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Preface

The science of today is the technology for tomorrow (Edward Teller).

Natural products are a golden source for drug discovery due to their high chemi-
cal diversity that has been designed by living organisms. However, classical drug 
administration is often poorly efficient. Here, the recent development of nanotech-
nologies has open new routes because nanomaterials have unique properties that 
improve pharmacodynamic and pharmacokinetic properties of active chemicals. 
This book presents recent advances in nanoscience for improving the therapeutic 
efficacy of natural products and discusses lipid nanoarchitectonics, inorganic parti-
cles, and nanoemulsions for delivering natural products.

In Chap. 1, Bilia et al. reviews nanotechnology applications for natural products 
delivery. They also present nanocarriers made of polymers or lipid constituents for 
the delivery of artemisinin, curcumin, andrographolide, resveratrol, honokiol, salvi-
anolic acid B, green tea catechins, and silymarin. In Chap. 2, Gonçalves et al. high-
light the use of biosynthesized nanomaterials as a viable alternative to conventional 
techniques. They also discuss plant extracts as a source of new nanomedicines, act-
ing as an ally or alternative to existing therapies (Fig.  1). In Chap. 3, Saka and 
Chella explore the various delivery options of bioactive molecules and extracts 
using nanocarriers made of polymers, lipids, and inorganic materials. The role of 
nanocarriers for improving therapeutic efficacy is highlighted by case studies.

In Chap. 4, Barradas et al. describe the main aspects of nanoemulsion formula-
tions, type of surfactants and oil phases, and techniques for characterizing nano-
emulsions. They also discuss applications of nanoemulsions for improvement of 
bioactive oil bioavailability and solubilization, masking unpleasant aspects of oils, 
and enhancement of essential oils pharmacological activity. In Chap. 5, Chaudhari 
et al. discuss lipid nanoarchitectonics in natural product delivery for the treatment 
of cancer therapy. In Chap. 6, Meena et al. describe the properties, synthesis, advan-
tages, and toxicities of inorganic particles made of silver, gold, iron oxide, and silica 
and their application for the delivery of natural products. Finally, in Chap. 7, Padhi 
and Behera discuss the delivery of camptothecin for increasing stability and solubil-
ity using novel drug delivery platforms.
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Fig. 1 Plant extracts in 
nanotechnology. Left: 
encapsulation of plant 
extracts to enhance 
therapeutic efficiency. 
Right: green synthesis of 
nanoparticles, during 
which plant compounds 
nucleate and stabilize 
nanoparticles. From Chap. 
2 by Gonçalves et al.
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Chapter 1
Nanotechnology Applications for Natural 
Products Delivery

Anna Rita Bilia, Vieri Piazzini, and Maria Camilla Bergonzi

Abstract Natural products are fascinating molecules in drug discovery for their 
exciting structure variability and for their interaction with various biological targets, 
which represent the best approach to develop successful medications for many dis-
eases. The scarce water solubility, low lipophilicity and inappropriate molecular 
size of many natural compounds, which undergo structural instability in biological 
milieu, rapid clearance and high metabolic rate, have severely limited their use in 
clinic. Nanomedicine represents an excellent tool to increase bioavailability and 
activities of natural products. Generally, nanosized delivery systems provide large 
surface area increasing dissolution properties and can overcome anatomic barriers. 
In addition, passive and active targeting can optimize the performance of the nano-
carriers. Passive targeting takes advantage of the unique pathophysiological charac-
teristics of inflamed and tumor vessels, enabling nanodrugs to accumulate in the 
tissues. The effect is called enhanced permeation and retention, generally obtained 
by the decoration with polyethylene glycol the vector surface. An intriguing strat-
egy is to decorate the nanocarriers with special ligands in order to recognize and 
bind to target cells through ligand–receptor interactions. Although the active target-
ing strategy looks intriguing, nanodrugs currently approved for clinical use are rela-
tively simple and generally lack active targeting or triggered drug release 
components.

In this review different nanocarriers made of polymers or lipid constituents 
mainly based on artemisinin, curcumin, andrographolide, resveratrol, honokiol, sal-
vianolic acid B, green tea catechins, silymarin and other extracts are reported. Each 
nanosystem has its own advantages, disadvantages, and characteristics. Polymeric 
nanoparticles are solid in nature and include nanosphere and nanocapsule. They are 
ideal candidates to enhance the bioavailability of the natural products after various 
routes of administration, principally oral and parenteral, but also nasal and intra- 
ocular, as well as to cross physiological barriers including blood brain barrier. 
Polymeric micelles have high safety, worthy stability and low cost. Polymeric 
micelles are very stable in physiological media with a consequent controlled drug 

A. R. Bilia (*) · V. Piazzini · M. C. Bergonzi 
Department of Chemistry “Ugo Schiff”, Florence, Italy
e-mail: ar.bilia@unifi.it
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release of drugs, while the hydrophilic shell protects the encapsulated drug from the 
external medium and prevents the interaction with plasma components, resulting in 
in vivo long circulating properties. Dendrimers are characterized by low polydisper-
sity, good biocompatibility, able to cross cell barriers via both paracellular and tran-
scellular pathways, very versatile able to carry both lipophilic and hydrophilic drugs. 
Lipid nanocarriers include vesicles, nanocochleates, micelles, solid lipid nanoparti-
cles and nanostructured lipid particles, emulsions with nano scale, including nano-
emulsions and microemulsions. Vesicles include liposomes and niosomes are the 
first nano drug delivery systems that have been successfully translated into real-time 
clinical applications. They are extremely versatile in terms of route of administration 
and characteristics of the loaded drug. Due to their similarity to biological mem-
branes provides unique opportunities to deliver drug molecules into cells or subcel-
lular compartments. Liposomes can be converted to nanocochleates, which are 
unique nanovectors, after treatment with divalent ions, which are very useful for 
both oral and parenteral administration. Solid lipid nanoparticles and nanostructured 
lipid particles are easy to scale-up, low cost of production, relative nontoxic nature, 
biodegradable composition, and stability against aggregation or coalescence. Mostly 
lipid drugs can be loaded in these nanoparticles to avoid extrusion. Nanoemulsions 
and microemulsions are the most interesting nanostructures to essentially increase 
drug loading and enhance bioavailability. They both give reproducible plasma drug 
profile and can also be used for sustained and targeted drug delivery.

Keywords Nanosized delivery systems · Natural products · Polymeric and lipid 
nanosystems · Bioavailability · Efficacy

1.1  Introduction

Natural products from plants, animals, and minerals have represented for millennia 
the only resource to maintain health, for prophylaxis or to cure human and animal 
diseases. Still currently, between 65 and 80% of populations in developing countries 
use medicinal plants as therapeutic remedies for their primary healthcare (Cameron 
et al. 2011).

The tangible importance of natural products to the drug discovery process and 
their possible role in therapy is unquestionable and numerous strong scientific evi-
dences have confirmed the reputation of traditional knowledge suggesting that the 
worldwide natural products’ sources represent a varied pool of key drugs (Bilia et al. 
2014a, b, 2017; 2018a, b). Interestingly, the impact of natural products in the clinic is 
quite marked, about 69% of anti-infective (ca. 195 molecules) are naturally derived or 
inspired. Among the antitumor drugs (ca. 172 molecules), 75% are represented by 
natural products or inspired to them (Newman and Cragg 2012). Natural products still 

A. R. Bilia et al.
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represent a main source of drugs thanks to their enormous structural and chemical 
diversity, which is incomparable by any synthetic libraries (Bilia et al. 2017). In the 
Dictionary of Natural Products, over 300,000 natural products describing the avail-
able chemical, physical and biological properties are reported (Dictionary of Natural 
Products. http://dnp.chemnetbase.com). Natural products are also very attractive mol-
ecules because they can modulate multiple targets activating various signalling or 
functional pathways increasing their therapeutic value against multifactorial and 
complex diseases, especially cancer and diabetes. Conversely, the in vivo perfor-
mance could results limited because of low hydrophilicity and poor intrinsic dissolu-
tion rate, physical or chemical instability. In addition, they may present low absorption, 
scarce biodistribution, first-pass metabolism, poor penetration and accumulation in 
the organs of the body, or trivial targeting efficacy (Bilia et al. 2017, 2018a, b).

1.1.1  Nanotechnologies Strategies to Optimize the Clinical Use 
of Natural Products

Diverse strategies are used to optimise the bioavailability of natural products, 
including the development of semisynthetic compounds or synthetic analogues, the 
production of prodrugs, and the technological approach for the production of appro-
priate formulations (Bilia et al. 2017; 2018a). The latter strategy to optimize the 
biopharmaceutical performance of natural products is the development of suitable 
drug delivery systems, in particular those nano-sized, generally between 50 and 
300 nm up to 1 μ, which correspond from the size of one-half of DNA diameter and 
one eighth of the red blood cell diameter (Fig.  1.1). Some nanosized delivery 

Fig. 1.1 Scale of nature. (Reproduced with permission from Bilia et al. 2017 from Thieme)

1 Nanotechnology Applications for Natural Products Delivery
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 systems have already entered in the clinic because they can offer an advanced 
approach to optimized the therapeutic efficacy targeting definite tissues or organs or 
capable to cross biological barriers with the aim to increase efficacy, safety profile 
and compliance of drugs. An efficacious drug delivery system should possess opti-
mal drug loading, ideal release characteristics, extended shelf-life, with a conse-
quent considerable greater clinic effectiveness and lesser side effects (Bilia et al. 
2017, 2018a).

Different types of nanomaterials can be used to prepare nanocarriers which are 
capable of being loaded with hydrophobic and hydrophilic drugs and generally are 
classified as polymer-based systems and lipid-based systems. Roles of size, shape, 
charge, hydrophobic/hydrophilic character, and surface chemistry of nanocarriers to 
optimize in vivo behaviour including active intracellular delivery and improved 
pharmacokinetics and pharmacodynamics of drugs, modifying some physiological 
parameters, including hepatic filtration, tissue extravasation, tissue diffusion, and 
kidney excretion (Fig. 1.2).

Passive and active targeting is generally obtained modifying the surface of nano-
systems (Fig. 1.3). Nanocarriers are generally recognized as extraneous structures, 
and consequently are opsonized by the reticuloendothelial system, thus decreasing 
the availability of the drug.

Fig. 1.2 Roles of size, shape, charge, hydrophobic/hydrophilic character, and surface chemistry of 
nanocarriers to optimize in vivo behavior including active intracellular delivery and improved 
pharmacokinetics and pharmacodynamics of drugs, modifying some physiological parameters, 
including hepatic filtration, tissue extravasation, tissue diffusion, and kidney excretion. (Reproduced 
with permission from Bilia et al. 2017 from Thieme)

A. R. Bilia et al.
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It has been observed that nanocarriers decorated in the superficial area with 
hydrophilic polymers such as polyethylene glycol are not recognised by the reticu-
loendothelial system obtaining a “stealth effect”, resulting in an enhancement of the 
pharmacokinetic properties of the drug, increasing drug solubility and drug stabil-
ity. In addition, these long circulating nanocarriers can better penetrate that inflamed 
tissues, tumours other pathological conditions in the body, because of the more 
permeable blood vessel walls with respect to the normal tissues and a consequent 
enhanced permeation and retention effect, reaching up to 50-fold accumulation in 
tumours compared to physiological tissues (Fig. 1.4, Bilia et al. 2017, 2018a, b). A 
further approach is to decorate the surface of the nanovectors with diverse elements 
to obtain the active drug targeting, also called ligand-mediated targeting (Fig. 1.3). 
Ligands are selected to target surface molecules or receptors overexpressed in dis-
eased organs, tissues, cells or subcellular domains. Active targeting increases inter-
nalization of drugs without altering the overall biodistribution, because of the 
recognition of the ligand by its target substrate. Various ligands can be used, namely 
small molecules, antibodies, nucleic acids, proteins and peptides. Peptide-targeting 
fragments are ranging from 2 to 50 amino acids. Numerous peptide receptors are 
overexpressed in tumour cells and include luteinizing hormone- releasing hormone, 
bombesin and somatostatin receptor. Peptides can also target integrins, which are 
transmembrane receptors, whose role is vital in the adhesion between cells and sur-
rounding tissues and are generally overexpressed in tumour neovasculature. Small 
molecules such as folic acid and sugars are often used as active targeting, because 
of the small production costs, lack of degradation, low immunogenic properties and 
ease of conjugation to nanocarriers (Bilia et al. 2018a).

Fig. 1.3 Passive and active targeting. (Reproduced with permission from Bilia et al. 2018a from 
Wiley)

1 Nanotechnology Applications for Natural Products Delivery
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1.2  Polymeric Nanocarriers

Nicolas et al. (2013) Polymeric nanocarriers are composed of natural, semisynthetic 
or synthetic polymers, and their selection is mainly based on their biodegradation 
properties, biocompatibility, surface characteristics, in order to develop of new and 
safe carriers with controlled and targeted drug delivery concept.

Natural polymers, also called biopolymers, are obtained from bacteria, fungi, 
animals, and plants, and are mainly represented by polysaccharides and proteins.

Polysaccharides derived from plant kingdom are cellulose, pectin, starch, alginic 
acid, carrageenan, Arabic gum. Those from animal or bacterial origin are chitosan, 
and gums including xanthan, gellan. Nanocarriers based on polysaccharides are 
very suitable for water-soluble or hydrophilic drugs. They are characterised by high 
stability, extraordinary safety, low cost, great biodegradability and no toxicity. 
Several natural proteins are also used to produce nanocarriers and include gelatin, 
casein, albumin and soy proteins hydrolysate. Among the synthetic polymers, poly-
vinyl alcohol, poly-cyanoacrylate alkyl esters, polyglycolic acid, polylactic acid, 
polylactic glycolic acid, and poly(N-vinyl pyrrolidone), are among the most used 
(Bilia et al. 2017, 2018a, b).

Polymeric nanocarriers include nanospheres and nanocapsules, polymeric 
micelles and dendrimers (Fig. 1.5).

Interstitial
space

Interstitial
space

a

b

c

Vascular
pore

Endothelial
cells

Normal

Tumour

Nanoparticles  (    ) are
retained in tumour
tissue while drug in
molecular form  (  )

Endothelial
cells

Receptor mediated
endocytosis using

active targeting

Fig. 1.4 The role of enhanced permeation and retention effects for nanocarrier behavior in healthy 
tissues (a), their accumulation in inflamed or tumor tissues (b), and active drug targeting of nano-
carriers (c). (Reproduced with permission from Bilia et al. 2017 from Thieme)

A. R. Bilia et al.
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1.2.1  Polymeric Nanoparticles

Nanoparticle production is based on chemical reactions of polymerization, or can be 
produced directly from a macromolecule or a preformed polymer. Nanoparticles 
include nanospheres and nanocapsules (Fig. 1.5). Nanospheres are matrix systems 
in which the drug is physically and uniformly dispersed, while in nanocapsules the 
drug is confined to a cavity surrounded by a polymeric membrane. Diverse nanocar-
riers have been formulated in the form of polymeric nanoparticles to increase mem-
brane permeability, bioavailability, to obtain sustained release, or to selectively 
cross barriers, in particular the blood brain barrier.

Injectable nanoparticles formulated monomethoxy polyethylene glycol and poly 
lactide-co-glycolide and co-encapsulated with ginkgolides A, B, C and bilobalide, 
the active components of Ginkgo biloba extract were developed. A mean diameter 
of 123.3 ± 44.0 nm and zeta potential of −30.86 ± 2.49 mV characterised the devel-
oped nanoparticles. The encapsulation efficiency of the total ginkgo terpenes in the 
optimal formulation was 78.84 ± 2.06%, with a loading dose of 11.90 ± 0.31 mg of 
terpenes in 150 mg of polymer. The particles exhibited a sustained and synchro-
nized release of the four components, both in vitro and in vivo. In addition, the half- 
life time of the four terpenoid compounds was also significantly improved after 
their loading into the nanoparticles (Han et al. 2012).

A further example is represented by quercetin encapsulated in polylactic acid 
nanoparticles whose release patterns was studied over a period of 96 h. Within the 
first half hour, 40–45% of the quercetin was released. This quick burst was attrib-
uted to the quercetin at the surface of the particle diffusing into the surroundings. 
Over the next 96 h, the release was slower and reached a maximum of 87.6%. This 
slower release was attributed to the diffusion of the quercetin from deeper within the 
nanoparticle (Kumari et al. 2010).

In a pharmacokinetic study, curcumin loaded in polylactic glycolic acid nanopar-
ticles improved the relative oral bioavailability by 563%, compared to free cur-
cumin. The increased bioavailability of curcumin was due to the inhibition of 

Fig. 1.5 Polymeric nanoparticles. Reproduced with permission from Bilia et al. 2018a from Wiley

1 Nanotechnology Applications for Natural Products Delivery
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P-gp-mediated efflux. The authors tested this hypothesis by adding verapamil, a 
P-glycoprotein inhibitor, to curcumin or curcumin loaded in polymeric nanoparti-
cles. After 120 min of treatment, the remaining curcumin in the jejunum was evalu-
ated. There was no significant difference in the residual curcumin content in the 
presence of verapamil and the values obtained with curcumin nanoparticles without 
the addition of verapamil. Accordingly, it was found that nanoparticles inhibit 
P-glycoprotein, which allows increased drug permeability and bioavailability (Xie 
et al. 2011).

Bioavailability of curcumin loaded in PEGylated polyester nanoparticles was in 
investigated in a Caco-2 cell model. PEG polymers (from 2000 to 5000 Da) and 
polylactic or polylactic polyglycolic acid scarcely modify the transcellular transport 
of nanoparticles. This was optimised using PEG with a molecular weight of 5000 
and polylactic acid with a molecular weight of 40,000, which demonstrated a greater 
drug loading and slower release properties (Song et al. 2013).

Diverse studies suggest that polymeric nanoparticles represent very useful drug 
delivery systems to improve solubility and transport across physiological barriers, 
in particular polymeric nanoparticles are useful drug-delivery systems to cross the 
blood-brain barrier. The blood-brain barrier hinders the passage of systemically 
delivered therapeutics and the brain extracellular matrix limits the distribution and 
durability of locally delivered agents.

Poly alchylcyanoacrylate represent an interesting class of polymers to success-
fully cross blood-brain barrier.

In a recent study, nanoparticles made of poly ethylcyanoacrylate coated with 
polysorbate 80 were developed, and characterised in terms of dimensional analysis, 
polydispersity and zeta potential, morphology, encapsulation efficacy, and loading 
capacity (Grossi et al. 2017). Nanoparticles’ distribution and fate were evaluated 
after intracerebral injection in healthy rats. Furthermore, their ability to reach the 
brain tissues and the lack of their toxicity was demonstrated after systemic admin-
istration in rats. After intracerebral injection in healthy rats, nanoparticles were dis-
tributed within the injected hemisphere and mainly interacted with microglial cells, 
presumably involved in their clearance by phagocytosis. Furthermore, nanoparticles 
were able to pass the blood-brain barrier after systemic administration in rats, and 
the lack of toxicity in C57/B6 mice chronically administered was highlighted 
(Fig. 1.6). Nanoparticles were loaded with salvianolic acid B, the bioactive constitu-
ent from Salvia miltiorrhiza which represents a molecule to prevent degeneration in 
several animal models by various biological mechanisms (Bonaccini et al. 2015), 
with a poor chemical stability and low bioavailability which limits its clinical appli-
cation for central nervous system neuronal injury and degeneration. Encapsulation 
efficacy and loading capacities were 98.70% ± 0.45 and 53.3% ± 0.24, respectively. 
In addition, the nanoparticles were suitable for parental administration because their 
mean diameter smaller than 300 nm, with a polydispersity of 0.04 ± 0.03, and a 
ζ-potential of −8.38 mV ± 3.87. The in vitro release of salvianolic acid B from the 
nanoparticles was sustained and prolonged during 8 h, suitable for a promising clin-
ical application (Grossi et al. 2017).

A. R. Bilia et al.
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A further approach to penetrate blood-brain barrier is the use of albumin nanopar-
ticles. In particular albumin when polymerised results a versatile nontoxic, non- 
immunogenic, biocompatible and biodegradable protein having high binding 
capacity of various natural products and being well tolerated without any serious 
side effects (Bilia et  al. 2018a). A recent publication reported the production of 
albumin nanoparticles without the use of organic solvents to obtain useful drug- 
delivery systems to cross the blood-brain barrier. Human serum albumin nanopar-
ticles have gained considerable attention owing to their high loading capacity for 
various drugs and the fact that they are well tolerated. Two different cross-linking 
methods, the chemical and the thermal ones, were investigated to produce the 
nanoparticles (Bergonzi et al. 2016). Nanoparticles were chemically and physically 

Fig. 1.6 Intracerebral injection of poly ethylcyanoacrylate nanoparticles loaded with loaded with 
the florescent probe and coated with polysorbate 80 and their blood brain barrier crossing abilities 
after systemic administration. (c–j) Double labelling experiments between poly ethylcyanoacry-
late nanoparticles loaded with loaded with the florescent probe and coated with polysorbate 80 
(green) and glial markers GFAP/Iba-1/OX6 (red, arrows) or neuronal NeuN/ChAT antibodies (red) 
plus 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, blue) in injected rats, 7 (c, d, f–j) 
and 14 (e) days after surgery. GFAP- and Iba 1-immunopositive cells (red) with resting morphol-
ogy and no poly ethylcyanoacrylate nanoparticles loaded with loaded with the florescent probe and 
coated with polysorbate 80 (green) signal were detected in PBS-injected rats (a, b, k, l). The lack 
of colocalization between poly ethylcyanoacrylate nanoparticles loaded with loaded with the flo-
rescent probe and coated with polysorbate 80 (green, indicated by the arrows) and the brain vascu-
lar endothelium marker CD34 (red) demonstrated their ability to cross the blood brain barrier after 
an acute i. v. (k) and i. p. (l) administration. (Reproduced with permission from Grossi et al. 2017 
from Thieme)

1 Nanotechnology Applications for Natural Products Delivery
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characterized by dynamic light scattering, transmission electron microscopy, and 
high-performance liquid chromatography coupled with diode array and fluorimetric 
detectors. A first set of studies evaluated the in vivo distribution and the fate of albu-
min nanoparticles in healthy rats, after intracerebral injection. Then the ability of 
formulations to cross the blood-brain barrier and reach the brain tissues was demon-
strated by intravenous and intraperitoneal administration in healthy rats (Fig. 1.7). 
In addition, the toxicity of nanoparticles was excluded by behavioural tests.

The toxicity of the developed carriers was estimated by behavioral tests. 
Nanoparticles were observed to be located in different brain tissues depending on 
the mode of injection, and did not induce an inflammatory response. Behavioral 
tests demonstrated no locomotor, explorative, or cognitive function impairment 
induced by the nanoparticles. Despite the similar results obtained by in vivo tests, 
thermal cross-linking method was consider superior to chemical cross-linking in 
terms of formulation parameters such as a decrease in costs and the time necessary 
for the preparation (Bergonzi et al. 2016).

In a further study, andrographolide the major diterpenoid of the Asian medicinal 
plant Andrographis paniculata having exciting pharmacological potential for 

Fig. 1.7 Crossing blood brain barrier abilities of the albumin nanoparticles prepared with heat 
(HSAT) or chemically synthetized (HSAC) after injection in rats. The lack of co-localization of the 
nanoparticle loaded with a florescent probe (green, arrows) with the brain vascular endothelium 
marker CD34 (red), the brain vascular endothelium marker, indicates the ability of the two nano-
formulations to cross the blood brain barrier after an acute systemic administration. (Reproduced 
with permission from Bergonzi et al. 2016 from Wiley)
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 treatment of neurodegenerative disorders (Casamonti et al. 2019a) was loaded into 
human serum albumin based nanoparticles and poly ethylcyanoacrylate nanoparti-
cles and characterized in terms of size, zeta potential, polydispersity, and release 
studies (Guccione et al. 2017). The ability of free andrographolide and androgra-
pholide loaded in both types of polymeric nanoparticles for their crossing BBB 
properties were investigated using an in vitro BBB model based on human cerebral 
microvascular endothelial cell line (hCMEC/D3). Free andrographolide did not per-
meate the blood-brain barrier model, as also predicted by in silico studies. By con-
trast, albumin nanoparticles improved by two-fold the permeation of andrographolide 
while maintaining the integrity of the cell layer, while poly ethylcyanoacrylate 
nanoparticles temporarily disrupted blood-brain barrier integrity (Guccione 
et al. 2017).

In a successive study andrographolide encapsulated in human albumin nanopar-
ticles was investigated for the distribution in brain and activity effects in TgCRND8 
mice, an Alzheimer’s disease mouse model. Developed nanoparticles had proper 
size (mean size: 159.2  ±  4.5  nm), size distribution (nearby 0.12  ±  0.01) and 
ζ-potential (−24.8 ± 1.2 mV) with a remarkable encapsulation efficiency (more than 
99%). In the step down inhibitory avoidance test, nanoparticles administered to 
TgCRND8 mice significantly improved their performance (p < 0.0001) reaching 
levels comparable to those displayed by wild type mice. In the object recognition 
test, treated and untreated animals showed no deficiencies in exploratory activity, 
directional movement towards the objects and locomotor activity. No cognitive 
impairments (discrimination score) were detected in TgCRND8 mice (p < 0.0001) 
treated with nanoparticles. After acutely i.v. administration or chronical i.p. admin-
istration, nanoparticles were detected in the brain parenchyma of TgCRND8 mice. 
The immunofluorescent analyses evidenced the presence of nanoparticles both in 
the pE3-Aβ plaque surroundings, and inside the pE3-Aβ plaque, indicative of the 
ability of these nanoparticles to cross the BBB and to penetrate in both undamaged 
and damaged brain tissues (Bilia et al. 2019).

Finally, human serum albumin nanoparticles coated with chitosan were devel-
oped as drug delivery systems to be used as nose-to-brain carrier. The mean particle 
sizes was 241 ± 18 nm and 261 ± 8 nm and the zeta potential was −47 ± 3 mV 
and + 45 ± 1 mV for albumin nanoparticles and albumin nanoparticles coated with 
chitosan, respectively. The optimized formulations showed excellent stability upon 
storage both as suspension and as freeze-dried product after 3 months. The mucoad-
hesion properties were assessed by turbidimetric and indirect method. Nanoparticles 
were loaded with sulforhodamine B sodium salt as model drug and the effect of 
chitosan coating properties was investigated by in vitro release studies, permeation 
and uptake experiments using Caco-2 and hCMEC/D3 cells as model of the nasal 
epithelium and blood-brain barrier, respectively. Furthermore, ex vivo diffusion 
experiments were tested using rabbit nasal mucosa and the ability of the formula-
tions to reversibly open tight and gap junctions was explored by western blotting 
and RT-PCR analysing in both Caco-2 and hCMEC/D3 cell (Piazzini et al. 2019a).

1 Nanotechnology Applications for Natural Products Delivery
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1.2.2  Polymeric Micelles

Polymeric micelles are nanostructures (20–200 nm) made up of amphiphilic poly-
mers consisting of block copolymers of hydrophobic and hydrophilic monomer units, 
that spontaneously self-associate in aqueous solution, forming a micelle at concentra-
tions higher than the critical micellar concentration (Fig. 1.5). Generally, the sequence 
of the hydrophilic polymer (A) represents the shell, while the core is formed by an 
hydrophobic polymer (B) arranged to obtain a di-block or a multiblock polymer. The 
most common used hydrophilic portion is represented by polyethylene glycol, while 
poly(D, L)-lactic acid, polypropyleneoxide, poly-caprolactone, and poly(L)-aspartic 
acid. A very common polymers used to prepare micelles are Pluronics (polyoxyeth-
ylene polyoxypropylene block copolymers) (Bilia et al. 2017, 2018a).

Principal advantages of polymeric micelles are their high safety, worthy stability 
and low cost. Polymeric micelles are very stable in physiological media with a con-
sequent controlled drug release of drugs, while the hydrophilic shell protects the 
encapsulated drug from the external medium and prevents the interaction with 
plasma components, resulting in in vivo long circulating properties. Moreover, the 
small particle size prolongs the residence time in blood circulation, bypassing the 
liver and spleen filtration and the glomerular elimination, and enhances cellular 
uptake and the ability to cross epithelial barriers. All these aspects result in increased 
drug bioavailability (Bilia et al. 2017, 2018a).

A study reported the formulation of a polymeric micelle of about 142  nm 
obtained by esterification of oleoyl chloride and polyethylene glycol 400 and loaded 
with curcumin was developed and tested for the inhibition of human 
brain(glioblastoma astrocytoma) cells proliferation, a model of glioblastoma. In 
addition, the sensitivity of adult human bone marrow stromal cells and regular 
human fibroblastic (HFSF-PI3) cell lines to formulations were also investigated. 
The micelle significantly suppressed the proliferation of human brain(glioblastoma 
astrocytoma) cells in a time- and dose-dependent manner, with the half maximal 
inhibitory concentration of 20 μM after 24 h and 48 h, which declined to 10 μM at 
72 h (p < 0.001). Moreover, the viability of human brain(glioblastoma astrocytoma) 
was not affected by free curcumin. Cell viability of adult human bone marrow stro-
mal cells cell line after 24 h of micelle exposure declined to 67% after treatment 
with 25 μM micelle (p < 0.01) and to 35 and 31% after treatment with 30 μM and 
35 μM micelle, respectively (p < 0.001). The viability of regular human fibroblastic 
(HFSF-PI3) cell line was not significantly affected by the micelle treatment and no 
inhibitory effect was detected on these cells (p > 0.05)at the dose of 20 μM; but, at 
25  μM concentration, the viability of the cells decreased to 50% (p  <  0.01). 
Therefore, in concentrations suppressive for cancer cells, no harmful effects con-
nected to micelles were observed in stem cells and normal fibroblast cells, showing 
the safety of this formulation as an anticancer treatment agent on normal cells 
(Tahmasebi Mirgani et al. 2014).

In a further study, Soluplus a polymer constituted of polyvinyl caprolactam 
(57%), polyvinyl acetate (30%) and polyethylene glycol (13%), and soluplus plus 
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containing also d-α-tocopherol polyethylene glycol 1000 succinate, also known as 
vitamin E TPGS (ratio Soluplus/TPGS was 20:1) were employed as amphiphilic 
polymers for the development of micelles able to improve the oral bioavailability of 
poorly water-soluble drugs. Micelles were loaded with increasing amounts of sily-
marin, from 0.5 mg/mL to 4 mg/mL. Micelles loaded up to 3 mg/mL of silymarin 
(encapsulation efficiency >92%) had similar average diameter (ca. 60  nm) and 
homogeneity (polydispersity index ≤0.1) to the empty micelles. Solubility studies 
demonstrated that the solubility of silymarin increased by ca. six-fold when loaded 
into micelles. Micelles avoided silymarin degradation in the gastrointestinal tract 
and showed a slow release of silymarin observed for both types of micelles. The 
potential increase of the intestinal absorption of silymarin was investigated by the 
parallel artificial membrane permeability assay, which confirmed a significant or 
borderline improvement the passive diffusion of silymarin when formulated into 
micelles. Transport studies employing Caco-2 cell line demonstrated that mixed 
micelles statistically enhanced the permeability of silymarin compared to polymeric 
micelles and unformulated silymarin. The study eveidenced that micelles entered 
into Caco-2 cells via energy-dependent mechanisms (Piazzini et al. 2019b).

1.2.3  Dendrimers

Dendrimers are well-defined hyperbranched polymers which form semiglobular to 
globular structures (Fig. 1.5), mostly with a high density of functionalities on the surface 
together with a limited “volume.” Dendrimer originate from the Greek word δένδρον 
(dendron), translated as tree. Diameters of these nanoparticles are generally less than 
10 nm, but can be modulated by varying dendrimer generations (G0, G1, G2, G3 etc.).

