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Abstract Nanotechnology has been referred to as one of

the most interesting topics in food technology due to the

potentialities of its use by food industry. This calls for

studying the behavior of nanosystems as carriers of bio-

logical and functional compounds aiming at their utiliza-

tion for delivery, controlled release and protection of such

compounds during food processing and oral ingestion. This

review highlights the principles of design and production

of bio-nanosystems for oral delivery and their behavior

within the human gastrointestinal (GI) tract, while pro-

viding an insight into the application of reverse engineering

approach to the design of those bio-nanosystems. Nano-

capsules, nanohydrogels, lipid-based and multilayer nano-

systems are discussed (in terms of their main ingredients,

production techniques, predominant forces and properties)

and some examples of possible food applications are given.

Phenomena occurring in in vitro digestion models are

presented, mainly using examples related to the utilization

of lipid-based nanosystems and their physicochemical

behavior throughout the GI tract. Furthermore, it is shown

how a reverse engineering approach, through two main

steps, can be used to design bio-nanosystems for food

applications, and finally a last section is presented to dis-

cuss future trends and consumer perception on food

nanotechnology.

Keywords Nanostructures � Bioactive compounds �
Nanotechnology � Food

Introduction

Nanotechnology is a field that involves manufacturing,

processing and application of structures, devices and sys-

tems by controlling shape and size at the nanometer scale.

Recently, there has been a great interest in the study of the

behavior of nanosystems as carriers of biological and

functional compounds and in the understanding, control

and utilization of those systems for functions such as

delivery, control release and protection for food and

pharmaceutical applications [1, 41]. Applications in the

food industry are focused on the development of nanosized

delivery systems for functional ingredients and additives

(e.g., vitamins, antimicrobials, antioxidants, flavorings,

colorants and preservatives), and innovative food packag-

ing (e.g., incorporation of nanofibers and/or engineered

nanoparticles) [16, 119]. Due to their sub-cellular size,

nanosystems can improve solubility, bioavailability and

sensorial aspects (e.g., mask flavors), prevent undesirable

chemical reactions, protect functional compounds against

chemical degradation and control the release of functional

compounds, especially those with poor solubility in aque-

ous matrices. This behavior is not only related to the large

surface area-to-volume ratio typically found in such

nanosystems, but also to the influence of physical and

chemical interactions between materials at the nanoscale,

which have a significant effect on the overall properties of

those systems. Size reduction in materials introduces, e.g.,

a great improvement in bio-adhesive properties that

includes an increase in adhesive force and prolonged gas-

trointestinal transit time, and a large surface contact area
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per volume, leading to a higher bioavailability, when

compared with larger particles [1]. Based on these unique

characteristics, nanosystems can solve some problems

occurring when using systems at macro- and micro-scale

for delivery of functional compounds; such problems are:

compatibility (e.g., aggregation and phase separation) with

the food matrix (influencing, e.g., appearance, texture,

stability or flavor of the product); release, that should be

controlled and only activated once inside the human gut

(i.e., some compounds start to be released when mixed with

the food product and functional compounds lose their

activity) and loss of activity of some functional com-

pounds, affected by light, oxygen and temperature when

dispersed in the food matrix [70, 119].

One of the greatest challenges when using nanosystems

for food applications is the replacement of non-food-grade

materials by bio-based, biodegradable food-grade alterna-

tives. Polysaccharides (e.g., alginate, pectin, dextran and

chitosan), proteins (e.g., zein, whey protein isolate) and

lipids (e.g., medium chain triglycerides, tristearin and corn

oil) are some of the logical options to address that chal-

lenge, as they present distinct advantages of biodegrad-

ability and lack of toxicity while also opening the door to

new functionalities and applications. Nanosystems can be

classified based on [66, 103]:

• the major material used in their fabrication;

• the production method (e.g., bottom-up or top-down);

• the predominant forces in the system (e.g., electrostatic,

hydrogen bonding);

• the main properties of the system (e.g., mechanical and

optical properties) and

• the system’s overall free energy (thermodynamic or

kinetic stable systems).

One of the major trends in the development of nanosystems

is to combine different approaches such as mixtures of the

materials used, combination of bottom-up and top-down

strategies and intervention of different types of forces

during the production process [19, 39, 47, 122] in order to

achieve a desired functionality. In the last years, a large

number of different delivery nanosystems have been

developed, often using a trial-and-error approach, which

leads to a great number of developed and well-character-

ized nanosystems, however, without a final and conclusive

application. Based on this, the utilization of a reverse

engineering approach (methodology where the required

functionality of the final product is well known and

therefore the whole developing process is tailored based on

the desired properties/characteristics of the product), a very

well-known approach in other fields but only marginally

used in food science, could allow designing tailor-made

bio-nanosystems [113] with a specific functionality.

Equally, this approach should contribute to ensure that

novel nanosystems are edible and that they can be pointed

as usable by the food industry.

This review focuses on the design of bio-nanosystems

for delivery of functional compounds, mainly on the main

aspects of development, characterization and application of

nanocapsules, nanohydrogels, lipid-based nanosystems and

nanomultilayer systems in the size range between 10 and

300 nm. The main aspects that should be considered when

using these bio-nanosystems in the human gastrointestinal

tract are also discussed. In addition, an opinion will be

given on the reverse engineering approach applied to the

design of bio-nanosystems, as well as on the future trends

and consumer perception.

Nanocapsules

Nanocapsules, also called nanoparticles, are constituted by

an external polymeric membrane and an internal part

composed by a liquid or polymeric matrix that contains the

active compound [27]. During nanocapsules’ development,

the selected method for their production is an important

step because the structures must have properties allowing

the performance of their functions properly and effectively.

The method depends on the physicochemical character of

the polymer, the loaded bioactive component, the final

application and the desired properties for the nanocapsule

(e.g., particle size, size distribution, surface area, shape,

solubility, encapsulation efficiency and releasing mecha-

nism) [26, 77, 86].

The methods for the preparation of nanocapsules are

divided into three main techniques: polymerization, dis-

persion of preformed polymers and ionic pre-gelation/

coacervation [86, 87] (Fig. 1).

Ionic Pre-gelation/Coacervation

Ionic pre-gelation/coacervation methods use biodegradable

hydrophilic polymers (e.g., chitosan, sodium alginate and

gelatin) [64] and are based on the ability of polyelectrolytes

to cross-link in the presence of a counter-ion to form

nanocapsules (see Table 1), being the counter-ion respon-

sible for cross-linking of ionic polymer and also for trig-

gering pre-gelation [31, 78, 92]. Ionic pre-gelation/

coacervation involves the addition of a polymer, with

positive or negative charge, and a cationic (e.g., calcium

chloride) or polyanionic (e.g., sodium tripolyphosphate)

counter-ion. Then, a second polymer is added that allows

polyelectrolyte complexation and nanocapsule formation.

