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A B S T R A C T

The use of nanotechnology has revolutionized many biotechnological sectors, from bioengineering to medicine,
passing through food and cosmetic fields. However, their clinic and industrial application has been into the spot-
light due to their safety risk and related side effects. As a result, Green Nanoscience/Nanotechnology emerged as
a strategy to prevent any associated nanotoxicity, via implementation of sustainable processes across the whole
lifecycle of nanoformulation. Notwithstanding its success across inorganic nanoparticles, the green concept for
organic nanoparticle elaboration is still at its infancy. This, coupled with the organic nanoparticles being the
most commonly used in biomedicine, highlights the need to implement specific green principles for their elab-
oration. In this review, we will discuss the possible green routes for the proper design of organic nanoparticles
under the umbrella of Green Nanoscience: from the extraction of nanomaterials and active compounds to their
final nanoformulation.

1. Introduction

Over the past decade, there has been an explosion of interest on
the consumption of the so called “natural products” and mainly phyto-
chemicals, in nutraceutical, cosmetic and pharmaceutical fields. Among
them, natural antioxidants and, specially, polyphenols have garnered
special interest. Despite plenty of preclinical data attest their pleiotropi-
cal health-promoting activities, their extraction and further formulation
processes are often linked with such a negative environmental impact
that renders the term “natural” meaningless. High energy consumption
together with the use of large amounts of hazardous organic solvents
have an important influence on that. As a result, from an eco-friendly
and toxico-pharmacological viewpoint, the search for new green meth-
ods arose as an urgent necessity. In this framework, Collins (1995)
was pioneering in the introduction of the term “Green chemistry” in
early 90’s. This led to the delivery of several governmental initiatives
around the world that aid to promote the importance of sustainability
when designing new products and processes, both at industrial and lab

oratory levels. Soon after, Anastas and Warner (2010) defined the
now well-known 12 principles of Green Chemistry (Fig. 1) that facili-
tated the application of this novel concept. From then on, scientists have
been striven so hard to deploy those goals in several chemical indus-
trial processes. With this aim, Chemat et al. (2012) coined and de-
scribed for the first time the term “Green extraction” as “the discovery
and design of extraction processes which will reduce energy consumption, al-
lows use of alternative solvents and renewable natural products, and ensure a
safe and high quality extract/product”. Additionally, the authors proposed
the new six principles for “Green extraction of natural products” (Fig.
1). Particularly, they focused on the relevance of using renewable mat-
ters, offering alternative solvents and reducing energy consumption in
order to achieve a high quality and safe final product. However, the in-
herent instability of bioactive compounds in general, and polyphenols
in particular, limits its application (Fig. 2). In this sense, the develop-
ment of new nano-scale delivery systems has emerged as a promising
strategy. Notwithstanding the competitive edges offered by nano-drug
delivery systems for the encapsulation of labile compounds, they still
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Fig. 1. Definitions and principles of Green Chemistry, Green extraction and Green nanoscience (Anastas and Warner, 2010; Chemat et al., 2012; Collins, 1995; Hutchison, 2016).

Fig. 2. Main polyphenols classification and bioactivities. Limitations of crude form and advantages of nanoencapsulation. *Adapted with permission from Luo et al. (2020). Copyright 2020
American Chemical Society.

have some tackles to overcome particularly in view of the use of toxic
as well as hazardous manufacturing processes that aid no favor for their
scale-up to industry and clinics.

As De la Guardia said, “to move safely from the bench to the real
world, it could be a good starting point to work on nanomaterials with an
intrinsic absence of toxic components; thus moving to a green nanotech-
nology“ (de la Guardia, 2014). To attain this purpose, the reduction
or elimination of toxic solvents during the nanoformulation process to-
gether with the use of green excipients are imperative. Unfortunately,
solvent based methods (nanoprecipitation, solvent evaporation, solvent
injection, solvent diffusion, antisolvent precipitation) account for more
than 50% of all nanoparticle (NP) fabrication processes. These methods

emerged as a solution to encapsulate labile compounds with compro-
mised bioavailability and often endowed with lipophilic nature. More-
over, many of them are low-cost and straightforward approaches offer-
ing good encapsulation yields for lipophilic and hydrophilic compounds.
Naturally, their use is limited by the toxicological issues arisen from the
utilization of organic solvents (i.e. isopropanol, acetone, acetonitrile, di-
methyl sulfoxide, eythylacetate, tetrahydrofluorane) which ultimately,
give rise to the need of special equipment for the removal of residual
solvents thus requiring an important investment for companies (Davi-
dov-Pardo et al., 2015; Li et al., 2019).

Given this scenario, there are several underpinning aspects that
should be taken into account towards greening nanotechnology. As a
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result, Hutchison (2016) introduced the term Green nanoscience as an
approach to “design products and processes at the molecular level that en-
hance product performance while minimizing impacts on health and the en-
vironment” (Fig. 1). In this regard, a large number of studies report the
green synthesis of inorganic NPs (metal or mineral based NPs), but few
have been conducted in the field of organic nanocarrier systems (lipid,
protein, polysaccharide based NPs). Approved nanomedicine products
till 2019 were 29, from which 58.6% were organic NPs and 41.4% inor-
ganic NPs Khalil et al. (2020), thereby highlighting the importance of
Green Nanoscience in organic NPs. Therefore, in an attempt to facilitate
the implementation of the Green Nanoscience concept in this field, this
work is aimed at the establishing six new principles (Fig. 1) focused on
greening the process of nanoencapsulation: from the choice for sustain-
able biomaterials to the industrial scale-up.

In light of all these considerations, this review focuses on the evalua-
tion of renewable nanomaterials available for the development of novel
nanomedicines via Green Nanoscience. Even though we will focus on
the encapsulation of natural polyphenols, the strategies presented in this
review could be applied to any other compound of natural origin. Since
Green Nanoscience principles should apply across the entire lifecycle
of the product, we will give an overall sustainable evaluation of the
process: from polyphenol extraction to nanoencapsulation.

2. Green extraction of natural compounds

Excellent reviews describing green extraction methods for polyphe-
nols have been recently published (Chemat et al., 2019, 2020). There-
fore, in the first section of this review, we will give a brief update on
the novel green extraction methods of these bioactive compounds. For
years, pure organic solvents and hydroalcoholic solutions have been the
solvents of choice in polyphenol dissolution and conventional extraction
(i.e. soxhlet and solid-liquid extraction methods). However, their neg-
ative impact in security, health and environment has been largely de-
scribed elsewhere (i.e. flammability, health-toxicity, accumulation in the
atmosphere) (Moreira et al., 2019). As a result thereof, deep eutec-
tic solvents (DES) were proposed as greener solvent agents and still re-
main as a promising choice. Unfortunately, despite being low-cost and
highly biodegradable, DES still need to be better studied in order to be
effectively scaled-up (Ruesgas-Ramón et al., 2017). Similarly, ionic
liquids (IL) were also presented as an environmentally friendlier option
compared to conventional solvents but their classification as “green sol-
vents” is still a matter of debate. Whilst the first generation of ILs were
rapidly discarded due to their demonstrated toxicity and high price,
those from second and third generation can be easily prepared and ob-
tained from renewable sources leading to biodegradable, low toxic and
low cost solvents provided that their elaboration process is accurately
designed for instance via high-throughput computational models. For
a detailed discussion on the greenness and/or toxicity of DES and ILs,
recent comprehensive literature reviews be found elsewhere (Emami
and Shayanfar, 2020; Juneidi et al., 2018; Kudłak et al., 2015;
Sivapragasam et al., 2020).

Low yield is another limiting factor for conventional methods and
thus several pre-treatment technologies have emerged to overcome this
issue (Table 1). Despite their competitive perks for polyphenol ex-
traction, these approaches still challenge some important shortcomings.
With regard to mechanochemical extraction, only laboratory and pi-
lot-scale studies have been conducted up to day, and it is unlikely to
be suitable for industrial production due to the lack of a continuous
process (FDA, 2019). Similarly, the industrialization of enzyme assisted
extraction is limited by its expensiveness (Gligor et al., 2019). As
for pulsed electric fields (PEF) and instant controlled pressure, they of-
fer high extraction yields and have been proven to be suitable for an
industrial setting. However, most reported studies lose sight of green
notion by following pre-treatment strategies with solvent-based extrac

tion processes and thus greater efforts should be made to tackle this
issue. Accordingly, a recent study showed similar extraction yields on
PEF-pretreated fish waste followed either by water or methanol ex-
traction techniques, thus confirming the possibility to design environ-
mentally friendly processes for the extraction of natural antioxidants
(Franco et al., 2020). Additionally, pressure-driven membrane
processes have been largely studied for the recovery of polyphenols and
other bioactive compounds from vegetable liquid matrices. These green
engineering processes include principally microfiltration, nanofiltration,
ultrafiltration and reverse osmosis techniques which offer the opportu-
nity to concentrate, separate and purify solutions whilst avoiding the
use of chemicals and preserving the quality of the extracted compounds
(Cassano et al., 2017; Conidi et al., 2018; Giacobbo et al., 2017).
Excellent polyphenol recovery rates have been obtained by these meth-
ods which have sometimes shown superior yields with aqueous solutions
compared to alcoholic solutions thereby contributing to the greenness of
the whole extraction process (Mello et al., 2010).

Beyond trying to improve the conventional existing methods, the de-
sign and implementation of new green chemistry-based extraction tech-
niques seems to be a more fruitful strategy. As a matter of fact, scientific
community has proposed several innovative methods with successful re-
sults even at industrial scale. Table 1 presents a summary of those green
pretreatment and extraction strategies to obtain natural-source polyphe-
nols. Whilst non-thermal methods are performed at room temperature,
thereby reducing energy consumption and ensuring the preservation of
thermosensitive compounds, thermal methods are often non convenient
for thermosensitive bioactives.