The dendrimer is characterised by a central core surrounded by branches of 
repeating units. The surface can be characterised by the presence of functional 
groups, which have a crucial role in dendrimer characteristics. Drug molecules can 
be linked to superficial moieties or loaded in the interior cavities. Diverse polymers 
including polyamidoamine (PAMAM), polyethylenglycol, poly(L-glutamic acid), 
polyethyleneimine, polypropyleneimine, are used to synthetize dendrimers. They 
are nanocarriers with vast benefits including the possibility to select the nanometric 
size range, simplicity of variation by modifying their ends, easy to prepare (Bilia 
et al. 2017; 2018a). In order to avoid bioavailability limits of curcumin, nanoparti-
cles made by a new dendrimer G0.5 based on polyamidoamine was developed. The 
developed dendrimer G0.5 had no cytotoxic effects in breast cancer MCF-7 cells 
and produced spherical NPs of ca. 150 nm. After the loading of curcumin [molar 
ratio G0.5/curcumin 1:1 (formulation 1) and 1:0.5 (formulation 2)], both dendrimers 
were very homogenous. Formulation 1 was further tested for the drug release prop-
erties because the highest encapsulation efficiency and loading capacity. Curcumin 
solubility for both formulations was strongly enhanced (ca. 415 and 150 times more 
soluble than aqueous solubility for formulation 1 and 2, respectively (Falconieri 
et al. 2017).
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1.3  Lipid Nanocarriers

Lipid-based nanocarriers are based on lipids, natural glycerides, waxes or long 
chain fat acids or alcohols or diverse synthetic molecules represented by glycerides, 
sterols, aliphatic molecules, long chain acids or alcohols or their esters. Surfactants 
from natural (mainly lecitins) or synthetic origins are also included in the formula-
tions. Generally, excipients are carefully chosen from food excipients, which are 
marketed under the denomination “Generally Recognized As Safe” (GRAS).

Lipid nanocarriers include vesicles, nanocochleates, micelles, solid lipid 
nanoparticles (SLN) and nanostructured lipid particles (NLC), emulsions with nano 
scale, including nanoemulsions and microemulsions (Fig.  1.8). Vesicles include 
liposomes and niosomes and are obtained using amphiphilic lipids, phosphatidyl-
choline derivatives and non-ionic surfactants. Liposomes can be converted to nano-
cochleates, which are unique nanovectors, after treatment with divalent ions (Bilia 
et al. 2018a).

1.3.1  Micro and Nanoemulsions

Nanoemulsions and microemulsions are formulated with an oil phase, an aqueous 
phase, a surface active agent and probably a co-surfactant (McClements 2012). 
Microemulsions are defined as homogeneous thermodynamically stable transparent 
dispersions of two immiscible liquids stabilized by an interfacial film of surfactants. 
They have droplet size above 100–500 nm and require very low energy to formulate 

Fig. 1.8 Lipid nanoparticles. (Reproduced with permission from Bilia et al. 2018a from Wiley)
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emulsion, since they form spontaneously when aqueous, oil, and amphiphilic com-
ponents are brought into contact, besides having a lower production cost compared 
to nanoemulsions. They are characterised by three systems, thus in addition to oil in 
water and water in oil emulsions, a unique biphasic system called “bicontinuos 
systems” can be also formulated (Fig.  1.8). Nanoemulsions are non-equilibrium 
systems with a spontaneous tendency to separate into the constituent phases, pre-
pared using lower surfactant concentrations than microemulsions. They have drop-
let covering the size range of 20–500 nm and referred to as miniemulsions, ultrafine 
emulsions, and submicrometer emulsions (Bilia et al. 2017; 2018a). Although both 
nanoemulsions and microemulsions show long-term stability, microemulsions are 
much more sensitive to environmental changes, such as temperature, ionic strength, 
composition (adding/removing molecules to/from the aqueous continuous phase). 
A drawback when comparing to nanoemulsions, is that microemulsion formation 
requires the use of relatively large amounts of surfactant, i.e., their loading capacity 
is significantly lower than this of comparable nanoemulsion delivery systems, espe-
cially when using triglycerides as the dispersed oil phase (McClements 2012). A 
further and very successful approach to improve the solubility, chemical stability, 
and oral bioavailability of poorly water soluble molecules is self-microemulsifying 
drug delivery systems. They are defined as isotropic mixtures of oil, surfactant, 
cosurfactant and drug, which form oil-in water microemulsion with droplet size less 
than 100 nm when exposed to aqueous media with gentle agitation or motility of 
gastrointestinal tract (Kang et al. 2004). Different studies are present in the litera-
ture about the application of micro/nanoemulsion to deliver the natural compounds 
and recently some researches are concerning the formulation also of the plant 
extracts due to the high versatility of the formulations.

Astaxanthin, as other carotenoids, has a very low absorption by the human body 
due to its low water solubility, and it is quite unstable to high temperature, pH 
changes, oxygen and light, limiting its use. The formulation of astaxanthin in oil-in- 
water nanoemulsions using gypenosides (a natural mix of triterpenoid saponins 
from Gynostemma pentaphyllum) as natural emulsifiers was investigated and com-
pared with a synthetic emulsifier, Tween 20 (Chen et al. 2018). Gypenosides pro-
duced nanoemulsions with a volume mean diameter (125  ±  2  nm), which was 
similar to those prepared using Tween 20 (145 ± 6 nm). In addition, gypenosides 
was able to protect the oil droplets from coalescence during thermal processing at 
elevated temperatures for 30  min, even if the rate of astaxanthin degradation 
increased with increasing temperature. All nanoemulsions showed excellent stabil-
ity when stored at 5 °C and 25 °C for at least 30 days, regardless of emulsifier type. 
Gypenosides provided better protection against astaxanthin degradation than did 
Tween 20, probably due to the free radical scavenging ability of gypenosides (Chen 
et al. 2018).

Oil-in-water astaxanthin-loaded nanoemulsions were also prepared using gin-
seng saponins as natural emulsifiers (Shu et al. 2018). An oil phase (5% w/w) was 
obtained by dispersing 2% w/w of astaxanthin in soybean oil. The aqueous phase 
(95%) was prepared by dissolving saponins (0.08–1.2%, (w/w) in water. Saponins 
were capable of producing nanoscaled droplets (mean values were ca. 125 nm). The 
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droplet size of the nanoemulsions decreased with increasing emulsifier concentra-
tion and homogenization pressure. The nanoemulsions were stable without droplet 
coalescence against thermal treatment, and over a narrow range of pH values (rang-
ing from 7 to 9) but not in acidic conditions (pH range from 3 to 6) and in the pres-
ence of salt (Shu et al. 2018).

β-Carotene is as another important carotenoid with high instability and low oral- 
bioavailability. A formulation based on tea polyphenols and β-carotene was devel-
oped. It was an oil-in-water nanoemulsion with the core oil phase containing the 
carotenoid and the water phase containing tea polyphenols (Meng et al. 2019). The 
polyphenol extracts from green tea contained 20.04% of (−)-epigallocatechin, 
11.17% of (−)-epicatechin gallate, 3.37% of (−)-epicatechin, 2.13% of (−)-gallo-
catechin gallate, 1.98% of (−)-gallocatechin and 0.51% of (+)-catechin. Corn oil 
was used as oily phase. During storage at three different temperatures (4, 25 and 
35 °C), the nanoemulsion had a better stability and higher retention rate of β-carotene 
than the nanoemulsion containing only β-carotene. An in vitro simulated digestion 
assay indicated that the β-carotene recovery rates of the nanoemulsion containing 
also the tea polyphenols at digestion phases I and II were significantly increased 
compared to the nanoemulsion containing only the carotenoid. An in vivo absorp-
tion study showed that the nanoemulsion contain the tea polyphenols showed a 
higher conversion from β-carotene to vitamin A compared to the nanoemulsion con-
taining only the carotenoid (Meng et al. 2019).

An oil-in-water nanoemulsion containing capsaicin used for management of pain 
and inflammatory disorders, was prepared using Tween 80 and Span 80 as non-ionic 
surfactants, ethanol as co-surfactant, olive oil as oil phase and water as external 
phase (Ghiasia et al. 2019).

The formulation had a droplet diameter of 13–14 nm and was stable for more 
than 8 months at both 4 °C and 45 °C. The nanoemulsion was then formulated into 
topical cream and gel to compare its efficacy and safety profiles with conventional 
cream of capsaicin. Carbopol® was selected as gel matrix base, while the cream 
base consisted of cetyl alcohol, cholesterol, liquid paraffin, soft paraffin and bees-
wax. Both formulations contained 0.075 w/w of capsaicin.

Skin irritation study showed that topical application of capsaicin nanoemulsion 
was safe and no sign of oedema or erythema was observed. The preparation signifi-
cantly decreased inflammation of rats paw oedema compared to the conventional 
formulations and control group. Capsaicin nanoemulsion loaded in gel with showed 
very good resistance to the pain caused by heat stimulus in rats (Ghiasia et al. 2019).

Curcumin as other lipophilic small molecules, has a low hydrophilicity and 
intrinsic dissolution rate(s), low physical and chemical stability, rapid metaboliza-
tion with low nanomolar levels of the parent compound and its glucuronide and 
sulphate conjugates found in the peripheral or portal circulation, low absorption, 
poor pharmacokinetics and bioavailability, and low penetration and targeting effi-
cacy (Bilia et al. 2017). Three microemulsions were developed and characterized, 
stabilized by non-ionic surfactants macrogolglycerol ricinoleate (Cremophor EL), 
polysorbate 20 (Tween 20), polysorbate 80 (Tween 80), or lecithin and contained a 
variety of oils, namely, olive oil, wheat germoil, and vitamin E. The oral absorption 
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of curcumin microemulsions was investigated in vitro using parallel artificial mem-
brane permeability assay. The optimal formulation consisted of vitamin E 
(3.3  g/100  g), Tween 20 (53.8  g/100  g), ethanol (6.6  g/100  g), and water 
(36.3 g/100 g), obtaining a percentage of permeation through the artificial mem-
brane of about 70% (Bergonzi et al. 2014).

In a further study, nanoemulsions containing 0.5% w/w corn oil containing 0.4% 
w/w curcumin, sodium-alginate (1.0% w/w) and 0.5, 1.0 or 2.0% w/w of surfactant 
(Tween 20, lecithin or sucrose monopalmitate), were developed (Artiga-Artigas 
et  al. 2018). Nanoemulsions showed particle sizes ≤400  ±  3  nm and effectively 
reduced droplets interfacial tension with negative ζ-potential values (≤ − 37 mV), 
regardless the concentration of surfactant. Nanoemulsions with 2.0% w/w lecithin 
were stable during 86 days of experiment, whereas those containing Tween 20 or 
sucrose monopalmitate at the same concentrations were not stable after 5 days or 
along 24 h, respectively (Artiga-Artigas et al. 2018).

A study by Machado et  al. (2019) developed a curcumin-nanoemulsion to be 
used as a photosensitizing agent in photodynamic therapy in an in vitro breast can-
cer model, breast cancer MCF-7 cells. The nanoemulsion containing 0.1 mg/mL 
showed an efficient internalization in the fibroblast and adenocarcinoma mammary 
line, as well as absence of cytotoxicity. The oil phase was prepared containing 
medium-chain-triglycerides and natural soy phospholipids. Poloxamer 188 was 
used as an anionic surfactant. The physical parameters of NE were: size 199 ± 0.2 nm; 
Zeta potential −46.3 (mV) polydispersity index 0.179. Curcumin had phototoxic 
effects, significantly decreased the proliferation of breast cancer MCF-7 cells and 
stimulating the reactive oxygen species production in combination with photody-
namic therapy (Machado et al. 2019).

Green tea catechins (Polyphenon 60) and caffeine were encapsulated in a micro-
emulsion to obtain synergistic antibacterial activity against selected pathogens 
(Gupta et al. 2014). Combination of two natural compounds would advocate two 
different mechanisms on the bacterial growth thereby providing for better antibacte-
rial activity. Thermodynamically stable microemulsion was developed by using 
Labrasol as an oil phase, Cremophor EL as surfactant, and glycerol as cosurfactant. 
The combination of the above two natural compounds was proficient in lowering the 
MICs of individual agents. Higher antimicrobial effect of microemulsions can be 
attributed to the formation of nanodrops that increase the surface tension and thereby 
force themselves to merge with the lipids present in the bacterial cell membrane. 
Results of 2,2-diphenyl-1-picrylhydrazyl assay indicated that microemulsion 
 system preserved the long term antioxidative potential of P60 and caffeine (Fig. 1.9). 
The cytotoxicity of the optimized formulation on Vero cell line by MTT assay was 
found to be nontoxic to mammalian cells (Fig. 1.10).

I a further study, mangiferin nanoemulsions were developed using hyaluronic 
acid of different molecular weights, in absence or presence of Transcutol-P 
(Pleguezuelos-Villa et al. 2019). Mangiferin (1%) and glycerine (3%) were added to 
distilled water in a glass tube in absence or presence of hyaluronic acid (1%) to 
obtain aqueous phases. Lipoid® S75 (5%), polysorbate 80 (1%), tocopherol (0.1%) 
and almond oil (10%) were also mixed with or without Transcutol-P (4%) to obtain 
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Fig. 1.9 Antioxidative effect of the aqueous green tea extract plus caffein, loaded in the micro-
emulsion, and placebo via 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. Data are represented as 
percentage of inhibition with respect to control. Mean values of three independent experiments and 
S.E. are shown. ∗∗Significant at P < 0.005. (Reproduced with permission from Gupta et al. 2014 
from Hindawi)

Fig. 1.10 Cytotoxicity analysis of the aqueous green tea extract plus caffein, loaded in the micro-
emulsion, and placebo on Vero cell lines after 24 hrs via MTT assay. Data are represented as per-
centage of Vero cell viability. Mean values of three independent experiments and S.E. are shown. 
(Reproduced with permission from Gupta et al. 2014 from Hindawi)
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the oil phases. Mangiferin release depended on the molecular weight of the hyal-
uronic acid. Permeability assays on pig epidermis showed that nanoemulsions con-
taining low molecular weight hyaluronic acid had an improved permeation, being 
this effect more pronounced in nanoemulsions with Transcutol-P. Administration of 
mangiferin nanoemulsions on inflamed skin mice model provided an attenuation of 
oedema and leucocyte infiltration (Pleguezuelos-Villa et al. 2019).

Recently, Piazzini and coworkers (Piazzini et al. 2017a, Piazzini et al. 2017b) 
focused the studies on the development of innovative oil in water nanoemulsions to 
improve the solubility and the oral absorption of Vitex agnus-castus and Silybum 
marianum extracts. Physical characterization showed droplets’ dimensions from 10 
to 20 nm. Solubility of the extracts was improved considerably respect to water 
(about 10 times in the case of Vitex agnus-castus and about 100 times in the case of 
Silybum marianum). The optimized formulation of Silybum marianum contained 
40 mg/mL of commercial extract (4% w/w) and it was composed of 2.5 g labrasol 
(20%) as the oil phase, 1.5 g cremophor EL as the surfactant, and 1 g labrafil as the 
cosurfactant (mixture surfactant/cosurfactant, 20%). Physical and chemical stabili-
ties were assessed during 40 days at 4 °C and 3 months at 25 °C. Stability in simu-
lated gastric fluid followed by simulated intestinal conditions was also assessed. In 
vitro permeation studies performed using parallel artificial membrane permeability 
assay and Caco-2 cell lines showed a pronounced permeability, in respect to a satu-
rated aqueous solution (Piazzini et al. 2017b). The composition of the nanoemul-
sion loaded with Vitex agnus-castus was triacetin as oil phase, labrasol as surfactant, 
cremophor EL as co-surfactant and water, containing 60 mg/mL of extract. Droplets’ 
average diameter was 11.82 ± 0.125 nm and a polydispersity index of 0.117 ± 0.019. 
A prediction of oral absorption of the extracts loaded in the microemulsions was 
tested in vitro using different models such as parallel artificial membrane permea-
bility assay and Caco-2 cell line as reported in Fig. 1.11. These studies clearly dem-
onstrated that developed drug delivery systems increased the permeation of the 
main constituents of the extracts compared to the aqueous solutions (Piazzini 
et al. 2017a).

A microemulsion system was developed and investigated to increase the solubil-
ity and the absorption of Salicis cortex extract (Piazzini et al. 2018a). The optimized 
microemulsion consisted of 2.5 g of triacetin, as oil phase, 2.5 g of tween 20 as 
surfactant, 2.5 g of labrasol as co-surfactant and 5 g of water. The developed formu-
lation appeared transparent, the droplet size was around 40 nm and zeta potential 
values ranged from −11 to −14 mV, indicating that developed microemulsion were 
negatively charged. Microemulsion increased considerably the solubility of sali-
cylic derivatives and flavanones respect to water (about 3.6 times for salicylic 
 derivatives and about 2 times for flavanones). The maximum loading content of 
Salicis cortex extract resulted 40 mg/mL. The developed formulations were stable 
during the storage period and they were able to prevent the degradation of loaded 
molecules. In vitro parallel artificial membrane permeability assay and Caco-2 tests 
proved that the microemulsion was successful in enhancing the permeation of 
extract compounds (Piazzini et al. 2018a).
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Zhang et  al. (2012a) reported the preparation of self-microemulsifying drug 
delivery systems in sustained release pellets to enhance the oral bioavailability of 
puerarin. Castor oil was used as the oil phase, Cremophor EL as the emulsifier, and 
1,2-propanediol as the co-emulsifier. The pharmacokinetic profile and bioavailabil-
ity of the puerarin loaded in the innovative formulation and conventional tablets of 
puerarin were compared in beagle dogs. The absolute bioavailability of the puerarin 
in the nanoformulation was enhanced by 2.6-fold compared with that of the tablet. 
The relative bioavailability of the nanoformulation was 259.7% compared with the 
conventional tablet group (Zhang et al. 2012a).

Quercetin has been formulated into self-microemulsifying drug delivery systems 
to improve its oral bioavailability and antioxidant potential. The formulation was 
optimized using 40:40:20 w/w of Capmul MCM:QT (19:1)/Tween20/ethanol and 
showed a rapid internalization within 1 h of incubation with Caco-2 cells and a 
significant increase in cellular uptake by 23.75-fold in comparison with free querce-
tin cultured with Caco-2 cells. Five-fold enhancement in oral bioavailability com-
pared to free quercetin suspension was found (Jain et al. 2013).

Baicalein, is another poor bioavailable flavonoid which was formulated in self- 
microemulsifying drug delivery systems using Cremophor RH40 (53.57%) as sur-
factant, Transcutol P (21.43%) as cosurfactant, and caprylic capric triglyceride 
(25%) as oil. The drug release rate of self-microemulsifying drug delivery systems 
was significantly higher than that of the baicalein suspension. The in vivo studies 
showed that the absorption of baicalein from SMEDDS resulted in about 200.7% 
increase in relative bioavailability compared with that of the baicalein suspension 
(Liu et al. 2012).

Recently, Guccione et al. (2018) reported the formulation two microemulsions 
and two self-microemulsifying drug delivery systems based on a complex commer-

Fig. 1.11 Comparative PAMPA permeability: micrograms of total flavonoids (F) and iridoids (I) 
of extract of VAC permeated from nanoemulsion (NE) and from saturated aqueous solution (W). 
Average values ± S.D. of experiments carried out in triplicate are presented. ∗ p < 0.05. (Reproduced 
with permission from Piazzini et al. 2017a from Taylor & Francis)
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cial mixture containing a CO2 extract of Serenoa repens and two hydrophilic 
extracts: nettle root and pineapple stem. For both formulations stability in simulated 
gastric fluid and intestinal media was substantiated. In vitro parallel artificial mem-
brane permeability assay evidenced an increased mucosal permeation when the for-
mulations where compared with the raw mixture of the different extracts. In 
particular, for a microemulsion a 30–70% passive absorption after oral administra-
tion was predicted (Guccione et al. 2018).

1.3.2  Vesicles

Bingham first reported vesicles of natural origin, based on phospholipids in 1965. 
They are characterised by the presence of amphiphilic molecules represented by 
natural or synthetic phospholipids or non-ionic surfactants, and accordingly they are 
denominated liposomes or niosomes (Fig. 1.8). Many advantages are reported for 
vesicles over the other types of nanocarriers because both hydrophilic and hydro-
phobic drugs can be easily encapsulated due to an aqueous compartment and lipo-
philic bilayer. Advantages are numerous, enhanced bioavailability of drugs, delayed 
elimination of rapidly metabolizable drug, prolonged circulation life time of drugs, 
targeted delivery of drugs, increased stability and decreased toxicity issues of cer-
tain drugs. Disadvantages and limits are represented by their leaky in nature leading 
to premature drug release, poor encapsulation efficiency for hydrophilic drug, quite 
expensive and short half-life (Bilia et al. 2014a, b, 2017, 2018a).

Structure of vesicles is spherical, made of natural or synthetic phospholipids 
(mainly phosphatidylcholine) and cholesterol that acts as a fluidity buffer. Although 
cholesterol do not participate in bilayer formation, it can be added to phosphatidyl-
choline up to 1:1 or even 2:1 molar ratio of cholesterol to phosphatidylcholine. 
Liposomes represent the utmost investigated nanocarriers (size ranging from 20 nm 
to several μm), and exhibit numerous benefits, principally high biocompatibility, 
and easy access to surface decoration in order to obtain passive and active targeting 
(Bozzuto and Molinari 2015).

An in vivo study reported the liposomal formulation of verbascoside to enhance 
the chemical stability by preventing its hydrolysis. The mean particle size of the 
liposomes prepared was found to be around 120 nm with a polydispersity index 
< 0.2. About 83% of encapsulated verbascoside was released from the liposomes 
within 24 h in an in vitro release test. The optimized drug delivery formulation was 
tested in the paw pressure test in two animal models of neuropathic pain: a periph-
eral mononeuropathy was produced either by a chronic constriction injury of the 
sciatic nerve or by an intra-articular injection of sodium monoiodoacetate. The per-
formance of the liposomal formulation was compared with that of the free drug. For 
evaluating the paw pressure test in chronic constriction injury rats, a liposomal for-
mulation administered i. p. at the dosage of 100 mg/kg showed a longer lasting anti-
hyperalgesic effect in comparison with a 100-mg/kg verbascoside saline solution, as 
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well as in the sodium monoiodoacetate models. The effect appeared 15 min after 
administration and persisted for up to 60 min (Isacchi et al. 2016).

Naringenin was loaded liposome for pharmacokinetic and tissue distribution 
studies in animal models. The liposomal carrier consisted of phospholipid, choles-
terol, sodium cholate, and isopropyl myristate. It had a suitable particle size, zeta 
potential, and encapsulation efficiency (70.53  ±  1.71  nm, −37.4  ±  7.3  mV, and 
72.2 ± 0.8%, respectively). The in vitro release profile of naringenin from the for-
mulation in three different media (HCl solution, pH  1.2; acetate buffer 
solution,pH 4.5; phosphate buffer solution, pH 6.8) was significantly greater than 
the free drug. The studies with mice also revealed an increase in AUC of the 
naringenin- loaded liposome and approximately 13.44-fold increase in relative bio-
availability was observed in animals after oral adiministartion. Studies of tissue 
distribution assessed that the drug was predominantly distributed in the liver (Wang 
et al. 2017).

An extensive study was carried out using diverse natural products with anti- 
inflammatory activity, including thymol, carvacrol, pterostilbene, N-(3- 
oxododecanoyl)-l-homoserine lactone, resveratrol, caffeic acid, and caffeic acid 
phenethyl ester, loaded in PEGylated liposomes to enhance their stability, solubility, 
and bioavailability. The study displayed that 3-oxo-C(12)-homoserine lactone and 
stilbene derivatives can be loaded into liposome with extraordinary percentages 
(50–70%), allowing the parental use of these molecules. In particular, resveratrol 
chemical stability was enhanced preventing the inactivation of molecule activity 
because a cis-trans isomerization. The loading of 3-oxo-C(12)-homoserine lactone 
and resveratrol in liposomes also increased their antitumor properties, inhibiting 
tumour growth for approximately 70% in mice (Coimbra et al. 2011).

In a further study, PEGylated liposomes were developed as drug carriers for 
parental administration of Salvianolic acid B in order to increase the poor chemical 
stability and bioavailability. Both conventional and long circulating liposomes 
loaded with salvianolic acid B were developed. These carriers were submitted to 
pharmacological studies using the paw pressure test in an animal model of neuro-
pathic pain where a peripheral mononeuropathy was produced by a chronic con-
striction injury of the sciatic nerve. Salvianolic acid B was effective against 
mechanical hyperalgesia when administered intraperitoneally at a dose of 100 mg/
kg, 15 min after administration. According to the in vivo studies, encapsulation, 
especially into PEGylated liposomes, increased and prolonged the antihyperalgesic 
activity 30  min after i.p. administration and the effect was still significant after 
45 min (Isacchi et al. 2011a).

A series of studies to compare the performance of conventional and long circu-
lating liposomes have been carried out using artemisinin, the unique sesquiterpene 
lactone with an endoperoxide moiety isolated from Artemisia annua L.

In a first research, artemisinin was loaded in conventional and PEGylated (long 
circulating) liposomes to investigate the biopharmaceutical properties of the two 
formulations. Vesicles were purified by dialysis, obtaining an encapsulation efficacy 
higher than 70%, and mean diameters in the range from 130 to 140  nm. 
Pharmacokinetic parameters of the vesicles were investigated in healthy mice i.p. 
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Unformulated artemisinin was quickly cleared from plasma and its detection after 
1 h after administration was difficult. By contrast, when both liposomal formula-
tions were administered, artemisinin was measurable after 3 and 24 hours for con-
ventional and long circulating liposomes respectively. AUC (0–24 h) values were 
improved by ca. six times in both formulations, when compared with unformulated 
artemisinin. Its half-life was improved more than five-fold when PEGylated lipo-
somes were administered (Isacchi et al. 2011b).

The therapeutic efficacy of the PEGylated liposomes loaded with artemisinin or 
artemisinin plus curcumin were investigated in vivo for the antimalarial activity. 
Formulations were evaluated in Plasmodium berghei NK-65 infected mice treated 
with artemisinin at the dose of 50 mg/kg/days alone or artemisinin plus curcumin, 
administered at the dosage of 100 mg/kg/days. When unformulated artemisinin was 
administered to infected mice, the parasitaemia decreased only 7  days after the 
beginning of the treatment. By contrast, treatments with artemisinin-loaded in con-
ventional liposomes, artemisinin-curcumin loaded in conventional liposomes, arte-
misinin loaded in PEGylated liposomes, artemisinin-curcumin loaded in PEGylated 
liposomes had an immediate antimalarial effect. Nanoencapsulated artemisinin and 
artemisinin plus curcumin formulations cured all infected mice. Additionally, all 
formulations had a reduced variability of artemisinin plasma concentrations. In par-
ticular, artemisinin loaded in PEGylated liposomes gave the most noticeable and 
statistically significant antimalarial activity (Isacchi et al. 2012).

Dihydroartemisinin, a metabolite of artemisinin, is reported as an effective anti-
cancer compound, but the molecule is scarcely water-soluble with poor bioavail-
ability and short half-life (34–90 min). Accordingly, conventional and PEGylated 
liposomes were loaded with dihydroartemisinin and tested in cancer cells. 
Encapsulation efficiency was high for both conventional liposomes (71%) and 
PEGylated ones (69%). Physical and chemical stabilities were good under storage 
conditions or when added to albumin. It was found that cellular uptake of PEGylated 
liposomes was less than the uptake of conventional liposomes, probably due to 
hydrophilic steric barrier of PEG chains. Cytotoxicity studies were evaluated in the 
breast cancer MCF-7 cell line, which confirmed the lack of toxicity in blank formu-
lations (Righeschi et al. 2014).

Leto et al. (2016) have tested artemisinin loaded in transferrin-conjugated lipo-
somes, comparing their performance with artemisinin loaded in PEGylated lipo-
somes. Both cell uptake and cytotoxicity studies of the nanoformulations were 
investigated in the human colon carcinoma (HCT-8) cell line, because of transferrin 
receptor overexpression. The studies established the improved delivery of artemis-
inin at the human colon carcinoma (HCT-8) cell line from the carrier decorated with 
transferrin compared with long-circulating liposomes performance. The benefits of 
using transferrin are that it is very biocompatible due to non-immunogenicity, it can 
be easily conjugated to diverse NPs. Consequently, artemisinin was loaded in trans-
ferrin conjugated liposomes, and stealth liposomes. Cell uptake and cytotoxicity of 
both liposomes were tested in the human colon carcinoma (HCT-8) cell line, 
selected among several cell lines because of the overexpression of transferrin recep-
tor. The study revealed an increased delivery of artemisinin from transferrin conju-
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gated liposomes in comparison with stealth liposomes. An improved cytotoxicity 
was also evidenced as a result of the presence of iron ions which gave a synergistic 
activity (Leto et al. 2016).

Chitosan-coated liposomes containing curcumin well as curcumin loaded anionic 
liposomes were also evaluated (Cuomo et al. 2018). Values of diameter, polydisper-
sity index and surface charge for curcumin loaded anionic liposomes were 129 nm, 
0.095 and −49 mV, respectively. Anionic liposomes and chitosan-coated liposomes, 
were tested for in-vitro digestion tests. The digestion model used simulates the food/
beverages ingestion from mouth to the small intestinal phase. In every digestion 
compartment, the collective surface charge was measured. It was demonstrated that 
chitosan-coated liposomes in the mouth phase interact with mucin because mucin is 
negatively charged at the mouth pH. After chitosan-coating, diameter and polydis-
persity index remain unvaried while the surface charge gets positive. Slightly higher 
curcumin concentrations were found after the mouth and the stomach digestion 
phases when curcumin was loaded in anionic liposomes. On the contrary, after the 
intestinal phase, a higher percentage of curcumin was found when chitosan-coated 
liposomes were used as carrier, both in the raw digesta and in the bile salt micellar 
phase (Fig. 1.12). It was shown that the presence of a positively charged surface 
allows a better absorption of curcumin in the small intestine phase, which increases 
the overall curcumin bioavailability (Cuomo et al. 2018).

Fig. 1.12 Variation of curcumin content in liposomes (grey) and chitosan-coated liposomes (red) 
during the digestion phases. (Reproduced with permission from Cuomo et al. 2018 from Elsevier)
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In a further study, different pluronics (F127, F87 and P85) were used as modifi-
ers to improve the stability and bioaccessibility of curcumin liposomes (Li et al. 
2018). The particle size and polydispersity index of liposomes containing pluronics 
was significantly lower than conventional liposomes. In vitro release studies dem-
onstrated that 73.4%, 63.9%, 66.7% and 58.9% of curcumin was released from 
conventional liposomes, F127-liposomi, F87-liposomi and P85-liposomes, respec-
tively. Stability studies indicated that pluronics modification could enhance their pH 
and thermal stability. In vitro simulated gastrointestinal tract studies suggested that 
pluronics modification could significantly improve the absorption of curcumin in 
liposomes. The pluronics modified curcumin liposomes exhibited superior bioac-
cessibility, defined as the fraction of the curcumin that is solubilized in the digesta 
and therefore available for absorption as reported in Fig. 1.13 (Li et al. 2018).

Resveratrol is a simple polyphenol with potential activity in the prevention of 
coronary disease and neurodegenerative pathologies, but the low bioavailability, 
low water solubility, and instability have compromised its wide array of activity 
(Wenzel and Somoza 2005) and numerous nanoformulations have been currently 
investigated to enhance its efficacy.