The bioactive component is entrapped in the core of the

first polymer added and stabilized after the addition of the

second polymer. The polyelectrolyte solutions and bioac-

tive component are added in a counter-ion solution drop
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wise with a needle under magnetic stirring [14, 92]. This

methodology is based on physical–chemical mechanisms,

therefore, it is affected by several parameters such as

stirring, flow rate of solutions, polymers characteristics

(e.g., molar mass, flexibility and charge), pH, ionic

strength, concentration and polymers ratio [26]. The con-

centration of polymer (0.05–1 % w/w) and of the counter-

ion solution (0.05–18 mM) has a direct influence on par-

ticles size, whereas the high concentrations produce bigger-

sized nanocapsules [39, 117]. Molecular weight of the used

biopolymers was also shown to influence the size of

nanocapsules; Hu et al. [40] produced chitosan-tripoly-

phosphate nanoparticles and showed that the increase in

molecular weight of chitosan from 150 to 300 kDa leads to

an increase in nanocapsules sizes from 173.3 to 309.7 nm.

In some cases, the high concentration of the counter-ion

solution is responsible for creating a continuous gel that

enables the production of nanocapsules. The polymer ratio

has also an important influence in nanocapsules sizes [92].

Nanocapsules produced by this method can be used in food

industry, for example, to encapsulate curcumin, tea cate-

chins and capsaicin [21, 39, 117].

Polymerization

Several methods are used to prepare nanocapsules through

polymerization of monomers using classical polymeriza-

tion or polyreactions. Emulsion polymerization and dis-

persion polymerization are the two methods that use this

chemical reaction process [86].

Emulsion Polymerization

This method involves the emulsification of hydrophobic

polymers in water by an oil-in-water emulsifier. With

polymerization, a large oil–water interface is generated and

capsule nuclei are formed [18]. Surfactants or protective

soluble polymers can be used to prevent nanocapsules

aggregation, however, the type of surfactants can affect the

size of nanocapsules, which is normally around 100 nm

and when the bioactive compound is added to the poly-

merization medium, the encapsulation efficiency (i.e.,

relation between the amount of functional compounds

encapsulated in the nanosystem and the total amount of

functional compound initially added during the prepara-

tion) can be around 100 % [86, 87]. The use or not of

surfactants allows classifying this technique as conven-

tional emulsion polymerization or surfactant-free emulsion

polymerization, respectively. For conventional emulsion

polymerization, it is also necessary to use water, a mono-

mer with low water solubility (e.g., methyl methacrylate), a

water-soluble initiator such as ammonium persulfate and a

surfactant (e.g., sodium dodecyl sulfate). On the other

hand, for surfactant-free emulsions, deionised water is also

used, together with a water-soluble initiator such as

potassium persulfate and monomers such as vinyl or acryl

monomers. After the reaction, nanocapsules can be sepa-

rated by centrifugation and/or filtration and then washed

using water and organic solvents [76, 86, 124].

Dispersion Polymerization

It is defined as a technique of polymerization by precipi-

tation, because a monomer is polymerized in the presence

of a polymeric stabilizer soluble in the reaction medium.

The reaction medium must be a good solvent for both the

monomer and the steric stabilizer polymer. Thus, disper-

sion polymerization consists in having a homogeneous

solution of monomer(s) with an initiator and a dispersant,

being the nanocapsules formed by precipitation of the

polymers [45].

Methods for 
Nanocapsules Formation

Dispersion of 
Preformed Polymer 

Ionotropic Pre-
Gelation/Coacervation

Polymerization  
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Fig. 1 Methods for

nanocapsules formation
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Dispersion of Preformed Polymers

In this case, nanocapsules are obtained, directly preformed,

from synthetic, semi-synthetic or natural polymers [87].

The methods that are based on the preformed polymer

technique are described hereafter.

Nanoprecipitation Method

This methodology is also called solvent displacement

method; it uses three components: polymer, e.g., polylac-

tic-co-glycolic acid (PLGA), polylactic acid (PLA), poly(e-

caprolactone) (PLC), poly(alkylcyanoacrylate (PACA) and

poly(b-hydroxybutyrate) [87], solvent (organic phase) such

as acetone, ethanol or hexane and non-solvent (aqueous

phase) such as water [6, 86]. Essentially, this method

consists in the precipitation of a polymer, from an organic

solution, and the diffusion of solvent in the non-solvent

medium. The bioactive component for nanoencapsulation

is dissolved in the solvent phase and a surfactant can be

used. It is important to select appropriate molecules as

solvent and non-solvent, because they can be different for

each bioactive component. The size of nanocapsules

obtained by nanoprecipitation is around 100 nm and they

have been reported to exhibit a good stability, higher

encapsulation efficiency ([75 %), sustained release,

increased cellular uptake and bioavailability [26, 65, 86].

Spontaneous Emulsification or Solvent Diffusion

This method involves the formation of a conventional oil-

in-water emulsion between a water-miscible solvent, con-

taining a polymer and the bioactive component, and an

aqueous phase, containing a stabilizer (surfactant). The

rapid diffusion of the solvent from the internal to the

external phase leads to polymer aggregation and formation

of nanocapsules [84].

Self-assembly

This process uses polymers with capacity to form sponta-

neously compact and stable nanocapsules. The main driv-

ing forces for self-assembly are amphiphilicity and some

weak interactions such as van der Waals, capillary, p-p and

hydrogen bonds. Thus, this method consists in a polymer

structure organization without help or guidance from

external agents [118]. The nanocapsules formed by self-

assembly are dependent on the size and shape of polymer,

composition of solution and environmental stresses.

Materials such as zein, casein, chitosan and polylactic acid

are the examples of polymers used in this method (see

Table 1). Typically, nanocapsules have an average size of

50–100 nm [91]. Some works show that this process is able

to produce nanocapsules that can be used in food industry,

e.g., in the encapsulation of vitamin D3 [49].

Salting-Out

It is a modified method of emulsion that does not use

organic solvents which can be hazardous to the environ-

ment as well as to physiological systems; in fact, nano-

capsules are formed without surfactants or chlorinated

solvents [86]. Salting-out implies the use of a polymer, an

organic solvent totally miscible in water (e.g., acetone) and

a salting-out agent (e.g., magnesium chloride, calcium

chloride and magnesium acetate). The polymer and the

bioactive component (lipophilic) are dissolved in an

organic solvent and then a high concentration of salt is

added, under vigorous stirring, for a strong salting-out

effect in the aqueous phase. This process forms oil-in-water

emulsions that are dissolved in water, causing the precip-

itation of the water-insoluble polymer.

Supercritical Fluid (SCF)

Some of the methods mentioned above use solvents or

surfactants that are toxic. The use of SCF method appears

as an alternative because these are environmental friendly

solvents [86, 106]. The main drawback associated is usu-

ally the high costs involved in SCF production.

