these methods do not distinguish between nitrogen from protein 
sources and nitrogen from non-protein sources (Gossner et  al. 2009). Melamine 
adulteration has been indicated to cause the formation of insoluble melamine- 
cyanuric acid crystals in kidneys resulting in renal failure. Reported outbreaks of 
renal failure related to melamine adulteration included infants in China that was 
traced to the contamination of infant formula with melamine, and pets in the 
Republic of Korea and in the United States as a result of melamine addition to pet 
food ingredients (Brown et al. 2007).

Nanosensors are among the modern instrumental methods that are currently uti-
lized for melamine determination in food. Li et  al. (2010) worked on the use of 
AuNPs as probe in establishing a colorimetric method for the detection of melamine 
in raw milk samples. The principle of this assay relies on the distance-dependent 
optical properties of AuNPs. In an aqueous solution, AuNPs are known to be stabi-
lized against aggregation due to the existing citrate ions’ electrostatic repulsion 
against van der Waals attraction between AuNPs (Li and Rothberg 2004). The inter-
particle distances give rise to a particular red colour in AuNPs solution by moderat-
ing the collective oscillations of the surface electrons induced by visible light at the 
suitable wavelength (Takeuchi et al. 1996). Whereas, in the presence of melamine, 
a red-to-blue color change takes place, as a result of binding of melamine onto the 
surface of AuNPs through its amine group which leads to the shortening of interpar-
ticle distances (Li et al. 2010; Zhong et al. 2004).

In another study, dopamine-stabilized AgNPs were utilized as a colorimetric 
reader for melamine detection in raw milk (Ma et al. 2011). Dopamine, as a natu-
rally bifunctional molecule, can reduce Ag+ to AgNPs and can further functionalize 
the produced AgNPs to form monodispersed AgNPs, giving typical bright yellow 
color in their solution. Whereas, in the presence of melamine, the dopamine- 
functionalized AgNPs become aggregated leading to a bright yellow-to-brown color 
change in the suspension. Due to this color change of the solution, melamine could 
be determined using dopamine-modified AgNPs (Ma et al. 2011). Similarly, Song 
et al. (2015) established a colorimetric assay for melamine detection in milk sam-
ples using sulfanilic acid-modified silver nanoparticles (SAA-AgNPs). In the prin-
ciple of this assay, the affinity of exocyclic amine group of melamine towards the 
functional groups of SAA led to the aggregation SAA-AgNPs resulting in a color 
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change from bright yellow to blue-green that could be monitored by a UV-visible 
spectrophotometer (Song et al. 2015).

Aptamer-modified AuNPs were used for monitoring melamine in whole milk, 
where aptamer was utilized as a melamine recognition element and AuNPs were 
utilized as the color indicator (Yun et al. 2014). In the mechanism of this method, 
negative-charged citrate ions coated on the surface of AuNPs prevents the particles 
from aggregation (Li and Rothberg 2004); while the negative charge of citrate could 
be neutralized with high salt concentration, resulting in the aggregation of AuNPs 
with a simultaneous wine red-to-blue color change. Aptamer adsorption onto AuNPs 
enhances the stability of the particles against NaCl-induced aggregation by the elec-
trostatic interactions between the positively charged bases of aptamers and nega-
tively charged AuNPs (Wei et  al. 2007; Wang et  al. 2006). In the absence of 
melamine, AuNPs stay stable by the adsorbed aptamers; whereas in the presence of 
melamine, aptamers preferably bind with their target, resulting in the subsequent 
aggregation of AuNPs (as their salt tolerance decreases) and a color change from 
wine red to blue (Yun et al. 2014).