In a study, mitochondrial targeting resveratrol liposomes modified with a dequal-
inium polyethylene glycol-distearoylphosphatidyl ethanolamine conjugate were 
developed. The nanopartices induced apoptosis in both non-resistant and resistant 
cancer cells by the dissipating mitochondrial membrane potential. It also increased 
caspase-9 and caspase-3 activities. Significant antitumor efficacy was exerted by 

Fig. 1.13 Transformation and bioaccessibility of curcumin liposomes (cur-Lps), Pluronic F127 
modified curcumin liposomes (cur-F127-Lps), Pluronic F87 modified curcumin liposomes (cur- 
F87- Lps) and Pluronic P85 modified curcumin liposomes (cur-P85-Lps). Different capital letters 
mean significant differences (p < 0.05). (Reproduced with permission from Li et al. 2018 from 
Elsevier)
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resveratrol liposomes in xenografted resistant lung adenocarcinoma A549/cDDP 
cancers in nude mice and tumour spheroids by deep penetration (Wang et al. 2011a).

In another study, the viability of human embryonic kidney (HEK 293) cell line 
after treatment with liposomal resveratrol was tested. In addition the photoprotec-
tion after UV-B irradiation was investigated after treatment with free curcumin or 
the liposomal formulation. Interestingly, cell viability was found to be decreased at 
a 100 μM concentration, and cell proliferation increased at 10 μM, achieving the 
most effective photoprotection. This study showed the effectiveness of resveratrol at 
10 μM and also toxicity at higher concentrations considering the changes in apop-
totic features and cell shape and its detachment. Interestingly, liposomes prevented 
the cytotoxicity of resveratrol at high concentrations, even at 100microM, avoiding 
its immediate and massive intracellular distribution, and increased the ability of 
resveratrol to stimulate the proliferation of the cells and their ability to survive 
under stress conditions caused by UV-B light (Caddeo et al. 2008).

Resveratrol was also formulated in phosphatidylcholine and cholesterol lipo-
somes obtaining an encapsulation efficiency of 96.5%  ±  2.1. The formulation 
increased resveratrol solubility. Skin- parallel artificial membrane permeability 
assay proved an increased cutaneous permeability of resveratrol when loaded into 
liposomes maintaining the antioxidant capacity of resveratrol, as evidenced by 
2,2-diphenyl-1-picrylhydrazyl (DPPH) test (Casamonti et al. 2019b).

The investigation of Manconi et al. (2018) reported the development of PEG- 
modified liposomes for the delivery of resveratrol via parental administration. 
Small, spherical, unilamellar vesicles were produced (size 86 ± 2.7, polydispersion 
index 0.20 ± 0.03, potential −21 ± 4.1, EE% 94.9 ± 2.9). The liposomes were stable, 
as demonstrated by their size basically unchanged after 2 months of storage (size 
91.6 ± 3.2 nm, polydispersion index was 0.19 ± 0.02). The biocompatibility of the 
formulations was demonstrated in an ex vivo model of haemolysis in human eryth-
rocytes. Further, the incorporation of resveratrol in polyethilenglycol-modified lipo-
somes did not affect its intrinsic antioxidant activity, as 2,2-diphenyl-1-picrylhydrazyl 
radical was almost completely inhibited, and the vesicles were also able to ensure 
an optimal protection against oxidative stress in an ex vivo human erythrocytes- 
based model.

Ethemoglu et  al. (2017) investigated the effects of resveratrol and resveratrol 
loaded in liposome on penicillin-induced epileptic activity in adult male Sprague–
Dawley rats. Liposomes were the most effective anticonvulsant treatment on 
penicillin- induced epileptic seizures when compared to control, and immediately 
decreased the number of spikes per minute. S-transferase and superoxide dismutase 
activity, as well as the glutathione levels, were significantly increased in the lipo-
somes group as compared with the control group. Also, the malondialdehyde levels 
were significantly higher in the liposomes compared to resveratrol and control 
groups (Ethemoglu et al. 2017).

In a further study, resveratrol was loaded into PEGylated liposomes and the lipo-
some surface was modified with transferrin to obtain an active targeting against 
cancer cells (Jhaveri et al. 2018). Liposomes were stable, had a good drug-loading 
capacity, prolonged drug-release in vitro and were easily scalable. Flow cytometry 
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and confocal microscopy were used to study the association with, and internaliza-
tion of liposomes decorated with transferrin into human brain(glioblastoma astrocy-
toma) (U-87 MG) cells. These were significantly more cytotoxic and induced higher 
levels of apoptosis accompanied by activation of caspases 3/7 in glioblastoma cells 
when compared to free resveratrol or resveratrol loaded in PEGylated liposomes. 
The liposomes decorated with transferrin were more effective than other treatments 
in their ability to inhibit tumour growth and improve survival in mice (Jhaveri 
et al. 2018).

In an another study, chitosan-coated liposomes were investigated for use in 
enhanced transdermal delivery of resveratrol (Park et al. 2014). The particle size of 
uncoated liposomes was found to be 212.83 nm. After coating with chitosan solu-
tion, this increased to 279.85, 432.58, and 558.35 nm, for 0.1%, 0.3%, and 0.5% 
chitosan solutions, respectively. The zeta potential of the liposomes also followed 
the same trend, i.e., it changed from a negative value (−9.4 mV) for uncoated lipo-
somes to increasingly positive values for the chitosan-coated ones (26.5, 34.5, and 
39.2 mV, for 0.1%, 0.3%, and 0.5% chitosan solutions, respectively). The chitosan 
coating increased the stability of the liposomes by preventing their aggregation. The 
chitosan also increased skin-permeation efficiency (Park et al. 2014).

Two studies reported on the formulation of honokiol, 3′,5-di(2-propenyl)-1,1- 
biphenyl- 2,4-diol, a constituent of Magnolia officinalis with several pharmacologi-
cal effects, including a potent antitumor activity, but with a very limited bioavailability 
preventing vascular administration (Wang et al. 2011b, c). In the first study, stable 
liposomes containing an inclusion complex of honokiol in hydroxylpropil-β- 
cyclodextrin (HP-β-CD) used a molar ratio of honokiol/HP-β-CD/phosphatidilcho-
line 1:2: 2. The mean particle size was 123.5 nm, the zeta potential was −25.6 mV, 
and the EE was 91.09  ±  2.76%. The release profile in vitro demonstrated that 
honokiol was released from the liposome with a sustained and slow profile. A phar-
macokinetic study revealed that honokiol-in-HP-β-CD-in-liposome significantly 
retarded the elimination of honokiol and prolonged the residence time in the circu-
lating system. Honokiol-in-HP-β-CD-in-liposome had antiproliferative activity in 
adenocarcinomic human alveolar basal epithelial (A549) and human liver cancer 
(HepG2) tumour cells compared with free honokiol (Wang et  al. 2011b). In the 
second study, PEGylated liposomal honokiol with a particle size of ca. 100 nm was 
developed, and both pharmacokinetic properties and human plasma protein binding 
ability were investigated. The pharmacokinetics properties were studied after intra-
venous administration in Balb/c mice. The results suggested that PEGylated lipo-
some improved honokiol solubility, increased the drug concentration in plasma, and 
decreased the clearance (Wang et al. 2011c).

A study formulated and evaluated liposomes of andrographolide for brain- 
targeting. The surface of liposomes was modified by adding Tween 80 alone or in 
combination with didecyldimethylammonium bromide to enhance the penetration 
into the brain of AG and to understand the effect of the surface charge on the interac-
tion with human brain endothelial cells (hCMEC/D3). The ability of LPs to increase 
the permeability of AG was evaluated by parallel artificial membrane permeability 
assay and human brain endothelial cells (hCMEC/D3). The cellular uptake mecha-

1 Nanotechnology Applications for Natural Products Delivery



28

nism was identified using fluorescence microscopy and HPLC. The study demon-
strated that the presence of Tween 80 alone or in combination with 
didecyldimethylammonium bromide on the surface of liposomes enhanced solubil-
ity and cellular permeability of andrographolide loaded-liposomes (Fig. 1.14). The 
different surface charge did not significantly influence the endocytic pathway of 
liposomes: both formulations were mainly taken up by caveolate-mediated endocy-
tosis (Piazzini et al. 2018b).

Lecithin-based liposomes loaded with silymarin were developed to increase its 
oral bioavailability and to make it targeted specific for the liver with enhanced hepa-
toprotection. The formulation showed maximum entrapment (55%) for a lecithin–
cholesterol ratio of 6:1. Comparative release profile of formulation was better than 
unformulated silymarin at pH  1.2 and pH  7.4. In vitro studies showed a better 
hepato- protection efficacy for formulation (one and half times) and better preven-
tion of ROS production (ten times) compared to silymarin. Paracetamol was used to 
obtain significant hepatotoxicity in Wistar rats, which were tested for the perfor-
mance of liposomal silymarin. The formulation was found more efficacious than 
silymarin suspension in protecting the liver against paracetamol toxicity and the 
associated inflammatory conditions. The liposomal formulation yielded a three and 

Fig. 1.14 Cellular uptake of Tween 80 liposomes loaded with 6-coumarin (LPs-6C) and 
Didecyldimethylammonium bromide liposomes loaded with 6-coumarin (CLPs-6C) by a model of 
the human blood brain barrier hCMEC/D3 cells after 2 h incubation at 37 °C. Images of nuclei 
stained with DAPI (blue), 6-Coumarin (green) and their overlay. Scale bar: 20 μm
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half fold higher bioavailability of silymarin as compared with silymarin suspension 
(Kumar et al. 2014).

In a further study by the same researchers, four different liposomal formulations 
namely conventional, dicetyl phosphate, stearyl amine and PEGylated liposomes 
were prepared to improve the in vitro and in vivo hepatoprotection and increase 
silymarin oral bioavailability against alcohol intoxication. The conventional lipo-
somes increased in vitro release profile at pH 1.2 and 6.8 and also showed better 
in vitro protection on Chang liver cells compared to silymarin alone.

Efficacious liposomes were selected for in vivo hepatoprotection study and bio-
availability in alcohol intoxicated Wistar rats. Conventional and PEGylated lipo-
somes showed better improvement in liver function, better efficacy in combating 
inflammatory conditions, better improvement in antioxidant levels and reversal of 
histological changes compared to unformulated silymarin. Conventional liposomes 
also showed an almost fourfold increase in area under the curve compared to sily-
marin suspension (Kumar et al. 2019).

An additional liposomal formulation loaded with silymarin was reported in the 
literature for targeting liver. It included hydrogenated soy phosphatidylcholine, cho-
lesterol, distearoylphosphoethanolamine-(polyethyleneglycol)-2000 and various 
amounts of β-sitosterol-β-D-glucoside. Increasing the amount of β-sitosterol-β-D-
glucoside in the liposomes gradually decreased drug encapsulation efficiencies 
from about 70% to about 60%. Addition of β-sitosterol-β-D-glucoside to non- 
PEGylated liposomes clearly affected their drug release profiles and plasma protein 
interactions, whereas no effect on these was seen for the PEGylated liposomes. 
Non-PEGylated liposomes with 0.17 M ratio of β-sitosterol-β-D-glucoside exhib-
ited the highest cellular drug uptake of 37.5% for all of the studied liposome formu-
lations. The highest cellular drug uptake in the case of PEGylated liposomes was 
18%, which was achieved with 0.17 and 0.33 M ratio of added β-sitosterol-β-D-
glucoside. The liposome formulations with the highest drug delivery efficacy 
showed hemolytic activities around 12.7% and were stable for at least 2 months 
upon storage in 20 mM HEPES buffer (pH 7.4) containing 1.5% polysorbate 80 at 
4 °C and room temperature (Elmowafy et al. 2013).

Zhang et al. (2012b) developed a core-shell hybrid liposomal vesicles to improve 
the limited bioavailability and to enhance both protective effects and in vivo oral 
administration of Panax notoginseng saponins. Saponins were loaded in diverse 
conventional nanoparticles and in core-shell hybrid liposomal vesicles. Morphology, 
particle size, zeta potential, encapsulation efficiency (EE%), stability of all the 
nanocarriers and in vitro release studies were performed. The latter carriers had the 
best performance, they were stable for at least 12  months at 4  °C.  Satisfactory 
improvements in the encapsulation efficacy of notoginsenoside R1, ginsenoside 
Rb1, and ginsenoside Rg1 were also found and the greatest controlled drug release 
profiles were exhibited from the core-shell hybrid liposomal vesicles. The effects on 
global cerebral ischemia/reperfusion and acute myocardial ischemia injury in rats 
was evaluated and the core-shell hybrid liposomal vesicles were able to  significantly 
inhibit the oedema of brain and reduce the infarct volume better than the other for-
mulations (Zhang et al. 2012b).
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1.3.3  Nanocochleates

The therapeutic use of vesicles has some limitations, principally poor stability and avail-
ability under the harsh conditions typically presented in the gastrointestinal tract. A very 
limited number of studies report on the use of cochleates as an alternative platform to 
vesicles in order to overcome these limitations. Cochleates were first observed by Verkleij 
and coworkers using phosphatidylglycerol liposomes and later by Papahadjopoulos and 
coworkers, using phosphatidylserine liposomes in the presence of divalent metal cations 
(Me2+). Cochleates can be produced as nano- and microstructures and they are extremely 
biocompatible, with excellent stability due to their unique compact structure. They pres-
ent an elongated shape and a carpet roll- like morphology always accompanied by nar-
rowly packed bilayers, through the interaction with Me2+ as bridging agents between the 
bilayers as reported in Fig. 1.8 (Bozó et al. 2017; Asprea et al. 2017, 2019).

A recent study reported the development of nanocochleates loaded with androgra-
pholide and based on phosphatidylserine or phosphatidylcholine, cholesterol and 
calcium ions in order to overcome andrographolide low water solubility, its instabil-
ity under alkaline conditions and its rapid metabolism in the intestine. The nanoco-
chleates with the best performance were those obtained from phosphadityl choline 
nanoliposomes in terms of size and homogeneity. They had an extraordinary stabil-
ity after lyophilisation without the use of lyoprotectants and after storage at room 
temperature. The encapsulation efficiency was 71%, while approximately 95% of 
andrographolide was released in PBS after 24  h, with kinetics according to the 
Hixson–Crowell model. The in vitro gastrointestinal stability and safety of the 
developed nanocochleates, both in macrophages and 3  T3 fibroblasts, were also 
assessed. Additionally, the nanocarriers had extraordinary uptake properties in mac-
rophages (Asprea et al. 2019).

In a further study similar nanocochleates were loaded with 1 mg or 0.5 mg/100 ml 
of essential oil of thyme and fully characterized. Particle size of nanocochleates 
were ca. 250 nm and 210 nm, respectively, and all were negatively charged. Thymol 
and carvacrol encapsulation efficiencies, selected as characteristic constituents of 
the essential oil, were 46.3 ± 0.01 and 50.9 ± 0.02 respectively, using 1 mg/ml of 
essential oil. In vitro release studies of thymol and carvacrol indicated a steady 
release in the first h and after 6 h about 41% and 31% for thymol and carvacrol were 
released. Free essential oil showed a strong antioxidant activity (75.2%) at the con-
centration of 1 mg/ml and it was similar to that produced by nanocochleates (72.2%) 
(Asprea et al. 2017).

1.3.4  Solid Lipid Nanoparticles

Solid lipid nanoparticles (Fig. 1.8) are colloidal systems with a diameter between 50 
and 1000 nm made of a lipid matrix solid at physiological temperature which is 
stabilized in aqueous solution by one or more surfactants (Mehnert 2001). Typically, 
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the lipid core consists of glycerides, fatty acids, fatty alcohols, and waxes because 
they are solid at room temperature and most of them are approved as GRAS 
(Generally Recognized As Safe). The selection of the surfactant mainly depends on 
the chosen lipid and are represented by phospholipids, bile salts, polysorbates, 
poloxamers, polyoxyethylene ethers, polyvinyl alcohols. Solid lipid nanoparticles 
can be obtained through different methods including high shear homogenization 
and ultrasonication, high-pressure homogenization, hot homogenization, cold 
homogenization, solvent emulsification/evaporation, and microemulsion. Solid 
lipid nanoparticles are delivery systems for topical, nasal, oral, ocular and paren-
teral administration of drugs and are characterized by high biocompatibility, biode-
gradability, lower toxicity and higher stability respect to polymeric nanoparticles 
and vesicles. Other advantages of Solid lipid nanoparticles are the simple and eco-
nomical large-scale production and the versatility. Lipophilic bioactive compounds 
are generally dispersed in the lipid matrix, whereas the hydrophilic bioactive com-
pounds can be uploaded outside of the lipid matrix. Moreover, Solid lipid nanopar-
ticles provide protection to the incorporated compound from chemical and physical 
processes of degradation with a prolonged release over time of the incorporated 
bioactive molecule. Finally, the surface characteristics of Solid lipid nanoparticles 
can be modified delivering the bioactives to specific targets and capable of crossing 
many biological barriers, improving plasma stability and biodistribution and conse-
quently, the bioavailability of encapsulated drugs (Bilia et al. 2018; Uner and Yener 
2007; Gastaldi et  al. 2014; Bayon-Cordero et  al. 2019). The scientific literature 
reports the use of Solid lipid nanoparticles to enhance the biopharmaceutical prop-
erties and the therapeutic effect of plant-derived molecules and herbal extracts.

Solid lipid nanoparticles loaded with curcumin were developed and investigated 
for their efficacy in an allergic rat model of asthma. The plasmatic and tissue con-
centrations, especially in lung and liver, of curcumin administered as solid lipid 
nanoparticles were significantly higher than those obtained with free curcumin. The 
formulation showed an average size of 190  nm with a zeta potential value of 
−20.7 mV and 75% drug entrapment efficiency. The release profile of curcumin- 
solid lipid nanoparticles was an initial burst followed by sustained release. Moreover, 
curcumin SLNs, suppressed airway hyper-responsiveness, inflammatory cell infil-
tration and significantly inhibited the expression of T-helper-2-type cytokines, such 
as interleukin-4 and interleukin-13, in broncho-alveolar lavage fluid compared to 
the asthma group and curcumin-treated group (Wang et al. 2012). In a further study, 
Singh et al. (2014) compared the efficacy of curcumin-solid lipid nanoparticles with 
that of unformulated curcumin and silymarin against carbon tetrachloride-induced 
hepatic injury in rats. Curcumin-solid lipid nanoparticles (12.5 mg/kg) significantly 
attenuated histopathological changes and oxidative stress, and also decreased the 
levels of alanine aminotransferase and aspartate aminotransferase and the induction 
of tumor necrosis factor alpha in comparison with free curcumin (100 mg/kg), sily-
marin (25 mg/kg), and self-recovery groups (Singh et al. 2014). Curcumin loaded in 
solid lipid nanoparticles was also developed for the treatment of oral mucosal infec-
tions. Gelucire 39/01, Gelucire 50/13, Precirol, Compritol, were used as excipients 
and poloxamer 407 as a surfactant. In an ex-vivo study mucoadhesion was assessed. 
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The nanoformulation exhibited higher antimicrobial activity when compared with 
unformulated curcumin showing interesting MIC (0.185, 0.09375, 0.75, 3, 1.5, and 
0.1875  mg/mL) against Staphylococcus aureus, Streptococcus mutans, Viridans 
streptococci, Escherichia coli, Lactobacillus acidophilus, and Candida albicans, 
respectively (Hazzah et al. 2015). The performance of curcumin encapsulated into 
SLNs (10 and 30 mg/Kg) was evaluated in arthritic rats and it was compared with 
unformulated curcumin (10 and 30 mg/Kg). The rats showed a significant increase 
in blood leukocyte count, oxidative-nitrosative stress, tumour necrosis factor-alpha, 
C-reactive protein, cyclic citrullinated peptide antibody levels and radiological 
alterations in tibiotarsal joint. All these symptoms were significantly and dose 
dependently ameliorated by the nanoformulation, in particular the oxido- 
inflammatory and immunomodulatory cascade and preserved radiological altera-
tions in joints of arthritic rats. (Arora et al. 2014). Righeschi et al. (2016) developed 
solid lipid nanoparticles loaded with curcumin suitable for oral administration 
employing generally recognized as safe ingredients. Parallel artificial membrane 
permeability assay was used to simulate the intestinal epithelium, showed a consid-
erable increase of curcumin permeation when formulated into solid lipid nanopar-
ticles (Righeschi et al. 2016). In a further study solid lipid nanoparticles loaded with 
curcumin were formulated and formulated in a topical Carbopol gel for the treat-
ment of pigmentation and irritant contact dermatitis. In vitro tyrosinase inhibition 
assay indicates that the formulated gel had a substantial potential in skin depigmen-
tation. The gel also confirmed proficient suppression of ear swelling and reduction 
in skin water content in the BALB/c mouse (Shrotriya et al. 2017).

A series of solid lipid nanoparticles loaded with silymarin have been reported. In 
a first paper the formulation enhanced the solubility and bioavailability of silymarin 
and the effect on D-galactosamine/tumour necrosis factor-alpha-induced liver dam-
age in Balb/c mice was evaluated. The results evidenced that the nanoformulation 
significantly reduced D-galactosamine/tumour necrosis factor-alpha-induced hepa-
totoxicity compared to free silymarin (Cengiz et al. 2015). Solid lipid nanoparticles 
loaded with silymerin were also formulated as a sunscreen cream. The nanoparticles 
were prepared by micro-emulsion method using the glyceryl monostearate as lipid, 
and Tween 80 was used as an emulsifier. After assessing the stability of the sun-
screen under accelerated conditions, in vitro and in vivo experiments showed that 
the sun protection factor was 13.8 and 14.1, respectively (Netto and Jose 2017). 
Chitosan-coated nanoparticles were also developed to enhance the solubility and 
intestinal absorption of silybin, the major flavonolignan of silymarin. The presence 
of chitosan improved the mucoadhesion properties of the nanoformulation. 
Moreover, the developed nanoparticles were stable in simulated gastrointestinal 
conditions and enhanced the permeation of silybin across parallel artificial 
 membrane permeability assay and human epithelial colorectal adenocarcinoma 
cells layer (Piazzini et al. 2018c). Some studies have reported on the development 
of solid lipid nanoparticles to increase the solubility and stability of andrographolide 
and evaluated its antihyperlipidemic activity after oral administration. The bioavail-
ability of andrographolide was increased to 241% by solid lipid nanoparticles as 
compared with the suspension. Moreover, SLNs influenced the transport mecha-
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nism of andrographolide across human epithelial colorectal adenocarcinoma cells 
layer, increased the stability in the intestine and improved the antihyperlipidemic 
effect of this diterpenoid (Yang et al. 2013). The anticancer potential of androgra-
pholide encapsulated into solid lipid nanoparticles in Balb/c mice treated with 
Ehrlich’s ascites carcinoma cells. Pharmacokinetic studies showed that solid lipid 
nanoparticles enhanced the bioavailability of andrographolide after oral administra-
tion. Furthermore, the life span of tumor bearing mice was increased in solid lipid 
nanoparticles -andrographolide-treated group (Parveen et  al. 2013). In a further 
study solid lipid nanoparticles were prepared to deliver andrographolide into the 
brain. The developed SLNs were stable in presence of human serum albumin and 
after incubation in plasma. The ability of solid lipid nanoparticles to cross the blood- 
brain barrier was evaluated first in vitro by applying a permeation test with parallel 
artificial membrane permeability assay to predict passive and transcellular permea-
bility through the blood-brain barrier, and then by using a model of the human blood 
brain barrier called hCMEC/D3 cells. In vitro results proved that SLNs improved 
permeability of andrographolide compared to the free molecule. Fluorescent 
nanoparticles were then prepared for in vivo tests in healthy rats. After intravenous 
administration, fluorescent solid lipid nanoparticles were detected in brain paren-
chyma outside the vascular bed, confirming their ability to overcome the blood- 
brain barrier (Fig. 1.15) (Graverini et al. 2018).

A series of solid lipid nanoparticles loaded with resveratrol were developed to 
increase stability and bioavailability. A study investigated the brain targeting ability 
of glyceryl behenate-based solid lipid nanoparticles as potential candidate for the 
treatment of neoplastic diseases. Tween 80 and polyvinyl alcohol were employed as 
surfactants. The authors demonstrated by in vivo biodistribution study using Wistar 
rats that solid lipid nanoparticles could significantly increase the brain concentra-
tion of resveratrol (17.28  ±  0.63  μg/g) as compared to free resveratrol 
(3.45 ± 0.39 μg/g) (Fig. 1.16) (Jose et al. 2014). In a study the surface of the solid 
lipid nanoparticles loaded with resveratrol made of Precirol ATO 5, PA, Gelucire 
50/13, Tween 80 was modified adding N-trimethyl chitosan graft palmitic acid as 
mucoadhesive copolymer and to confer stability to the nanoparticles in stomach 
acidic pH conditions. The release of resveratrol was negligible in simulated gastric 
fluid and sustained in simulated intestinal conditions. Moreover, the relative bio-
availability of resveratrol was found to be 3.8-fold higher from solid lipid nanopar-
ticles than that from resveratrol suspension (Ramalingam and Ko 2016). Shrotriya 
and co-workers developed resveratrol-SLNs-engrossed gel for the treatment of 
chemically induced irritant contact dermatitis. Resveratrol-solid lipid nanoparticles 
made of Precirol ATO 5 and Tween 20 were incorporated into Carbopol gel. Ex vivo 
study of resveratrol- solid lipid nanoparticles -loaded gel exhibited controlled drug 
release up to 24 h; similarly, in vitro drug deposition studies showed potential of 
skin targeting with no skin irritation. Resveratrol-solid lipid nanoparticles gel con-
firmed competent suppression of ear swelling and reduction in skin water content in 
the BALB/c mouse model of irritant contact dermatitis when compared to marketed 
gel (Shrotriya et al. 2016).
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Fig. 1.15 (a) Intravenous administration of fluorescent solid lipid nanoparticles: representative 
photomicrographs showing the presence of solid lipid nanoparticles (green) in brain parenchyma 
of rats 3, 24 and 72 h after injection. Note the high presence of fluorescent solid lipid nanoparticles 
at 24 h after injection. Scale bar = 20 μm applies to all images. (b) Immunohistochemical detection 
of solid lipid nanoparticles (green) with the endothelial marker CD34 (red) in the brain of rats 24 h 
after injection. Solid lipid nanoparticles are detected both within blood vessels (white arrows) and 
brain parenchyma (yellow arrows). (a–b) No solid lipid nanoparticles are detected in the brain of 
rats injected with saline. Scale bar = 20 μm applies to both images. (c) Immunohistochemical 
detection of solid lipid nanoparticles (green) with the microglia antibody ionized calcium binding 
adaptor molecule 1 (red) in the brain of rats 24 h after injection. Solid lipid nanoparticles are not 
detected within microglial cells and no microglia activation is detected compared to saline injected 
rats. Scale bar = 20 μm applies to both images. A–C) 4′,6-Diamidino-2-Phenylindole is in blue. 
Reproduced with permission from Graverini et al. 2018 from Elsevier. SLNs solid lipid nanopar-
ticles, DAPI 4′,6-Diamidino-2-Phenylindole, IBA1 microglia antibody ionized calcium binding 
adaptor molecule

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rat
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cd34
https://www.sciencedirect.com/topics/chemistry/blue
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Quercetin was also loaded in solid lipid nanoparticles to increase the oral bioavail-
ability. Li et al. developed solid lipid nanoparticles having a size, average drug entrap-
ment efficiency, drug loading and zeta potential of 155.3  nm, 91.1%, 13.2% 
and −  32.2 mV, respectively. In vivo studies in rats evidenced that the absorption 
percent of solid lipid nanoparticles loaded with quercetin in the stomach for 2 h was 
only 6.20%, the absorption process of intestine was first-process with passive diffu-
sion mechanism, and the main absorptive segments were ileum and colon. Moreover, 
the relative bioavailability of quercetin-SLNs to quercetin suspension was 571.4% (Li 
et al. 2009). The anti-tumor activity of quercetin loaded in the solid lipid nanoparticles 
was also investigated. The nanoformulation induced a significant decrease in the via-
bility and proliferation of breast cancer MCF-7 human breast cancer cells, compared 
to the free quercetin. In addition, it significantly increased reactive oxygen species 
level and malondialdehyde contents, significantly decreased antioxidant enzyme 
activity and reduced the expression of the B-cell lymphoma 2 protein in the breast 
cancer MCF-7 cell line. Furthermore, quercetin-solid lipid nanoparticles significantly 
increased apoptotic and necrotic indexes in these cells (Niazvand et al. 2019).

1.3.5  Nanostructured Lipid Carriers

Evolution of solid lipid nanoparticles to nanostructured lipid carriers (Fig. 1.8) is 
mainly due to limitations of the drug load in the solid lipid core, drug expulsion 
phenomenon, particle concentration in the aqueous dispersion ranging from about 

Fig. 1.16 Amount of drug per gram of brain, kidney, liver, spleen, and lungs at 90 min after intra-
peritoneal administration (5 mg/kg) of resveratrol loaded in solid lipid nanoparticles (F9) and bulk 
resveratrol (S); mean ± S.E.M (n = 6). (Reproduced with permission from Jose et al. 2014 from 
Elsevier)
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1% to a maximum of only 30%. To overcome these shortcomings, lipid particles 
with a modified nanostructure containing a liquid lipid at room temperature were 
developed (Das and Chaudhury 2010). nanostructured lipid carriers are fabricated 
by the same methods of nanostructured lipid carriers employing solid lipids, liquid 
lipids, emulsifiers and water. In the nanostructured lipid carriers, solid and liquid 
lipids were blended to form the matrix; it has been reported that the high entrapment 
efficiency is attributed to the structural differences of the lipids which form a lot of 
imperfections resulting in higher space to accommodate drugs in molecular form 
and amorphous clusters. Moreover, the high entrapment efficiency is due to the 
higher solubility of drugs in liquid lipids in comparison to solid lipids. Furthermore, 
nanostructured lipid carriers can incorporate both hydrophilic and lipophilic mole-
cules (Bilia et al. 2018a; Poonia et al. 2016). Among the liquid lipids, medium chain 
triglycerides and oleic acid are the most used. Medium chain triglycerides mainly 
composed of caprylic (C8:0; 50–80%) and capric (C10:0; 20–50%) fatty acids with 
a minor level of caproic (C6:0; ≤ 2%), lauric (C12:0; ≤ 3%) and myristic (C14:0; ≤ 
1%) fatty acids, have been approved as GRAS by the US Food and Drug 
Administration. Oleic acid is used as emulsifying agent in many food and pharma-
ceutical formulations and its health promoting value is also well documented. Other 
edible oils such as vitamin E, squalene, soybean oil, corn oil and sunflower oil can 
also be used as liquid lipid for nanostructured lipid carriers fabrication (Tamjidi 
et al. 2013). Nanostructured lipid carriers have been applied to improve the thera-
peutic effect of different plant-derived molecules, such as curcumin, silymarin, 
quercetin and resveratrol.