The main disadvantages of nanocapsules production are

related to some steps and materials used. The utilization of

synthetic materials (non-food grade) in nanocapsules pro-

duction (organic solvents, surfactants, monomers and ini-

tiators) [87] creates difficulties in their utilization by food

industry. Also, the weak interactions (van der Waals,

capillary, p–p and hydrogen bonds) between materials

during nanocapsules formation can also be a problem in

nanocapsules production and their stability [118]. Another

problem is the process of separation of nanocapsules; if not

performed adequately, it can lead to nanocapsules’ pre-

cipitation (being difficult to solubilize them after the sep-

aration), and can even destroy the nanocapsules therefore

decreasing the final yield of intact nanocapsules.

Nanohydrogels

Innovative materials including smart polymer nanohydro-

gels are one of the central focuses of materials science due

to their large surface area, available for, e.g., multivalent

bioconjugation, and the availability of the interior network

for the incorporation of bioactive compounds, thus possibly

increasing their uptake, absorption and bioavailability [46,

50, 110, 115]. The reduced size of nanohydrogels enables

dispersion of water-insoluble additives (i.e., flavors, colors

Food Eng Rev (2014) 6:1–19 5
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and preservatives), while increasing their stability and

allowing a controlled release in food matrices.

Nanohydrogels are the three-dimensional hydrophilic

polymer networks that can swell in water and hold a large

amount of water while maintaining a network structure due

to the presence of covalent bonds, hydrogen bonding, van

der Waals interactions or physical cross-links [17, 33]. The

water holding capacity and permeability are the most

important characteristic features of a nanohydrogel. Their

ability to absorb water is attributed to the presence of

hydrophilic moieties such as hydroxyl and carboxyl groups

as well as ethers, amines and sulfates in the polymers

forming the nanohydrogel structure; this type of structures

is responsible for the soft and elastic characteristic of such

nanosystems [79].

The polar hydrophilic groups of nanohydrogels are the

first to be hydrated upon contact with water, leading to the

formation of primary bound water. As a result, the network

swells and exposes the hydrophobic groups which are also

capable of interacting with the water molecules. The net-

work will absorb additional water, due to the osmotic

driving force of the network chains toward infinite dilution.

This additional swelling is opposed by the covalent or

physical cross-links, leading to an elastic network retrac-

tion force. Thus, the nanohydrogel will reach an equilib-

rium swelling level.

Nanohydrogels are able to produce a pre-determined

response to the alteration of certain environmental stim-

uli—e.g., temperature, pH, light, electric or magnetic

fields, ionic strength, solvent composition, redox potential

or enzymatic conditions, at a desired point and time [28,

51, 98, 125]. These stimuli-sensitive nanohydrogels can

display changes in the swelling behavior of the network

structure according to external environmental conditions;

they may exhibit positive thermo-sensitivity of swelling, in

which polymers with upper critical solution temperature

(UCST; temperature at which mixture of two liquids,

immiscible at room temperature, ceases to separate into

two phases) shrink by cooling below the UCST [89, 94].

Nanohydrogels can be produced using different tech-

niques; however, the most commonly used is the gelation

process [112]. Gelation is a phenomenon that typically

includes the linking of polymeric chains, leading to a

progressively larger embranchment of molecules, yet sol-

uble polymers, depending on the network density, structure

and conformation of the starting material. The aggregation

of polydisperse soluble ramified polymers is called ‘‘sol.’’

The continuous cross-linking increased the size of the

ramified polymer chains decreasing its solubility. This

continuous building process is called the ‘‘gelation’’ and

results in polymers formation. The transition from the

aggregation to a continuous building process is called

‘‘sol–gel transition’’ (or gelation) and the critical point

where gel first appears is called the ‘‘gel point’’ [88].

Figure 2 exemplifies the production scheme of a protein

nanohydrogel using thermal and salt addition methods to

promote gelation, which was the same procedure used by

Maltais et al. [55].

Nanohydrogels can be produced either by physical or

chemical gelation. Both forms present heterogeneous

organization of independent domains, although they differ

in the nature of molecular associations forming the net-

work. Physical hydrogels are organized in heterogeneous

clusters of distinct domains formed by molecular entan-

glements, free chain ends and molecular ‘‘hairpin,’’

‘‘kinks’’ or ‘‘loops’’ held together by weak hydrophobic

associations, ionic interactions or hydrogen bonding [37].

Also called ‘‘reversible’’ or ‘‘pseudo’’ gels, physical

nanohydrogels exhibit high water sensitivity (degrade and

even disintegrate completely in water) and thermo-revers-

ibility (melt to a polymer solution when exposed to heat).

Because of the strong electrostatic interactions involved,

pH is by far the most important and most widely used

factor for controlling the strength and direction of physical

hydrogels.

Chemical nanohydrogels (also called ‘‘irreversible’’ or

‘‘permanent’’ gels) are networks of polymer chains cova-

lently linked at strategic connection sites. Most commonly,

cross-linking is not spontaneous but is deliberately induced

by reaction with small molecules such as aldehydes [36],

Heating process (T ºC/min.)

Protein aggregation

Addition of salt (mM)

Nanohydrogel formation

Ca2+ bridges

Native protein

Fig. 2 Scheme of production of a protein nanohydrogel using a

thermal and salt addition method to promote gelation

6 Food Eng Rev (2014) 6:1–19

123



radiation or UV light [43]. Uneven distribution of cross-

linking within the gel leads to the development of some

zones in which typical ‘‘reversible’’ features are still

dominant and other zones with permanent properties aris-

ing from the cross-linked network. Chemical nanohydro-

gels neither disintegrate nor dissolve in aqueous solutions.

Rather, they hydrate and swell until an equilibrium state is

reached, which in turn strictly depends on the extent of the

cross-linking.

Depending on several conditions (e.g., temperature,

ionic strength, salt addition), that impact the unfolding of

polypeptide chains and therefore the aggregation process,

the gels formed can exhibit different microstructural

properties, which are strongly related to the aggregates’

molecular structure. For instance, during the thermal

treatment, aggregation of molecules occurs and a balance

between attractive and repulsive forces between unfolded

molecules, either aggregates or gels, can exhibit various

structures and morphologies. The ionic strength (positive

and negative ions) can change the charge interactions that

affect largely the aggregation process or even induce dif-

ferent conformational states. This may result in different

aggregation behaviors and appearance of aggregates. The

salt type is another condition that should not be neglected.

Divalent cations (e.g., calcium, iron and magnesium) can

promote aggregation in a different extent than monovalent

cations (e.g., sodium) [69, 85]. In this sense, depending on

the aforementioned conditions, gelation can lead to clear or

opaque gels. Opaque gels are formed by colloidal-sized

‘‘precipitates’’ that associate further to form particulate gel

structures and are believed to contain fibrous structures,

with diameters of the order of tens of nanometers [20].