3. Towards green nanotechnology: the challenge of greening
nanoformulation processes

There is an ever-growing list of different types of nanocarriers offer-
ing a number of advantages for polyphenol delivery. Unlike the extrac-
tion processes, the “green” awareness has recently arrived to the nan-
otechnology world. Natural occurring lipids, biopolymers (proteins and
polysaccharides) as well as synthetic polymers have been extensively
used in polyphenol nanoencapsulation studies. Most of these biomateri-
als can be obtained from renewable sources thus accomplishing with one
of the main important principles to become green excipients and, at the
same time, promoting green nano-processing. Whilst synthetic polymers
suffer from regulatory hurdles, most of the naturally occurring com-
pounds are generally recognized as safe (GRAS) by the European Med-
icines Agency (EMA), the Food and Drug Administration (FDA) and/or
the European Food Safety Authority (EFSA), thereby facilitating the reg-
ulatory acceptance of the final nanoformulation in terms of time and
cost of registration.

With specific regard to protein-NPs, most of the published studies
opt for desolvation methods (i.e. nanoprecipitation, antisolvent precip-
itation) in which organic solvents such as acetone, isopropanol or, as
an eco-friendlier alternative, ethanol, are used to promote protein ag-
gregation in the form of NPs (Li et al., 2019). Despite its simplic-
ity, low-energy requirement and good encapsulation yields for several
lipophilic and hydrophilic polyphenols, the need of extremely increased
amounts of highly concentrated organic solvent solutions (70-85% v/
v) lead to the search of greener alternatives unless justified. Similarly,
polysaccharide nanomedicines are usually obtained through nanopre-
cipitation by large dilution of the polymer phase in highly flammable
and toxic solvents (i.e. ethylacetate, tetra- hydrofluorane, dymethilsul-
foxide) (Mosaiab et al., 2019). Therefore, despite being a low-cost
and straightforward method, it should be considered unsuitable from
an eco-friendly viewpoint. With regard to lipid-based NPs, whilst some
elaboration methods (i.e. solvent evaporation, solvent injection or dis-
placement, solvent diffusion) are based on the use high quantities of
organic solvents, the vast majority offers eco-friendlier alternatives. In
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Table 1
Description of green strategies for polyphenol isolation and recent application examples.

Classification Method Mechanism Limitations Application

Pre-treatment methods Instant
Controlled
Pressure

Pressure drop to
vacuum leads to
the disruption of
cell membranes
and the release of
internal
metabolites of the
humidified
sample at 180°C.

Ulterior
solvent-based
extractions is
usually
applied, high
energy
consumption.

Olive leaves,
orange by-
products,
green bean
coffee, grape
stalk powder,
pomegranate
peel (Chemat
et al., 2020;
Kamal and
Allaf, 2013;
Louati et al.,
2019;
Mkaouar et
al., 2015;
Ranjbar et
al., 2016;
Sánchez-
Valdepeñas
et al., 2015).

Mechanochemical
extraction

Breakdown of
cells by means of
high energy
micronization
forces
(permeabilization,
destruction or
disintegration).

Unlikely to be
suitable for
industrial
productions
due to the lack
of a continuous
process.

Flavonoids
and other
polyphenols
(Chemat et
al., 2020;
Wu et al.,
2017a,
2017b).

Enzyme-assisted
extraction

Hydrolytic
degradation of
plant cell wall via
specific enzymes
or complex of
enzymes.

Scale-up is a
challenge due
to the
economic cost
of enzymes for
industrial
volumes of raw
materials

Fruit samples
in drink
industry.
Likely to be
expanded in
nutraceuticals
and cosmetic
industry
(Gligor et
al., 2019).

Pulsed Electric
Fields

Electroporation
phenomena:
application of
high-voltage (Kv/
cm) short –time
pulses (μs) results
in the formation
of pores,
increasing cell
membrane
permeability and
leading to the
diffusion and
extraction of
intracellular
actives.

Ulterior
solvent-based
extractions are
usually
applied.

Panax ginseng
roots, banana
skin , apple
pieces ,fresh
carrots, lemon
waste
residues, fish
industry
waste,
cinnamon
(Chemat et
al., 2020;
Franco et
al., 2020;
Hendrawan
et al., 2019;
Kim et al.,
2019; López-
Gámez et
al., 2020;
Pashazadeh
et al., 2020;
Peiró et al.,
2019; Ribas-
Agustí et al.,
2019).
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Classification Method Mechanism Limitations Application

Non-thermal extraction High Pressure
Assisted
methods

Uniform
application of
high hydraulic
pressure induces
damage of the
sample.

Algae
polyphenols
might be
inactivated

Stinging
nettle, açai
pulp, black
garlic, algae
(de Jesus et
al., 2020;
Moreira et
al., 2020;
Tapia-
Salazar et
al., 2019;
Zhao et al.,
2019a,
2019b).

Non-thermal
plasma

Generation of
plasma discharges
(ionized gas or
gases) at low or
atmosphere
pressure

Might decrease
antioxidant
activity of
extracts,
challenging
regulatory
approval, low
control, safety
should by
studied.

Fruits, onion,
lettuce
(Muhammad
et al., 2018).

Extrusion Compression step
to extrude liquids.

Non declared. Agrifood by-
products
(Chemat et
al., 2020).

Ultrasound
assisted

Acoustic
cavitation induces
acceleration mass
and heat transfer
to the targeted
material.

long time and
energy output
might increase
temperature.

Bay leaves,
olive leaves,
olive tree
pruning
biomass
(Martínez-
Patiño et al.,
2019;
Piccolella et
al., 2019;
Zurob et al.,
2020).

Supercritical
carbon dioxide

Solid-liquid or
liquid-liquid
extraction using
ScCO2 as solvent.

Expensive
machinery

Olive leaves,
mango by-
products
(Baldino et
al., 2018;
Meneses et
al., 2015;
Žugčić et al.,
2019).

Pressure-driven
membrane

Application of
hydrostatic
pressure within
the two sides of a
permeoselective
membrane,
leading to the
selective
transport of
solutes and fluids.

Possible
membrane
fouling ? or not
declared?

Olive leaves
and pulp,
artichoke
leaves and
stems,
pommegranate
juice, pequi
fruit extract,
wine lees
(Conidi et
al., 2017; de
Santana
Magalhães et
al., 2019;
Giacobbo et
al., 2017;
Romani et
al., 2017).
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Classification Method Mechanism Limitations Application

Thermal extraction Microwave
assisted

Frequencies
~2450 MHz
induce a heating.

Limited choice
of solvents,
inhomogeneous
heating

Polar
polyphenols
(i.e.
oleuropein
derivatives,
rutinoside,
apigenin)
(Žugčić et
al., 2019).

Ultrasonic &
Microwave

Application of
cavitation and
microwaves.

Not declared Coriander
seeds, olive
leaves, tea
leaves, peony
flowers
(Chemat et
al., 2020;
Žugčić et al.,
2019).

Subcritical
water extraction

Dielectric
constant of water
at 100-374°C and
1-22MPa
conditions is
equivalent to
methanol,
enhances its
diffusivity, mass
transfer and
solvation
properties.

Not declared Medicinal
plants and
fruits
(Cvetanović
et al., 2017;
Nastić et al.,
2018).

Solar energy
hydro & steam
distillation

Solar radiation as
heating energy.

Process can
took even 14
days.

Orange peel,
olive mill
waste water
(Hilali et al.,
2019;
Sklavos et
al., 2015).

view of these considerations, encouraging scientists on the benefits of
the application of Green Nanoscience principles (Fig. 1) arises as an
urgent necessity ranging from the selection of green excipients and the
design of green processes to the development of green NPs. A descrip-
tion on the mechanisms of those nanoformulation methods that can be
driven towards greenness is given in the appendix section. In the fol-
lowing sections, with the aim to highlight the possibility to apply Green
Nanoscience principles presented in Fig. 1, we will evaluate the exist-
ing works on polyphenol nanoencapsulation that have followed some of
these strategies.

3.1. Protein-based nanomedicines

Based on the nature of the proteins they can be water-soluble, sol-
uble in hydroalcoholic solutions or in salt solutions. Naturally, sev-
eral studies take advantage of the combination of two different pro-
teins (i.e. zein and albumin), proteins with one polysaccharide (i.e. zein
and chitosan, zein/caseinate/alginate) or even with lipids to further
synergistically exploit their functions. In their comprehensive review,
(Martínez-López et al., 2020) recently reported a more detailed clas-
sification of the proteins employed in nanomedicine. Thanks to their
amphiphilic nature, protein-based NPs offer the possibility to accom-
modate a wide range of different compounds. Nonetheless, as a rule of
nature, protein NPs are endowed with several advantages but also im-
portant limitations as depicted in Fig. 3. One of the major challenges
in the development of protein-NPs is to prevent microbial contamina-
tion upon storage as well as the presence of endotoxins and/or pri-
ons which hamper the translation of these NPs to the clinic (Singh et
al., 2019). Though there are several sterilization strategies to overcome

these challenges, special attention should be given to their impact on
the physico-chemical properties of the final nanoformulation (Vetten
et al., 2014). Additionally, the physico-chemical properties of the pro-
teins (i.e. molecular weight, isoelectric point) play an important role on
the choice of the proper nanoparticle synthesis method and the resulting
particle size and yield of the process. Overall, since most proteins can be
solubilized in non-hazardous solvents, protein-NP elaboration could be
conducted under eco-friendly conditions if carefully designed. However,
a number of research studies still consider the use of toxic stabilization
substances (i.e. glutaraldehyde) to control the particle size and prevent
agglomeration phenomena.

3.1.1. Production methods
3.1.1.1. Via Self-assembly Self-assembly emerged as a green alterna-
tive which can be applied to the manufacturing of most of the pro-
tein-based NPs. For instance, gelatin-based NPs can be obtained by
simply blending the aqueous protein solution with catechins or ellag-
itanins, without chemical modification of the protein, by means of
hydrophobic interactions (Chen et al., 2010; Li and Gu, 2011;
Martínez-López et al., 2020; Morán et al., 2018). This methodology
could be further exploited for the encapsulation of other hydrophilic or
amphiphilic molecules but low encapsulation yields are usually obtained
(<10%) (Morán et al., 2018). As a result, aiming at reducing reaction
times while increasing encapsulation efficiencies, temperature, pH and
chaotrope treatments have been proposed for the induction of self-as-
sembly. Ethanol-based induction has been also proposed for instance
for the elaboration of silk-fibroin NP (Martínez-López et al., 2020).
However, considering the green and organic solvent-free perspective of
this review we will not consider this self-assembly variant. A summary
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Fig. 3. Protein-based nanoparticles: main advantages and limitations.

of polyphenol-loaded protein NPs via these disassembly/reassembly
green techniques is displayed in Table 2.