The effects of curcumin loaded in nanostructured lipid carrier to the central ner-
vous system was evaluated and compared with the free compound. Western blot 
analysis shows that intraperitoneal injection of curcumin-nanostructured lipid carri-
ers (100 mg/kg) in mice induces a marked hypoacetylation of histone 4 at lysine 
12 in the spinal cord compared with control group due to the inhibition of p300- 
specific histone acetyltransferase (Fig. 1.17). Notably, curcumin solution (100 mg/
kg) did not change the acetylation level in the central nervous system (Puglia et al. 
2012). In a further study, curcumin was encapsulated in nanostructured lipid carri-
ers with a particle size of about 150 nm, a polydispersity index of 0.18, an entrap-
ment efficiency of 90.86%, and the zeta potential of −21.4 mV.  The researchers 
observed increased cytotoxicity of curcumin-nanostructured lipid carriers compared 
to free curcumin in astrocytoma-glioblastoma cell line (U373MG). Furthermore, 
biodistribution studies in Wistar rats showed higher drug concentration in brain 
after intranasal administration of nanostructured lipid carriers than plain drug sus-
pension (Madane and Mahajan 2014). Nanostructured lipid carriers loaded with 
curcumin were developed and ip administered in mice. The plasmatic concentration 
of curcumin delivered by the nanoparticles was highly increased compared with the 
unformulated molecule. Moreover, curcumin nanostructured lipid carriers enhanced 
the targeting effect of curcumin to brain and tumor, which finally increased the 
inhibition efficiency of curcumin from 19.5% to 82.3%. The authors also demon-
strated that the inhibition effect was related to apoptosis and not necrosis (Chen 
et al. 2015). In a further study, taurocholic acid was selected as a ligand for uptake 
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of nanostructured lipid carriers mediated by a bile-acid transporter to improve oral 
bioavailability of curcumin. The developed nanostructured lipid carriers exhibited a 
particle size less than 150 nm and encapsulation efficiency more than 90%; in situ 
intestinal perfusion studies demonstrated improved absorption rate and permeabil-
ity coefficient of nanostructured lipid carriers loaded with curcumin and modified 
with taurocholic acid. Furthermore, the presence of taurocholic acid considerably 
increased the area under the curve of curcumin after oral administration in rats as 
compared with unmodified nanostructured lipid carriers (Tian et al. 2017).

Nanostructured lipid carriers loaded with silymarin and made of glyceryl mono-
stearate and oleic acid were developed using using a Box-Behnken design. In vivo 
studies indicated that silymarin loaded in the nanoformulation was absorbed after 
oral administration through the lymphatic pathway. Moreover, the relative bioavail-
ability of silymarin was two-fold higher when loaded into the nanoformulation 
when compared with the suspension of silymarin. Finally, a significant amount of 
silymarin reached the liver 2 h after administration, whereas the concentration of the 
silymarin suspension in the other organs was negligible as reported in Fig.  1.18 
(Chaudhary et al. 2015). In a further study silymarin was formulated in nanostruc-
tured lipid carriers and incorporated into Carbopol gel to increase its permeation 
and anticancer activity. Photostability of the nanoformulation was assessed. The 

Fig. 1.17 Western blot analysis to examine acetylation of histone H4 at lysine 12 (H4K12) in the 
mouse spinal cord. Upper panel: representative western blot of H4K12 acetylation levels in mice 
intraperitoneally injected with different curcumin formulations and respective vehicles. Lower 
panel: densitometric analysis of acetylated H4K12 normalized by actin. Data are the means ± 
S.E.M. of five animals. ∗p < 0.05 (One-way analysis of variance ± Fisher’s protected least signifi-
cant difference) versus values obtained in animals treated with the respective vehicle. Reproduced 
with permission from Puglia et al. 2012 from Elsevier. Ac-H4K12 acetylation on lysine 12 of his-
tone H4, NLC nanostructured lipid carriers, NLC-CUR curcumin-loaded nanostructured lipid car-
riers, DMSO-CUR curcumin solution in dimethyl sulfoxide, DMSO dimethyl sulfoxide
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permeation parameters of the nanostructured lipid carriers loaded with silymarin 
was significantly higher when compared to a marketed phytosome formulation. 
Furthermore, the developed nanoformulation showed anticancer activity in a dose- 
dependent manner (10–80  μM) and induced apoptosis at 80  μM in melanoma 
SK-MEL 2 cancer cells (Singh et al. 2016). Nanostructured lipid nanocarriers made 
of stearic acid and Capryol 90 as lipid mixture and polyoxyethylene (20) stearyl 
ether (Brij S20) as stealth agent were also developed for oral administration. 
Nanoformulation was stable after incubation in simulated gastrointestinal fluids and 
showed sustained and prolonged release of silymarin in physiological pH condi-
tions. Both parallel artificial membrane permeability assay and human epithelial 
colorectal adenocarcinoma cells experiments demonstrated the potential of nano-
structured lipid carriers to increase the intestinal permeation of silymarin. Finally, 
uptake studies indicated that nanostructured lipid carriers entered into Caco-2 cells 
via active transport mechanisms (Piazzini et al. 2018d).

Several studies reported on the nanostructured lipid carrier formulation of quer-
cetin. A study developed nanostructured lipid carriers as topical delivery systems. 
The average particle size was 215 nm and the encapsulation efficiency was about 
90%. In vitro drug permeation studies through excised mouse skin and in vivo drug 
distribution experiments in epidermis and dermis of mice showed that nanoformula-
tion could promote the permeation of quercetin, increase the amount of quercetin 
retention in epidermis and dermis, and enhance the effect of anti-oxidation and anti- 
inflammation exerted by quercetin (Chen-Yu et  al. 2012). The biodistribution in 
vivo of quercetin-cationic-nanostructured lipid carriers after oral administration was 
also evaluated. Cationic nanoparticles were formulated because they can interact 
with negatively charged intestinal mucosa and increase their residence time in the 
gastrointestinal tract. Nanostructured lipid carriers exhibited particle size of 

Fig. 1.18 Organ distribution studies of silymarin loaded in nanostructured lipid carriers. 
(Reproduced with permission from Chaudhary et al. 2015 from Elsevier)
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126.6 nm and zeta potential value of 40.5 mV due to the presence of didodecyldi-
methylammonium bromide. Nanostructured lipid carriers significantly increase the 
concentration of quercetin in lung, liver and kidney compared with quercetin sus-
pension following oral administration and may be an attractive strategy for therapy 
of kidney, liver and lung diseases (Liu et al. 2014).

A study by Montenegro et  al. (2017) compared the performance of solid lipid 
nanoparticles, nanostructured lipid carriers and nanoemulsions loaded with resvera-
trol and evaluated the relationship between in vitro occlusion factor and in vivo skin 
hydration. All these nanocarriers were prepared using as solid lipid cetyl palmitate, a 
synthetic wax of generally regarded as safe status, and as liquid lipid isopropyl 
myristate, a synthetic oil commonly used in pharmaceutical and cosmetic formula-
tions. Before in vitro and in vivo experiments, gel formulations were prepared by 
dispersing Carbopol Ultrez 21 (0.8% w/w) in the colloidal dispersions. In vitro occlu-
sion factor was in the order solid lipid nanoparticles>nanostructured lipid 
carriers>nanoemulsions. Gels containing unloaded or resveratrol-loaded nanocarriers 
were applied on the back of a hand of 12 healthy volunteers twice a day for 1 week, 
recording skin hydration changes using the instrument Soft Plus. An increase of skin 
hydration was observed for all lipid nanocarriers (solid lipid nanoparticles>nanostructured 
lipid carriers>nanoemulsions). Furthermore, a linear relationship (r2  =  0.969) was 
observed between occlusion factor and in vivo increase of skin hydration (Montenegro 
et al. 2017). Nanostructured lipid carriers loaded with resveratrol were developed to 
explore the ability to inhibit the tyrosinase enzyme, as a potential application as a 
skin-lightning agent and for the treatment of skin disorders associated with hyperpig-
mentation and melanogenesis. The authors prepared NLCs with different composi-
tions for resveratrol delivery, based on glyceryl behenate or polyoxyethylene 40 
stearate and then characterized the formulations, investigated the cytotoxicity, and 
evaluated the tyrosinase inhibition activity. Compared with glyceryl behenate, poly-
oxyethylene 40 stearate produced nanocarriers with smaller particle size and polydis-
persity, higher drug encapsulation and more sustained release, due the superior 
emulsifying ability of polyoxyethylene 40. The cytotoxicity of resveratrol against a 
keratinocyte cell line was not enhanced when loaded into nanostructured lipid carri-
ers. Finally, resveratrol loaded into NLCs prepared with polyoxyethylene 40 stearate 
resulted on greater tyrosinase inhibition than resveratrol solution and formulation 
containing glyceryl behenate, equivalent to 1.31 and 1.83 times higher, respectively, 
demonstrating that the incorporation of resveratrol into nanostructured lipid carriers 
allowed an enhanced tyrosinase inhibitory activity (Fachinetti et al. 2018). Finally, the 
permeation properties of unformulated resveratrol, resveratrol-loaded in nanostruc-
tured lipid carriers and resveratrol encapsulated into liposomes was investigated using 
skin- parallel  artificial membrane permeability assay. Both nanoformulations 
enhanced considerably the solubility of resveratrol and the encapsulation efficiency 
was more than 85% for both formulations. In vitro release studies of both formula-
tions at pH 5.5 and 7.4 showed a prolonged release of resveratrol. Moreover, the anti-
oxidant capacity of resveratrol was not altered by the nanoformulations. Finally, 
skin-parallel artificial membrane permeability assay proved an increased cutaneous 
permeation of resveratrol when loaded into both nanoformulations (Casamonti 
et al. 2019b).
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1.4  Conclusions

The chapter has discussed the current status on nanotechnology applications for 
natural products delivery. Extensive research is reported in the literature dealing on 
natural products and herbal extracts loaded into nanosized drug delivery systems, 
mainly polymeric and lipid nanoparticles, vesicles, nanosized emulsions. The appli-
cation of nanotechnology to drug delivery has already had a significant impact on 
many areas of medicine, and this approach appears imperative to develop proper 
therapeutic treatments of many drugs, principally antitumor and antiparasistic 
agents. Nanosized drug delivery systems loaded with natural products such as arte-
misinin, curcumin, resveratrol, honokiol, salvianolic acid B, andrographolide, green 
tea catechins, silymarin and other extracts, could represent valuable therapeutic 
approaches for a close future. The nanoencapsulation of natural products has led to 
very encouraging landscapes. Generally, nanosized drug delivery systems have bet-
ter stability, improved solubility, protection from physical and chemical degrada-
tion, sustained delivery and release of the drug. Consequently, drug bioavailability 
is improved as well as the tissue macrophage distribution and the pharmacological 
activity optimized using much lower doses, increasing long-term safety of these 
constituents. 
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Chapter 2
Nanotechnology-Inspired Bionanosystems 
for Valorization of Natural Origin Extracts

Ana Catarina Sousa Gonçalves, Ana Sofia Mendes Ferreira, Alberto Dias, 
Marisa P. Sárria, and Andreia Castro Gomes

Abstract Medicinal plants are the richest bioresource of drugs on traditional sys-
tems of medicine and their use in treating diseases by ancestral societies has caught 
the attention of the scientific community. Application of these plants in daily diet, 
cosmetic and pharmaceutical industries is widely implemented for many years. 
However, with the increasing need for more sustainable and environmentally 
friendly techniques, substituting chemical processes by plants in the production and 
enrichment of nanomaterials is certainly a very appealing alternative.

Studies have shown that among many examples of green synthesized drug deliv-
ery systems, those that receive the most attention include nanometallic particles, 
polymers and biological materials. Nanotechnology has enabled the creation of new 
drug delivery systems with the ability to increase the efficacy and improve the bio-
availability of plant-derived bioactive compounds, promoting their release in a con-
trolled manner, requiring a reduced dose, and reducing side effects while potentiating 
their activity. This review highlights the use of biosynthesized nanomaterials as a 
viable alternative to conventional techniques, and values   plant extracts as a source 
of new nanomedicines, acting as an ally or alternative to existing therapies.
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2.1  Introduction

Nanotechnology has been one of the trendiest technologies in the last decades with 
potential applications at all industrial sectors, from medicine to clean water and 
energy (Fig. 2.1). Namely, nanotechnology has had tremendous impact in medicine 
in the synthesis and development of various types of nanomaterials and nanoparti-
cles, used as vehicles of antioxidants, antimicrobials and anticancer agents for ther-
apeutic and diagnostic purposes, and as components of nanosensors (Allafchian 
et al. 2018). These new nanotechnology tools for medical research and practice are 
more effective and enable faster response to new diseases, allow continuous patient 
health control, besides increasing the accuracy of examinations and surgeries 
(Ocsoy et al. 2018).

Knowledge and use of medicinal plants to treat diseases has had immense rele-
vance along mankind’s history. Actually, a large segment of the population in many 
countries continues to use them solely or as complementary practices to conven-
tional medicines. Although many pharmaceutical products have been implemented 
in the clinic, the chemical composition of medicinal plants and their popular uses 
have become focus of intense research by the scientific community, pursuing 

Fig. 2.1 Nanotechnology approach for exploration of plant extracts for biomedical and environ-
mental applications. Use of plant extracts in the production and/or their incorporation in nanotech-
nology materials has advantages that can be applied to various areas
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increasingly innovative products, with fewer side effects, compared to those associ-
ated with existing drugs (Islam et al. 2015).

Many bioactive compounds present in plant extracts, such as some alkaloids and 
phenolic compounds, are highly water soluble and therefore unable to cross lipid 
membranes. Whereas others, like many terpenoids, are poorly water soluble, mak-
ing them poorly bioavailable and effective (Afrin et  al. 2018). However, several 
nanotechnological strategies have been developed, such as polymer and solid lipid 
nanoparticles, liposomes, nanoemulsions, nanosuspensions, nanofibers and nano-
tubes to try to overcome this limitative feature. These discoveries have revolution-
ized drug delivery by developing new targeted systems with the ability to increase 
the efficacy and bioavailability of bioactive compounds, promoting their release in 
a controlled manner, requiring a reduced dose, reducing side effects and potentiat-
ing the activity of the vegetal extracts more efficiently (Afrin et al. 2018).

Multiple strategies of applying nanotechnology to plant extracts have been 
widely cited in the literature as “green nanoparticles” and “green synthesis”. Many 
original research and review articles focusing on green synthesis of metal nanopar-
ticles, as gold, silver, zinc, copper, iron and others metal oxides report the use of 
plants extracts rich in secondary metabolites due to their capability to reduce and 
stabilize metallic ions (Selvam et al. 2017). Furthermore, green synthesis avoid the 
use of toxic organic solvents and severe reaction conditions, making it an eco- 
friendly alternative, cost-effective, sustainable and safer for human therapeutic use 
(Thatoi et al. 2016).

2.2  Methodology

The goal of this review is to provide an overview of the major developments in this 
field, summarizing the multitude of plant extracts applications in nanotechnology, 
showing how relevant these natural compounds can be and how it is becoming a 
trend in nanotherapeutics research.

Literature searching strategy started by pre-selecting keywords related to 
nanotechnology- inspired bionanosystems using plant extracts and inserting these as 
search topic into the selected electronic databases, namely PubMed, Scopus and Web 
of Science.

Two searches were carried out: (1) at PubMed using the following keywords 
with 205 results: ((plant extract [Title/Abstract]) AND (nanotechnology [Title/
Abstract])) and these were being adapted to the syntax and subject headings of the 
databases; (2) at the three databases, using the keywords: ((plant extract [Title/
Abstract] AND (nanoparticles [Title/Abstract])), ((plant extract [Title/Abstract] 
AND (nanostructures [Title/Abstract])), ((plant extract [Title/Abstract] AND [nano-
materials [Title/Abstract])), and ((plant extract [Title/Abstract] AND (nanocompos-
ites [Title/Abstract])). Results from both searches were merged, resulting in 1060 
publications, and after duplicate elimination, just 634 remained.

2 Nanotechnology-Inspired Bionanosystems for Valorization of Natural Origin Extracts
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Of these, 317 publications were rejected given that keywords selected were not 
present in the title or abstract, as or were not written in English language, or were in 
the format of reviews or book chapters. References in reviews were, however, man-
ually consulted to identify citations that could have been missed in the original 
database searches. After this step, the collected publications were organized by 
years, as indicated in Fig. 2.2, demonstrating the increasing trend in this field for the 
last 5 years. Figure 2.3 shows the intersection between the keywords selected.

The full text of the remaining 182 studies was carefully examined. From this 
analysis, 51 studies were rejected because either these did not present conclusive 
results, or had similar or contradictory results.

From this screening and eligibility process, 107 published studies were eligible 
to be included in this review -see flowchart diagram at Fig.  2.4. The last online 
search was performed on 13th April 2019.

2.3  Medicinal Plants and Nanotechnology

Medicinal use of plants by mankind is known since ancient times in different con-
texts. Medicinal plants have historically proved their value as a natural source of 
molecules with therapeutic potential, and currently represent an important resource 
for the development of new drugs (Atanasov et al. 2015). Nowadays, the use of natu-
ral-derived products as agents for drug discovery has gained considerable attention by 
the pharmaceutical industry, and is expected to be among the most important sources 
of new drugs. However, despite their immense potential and considerable availability, 
only a few medicinal plants have been marketed. This highlights the complexity of 
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Fig. 2.2 Trend of research articles published from 2014 to 2018, by searching on PubMed, Scopus 
and Web of Science databases for “plant extract” AND “nanotechnology”, “plant extract” AND 
“nanocomposites”, “plant extract” AND “nanostructure”, “plant extract” AND “nanoparticles” 
and “plant extract” AND “nanomaterials”, after removing duplicates and reviews
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drug discovery, and the need for an interdisciplinary approach, as well as the valence 
of considering nanobiotechnology as an ally for the development of new products, 
that can be used in the treatment of various diseases (Atanasov et al. 2015).

This review aims to recognize how medicinal plants, among of those referred/
selected at published articles identified, are distributed throughout the planet. 
Worldwide distribution of medicinal plants is given in Fig. 2.5. Results show that 
45% of the medicinal plants studied are originary from Asia. Countries like China 
and India have a long tradition in using plants as medicines, apart from being a 
source of food (Dzoyem et al. 2013). In recent decades, the interest in these plants 
has increased, with the recognition of their extraordinary pharmacological proper-
ties (Dzoyem et al. 2013). Within the search results, 20% of the plants studied were 
found in Europe, 16% in Africa, 13% in the American continent, and 6% in Oceania. 
However, it is important to consider that these values are not only related to the 
number of plants with potential per continent, but are also related to the investment 
that had been made in investigating them.

Plants produce a vast and diverse assortment of organic compounds, such as terpe-
noids, alkaloids, amino acids, phenolic compounds, glutathiones, polysaccharides, 
organic acids and quinones, with a vast array of pharmacologic activities like antioxi-
dants, anti-inflammatory and antimicrobial. These substances, traditionally referred as 
“secondary metabolites” are derived from various parts of plants as leaves, stems, roots 
shoots, flowers, barks and seeds (Vijayaraghavan and Ashokkumar 2017). Recently, 
many studies have proven that plant extracts can act as a potential precursor for the 
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Fig. 2.3 Venn diagram with keywords used in PubMed, Scopus and Web of Science databases, 
after removing duplicates, reviews and book chapters. The numbers indicate the quantity of publi-
cations with the combination of two keywords selected
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Fig. 2.4 Flowchart diagram of the study selection for this systematic review, from the selection of 
the keywords in Pubmed, Scopus and Web of Science databases, to the application of filters until 
the final set of articles

Fig. 2.5 Percentage of worldwide distribution of plant species studied in selected articles. The 
largest percentage of plants in the studies considered are derivated from Asia, where use and con-
sumption of medicinal plants is significant, as due to their more extensive study
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synthesis of nanomaterials in non-hazardous ways, through a process designated green 
synthesis (Chintamani et  al. 2018; Mahendra et  al. 2017; Marslin et  al. 2015). 
Balamurugan and colleagues have tested the use of Eucalyptus globulus in the biosyn-
thesis of iron oxide nanoparticles, resulting in a reproducibly high yield of about 83%  
(Balamurugan et al. 2014). Also, Klekotko and his team, in a study of the cytotoxicity 
of gold nanoparticles found that biological synthesis of these using the extract of Mentha 
Piperita revealed a promising lower cytotoxic profile than those synthesized chemically 
(Klekotko et al. 2015). Other studies with leaves of lemon and leaves of coriander have 
been employed for the extracellular biosynthesis of silver nanoparticles. Green leaves 
were preferably selected for synthesis of these metal- based nanoparticles given that 
these are photosynthetic organs of the plants, and therefore, H+ ions to reduce the metal 
ions are more available (Amooaghaie et al. 2015).

The incorporation of natural products into different forms of nano-scale particles 
and materials, or the synthesis of these nanosystems with plant extracts has also been 
explored in nanotechnology. The low insolubility of organic compounds, low stabil-
ity, poor absorption and rapid systemic elimination causes inherent limitations, 
impeding the use of these natural phytobioactives per se (Marslin et  al. 2015). 
Emergent developments in nanotechnology contribute to surmount some of these 
obstacles. One of these strategies to circumvent undesirable effects is the incorpora-
tion of the natural bioactive agent in nanoparticles, to make its beneficial pharmaco-
logical properties more accessible and efficient (Dai et al. 2017).

In addition to the use of plant-based compounds incorporated into nanoparticles, 
their use for the synthesis of nanomaterials is a fast, economical and easily scalable 
synthetic route technique, that can enhance the biological activity of the compounds, 
showed in Fig. 2.6 (Mahendra et al. 2017).

Fig. 2.6 Use of plant extracts in nanotechnology: encapsulation of plant extracts to enhance effi-
ciency for a certain therapeutic target, represented as green core, in the left; and green synthesis of 
nanoparticles, at which plant derived components nucleate and stabilize nanoparticles formed from 
a colloidal solution

2 Nanotechnology-Inspired Bionanosystems for Valorization of Natural Origin Extracts



54

2.4  Nanomaterials Used in Combination with Plants 
Extracts

In recent years, nanotechnology has been increasingly used for the synthesis, engi-
neering and design of various nanomaterials. Although the green synthesis is more 
applied to nanoparticles production, plant extracts have been used to fabricate nano-
fibers, nanotubes, nanosuspensions and nanoemulsions, as presented in Table 2.1.

Table 2.1 Types of nanostructures used in combination with plant extracts, their composition and 
advantages

Types of 
nanomaterials Composition Advantages References

Nanoemulsions Colloidal particulate 
system composed of a 
mixture of water and oil 
along with a suitable 
stabilizing surfactant

High biocompatibility, 
long-time circulation, low 
toxicity, efficient drug 
loading efficiency, targeted 
and sustained drug-release 
system

Periasamy et al. 
(2016), Hoscheid 
et al. (2015), Gumus 
et al. (2015) and 
Balestrin et al. 
(2016)

Nanosuspensions Sub-micron colloidal 
dispersions of pure 
particles of drug, which 
are stabilized by 
surfactants

High solubility and 
bioavailability, drug safety 
and efficacy; long time 
circulation

Li et al. (2018), 
Jahan et al. (2016) 
and Periasamy et al. 
(2016)

Nanofibers Ultra-fine solid fibers 
with small diameters 
(lower than 100 nm)

Improvement of drug 
release, drug loading and 
drug stability

Ahn et al. (2018), 
Ajoumshariati et al. 
(2016), Youse et al. 
(2017) and Miftahul 
(2018)

Nanotubes Nanotubes are 
cylindrical structures 
with small diameters 
(lower than 100 nm)

High biocompatibility, 
mechanical strength, 
electrical and thermal 
conductivity

André et al. (2014), 
Foo et al. (2018), 
Tripathi et al. (2017) 
and Tostado- 
plascencia et al. 
(2018)

Nanoparticles Particles that exist on a 
nanometer scale, under 
100 nm. Nanoparticles 
types are divided in two 
main groups: organic 
and inorganic 
nanoparticles

High stability, high carrier 
capacity, feasibility of 
incorporation of 
hydrophilic and 
hydrophobic substances, 
and variable routes of 
administration

Riaz et al. (2018), 
Hassanien et al. 
(2018), Murad et al. 
(2018) and Sahni 
et al. (2015)
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2.4.1  Nanoemulsions

Nanoemulsions are dispersions of two immiscible liquids, stabilized by a surfactant 
or surfactant mixture (Zorzi et al. 2015). Previous studies have suggested that nano-
emulsions can be used as carriers of drugs, and may confer long-term validity on 
carrier drugs for antimicrobial, anticancer, larvicidal and intestinal activities (Zorzi 
et al. 2015). These can be administered via oral, ocular and intravenous to reduce 
side effects and potentiate pharmacological effects. A variety of essential oils 
derived from plants has been used to prepare nanoemulsions, including those 
derived from neem, basil, lemongrass, clove and kalojeere (Periasamy et al. 2016). 
Spontaneous emulsification and high pressure homogenization are the most used 
techniques when associating plant extracts to nanoemulsions (Zorzi et  al. 2015). 
Main advantages of these are high biocompatibility, long-time circulation, low tox-
icity and efficient drug loading efficiency, targeted and sustained drug-release. 
Combining these advantages of nanoemulsions with the use of plant extracts, it can 
be obtained a product with exceptional biological properties that can be used for the 
production of hydrogels, creams and other products that can be applied at the phar-
maceutical industry (Balestrin et al. 2016).

2.4.2  Nanosuspensions

Nanosuspensions are defined as unique liquid submicron colloidal dispersions of 
nanosized pure drug particles, stabilized by a suitable polymer and/or surfactant 
(Zorzi et al. 2015). Nanosuspensions represent a potential method for improving 
bioavailability of hydrophobic drugs (Odei-Addo et  al. 2017). In most cases, 
nanoparticles need to be functionalized by various coating agents before applica-
tion. Plant extracts act as capping agents and stabilize these (Chung et al. 2016). 
Nanosuspensions and nanoemulsions have common advantages, just differing 
between the two types of nanostructures. Nanoemulsions are composed of a mix-
ture of water and oil, together with a suitable stabilizing surfactant, while nanosus-
pensions are mainly a dispersion of pure particles of a drug, which are stabilized 
by surfactants (Zorzi et al. 2015). These nanostructures in combination with plant 
extracts as agents for nanoparticle synthesis, or as a nanoparticle-incorporating 
 bioactive compounds, or even the use at nanoemulsions, have attracted increasing 
attention by researchers working on targeted and sustained drug-release systems 
(Li et al. 2018).
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2.4.3  Nanofibers

Fibers with diameter size at nanometric range are known as nanofibers. These can be 
generated from different polymers, and therefore, can have different physical proper-
ties and potential applications. Some examples of natural polymers include collagen, 
silk fibroin, keratin and gelatin (Youse et al. 2017). In addition to these, polymers of 
vegetable origin such as cellulose and alginate have also been used frequently (Youse 
et al. 2017). Electrospinning is the most commonly used method for their production 
(Ghayempour and Montazer 2018). It is a simple, versatile and efficient process to 
produce ultrafine fibers, as it can be applicable to different polymers (Ghayempour 
and Montazer 2018). The great advantage of nanofibers lies in their large surface area 
for volume ratio, as well as their porous structure, that favors cell adhesion, prolifera-
tion and differentiation in vitro. Functionalized nanofibers with antibacterial and heal-
ing properties have been extensively developed (Youse et al. 2017). There has been a 
growing use of nanofibers containing medicinal compounds from plant extracts for 
biomedical applications, particularly for wound dressings (Youse et al. 2017).

2.4.4  Nanotubes

Since the discovery and synthesis of carbon nanotubes, these materials have been 
highly investigated for their peculiar properties. Carbon nanotubes are cylinders 
made up of carbon atoms that have extraordinary mechanical, electrical and thermal 
properties, and have been the basis for various applications (Tostado-plascencia et al. 
2018). Carbon nanotubes can be made by only one of these cylinders, being classi-
fied as single wall nanotubes, and as multi-walled nanotubes, which are formed by 
several cylinders that are concentrically coiled (Foo et al. 2018). In the field of bio-
medical applications, because of their extremely small size and lightness, nanotubes 
can reach the interior of a cell, and therefore, can be used as biosensors on medical 
diagnostics and therapies (Tostado-plascencia et al. 2018). However, a major incon-
venience is though their uncontrolled cytotoxicity. To prevent it, some authors pro-
posed a coating strategy by using a synthetic polymer capable of mimicking cell 
surface receptors. Although the use of plant extracts is not as widely used in nano-
tubes, recent studies have shown that their functionalization with plant extracts 
enhances their biological activity (Foo et al. 2018; Tostado-plascencia et al. 2018).

2.4.5  Nanoparticles

Nanoparticles are the most used nanostructures in combination with plant extracts 
(P. Sathishkumar et al. 2016). With a particle size between 1 and 100 nm these are 
composed of synthetic or semi-synthetic polymers with nano- or subnano-sized 
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structures (Zorzi et al. 2015). Encapsulation of plant extracts in nanoparticles is an 
effective way used to protect compounds against deterioration or interaction with 
other factors. Besides, several other advantages are of reference, namely increased 
solubility, efficacy and bioavailability, reduced dosage and improved drug absorption 
(Zorzi et al. 2015). On the other hand, plant extracts are also used for the production 
of nanoparticles, being the extract simply mixed with a salt metal solution at room 
temperature, to promote a reaction that is complete in a few minutes. Most conven-
tional methods for producing nanoparticles are expensive, and environmentally haz-
ardous due to the application of chemicals with high biological risk. (Mittal et al. 2013)

Green synthesis processes have been developed to overcome these disadvantages 
and are more acceptable for medical applications, due to their high biocompatibil-
ity, biodegradability, non-toxicity and green nature of the agents, as well as their 
cost-effectiveness (P. Sathishkumar et al. 2016). Plant extracts are used for the bio-
reduction of metal ions to form nanoparticles, and in support of their subsequent 
stability (Sathishkumar et al. 2016). The most common metal nanoparticles in (bio)
medical applications are nanomaterials based on silver and gold, given their biocide 
effect, showed in Fig. 2.7 (Parveen et al. 2016).

Generally, nanoparticles are prepared by physical and chemical methods. Most 
of these protocols involve the use of toxic reagents that are potentially hazardous 
to the environment and relatively expensive (Sathishkumar et al. 2016). Hence, 
there was a need to develop nanoparticles synthesis techniques that were eco-
nomically sustainable, environmentally friendly and simple. Secondary metabo-
lites present in plants act as reducing agents towards stabilization of nanoparticles 
(Lediga et al. 2018). Green synthesis of nanoparticles has demonstrated advan-
tage over chemically synthesized nanoparticles (Pirtarighat et al. 2019). Methods 
applied do not require any high temperature processing, or relevant toxic chemi-
cals. Instead, these are eco-friendly, time affordable and cost effective procedures. 
More importantly, these are free of hazardous materials on their surface, and can 
be coated with bioorganic compounds that make them more biocompatible 
(Pirtarighat et al. 2019).

Fig. 2.7 Percentage of different types of nanomaterials used as object of study in articles, for the 
last 5 years, showing the trend of using metals in nanoparticles fabrication
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Metallic nanoparticles are of great scientific interest, mainly for biomedical 
applications, with many of these being used as antibacterial nanoagents (Ocsoy 
et al. 2018). Several articles have reported the synthesis of metal-based nanoparti-
cles using plant extracts. Some of related examples are listed in Table 2.2.

2.5  Properties and Applications of Plant-Based 
Nanomaterials

Nanomaterials properties can be very distinct. Their constituents used, as well as 
their modification, shape and size can give rise to a wide range of useful properties 
(Al-Huqail et al. 2018; Balalakshmi et al. 2017; Hussain et al. 2018). Also, to stan-
dardize production of nanomaterials using plant extracts it is necessary to change 
the reaction parameters, such as reaction time and temperature, pH, metal ion and 
plant extract concentrations (Devi et al. 2017). Final products can be characterized 
by a series of methods as UV-visible spectrophotometer, to validate the reduction of 
ions; TEM analysis to analyze morphology and size distribution; and X-ray diffrac-
tion for crystallographic characterization (Abbasi and Anjum 2016; Judith Vijaya 
et al. 2017; Thatoi et al. 2016; Yadi et al. 2018).

One of the most used and diverse type of nanoparticles, in terms of properties 
and applications, are metallic-based nanoparticles, as shown in Fig. 2.7. These are 
prepared by using various kinds of metals as silver, zinc, iron, copper, gold and 
titanium (Botha et al. 2019; Saravanan et al. 2016).