Thermal nanohydrogels are produced by the unfolding

of polypeptide chains with concomitant exposure of ini-

tially buried hydrophobic amino acid residues and sub-

sequent self-aggregation of polymer molecules into a

network that entraps water by capillary forces [17]. Forces

involved in the aggregation process include hydrophobic

effects, van der Waals, hydrogen bonding and covalent

interactions [126]. The typical time–temperature combi-

nations needed for nanohydrogels production range

between 10 and 60 min and 50 and 80 �C, which may limit

their application to formulations that contain heat-sensitive

ingredients; however, the heat treatments applied will

depend on the biopolymer used, as well as on its concen-

tration. Different polymers exhibit distinct intrinsic prop-

erties such as melting point or denaturation temperature.

For instance, in the case of proteins, concentration and/or

molecular weight will be the crucial parameters to deter-

mine the optimal time–temperature combination required

to produce a stable nanohydrogel.

Due to the aforementioned attractive properties (i.e.,

forces and variable composition) of nanohydrogels, these

nanosystems are potentially beneficial in biotechnology

and, in particular, in the food industry. In the food industry,

the use of bio-based materials to develop environment-

sensitive nanohydrogels for bioactive compounds delivery

constitutes an interesting strategy. A fundamental advan-

tage of this approach is that functional carrier nanohydro-

gels can stabilize food texture, which is a highly desirable

characteristic in the manufacturing of food products [74].

Due to their specific structure, size and composition,

nanohydrogels exhibit a wide range of useful functional-

ities for the development of food products. For instance,

viscoelastic properties play an important role allowing

nanohydrogels to act as foaming and emulsifying agents,

thus stabilizing food products. In addition, the molecular

weight, shape and flexibility of biopolymers integrating

nanohydrogels play also an important role [93]. Whey

protein-based nanohydrogels are the good examples of the

use of a food biopolymer in formulated foods due to its

biological (e.g., digestibility, amino acid pattern, high

biological value and sensory characteristics) and functional

(e.g., emulsification, gelation and foaming) properties.

Besides it is relatively inexpensive (by-product from the

cheese industry), classified as GRAS (generally regarded as

safe), it presents a high nutritional value as well as an

extraordinary binding capacity to various active com-

pounds [12, 23, 54].

Zimet and Livney [127] designed a stable protein-

polysaccharide nanohydrogels for encapsulation and

delivery of hydrophobic nutraceuticals (e.g., DHA). These

authors evaluated the potential use of b-lactoglobulin-

pectin nanohydrogels as nanocarriers for x-3 fatty acids

(see Table 1). They observed that this nanocarrier entraps

DHA molecules producing a stable system capable of

protecting DHA against oxidation during an accelerated

shelf-life stress test. Therefore, these nanohydrogels are

able to protect nutraceutical compounds against deteriora-

tion, thus importing health properties to beverages and food

products during storage. Also, Somchue et al. [105] used b-

lactoglobulin and hen egg white protein for encapsulation

of a-tocopherol. In order to protect a-tocopherol from

release in the gastric condition, alginate was used to coat

these encapsulated nanohydrogels. The authors observed

that it was possible to protect and maintain the stability of

this bioactive compound using a protein-based material.

Bengoechea et al. [8] prepared food-grade bovine lacto-

ferrin nanohydrogels by a simple thermal method. The

protein nanohydrogels produced were resistant to sub-

sequent changes in pH (from 3 to 11) and to salt addition

(from 0 to 200 mM NaCl), and can be useful as functional

ingredients in food products.

The use of nanohydrogels in food applications may

present some limitations to formulations that contain heat-

sensitive ingredients, especially when these nanosystems
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are produced by thermal gelation. In addition, biodegrad-

able nanohydrogels produced by physical gelation contain

labile bonds in the polymer backbone or in the cross-links

that can be broken under physiological conditions either

enzymatically or chemically, in most of the cases by

hydrolysis [35, 37]. Therefore, the ingredients entrapped

into nanohydrogels can be degraded or even disintegrated

completely during production and/or storage. On the other

hand, other aspect that should not be neglected is the cost

associated with their production, as it will be mainly

dependent on the biopolymer used and the preparation

technique applied (see Table 1).

Lipid-Based Nanosystems

Lipids as carriers have the potential of providing endless

opportunities in the area of drug delivery due to their

properties, ability to enhance both gastrointestinal solubi-

lization and oral bioavailability of bioactive compounds;

their physiochemical diversity and biocompatibility also

have made them very attractive candidates as carriers for

oral formulations [15].

Delivery systems that use the lipophilic phase as the

core of the nanosystem can be either in the solid state or

liquid state, depending on the physical state of the lipid at

room temperature [15]. In this way, there are a variety of

delivery systems (nanoemulsions, multilayer nanoemul-

sions, solid lipid nanoparticles (SLNs), nanocapsules and

nanostructured lipid carriers) that can be used to fortify

food products [13, 58, 103, 120]. The following text will

address mostly nanoemulsions and SLNs.

Table 1 shows a list of lipid-based nanosystems that can

have the applications in the food industry.

Nanoemulsions

The food industry deeply relies on the utilization of

emulsions: soft drinks, milk, cream, salad dressings, soups,

mayonnaise, sauces, dips, butter and margarine [32].

Nanoemulsions can be used to design and develop novel

functional ingredients, improving water dispersibility,

thermal stability, oral bioavailability, sensory attributes and

physiological performance [107]. Once they can be pro-

duced with natural compounds, thus minimizing the impact

on the organoleptic properties of food products, they are

capable of preserving bioactive compounds in their active

form during storage and improve bioavailability during the

gastrointestinal passage, as well the solubility of the bio-

active compounds [95, 97].

Nanoemulsions can be produced through high-energy

methods (making use of devices that use very high

mechanical energy inputs) and low-energy methods

(requiring low energy for nanoemulsions production and

mainly depend on the intrinsic physicochemical properties

of surfactants and the oily phase) [41, 102]. Briefly, emul-

sifiers adsorb to the formed droplets and reduce the inter-

facial tension, facilitating the disruption. Emulsifiers form a

protective layer around the droplets, protecting them from

aggregating [32]. It is important to state that there is not a

unique ideal emulsifier for use in food products, being the

emulsifier dependent on different parameters (type and

concentration of other ingredients, production steps, envi-

ronmental conditions related with manufacture and storage

and way of utilization) [32].

Qian et al. [83] produced nanoemulsions stabilized with

b-lactoglobulin to encapsulate b-carotene and examined

their protective effect toward this compound. These authors

also studied the influence of temperature, pH, ionic

strength and emulsifier type on the physical and chemical

stability of b-carotene nanoemulsions. The color loss in

these nanoemulsions was higher for increased storage

temperatures (5–55 �C) and was faster at lower pH values

(3–8). The degradation of b-carotene was independent of

the ionic strength (0–500 mM of NaCl). Nanoemulsions

produced with b-lactoglobulin were unstable to aggrega-

tion at pH values close to the isoelectric point of the protein

(pH 4 and 5), above the ionic strength of NaCl ([200 mM

at pH 7) and a temperature of 55 �C. The authors deter-

mined that b-carotene degradation was significantly slower

in nanoemulsions stabilized with b-lactoglobulin as com-

pared to those stabilized with Tween 20.