3.1.1.2. Temperature-induced self-assembly Temperature-driven self-as-
sembly is based on the denaturation of proteins at certain temperatures
(denaturation point temperature). As an example, elastin-like NPs elabo-
ration is easily controlled by an increase in temperature (~ 4°C to 42°C)
which leads to NPs with a narrow size distribution and micelle-like mor-
phology (Fujimoto et al., 2010). Albumin-based NPs have been also
driven by heat induction. For instance, Gou et al. (2018), on the ba-
sis of the inherent properties of ovalbumin (OVA), proposed a green
method for the encapsulation of the major polyphenol of green tea: epi-
gallocatechin 3-gallate (EGCG). Briefly, OVA and EGCG solutions were
individually prepared in phosphate buffer (pH 6.6). OVA was subjected
to thermal denaturation (80°C, 20min) and EGCG solution was immedi-
ately added. The blend was vortexed for 30 s, cooled down for 3 min
and further sonicated (1 min, 25% amplitude). The NPs were recov-
ered by washing and centrifugation and freeze-dried. Similarly, other
authors heated β-lactoglobulin (75°C) and bovine serum albumin (BSA)
(65-69°C) for the encapsulation of amphiphilic (caffeine) and lipophilic
(dimethylcurcumin) polyphenols, respectively (Das et al., 2017; Guo
et al., 2017). All in all, this technique offers the possibility to be per-
formed under solvent-free, low-energy and mild pH conditions through
simple operating steps.
3.1.1.3. pH-induced self-assembly This method takes advantage of the
dissociation-reconstitution properties of some proteins at wide pH win-
dows to encapsulate lipophilic or hydrophilic compounds, increasing its
solubility, and effectively preserving their bioactivity (Fig. 4). Particu-
larly, zein, walnut and whey proteins unfold at alkaline conditions (~
pH 11.5-12) whereas other proteins such as ferritin are disassembled
at acid pH conditions (~ 2-3.6) (Moghadam et al., 2020; Pan and
Zhong, 2016; Zhang et al., 2019). It is worth noting that, for this
method to be effective, polyphenols should have deprotonable hydroxyl
groups at the unfolding pH conditions of the protein. As an example,
walnut-curcumin complex formulations obtained by solvent-free alka-
line to neutral pH-driven method have shown to increase curcumin en-
capsulation efficiency from 2.5 to 60%, and the loading capacity from
1.3 to 30 μg/mg. The authors suggested that curcumin might have been
grafted onto the hydrophobic fragments of the unfolded protein at al-
kaline pH and then entrapped in the refolded protein structure. Inter-
estingly, curcumin-walnut NPs displayed enhanced hydrosolubility and
antioxidant capacity compared to free curcumin, along with a sustained

release behaviour within the gastrointestinal fluid. Moreover, NPs were
shown to preserve the well-known anticancer effects of this phenol in
vitro (Moghadam et al., 2020). Additionally, Zhang et al. (2019)
showed that the pH-driven method offers better features in the final
zein/casein/alginate nanoformulation compared to the antisolvent tech-
nique whilst, at the same time, avoids the need of ethanol for zein disso-
lution. Similarly, other authors have applied this method for the encap-
sulation of curcumin into other proteins (zein, soybean proteins, sodium
caseinate (NaCas), whey proteins) and polysaccharides (gum arabic) to
form core-shell nanostructures with improved thermal, salt and pH-sta-
bility of the polyphenol. Particularly, gum arabic coatings seemed to
give the best pH and salt stability, whereas NaCas and soybean pro-
tein gave the best thermal stability and loading capacities up to 27%
(Peng et al., 2020; Zhan et al., 2020). In the specific case of fer-
ritin, the pH-driven method allows to take advantage of the cage-struc-
ture of this protein to accommodate hydrophobic, hydrophilic and am-
phiphilic biomolecules. The research group of Yang has extensively
studied the dissociation-reconstitution abilities of different ferritin pro-
teins at extreme acid (pH~ 2)/basic (pH~12) and neutral pH condi-
tions, respectively, for the encapsulation of different polyphenols. More
specifically, they have shown that red bean apoferritin yields better en-
capsulation rates (12.9%) for the hydrophilic polyphenol EGCG com-
pared to the recombinant soybean seed H-2 ferritin (6.98%) (Yang et
al., 2018b). As for the hydrophobic polyphenol curcumin, they have
demonstrated that human-ferritin based nanocarriers result in signifi-
cantly high encapsulation efficiencies (up to 30.3 %) compared to con-
ventional formulations (Pandolfi et al., 2017). In the case of globulins
and caseins, this process is preferentially followed by the addition of a
crosslinker to further improve their in vivo stability (Martínez-López
et al., 2020). Beyond this, other proteins that do not need stabiliza-
tion compounds offer greener approaches simply based in pH-shifting
assembly with efficient encapsulation results. This issue will be dis-
cussed in section 3.1.2.This method has been also applied for the syn-
thesis of protein/polysaccharide complex NPs and lipid-based systems.
Since extreme pH shifting could negatively influence on the bioac-
tivity, storage, sensory and physicochemical properties of some sensi-
tive bioactive cargo, Meng et al. (2018) proposed to subject ferritin
to PEF-treatment prior to its disassembly. Interestingly, they showed
that PEF-ferritin was disassembled at slightly less extreme acid con-
dition (pH 3.6) than conventional ferritin resulting in similar parti-
cle size (about 12 nm) and higher encapsulation efficiencies (13.8%).
Therefore, protein pre-treatment with PEF or similar procedures hold
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Table 2
Summary of phenolic compounds encapsulation in protein-based NPs via self-assembly solvent-free methods.

Self-assembly inducer Protein matrix
Polyphenol
cargo

Encapsulation
Efficiency Reference

Stirring Gelatin Ellagitanins 84.3 % and
73.9%

(Li and Gu,
2011)

Temperature
OVA EGCG 98.1% (Gou et al.,

2018)
β-lactoglobulin caffeine 13.54% (Guo et al.,

2017)
pH (basic/neutral) Walnut

proteins
curcumin 60.7% (Moghadam

et al.,
2020)

Whey protein
and zein

curcumin 84.62% (Zhan et
al., 2020)

NaCas curcumin up to 91% (Peng et
al., 2020)

Whey protein up to 69%
Soybean
protein

up to 81%

Gum Arabic up to 83%
Zein-NaCas none - (Pan and

Zhong,
2016)

Zein-
rhamnolipid

curcumin 82-96% (Dai et al.,
2019)

Zein-NaCas-
alginate

propolis 86.5% (Zhang et
al., 2019)

pH (acid/neutral) Apoferritin
and H2
ferritin

EGCG 9.69% (Yang et
al., 2018b)

H2-Ferritin Curcumin 95% (Pandolfi et
al., 2017)

PEF-Ferritin rutin 13.7% (Meng et
al., 2018)

Urea Soy conglicin curcumin 61-79% (Liu et al.,
2019)

Ferritin EGCG 17.6% (Yang et
al., 2017)

Guanidine hydrochloride Ferritin Rutin
EGCG

10.1%
16.9%

(Yang et
al., 2018a)

OVA: ovalbumin; EGCG: epigallocatechin gallate; NaCas: sodium caseinate; PEF: pulsed electric fields.

Fig. 4. Example scheme of pH-driven self-assembly of proteins for the elaboration of nanoparticles (NPs). On top, illustrative summary of pH-driven nanoencapsulation of polyphenols into
casein NPs. On bottom, examples of lipophilic polyphenols that can be encapsulated by this technique within casein NPs. Red circles indicate deprotonable hydroxyl groups at alkaline
conditions that allow their co-dissolution with the dissociated casein micelles. *Reprinted with permission from Luo et al. (2020). Copyright 2020 American Chemical Society.
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great promise to further widen the applicability of the pH-induced
method to labile polyphenols.
3.1.1.4. Chaotropic treatment assembly This approach arises as an at-
tempt to tackle the limitations that heat and pH driven methods offer
to pH and/or thermo-sensitive phenolic compounds, respectively. In this
regard, soybean-globulin based NPs and apoferritin-based NPs can be
prepared under the presence of chaotropes such as urea or guanidine
hydrochloride which at low concentrations induce structural changes in
the native structure of proteins allowing its disassembly and further re-
assembly after withdrawal via dialysis (Liu et al., 2019; Yang et al.,
2017, 2018a). More specifically, chaotropes disturb protein structures
via non-covalent forces leading to their disassembly into protein sub-
units. Chaotropic-driven assembly has shown to effectively encapsulate
inside the protein core hydrophobic (rutin, curcuminoids) as well as hy-
drophilic (EGCG, anthocyanins, chlorogenic acid) compounds without
needing alcohol assistance.
3.1.1.5. Supercritical-fluid (SCF) methods Despite being regarded as a
“green” method (Chakravarty et al., 2019; Kankala et al., 2018)
enough relevance should be given to the solvents used for the solution
medium preparation, taking into account that amid all organic solvents
ethanol is the eco-friendliest option. Actually, the phase behaviour is a
key factor in the optimization of SCF techniques and thus in the final
properties of the obtained particles (Costa et al., 2018). As for pro-
tein-based NPs, supercritical anti-solvent (SAS) processes and variations
like supercritical assisted atomization (SAA) are the most used for zein,
BSA as well as silk-fibroin based NP elaboration (Adami et al., 2017b;
Martínez-López et al., 2020). Methanol (100%) is usually the solvent
of choice for SAS owing to its ability to render smaller and more uni-
form particle sizes and thus a large flow rate of CO2 to remove the toxic
solvent residues is usually needed to obtain adequate results (Elzoghby
et al., 2017; Luo and Wang, 2014; Reverchon, 2002). Aimed at
overcoming this problem, Palazzo et al. (2019) recently proposed
the application of Supercritical Assisted Injection in a Liquid Antisol-
vent method (SAILA) which enabled the use of ethanol 80% as solvent
media. However, it is worth noting that oppositely to other SAS-based
processes the SAILA technique produces a liquid suspension thereby re-
quiring a post-processing to obtain dry particles. It was Reverchon who
in 2001, patented the SAA process for the elaboration of dry micropar-
ticles and nanoparticles which indeed offers the advantage of using
lesser CO2 compared to other SCF techniques (Reverchon, 2001). Up
to day, this technique has not yet been implemented for protein-based
NPs. Other researchers have also described the elaboration of zein and
silk-fibroin NPs via solution-enhanced dispersion by supercritical fluids
(SEDS) (Hu et al., 2012; Li and Zhao, 2017). In line with this, Xie
and co-workers demonstrated the efficacy of SEDS method to encapsu-
late curcumin into low-sized (<100nm) silk-fibroin NPs while enhanc-
ing its dissolution properties as well as its antifungal and anticancer ac-
tivities in vitro (Xie et al., 2015, 2017; Xue et al., 2019). Despite
allowing to almost totally remove organic solvent residues from the final
product, SEDS method still triggers in the use of inflammable and haz-
ardous solvents such as hexafluoroisopropanol, dichloromethane or di-
methylsulfoxide, which ultimately are not in compliance with the Green
Chemistry principles and hamper its eco-friendly and safety scale-up.
Moreover, controlling particle size still remains a challenge.SCF-driven
nanonization of polyphenols without the need of any additive (surfac-
tants, polymers) has been also studied for trans-resveratrol and dihy-
dromyricetin nanoformulations (Ha et al., 2020; Xu et al., 2020).
All in all, SCF gives the advantage of reducing the presence of solvent
traces in the final product thus promoting its future clinical use, but fur-
ther efforts should be made to drive the choice for greener solvents (i.e.
ethanol) as well as for those techniques using lesser amounts of CO2 (i.e.
SAA vs SEDS or SAS).