Table 2.2 Green-synthesized metal nanoparticles using various plant extracts

Metal nanoparticles Active compound
Biological 
activity References

Silver nanoparticles using 
Malva sylvestris extract

Quercetin, malvidin 
3-glucoside and scopoletin

Antibacterial 
activity

Mahmoodi 
Esfanddarani 
et al. (2018)

Silver nanoparticles using 
Gymnema sylvestre extract

Gymnemagenin, gymnemic 
acids, gymnemanol, and 
β-amyrin-related glycosides

Anticancer 
activity

Arunachalam 
(2014)

Gold nanoparticles and 
silver nanoparticles using 
Stereospermum suaveolens 
extract

n-triacontanol, p-coumaric 
acid, beta-sitosterol, 
lapachol and cycloolivil

Antioxidant and 
anticancer 
activity

Francis et al. 
(2018)

Magnesium nanoparticles 
using Artemisia abrotanum 
extract

Aglycones and glycosylates, 
and hydroxycinnamic 
derivatives

Catalytic and 
antioxidant 
activity

Dobrucka (2018)

Copper nanoparticles using 
Punica granatum extract

Ellagic acid, punicalagins A 
and B, ellagitannins, gallic 
acid and gallotannins

Photocatalytic 
activity

Nazar et al. 
(2018)

A. C. S. Gonçalves et al.



59

There are innumerous reports documenting that these metals are known to have 
multifunctional bio-applications as antibacterial, antimicrobial, antiproliferative, 
antifungal, antioxidant, anti-inflammatory, antivirus, antimosquitoes, larvicidal 
activity and others, as presented in Table 2.3 and Fig. 2.8.

Table 2.3 Applications of metal-based nanomaterials synthesized from plant extract

Metal-based 
nanomaterials Applications References

Silver Antibacterial; anticancer; 
antioxidant; antimicrobial; 
anti-inflammatory; antifungal

Ocsoy et al. (2017), Kotakadi et al. (2014), 
Amooaghaie et al. (2015) and Rasheed 
et al. (2017)

Gold Anticancer; antioxidant; 
antimicrobial

Rijo et al. (2016), Clemente et al. (2017), 
Yallappa et al. (2015) and Nambiar et al. 
(2018)

Copper Antibacterial; anticancer; 
antimicrobial; antifungal; 
antioxidant

Hassanien et al. (2018), Saran et al. 
(2018), Pansambal et al. (2017) and 
Yugandhar et al. (2017)

Zinc Antibacterial; antioxidant; 
antimicrobial; anticancer

Mahendra et al. (2017), Jafarirad et al. 
(2016), Suresh et al. (2015) and 
Vijayakumar et al. (2018)

Nickel Anticancer; antibacterial; 
antimicrobial

Ezhilarasi et al. (2016, 2018), Amiri et al. 
(2018) and Saleem et al. (2017)

Titanium Antioxidant; antibacterial Santhoshkumar et al. (2014) and Nadeem 
et al. (2018)

Magnesium Antioxidant; antibacterial Sushma et al. (2016), Dobrucka (2018) 
and Jamal et al. (2016)

Fig. 2.8 Percentage of biomedical applications of nanomaterials synthesized from plant extracts 
considering data from the selected articles. It can be concluded that antibacterial, anticancer and 
antimicrobial are currently their main applications
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2.5.1  Silver Nanomaterials

Noble metal nanomaterials have attracted attention because of their structures, as 
these exhibit better physical, chemical, biological properties and functionalities, 
due to their ultra-small sizes (Ali et al. 2017). Among the various nanomaterials, 
silver nanoparticles have been the most studied, given mostly because of their high 
electrical and chemical conductivity, chemical stability, high catalytic activity and 
antimicrobial, anticancer and larvicidal activities (Allafchian et  al. 2018; 
Doddapaneni et al. 2018; Zhou and Tang 2018).

Silver nanoparticles can cause cell lyses, inhibit cell transduction, induce changes 
in cell membrane permeability, affect the microbial genome and cause DNA frag-
mentation (Ouda Sahar 2014). Oh et  al. suggested that the eco-friendly silver 
nanoparticles prepared with C. sinensis were effective as antimicrobial agent against 
pathogenic E. coli and S. aureus (Oh et al. 2018).

The unique properties of silver nanoparticles are mainly advantageous, since 
these also led to an enhanced chemotherapeutic efficacy with minimal toxicity (Adil 
et al. 2016; Doddapaneni et al. 2018; Jena et al. 2016). Nowadays, nanoparticles-
based combinatorial therapies using those with anticancer activity in combination 
with a chemotherapeutic agent are being translated into nanomedicine, in order to 
counteract resistance to the standard treatments (Banu et al. 2018; Dehghanizade 
et al. 2017).

In developing countries, vector-borne diseases are a major public health prob-
lem. Suman et  al. (2018) indicates that silver nanoparticles synthesized with 
H. enneaspermus are highly stable and had significant mosquito larvicidal activity, 
having the potential to be used as an ideal ecofriendly approach for vector control 
programs (Suman et al. 2016).

Less common properties were reported by Sathishkumar et  al. wherein silver 
nanoparticles using C. sativum leaf extract showed excellent anti-acne and anti- 
dandruff against P. acnes and M. furfur, respectively. Nevertheless, further investi-
gation is still needed to turn it into an effective nano-drug for in vivo therapeutic 
application (Sathishkumar et al. 2016).

2.5.2  Gold Nanomaterials

Biocompatible gold nanomaterials have been studied as biosensors, diagnostic 
agents, cell targeting vectors, heating mediators for cancer thermotherapy and drug 
delivery (Yallappa et al. 2015). These stems mainly from their less cytotoxicity, high 
stability, ability to bind to biomolecules and also their visible light behavior 
(Guruviah Karthiga Devi and Sathishkumar 2016; Nambiar et  al. 2018; Yallappa 
et  al. 2015). Gold nanoparticles have been successfully prepared with M. foetida 
leaves extract and conjugated with folic acid and doxorubicin. Such complex showed 
low toxicity towards normal epithelial cells, and high toxicity to human cancer cells 
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(Yallappa et al. 2015). Also, investigation on combined use of P. emodi and gold 
nanoparticles demonstrated enhanced potential for treatment and management of 
diseases, as is the case of atherosclerosis and myocardial infarction (Ibrar et al. 2018).

Antimicrobial activity of gold nanoparticles has also been widely reported. Oh 
et al. suggested that gold nanoparticles produced with C. sinensis, besides being 
effective against breast cancer cells, were successful antimicrobial agents against 
pathogenic E. coli and S. aureus (Oh et al. 2018).

In addition, the use of gold nanoparticles as catalyst in photocatalytic degrada-
tion, and reduction of pollutant, has become a prominent approach for environmen-
tal solutions. Choudhary et  al. studied a green synthesis approach of gold 
nanoparticles mediated by L. speciosa leaf extract. Obtained nanoparticles showed 
strong photocatalytic behavior, adequate to be used for treatment of wastewater 
containing toxic dyes and other organic pollutants (Choudhary et al. 2017).

2.5.3  Zinc Nanomaterials

Zinc nanomaterials have drawn attention for their exclusive optical and chemical 
behaviors, which are strongly related to their size and morphology (Ambika and 
Sundrarajan 2015). Zinc nanoparticles combined with V. negundo leaves extract 
were demonstrated to inhibit the growth of S. aureus and E. coli bacterial cells 
(Ambika and Sundrarajan 2015). Furthermore, zinc nanoparticles have highly 
promising prospective on biological functions for sensing, as drug delivery system, 
or as anticancer, antibacterial, antilarvicidal, antioxidant and antidiabetic agents 
(Jafarirad et al. 2016; Mahendra et al. 2017; Ovais 2017; Surface et al. 2018; Thatoi 
et al. 2016; Vijayakumar et al. 2018; Yadi et al. 2018). Zinc nanoparticles produced 
in combination with V. Arctostaphylos have been referred as nano-antidiabetic drugs 
(Bayrami et al. 2017).

2.5.4  Iron Nanomaterials

Due to the biodegrability, biocompatibility and easy synthesis nature of iron oxide 
nanomaterials, these have a great potential to be used as treatment agent towards 
different types of cancer (Zhao et al. 2018). In vitro studies revealed that green syn-
thesis of iron nanoparticles with C. sativum can be used to enhance cytotoxic effects 
on HeLa cancer cells, for example (Sathya et al. 2018).

Moreover, iron has been the first choice metal for groundwater treatment due to 
its high intrinsic reactivity, low toxicity, biodegrability, low cost, abundance and 
magnetic properties, being considered a universal material for water treatment 
(Nasiri et al. 2019). It has been used to remediate contaminants such as heavy metals, 
azo dyes and organic compounds (Carvalho and Carvalho 2017; Nasiri et al. 2019).
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Also, iron nanoparticles produced in combination with C. guianensis possess a 
great bactericidal effect against different bacterial human pathogens (Sathishkumar 
et al. 2018).

2.5.5  Nanofibers

Nanofibers have been mainly recognized for their applications in drug delivery 
(Charernsriwilaiwat et al. 2013). In this context, these nanomaterials present very 
large surface area to volume ratios having potential to improve drug release signifi-
cantly (Ghayempour and Montazer 2018). Furthermore, the small dimension of 
fibers combined with their microporous structure provided by the polymer, mimics 
a protective shield, resulting in increased drug loading and stability 
(Charernsriwilaiwat et al. 2013). Recently, some studies have reported successful 
development of Mangosteen pericarp extract nanofibers intended for various pur-
poses. For instance, it was loaded onto polyvinyl alcohol (PVA) nanofibers for der-
mal delivery purpose and it was spun in a mixture of chitosan/EDTA/PVA for 
wound healing (Charernsriwilaiwat et al. 2013; Ghayempour and Montazer 2018).

2.5.6  Nanoemulsions

Main advantages of nanoemulsions compared to conventional emulsions include 
improved physical stability and absorption/penetration, as high bioavailability, 
properties that are attributed to their reduced droplet size and great surface area (da 
Silva Gündel et al. 2018). Besides, these permit the dispersion of lipophilic mole-
cules in aqueous media and can be administered by several vias, from topic, oral, 
nasal and ocular to intravenous (Zorzi et al. 2015).

Jaboticaba is a fruit of Jaboticabeira tree (Myrciaria spp., Myrtaceae family) and 
highly appreciated in the Brazilian culinary because of its medicinal properties. 
Pharmacological activities reported include antioxidant, anti-inflammatory, antimi-
crobial, hypoglycemic and antiproliferative effects (Mazzarino et  al. 2017). In a 
recent study, Mazzarino and colleagues reported that this plant nanoemulsions can 
be considered a potential antioxidant agent for cosmetic and pharmaceutical appli-
cations (Mazzarino et al. 2017).

In another study, microemulsions were fabricated to improve oral bioavailabitilty 
of the total flavones extracted from Hippophae rhamnoides, that exhibits 
 therapeutically significant effects on cardiovascular and cerebrovascular diseases, 
and showed protective applications in aging, radiation, oxidative injury, myocardial 
ischemia and cerebral thrombus (Guo and Guo 2017).
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2.6  Natural Products from Plants Approved 
for Therapeutic Use

Over the years, some plant compounds have been integrated into the pharmaceutical 
industry as drugs for the treatment of various diseases (Afrin et  al. 2018; David 
et al. 2015; Newman and Cragg 2016). Table 2.4 presents some chemical entities 
derived from plants that are currently used in various therapies.

Table 2.4 Plant-derived natural products approved for therapeutic use

Generic name and chemical 
structure Plant species

Commercial name and 
year of introduction Therapeutic use

Galantamine Galanthus  
woronowii Losinsk.

Razadyne, 2001 Early-onset 
Alzheimer’s 
disease

Nitisinone Callistemon citrinus Orfadin, 2002 Hereditary 
tyrosinemia  
type 1

Varenicline Cytisus laburnum L. Chantix, 2006 Tobacco 
dependence

Paclitaxel Taxus brevifolia Nutt. Nanoxelc, 2007 Cancer 
chemotherapy

Capsaicin Capsicum annum L. Qutenza, 2010 Peripheral 
neuropathic pain

Omacetaxine 
mepesuccinate

Cephalotaxus 
harringtonia

Synribo, 2012 Oncology
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The process of selection and study of bioactive compounds of plants with poten-
tial for the development of new drugs is time consuming, since much information is 
needed about its habitat, abundance, use by population, besides their phytochemical 
composition that often is quite complex. However, with the development of new 
technologies and improved instruments, such as high-performance liquid chroma-
tography (HPLC), coupled to mass spectrometry (MS)/MS (liquid chromatography, 
LC-MS), higher magnetic field-strength nuclear magnetic resonance (NMR) instru-
ments, and robotics to automate high-throughput bioassays, yield study of plants 
extractives easier and faster (Atanasov et al. 2015).

Several herbal medicines have been released on the market in recent years, and 
many plant-derived compounds are currently undergoing clinical trials for the 
potential treatment of various diseases (Atanasov et  al. 2015). As there are still 
many plants that have not been studied and tested as potential sources of bioactive 
compounds, the discovery of plant-based drugs continues surely to be essential for 
the release of new and highly competent phytopharmaceuticals, and even more with 
the development of more sensitive and more versatile analytical methods.

2.7  Usage of Curcumin in Nanoparticles for Periodontal 
Disease Therapy

Curcumin is a hydrophobic polyphenolic compound derived from the rhizomes of 
Curcuma longa. This natural compound has a long history of use as curry (tur-
meric) in East Asian countries. India is the largest turmeric producer worldwide, 
being turmeric a major driver of Indian economy. Data from 2016 estimates that 
India share in exportations was 65.5% of world exportation, valued at 
US$186.46  million and estimated to grow yearly above 10% (Tridge. 2019). 
Demand is driven by increasing awareness of its beneficial characteristics in cos-
metics, food and medicine (Sadegh et al. 2019). It is fairly intuitive that, if nano-
technology is to eliminate one of the biggest limitations of curcumin’s use in 
medicine by improving its  solubility, and thus bioavailability, this will have a tre-
mendous economical impact on the market and its players, creating opportunities 
for more business and increased margins of profit (Hatamipour et al. 2019; Sadegh 
et al. 2019).

Curcumin is “generally recognized as safe” (GRAS) by the Food and Drug 
Administration (FDA), and is characterized by a wide range of antibacterial, anti-
fungal, antiviral, antioxidative, anti-inflammatory, anticancer and antiproliferative 
activities (Dai et al. 2017; Loo et al. 2016; Nambiar et al. 2018; Yallapu et al. 2013).

Periodontal disease is a chronic inflammatory condition affecting the tissues that 
support and protect the teeth, and may lead to the destruction of alveolar bone and 
periodontal ligament (Preshaw 2015). Its prevalence and severity are highly variable 
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in different populations, but it is estimated that 15–20% of adult individuals are 
affected by the more severe forms of the disease, while the less severe forms affect 
35–60% of the global population (Preshaw 2015).

At literature, there is considerable evidence from both in vitro and in vivo studies 
indicating that the anti-inflammatory properties of curcumin attenuate the response 
of immune cells to periodontal disease-associated bacterial antigens and inhibit 
periodontal tissue destruction (Zambrano et al. 2018). However, most of these used 
a systemic route of administration, and their results may be limited by the poor 
pharmacodynamic properties of curcumin, as well as its high hydrophobicity that 
conducts to low absorption rates at gastrointestinal tract, besides having extremely 
short plasma half-life (Pr et al. 2016; Zhou et al. 2013).

Zambrano et  al. (2018) reported that local administration of curcumin-loaded 
nanoparticles effectively inhibited inflammation and bone re-absorption associated 
with experimental periodontal disease (Zambrano et al. 2018).

A search on U.S. National Institutes of Health Public online database of clinical 
trials (http://www.clinicaltrials.gov) in May 2019, using the keyword “curcumin”, 
returned 198 registered trials on various clinical conditions such as asthma, multiple 
myeloma and various other types of cancer, diabetes, Alzheimer’s disease, schizo-
phrenia and inflammatory intestinal diseases. Interestingly, this search returned 9 
phase IV clinical trials, including 1 on topical use of curcumin as adjunct in treat-
ment of periodontal disease. The primary outcome of this single study was the anti-
oxidant activity in saliva of periodontitis patients, but no results were posted.

2.8  Conclusion

Nanotechnology is in great evolution and has allowed the development of nanoma-
terials with applications in the most diverse areas, especially in the biomedical field. 
The variety of existing nanostructures with different properties added different pos-
sibilities of treatments that had not existed before, or did not work so effectively. 
The use of plant extracts allied to nanoparticles, nanoemulsions, nanosuspensions, 
nanofibers and nanotubes has been shown to improve the efficacy and enhance the 
biological properties of the phyto-extracts. Although there are many studies of green 
synthesized nanomaterials and its properties, it is still necessary to continue investi-
gating these derived formulations to validate them as potential agents in new nano-
therapies. These technological developments will certainly lead to great economical 
impact in the plant derived products markets, creating opportunities for more busi-
ness and increased margins of profit in value added products.
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Chapter 3
Nanocarriers as Tools for Delivery 
of Nature Derived Compounds 
and Extracts with Therapeutic Activity

Raju Saka and Naveen Chella

Abstract Natural medicine found its use over a long period of time. These were 
effectively used in treating various ailments since ancient times. Initially simple 
extracts were used for treatment followed by isolated compounds. Natural com-
pounds formed integral part of drug discovery programmes for most of the time. 
However, with the introduction of combinatorial chemistry the use of natural com-
pounds reduced gradually, nevertheless, natural compounds were still under exten-
sive evaluation and newer products were being approved. Many natural compounds 
have potential to treat various life threatening diseases for which synthetic medicine 
doesn’t have specific cure. However, natural compounds have limitations owing to 
their poor solubility, stability and permeability. This led to their reduced usage in 
clinical stage.

Nanocarriers due to their unique properties, offers successful delivery of various 
synthetic drugs by improving/modifying the properties such as solubility, pharma-
cokinetics and specificity. These advantages increased the interest towards develop-
ment of various nanocarriers for the effective delivery of natural molecules. This 
chapter explores the various delivery options of different bioactive natural mole-
cules and extracts using different nano carriers made of polymers, lipids and inor-
ganic materials. Various natural molecules used in different disease conditions such 
as Alzheimer’s, diabetes, microbial infections, inflammatory condition and psoria-
sis were selected and their limitation in reaching clinical stage was discussed. The 
role of nanocarriers in overcoming these limitations and improving their clinical 
promise was highlighted with relevant case studies or examples.
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Abbreviations

AUC Area under the curve
EGCG Epigallocatechin-3-gallate
NLC Nanostructured lipid carrier
PLGA Poly lactic-co-glycolic

3.1  Introduction

Nature has provided mankind with many wonderful gifts, one of which is wide 
variety of natural molecules with medicinal value. Natural products were used over 
a long time since the beginning of mankind. Various ancient literatures have men-
tioned the efficient use of natural medicine in the treatment of various ailments. 
Natural products were the principal source of medicine to humans before the advent 
of western/synthetic medicine. These ranged from plant extracts, fungi to inorganic 
chemicals. The use of natural products by man dates back to 2900 BC. Various liter-
ary works like Ebers Papyrus, Chinese Materia Medica, Shennong, and the Tang 
herbal and Charaka Samhita have compiled about the use of natural molecules from 
different sources as medicines to treat various ailments (Ghalioungui 1987; 
Patwardhan et al. 2005; Yuan et al. 2016). Before the synthetic era, majority of the 
available medical preparations are of natural origin. Initially, the majority of natural 
medicines were plant derived. With the diversification of scientific exploration, new 
sources like microbes and marine organisms were also identified which gave highly 
potent compounds to medical sciences.

Natural medicine dominated the world healthcare system for a very long time. 
When western medicine was introduced more emphasis was put upon the synthetic 
chemistry. Due to this, interest in natural medicine decreased gradually. The inte-
gration of natural products with chemistry was initiated in the early 1800s when 
Serturner discovered and isolated morphine from opium poppy (Papaver som-
niferum) (Klockgether-Radke 2002). This was followed by emetine, colchicine, 
atropine, quinine, and aspirin which dominated until early 1900s. The major break-
through in natural product development was when Sir Alexander Fleming isolated 
the first antibiotic “Penicillin” from fungus Penicillium notatum which was termed 
as one of the biggest achievements in modern medicine (Dias et al. 2012).

Interest in natural products continued as newer and more potent antibiotics were 
identified and isolated. Eventually natural medicine diversified into other fields like 
anti-inflammation, anaesthesia and oncology. One of the first effective anti- 
neoplastic agents was nature derived. Paclitaxel, one of the widely used anti-cancer 
agents was first isolated from the bark of Taxus brevifolia (Cragg 1998). This was 
followed by other drugs like doxorubicin, asparagine, etoposide, teneposide, vin-
cristine and vinblastine. These dominated the healthcare system for longer period 
(Shoeb 2006).
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Advances in chemistry have shifted the interest towards synthetic drugs, as these 
were easy to synthesize in large amounts enough to carry out a full-fledged clinical 
trial which was not feasible with natural products. The introduction of high- 
throughput screening and combinatorial chemistry where, thousands of molecules 
can be evaluated in a short period has led to decreased interest in natural products 
(Broach and Thorner 1996; Von Nussbaum et al. 2006). Though this trend is being 
continued, still a significant proportion of newly approved molecules are of natural 
origin (Table 3.1). Apart from being directly used as a drug, natural compounds are 
also effectively used as a template to synthesize new lead molecules with higher 
efficacy. This approach led to the launch of numerous drug compounds that are 
derived from components of a natural product (Harvey 2008). A recent example is 
Eribulin mesylate from marine sponges which has been approved by the United 
States Food and Drug Administration for soft tissue sarcomas (Huyck et al. 2011).

The major advantages of natural products include (Siddiqui et al. 2014):

• Wider structural diversity compared to synthetic chemical libraries
• Safer than synthetic alternatives
• Bioactive by nature
• Obey Lipinski’s “Rule of Five”
• Have better absorption than complex synthetic molecules
• Has long history of usage with wider public acceptance
• Can be used as scaffolds for the development of more effective semi-synthetic 

and synthetic molecules

Though the natural products have various advantages their use has been 
drastically reduced over time due to the following reasons (Siddiqui et al. 2014):

• Crude extracts obtained from natural sources are not compatible with high- 
throughput screening methods of lead identification

• The structure of natural compounds will be highly complex

Table 3.1 Representative examples of recently approved natural products along with their 
therapeutic indications

Year Name Therapeutic indication Source Company

2010 Fingolimod Multiple sclerosis Mycelia sterilia Novartis Int. AG
2012 Ingenol 

mebutate
Actinic keratosis Euphorbia peplus LEO Pharma A/S

2011 Spinosad Human head lice Saccharopolyspora 
spinosa

ParaPRO, LLC

2013 Canagliflozin Type-2 diabetes Apple bark Janssen 
Pharmaceuticals, Inc.

2016 Eribulin 
mesylate

Breast cancer and 
liposarcoma

Halichondria species Eisai Co.

2018 Cannabidiol Dravet syndrome and 
Lennox–Gastaut 
syndrome

Cannabis species GW Pharmaceuticals
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• Difficulty in isolating a pure compound from a mixture and the high cost involved 
in the extraction procedure

• Large scale supply is an issue if the isolated molecule is a hit
• Patenting issues of natural products
• Diversion of resources to combinatorial chemistry and high-throughput screening

3.2  Problems Associated with Natural Compounds

3.2.1  Solubility

Solubility is the intrinsic property and most important physicochemical property of 
the drug that plays critical role at an early stage of drug development. It is mostly 
dependent on the structure and physical nature of the drug (Yalkowsky 1999). Poor 
solubility will always be a problem during the early stage of development as it is 
essential for the drug to be soluble in sufficient quantities for absorption. The major-
ity of complex natural compounds have poor water solubility (Bilia et  al. 2017) 
which is a major hurdle for their development into clinical candidates. Conventional 
approaches like pH adjustment, co-solvency, and surfactant solubilization don’t 
improve the intended outcomes as there is a possibility for precipitation after dilu-
tion. Hence nanotechnology can be applied to improve the solubility of the natural 
compounds. The major advantage is that, there will be no effect of dilution on the 
nanoformulation. Nanoformulations used to improve the solubility of various natu-
ral products were discussed in later sections of the chapter.

3.2.2  Permeability

Permeability is the second most important property after solubility, as the molecule 
need to cross the biological barriers to show efficacy. The permeability of the com-
pound depends on physicochemical properties of the molecule like, molecular 
weight, terminal functional groups and partition coefficient (Log P) (Hansch and 
Clayton 1973). Many natural compounds have unfavourable Log P values that hin-
ders their partition into the biological membrane followed by absorption (Watkins 
et  al. 2015). This issue can be solved using permeation enhancers. Some drugs 
despite of having sufficient Log P values also show less absorption as they are 
expelled by efflux transporters present on the membrane (Chan et  al. 2004). 
Permeation enhancers not always improve the permeation especially, if the drug is 
absorbed through carrier-mediated transport. Instead, carrier-mediated transport is 
dependent on transporter saturation. In such cases, permeation enhancers will have 
little effect. To overcome such problems various nanocarriers have been developed. 
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Nanocarriers prevent efflux and poor permeability by getting engulfed into the bio-
logical membrane thereby minimizing the transporter effect (Hillaireau and 
Couvreur 2009). Various nanocarriers have been discussed for separate natural mol-
ecules to improve their transport through biological membranes in later sections.

3.2.3  Stability

Chemical stability is one of the parameters of a compound which is usually neglected 
at initial stages of drug development. The stability of a compound is an important 
parameter as it governs the later developmental stages (Group 2003). Degraded 
compounds either do not show efficacy or produce toxic effects, both of which are 
undesirable at the clinical stage. Most of the drugs degrade either due to pH change, 
oxidation, hydrolysis, reduction, and light under in vitro and due to acidic or alka-
line environment and enzymes in vivo (Blessy et  al. 2014; Crowley and Martini 
2001). Light-induced degradation can be avoided by using a light-protective con-
tainer closure system. However, the prevention of degradation from acidic/basic 
conditions of biological environment is very difficult as the direct pH change of the 
external media may pose severe ramifications to the delivered drug molecules. In 
such cases, encapsulation of drug molecule protects the drug from the external envi-
ronment and also improves cellular transport of drug (Sharma and Garg 2010). 
Apart from chemical stability, metabolic stability also plays a vital role in com-
pound bioavailability (Masimirembwa et al. 2003). Many natural compounds (E.g. 
Artemisinin) to reach systemic circulation in sufficient concentrations to provide a 
therapeutic effect due to extensive metabolism by gut or hepatic enzymes (Efferth 
et al. 2016). Nanoencapsulation protects the compound from metabolic degradation 
as the free drug is not available for metabolism thus improving bioavailability. 
These approaches are explained in later sections of the chapter.

3.3  Nanotechnology in Medicine

Nanotechnology is defined as the science of design and production of nanoscale 
(1–100  nm) structures or devices that offer unparalleled advantages in terms of 
physical, chemical and material properties (Boisseau and Loubaton 2011; Freitas Jr 
2005). Since these materials have similar dimensions to that of biological mole-
cules, these can be used for medical applications. This is of special importance in 
cancer therapy where the effective treatment is based on targeting the disease at a 
molecular level which is possible only with nanoscale materials. Nanomaterials 
have unique structural properties that are different from macro-level materials in 
enormous magnitudes. These structural properties can be tailored and exploited for 
various medical applications such as diagnosis, imaging and treatment of various 
diseases (Logothetidis 2006; Surendiran et al. 2009).
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Nanotechnology has been researched since long time, but only in the 1990’s 
these gained interest of pharmaceutical industry with the approval of first nano-
medicine based product by United States Food and Drug Administration (Barenholz 
2012). This was followed by the approval of various nanotechnology-based prod-
ucts for multiple applications (Bajwa et  al. 2017). Unlike macro systems, the 
nanoparticle has a high surface to volume ratio which is the most requisite charac-
teristic property that paves way for higher drug loading, surface functionality tuning 
which is useful for targeted drug delivery (Merisko-Liversidge and Liversidge 
2008). First generation nanomedicine works by passive targeting to the diseased site 
based on enhanced permeation and retention effect, where nanocarriers infiltrate the 
disease site through narrow fenestration of blood capillaries at the affected site (Iyer 
et al. 2006). Apart from this mechanism nanocarriers also infiltrate tough biological 
barriers with ease because of their lower particle size and unique surface properties. 
Newer generation nanocarriers make use of the higher surface to volume ratio 
thereby tuning their surface with targeting agents (ligands) and triggered release 
polymers so that the drug will be released accurately at the target site in response to 
specific receptors or physiological or pathological condition (Mout et al. 2012).

Over the time, various nanocarriers have been developed for multiple applications 
in medicine. The nanotechnology field started with metal nanoparticles followed by 
micelles, polymeric nanoparticles, and liposomes that dominated for a longer 
period. Recently, newer systems were introduced such as lipoplexes/polyplexes, 
quantum dots, nanofibres, dendrimers and carbon nanotubes. Various nanocarrier 
based products both approved and currently in development are presented in 
Table 3.2 (Caster et al. 2017).

Nonetheless, nanocarrier systems have various advantages like improved 
solubility, permeability due to smaller size, increased stability due to encapsulation, 
improved drug delivery and reduced toxicity due to targeted delivery by hindering 
the drug exposure to healthy tissues. There are disadvantages such as toxicity due to 
non-degradable materials used in the synthesis, not suitable for less potent drugs 
where the dose required increases and are costlier compared to the conventional 
dosage forms.

3.4  Development of Nanocarrier Systems

Formulation scientists consider various parameters while developing a formulation 
for preclinical and clinical studies. Most emphasis will be upon solubility rather 
than permeability and stability. Conventional approaches are prioritized initially 
rather than using nanotechnological approaches. Various authors described the for-
mulation development of new hits for preclinical testing. They explained the 
sequential development of formulation using a conventional and nanotechnological 
approach (Fig. 3.1). Usually, the novel formulation development starts with nanon-
ization approaches like nanocrystals and nanosuspension formation. Once the 
intended solubility values have been attained the formulation will be carried 
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forward for pharmacokinetic/pharmacodynamic studies. If the formulation approach 
fails, the compound is further developed into micro- and nanoemulsions and tested 
for pharmacokinetic and pharmacodynamic parameters. If this fails, it will be fur-
ther developed into nano solid dispersions, polymeric nanoparticles, solid lipid 
nanoparticles (SLN) and nanostructured lipid carriers (NLC). Liposomes are con-
sidered as last resort formulations in preclinical development and thus used when all 
the above approaches fail to improve solubility or meet the desired specifications 
(Bittner and Mountfield 2002; Maas et al. 2007).

Table 3.2 Representative examples of recently approved nanoformulations

Brand name
Therapeutic 
indication Drug

Year/
Clinical 
trial 
phase Formulation Company

Krystexxa® Multiple 
sclerosis

Pegloticase 2010 Polymer- 
protein 
conjugate

Horizon

Marqibo® Acute 
Lymphoblastic
Leukemia

Vincristine 2012 Liposomes Onco TCS

Invega®

Sustenna®

Schizophrenia
Schizoaffective 
Disorder

Paliperidone 
Palmitate

2014 Nanocrystals Janssen 
Pharmaceuticals, 
Inc.

Adynovate® Hemophilia PEGylated 
factor VIII

2015 Protein 
conjugate

Baxalta

Plegridy® relapsing 
remitting 
multiple 
sclerosis 
(RRMS)

PEG-IFN-β-1a 2014 Drug-polymer 
conjugate

Biogen

Zilretta® Knee 
osteoarthritis

Triamcinolone 
acetonide

2017 poly lactic-co- 
glycolic acid 
(PLGA) 
nanoparticles 
hydrogel

Flexion 
Therapeutics

ThermoDox® Hepatobiliary 
Tumors

Doxorubicin III Liposomes Celsion 
Corporation

Nanoplatin® Advanced solid 
tumour 
malignancies

Cisplatin II/III Polymeric 
micelle

NanoCarrier Co., 
Ltd.