Sessa et al. [96] encapsulated resveratrol in food-grade

nanoemulsions using the high-pressure technique and

evaluated physicochemical stability under accelerated

ageing and during simulated gastrointestinal digestion. The

antioxidant activity was measured at different stages of the

digestion using Caco-2 cells, measuring the residual

activity of resveratrol inside the cells. These authors

showed that all formulations exhibited excellent antioxi-

dant activity on Caco-2 cells, obtaining more than 80 % of

cellular antioxidant activity, being these results comparable

to the ones obtained by resveratrol dissolved in dimethyl

sulfoxide. These results suggest that nanoemulsions may

improve the uptake of antioxidant compounds into the

cells. The nanoemulsions produced with glycerol mo-

nooleate and soy lecithin presented the highest values of

cellular antioxidant activity, indicating that these formu-

lations had a better resveratrol entrapment in the lipid

phase, reducing the interaction of resveratrol with oxidant

reagents. This was attributed to the formation of reverse

micelles in the presence of the most lipophilic emulsifier

within lipid droplets stabilized by the most hydrophilic

emulsifier tested.

Nevertheless nanoemulsions have some drawbacks such

as instability to freeze–thawing and to passage through
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human gastrointestinal GI tract. Their stability can be

improved through the layer-by-layer (LbL) deposition

technique, where the deposition of a biopolymer can better

protect the encapsulated bioactive compounds. Scale-up is

also a problem once, e.g., the high-pressure homogeniza-

tion technique is a costly process (see Table 1), and in the

case of the solvent displacement technique an evaporation

step is needed to eliminate solvents like hexane or acetone,

thus rendering this technique limited for food applications.

Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLN) can also be used by the

food industry as a delivery system, being developed to

encapsulate, protect and deliver lipophilic bioactive com-

pounds [34, 95]. Several methods can be used to produce

SLNs, typically high-pressure homogenization (hot pro-

cess), sonication, micro-emulsion, solvent diffusion and

solvent emulsification evaporation. High-pressure homog-

enization is the most used technique to produce SLNs,

despite requiring much energy consumption [22, 71]. The

liquid lipid phase and an aqueous surfactant solution are

homogenized, using temperatures above the melting point

of the lipids in order to produce oil-in-water nanoemul-

sions; the nanoemulsion is subsequently cooled to tem-

peratures below the crystallization point of the lipids,

leading to the formation of SLNs [34]. The use of solid

lipids has shown to increase the control of the release

profiles, due to the solid matrix and higher stability and

protection of the incorporated bioactive compound against

chemical reactions such as oxidation [34, 63, 95].

Sessa et al. [95] extracted polyphenols from grape marc

and were able to encapsulate them in nanoemulsions (using

sunflower oil) and SLNs (using palm oil). SLNs exhibited

different trends of physical stability under accelerated

ageing when compared to the nanoemulsions (which

remained stable in time). The use of glycerol monooleate

as lipophilic emulsifier leads to the formation of SLN with

a Z-average diameter at the micrometric range (1.3 lm),

probably due to the formation of aggregates of the solid fat

droplets. Sessa et al. [95] confirms this hypothesis by the

evolution of the Z-average diameter over storage time, for

lower temperatures. The chemical degradation was also

evaluated; the solid particles were less efficient than the

nanoemulsions, showing a slight decrease in the absor-

bance peak after 14 days for one formulation, and a sig-

nificant decrease after 3 days for the glycerol monooleate

formulation, being in agreement with the observed physical

instability (creaming). In this paper, the cellular antioxidant

activity was also measured and all the formulations

exhibited a cellular antioxidant activity significantly higher

than the unencapsulated grape marc polyphenols. This can

be explained due to the nanometric size (176 and 220 nm),

resulting in an increased transport through the Caco-2 cell

membrane.

Helgason et al. [34] studied the effect of surfactants in

the coverage of SLNs. These authors showed that the

addition of surfactant after the homogenization step and

prior to crystallization of nanoemulsions could lead to the

production of SLNs with different morphologies and

crystal structures. Additional adsorption of surfactants after

homogenization occurred in both solid and liquid particles,

being mostly absorbed to SLNs. The use of insufficient

concentrations of surfactant during the crystallization pro-

cess may lead to aggregation and particle destabilization.

This study evidences that the addition of surfactants after

homogenization can offer a viable means to improve sta-

bility and to control crystal structure and morphology of

SLNs. Authors conclude that Tween 20 may not be the best

surfactant to stabilize SLNs (tripalmitin). Nevertheless, if

SLNs are to be utilized by the food industry it is important

to develop effective strategies to prevent their aggregation

and further instability [34].

Negi et al. [71] produced SLNs using the hot self-

nanoemulsification technique: a hot mixture of lipid, drug

and surfactant/co-surfactant was added to hot water under

gentle agitation, spontaneous formation of hot nanoemul-

sions took place, due to self-emulsifying ability of the

mixture, and by using rapid cooling the authors were able

to form SLNs. The melting behavior of the SLNs was

evaluated using DSC, the physical mixture (oil phase,

surfactant and co-surfactant) was analyzed, showing all

characteristic melting peaks of each component. But for the

unloaded SLNs, only two peaks were obtained, with a

similar melting point peak of the oil phase. This indicates

that the oil became more amorphous after SLNs formation.

After drug encapsulation, a reduction in the melting point

of the oil phase was observed and onset temperature indi-

cates a reduction in the lipids crystallinity. The absence of

the drug melting point peak indicates a reduction in crys-

tallinity (confirmed by XRD analysis) of the drug and more

amorphous conversion.

Berton-Carabin et al. [9] evaluated the distribution and

chemical reactivity of small molecules with varying lipo-

philicities (lipophilic, amphiphilic and hydrophilic) by

electron paramagnetic resonance (EPR). The lipophilic

molecules in emulsion were distributed between the lipid

and aqueous phases, but in the SLNs they were expelled

from the oil droplet core to the aqueous phase upon crys-

tallization of the oil phase. The amphiphilic molecules in

the emulsions were distributed between the lipid phase and

the interface, but in the SLNs they were also expelled from

the droplets to the interface upon crystallization of the oil

phase. The hydrophilic molecules were present exclusively

in the aqueous phase in both emulsions and SLNs. The

expulsion of lipophilic ingredients from oil droplets
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generally led to increased physical accessibility and reac-

tivity with water-soluble components in the aqueous phase

[9]. The amphiphilic molecules presented the highest

chemical stability among the three studied molecules due

to their amphiphilic character, which lead to their accu-

mulation in a stable form either at the emulsion and SLN

interfaces, regardless of the lipid physical state. This study

also showed that the location and stability of the lipophilic

molecules were dependent on the physical state of the lipid,

being largely encapsulated in the lipid phase, but they can

quickly move to the aqueous phase. The hydrophilic mol-

ecules were on the aqueous phase being very mobile and

accessible to water-soluble reagents, thus having the

highest reactivity and being independent of the physical

state of the lipid [9].