3.1.1.6. Complex coacervation/Heteroprotein complexation This method
takes advantage of the ability of proteins to interact electrostatically
with oppositely charged polymer electrolytes (protein, polysaccharide
or lipid) for the synthesis nanoparticles (Pathak et al., 2017). In this
section we will discuss the complex coacervation between two proteins,
namely heteroprotein complexation. The physico-chemical properties of
the proteins (molecular weight, chain brains, charge distribution and
size and the mobility of the protein chains) as wells as processing con-
ditions (pH, ionic strength, protein stoichiometry, total protein concen-
tration, temperature etc) have an important impact on the coacervation
process (Croguennec et al., 2017; Moschakis and Biliaderis, 2017;
Pathak et al., 2017). Despite few examples are found for the synthe-
sis of protein nanoparticles via this strategy more have been reported
to form particles in the micron-range. For instance, gelatin and sodium
caseinate heteroprotein complex has been applied for the microencapsu-
lation of several bioactive compounds such as probiotics (Zhao et al.,
2020) and lactoferrin-lactoglobulin complexation has been shown to ef-
fectively load vitamin B9 resulting in particles with good stability and
sizes around 3-20μm (Chapeau et al., 2016). Indeed, lactoferrin is one
of the most studied proteins in heteroprotein complexation (Liu et al.,
2018). Recently (Zheng et al., 2020) proposed the elaboration of soy
protein-lactoferrin complexes of around 50-150 nm. Other authors have
also reported the synthesis of lactoferrin-βlactoglobulin complexes ex-
hibiting a droplet size ~10-20 nm (Yan et al., 2013). From a green
perspective, this method offers the advantage of being performed un-
der mild operating conditions (mild temperature, low energy consump-
tion) together with an aqueous environment, free of organic solvents.
Nonetheless, to our knowledge, this strategy has not yet been studied for
the encapsulation of polyphenols.
3.1.1.7. High-energy based methods Ultrasonic-assisted synthesis has
been reported for the elaboration of β-lactoglobulin and casein based
NPs (Sahlan Dienayati et al., 2017; Wijayanto et al., 2017; Wu
et al., 2017a, 2017b). However, high polydispersity indexes are usu-
ally obtained by the solely application of ultrasounds. Interestingly, Wi-
jayanto et al. (2017) proposed an organic solvent-free and almost
totally green procedure for eugenol (in the form of clove oil) encap-
sulation in casein based NPs via ultrasound assisted nanoprecipitation.
Briefly, eugenol was extracted under green conditions, via hydrodistil-
lation, from clove leaf powder. For the protein phase, casein was ex-
tracted from pasteurized milk through a pH and temperature induced
decantation method. For nanoencapsulation, authors applied the polar
and non-polar properties of casein as a surfactant, and the non-polar
properties owned by the clove oil without the need of organic solvents
leading to the formation of nanoparticles with an encapsulation effi-
ciency of around 64% and a particle size of ~ 677 nm. With the aim
to obtain a uniformly sized product, Sahlan Dienayati et al. (2017)
combined the sonochemical assisted nanoprecipitation with an intensive
homogenization process by means of a High Pressure Ball Mill Homog-
enize equipment. They suggested that the proposed device was suitable
for large-scale manufacturing propolis-loaded casein micelles with 80
nm in size and encapsulation efficiencies around 80%.Leed jet homoge-
nization has also been proposed as an additional step to further narrow
the particle size distribution of whey-protein based particles (Murray
and Phisarnchananan, 2016). Electrospray deposition has been ap-
plied for the elaboration of several protein-based particles (gliadin, zein,
whey or elastin-like proteins) without the need of surfactants while lead-
ing to high payloads. Nonetheless, only when working with hydrosolu-
ble proteins (i.e. whey) and cargo (i.e. olive leaf extracts) organic sol-
vents can be avoided (Soleimanifar et al., 2020). Based on a similar
phenomenon and totally circumventing the use of organic solvents elec-
trohydrodynamic spraying allows the encapsulation of non-water solu-
ble molecules into silk-fibroin NPs (Qu et al., 2014). Despite avoiding
organic solvents, the number and complexity of the operational steps
might humper the scale-up of this method.
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3.1.1.8. Other techniques Few studies in the field of protein-based NPs
have been performed by nanospraydrying probably due to the difficulty
to obtain narrow size distributed particles. As a matter of fact, Pedrozo
et al. (2020) proposed the encapsulation of rutin, as a model of poorly
water soluble flavonoid, by means of nanospray-drying. Due to the na-
ture of rutin, ethanol (50% v/v) solution was needed for the feed so-
lution preparation. Nano-sized particles with spherical shape and nega-
tive zeta potential (-32 mV) were obtained, but particle size distribution
was too broad (300 ± 210 nm) probably due to aggregation, and the
obtained encapsulation efficiencies were significantly low (32± 9 %).
Interestingly, the antioxidant activity of rutin was not disturbed.As an
intermediate approach towards greening NP formulation methods the
emulsification technique can be considered. Albumin, hordein, silk-fi-
broin and gelatin based NPs have been elaborated by this strategy
(Martínez-López et al., 2020). The industrialization of this technique
was conveniently endorsed by American Bioscience, Inc. who developed
and patented the well-known Nab®-Technology currently applied for
the commercialized albumin-based NPs (Abraxane®). Despite its suc-
cess for the encapsulation of the lipophilic drug paclitaxel, chloroform
and ethanol are needed during the process and thus other authors have
proposed greener alternatives such as an organic solvent-free hydration
process for the synthesis of paclitaxel-BSA-liposomes (Fu et al., 2009.;
Zhao et al., 2019a, 2019b). In the case of hordein NPs, emulsification
is usually carried out by suspending the protein in an oil phase contain-
ing the lipophilic cargo by means of a homogenizer and then passing
the nanoemulsion through a microfluidizer system. Notwithstanding the
low solubility in water of hordein at neutral pH, organic solvents are
avoided via pH-driven hydration prior to the emulsification of the pro-
tein (Wang et al., 2011). Therefore, again, pH-shifting methodology
to improve protein hydration seems a promising strategy towards the
elaboration of particles with non-hydrosoluble proteins. Soybean protein
based nanoemulsions have been also prepared by the ultra-high pres-
sure homogenization for the encapsulation of tea polyphenols (Tian et
al., 2019). On the other hand, gelatin offers the eco-friendly advan-
tage of being water soluble and thus only hydrosoluble cargo can be
encapsulated via emulsification. The aqueous protein-drug solution can
be emulsified with an organic solution of polymethylmethacrylate or,
as a greener option, an oil (sesame oil), and particles are stabilized via
crosslinking (Martínez-López et al., 2020).

3.1.2. Stabilization of protein-NPs
Beyond their possible allergenic potential, one of the major limita-

tions of protein-based NPs is their tendency to aggregation and, for cer-
tain proteins, their instability against gastric enzymes. As a matter of
fact, protein-NPs have been, for years, subjected to chemical crosslink-
ing for their stabilization. In this regard, conventional toxic cross-link-
ers such as glutaraldehyde and glycoxal should be replaced by safer al-
ternatives such as sodium tripolyphosphate, transglutaminase, natural
surfactants (i.e. saponin, rhamnolipid, genipin) or polysaccharide-based
coatings (chitosan, alginate) (Dai et al., 2019; Kharat et al., 2018;
Martínez-López et al., 2020; Moghadam et al., 2020). Additionally,
the synthetic Pluronic F127, F68 and F88 are non-toxic and FDA-ap-
proved hydrophilic surfactants that have gained special interest within
the stabilization of protein-NPs (Ganguly et al., 2020). More specif-
ically, gelatin-F127 combination has shown to overcome the individ-
ual drawbacks of these two compounds (protein and non-ionic surfac-
tant) related to their instability under physiological conditions and rapid
clearance (Das et al., 2020). Likewise, there are some molecules sim-
ilar to surfactants, the so-called hydrotropes, that have shown to pre-
vent protein aggregation and nucleation upon storage (Dey et al.,
2015). In line with this, (Das et al., 2019) demonstrated the ability
of sodium deoxycholate to improve the stability of albumin-based NPs
after 30 days of storage and, at the same time, increase their curcumin

loading capacity compared to the nanoformulation free of hydrotrope.
Interestingly, whilst surfactants are added via emulsification processes,
hydrotropes only require mild mixing techniques. With regard to poly-
saccharide coatings, they can be added by simple electrostatic interac-
tions or, more strongly, by transglutaminase treatments (Yang et al.,
2019). Even the stabilization by simply incorporating a basic amino
acid or cyclodextrin has been proposed (Peñalva et al., 2018, 2019).