3.3.2  Meat Adulteration

In meat processing sector, substitution of high-priced meats by lower commercial 
value species is a serious adulteration problem that challenges consumers’ confi-
dence in the sense of economical, ethical, religious, and safety issues. The inclusion 
of pork in other processed meats has been reported as a common adulteration 
method in the global Halal food market where Islamic dietary guidelines are appli-
cable (Kuswandi et al. 2015). Ali et al. (2011) used AuNPs as the colorimetric nano-
biosensor for determining pork adulteration in beef and chicken meatballs. AuNPs 
can be protected against salt-induced aggregation by the adsorption of single 
stranded (ss) DNA. In the absence of pork DNA, the ssDNA probes were available 
to interact with AuNPs to protect them from salt-induced aggregation; whereas the 
presence of pork DNA consumed the probes totally by hybridization leading to the 
aggregation of the AuNPs that resulted in a color change from pinkish-red to gray- 
purple. This differential aggregation profile of AuNPs in the presence or absence of 
specific target hybridization was also utilized for monitoring horse adulteration in a 
number of meat products including fresh meat cuts, slices of roasted beef and pork, 
ready to eat meatballs, and sausages (Houhoula et al. 2017). In this work, thiolated 
oligonucleotide-functionalized AuNPs were used for specifically identifying a 
69 bp fragment of the horse cytochrome b gene. Upon HCl acid addition, the aggre-
gation of AuNPs in the AuNP-oligonucleotide reaction mixture was prevented in the 
presence of specific horse DNA target, retaining the original pink colour of the col-
loidal particles; whereas in the absence of this DNA target, the aggregation of 
AuNP-oligonucleotide probes was enhanced with the addition of HCl that resulted 
in a pink-to-purple colour change in the reaction mixture (Houhoula et al. 2017).
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3.4  Use of Nanosensors in Food Packaging

Food packages equipped with nanosensors are being developed to track internal and 
external conditions to which the food products are exposed (Patolsky and Lieber 
2005). While external conditions include atmospheric effects, internal conditions 
stand for the microbial growth and chemical detection inside the package (Ileš et al. 
2011). Nanosensors can provide monitoring the quality of the food product through-
out food processing chain and the logistic process to the final consumer (Neethirajan 
and Jayas 2011).

The extensively preferential nanosensors in food packaging are the time – tem-
perature or humidity integrators, which ensure relevant information about these 
conditions. Moreover, nanosensors used in food packaging can monitor any gases 
being generated by foods owing to spoilage (Wesley et al. 2014). Additionally, they 
have also been utilized for the detection of microorganisms, toxic substances and 
other spoilage factors in foods (Nachay 2007).

Due to the increased demand for high quality, safe and fresh-like foods, progress 
for the innovative packaging is gaining popularity. A novel humidity nanosensor is 
one of the indicator system which has been designed by Zhang et al. (2010). The 
humidity nanosensor based on ZnO/NaCl electrospun composite fiber membrane 
was prepared via electrospinning and calcination. It was found that the whole rela-
tive humidity (11%–95%) measurement took 3 s and 6 s recovery time, respectively. 
The observed results indicate that this newly designed humidity nanodetector exhib-
its rapid response and recovery behavior, and good reproducibility. Another nano-
sensor, that consists of a film including carbon-coated copper nanoparticles, has 
been developed for moisture content analysis. Swelling of the polymer matrix in 
humid environments causes sensor strips to reflect or absorb different colors of light 
which can be useful for determination of package moisture levels (Luechinger 
et al. 2007).

An electronic tongue consisting of an array of nanosensors was used in a packag-
ing material to monitor gases released as a result of food spoilage, by measuring 
color change (Joseph and Morrison 2006). In another study, an optical sensor based 
on polyetherimide and Ag nanoparticles has been manufactured for in-package 
monitoring of food freshness through the measurement of color change. The real- 
time meat (salmon, chicken, turkey and beef) freshness measurement was con-
ducted by monitoring the colorimetric and UV-vis absorbance responses during 
80 hours. While the released gases from salmon, chicken and turkey led to color 
change of the polyetherimide/Ag films after 20 hours, the gases from beef triggered 
this alteration after 60 hours of exposure. As a result, this nanosensor has a great 
potential to detect food spoilage in the packaging (Rvspayeva et  al. 2018). With 
regard to fabrication of highly efficient hydrogen gas sensing ZnO-Si heterojunc-
tion gas nanosensors, it has been shown that ZnO nanoparticle size was decisive on 
the responsivity and sensitivity. The response and recovery times were found to be 
8  s and 17  s, respectively, for the smaller ZnO nanoparticles; whereas 60  s and 
100 s, respectively, for the larger nanoparticles (Iliadis and Ali 2010). Moreover, 
light sensitive nanoparticles containing intelligent ink for labels of any foods has 

G. Toydemir et al.



359

been generated to detect oxygen. Additionally, this inexpensive ink could also be 
utilized to determine the originality of the modified atmosphere inside a package 
(Dunn 2004). Mills and Hazafy (2008), Lawrie et al. (2013) and Lee et al. (2005) 
have also developed a nanosized TiO2 or SnO2 particles and a redox-active dye 
based photoactivated indicator ink for in-package oxygen detection.