Promitil® Advanced solid 
tumour 
malignancies

Mitomycin-C I Liposomes Lipomedix

Paclical® Gynaecological 
Malignancies

Paclitaxel III Polymeric 
micelle

Oasmia 
Pharmaceutical 
AB
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3.5  Nanotechnology in Delivery of Natural Products

Nanotechnology has greatly improved the delivery of complex synthetic molecules. 
Though the natural substances are safer than their synthetic counterparts they suffer 
from drawbacks owing to poor physicochemical properties. Nanotechnology is 
believed to address these issues and can effectively deliver the natural compounds 
to the target area. Unlike synthetic molecules where the diversity of nanomaterials 
is very high, natural products are mostly nano-processed into lipidic and polymeric 
systems. Various natural products have been effectively delivered to their target site 
by the use of nanocarrier systems (Devi et al. 2010; Gopi et al. 2016; Watkins et al. 
2015). Since there are various compounds currently being investigated, the nano-
technological applications for various natural compounds are individually described 
in the following sections (Table 3.3).

Fig. 3.1 Sequential development of nanoformulations for solubility improvement of new 
chemical entity
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Table 3.3 Various nanocarriers exploited for natural products delivery and their advantages

Nanocarrier Structural description Advantages

Nanocrystals Nanosized drug crystals produced from 
particle size reduction approaches with sizes 
below 1 μm (Keck and Müller 2006)

Improved solubility
Better dissolution profile
Good safety as it is devoid 
of any excipients
Can be suitable for high 
dose administration

Polymeric 
nanoparticles

Mesoscale particles comprised of polymer 
matrix or capsules loaded with drugs 
(Soppimath et al. 2001)

Suitable for various routes 
of administration
Higher cell uptake
Tunable surface

Solid lipid 
nanoparticles and 
nanostructured lipid 
carriers

Solid lipid nanoparticles are nanoparticles 
comprising solid lipid matrix while 
Nanostructured lipid carriers are 
nanoparticles comprised of irregularly 
distributed solid and liquid lipids. (Pardeike 
et al. 2009)

High scalability
Improved stability of 
sensitive drugs
High elasticity of the 
particles
High drug loading

Magnetic 
nanoparticles

Inorganic magnetic core coated with various 
functional agents (McBain et al. 2008)

Highly tunable surface
Has diagnostic and 
therapeutic purpose
Gene delivery

Liposomes Bilayerd lipid vesicles (Allen and Cullis 
2013)

Improved stability of 
sensitive molecules
Encapsulation any type of 
compound
Effective for gene 
delivery
More market presence

Micelles Spherical supramolecular assemblies formed 
from amphiphilic copolymer molecules 
consisting hydrophobic core (Sutton et al. 
2007)

Can be used for water 
insoluble drugs
Protects drug from 
degradation
First choice of 
nanoformulations for 
systemic delivery

Mesoporous silica 
nanoparticles

Solid mesoporous nanosized silica particles 
with large surface area for entrapment 
(Slowing et al. 2008)

Can be simultaneously 
used for diagnosis and 
treatment
Bio-sensing
Good stability

Dendrimers Synthetic branched tree shaped 
macromolecules with monodispersed 3D 
structure (Gillies and Frechet 2005)

Can entrap multiple 
compounds
Definitive tunable 
structure
Uniform particle 
morphology
Highly tunable terminal 
functional groups

(continued)
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3.5.1  Resveratrol

Resveratrol (3,4,5′-trihydroxystillbene) is a stillbenoid extracted and isolated from 
the peel of grapevine (Vitis vinifera) (Frémont 2000). It exists in both cis and trans 
forms of which later has more biological activity. The compound has both cosmetic 
and therapeutic applications like acne vulgaris, psoriasis, neurological disorders, 
wound healing, skin cancer, and diabetes (Baur and Sinclair 2006). Various research 
publications have proven that the compound has a huge potential to be a viable 
clinical candidate for these diseases. Despite these favourable factors resveratrol 
suffers from many shortcomings such as poor aqueous solubility, poor chemical and 
photo stability, short biological half-life and rapid clearance from the body that 
results in low oral bioavailability (Delmas et al. 2011; Francioso et al. 2014).

Various approaches have been investigated to improve the properties of 
resveratrol of which, nanotechnology was found to be the most promising one. 
Improvement in solubility, stability and bioavailability of resveratrol was reported 
by many scientists after encapsulating it into different nanocarriers (Amri et  al. 
2012; Santos et al. 2011). Ansari et al., prepared resveratrol nanosponges with the 
average particle size range of 400–500  nm by cross linking cyclodextrin for 
improved solubility, stability and permeation. The prepared nanosponges showed 
enhancement in dissolution due to improved solubility and wetting and increased 
cytotoxicity on HCPC-I cells due to improved solubility. These nanosponges also 
showed increased permeation through pig skin and higher accumulation (twofolds) 
in rabbit mucosa compared to the plain drug. Furthermore, the drug is in encapsulated 
in the inner cavity of the cyclodextrin molecule prevents photo degradation (Ansari 
et al. 2011). The authors concluded that, prepared resveratrol nanosponge has good 
potential for use in buccal and topical delivery. In another study, resveratrol was 
formulated into nano complex with soy protein isolate. The resultant nano complex 
showed twofolds improvement in solubility compared to plain drug and also retained 

Table 3.3 (continued)

Nanocarrier Structural description Advantages

Carbon nanotubes Needle like carbon based hollow carriers 
with various geometrical shapes and patterns 
(Bianco et al. 2005)

Can be used as 
implantable systems for 
longer duration of time
Can be used as scaffolds 
to improve tissue growth 
apart from drug delivery
High mechanical strength

Quantum dots Nanosized semiconductor crystals with 
inherent fluorescent emission control (Qi and 
Gao 2008)

Low particle size
Improved cellular uptake
High tunability

Niosomes Non-ionic surfactant vesicles (Uchegbu and 
Vyas 1998)

Can target reticulo- 
endothelial system
Low cost excipients
High drug loading

Farjadian et al. (2018)
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the activity of resveratrol in-vitro (Pujara et  al. 2017). Singh and Pai formulated 
polymeric nanoparticles of resveratrol with size less than 100 nm and encapsulation 
efficiencies reaching 90%. These polymeric nanoparticles can be easily internalized 
into cells thereby improving the permeability of encapsulated resveratrol. Moreover, 
prepared nanoparticles enhanced the stability of drug by protecting it from degrada-
tion in the external environment (Singh and Pai 2014). Lindner et al., evaluated the 
protective effect of resveratrol loaded poly-lactic acid nanoparticles in Parkinson’s 
disease. The administered nanocarriers showed greater protective effects compared 
to pure drug due to improved targeting and stability (da Rocha Lindner et al. 2015).

Apart from these formulations, other formulations were also explored for 
resveratrol. Kobierski et  al., studied effect of various surfactants (Tween and 
Poloxamer) and their concentrations (1% and 2%) on the stability of resveratrol 
(5%) loaded nanosuspension for dermal application. The obtained nanosuspensions 
have a particle size in the range of 150–220 nm. Nanosuspensions with 1% stabilizer 
concentrations had better short term (30 days) stability compared with 2% stabilizers. 
The authors also reported the stability was due to stearic effect as they observed less 
zeta potential in case of suspensions (Kobierski et al. 2009). In another study by 
Zhang et al., nano solid dispersions of resveratrol were prepared by spray drying 
method. The nano solid dispersion showed high stability in sunlight than the raw 
resveratrol (Zhang et al. 2013c). Gokce Eh et al., compared both SLN and NLC for 
anti- oxidative efficiency and permeation of resveratrol. Both the formulations 
showed similar activity but, nanostructured lipid carriers showed better skin 
penetration owing to their low particle size, reduced electrical charge and flexible 
fluidic structure (Gokce et al. 2012). In another study by Loureiro et al., resveratrol 
solid lipid nanoparticles were administered to evaluate its anti-Alzheimer’s activity. 
Three different solid lipid nanoparticles were prepared such as drug loaded solid 
lipid nanoparticles, solid lipid nanoparticles coated with unspecific antibody and 
solid lipid nanoparticles coated with specific OX26 antibody. Functionalized SLNs 
with OX26 showed highest cellular uptake and improved brain internalization of the 
drug as it was internalized using active targeting by OX26 antibody. Furthermore, 
the solid lipid nanoparticles prevented Aβ fibrillation thus proving efficient anti- 
Alzheimer’s effect (Loureiro et al. 2017).

Liposomes are bi-layered lipid vesicles capable of encapsulating or entrapping 
both lipophilic and hydrophilic molecules. These improve the delivery of drugs by 
fusing with the cell membrane and thereby unloading the active cargo into the target 
site. Various liposomal formulations of resveratrol were formulated to improve the 
delivery. It was observed that the resveratrol entrapment was high in cationic lipo-
somes when compared with the neutral liposomes as reported by Bonechi et al., 
(Bonechi et al. 2012). The drug loaded liposomes have improved skin penetration of 
the drug. Since the encapsulated drug can be protected from the external environ-
ment, encapsulation of resveratrol in liposomes has protected drug from UV radia-
tion, metabolism, and biological degradation (Caddeo et  al. 2008). Resveratrol 
liposomes were also used in treating diabetic retinopathy through its anti-oxidative 
effect through which free radical scavenging is done. Other nano formulations that 
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were evaluated for effective delivery of resveratrol are nanoemulsions, niosomes, 
ethosomes, and transferosomes (Pangeni et al. 2014).

Though resveratrol was regarded as a potential blockbuster candidate and 
garnered interest among the scientific community, seldom is the translation to the 
clinical stage. Most of the clinical studies are related to protective effect and also 
included plain drug. Currently, there is no clinical trial involving resveratrol nano-
carriers. Still, numerous clinical studies need to be done to establish the beneficial 
effects of resveratrol.

3.5.2  Artemisinin

Artemisinin is an anti-malarial sesquiterpene lactone isolated from Chinese 
medicinal herb Artemisia annua. It was first discovered by Youyou Tu in 1972 
(Mabberley 2008; You-you et al. 1982). It has proven efficacy in treating multidrug-
resistant malaria. World Health Organization (WHO) has included artemisinin as 
one of the essential medicine in tackling global malaria. The drug indicated for 
drug-resistant Plasmodium falciparum infections. Apart from malaria the drug and 
its derivatives have activity against other infections caused by Leishmania species, 
Trypanosoma species, cytomegalovirus, and Hepatitis B and C viruses (Krishna 
et al. 2008). Recent studies also indicated it also has anti-cancer activity. Despite its 
multipolar activity, the drug has several drawbacks that limit its capacity as clinical 
candidate. The drug has poor aqueous solubility which is a limiting factor for its 
bioavailability. Shorter half-life and rapid metabolism also contribute to the low 
bioavailability of the drug. Anti-infective treatments require high plasma 
concentrations of active compounds which translate to high bioavailability. Hence 
there is a need to improve the bioavailability of artemisinin (Efferth et al. 2016). 
Nanotechnology may serve as an effective platform for solving the problems 
associated with the molecule and enhancing its clinical potency.

Surfactant micelles offer improvement in solubility; these are one of the first 
products to be marketed based on nanotechnology. Artemisinin was formulated into 
micelles using sodium dodecyl sulfate in different molar ranges which showed sig-
nificant improvement (25 to 50- folds) in aqueous solubility of artemisinin (Lapenna 
et al. 2009). Kakran et al. formulated artemisinin nanosuspension by evaporative 
precipitation using polyethylene glycol as stabiliser. The resultant composite for-
mulation showed a linear increase in artemisinin solubility with an increase in sta-
biliser content. The dissolution rate also increased when compared with pure 
artemisinin powder (Kakran et  al. 2010). In another study, conventional and 
PEGylated artemisinin liposomes were formulated and compared with the free drug 
for pharmacokinetic profiling. It was found that formulating the drug into liposomes 
increased the residence time of the drug in mice. The area under the curve increased 
by six times when administered as liposomes (Isacchi et al. 2011). Even artemisinin 
was formulated into solid lipid nanoparticles and nanostructured lipid carriers 
where the residence time of drug was drastically increased with increased 
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anti-malarial efficacy in in-vivo (Dwivedi et  al. 2014; Joshi et  al. 2008). In one 
study, the drug was loaded into poly(lactic-co-glycolic acid) nanoparticles and 
administered into the BALB/c mice model of visceral Leishmania. The treatment 
reduced the splenomegaly and overall parasite load in the liver (Want et al. 2015). 
Albumin nanoparticles of artemisinin were prepared and administered to human-
ized mice infected with P. falciparum. Results showed the superiority of nanopar-
ticles in reducing microbial load and improved safety (Ibrahim et al. 2015). Other 
formulations that are evaluated include nanotubes (Zhang et al. 2015b), fullerenes 
(Zhang et al. 2015a), and dendrimers (Fröhlich et al. 2018). Though nano formula-
tions of artemisinin have many advantages over the administration of pure drug or 
conventional delivery systems, clinical translation is required to make it an effective 
therapeutic agent.

3.5.3  Thymoquinone

Thymoquinone is a benzoquinone derivative obtained from the essential oil of 
Nigella sativa. The compound was found to have multifarious pharmacological 
indications like anti-cancer, anti-oxidative, free radical scavenging, anti- 
inflammatory, anti-hyperlipidemic, anti-microbial and anti-psoriatic activity. It is 
also successfully used for hepatic and gastro-protective purposes (Gholamnezhad 
et al. 2016). Preclinical studies reported, a high safety profile of thymoquinone even 
at high doses of 90 mg/kg (Badary et al. 1998). The above reasons prove that thy-
moquinone can be a potent alternative for various ailments and diseases. Despite 
having several merits, thymoquinone has yet to find its clinical use. The major rea-
sons for thymoquinone not being aggressively pursued by industry are its hydropho-
bicity, poor aqueous solubility, and poor permeability. Moreover, the drug is unstable 
in presence of water, light and high temperatures (Salmani et al. 2014). Formulating 
thymoquinone into nanocarriers can protect the drug from degradation and improve 
its properties to be useful for clinical application.

Thymoquinone was formulated into various nanocarriers for the improvement of 
its physicochemical properties and stability. Tubesha et al. prepared thymoquinone 
nanoemulsions by high-pressure homogenization method. The obtained nanoemul-
sion was stable up to 6 months with intact drug in place (Tubesha et al. 2013). Alam 
et al., prepared chitosan nanoparticles of thymoquinone and administered to rats 
intranasally to evaluate brain bioavailability. The concentration of thymoquinone 
was more in the brain when compared to plasma. Area under the curve has been 
improved 2 and 20-folds when compared with intranasal solution and intravenous 
solution respectively. Enhanced absorption was due to interaction between posi-
tively charged terminal amino groups of chitosan with negatively charged cell mem-
brane which improved transit through tight junctions (Alam et al. 2012b). Singh 
et al. evaluated the stability of thymoquinone from solid lipid nanoparticles under 
accelerated conditions. The prepared solid lipid nanoparticles showed improved 
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stability, enhanced area under the curve (approximately fivefolds) more hepato- 
protective effect over the free drug (Singh et al. 2013).

Nallamuthu et  al. prepared thymoquinone poly (lactic-co-glycolic acid) 
nanoparticles and evaluated for anti-oxidative and anti-microbial effects. The 
prepared nanoparticles showed improved 2,2-diphenyl-1-picrylhydrazyl free radical 
scavenging, improved anti-microbial effect against Escherichia coli, Salmonella 
typhi and Staphylococcus aureus (Nallamuthu et  al. 2013). Apart from oral and 
parenteral delivery, the efficiency of thymoquinone nanocarriers was also explored 
in topical application. Kausar et al., prepared thymoquinone loaded ethosomes for 
treating skin acne. It was observed that, ethosomal formulation showed higher skin 
permeability, anti-inflammatory and anti-acne efficiency compared to the free drug 
and similar activity like that of marketed formulations (Kausar et al. 2019). Jain 
et al., formulated stable thymoquinone lipospheres and evaluated for anti-psoriatic 
efficacy in Imiquimod induced psoriasis mice model. Animals treated with 
lipospheres showed reduced psoriatic lesions, improved skin physiology and 
reduced inflammatory mediator’s level by 1.4 to 2-folds thus proving as an efficient 
alternative in psoriasis management (Jain et al. 2017).

Rushmi et  al., prepared thymoquinone liposomes using egg lecithin and 
cholesterol. The obtained liposomes had high entrapment efficiency. When 
administered to mice the liposomal formulation showed improved analgesic activity 
compared with free drug (Rushmi et al. 2017). Though it has multiple advantages 
still the compound didn’t see clinical approval. The shortcomings include not 
translating the preclinical success to the clinical stage for both conventional and 
nanoformulations. More emphasis on clinical testing can improve the position of 
the drug in the scientific community.

3.5.4  Rapamycin

Rapamycin is a macrolide compound isolated from bacteria Streptomyces 
hygroscopicus. It is widely used for immunosuppression to prevent organ rejection 
after transplantation, immune disorders and as a coating on stents to prevent 
hyperplasia (Li et al. 2014). Rapamycin was approved for use in organ transplant 
rejection by the United States Food and Drug Administration in 1999. The drug was 
also approved for coronary artery disease as a drug-coated coronary stent (Khan 
et  al. 2013; Virmani et  al. 2004). The drug has disadvantages like poor aqueous 
solubility and low bioavailability (Simamora et al. 2001; Zimmerman et al. 1999). 
Moreover, side effects may occur if the drug is distributed to non-target organs. 
Hence there is a need for developing a localized, site specific delivery system that 
may reduce these problems.

In another study by Haddadi et al., rapamycin loaded polylactide-co-glycolide 
nanoparticles were evaluated for enhanced immunosuppressive effect in dendritic 
cells. It was observed that the nanoparticle formulation showed better inhibition of 
dendritic cell maturation than that of free drug due to improved cell uptake. The 
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authors concluded that, enhanced rapamycin activity was due to improved permea-
bility of drug from nanoformulations compared to pure drug (Haddadi et al. 2008). 
Chitosan and poly-lactic acid nanoparticles of rapamycin were used to facilitate 
corneal transplantation in rabbit model by Yaun et al. It was found that, the nanocar-
rier group has higher graft survivability than that of plain drug suspension thus 
improving the outcome (Yuan et al. 2008). Localized delivery was also evaluated 
for rapamycin where rapamycin was loaded into bioadhesive carbopol/ polylactide- 
co- glycolide nanoparticles and evaluated for bio adhesion. The results showed 
improved drug transfer in ex-vivo models due to enhanced bioadhesion of nanocar-
rier systems (Zou et al. 2009b).

3.5.5  Naringenin

Naringenin, a flavonoid obtained from various citrus fruits is a part of traditional 
Chinese medicine and is widely used for multiple indications including, anti- 
inflammatory, anti-cancer, anti-atherogenic, anti-fibrogenic, and antioxidant actions 
(Erlund 2004). Despite multiple indications, poor water solubility and poor bio-
availability hampered its development into the clinical stage (Felgines et al. 2000; 
Zhang et al. 2013b). Efforts have been put to increase the water solubility through 
various conventional approaches but with little use. Nanotechnology has been 
proved to be the best alternative to improve the properties of hydrophobic drugs like 
naringenin. These nanoformulations were also able to control the release of drugs, 
can improve stability and targeting.

Kumar and Abraham prepared poly vinyl pyrrolidone coated naringenin 
nanoparticles to evaluate its protective effect on the liver, kidney, and heart of rats. 
The nanoparticle treated group showed protective effects compared to the control 
group which is evident from reduced inflammatory markers and positive 
histopathological findings. Consequently, the authors suggested that, naringenin 
loaded nanocarriers can reduce the overall dose required for action and thereby 
improving the therapeutic potential of the drug (Kumar and Abraham 2016). Yen 
et al., developed naringenin loaded Eudragit® E nanoparticles by the nanoprecipitation 
method. The obtained nanoparticles had a particle size of 66.2 ± 0.38 nm and PDI 
0.29  ±  0.04. Nanoparticles showed enhanced drug release properties owing to 
improved solubility of the loaded drug molecule. These nanoparticles were also 
tested for their hepatoprotective effect in carbon tetrachloride induced acute liver 
failure in rats. Results showed, the orally administered nanoparticle treated group 
has better liver function index and lipid peroxidation protection which is evident by 
inhibition of activation of caspase signalling pathway responsible for liver damage 
(Yen et al. 2009). Khan et al., prepared self-nanoemulsifying drug delivery system 
of naringenin to improve the bioavailability. Emulsion droplets with particle sizes as 
low as 38 nm were obtained that showed improved release (100% in 2 h compared 
with 15% in case of plain drug). Pharmacokinetic data showed 2.82-folds increase 
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in AUC of naringenin from the self-nanoemulsifying drug delivery system compared 
to that of a plain drug (Khan et al. 2015).

Ji et  al., prepared naringenin loaded solid lipid nanoparticles for pulmonary 
delivery. The resultant formulation was stable for a longer period. Pulmonary 
administration of solid lipid nanoparticles improved the drug bioavailability by 
2.53-folds compared with that of plain drug administered in the form of suspension 
(Ji et al. 2016). Apart from protective effects, the naringenin nanoformulations were 
also explored for their anti-diabetic effects. Maity et al., administered naringenin 
loaded core-shell chitosan nanoparticles coated with alginate orally to diabetic rats. 
Results showed higher hypoglycemic effect in nanoformulation treated group com-
pared to the group received pure drug. Blood parameters and histopathological 
observations concluded that the formulation is non-toxic thereby, can be used as a 
better alternative for diabetes treatment (Maity et al. 2017). Topical application of 
nanoformulations also investigated for naringenin which showed significant 
improvement in permeation and efficacy. Tsai et  al. developed stable naringenin 
nanoemulsions for topical application and tested for permeation and safety. The 
nanoemulsion formulation was found to be more effective as it deposited more 
amount of compound in the skin than plain drug solution. Skin toxicity studies of 
nanoemulsions showed low skin irritation proving that nanoformulations are safer 
alternatives compared to conventional formulations (Tsai et al. 2015b). The same 
authors have evaluated the effect of elastic liposomes on naringenin topical delivery. 
The elastic liposomes were topically administered and evaluated for skin perme-
ation. The drug deposition in the skin was improved by 7.3~11 fold from elastic 
liposomes compared with drug solution thus improving the topical delivery (Tsai 
et al. 2015a). Thus nanoformulations improve the outcome of naringenin treatment. 
With much emphasis on the clinical studies, it can be possible that the compound 
may get regulatory approval for various applications.

3.5.6  Silymarin and Silibinin

Silymarin and silibinin are natural flavonoids isolated from milk thistle Silybum 
marianum. Silymarin exists as a mixture of three isomers one of which is silibinin. 
Silibinin was found to be most potent of all silymarin isomers. These compounds 
are widely used for hepatoprotection, where there is functional impairment of liver. 
It is also used as antioxidant, anti-viral, anti-inflammatory and as an antidote for 
mushroom poisoning (Amanita phalloides). The compound was also found to be 
hepatoprotective when intoxicated with phalloidin, galactosamine, and thioacet-
amide (Valenzuela and Garrido 1994). Consider having high therapeutic potential 
also, the compound has not found its clinical use as it suffers from low water solu-
bility and low bioavailability. Nanoformulations of silibinin and silymarin were 
evaluated to improve protective effects.

Lutsenko et  al., formulated silibinin liposomes and evaluated them for 
hepatoprotective effect in carbon tetrachloride induced hepatotoxicity in mice. 
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Systemic alanine aminotransferase and aspartate aminotransferase levels were 
calculated after treatment with silibinin liposomes. It was found that the liposomal 
formulation reduced alanine aminotransferase and aspartate aminotransferase 
activity by 2.2 and 1.8-folds respectively compared with free drug. The intravenous 
liposomal formulation thus showed a higher hepatoprotective effect compared to 
oral administration of the same formulation (Lutsenko et al. 2018). Zhang et al., 
also prepared stable solid lipid nanoparticles (SLN) where the controlled release of 
silibinin was observed from SLN (Zhang et al. 2007). In an attempt to improve the 
anti-fibrotic activity of silibinin, Ying et  al., formulated silibinin SLN and 
administered both orally and intravenously to rats with liver fibrosis. It was observed 
that the SLN have markedly increased the anti-fibrotic activity of silibinin when 
administered by both the routes with intravenous route exerting the highest activity 
compared with the oral suspension group (Yingchao et  al. 2007). Song et  al., 
prepared stable nanoemulsions of silibinin and evaluated for pharmacokinetics in 
rabbits. Intramuscularly injected nanoemulsion showed controlled release and 
improved bioavailability over intravenous injection of drug solution (Song et  al. 
2005). Marchiori et  al., prepared silibinin and pomegranate oil nanoemulsions 
loaded hydrogel and evaluated for anti-inflammatory activity on ultraviolet B 
radiation-induced skin damage in mice. The positive effect of formulation lasted for 
48 h with a reduction in ear edema, leukocyte infiltration and increased the anti-
edematogenic effect. The nano formulation showed a similar therapeutic benefit as 
available standard synthetic treatment of 1% silver sulfadiazine (Marchiori et  al. 
2017). Shetty et  al., loaded silibinin and epigallocatechin-3-gallate into peptide 
dendrimers and evaluated for enhanced skin permeation and deposition. In-vitro 
skin permeation studies showed higher cumulative drug deposition in the skin from 
peptide dendrimers with improved protective effect on the skin indicating the 
usefulness of nanocarriers in enhancing the therapeutic efficacy of silibinin. Apart 
from the protective effect, silibinin was also explored for anti-viral activity, 
especially against Hepatitis C infections (Shetty et al. 2017). Ripoli et al. prepared 
silibinin phytoliposomes for improved activity against the Hepatitis C virus. These 
liposomes were tested against human hepatocellular carcinoma cells transfected 
with Hepatitis C virus DNA. It was observed that, silibinin absorption into the cells 
was increased by 2.4-folds with 300-folds improvement in pharmacological activity 
thus showing the effectiveness of nanocarrier system as a suitable delivery platform 
of silibinin in Hepatitis C treatment (Ripoli et al. 2016). Extensive clinical studies 
need to be done to evaluate further the effects of silibinin nanocarriers in humans 
thus, providing a platform for clinical approval.

3.5.7  Cyclosporin

Cyclosporin is an undecapeptide isolated from fungus Tolypocladium inflatum and 
approved for medical use in 1983. It acts by decreasing lymphocyte function thereby 
exerting immunosuppressant activity. The substance is widely used to prevent graft 
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vs. host disease during organ transplantation, rheumatoid arthritis, psoriasis, Crohn’s 
disease, and keratoconjunctivitis sicca (Borel et al. 1994). Despite great therapeutic 
benefit, the drugs poor aqueous solubility, poor permeability and resulting lower 
bioavailability hindered its clinical effectiveness (Ismailos et  al. 1991; Wu et  al. 
1995). The drug also has severe toxic effects on sudden exposure like, compromis-
ing the immune system, high blood pressure, kidney problems, and preterm birth. 
The marketed formulation Sandimmune® is an oily solution and other product 
Sandimmune® Neoral is a microemulsion formulation. The oily solution shows high 
inter-subject variability in bioavailability. Though microemulsion formulation 
reduced the variation it produced nephrotoxicity due to the presence of Cremophor 
EL® (Portman et al. 2000). To overcome these difficulties novel formulations are 
being considered for cyclosporin.

Muller et al., compared oral bioavailability profile of cyclosporin from solid lipid 
nanoparticles (SLN), nanocrystals and marketed microemulsion formulation 
Sandimmune® Neoral. Nanocrystals showed less bioavailability compared to micro-
emulsion whereas, SLN showed approximately similar pharmacokinetic profile as 
that of Sandimmune® Neoral formulation with less variability and reduced toxicity. 
The slower release of encapsulated drug from SLNs that prevented sudden increase 
in plasma concentration as observed from microemulsion was the reason for reduced 
side effects. They concluded that SLN may improve uniformity between subjects 
and prevent unwanted effects due to immediate exposure of the drug (Müller et al. 
2006). Dai et al., have prepared pH-sensitive cyclosporin loaded poly (methacrylic 
acid-co-methyl methacrylate) copolymer nanoparticles by quasi-emulsion solvent 
diffusion technique. Various polymer grades were used such as Eudragit® E100, 
L100, S100 and L100–55. All formulations showed pH-dependent drug release 
whereas, the marketed product Sandimmune® Neoral showed pH independent drug 
release. In-vivo pharmacokinetic studies revealed that all the formulations except 
that of E100 have increased bioavailability compared with marketed microemulsion 
formulation (Dai et al. 2004).

In another study by Ankola et al., cyclosporin loaded polylactide-co-glycolide 
nanoparticles were administered to rats over 30 days and compared pharmacoki-
netic profile with marketed microemulsion formulation. When administered as 
nanoparticles cyclosporin relative bioavailability was improved from 31 to 89%. 
The nanoparticle formulation has also showed less nephrotoxicity compared to mar-
keted formulation proving that, it is an effective and safer alternative (Ankola et al. 
2011). Cyclosporin nanoformulations were also evaluated for ocular delivery. 
Gokce et al., prepared cyclosporin solid lipid nanoparticles using Compritol 888 
ATO, Poloxamer 188 and Tween 80 by high shear homogenization followed by 
ultrasonication. In-vitro cellular uptake was studied in rabbit corneal epithelial cells 
and ex-vivo uptake was studied in pig cornea. Results showed, improvement in pen-
etration of cyclosporine from SLN in cornea thus improving the ocular delivery 
(Gokce et al. 2008). Battaglia et al., prepared cyclosporin solid lipid nanoparticles 
with different surface charges and evaluated for ocular toxicity and distribution. No 
toxicity was observed with any of the prepared formulations. Similarly, positively 
charged SLN showed higher corneal penetration compared with neutral and 
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negatively charged particles. It was assumed that the interaction between positively 
charged SLN surface and negatively charged corneal surface increases the residence 
of carrier system on the cornel surface thus improving drug release (Battaglia et al. 
2012). Basaran et al., also showed enhanced residence time and penetration of drug 
from SLN in sheep eyes compared to pure drug solution thus improving ocular 
delivery (Başaran et al. 2010).

Vadiei et al., formulated cyclosporin liposomes and administered intravenously 
to rats and compared the safety with the marketed formulation. The liposomal group 
showed low nephrotoxicity compared with marketed formulation thus improving 
the safety of the drug (Vadiei et al. 1989). Waranuch et al., prepared cyclosporin 
loaded neutral liposomes and studied for skin distribution. Results showed, improved 
skin permeability through pilosebaceous pathway (Waranuch et al. 1998). Egbaria 
et al., prepared four different liposomal formulations of cyclosporin and compared 
their skin penetration with emulsion based formulation in both rodent and human 
skin. It was observed that, all the liposomal formulations were superior in improv-
ing skin penetration than simple emulsion formulation (Egbaria et  al. 1990). 
Puigdemont et  al., prepared chitosan nanocapsules and topically administered in 
dogs to treat atopic dermatitis. It was shown that, the nanoformulation has reduced 
dermatitis in 87.5% subjects compared to the placebo (28.6%) indicating the role of 
nanocarriers in improving the efficacy of loaded cyclosporine (Puigdemont 
et al. 2013).

Walunj et  al., prepared cyclosporin cationic liposomes and tested their anti- 
psoriatic efficiency in BALB/c mice. It was proved from the study that, the liposomes 
reduced psoriatic symptoms and also reduced levels of various inflammatory 
mediators in mice (Walunj et al. 2019). Musa et al., prepared cyclosporin nanoemul-
sion and tested on healthy human volunteers to check the hydration potential. The 
nanoemulsion formulation improved the skin hydration thus facilitating improved 
skin penetration. This can be useful in dry conditions such as psoriasis (Musa et al. 
2017). Kumar et al., investigated the anti-psoriatic effect of cyclosporin liposomal 
gel on human volunteers with chronic plaque psoriasis. It was observed that, the 
liposomal formulation reduced the dermatological sum score which is a propor-
tional indicator of dermatological damage severity in comparison to plain drug, 
where there is no significant improvement compared with the control group (Kumar 
et al. 2016).