3.2. Polysaccharide-based nanomedicines

Unlike some proteins, polysaccharides generally display very low
toxicity and non-immunoallergenic potential as well as high biocompati-
bility. Despite being sensitive to enzymatic degradation their breakdown
by-products have shown to be recycled by cells (Mosaiab et al., 2019).
These polymers are available in high quantity within a wide range of
renewable sources (i.e. animal, algal, plant and microbial), and their
processing methods are usually cheap and easy to perform (Fig. 5A).
Their functional groups endow polysaccharide-based NPs with good hy-
drosolubility and bioadhesion abilities which ultimately could extend
the residence time of loaded cargo and its absorption within the human
body (Fig. 5B). Additionally, most of the polysaccharide-based NPs can
be used for stimuli-responsive drug release via appropriate crosslinkage.
However, the heterogeneity in the obtained NPs is still a challenge (Bar-
clay et al., 2019). Nonetheless, all of these features support the use
of these inexpensive polymers as effective biomaterials for the design of
green nanodelivery systems. Natural polysaccharides are found in, but
not limited to, their cationic (amine groups), neutral or anionic (car-
boxylate and/or sulphate groups) forms (Fig. 5A). In any event, most of
them can be chemically modified to tailor the desired superficial charge
and physicochemical characteristics of NPs (Kim et al., 2006; Negm
et al., 2020).

3.2.1. Production methods
Excellent reviews have been reported in regards to polysaccha-

ride-based NPs, starting with chitosan-based nanocarriers by Janes et
al. (2001) and Prabaharan and Mano (2005). Science evolves rapidly
and thus shortly after Liu et al. (2008) gave a detailed review on new
initiatives emerged for the design of polysaccharide-based NPs. From
then till now, other authors have described the wide range of applica-
tions that these natural-based delivery systems can offer in food, phar-
maceutical and cosmetic sectors (Barclay et al., 2019; Mosaiab et al.,
2019; Yang et al., 2015).

Based on the chemical structure of polysaccharides, they can interact
via three specific methods with other polymers: covalent crosslinking,
polyelectrolyte complexation and ionic crosslinking (Fig. 5C). These
three approaches are based on the gel transition phenomena that occurs
when a system of branched polymers (proteins, polysaccharides, syn-
thetic polymers) is linked until a unique macroscopic molecule is formed
(gel point) leading to the increase of the mixture viscosity. All these in-
teractions have been conveniently exploited for the elaboration of poly-
saccharide-based and polysaccharide-protein based NPs and also as an
extra-step for surface modification of polymeric, protein or lipid NPs.

With regard to ionic gelation, despite it might be performed solely
using polysaccharide-based polymers, the true is that most studies con-
veniently exploit the competitive perks that polysaccharide-protein com-
binations can offer (Liang et al., 2016). For instance, Liang et al.
(2016) have recently proposed the fabrication of EGCG-loaded NPs by
ionic gelation combined with heat-induced denaturation and a coat-
ing process. In this work, the protein coat led to a nanoformulation
with promising features for intestinal targeting after oral administration,
since β-lactoglobulin is able to withstand pepsin hydrolysis in stomach
but suffers a degradation in the intestinal fluid thus releasing loaded
cargo (Izadi et al., 2016; Reddy et al., 1988).
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Fig. 5. Polysaccharide nanomaterials classification (A), main advantages (Miao et al., 2018) (B), and nanoformulation methods [A. Covalent cross-linking, B. Ionic cross-linking, C.
Polyelectrolyte complexation, D. Self-assembly of hydrophobically modified polysaccharides and E. Polysaccharide–drug conjugate] (Mizrahy and Peer, 2012) (C).

On the other hand, polyelectrolyte complexation offers a number
of simple manners to combine negative-charged biopolymers (alginate,
gum Arabic, pectin) and positive charged biopolymers (gelatin, chi-
tosan) (Akbari-Alavijeh et al., 2020; Fathi et al., 2014). It can
be also performed with any other combination of oppositely charged
polymers such as proteins, protein-polysaccharide, as well as with
pre-gelated polysaccharides (i.e. calcium alginate) (Sarmento et al.,
2007).

The most competitive edge of polysaccharide-based NPs is their abil-
ity to form stimuli-responsive networks for one or more factors (i.e.
pH, light, temperature) via specific crosslinkage. In this framework,
Tan et al. (2019) have recently published an excellent work propos

ing a novel ecofriendly strategy for the elaboration of double-core-shell
protein-polysaccharide nanostructures as carriers of poorly stable hy-
drophilic compounds and offering pH/redox stimuli response deliv-
ery. With this purpose, they applied the sonochemical assisted cova-
lent crosslinking method followed by the electrostatic interaction tech-
nique through successive interfacial polyelectrolyte complexation and
cross-linking with the remaining non-cross-linked protein. They proved
that this method was effective for polysaccharide-based NPs (car-
rageenan, dextran sulfate, pectin, xanthan gum), polysaccharide-poly-
saccharide combinations (pectin-chitosan, xanthan gum-chitosan) as
well as protein-polysaccharide complexation (BSA-chondroitin sulfate).
No organic solvent nor specifically designed machinery were used thus
facilitating
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their industrial scale-up. More importantly, stimuli-responsiveness of the
NPs was obtained via nontoxic products (proteins).

Based on the ultrasound-assisted ionic crosslinking approach, the re-
search group of Manconi proposed a green strategy that combined poly-
saccharides and phospholipids to give rise to novel nanovesicles forma-
tion. The so-called hyalurosomes and polymer glycerosomes offered su-
perior physico-chemical properties and hold great promise as lipophilic
drug carriers in skin and lung delivery, respectively (Lai et al., 2020).
A brief summary of recent work on green approaches for polyphenol en-
capsulation into polysaccharide based NPs is displayed in Table 3.

3.2.1.1. Self-assembly via hydrophobic modification of
polysaccharides Self-assembly of hydrophobically modified polysaccha-
rides can be considered as green approach that allows the avoidance of
organic solvents for its performance. Nonetheless, polymer modification
procedure aside from being time-consuming normally needs the use of
various risk solvents. For instance, Xie et al. (2014) reported the elab-
oration of PEGylated carboxymethyl chitosan/calcium phosphate hy-
brid anionic NPs through self-assembly. For NP elaboration, the method
was adequate from an eco-friendly and health-safety viewpoint since
non-toxic solvents were needed. However, for the PEGylation of the
chitosan a time-consuming (83h) and non-ecofriendly (DMSO, chloro-
form, acetone) process was proposed. Similarly, Vasquez et al. (2014)
reported a simple and eco-friendly method for self-assembly of chi-
tosan-O-PEG Graft Copolymers aided by extrusion forces. Unfortunately,
the problem still remained on the transformation of chitosan into a poly-
merizable organosoluble precursor. All in all, the application of Green
Chemistry principles for chitosan modification is imperative.As it can be
seen, self-aggregation might be aided by external forces such as sonica-
tion, extrusion or high pressure homogenization (HPH) (Wang et al.,
2007). Accordingly, Catalán-Latorre et al. (2018) proposed the elab-
oration of an innovative nanovesicle via green self-assembly. The pro-
posed process seems a great alternative for curcumin and related hy-
drophobic compounds encapsulation without needing organic solvents
for their solubilization and under mild conditions (room temperature),
thereby holding great promise for industrial scale up. The new formu-
lation was named as Nutriosome, referring to the use of a commer-
cially available dextrin named Nutriose® and the vesicle nature of the
final formulation (“some”). The nanovesicles, were made up of soy phos-
phatidylcholine and two hydrosoluble polysaccharides (dextrin and hy-
droxypropylmetylcellulose), and were endowed with high encapsulation
efficiencies for curcumin (88%). Moreover, freeze-dried nutriosomes

were shown to be stable for 60 days under 25°C in air or under vacuum.
3.2.1.2. Other techniques Recently, Gonzatti and co-workers loaded
α-galactosylceramide, a naturally occurring antitumor agent, into pos-
itively charged polymeric NPs obtained through a rapid green
nanospraydrying process, in the absence of organic solvents (Gonzatti
et al., 2019). Particularly they used Eudragit® EPO, a commercially
available cationic copolymer made by acrylates, as pH-stimuli respon-
sive carrier. To our knowledge, there is no data available about polyphe-
nol encapsulation into polysaccharide-particles via nanospraydrying and
thus it could be an interesting approach for upcoming studies. As for
SCF technology, SAS is the most used variant for the encapsulation of
polyphenols that require organic solvent assistance (Di Capua et al.,
2017a; Ha et al., 2019; Zhou et al., 2012). Recently, Ubeyitogullari
and Ciftci (2019) proposed a novel and one-step green SCF approach
for the impregnation of curcumin into starch NPs. They used ethanol as
solvent and the resulting food-grade particles increased up to 173-fold
the amount of curcumin available for absorption after simulated gastric
digestion, compared to free curcumin (Fig. 6). It is worth noting that
for these kind of atomization based techniques most of the polysaccha-
rides need to be modified to lower the liquid feed viscosity (i.e. glycol
chitosan) (Akbari-Alavijeh et al., 2020). On the other hand, microflu-
idics have also been proposed for polysaccharide-based NPs elaboration
(Chiesa et al., 2018) with better control of the particle preparation
procedure. However, this is still a field under exploration and few stud-
ies have been reported to date.