Various gas/water vapor permeability levels could be reached by different nano-
structured plastics. They could satisfy the requirements for the preservation of 
fruits, vegetables, beverages, and other foods. Packages with increased durability to 
light, stronger mechanical and thermal properties and less gas absorptive perfor-
mance can be produced by adding nanoparticles (Asadi and Mousavi 2006). For 
instance; a transparent plastic film including clay nanoparticles was fabricated by 
Bayer Company. The nanoclay particles provided a lighter and stronger plastic 
material with increased heat resistance. Additionally, the clay nanoparticles included 
into the plastic packaging were reported to slow down oxygen, carbon dioxide, and 
moisture release from food (Brody 2006).

The nanostructured films have also been studied for their potential to protect the 
packaged food products from microbial deterioration (Asadi and Mousavi 2006). In 
a related study, a proteomic biosensor incorporated into a thin film has been 
improved for the optical detection of enteropathogenic Escherichia coli (Horner 
et  al. 2006). Zinc oxide and magnesium oxide nanoparticles, that are known for 
their potent antimicrobial properties, might also be utilized in food packaging mate-
rials to inhibit the microbial growth (Patton 2006).

On the other hand, Kim et al. (2013) produced a multi-walled carbon nanotube- 
doped titania-Nafion composite modified glassy carbon electrode to detect bisphe-
nol A (BPA). The authors reported this nanosensor as a promising tool for BPA 
detection in packaged samples due to its enhanced sensitivity, electrocatalytic activ-
ity and voltammetric responses as well as improved reproducibility properties.

3.5  Monitoring Freshness and Traceability

Ammonia and simple amine species, including methylamine, dimethylamine and 
trimethylamine, which contribute to the total volatile bases-nitrogen (TVB-N) val-
ues in raw and processed fish samples, are accepted as quality indicators of fresh-
ness and as indicators for the potential to spoil (Mohebi and Marquez 2015; Wu and 
Bechtel 2008). Graphene-based materials are applied as sensors because of its great 
mechanical, electronic, optical, chemical, and thermal features (Geim and Novoselov 
2010). A recent study investigated the detection of fish spoilage by using fluoro- 
functionalized graphene nanosensor (Rouhani 2019). With regard to increasing 
electronic selectivity of the nanosensor towards TVBN species, fluorinated gra-
phene has gained an attention because of its enhanced sensitivity, short recovery 
time and thermal features. A glance at the results reveals the fluorographene as a 
favorable candidate with more obvious signals (ΔEg; the difference of the highest 
occupied molecular orbital and lowest unoccupied molecular orbital  =  0.036, 
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0.0308, 0.0499 and 0.0191 eV) compared to the graphene sheet (ΔEg = 0.0015, 
0.0006, 0.0041 and 0.0022 eV) for ammonia, methylamine, dimethylamine and tri-
methylamine, respectively. Xanthine, an intermediary product of purine catabolism, 
is another chemical used for fish freshness detection. Based on this knowledge, a 
xanthine sensor has been developed by chitosan modified ZnO nanoparticles on a 
multiwall carbon nanotube scaffold within a polyaniline matrix with 0.1 mM detec-
tion limit (Devi et al. 2012). Another xanthine sensor has been developed through 
immobilization of xanthine oxidase onto silver nanoparticles (Devi et al. 2013).

Ziyaina et  al. (2019) fabricated a silicon dioxide (SiO2) and Schiff’s reagent 
based colorimetric nanosensor to monitor the shelf-life of milk. It was found that 
the levels of volatile organic compounds, the products of spoilage bacteria, were in 
agreement with the color change throughout the shelf-life period.

Bovine serum albumin (BSA) is an indicator of milk quality, thus the identifica-
tion of BSA is crucial for food, biochemical and immunological sciences. Since the 
traditional techniques, that are applied for BSA detection, has several drawbacks 
(i.e., time-consuming, expensive, limited sensitivity), polydiacetylenes (PDAs) and 
conjugated polymers have been developed as alternative ways. Although PDAs are 
appropriate vesicles to be used in sensor systems owing to their chromic properties 
(Jiang et al. 2015), they have low stability in extended periods of usage and also 
have restricted colorimetric transition in some conditions (Lee and Kim 2012). De 
Paula Rezende et al. (2017) studied on developing nanoaggregates by mixing two 
polymers, PDA and triblock copolymer L64, to overcome the limitations of PDA 
vesicles. Their results highlighted the PCDA/L64 nanostructures as simple and low- 
cost analytical tools for rapid BSA detection.