3.5.8  Berberine

Berberine is a quaternary benzylisoquinoline alkaloid obtained from various 
medicinal plants especially from root and bark of Barberry (Berberis vulgaris). 
Over the years the compound was found to have many therapeutic benefits such as 
anti- inflammatory, antioxidant, anti-microbial, anti-hyperlipidemic and anxiolytic 
activities. Moreover, the drug was found to exert a protective effect on the heart, 
liver, kidneys and nervous system. Various studies have also indicated potential 
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anti-Alzheimer, anti-Parkinson, and anti-diabetic activity (Amritpal et  al. 2010; 
Imanshahidi and Hosseinzadeh 2008). This made berberine a compound of interest 
to the research community. Though it has potential, the road to clinical approval has 
been barricaded by poor solubility and poor bioavailability. This was further com-
plicated, as it is a substrate for P-gp efflux pump. New approaches need to be 
explored to improve the delivery of berberine for which nanotechnology can prove 
to be a better alternative.

One of the approaches to improve the berberine properties was particle size 
reduction to nanometre range. Sahibzada et al., prepared nanosuspension of berber-
ine and evaluated for solubility and in-vitro drug release. The resultant nanosuspen-
sion showed twofolds increase in solubility and more than fourfold increase in 
dissolution (Sahibzada et al. 2018). Xie et al. evaluated the renal protective effect of 
berberine nanoparticles where, they found that formulating berberine into nanopar-
ticles prevented oxidative stress and apoptosis in rat renal injury (Xie et al. 2017). 
Zou et al., prepared nanohydroxyapatite/chitosan nanoparticles loaded with berber-
ine to inhibit the microorganism, Staphylococcus aureus. Results showed that the 
nanoformulation could effectively inhibit microbial growth (Zou et al. 2009a). In 
another study, Lin et al., prepared fucose, chitosan/heparin nanoparticle loaded with 
berberine to treat Helicobacter pylori infection. These nanoparticles released ber-
berine in a controlled manner and allowed accumulation of excess drug concentra-
tions at gastric epithelium thus inhibiting microbial infection (Lin et al. 2015). Zhou 
et al., evaluated berberine loaded chitosan nanoparticles in osteoarthritis. Results 
proved that the retention time of berberine as nanoformulation was high in synovial 
fluid than that of free berberine. This increased residence time directly reduced the 
apoptosis thus improving treatment outcome (Zhou et al. 2015).

Mehra et  al., prepared berberine loaded sodium alginate nanoparticles to 
investigate its anti-microbial effect. The nanoformulation was found to have more 
anti- microbial effect than plain drug solution (Mehra et al. 2016). In another study, 
Xu et  al. entrapped berberine nanosuspension in hydrogel-grafted fabrics. This 
grafted fabric effectively reduced the infection at the infected wound site (Xu et al. 
2014). Xue et al., loaded berberine into solid lipid nanoparticles and evaluated them 
for pharmacokinetics and pharmacodynamics. It was found that, berberine oral 
bioavailability increased when administered as SLN.  Data analysis showed 
significant brain localization also paving the way for brain targeting. Similarly, the 
SLN formulation was able to produce a higher anti-diabetic effect than that of free 
drug (Xue et al. 2013). Gupta et al. conjugated berberine with poly(amidoamine) 
G4 dendrimer and investigated pharmacokinetic parameters in comparison with 
free berberine. It was observed that the conjugated dendrimers maintained 
concentrations of the drug over a long period compared with free berberine (Gupta 
et  al. 2017). Despite the huge advantage with nanotechnology, special focus is 
needed on the toxicity assessment so that the formulation may reach the market with 
lesser difficulty.
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3.5.9  Quercetin

Quercetin is a natural flavonoid having diverse distribution in various plants. It was 
discovered as a part of the French paradox. The compound has multiple applications 
like antioxidant, anti-allergic, antiplatelet, anti-inflammatory, anti-microbial, neuro-
protective and hepatoprotective effects (Formica and Regelson 1995). Though, the 
compound has numerous beneficial effects, the compound suffers from poor solu-
bility and permeability. Hence nanotechnology can be used as a platform to improve 
the properties of quercetin.

Most of the studies targeted at improving bioavailability while few focussed on 
dissolution improvement. Kakran et al., prepared nano sized quercetin suspensions, 
solid dispersions and inclusion complexes for improved dissolution. All the nano-
formulations showed improved dissolution compared to the raw drug (Kakran et al. 
2011). The same authors prepared quercetin nanoparticles by anti-solvent precipita-
tion method which improved the drug dissolution compared to the plain drug 
(Kakran et al. 2012). Sahoo et al., prepared quercetin nanocrystals by high-pressure 
homogenization and evaluated for dissolution and antioxidant activity. It was 
observed that, the nanocrystals showed a marked increase in dissolution rate and 
antioxidant activity than the free drug (Sahoo et al. 2011). Wu et al., prepared quer-
cetin nanoparticles using different carriers like Eudragit® E100 and polyvinyl alco-
hol and characterized for drug release and antioxidant efficiency. Results proved the 
ability of nanoparticles to improve drug release as the release of drug from the 
nanoparticle was 74 times higher than the free drug. Also, the nanoparticles showed 
increased free radical scavenging activity in comparison to plain drug (Wu et al. 
2008). Antcnio et  al., prepared bovine serum albumin nanoparticles loaded with 
quercetin. The nanoparticles have a mean particle size of 130 nm and retained the 
free radical scavenging activity even after 96  h compared with the plain drug 
(Antçnio et al. 2016).

Nanoformulations of quercetin were also prepared by synthetic polymers. For 
example, Kumari et al., prepared quercetin loaded poly-lactic acid nanoparticles by 
solvent evaporation method to improve solubility and stability. The nanoparticles 
showed biphasic drug release with initial burst release followed by controlled 
release for a longer period. It also showed improved anti-oxidant activity compared 
with plain drug (Kumari et al. 2010). Li et al., prepared quercetin solid lipid nanopar-
ticles (SLN) with an average diameter of 155.3 nm. The formulations were orally 
dosed to rats at a dose of 50 mg/kg. Pharmacokinetic data showed that, the relative 
bioavailability of SLN to plain drug was 571.4% thus proving nanoformulations as 
effective carriers for quercetin delivery (Li et al. 2009).

Tan et  al. prepared lecithin-chitosan nanoparticles of quercetin for topical 
delivery. The in-vivo topical delivery study revealed that, the nanoparticles showed 
significant enhancement in penetration of quercetin by disrupting the stratum 
corneum layer (Tan et  al. 2011). Quercetin nanoparticles were also studied for 
treating Alzheimer’s disease by improved brain delivery. Dhawan et al. prepared 
quercetin SLN for application in Alzheimer’s disease. Particles obtained have less 
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than 200 nm size and zeta potential of +21.5 mV. Behavioural studies in rats showed 
better memory retention in the group treated with SLN than the free drug suspension 
group indicating improved brain delivery of quercetin using nanocarriers (Dhawan 
et al. 2011). Sun et al., prepared poly(lactic-co-glycolic acid) functionalized querce-
tin nanoparticles and tested for anti-Alzheimer’s activity. It was found that the quer-
cetin nanoparticles have low cytotoxicity towards SH-SY5Y cells. Moreover, these 
nanoparticles markedly decreased the neurotoxic effects of the Zn2+-Aβ42 system 
and increased neuronal cell viability. Behavioural tests in APP/PS1 mice showed 
improved cognition and memory compared with free drug. Thus it can be assumed 
that, the increase in activity of quercetin can be attributed to increased brain pene-
tration by nanocarriers (Sun et al. 2016). Further clinical studies need to be done to 
establish the effectiveness of quercetin in treating various disorders thus making it 
a potential clinical candidate.

3.5.10  Epigallocatechin-3-gallate

Epigallocatechin-3-gallate is a principle green tea polyphenol with a wide variety of 
activities. It was found to have antioxidant, anti-inflammatory, anti-cancer, anti- 
neurodegenerative and protective effects. With these activities the compound is 
widely used in treating skin damage, Alzheimer’s disease, wound healing, anti- 
aging, amyotrophic lateral sclerosis and reducing organ toxicity (Jung and Ellis 
2001; Lu et al. 2003; Mandel et al. 2004). The compound has good water solubility 
but suffers from drawbacks like poor stability in gastric fluids, poor absorption, 
rapid metabolism and clearance which reduced its clinical potential (Takagaki and 
Nanjo 2009; Zhu et al. 1997). Nonetheless, new approaches were considered for 
improving the biopharmaceutical properties of Epigallocatechin-3-gallate of which, 
nanotechnology is widely considered to be enabling enhanced biopharmaceutical 
properties.

Initial studies were focussed on improving stability and gastric permeability. 
Zhang et al., prepared EGCG nanostructured lipid carriers and evaluated for stabil-
ity improvement. It was found that, prepared nanostructured lipid carriers showed 
enhancement in stability of Epigallocatechin-3-gallate to both acidic and basic envi-
ronment. Moreover, it was found that the Epigallocatechin-3-gallate deposition in 
THP-1-derived macrophages was high with nanostructured lipid carriers than the 
unencapsulated drug. Results showed that, the nanostructured lipid carriers formu-
lation was able to reduce atherosclerotic lesions more precisely than the free drug 
(Zhang et  al. 2013a). The same authors evaluated Epigallocatechin-3-gallate 
nanoparticles in the mice model for atherosclerosis. It was found that, the nanofor-
mulation was able to produce more effectiveness in atherosclerotic mice than the 
free drug (Zhang et  al. 2015c). Dube et  al., prepared stable Epigallocatechin-3- 
gallate loaded chitosan nanoparticles for improved permeation. The ex-vivo jejunal 
perfusion studies proved that, the chitosan nanoparticles improved the drug transfer 
into the jejunum. Similarly, in another study by the same authors, the 
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Epigallocatechin-3-gallate nanoparticles were administered into mice to determine 
pharmacokinetic parameters. It was found that, the area under the curve improved 
by 2.3-folds when administered as nanoparticles thus improving oral delivery (Dube 
et al. 2010; Dube et al. 2011).

Avadhani et  al., have prepared Epigallocatechin-3-gallate and hyaluronic acid 
transferosomes and evaluated for anti-aging and antioxidant effects on damaged 
skin induced by UV irradiation. It was found that, the nanoformulation was able to 
improve the viability and free radical scavenging in skin cells. Also, the nanoformu-
lation enabled increased deposition of Epigallocatechin-3-gallate in the skin 
(Avadhani et al. 2017). Fang et al., prepared liposomes for various catechins and 
tested them for in-vitro and in-vivo permeation. It was observed that 
Epigallocatechin-3-gallate loaded liposomes showed more skin deposition than 
plain counterparts. Also, the formulations were found to be stable and had less skin 
disruptive activity thus reducing toxicity (Fang et al. 2006). Similarly, Shetty et al., 
have prepared peptide dendrimers of Epigallocatechin-3-gallate and found that the 
dendrimers formulation improved Epigallocatechin-3-gallate deposition into the 
skin compared with free drug (Shetty et  al. 2017). Gharib et  al. prepared 
Epigallocatechin-3-gallate liposome with three different surface charges (cationic, 
anionic and neutral). These were tested against skin wound infection by methicillin- 
resistant Staphylococcus aureus. It was found that cationic Epigallocatechin-3- 
gallate liposomes showed high killing efficiency compared with plain drug and 
other charged liposomes (Gharib et al. 2013).

Brain delivery of Epigallocatechin-3-gallate is also widely researched for the 
treatment of neurodegenerative diseases. Zhang et  al., synthesized 
Epigallocatechin-3- gallate stabilized selenium nanoparticles coated with Tet-1 
peptide to treat Alzheimer’s disease. It was observed that nanoparticles inhibited 
Aβ-fibrillation compared to free drug. Also, the Tet-1 peptide has improved the 
cellular internalization of nanoparticles in PC-12 cells paving a way for Alzheimer’s 
treatment (Zhang et  al. 2014). Smith et  al., prepared nanolipidic particles of 
Epigallocatechin-3- gallate and evaluated for improvement in oral bioavailability. 
The nanoparticles improved the oral bioavailability by twofolds compared with 
free drug. In-vitro cell line study on N2a cells showed that the nanoparticles 
improved α-secretase induction to 91% more than that induced by the free drug 
(Smith et  al. 2010). Kaur et  al., prepared Epigallocatechin-3-gallate solid lipid 
nanoparticles and evaluated for neuroprotective effect in cerebral ischemia-induced 
memory impairment. It was found that, the SLN treatment reduced memory impair-
ment (Kaur et al. 2019). In another study by Italia et al., Epigallocatechin-3-gallate 
nanoparticles reduced cyclosporin- induced nephrotoxicity while the free drug 
didn’t show any protective effect. The combination approach was also used to 
improve its anti-Alzheimer’s activity (Italia et  al. 2008). Cano et  al., prepared 
Epigallocatechin-3-gallate /Ascorbic acid nanoparticles and evaluated its anti-
Alzheimer’s activity in APPswe/PS1dE9 Alzheimer’s disease mice model. The 
nanoparticles reduced neuroinflammation and Aβ burden in mice. This protective 
effect improved spatial learning and memory in diseased mice thus proving to be 
efficient in treating Alzheimer’s (Cano et al. 2019). The above examples prove that 
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Epigallocatechin-3-gallate is a potential clinical candidate for various conditions. 
However, extensive clinical investigations are required to establish uniform safety 
and efficacy of Epigallocatechin-3-gallate nanocarriers for therapeutic approval.

3.5.11  Natural Antibiotics

Antibiotics have a long history of use in treating various life-threatening infections. 
These hold a major stake of infectious disease management. In time newer antibiot-
ics from new sources like marine organisms have been introduced. However, the 
majority of legacy antibiotics lost their effectiveness due to the development of 
microbial resistance (Davies and Davies 2010; Taylor and Webster 2011). Antibiotic 
resistance became a major global healthcare issue as the majority of the existing 
antibiotics were ineffective against these resistant microbial strains. Few microbes 
are extremely resistant even to potent antibiotics like methicillin where there are 
only a few alternatives left to tackle infections thus causing major concern for World 
Health Organisation. It was observed that microorganisms had developed various 
mechanisms by which they attained antibiotic resistance (Pelgrift and Friedman 
2013). These include, decreasing uptake and increasing efflux of drug, inactivation 
by covalent modification, engineering false substrates, biofilm formation and 
swarming.

Developing new molecules is a tedious process to tackle antibiotic resistance. 
New approaches such as nanotechnology have to be considered so that the micro-
bial resistance can be overcome (Seil and Webster 2012). Amphotericin B is an 
anti-fungal antibiotic isolated from Streptomyces nodosus. It was also approved to 
treat leishmaniasis, aspergillosis, blastomysosis, candidiasis, and cryptococcosis 
(Ellis 2002). However, the compound has poor solubility and severe side effects due 
to rapid exposure. Various clinical studies suggested that immediate exposure of the 
drug caused lethal side effects like high fever, chills, dyspnea, anorexia, hypoten-
sion, cardiac arrhythmias, and weakness. It is also associated with multiple organ 
damage especially kidney and liver damage (Cohen 1998; Laniado-Laborín and 
Cabrales-Vargas 2009). Owing to its poor solubility and permeability the drug has 
poor oral bioavailability. Though the salt formation into deoxycholate improved 
solubility the side effects were not reduced. Novel approaches have been investi-
gated to improve pharmacokinetic parameters and to reduce toxic side effects. One 
of the first formulations widely considered was liposomes. Amphotericin B, when 
administered in the form of liposomes, showed improved safety profile and increased 
the circulating time. The formulation found regulatory approval in the late ‘90s as 
Ambisome®. Other products followed suit like Abelcet® (lipid complex) and 
Fungisome® (liposome) (Hiemenz and Walsh 1996) (Dupont 2002). Though nano-
formulations are available in the market a considerable amount of research is being 
carried out regarding nanocarrier mediated delivery of Amphotericin B.

De Carvalho et al., prepared deoxycholate Amphotericin B nanoparticles using 
poly(lactic-co-glycolic acid). The new nanocarrier has been evaluated for its efficacy 
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in cutaneous leishmaniasis. It was found that the nanoparticles have more anti-
parasitic activity compared to the plain drug. Moreover, the dosing frequency was 
also reduced for nanoparticle group to attain therapeutic concentrations (de Carvalho 
et al. 2013). Mehrizi et al., prepared Amphotericin B loaded chitosan nanoparticles 
and evaluated for efficacy and safety. It was found that the formulation increased 
activity by 80% compared with untreated animals. Safety studies showed no sign of 
toxicity indicating that the formulation is a safer alternative. Moreover, the efficacy 
of the nanoparticle group was found to be similar to that of marketed liposomal 
formulation with improved safety profile thus making it a viable delivery platform 
(Mehrizi et al. 2018).

Polymyxin B is a non-ribosomal peptide isolated from Paenibacillus polymyxa. 
The natural drug is approved for use in treating various gram-negative bacterial 
infections (Storm et al. 1977). The drug was found to be less active against gram- 
positive bacteria (Hsu Chen and Feingold 1973). The drug has higher water solubil-
ity but no oral absorption as it degrades in gastric conditions. Similarly, the microbes 
also developed resistance to the drug (Fernández et al. 2010). These made it difficult 
to achieve therapeutic benefit. Chauhan et al. have prepared polymyxin B niosomes 
by thin film hydration method. The resultant niosomes had a particle size of less 
than 200 nm. These were tested for anti-fungal activity, pharmacokinetics and toxic-
ity studies. The niosomal formulation showed improved anti-fungal activity. 
Moreover, the niosomes protected the drug from degradation in the gastric environ-
ment. Similarly, the drug showed enhanced oral absorption with complete absorp-
tion taking place within 90  min. Toxicity studies showed the formulation to be 
tolerable (Chauhan and Bhatt 2019). Park et al., produced nanocomplexes of poly-
myxin B with gold and cadmium telluride nanoparticles and investigated for anti- 
microbial activity. It was found that the nanoformulations have similar activity like 
a free drug but the cadmium telluride complexed polymyxin B nanoparticles showed 
improved toxicity towards E. Coli (Park et al. 2011). Severino et al., prepared poly-
myxin B solid lipid nanoparticles (SLN) crosslinked to sodium alginate and evalu-
ated for improved anti-microbial activity. The SLN were tested against HaCat and 
NIH/3T3 cell lines and showed no toxicity on these cell lines. Similarly, anti- 
microbial evaluation against Pseudomonas aeruginosa showed enhanced minimum 
inhibitory concentration (MIC) than the free drug (Severino et al. 2015). Insua et al., 
prepared polyion complexes of polymyxin B with poly(styrene sulphonate) and 
tested for anti-microbial activity against Pseudomonas aeruginosa. Results showed 
improved activity in the magnitude of reducing colonies by 10,000 times more com-
pared with previously developed formulations (Insua et al. 2017).

Vancomycin is a glycopeptide antibiotic obtained from bacterium Amycolatopsis 
orientalis. It was approved for use in severe infections caused by methicillin resis-
tant Staphylococcus aureus strains. It is also used in the treatment of severe 
Clostridium difficile colitis in the mouth (Levine 2006). The drug has problems like 
poor oral bioavailability. Recent studies suggested that the microbes have acquired 
resistance towards vancomycin (Smith et al. 1999). Bacterium developed resistance 
to vancomycin by altering terminal cell surface peptides thus preventing the binding 
of vancomycin. Various approaches have been used to improve the outcome of 

3 Nanocarriers as Tools for Delivery of Nature Derived Compounds and Extracts…



98

vancomycin treatment. Milani et al., prepared vancomycin loaded poly(lactic-co- 
glycolic acid) nanoparticles and evaluated them for improving intestinal permeabil-
ity by single-pass intestinal perfusion technique (Zakeri-Milani et al. 2013). It was 
found that the nanoparticles improved the perfusion of the drug through intestine 
compared with a solution. Cerchiara et al., prepared chitosan nanoparticles of van-
comycin for colon targeting and improved anti-microbial activity. In-vitro drug 
release studies revealed colonic pH-selective release. Anti-microbial studies 
revealed that the inhibitive activity increased by 3 fold (Cerchiara et al. 2015). Gu 
et  al., prepared vancomycin gold nanoparticles and tested for activity against 
vancomycin- resistant bacterial strains. The nanoparticles lowered the minimum 
inhibitory concentration of drug using polyvalent inhibition (Gu et al. 2003).

Tobramycin is a newer aminoglycoside antibiotic obtained from Streptomyces 
tenebrarius. It is approved for combating infections caused by Pseudomonas spe-
cies. It is not absorbed from epithelial barriers thus doesn’t have any bioavailability 
through extravascular or topical route. It is available as an intravenous injection 
(Neu 1976). Various approaches have been used to improve drug permeability 
through different membranes. Cavalla et al., have prepared solid lipid nanoparticles 
loaded with tobramycin to improve the corneal permeation. It was found that the 
tobramycin content in aqueous humor in solid lipid nanoparticles treated rabbits 
was high when compared with the simple solution (Cavalli et al. 2002). In a similar 
study by the same authors’ tobramycin loaded solid lipid nanoparticles were admin-
istered duodenally to improve drug permeation. From the transmission electron 
microscopy of blood and lymph and pharmacokinetic evaluation, it was confirmed 
that the nanoparticles improved the oral permeation by translocation through lym-
phatic drainage (Cavalli et al. 2003). Another problem encountered by tobramycin 
is, resistance by the biofilms (Anwar et al. 1989) to the drug in conditions like pul-
monary fibrosis where the crosslinked biofilm network prevents localization of 
lethal concentrations of the drug thus reducing effectiveness. To prevent these issues 
nanotechnology was adopted by scientists. In a study by Deacon et al., tobramycin 
loaded polymeric nanoparticles were prepared to improve the drug transfer through 
the mucous layer in cystic fibrosis. These nanoformulations improved transfer 
through the mucous layer thus improving efficacy. In another study by Messiaen 
et al., the tobramycin liposomes were tested on Burkholderia cepacia complex bio-
films that have intrinsic resistance to antibiotics. Three different liposomal (cat-
ionic, anionic and neutral) formulations were tested against biofilm. It was found 
that the anionic liposomes loaded with tobramycin overcame resistance and 
improved its anti-biofilm property compared with free drug (Messiaen et al. 2013). 
Still, more relevant and extensive studies have to be done to overcome such 
resistance.
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3.5.12  Plant Extracts

Long before isolated drugs were introduced for therapeutic applications, natural 
plant extracts were the only available remedies to treat various diseases. Sometimes 
where it is difficult to isolate the active ingredient, the plant extract is directly 
administered for treatment. Similarly, some components of the extract may potenti-
ate the activity of the active component and hence they cannot be ruled out from the 
formulation. In such cases, the extract shall be formulated and administered rather 
than the active ingredient alone. However due to problems like poor solubility, poor 
permeability, low stability and rapid systemic clearance these extracts may not pro-
vide intended effects thus reducing treatment effectiveness (Liu and Feng 2015). In 
such cases nanotechnology may be useful to overcome these drawbacks.

One of the first approaches to improve the solubility and bioavailability is nano 
suspension. Cuscuta chinensis is a Chinese herb widely used for its anti-oxidative 
and hepatoprotective effect (Yen et al. 2007). Though rich in flavonoids and lignins, 
the extract has poor solubility and permeability thus limiting its use. Yen et al. pre-
pared nanoparticles by nano suspension method. The administration of nanosized 
extract reduced the required hepatoprotective dose by 5 times (Yen et  al. 2008). 
Similarly, Radix salvia which has great cardioprotective effects was formulated into 
nanoparticles by spray drying. This size reduction approach has improved bioavail-
ability compared to unmodified crude extract (Su et  al. 2008). Ginkgo biloba, a 
Chinese herb has many beneficial effects like anti-inflammatory, cardioprotective, 
anti-hypertensive and neuroprotective effects (Kleijnen and Knipschild 1992). 
However, the extract is poorly soluble in water and has less oral bioavailability 
which limits its wide applicability. Wang et al., prepared nanoparticles of ethanolic 
extract of the plant by emulsion solvent evaporation followed by freeze drying. 
Compared to raw extract, the nanosized extract showed high solubility and dissolu-
tion. Bioavailability studies showed improved area under the curve of terpenoids 
and flavonoids of the plant (Wang et al. 2016). Naik et al., prepared Ginkgo biloba 
phytosomes and evaluated for hepatoprotective effects in carbon tetrachloride 
induced liver injury. The phytosomes (25 mg/kg) showed hepatoprotective effects 
similar to a high dose of silymarin (200 mg/kg) thus proving as a better alternative 
(Naik and Panda 2007). Haghighi et al., prepared Ginkgo biloba solid lipid nanopar-
ticles and evaluated for activity on skin infections. The nanoformulation was found 
to be having better activity against both gram-negative and gram-positive bacteria. 
The nanoformulation also didn’t show any sign of toxicity on rabbit skin indicating 
high safety profile (Haghighi et al. 2018). Wang et al., prepared nanoparticles of the 
same plant extract by anti-solvent precipitation method. Bioavailability study 
showed improvement in area under the curve by more than twofolds compared with 
raw extract (Wang et al. 2019).

Liquorice (Glycyrrhiza glabra) is a medicinal herb that is being used as a 
traditional medicine over a long time. Liquorice extract was found to be having 
expectorant, emollient, anti-inflammatory, anti-microbial, anti-diabetic and 
neuroprotective effects (Shibata 2000). However, like most of the plant extracts, it 
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also suffers from poor solubility and permeability. Various approaches have been 
explored by the researchers to improve the properties of the liquorice extract. Damle 
et al., prepared phytophospholipid complex of liquorice and citrus extracts. Skin 
distribution studies revealed that the skin retention of the polyphenols present in the 
extract was high from phytophospholipid complex compared with the crude extract 
(Damle and Mallya 2016). In another study by Rani et al., the active constituent of 
liquorice, Glycyrrhizin was formulated into nanoparticles and evaluated for anti-
diabetic activity. It was found that the nanoformulation group showed improved 
anti- diabetic effect compared to group received crude extract (Rani et  al. 2017). 
Esmaeli et al. prepared chitosan-alginate nanocapsules loaded with liquorice extract. 
The nano- encapsulated extract showed improved anti-oxidant and anti-microbial 
activity compared to crude extract (Esmaeili and Rafiee 2015). Roque et al., prepared 
poly- lactic acid (oral gel), (oral film) and alginate (toothpaste) mucoadhesive 
nanoparticles loaded with liquorice extract. All the nanoformulations showed 
improved activity against Candida albicans. All of them have enhanced 
mucoadhesive properties (Roque et  al. 2018). Vishwanathan et  al., formulated 
inhalable liposomes of liquorice extract and evaluated for effect against tuberculosis. 
The formulation showed enhanced lung deposition and a significant reduction in 
bacterial load (Viswanathan et al. 2019).

Green tea has wide applicability in treating various ailments (Zaveri 2006). 
However, few of its components are unstable at gastric conditions and have poor 
permeability (Ananingsih et  al. 2013; Zhu et  al. 1997). Nanoformulations are 
assumed to improve stability and permeability. Manea et al., prepared solid lipid 
nanoparticles of green tea extract and evaluated for antioxidant and anti-microbial 
effect. It was found that the nanoformulation has higher antioxidant and anti- 
microbial efficacy compared with the crude extract (Manea et al. 2014). Dag et al., 
encapsulated green tea extract into liposomes. The formulation showed high stabil-
ity of actives and improved antioxidant activity (Dag and Oztop 2017). Lu et al. 
prepared green tea polyphenols into liposomes to improve the stability of polyphe-
nols which are unstable to oxidation and light. The formulation showed first order 
release kinetics and found to be protecting the polyphenols from degradation (Lu 
et al. 2011). Though green tea is consumed on a daily basis more clinical research 
has to be done to establish its beneficial effects which will pave a way for its clinical 
approval.

Withania somnifera, commonly called Ashwagandha is a native Indian plant that 
was used since ancient days. The extracts of Ashwagandha was found to have vari-
ous activities like anti-diabetic, immune-modulatory, anti-inflammatory and anti-
oxidant (Alam et al. 2012a; Mishra et al. 2000). It is a principal part of the historic 
Ayurvedic medicinal system. However, the extract has poor permeability which 
hinders its efficacy. Various nanocarriers have been evaluated to improve the same. 
Chinembiri et  al., prepared stable Ashwagandha extract solid lipid nanoparticles 
and niosomes for improved topical delivery. In-vitro diffusion studies found that the 
nanoformulation improved dermal deposition of the components thereby improving 
topical delivery (Chinembiri et al. 2017). Similarly, Gauttam et al., prepared phos-
pholipid vesicle system of a polyherbal composition containing Ashwagandha as 
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one of the components for anti-diabetic activity. The nanoformulation had improved 
the anti-diabetic efficacy compared to crude extracts (Gauttam and Kalia 2013). 
Neog et al. prepared mannosylated liposomes of Withaferin A, an active constituent 
of Ashwagandha to target RAW 264.7 macrophages. It was found that the liposomes 
improved the uptake into cells. It was found that the liposomal formulation down- 
regulated the release of inflammatory cytokines and also reduced the release of 
nitric oxide and reactive oxygen species. The study found normalization of mito-
chondrial function thus imparting the protective effects (Neog et al. 2018). Though 
the extract has various benefits, extensive characterization and clinical investigation 
have to be one so that the product reaches to the standards required to be approved 
as a pharmaceutical product.

3.6  Challenges

Though considerable advantages have been postulated for use of nanotechnology in 
delivery of natural medicine, considerable challenges arise which need to be 
addressed to improve clinical outcome of such products. These include:

• Natural products are not always safer. Few of the natural products are highly 
potent (E.g. Atropine). In such cases care shall be taken to evaluate safety of the 
formulation

• Development of cost effective therapy is always a challenge with nanotechnology 
based products

• Developing and scaling of nanocarriers for natural product especially plant 
extracts is a very complicated process as the processing has to ensure uniform 
distribution of active constituents

• Stability and assay standardization are always a challenge if multiple components 
are involved

• Considerable amount of clinical data has to be generated for regulatory approval
• Clinical investigations are also complicated as the investigator has to take into 

consideration the toxicological parameters of both the nanocarrier and active 
components.

3.7  Conclusion

Natural products are effective and safer alternatives than synthetic compounds with 
high tolerability. Moreover, natural products proved their use since ancient times 
which makes them ideal option to treat various ailments. However, these natural 
products have issues such as poor physicochemical properties which hindered their 
active deployment into medicine. With introduction of nanotechnology various nat-
ural products having poor properties were effectively delivered when loaded into 
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nanocarriers. Moreover, use of nanocarriers improved the therapeutic outcome of 
various natural compounds. All the above case studies proved nanotechnology can 
improve the delivery of various complicated molecules. With the introduction of 
newer nanocarriers the investigator will have a wide variety of choice to select the 
nanocarrier for the molecule according to the therapeutic requirements. These fac-
tors again increased the focus of scientific community on the natural medicine. 
Introduction of newer natural compounds from sources which were never explored 
increased the interest into natural product development. Further definitive clinical 
investigations needs to be done to establish the advantages of such nanotechnology 
based natural products. Extensive efforts like this can bring fruitful results with any 
nanocarrier based natural product getting regulatory approvals in due time.
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Chapter 4
Nanoemulsions as Optimized Vehicles 
for Essential Oils

Thaís Nogueira Barradas and Kattya Gyselle de Holanda e Silva

Abstract During the last few years, a great interested has been given in for nano-
technology applications in pharmaceutical technology. At the same time, there is a 
growing research effort in the search for healthier and safer products. In this con-
text, the use of naturally originate raw materials, essential oils for instance, rises as 
an interesting approach for replacing several synthetic active pharmaceutical ingre-
dients. However, these materials often feature low bioavailability, uncontrolled 
volatility or low long-term stability, which require novel encapsulation techniques. 
Therefore, research efforts have been focusing on nanoemulsion technology that is 
particularly suited to produce novel products. Nanoemulsions constitute one inter-
esting vehicle for enhancing solubility, stability and delivering natural oils, by 
encapsulating them into nanosized micelles with sizes ranging from 20–200 nm. 
They gather some unique characteristics as small size, increased surface area and 
stability which can increase efficiency and biological effects of pharmaceutical dos-
age forms.