Nanolaminated Systems

Since its introduction in 1991, LbL assembly technique has

become a widely used method for the preparation of dif-

ferent nanolaminated systems [116]. This technique is a

simple, inexpensive and highly adaptable method in which

oppositely charged layers of polyelectrolytes are adsorbed

on core materials with controllable thickness and properties

[11, 44]. However, the main limitations regarding nanola-

minated systems are related to their preparation method.

The prerequisite for successful LbL coating is the presence

of a minimal surface charge, which is one of the few dis-

advantages of the technique [24]. Indeed, the key issue of

LbL assembly is the need for surface recharging at each

adsorption step. The molecules used for assembly should

have a sufficient number of charged groups to provide

stable adsorption on an oppositely charged surface and

non-compensated charges exposed to the exterior [65]. The

presence of charge is not the only factor that may affect

multilayer formation. Surface texture and coating elasticity

could also affect the adhesion of the coating to the substrate

[24]. However, the LbL technique presents significant

advantages, such as the simplicity of its process and

equipment, the use of water as the main solvent, the flex-

ible application to objects with irregular shapes and sizes

and the control over thickness, composition and structure

of the nanolaminated coatings.

The versatility of the LbL technique allows the use of

diverse templates (e.g., planar and colloidal substrates)

[73], resulting in the formation of different multilayer

nanostructured systems such as nanofilms, nanoemulsions

and nanocapsules (Fig. 3). The following sections show

examples of multilayered nanostructure systems produced

using both colloidal and planar templates and their

respective applications in the food sector.

Planar Templates

LbL deposition on planar templates involves the use of

solid surfaces such as glass, quartz, polyethylene tere-

phthalate (PET), silicon wafers, mica and gold-coated

substrates [10]. These templates have been widely used to

produce nanofilms. Nanofilms have potential applications

in a wide range of areas including food packaging and they

present significant advantages when compared with con-

ventional edible films and coatings: they exhibit better

physical stability in aggressive environmental situations

and provide a better chemical stability to the incorporated

active compounds and a greater control over the rate of

release of these, because of the possibility of manipulating

the thickness and the properties of the interfacial layer [59].

Also, they have the ability to incorporate functional agents

(e.g., antioxidant, antimicrobial and nutritional additives)

focused on extending shelf life and increasing food quality

[62].

The effectiveness of functional nanofilms has been

extensively evaluated and proved by recent works such as

Mantilla et al. [56]. These authors validated the antimi-

crobial capacity of an alginate-based nanofilm system with

a microencapsulated antimicrobial complex (beta-cyclo-

dextrin and trans-cinnamaldehyde) applied in fresh-cut

pineapples. The application of this nanofilm extended its

shelf life to 15 days at 4 �C by inhibiting microbial growth.

On the other hand, Pinheiro et al. [80] proved the efficacy

of a j-carrageenan/chitosan nanofilm on a PET support as a

good gas barrier. In another work using the same system,

Pinheiro et al. [81] contributed to clarify the loading and

Fig. 3 Schematic illustration of nanolaminated systems prepared by

layer-by-layer technique, using colloidal or planar templates. Adapted

from Wang et al. [116]
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release mechanisms involved in structures at the nanoscale.

These authors observed that the amount of the cationic

compound methylene blue (MB) loaded into the system has

increased with the distance from the first layer, suggesting

that MB was able to diffuse into nanofilm and not only

adhered to the surface of the layer immediately below it,

and that the release of MB was due to both concentration

gradient and polymer relaxation of the nanolayers.

Colloidal Templates

The most used colloidal templates include silica nano-

spheres [123] and polystyrene nanoparticles [121] for the

production of multilayer hollow nanocapsules, and emul-

sion nanometer-sized templates for the preparation of

multilayer nanoemulsions [7].

Multilayer Hollow Nanocapsules

Hollow nanocapsules can be obtained by dissolving the

colloidal template using acid or solvent, after the LbL

deposition procedure. This treatment is usually followed by

multiple centrifugation-washing cycles, to assure complete

removal of the core and to isolate the hollow nanocapsules

[100]. These nanocapsules can be applied as delivery sys-

tems to carry, protect and deliver functional ingredients (e.g.,

drugs, antimicrobials, antioxidants, flavorings and colorants)

to their specific site of action [99, 119]. The functional

compounds can be embedded into the template (pre-loading)

or loaded after nanocapsule formation (post-loading) [52].

Some examples of multilayer nanocapsules that can be

applied in the food sector can be found in literature. Jamróz

et al. [42] demonstrated the possibility of using a poly-

saccharide-protein complex (furcellaran/bovine serum

albumin) as core for the alternated deposition of PDAD-

MAC (polydiallyl dimethyl ammonium chloride) and PSS

poly(sodium-4-styrene sulfonate) and obtained stable

nanocapsules with sizes ranging from 60 to 80 nm, that

were considered very convenient, biocompatible carriers

for biologically active molecules. Moreover, Yuxi et al.

[123] have developed a multilayer hollow nanocapsule

(120–210 nm) by the LbL deposition of two natural poly-

saccharides, Iota-carrageenan and chitosan. The authors

concluded that this multilayer system might be a promising

candidate as nanoreactor or nanocontainer to control the

synthesis, encapsulation, and release behavior of bioactive

compounds. Biodegradable hollow capsules were prepared

through the LbL assembly of water-soluble chitosan and

dextran sulfate on protein-entrapping amino-functionalized

silica particles—see Table 1 [100]. This system demon-

strated a good capacity for the encapsulation and loading of

BSA and may offer a promising delivery system for water-

soluble proteins and peptides.

Multilayer Nanoemulsions

The production of multilayer nanoemulsions involves the

formation of multiple layers of emulsifiers and/or poly-

electrolytes around the oil droplets in which the bioactive

compound is incorporated. This approach consists in the

adsorption of an ionic emulsifier to the surface of the oil

droplets during homogenization to produce the ‘‘primary’’

emulsion, then, an oppositely charged polyelectrolyte is

added and adsorbs to the droplet surface, forming the

‘‘secondary’’ emulsion; by repeating this procedure the

nanoemulsions can be coated by three or more layers [57].

Multilayer nanoemulsions have been found to have better

stability to environment stresses (e.g., pH, salt, thermal

processing, chilling, freezing, dehydration and mechanical

agitation) than conventional nanoemulsions with single

layer interfaces [30, 111].

Different biopolymers (both proteins and polysaccha-

rides) have been used to form the subsequent layers on top

of the primary emulsions in order to provide the desirable

properties to the emulsion droplets. Aoki et al. [4] have

used a three-step process to produce nanoemulsions stabi-

lized by sodium dodecyl sulfate (SDS)–chitosan–pectin

membranes and showed that the tertiary emulsions had

improved stability to environmental stresses. In a similar

work, Hou et al. [38] produced stable emulsions incorpo-

rating b-carotene that were composed by oil droplets sur-

rounded by soybean soluble polysaccharides and chitosan.