Nanosensors, in which a taste receptor is immobilized on the surface of plypyr-
role modified carbon nanotubes, have been developed for assessing the quality of 
the final product. In this study, reorientation of the polypyrrole, as a result of the 
presence of bitter compounds in the food sample, was identified by an electrical 
signal (Song et al. 2012b).

The use of traceability systems for ensuring food safety and quality, for process 
standardization, and for rapid and effective recalls can be maintained by linking of 
global positioning, bar/chip coding and hazard analysis critical control point 
(HACCP) management systems with nanotechnology–based marker assays 
(Lachance 2008). Nam et al. (2003) have produced gold and nickel based nanodisks 
to be used as biological labels and tags for tracking food products by combining 
with chromophores to be illuminated with a laser beam. In another study, a nanobar-
code system which fluoresces under ultraviolet light and recognized by a computer 
scanner has been made by Li et al. (2007).

3.6  Aroma and Dye Analysis Using Nanosensors

An electronic nose, arising from aroma detection techniques, can replace mamma-
lian olfactory system. This device consists of groups of gas sensors with an ability 
to analyze the change in type, quality and quantity of odor/flavor (Dasgupta et al. 
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2015). In this regard, Del Carlo et al. (2014) developed an electronic nose including 
an array of seven quartz crystal microbalance sensors modified with gold nanopar-
ticles to differentiate the quality of the olive oil samples according to their sensory 
profiles. In another study, a nanovesicle-based bioelectronic nose derived from 
single- walled carbon nanotube-based field effect transistor, which includes human 
olfactory receptors and calcium ion signal pathways, to analyze amylbutyrate. The 
results of this study provided a promising perspective for the use of this electronic 
nose that showed 100 times better sensitivity than the electronic nose that was based 
on only olfactory receptor protein and carbon nanotube transistors (Jin et al. 2012). 
Moreover, Park et  al. (2012) designed an olfactory-nanovesicle-fused carbon- 
nanotube- transistor biosensor that could detect the hexanal in the spoiled milk with 
a superior selectivity and sensitivity. Furthermore, surface plasmon resonance- 
based immunosensor with the use of gold nanoparticles has been fabricated for the 
detection of trace amount of benzaldehyde, a fragrant compound in peach products. 
This immunosensor showed high sensitivity to benzaldehyde and could detect it in 
the concentration range of 0.1–80 ng/mL (ppb) (Gobi et al. 2008).

Currently, coloring agents/dyes have been applied to the food products as food 
additives, in order to improve some specific characteristics of the final product and 
to further promote consumption (Kobylewski and Jacobson 2010). In food industry, 
the use of synthetic food dyes is much higher than the use of natural dyes due to 
their superior color, better stability, lower cost and easy color formulation (Dotto 
et al. 2015). However, adverse health effects, such as allergy and asthmatic reaction 
(Combes and Haveland-Smith 1982), DNA damage (Hassan 2010) and hyperactiv-
ity (Directive 1994), have been linked to the consumption of these synthetic dyes. 
Thus, several nanosensors have been developed to monitor these synthetic dyes, 
such as sunset yellow and tartrazine. For example; electrochemical platform based 
on graphene oxide and multi-walled carbon nanotubes nanocomposite (Qiu et al. 
2016), an ionic liquid of 1-allyl-3-methylimidazolium chloride functionalized 
reduced graphene oxide supported Au nanoparticle composite (Wang and Zhao 
2015), β-cyclodextrin-coated poly (diallyldimethylammonium chloride) – function-
alized graphene composite film (Ye et al. 2013) and molecularly imprinted polymer 
polypyrrole sensor (Jiang et al. 2014) etc.

4  Conclusion

Nanotechnology and nanomaterials provide important advantages in the food indus-
try. However, the potential toxicities of nanomaterials are not fully understood and 
further studies are required, especially in case of their use in the food sector. On the 
other hand, nanosensors are important tools for ensuring safety and hygiene of 
foodstuffs by monitoring microbes, toxins and contaminants through all steps of the 
production and consumption chains. They also provide information for food adul-
terants, freshness and traceability of the food products as well as internal and exter-
nal conditions to which the food products are exposed to by means of food packages 
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equipped with nanosensors. For the present situation, nanosensors are relatively 
expensive with high manufacturing costs. However, after achieving high production 
volumes and low-cost products, nanosensors may find more extensive use in differ-
ent sectors including food, medicine, health care, environment, etc., and indeed new 
nanosensors can be designed to meet special requirements.
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