3.2.2. Stabilization of polysaccharide-NPs
Environment-responsive properties are strongly useful for the design

of smart NPs and the nature of the cross-linking agent directly influ-
ences on them. Despite its hazard nature, glutaraldehyde is still used
for dual pH/light and pH/thermo-responsive chitosan-NP elaboration
(Meng et al., 2013). Fortunately, since the cytotoxicity of this com-
pound was demonstrated, scientific community has strived to find safer
and more biocompatible alternatives such as dopamine, natural and
nontoxic acids (i.e. critic acid, succinic acid, malic acid, tartaric acid),
the naturally occurring genipin (Heimbuck et al., 2019; Lin et al.,
2017) and more recently some polyphenols. In particular, tannic acid
(TA), a polyphenol found in some plants, has been proposed to assist
the cross-linking of polymers giving rise to the formation of pH-sensi-
tive NPs via solvent-free approaches. Additionally, TA has been showed
to endow protein NPs with better resistance to digestion as well as en-
hanced antioxidant activity (Jia et al., 2020; Zou et al., 2017). In
accordance with this, Qin et al. (2019) proposed an interesting strat-
egy for the incorporation of this natural antioxidant into starch parti-
cles by the fabrication of a metal-phenolic network through a simple
and environmentally friendly ultrasonic assisted self-assembly method.

Table 3
Green polysaccharide-based nanoparticles for polyphenol encapsulation

Polymer Method Polyphenol
Encapsulation
efficency Solvent

Stabilization
agent Reference

Water soluble chitosan Simple coacervation
+Us

Retinol 63-76% Ethanol (coacervation
agent)

- (Kim et al., 2006)

Chitosan + Gum Arabic Complex
coacervation

Curcumin 90% Acetic acid (for chitosan
dissolution)

Tween 80 (Tan et al., 2016)

Sodium hyaluronate +soy
phosphatidylcholine

Us+ Ionic
crosslinking

Curcumin 76-79% - - (Manca et al.,
2015a)

TrimethylChitosan chloride/sodium
Hyaluronate

Us+ Ionic
crosslinking

Curcumin 74% - Glycerol (Manca et al.,
2015b)

HPMC+Nutriose Self-assembly Curcumin 91% - - (Catalán-Latorre et
al., 2018)

HPMC: hydroxypropylmethylcellulose, US: ultrasonication.
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Fig. 6. Illustration of the simultaneous elaboration of nanoporous starch aerogels (NSA) and low-crystallinity curcumin nanoparticles via green supercritical carbon dioxide (ScCO2)
(Ubeyitogullari and Ciftci, 2019).

Even TA alone has been used as a nanocarrier for the design of pH-re-
sponsive nanoantibiotics (Abouelmagd et al., 2019).

Unlike covalent crosslinkers ionic ones are usually nontoxic. Alonso
and coworkers were pioneers in applying ionic crosslinking to form
nano-drug delivery systems and, more specifically, exploiting the abil-
ity of tripolyphosphate (TPP), a nontoxic multivalent anion, to form a
gel with the cationic chitosan (Calvo et al., 1997). From then on, TPP
has been the most used ionic crosslinker and a number of studies re-
port the bounties of TPP-chitosan NPs in drug delivery. Other crosslink-
ers include: sodium sulfate, calcium chloride and cyclodextrins (Mosa-
iab et al., 2019). With regard to calcium chloride, Riyajan and Nuim
(2013) used this ionic crosslinker for the elaboration of carboxymethyl-
cellulose and sodium alginate NPs loaded with curcumin. Interestingly,
they showed that the higher the amount of calcium chloride the lower
the aggregation of the NPs.

Aimed at overcoming the tendency to aggregation of polysaccha-
ride-based NPs, surfactants are usually employed. Interestingly, natural
honey with antibacterial and wound healing features, has been recently
used in green ionotropic gelation methods as a stabilizer agent. For in-
stance, Thomas et al. (2020) applied honey for the stabilization of
rifampicin loaded pH-sensitive calcium-cross-linked alginate NPs and
proved its non-toxicity in wistar rats. Similarly, Geetha et al. (2016)
showed the efficacy of honey as a coating agent for the synthesis of
calcium-cross-linked alginate NPs with metal-biosorbent properties. The
ability of honey to stabilize alginate nanoparticles was confirmed with
the spectrophotometry data revealing that only a weak intermolecular
attraction force and no chemical interaction between honey and algi-
nate had taken place. Moreover, they demonstrated that the method was
also useful for the production of chitosan, albumin and casein NPs. Thus,
honey holds great interest for the stabilization of polysaccharide-based
NPs with stickiness and aggregation problems acting as a non-toxic nat-
ural coating agent with the possibility to offer additional pharmacologi-
cal effects (Hixon et al., 2019).

3.3. Synthetic Polymer-based nanomedicines

Beyond naturally occurring biopolymers synthetic ones have gained
special interest in drug delivery mainly due to its ability to mimic nat-
ural biomolecules by multivalent interactions with specific proteins (i.e.
lectins). They are nontoxic, able to avoid gut and liver enzymatic degra-
dation, offer efficient targeting properties and can increase the solu-
bility of the system. Some polymers such as polymethylacrylate need
organic solvents for the dissolution (i.e. ethyl acetate, trichloroethyl-
ene), but more recently certain ionic liquids have been proposed as a
greener alternative (Ali et al., 2015). Copolymers, formed by the ad-
dition of two polymerizable monomers, as well as the polymerization of
copolymers (di-, tri-blocks) have been also proposed as nanomaterials.
Fig. 7A displays a summary of the most common synthetic polymers in
nanomedicine. Above all, polyethyleneglycol (PEG) is the most used for
polymer di-block or triblock elaboration via PEGylation (i.e. PLGA/PEG,
PLGA/PEG/PLGA). PEGylation can be used to reduce immunogenicity
and toxicity, prolong circulation time, change biodistribution and opti-
mize activities. These features along with their ease for surface modifi-
cation and their long circulation time make di-block copolymers favor-
able materials for the design of nanodrug delivery systems. It is worth
noting that despite its synthetic nature, these polymers can be obtained
via green strategies (i.e. enzyme-assisted ring opening polymerization)
from renewable sources (i.e. lactic acid, plant oils) as has been exten-
sively demonstrated by the research group of Kobayashi (2017). Un-
fortunately, few studies report the origin of the polymeric nanomaterial
and thus it is difficult to evaluate the overall greenness of the process.

3.3.1. Production methods
Double emulsion and microfluidics are the most greener approaches

for synthetic-polymer based NPs elaboration. Farokhadz and co-work-
ers synthetized the first polymeric (PLA-PEG diblock) drug loaded NPs
by means of microfluidics and more specifically via hydrodynamic fo
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Fig. 7. Main synthetic polymers used in nanomedicine (A) and green synthesis of Poly (D-L-lactic acid) (PLA) (B) (Kobayashi, 2017).

cusing (Karnik et al., 2008). Despite acetonitrile was still needed for
the preparation of the polymer solution, the quantity was low (5 w/
v %). From then on, their method has been used to produce a wide
range of NPs and even the usually problematic lipid-polymer NPs. Ac-
cordingly, Morikawa et al. (2018) took advantage of microfluidics
mixing to elaborate curcumin-loaded PEGylated PLGA NPs, yielding en-
capsulation efficiencies of around 50%. Among these microengineered
technologies, membrane emulsification has been largely applied for the
production of polymeric micro/nanoparticles via dispersion of a poly-
mer-containing organic solution (dispersed phase) into an aqueous so-
lution (continuous phase) while passing through the pores of a mem-
brane (Piacentini et al., 2018). Composition of the phases and operat-
ing conditions strictly determine the size, uniformity and reproducibility
of the generated droplets as well as the greenness of the method. More
specifically, mild conditions have been strictly correlated not only with
the reduced energy consumption and waste generation but also with the
production of uniform particles (Albisa et al., 2018; Piacentini et al.,
2020). Moreover, according to (Albisa et al., 2018), the commonly
used organic solvents in the dispersed phase (i.e. chloroform or DCM)
can be effectively substituted by the greener and less-toxic solvent ethyl
acetate whilst enhancing the uniform distribution of particle sizes and
the profitability of the overall production process. Supercritical Fluid
Extraction of Emulsions (SFEE) also offers the advantage to form syn-
thetic polymer-based nanoparticles with controlled size and morphol-
ogy allowing the encapsulation of hydrophilic nor lipophilic compounds.
Concerning polyphenols, Tirado et al. (2021) have recently proposed
the formation of hydroxytyrosol-loaded polymer nanoparticles via SFEE.
The authors employed ethyl acetate as solvent and it was almost to-
tally removed from the final product (<50 ppm) thereby accomplish-
ing with the food and pharmaceutical industry limits (5,000 ppm). How-
ever, it should be underlined that SFEE needs an increased amount of
CO2 to remove the organic solvent from the particles and particles are
obtained in an aqueous suspension. Therefore, the major limitations of
this technique are the need for a recycling process to recover CO2 to-
gether with a post-processing step for particle drying which leads to a
non-continuous process hampering its industrial implementation. SAS
has been also proposed for the encapsulation of several polyphenols em-
ploying ethanol as solvent. However, particles often range from nanome-
ter to some microns (Kurniawansyah et al., 2017; Ozkan et al., 2019).
In opposite, SAA, a variation of SAS, allows to effectively control the
particle size while producing dried particles. This technology has been
successfully applied for the protection of hydrophobic polyphenols such
as curcumin and luteolin within poly(vinylpyrrolidone)-NPs while effec-
tively controlling the particle size (below 400 nm) and enhancing the
dissolution rate of the bioactive molecules compared to the unprocessed
compounds (Adami et al., 2017a; Di Capua et al., 2017b).

On the other hand, Carbone et al. (2015) proposed a novel and
simple eco-friendly alternative for the encapsulation of amphiphilic and
hydrophilic drugs in aqueous core surface-modified PLA-nanocapsules.
Particularly, they used a modified version of the conventional phase
inversion temperature (PIT) method which avoided the use of large
amounts of surfactants, employed low energy for heating and circum-
vented organic solvents assistance.