These authors observed that the physicochemical stability

of b-carotene emulsions has been improved by the

adsorption of chitosan.

The LbL technique presents great potential for the

generation of different multilayer systems with improved

characteristics for functional compounds’ delivery.

Microscopy images of multilayer systems, i.e., nanofilms,

nanocapsules and nanoemulsions can be found in Fig. 4.

Behavior of Bio-nanosystems in the Gastrointestinal

Tract

The knowledge of the behavior of bio-nanosystems as well

as the fate of bioactive compounds encapsulated within

them in the GI tract is of utmost importance for optimizing

the bioactivity of such compounds and to ensure that these

structures are safe for human consumption [60]. Also, it is

possible to design delivery systems that release the bioac-

tive compound to a specific site of action, such as mouth,

stomach, small intestine, large intestine or colon [61]. For

example, a nanolaminated coating can be designed so that

its integrity or permeability changes in response to specific

biological triggers (such as pH, ionic strength or enzymes)

[3].
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In recent years, different in vitro digestion models

(mainly static models) have been used as a means for

understanding the physicochemical behavior of bio-nano-

systems within the GI tract. However, conversely to the

extensive work focusing on the behavior of lipid-based

delivery systems during in vitro digestion, few works can

be found in literature about the behavior of nanocapsules,

nanohydrogels or nanofilms within the GI tract. The

behavior of nanoemulsions under simulated small intestinal

conditions is commonly evaluated using the pH–stat

method, which is a simple in vitro lipolysis model [48].

The fate of nanoemulsions within the GI tract can be

potentially altered by their initial characteristics, such as

particle size, initial emulsifier and oil type, therefore the

impact of those characteristics has been extensively studied

in the last years. Salvia-Trujillo et al. [90] evaluated the

influence of particle size on lipid digestion and on b-carotene

bio-accessibility using emulsions with different initial

droplet diameters. These authors observed that: (a) the rate

and extent of lipid digestion increased with decreasing

droplet diameter, which was attributed to the increase in lipid

surface area exposed to lipase with decreasing droplet size

and also (b) b-carotene bio-accessibility increased as the

initial droplet size decreased, which was related to the fact

that there was more undigested oil present for larger drop-

lets, thus retaining b-carotene. Recently, Pinheiro et al. [82]

produced curcumin nanoemulsions using three different

emulsifiers: Tween 20 (non-ionic), sodium dodecyl sulfate

(SDS, anionic) and dodecyltrimethylammonium bromide

(DTAB, cationic)—see Table 1. A human gastric simulator

was used as in vitro digestion model (in which the stomach,

duodenum, jejunum and ileum steps were performed) to

evaluate the impact of surface charge on the digestion of

curcumin nanoemulsions. This dynamic model allowed the

simulation of continuous peristaltic movements and conse-

quently enabled a more mechanically realistic simulation of

the dynamic digestion process. Those authors found that

emulsifier charge had a significant effect on lipid digestion

and on curcumin bioavailability, probably because it alters

the ability of bile salts and lipase to adsorb onto emulsion

surfaces. The positively charged DTAB-stabilized emul-

sions were the least stable during the digestion process,

exhibiting the largest increase in droplet size and eventual

phase separation which probably contributed to the reported

low curcumin bioavailability (Fig. 5).

The influence of droplet composition on lipid digest-

ibility and curcumin bio-accessibility was examined by

Ahmed et al. [2]. These authors found that long-chain tri-

glycerides (LCT) were digested to a lesser extent than short-

or medium-chain triglycerides (SCT or MCT), which was

attributed to the fact that longer-chain fatty acids digestion

products, contrary to shorter-chain fatty acids, present low

water dispersibility and tend therefore to accumulate at the

oil/water interface, preventing lipase from accessing the

non-digested emulsified lipids. On the other hand, the bio-

accessibility of curcumin was very low when SCT was used

as the oil phase being the highest bio-accessibility obtained

with MCT. The authors attributed these results to the fact

that MCT and LCT can form mixed micelles capable of

solubilizing curcumin, whereas SCT cannot.

One of the few works regarding the evaluation of the

behavior of polymeric nanoparticles in the GI tract was

recently developed by Arunkumar et al. [5]. In this work,

lutein, a non-provitamin-A carotenoid, was encapsulated in

nanoparticles composed of water-soluble low-molecular-

weight chitosan and lutein bioavailability was studied

in vitro and in vivo, using lutein in mixed micelles as

control. The bioavailability of lutein in nanoparticles was

significantly higher (27.7 %) than control, and also the

lutein level in plasma (54.5 %), liver (53.9 %) and eyes

(62.8 %) of mice fed on nanoencapsulated lutein was

higher compared to the control.

There is still a lack of knowledge regarding the bio-

logical fate of ingested bio-nanosystems and further

(a) (b) (c)

Chitosan layer 

Curcumin nanoemulsions 
stabilized by SDS

Fig. 4 Examples of multilayer nanosystems: a SEM images of the j-

carrageenan/chitosan nanofilm with incorporation of MB (reprinted

from Pinheiro et al. [81], copyright 2013, with permission from

Elsevier). b TEM images of water-soluble chitosan/dextran sulfate

hollow nanocapsules incorporating BSA (reprinted from Shu et al.

[100] copyright 2013, with permission from Elsevier). c Curcumin

nanoemulsions stabilized by SDS and chitosan
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research is needed to either access its safety and to produce

tailored delivery systems (i.e., with optimized bioactivity).

Also, being infeasible the use of in vivo models (high costs

and ethical constrains often involved), there is a need of

using more realistic in vitro gastrointestinal models, i.e.,

models that can accurately simulate the complex physico-

chemical and physiological processes that occur within the

human gastrointestinal tract.

Reverse Engineering Approach

In the last years, a great number of works aiming at

developing bio-nanosystems for functional compounds’

delivery led to a significant accumulation of scientific

knowledge concerning the structure of nanosized systems.

However, studies where the structure-properties relation-

ship for bio-nanosystems is established are still lacking.

Nowadays, the availability of sophisticated tools to

analyze nanosized structures (e.g., dynamic light scatter-

ing, electron microscopy and X-ray scattering), the

advanced knowledge of the desired functions of a system

for functional compounds delivery (e.g., appearance, fla-

vor, stability, bio-accessibility and bioavailability) and the

availability of software that allows inter-relating the

information gathered, shows that it is possible to create on-

demand new bio-nanosystems providing specific functional

performances. This knowledge can lead to a shift of the

design paradigm of the bio-nanosystems, where a desired

property/function can be tailored according to the delivery

interest of a specific functional compound. This approach

can be based in a reverse engineering approach where, e.g.,

the delivery of a functional compound is considered the

central process and where a systematic study is performed

backwards to find a feasible technology (i.e., materials and

methods) to build a system with the required delivery

properties.