3.4. Lipid-based nanomedicines

Lipid-based drug delivery systems arise as an alternative to overcome
the toxicological and allergenic aspects displayed by polymeric and pro-
tein based carriers. Thanks to their natural-derived lipid composition
they are often endowed with a moderately facilitated regulatory accep-
tance process as well as biodegradable and biocompatible properties.
Moreover, their surface can be engineered to effectively reach the de-
sired targeted tissue/organ (Pyo et al., 2017).

Lipid nanomedicines are commonly classified as a function of its
nanostructure and their historical discovery (Fig. 8). It could be said
that liposomes are the cornerstone of all other lipid-based nanocarri-
ers (Barenholz, 2012; Weissig, 2017). Early after their discovery, a
new generation of cholesterol-based vesicles was developed namely, nio-
somes. Their amphiphilic character allows the accommodation of a va-
riety of drugs for which they offer a number of advantages ranging from
improved oral bioavailability and skin-delivery to enhanced osmotic sta-
bility and activity. Nonetheless, their limited shelf life along with their
ease for drug expulsion led to the search of novel formulations. Partic-
ularly ethosomes together with transethosomes emerged as the second
generation, but involve the presence of high quantities of ethanol in the
final formulation (25-45%). Afterwards, more complex and even inim-
itable structures obtained through solvent-free methods were proposed:
cubosomes and hexosomes. Despite the apparent competitive edges of-
fered by these sophisticated vesicles, there is still a lack of knowledge
on their precise physical properties and cellular behavior, and their
scale-up feasibility has been called into question by the industry (Van
Tran et al., 2019). In respect to the latter, the incorporation of solvents
such as ethanol or ethyl acetate has been proposed to obtain larger vol-
umes (Magana et al., 2019).

On the base of lipid nanoemulsions the first generation of lipid-based
carriers, namely, solid lipid nanoparticles (SLN) was developed (Gasco,
1993; Stefan and Rainer, 1994). The reason why they attracted
so much interest lies in the fact that they did not require organic
solvents for their preparation and were able to remain solid at hu-
man body temperature thus exhibiting high in vivo stability. Despite
this, the true was that they displayed a lower drug loading capacity
than conventional liposomes, mainly because of the restricted solubi-
lization of actives in solid lipids compared to liquid ones. Moreover,
cargo expulsion was evidenced upon storage (Pyo et al., 2017). As a

14



UN
CO

RR
EC

TE
D

PR
OO

F

A. Huguet-Casquero et al. Biotechnology Advances xxx (xxxx) xxx-xxx

Fig. 8. Summary of lipid based nanoparticles and nanovesicles. Adapted from Rostamabadi et al. (2019).

result, Timjidi and Müller introduced a liquid lipid to form the matrix
of the nanocarriers, leading to the invention of the second generation of
lipid NPs: Nanostructured Lipid Carriers (NLCs). The philosophy of these
formulations was to obtain a less ordered lipid matrix as well as the bet-
ter solubility of the cargo within the liquid lipid (Müller et al., 2002,
2011). Shortly afterwards, Müller proposed the third generation of lipid
NPs which were called as Smart Lipids (Ding et al., 2017). These inno-
vative particles were aimed at further increasing the active loading ca-
pacity of lipid nanocarriers by combining up to 10 different solid and/or
liquid lipids to form the carrier core. This chaotic lipid core was shown
to enhance the storage stability of NLCs at room temperature even up to
one year.

In the very early 2000’s, the research group of Benoit (France)
patented the first core-shell lipid nanostructure and its reverse-phase
method of elaboration (Heurtault et al., 2003). The so-called lipid
nanocapsules (LNC), still protected by valid patents (Huynh et al.,
2009), are endowed with high encapsulation efficiencies (>90%) for
several lipophilic and amphiphilic bioactive compounds, and there is no
need for organic solvents for their preparation.

3.4.1. Production methods
Ganesan and Narayanasamy (2017) have recently highlighted the

possibility to tailor lipid nanocarriers preparation techniques towards
green strategies. From an ecofriendly viewpoint, the main limitation
of lipid NPs is the essential need of surfactants to keep an emulsion
with adequate hydrophilic-lipophilic balance which ultimately deter-
mines the size and stability of the particles (Long et al., 2020). Among
the examples of surfactants and co-surfactants lecithin and biliary salts
are the most used. Alcohols such as butanol have been also proposed
but should be discarded due to their toxicity that ultimately humpers
the regulatory process of the product (Müller et al., 2000). Otherwise,
most of the lipid NPs can be obtained through eco-friendly processes
without organic solvents unless indispensable for the dissolution of the
active cargo. A summary of solvent-free methods for the elaboration of
lipid NPs and nanovesicles is given in Table 4.

3.4.1.1. High pressure homogenization (HPH) Cold and hot HPH have
been used for years in the development of SLNs, NLCs and SmartLipids,
and the dispersion step has been also conducted by means of ultra-
sonication (Ding et al., 2017; Gainza et al., 2015; Vairo et al.,
2020). Thanks to its versatility, either hydrophilic nor lipophilic cargo
can be encapsulated by HPH methods yielding high encapsulation ef-
ficiency rates. To enhance the encapsulation efficiency of hydrophilic
compounds, water from the aqueous phase can be replaced by liquids
in which the drug is low-soluble (i.e. oils or PEG). In line with this,
a green HPH method has been proposed for the encapsulation of cur-
cumin (lipophilic and thermosensitive) into NLCs. Briefly, egg phos-
phatidylcholine (solid lipid) was dispersed in a polyol solution (60°C,
15 min) and homogenized by means of HPH (800-1000 bar, 10 min).
Liquid triglycerides were then added and the mixture was passed again
by HPH. Finally, the curcumin solution was included and the blend was
passed again through HPH keeping temperature below 40°C to avoid
thermal degradation of the polyphenol (Akhlaghi et al., 2019). This
process offered a high curcumin-loading efficacy (around 70%) along
with a narrow size distribution of the particles of around 58 nm which
might be further optimized by controlling the number of HPH cycles.
Similarly, Alavi et al. (2019) proposed an interesting eco-friendly
HPH method that prevented the use of organic solvents and surfactants
thanks to the dispersion of the lipid phase into a glycerol or sucrose solu-
tion. This approach could be further applied for the green encapsulation
of lipophilic polyphenols.
3.4.1.2. Hot melt emulsification Lipophilic and hydrophilic phenolic
compounds have been nanoencapsulated by this technology. For in-
stance, Huguet-Casquero et al. (2020b, 2020c) have recently pro-
posed the encapsulation of olive polyphenols (oleuropein) into olive
oil based NLCs via hot melt emulsification. Moreover, they proposed
a green HPLC method for the quantification of the olive polyphenol,
thereby promoting the implementation of Green Nanoscience across the
whole lifecycle of the product development process (Huguet-Casquero
et al., 2020a). Similarly, hot melt emulsification by means of high
shear homogenization in an UltraTurrax followed by ultrasonication
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Table 4
Recent ecofriendly and organic solvent-free studies on polyphenol-loading lipid nanoparticles or applicable to polyphenols.

Nanostructure Method Lipid matrix Surfactants Polyphenol
Encapsulation
efficiency Reference

NLC HPH EGP, MCT Polyol Curcumin 68% (Akhlaghi et al., 2019)
NLC HME-Us Olive oil, Precirol T 80,

Poloxamer
Oleuropein 99% (Huguet-Casquero et al.,

2020b)
SLN Membrane contactor Gelucire 44/14 T 20 none - (Charcosset et al., 2005)
Nanoemulsion Us-emulsification MCT, oil T80 Curcumin - (Kharat et al., 2020)
Nanoliposomes Microfluidics + pH-driven

method
Sunflower lecithin PBS Curcumin, Quercetin,

Resveratrol
100%, 54% and 93% (Peng et al., 2019)

Niosomes Microfluidic mixer Cholesterol T85 or Span 80 Curcumin
(ethanol)

60% (Obeid et al., 2019)

Nanoemulsion HPH Palm oil,
sunflower oil

T20, T 80 Catechins - (Gadkari and Balaraman,
2015)

SLN Hot homogenization Stearic acid NaCas and
pectin

Curcumin - (Xue et al., 2018)

EGP: egg phosphatidylcholine; TPGS: α-tocopheryl polyethylene glycol 1000 succinate; T80/T20: Tween80/20; NaCas: sodium caseinate; SLN: solid lipid nanoparticle; NLC: Nanostruc-
tured lipid carrier; Us: ultrasounds; MCT: medium chain triglycerides; HPH: high pressure homogenization; HME: hot melt emulsification, PBS: phosphate buffer.

has been proposed for the encapsulation of resveratrol in SLNs with-
out the need of organic solvent assistance (Loureiro et al., 2017).As
for lipid nanovesicles, their elaboration is generally associated with the
need of large amounts of hydroalcoholic solutions. In an attempt to
tackle the excessive amount of water used for the elaboration of tran-
spherosomes as well as to reduce the amount of ethanol needed, Man-
coni et al. (2019) recently proposed a novel eco-scalable method in
which the lipid phase (phospholipid, lipophilic flavonoid) is subjected to
two sonication assisted hydration steps with ethanol, propylene glycol,
glycerol and a minimum amount of water (4%).
3.4.1.3. Microemulsion Several modifications have been proposed dur-
ing the last year to Gasco’s method (Gasco, 1993). For instance,
Koziara et al. (2005) used microemulsion precursors (emulsifying wax
+ surfactant) for oil phase preparation. Interestingly, the low melting
points of these precursors allowed to formulate SLNs at mild tempera-
tures and the process was reduced to one step and one container, be-
coming more amenable for large-scale productions.
3.4.1.4. Coacervation In the specific case of lipid-NPs, this inexpensive
method is based on the interaction, at certain temperature, of an acid
solution (coacervation solution) with the oil phase (fatty acid alkaline
salts) in the presence of a specific amphiphilic polymeric stabilizer. In
this way, NPs are formed by simple precipitation after lowering the pH
(~ pH 4) and further cooling (~15°C) (Battaglia et al., 2010). Pre-
liminary studies on the Krafft point of the fatty acid alkaline salt are es-
sential to determine the temperature of the process. Lipophilic polyphe-
nol-loaded SLNs have been elaborated by this method, and the pos-
sibility to add the lipophilic cargo without the need for organic sol-
vent pre-dispersion has been demonstrated (Battaglia et al., 2010;
Clemente et al., 2018; Hao et al., 2012).
3.4.1.5. Phase inversion temperature (PIT) method PIT is the method par
excellence for LNC elaboration. Carbone et al. (2016), have recently
proposed the application of this approach for the encapsulation of al-
pha lipoic acid, an amphiphilic natural antioxidant, in lipid based NPs
and nanocapsules. Interestingly, they showed that coating with cationic
lipids leads to promising delivery systems for the ocular route with high
stability (Carbone et al., 2017).
3.4.1.6. SCF technology SFEE, SAA and SAILA methods have been re-
ported mainly for liposome and SLN elaboration. With regard to lipo-
somes a special technique named Supercritical Assisted Liposome For-
mation (SuperLip) has gained special interest for the encapsulation of
hydrosoluble polyphenols. Basically, a droplet of water is formed and
further surrounded by one or several double layers of natural phospho-
lipids. Nonetheless, ethanol is used needed for phospholipid feed solu

tion preparation. This method has shown to offer good particle size dis-
tributions whereas encapsulation efficiencies might differ from above
90% for theophylline and caffeine, to below 60% for olive polyhenols.
Given the variety of lipid nanoformulation processes that totally circum-
vent the use of organic solvents while effectively encapsulate hydrosol-
uble polyphenols, the choice for SuperLip technique over others should
be properly justified (Trucillo et al., 2018).
3.4.1.7. Spray drying Spray-drying of lipid particles has been largely
employed as a drying process of pre-formed lipid NPs (SLN, NLC, LNC)
for which the main limitation is the melting of the lipid core. Addi-
tionally, when producing lipid nanocarriers via nanospray-drying, an in-
creased amount of organic and hazardous solvents (i.e. chloroform) is
usually necessary to dissolve the lipid phase. Conversely, oil encapsula-
tion into protein or dextrin wall materials via spray drying can be tai-
lored free of organic solvents, but this is beyond the scope of this review
(Alcántara et al., 2019; Arpagaus et al., 2018). Recently, an inter-
esting work reported a novel organic solvent-free method for SLN prepa-
ration via ultrasound-assisted emulsification and further nano-spray dry-
ing which offer superior physico-chemical properties than those ob-
tained with organic solvents (Xue et al., 2017). This work again high-
lights that organic solvent-free processing is not at odds with efficiency.
Furthermore, they also overcame the problematic use of surfactants by
replacing them with others from natural origin (i.e. pectin and NaCas).
Practically, they presented a hybrid method combining the pH-driven
unfolding of NaCas with the emulsification of a solid lipid in the pres-
ence of a surfactant-aqueous phase. This strategy further served for load-
ing several lipophilic compounds such as curcumin, while circumvent-
ing the use of hazardous solvents and non-eco-friendly surfactants (Xue
et al., 2018).
3.4.1.8. Electrospray technique The electrospray technique has been
proposed for the elaboration of SLN and nanoliposomes. As for polyphe-
nols, Reddy et al. (2019) dissolved 200 mg of a drug-lipid blend
(L-phosphatidylcholine, cholesterol, curcumin) in 1 ml of
dichloromethane and passed the mixture through a syringe, sprayed it at
15kV in N2 atmosphere to remove the residual solvent and collected the
resulting particles in phosphate buffer. Despite organic solvent was still
needed for the preparation of the lipid phase, it was in lower amounts
than in conventional solvent-based methods.
3.4.1.9. Membrane contactor SLN, NLC and nanoliposomes can be
formed by this method that circumvents the use of organic solvents
and increased amounts of surfactants. However, to our knowledge, only
seven studies report the encapsulation of bioactive cargo into lipid
nano-sized particles by this technology (Charcosset et al., 2005; Cor
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rias and Lai, 2011; D’oria et al., 2009; Jaafar-Maalej et al., 2011;
Laouini et al., 2011, 2014; Li et al., 2011), which in fact has been
mainly exploited for lipid micro-particle elaboration via microemulsion
membrane techniques (Bazzarelli et al., 2017; Piacentini et al.,
2019). The rationale for this might lie in the difficulty to obtain par-
ticles below ~700 nm which despite being in the nanometer scale are
mainly considered microparticles.
3.4.1.10. Microfluidics Fine-tuned liposomes, SLN, niosomes and PEGy-
lated liposomes have been obtained by several microfluidic approaches.
In an attempt to tackle the superior cost of these particular systems,
Barba et al. (2020) patented a novel device offering semi-continu-
ous and rapid elaboration of large batches of nanoliposomes under mild
conditions whilst minimizing energy waste, costs and time. Recently,
Peng and collaborators proposed the application of a pH-driven method
for the encapsulation of ionizable polyphenols into nanoliposomes by
means of a high pressure microfluidizer (~11,700 bar) that allowed
the avoidance of surfactants and organic solvents (Peng et al., 2019).
Weitz and co-workers also developed a generic, solvent-free one-step mi-
crofluidic double emulsion approach to simultaneously accommodate a
hydrophilic drug (into the core) and a hydrophobic active (within the
shell) with high efficiency that could be further exploited for the encap-
sulation of hydrophilic phenolic acids (Windbergs et al., 2013). The
elaboration of curcumin-loaded niosomes with reduced organic solvent
use and greater encapsulation efficiencies (60%) than conventional elab-
oration methods has been also reported (Obeid et al., 2019).

3.4.2. Stabilization of lipid-NPs
As aforementioned, the addition of surfactants is essential to con-

fer physical stability to the final lipid-NP dispersion and during stor-
age. Aside from this, however, one of the main hurdles for the synthe-
sis of lipid-NPs is the presence of water in the final lipid-NP dispersion
that ultimately leads to the growth of microbes and long-term physi-
cal instability. There are two alternatives toward the preservation on
lipid-NP dispersions: (1) to remove water via drying of the particles,
or (2) to maintain the water content and add preservatives. With re-
gard to the former, freeze drying and spray-drying offer the opportu-
nity to obtain dried lipid particles. Whilst spray-drying is limited by the
melting point of the lipid dispersion that should be generally > 70°C,
when freeze-drying the addition of a cryoprotectant compound to avoid
particle aggregation is imperative. Carbohydrates, hydrosoluble sugars
and certain polymers have been proposed as good cryoprotectant can-
didates. Nonetheless, special attention should be given to the choice of
the proper cryoprotectant since it often impairs the initial properties
of the lipid-NPs. With regard to sugars, trehalose has shown to be the
most suitable to preserve the structure of lipid-NPs after lyophilization
even up to one year (Beloqui et al., 2016; Moreno-Sastre et al.,
2016). Likewise Avicel RC5291, a mixture of polymeric carbohydrates,

has shown to effectively favor the shelf-life of NLCs (Varshosaz et al.,
2012).

On the other hand, when it is preferred to preserve the lipid-NPs
in water dispersion, a preservative agent is added (i.e. benzoic acid,
parabens, aromatic alcohols…). However, these agents can significantly
alter the physical stability of lipid-NPs (i.e. changes in pH, conductivity
modification or surface adsorption leading to particle agglomeration).
Ideally, the preservative should be non-charged, as hydrophilic as possi-
ble, and should have low affinity to the surface of the particles (Obeidat
et al., 2010).

Unfortunately, while several studies can be found in regard to the
physical stability of lipid-NPs there are few of them reporting the mi-
crobiological quality of the nanoformulations which indeed is a critical
factor towards the industrial and clinic scale-up of these nanoparticles.

4. Conclusions and further remarks

Besides regulatory and eco-friendly aspects, the main issue for green-
ing NP preparation concerns their scale up to industrial and clinical
settings. In this vein, the application of the six principles of Green
Nanoscience (Fig. 1) is proposed as a novel strategy to overcome some
of the main challenges of current nanomedicines and nano-food ingre-
dients. Particularly, we have presented the following key aspects that
every researcher in the field of nanotechnology should bear in mind:

(1) Use of natural and/or green nanomaterials obtained from renewable
by-products if possible.

(2) Chose a nanoformulation method that avoids or minimizes the use
of toxic solvents and/or surfactants and/or crosslinkers

(3) Chose minimum operational step based methods for nanoformula-
tion.

(4) Chose mild-conditions based methods if possible.
(5) If stabilizers are needed chose natural and non-toxic ones.
(6) When working with lipophilic drugs, look for alternative solvents

for their dissolution/dispersion.
(7) If organic solvents are imperatively needed chose a nanoformulation

method that ensures the total removal from the product (i.e. super-
critical fluid based methods).

Moreover, despite being beyond the scope of this review,
eco-friendly analytical methods to further study the physico-chemical
properties of NPs should be also addressed under the umbrella of Green
Chemistry. Likewise, sterilization of NPs is a key factor towards the
clinical translation of any nanomedicine which impact on the environ-
ment and the physical stability of the formulation should be carefully
evaluated (Vetten et al., 2014). Naturally, all these recommendations
should be followed in line with the special requirements of each drug/
bioactive type for an optimal therapeutic efficacy.

Fig. 9. Decision-tree for green nanoformulations. (GC/GE: Green Chemistry/Green Extraction).
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All in all, we have highlighted that the concept and principles of
Green Nanoscience must involve the entire lifecycle of NP production.
In this line, we strongly hope that the present review could serve as a
basic guideline for the choice of the most appropriate nanoformulation
method which could promote the future industrialization, clinical scale
up and commercialization of the NPs whilst also ensuring a reduced en-
vironmental impact. In an attempt to facilitate the application of the
Green Nanoscience principles to NP elaboration, a decision tree is given
in Fig. 9.
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