There are several definitions of reverse engineering that

change according to the field of application. Otto and Wood

[75] referred reverse engineering as a process that initiates

the redesign process, wherein a product is predicted,

observed, disassembled, analyzed, tested, ‘‘experienced,’’

Fig. 5 Influence of emulsifier type on the morphology of curcumin nanoemulsions as they pass through an in vitro digestion model. The scale

bar for all confocal images is 25 lm [82]—reproduced by permission of The Royal Society of Chemistry)
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and documented in terms of its functionality, form, physical

principles, manufacturability and assemblability. Recently,

Moskowitz and Maier [68] mentioned reverse engineering

as a method by which the researcher begins with an

objective to match, for example, a response or rating profile,

and then searches among the alternative ingredient combi-

nations to identify the specific combination that generates

this profile, or comes as close as possible to this profile.

In a food science conception, the objectives of reverse

engineering are to identify the variables that allow deter-

mining the ingredients that could have a required number

of profile attributes (e.g., consumer acceptance and ingre-

dient characteristics). Being so, the researcher has to

identify the profile of ingredients’ attributes that will match

in the reverse engineering [67, 114].

The utilization of a reverse engineering approach to the

design of bio-nanosystems appears to be a feasible option

to cover some of the issues still pending related to the

delivery/release of functional compounds. Designing a

nanosystem for delivery of a functional compound should

take into account several aspects that can be divided in two

main features. The first feature is related with the desired

function of the nanosystem, specifically where it will have

to deliver and which type of functional compound will it

carry; this information will allow understanding the com-

patibility between nanosystems and functional compounds

in order to choose the most adequate ingredients for the

subsequent development. Knowing where the functional

compounds will be released is possible to know the kind of

environments that the bio-nanosystems will be subject to

before delivering. This information allows designing a

nanosystem that could protect the functional compounds

against mechanisms of chemical degradation (e.g.,

chemical degradation of lipophilic functional compounds

in the stomach’s acid medium); that could increase or at

least avoid adversely affecting the bioavailability of the

functional compound. At the same time, it is possible to

understand whether the ingredients used for the nanosys-

tems’ development are compatible with the functional

compound. This information will also allow having the

perception of the ability of the bio-nanosystem to deliver

the functional compound in a given site of action (i.e.,

delivery efficiency), which can be linked with the delivery

mechanism.

The second feature is related with the materials used and

the compatibility of the functional compound and the

intended functionality of the nanosystems. Materials used

should be food-grade ingredients and they should be pro-

cessed using easily implemented operations; also, the

ability of the nanosystem to retain the encapsulated mate-

rial (i.e., a high loading efficiency of the functional com-

pound) should be guaranteed.

Figure 6 shows the direction that should be taken during

design and development of a bio-nanosystem for the

delivery of functional compounds. Using a reverse engi-

neering approach, the first step is to identify which is the

desired functionality of the final bio-nanosystems (e.g.,

functional compound and site of action) and only then

study the development conditions that will ultimately lead

to the production of the bio-nanosystem (i.e., materials and

methods selection). An example of application of this

approach can be given with the delivery of water-soluble

vitamins, such as vitamin B2, that presents a crucial role in

the normal functioning of human brain and nervous system.

The starting point is the knowledge about the needs that the

system will have to cover: this vitamin should be absorbed

Fig. 6 Design of a bio-

nanosystem for the delivery of

functional compounds using

reverse engineering approach
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in the small intestine and present a high bioavailability; it

should also be stable and thus be protected from light and

temperature during food processing, storage and digestion

(e.g., when passing through the stomach at pH & 2). Being

so, in a reverse engineering approach, the utilization of

polysaccharide-based bio-nanosystems will be considered

for vitamin B2 encapsulation as they bring advantages

since they are not destroyed in acid media and can protect

vitamins from light and temperature. Moreover, it may be

important that such nanosystems present bioadhesion fea-

tures (e.g., in order to increase their retention time in the

small intestine); in this case, care should be taken to use a

polysaccharide with that capacity (e.g., chitosan due to its

positive charge can attach to negative compounds existing

on epithelial cell membranes) [108]. It should also be taken

into account that vitamin B2 is water soluble, which calls

for the need of an encapsulation material with hydrophilic

behavior (again, e.g., polysaccharides can do that job).

Finally, encapsulation of hydrophilic compounds using

polysaccharides may be performed using, e.g., ionic pre-

gelation/coacervation. This approach ends with the pro-

duction and characterization of the nanostructure, verifying

that its functionality is in agreement with the initially

identified needs.

Future Trends and Consumer Perception

The development of bio-nanosystems for oral delivery of

functional compounds has long been accepted by the sci-

entific community and some industrial players as a possible

solution for some of the problems faced by the food

industry. However, before nanotechnology being entirely

embraced by food industry, there are significant challenges

that must be overcome. The use of very small particle sizes

may alter the biological fate of the ingested bio-based

materials and encapsulated bioactive compounds, which

could potentially have adverse effects on human health.

Also, the knowledge of the molecular, physicochemical

and physiological processes that occur during digestion and

absorption of nanosystems will allow the optimized design

of nanotechnology-based functional foods for improved

health and wellness. Recently, considerable progress has

been made in the understanding of the behavior of nano-

systems in gastrointestinal tract, however, further work is

clearly needed. This knowledge will be crucial to evaluate

the biological activity of nanosystems in vivo and to know

the potential health risks from their use.

For example, there is currently a lack of understanding of

those nanostructures behavior when interacting with human

epithelial barriers. The evaluation of these nanosystems

using well-differentiated cell lines (e.g., Caco-2 cell model)

could be an effective in vitro model to mimic the

characteristics and functions of the epithelium of the small

intestine in order to provide a way of addressing issues such

as toxicity and permeability. These studies can be a way to

guarantee that nanotechnology appears in the next years in

food industry as a ‘‘safe’’ technology. It is known that

despite the exciting potential of nanotechnology, the sci-

entific community, regulatory authorities and consumers are

aware of potential risks that this technology may represent

in food products [25]. It is clear that public perception and

consumers’ attitudes are the major factors determining the

commercial success of this field.

A recent study by the Food Safety Agency (US) [109]

where consumers were asked about the utilization of

nanotechnology in food products showed that when the

application of nanotechnology directly to food is at stake,

consumers are worried; however, their opinion is more

positive if nanotechnology is used in food products with

health benefits (where the addition of functional com-

pounds can be included). They were less convinced for

other uses of nanotechnology such as in food processing,

where changes in food texture or flavor were considered as

potential risks not worth to be taken.

A different study about consumer perception of the

application of nanotechnology in food products [104]

showed that the utilization of nanotechnology in health and

nutritional products should be carefully examined due to

the relatively low consumer acceptance of these products.

In all the cases, however, it was possible to find consensus

in the idea that providing confidence to consumers about the

use of nanotechnology in food products implies transparency

in the developments achieved by this new area of science and

technology, including more information about risks and

benefits regarding its utilization in food industry.
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