The wide application of nanoemulsions to the encapsulation of bioactive mole-
cules still require much development in order to achieve the optimization of the 
obtention methods for large-scale production. This chapter includes an overview 
about nanoemulsion stability characteristics and the different approaches for obtain-
ing nanoemulsions, including high energy methods like high-pressure homogeniza-
tion, microfluidizers and ultrasonic homogenization, which are the most used 
approaches, and low energy methods such as phase inversion composition and 
phase inversion temperature, simple but still less reproduceable methods. In addi-
tion, we present the main aspects of nanoemulsion formulations, type of surfactants 
and oil phase, and the techniques for characterizing nanoemulsions, for example, 
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dynamic light scattering, zeta potential, microscopy and X-ray diffraction. Moreover, 
applications of nanoemulsions to pharmaceutical technological approaches for 
essential oils encapsulation, such as the improvement of bioactive oils bioavailabil-
ity and solubilization, masking unpleasant aspects of oils and enhancement of 
essential oils pharmacological activity are also discussed.

Keywords Nanoemulsions · Nanoencapsulation · Surfactants · Emulsification 
methods · Essential oils · Drug delivery

4.1  Introduction

Recently, the use of naturally originate bioactive molecules, especially natural anti-
oxidants and anti-microbial agents, has been rising. The search for natural products 
has been triggering more and more research in the development of suitable and 
stable formulations. Essential oils are bioactive molecules, being considered safe 
and biocompatible, offering a great range of benefits due to a complex composition 
of fatty acids, terpenes, triterpenes and many other lipophilic components, that can 
offer protection against dehydration, solar radiation, inflammation, insect attack, 
microorganisms, and viruses (Donsì and Ferrari 2016; Andreu et al. 2015; Bonferoni 
et al. 2017).

Many essential oils present proved antioxidant potential, preventing oxidation 
reaction and reducing the formation of free radicals, which are risk factors for cel-
lular damage and for chronicle diseases as cancer. However, one of the main chal-
lenges to formulate essential oils into a pharmaceutical product lies on low water 
solubility of most of oils, which impairs bioavailability of lipophilic components 
and stability in hydrophilic formulations. Moreover, many essential oils are highly 
volatile and labile, being unstable under many environmental conditions, as light 
exposure and oxidation. Those restrictions must be overcome during the develop-
ment of pharmaceutical formulations (Badgujar et al. 2014; Herman and Herman 
2015; Moghimi et al. 2016).

Nanoemulsions are nanosized colloidal dispersions with droplets within the 
nanometric scale, more often between 20 and 200 nm. Nanoemulsions are thermo-
dynamically stable isotropic systems in which two immiscible liquids are mixed to 
form a single phase by means of an emulsifying agent, i.e., a surfactant (Helgeson 
2016; Solans et al. 2005). Nanoemulsions have been considered of a great potential 
of industrial application in pharmaceutical, food, agrochemical, cosmetics and per-
sonal care products (McClements and Jafari 2018). Nanoemulsions are widely 
applied to encapsulate, protect and promote controlled release of lipophilic bioac-
tive molecules. Besides, nanoemulsions can also act as templates to produce other 
types of nanoparticles, such as solid lipid nanoparticles (SLN), nanostructured lipid 
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carriers (NLC), multiple emulsions and hydrogel-thickened nanoemulsions 
(Sutradhar and Amin 2013; McClements and Jafari 2018; Barradas et al. 2017).

Because of the reduced droplet size, nanoemulsions promote interesting charac-
teristics in comparison to conventional emulsions, i.e. macroemulsions. For 
instance, nanoemulsions present much larger surface area of dispersed phase in 
relation to the total volume of the dispersion than that observed in macroemulsions. 
Thus, droplet deformation-derived phenomena are typically higher for nanoemul-
sions than for conventional emulsions (Helgeson 2016). Besides, macroemulsions 
exhibit multiple light scattering, which provide them a white opaque appearance. In 
contrast, in nanoemulsions, droplets are much smaller than the wavelength of visi-
ble light. Hence, most of the nanoemulsions are optically transparent systems when 
droplet size is small enough, usually below 100 nm (McClements and Rao 2011).

The development of nanoemulsions as nanostructured carriers for pharmaceuti-
cal application requires an accurate selection of the components such as, surfac-
tants, and oils as well as the preparation method selected for nanoemulsion 
production. Special attention must be given to oily phase used as inner phase in 
oil-in-water nanoemulsions. In order to obtain nanoemulsions, a minimum energy 
input is necessary. Energy input can be achieved by applying work to the system, 
usually called “high energy” methods, of by modulating composition or tempera-
ture of the system, referred as “low energy” methods. Both methods require the 
same amount of energy for providing nanosized droplets, regardless if the energy 
is provided mechanically or thermodynamically (Helgeson 2016; McClements 
and Jafari 2018).

Nanoemulsions and polymeric micelles can be considered promising systems for 
encapsulation of essential oils since because of various advantages such as: sus-
tained and controlled release of bioactive molecules; solubilization of lipophilic 
substances as oils; they are suitable for administration under different routes; pro-
tection from chemical, environmental and enzymatic degradation of labile mole-
cules; controlled volatilization of essential oils, reduction of side effects and dose.

In this chapter, we provide an overview focused on formulation of oil-in-water 
nanoemulsions, as they can provide encapsulation of lipophilic components, and 
diverse approaches for nanoemulsions production. Additionally, we summarize the 
instability phenomena related to nanoemulsions and the recent applications of nano-
emulsions for the encapsulation of natural oils.

4.2  Nanoemulsions: General Aspects

Emulsions are heterogeneous colloidal systems, consisting of an immiscible liquid 
dispersed as droplets, i.e. disperse or inner phase in another immiscible liquid, i.e., 
continuous or outer phase, stabilized by a surfactant. When the continuous phase is 
an aqueous solution and the dispersed phase is an oil, the emulsion is called oil-in- 
water emulsion (Fig. 4.1a). On the other hand, when the dispersed phase is an aque-
ous solution and the continuous phase is constituted by an oil, the emulsion is called 
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water-in-oil emulsion (Fig. 4.1b). In all cases, an emulsifier agent or surfactant is 
needed to reduce interfacial tension between dispersed and continuous phases and 
provide stable systems. The nature of the surfactant and the stabilizing film pro-
vided by it, greatly influence general aspects of nanoemulsions, as long-term stabil-
ity, droplet size and charge, for example. In general, emulsified systems can be 
classified according to some physicochemical properties such as droplet size and 
preparation methods into macroemulsions, microemulsions and nanoemulsions.

The most important difference between nanoemulsions and macroemulsions lies 
in the droplet size, since both are thermodynamically unstable systems. 
Nanoemulsions usually show mean droplet size smaller than 200 nm, although there 
is no agreement regarding the size range that comprise nanoemulsion and distin-
guish them from micro-sized and conventional-sized macroemulsions. According to 
the literature, droplet size can vary from 20  nm to either 500, 300, 200, or yet 
100 nm, being until now a controversial issue regarding nanoemulsions classifica-
tion (Solans and Solé 2012; McClements and Rao 2011).

In general, macroemulsions are optically opaque, due to the large droplet size, 
which produces multiple light scattering, while nanoemulsions are often transparent 
or translucent, since they present small droplet size scatter light weakly (McClements 
and Jafari 2018; McClements 2011). Nanoemulsions are kinetically stable systems 

Fig. 4.1 Oil-in-water nanoemulsion (a) and water-in-oil nanoemulsion (b), composed by oil and 
aqueous phases, stabilized by surfactants. In oil-in-water nanoemulsion aqueous phase constitutes 
the outer phase and oil phase is the inner phase, and the surfactant molecule self-assemble into a 
micelle structure, with hydrophilic portion oriented towards the aqueous phase. In water-in-oil 
nanoemulsions oil phase and water phase constitute the outer phase and inner phase, respectively, 
and surfactants hydrophobic portion is in contact with the outer phase
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and do not require the addition of a cosurfactant, unlike microemulsions. Kinetic 
stability is attributed to the Brownian motion of the droplets which overcomes the 
gravity force and prevents droplets sedimentation and coalescence. In addition, the 
use of nonionic or polymeric surfactants may cause steric repulsion between the 
droplets and contribute to the stability of the system (Tadros et  al. 2004; Solans 
et al. 2005).

Besides storage stability, there are other interesting physical properties that dif-
ferentiate nanoemulsions from macroemulsions. For example, nanoemulsions have 
dispersed phase surface area relative to the total volume of the dispersion much 
larger than that observed in macroemulsions. Due to the high relative surface area, 
all phenomena related to droplet deformation are typically more relevant to nano-
emulsions than to macroemulsions (Mason et al. 2006).

It is noteworthy the common misconception between nano and microemulsions. 
There has been much effort to clarify the difference between these two colloidal 
systems in this scientific field (Sonneville-Aubrun et al. 2004; Anton and Vandamme 
2011). Both microemulsions and nanoemulsions contain droplets of diameters rang-
ing from 20 to 200 nm, differing in certain aspects, especially regarding the prepara-
tion method (Abismail et al. 1999; McClements 2011). Although both systems can 
feature similar characteristics, as nanosized droplets as inner phase dispersed in a 
continuous phase, they differ in therms of stability and in physicochemical concepts 
(Anton and Vandamme 2011; McClements 2012). Microemulsions is a term usually 
used to refer to thermodynamically stable isotropic oil/surfactant/water systems, 
while nanoemulsions are kinetically stable conventional emulsions constituted by 
nanosized micelles (McClements 2012). Microemulsions can feature a wide range 
of structures with one, two, three ore more phases in equilibrium, depending on the 
concentrations between all the components and upon certain temperatures. These 
different structures can be water-continuous, oil-continuous or bicontinuous and 
nanometric swollen micelles, which gives them a bluish and translucent 
nanoemulsion- like aspect. However, micelles can form different geometries such 
as, worm-like, bicontinuous sponge-like, liquid crystalline, hexagonal, lamellar, 
and spherical swollen micelles, which is the most often confused with nanoemul-
sions (Anton and Vandamme 2011; McClements 2012).

Moreover, nanosized micelles from microemulsion are deeply afected in mor-
phology and size upon temperature and dilution, while nano-micelles from nano-
emulsions remain unaltered when submited to the same conditions, which is an 
important aspect to be considered when microemulsions are intended to be applied 
as parenteral prooducts. Parenteral route can pose some challenges as infinite dillu-
tion conditions and temperature, pH and osmolarity variations. Under biological 
conditions, only nanoemulsions remain stable (Lefebvre et al. 2017; Hörmann and 
Zimmer 2016; Anton and Vandamme 2011).

These misinterpretations are often found in literature, where one can find inade-
quate methods for obtaining and characterizing micro and nanoemulsions. For 
example, ternary phase diagrams to produce nanoemulsions constitutes a very fre-
quent but inapropriate methodology that can be more suitable to produce micro-
emulsions. The simplicity of low-energy emulsifying methods is the main aspect 
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that can induce the confusion between nano and microemulsions. Besides, in order 
produce nanoemulsions by low-energy methods, surfactant must be mixed in oil 
phase before adding water, not being possible inverting the order of components 
incorporation. Microemulsions can be formed no matter the order in which compo-
nents are added (Anton and Vandamme 2011). This difference between both sys-
tems is an easy and simple preliminary test for classification of a system in whether 
nano or microemulsions.

The large surface area provided by the nanostructured droplets increases drug 
absorption in biological membranes such as the intestinal epithelium, the cornea 
and skin for example (Singh et al. 2017). Moreover, because they are transparent 
formulations, nanoemulsions present an interesting aesthetic characteristic, even 
containing significant quantities of oil in the composition (Sonneville-Aubrun et al. 
2004; Tadros et al. 2004).

4.3  Nanoemulsions: Composition

In general, a classical nanoemulsion formulation comprises an aqueous and an oil 
phase stabilized by a surfactant. The physical-chemical properties of the compo-
nents will greatly impact the formation and stability of the nanoemulsions obtained 
from them. Typically, nanoemulsions require relatively high amounts of surfactants, 
usually from 10 to 15wt.%, in order to stabilize the high surface area of nanosized 
micelles (Azeem et al. 2009; Mason et al. 2006). The composition of nanoemul-
sions can be tuned by careful selection of the ingredients used to obtain them.

4.3.1  Surfactants

Surfactants are molecules whose structures comprise two parts of opposing affinities, 
one having a hydrophilic character and the other with a hydrophobic character. Both 
hydrophilic and lipophilic moieties should be in equilibrium in the surfactant molecule, 
so that it constitutes a good emulsifier. This hydrophilic-lipophilic equilibrium of a 
both moieties in the surfactant molecular structure is called hydrophilic- lipophilic 
balance (Abismail et al. 1999; Porras et al. 2004). Hydrophilic-lipophilic balance is a 
classifying system for all surfactants and provides a good indication for the right the 
choice of emulsifiers suitable for obtaining stable emulsions. During the production of 
nanoemulsions, surfactants molecules should be able to quickly adsorb on newly 
formed droplet surface, while maintaining droplet integrity once two droplets collide, 
avoiding droplet deformation or coalescence (Tadros 1994).

The formation of a stable nanoemulsion involves selecting an appropriate com-
position, controlling the order of addition of the components and applying a mini-
mum energy input capable of promoting the deformation of droplets. This minimum 
energy input is related to the Young-Laplace Theory, which shows that the differ-
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ence between the external and internal pressures of a drop is a direct function of the 
droplet radius (Eq. 4.1). Therefore, to break a drop into droplets of smaller size, the 
difference between the internal and external pressure to the drop should be consid-
erable (Tadros et al. 2004).

 
Pi Pe− =

γ
2r  

(4.1)

where,

Pi = Internal pressure
Pe = External pressure
γ = Interfacial tension
r = Radius of droplet curvature

According to Eq. 4.1, large amounts of surfactants are required to reduce surface 
tension and stabilize the great interfacial surface produced. The production of nano-
emulsions, therefore, is a thermodynamic unfavorable and non-spontaneous pro-
cess. Besides, to obtain droplets of nanometric size it is necessary to supply energy 
to the system, usually provided by mechanical devices or even by chemical poten-
tial of the constituents. Nanoemulsions often present spherical droplets because 
both the high interfacial tension and small droplet size combined provide high 
Laplace pressures, which triggers the minimization of the oil–water interfacial area 
into a spherical shape (McClements 2011).

The success of developing a stable nanoemulsion depends on the right selection 
of the surfactant used, which shall act on the interface between dispersed and con-
tinuous phases. The choice of a surfactant for pharmaceutical purposes is one of the 
most critical steps and involves consideration of the toxicity of substances that can 
be applied in large quantities. (Tadros 2009; Wiedmann 2003). The selection of a 
surfactant can be considered the most important step to produce nanoemulsions, 
since emulsifiers can influence both fabrication method and performance of 
nanoemulsions.

Due to the amphiphilic molecular constitution, surfactants tend to migrate to the 
interfaces between two immiscible fluids, in a way that polar groups are oriented to 
the aqueous phase and the non-polar, to the organic phase. The polar group is of 
great importance because it defines some properties, such as water solubility and the 
classification of the surfactants which can be divided into ionic, which can be 
anionic and cationic, nonionic and amphoteric, or zwitterionic.

At low concentrations, the surfactant molecules are solubilized within the solu-
tion as free soluble surfactant molecules (Fig. 4.2a). As the surfactant concentration 
increases, a decrease in surface tension of the solution occurs, representing the sur-
factant adsorption at air-water surface (Fig. 4.2b). When reaching a certain concen-
tration, it is observed that the variation of the surface tension is minimal in relation 
to the increase of the concentration, which means that, the saturation of the water- 
air interface is reached. At this stage, the adsorption of the surfactant on the surface 
is no longer observed. The surfactant concentration that causes this phenomenon is 
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called the critical micelle concentration, where it can be observed the formation of 
molecular aggregates, known as micelles (Fig. 4.2c).

The moieties that are not soluble in the surrounding solvent attract strongly and 
produce a stable compact vesicular morphology, as to expel the solvent from this 
environment. On the other hand, groups that are very soluble, tend to be externally 
exposed producing a soluble particle, i.e., a micelle (Myers 2005b). The size of the 
micelles and the number of surfactant molecules per micelle depends on the type of 
surfactant and the physicochemical environment. When the surfactant is adsorbed at 
the oil-water interface, interfacial tension decreases causing a steric hindrance effect 
or electrostatic repulsion, both able to prevent coalescence or aggregation phenom-
ena. These barriers not only prevent emulsion droplets from coming into direct con-
tact, but also serve to stabilize the liquid film between two adjacent droplets 
(Myers 2005a).

The interfacial tension is related to the amount of surfactant adsorbed at the inter-
face and the nature of the interfacial layer. The interfacial tension decreases with 
increasing surface charge, which is directly related to the concentration and size of 
the surfactant. However, depending on the type of surfactant, many other effects are 
important (Tadros et al. 2004; Myers 2005a). It can be said, then, that surfactants 
play a very important role in the stabilization or destabilization of nanoemulsions, 
increasing or reducing the electrostatic or steric repulsions of the interface, which 
are dependent on structural aspects, such as double electric layer, branching, aroma-
ticity. Other factors like the presence and type of electrolytes, pH, temperature and 
presence of additives (Myers 2005a). The most studied for the formation of nano-
emulsions are non-ionic surfactants.

Both liquids and solids feature surface tension due to the cohesive energy 
between their molecules. Surface tension is resultant from unbalanced forces of 
attraction or non-equilibrated in interfacial regions, in which there is a sudden varia-

Fig. 4.2 Micellization steps: surfactants as free soluble molecules, below critical micelle concen-
tration (a). As surfactant concentration raises, surfactants start to self-assemble as monolayer in 
water-air interface (b). Above critical micelle concentration, water-air interface is saturated with 
surfactant molecules and interfacial tension no longer reduces. Then surfactants start to self- 
assemble as micelles, in a thermodynamically favorable phenomenon (c)
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tion of the density. Thus, the resultant force on a molecule close to the surface liq-
uid/vapor is different from that on a molecule that is in a completely homogeneous 
region, in which the resulting force is null. The surface tension can also be defined 
as the excess of surface energy (Tsujii 1998; Shaw 1992).

Liquids tend to self-assemble into forms that minimize surface area, that is, a 
greater number of molecules are inside the liquid and, therefore, remain surrounded 
by other liquid molecules. Liquid droplets therefore tend to be spherical because a 
sphere is the shape with the smallest surface/volume ratio. Surface effects can be 
expressed according to the Helmholtz and Gibbs energies (Eq. 4.2), in which the 
bond between these amounts of energy and the surface area is the work (force) 
needed to increase the surface area (σ) of a liquid in a given quantity (Hunter 2001)

 dW = γ θ·d  (4.2)

where, W means work or applied force; γ (N.m−1) means superficial tension and θ 
superficial tension.

The effect of surface tension is to minimize surface area, resulting in a curved 
surface, as in a vesicle. The intensity of this tension depends on the liquid, solvent 
purity and temperature in which the surfactant lies (Hunter 2001). The same consid-
erations apply to the interface between two immiscible liquids. Again, intermolecu-
lar forces in non-equilibrium are presented, however with decreased intensity. The 
interfacial tensions usually lie between the individual surface tension of the two 
liquids above mentioned (Shaw 1992).

4.3.2  Types of Surfactants

There are several surfactants that have been used in the production of nanoemul-
sions, since small-molecule synthetic surfactants, which may be non-ionic and 
ionic, and natural surfactants such as phospholipids, proteins and polysaccharides. 
In general, the surfactants may be: (i) non-ionic, (ii) amphoteric (iii) cationic, or 
(iv) anionic.

The class of the non-ionic surfactants comprise small molecules such as sorbitan 
esters, like Span® and Tween® series and polymeric surfactants, such as 
poly(oxyethylene) ethers, for example, Brij® or block copolymers as poly(ethylene 
oxide)-poly(propylene oxide). Small molecules can form small-sized droplets 
because of the facility on easily adsorb on the surface of droplets that they feature 
(Jafari et al. 2017).

Natural surfactants exhibit excellent surface activity, although they present 
molecular structure being very voluminous compared to synthetic surfactants. Since 
natural surfactants are naturally produced substances, they show advantages like 
biodegradability, are easily produced from renewable resources, present high speci-
ficity and tend to less toxic (Salem and Ezzat 2018). Table 4.1 summarizes the most 
common types of natural and synthetic surfactants.
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Table 4.1 Main types of natural and synthetic surfactants and their general aspects

Type Examples
Characteristics/
charge General aspects References

Natural Phospholipids for 
example: lecithin

Zwitterionic Mixture of natural polar 
phospholipids obtained 
from eggs or soybean. 
Amphoteric behavior

Klang and 
Valenta (2011), 
Hoeller et al. 
(2009), Khan and 
Krishnaraj (2014)

Natural Polysaccharides 
for example: gum 
arabic

Negatively or 
positively charged

Provide good stability 
either by electrostatic or 
steric effects. Not 
suitable for low-energy 
emulsification methods.

Bai et al. (2016), 
Jafari et al. 
(2017), 
Dickinson et al. 
(1991)

Natural Amphiphilic 
proteins, as 
caseinate or whey 
protein isolate

Charge depends 
on pH relative to 
isoelectric point

Provide good stability 
mainly by electrostatic 
repulsion and also steric 
effects under neutral 
pH. Not suitable for 
low-energy 
emulsification methods

M. Sharma et al. 
(2017), 
Dickinson et al. 
(1998), Kuhn and 
Cunha (2012), 
David Julian 
McClements 
(2011)

Ionic 
surfactant

Sodium lauryl 
sulfate (SLS) or 
sodium dodecyl 
sulfate (SDS)

Negatively 
charged

Used in both low and 
high energy methods

Tian et al. (2016), 
Lémery et al. 
(2015), Rosety 
et al. (2001), 
Bondi et al. 
(2015)

High irritation and acute 
toxicity potential

Non-ionic 
surfactant

Sucrose 
monopalmitate

Sugar esters Non-toxic, 
biodegradable and 
hydrophilic. Used to 
stabilize oil-in-water 
nanoemulsions by high 
pressure 
homogenization with 
relatively low 
surfactant-to-oil ratios.

Strickley (2004), 
Cerqueira- 
Coutinho et al. 
(2015), Rao and 
McClements 
(2011)

Sorbitan 
monooleate

Non-ionic 
surfactant

Brij Polyoxyethylene 
alkyl esters

Relatively low phase 
inversion temperature. 
Used in low-energy 
methods

David Julian 
McClements 
(2011)

Non-ionic 
surfactant

Tweens and spans Ethoxylated 
sorbian esters

Used in high-energy 
methods. Differences 
aliphatic chain length 
varies, providing 
several types of Tween 
and Span. Ex: Tween 
20, 40, and 60.

Pathania et al. 
(2018), Dias et al. 
(2014), Salvia- 
Trujillo et al. 
(2015), Speranza 
et al. (2013)
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The use of natural surfactants, due to the innocuous character, provides some 
advantages over synthetic surfactants, including biocompatibility and 
 biodegradability, multifunctional characteristics, stable activity under different 
environmental conditions, such as high or low temperatures, pH, high pressure and 
osmolarity. Thus, natural surfactants may be more effective in stabilizing nano-
emulsions for the most diverse purposes (Dickinson 2003; Qian and McClements 
2011). In general, most of natural surfactants are large molecules, which can delay 
the ability to adsorb on the droplets surface and provide larger droplets. However, 
they can provide good stability by both steric and electrostatic stabilization (Qian 
and McClements 2011).

One of the most common natural surfactants used in the development of nano-
emulsions are phospholipids. Phospholipids can be classified as natural amphoteric 
surfactants and have excellent biocompatibility because they are similar in composi-
tion to cell membranes. The term lecithin is commonly used to designate a mixture 
of phospholipids obtained from both animal and vegetable sources, as eggs and soy-
bean, respectively (Shchipunov 2015). The composition of lecithin may vary upon 
several environmental and processing conditions, however, the phospholipids most 
commonly found in lecithin are: phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylinositol, sphingomyelin, glycerol phospholipids of complex fatty acid 
composition (Klang and Valenta 2011; Shchipunov 2015).

The polar portion of lecithin is comprised by positively charged phosphate 
groups, which are bounded to lipophilic chains by ester groups. Moreover, nitrogen- 
containing moieties bounded to phosphate groups can assume negative charges, 
providing phospholipids such as lecithin an amphoteric character (Shchipunov 2015).

Biopolymers such as polysaccharides have been attracting attention as natural 
surfactants for producing stable nanoemulsions (Dickinson 2003; Bai et al. 2016). 
Polysaccharides feature a complex structure, water-soluble, with good emulsifying 
properties and thickening properties, are widely used in food, pharmaceutical and 
paper industries. Polysaccharides and gums such as gum arabic are often used as 
thickening or gelling agents in pharmaceutical industry (Prajapati et al. 2013). The 
polysaccharides most commonly found are hydrocolloids such as xanthan, modified 
starch, galactomannans and pectin (Dickinson 2003; Prabaharan 2011; Sweedman 
et al. 2013; Prajapati et al. 2013). Recently, they have been considered promising 
components to be used as natural surfactants as there is a growing demand for natu-
ral and sustainable ingredients. The emulsification properties of polysaccharides are 
related to the presence of non-polar groups and hydrophilic groups, providing the 
interaction with both oil and water. The stabilization method related to polysaccha-
rides can occur by both electrostatic repulsion and steric effect, preventing droplet 
flocculation and coalescence (Jafari et al. 2017).

Gum arabic is one of the most used polysaccharides for producing stable emul-
sions, due to the formation of a stable layer around the droplets, providing steric 
repulsion among droplets by forming steric layer around them (Yadav et al. 2007; 
McNamee et al. 1998). Other naturally occurring polysaccharides used in producing 
nanoemulsion comprise pectin, a heterogenous anionic polysaccharide already used 
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as gelling, thickening and stabilizing properties (Bai et al. 2016) and maltodextrin 
(Sonu et al. 2018).

Some proteins, especially those obtained from bovine milk, as casein and whey 
proteins, can be used as emulsifying and surfactants agents, since they feature both 
hydrophilic and lipophilic residues and surface activity, providing cohesive and 
strong films around droplets (Yerramilli and Ghosh 2017; Mayer et al. 2013; Kuhn 
and Cunha 2012; Adjonu et  al. 2014). Proteins can stabilize droplets mainly by 
electrostatical repulsion because of the presence of negatively charged groups, 
although steric effect can also be attributed to them (Adjonu et al. 2014; Dickinson 
et al. 1998). As proteins are very large molecules, the adsorption on droplet surface 
takes longer. On the other hand, proteins feature the ability of forming a viscoelastic 
coating that prevent droplet deformation and, thus aggregation, providing higher 
stability under several conditions (McClements 2011). One of the most studied pro-
teins used as natural surfactants is casein.

Casein comprises almost 80% of milk protein and it is a heterogeneous protein 
composed by four main proteins fractions: αs1 (~44  wt.%), αs2 (~11  wt.%), β 
(~32 wt.%) and k (~11 wt.%) with a strong aggregation behavior, which is funda-
mental to stabilize casein-based micelles (Wang and Zhang 2017; Sharma et  al. 
2017). Casein provides both electrostatic and steric stabilization against coales-
cence under neutral pH values (Dickinson et  al. 1998). At acidic pH values, the 
negative charge on caseinate structure is reduced and aggregation between casein- 
based micelles occurs (Sharma et al. 2017).

Several works have reported the combination of proteins and polysaccharides- 
based emulsifiers based on the ability to form polyelectrolyte complexes between 
these molecules and the possibility of Maillard reaction, which contribute to increase 
stability of the layer around nanosized micelles end prevent coalescence (Sonu et al. 
2018; Farshi et al. 2019).

There is a growing demand on replacing synthetic surfactants for natural mole-
cules. However, the application of natural surfactants still is limited by several 
issues. For example, Phospholipids and protein-based surfactants, are unstable 
under environmental conditions such as pH, osmotic pressure and heating. 
Polysaccharides, on the other hand, provide stability under environmental stressful 
conditions (Zhang et al. 2015). Besides, polysaccharides can stabilize nanoemul-
sion by increasing the viscosity oh aqueous phase by stablishing hydrogen bonds 
water molecules (Dickinson 2009). Moreover, according to Qian and McClements 
2011, small-molecule surfactants can provide smaller droplets than proteins, which 
can be related to the ability to rapidly adsorb to the droplet surfaces during homog-
enization and providing a more stable interface.

The solubility of synthetic or ionic surfactants is related to the interactions 
between the ionic group, which is the polar part of the surfactant, and water. The 
ionic surfactants most used in the production of nanoemulsion are summarized in 
Table 4.1. In general, ionic surfactants are resistant to changes in temperature and 
quite soluble in water. The applications of ionic surfactants are originated from 
these properties. Also, pH has great influence on the solubility of the ionic surfactants 
due to the neutralization reactions that occur with this type of molecules.
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In the case of anionic products, a reduction in pH causes a decrease in the degree 
of dissociation and in the solubility of the surfactant due to the formation of the 
 corresponding undissociated acid, which has lower solubility. The electrical charge 
on droplet surface plays an important role in stabilizing nanosized droplets as elec-
trostatic repulsion, aggregation stability etc. Moreover, surface charge can be 
explored to provide nanoemulsions novel application by triggering the interaction 
of charged surfactants with other components in biological media (Tian et al. 2016). 
Quaternary ammonium salts belong to the class of cationic surfactants, the best-
known being hexadecyl trimethyl ammonium bromide and dodecyl ammonium bro-
mide (Bouchemal et al. 2004; Lawrence and Rees 2000).

In the case of ionic surfactants, the stability of nanoemulsions is mainly gov-
erned by electrostatic interaction between the droplets. Surface charge and, conse-
quently, zeta potential can be modulated by mixing non-ionic and ionic surfactants 
and varying the proportion of both of them, providing extremely long-term stable 
nanoemulsion (Tian et al. 2016; Babchin and Schramm 2012). Sodium lauryl sul-
fate (SLS) or sodium dodecyl sulfate is the most common anionic surfactant used to 
produce emulsions. However, they can disorganize several cell membrane organiza-
tion and affect both protein and lipid structures, being highly irritant for skin appli-
cation and toxic for systemic administration (Elmahjoubi et  al. 2009; Bondi 
et al. 2015).

Non-ionic surfactants are widely used for pharmaceutical purposes because they 
feature low toxicity and greater stability against changes in ionic strength and pH of 
the common biological media. There are different types of non-ionic surfactants, the 
most used to provide pharmaceutical nanoemulsions are polyglycerol alkyl ethers, 
glucosyl dialkyl ethers, crownethers, ester-linked surfactants, polyoxyethylene 
alkyl ethers, ethoxylated hydrogenated castor oil, Brij, Spans, or sorbitan esters and 
Tweens, or Polysorbates.

Synthetic non-ionic surfactants show no charges on the polar part of the molecu-
lar structure, which is often composed of ethylene oxide groups. For this reason, 
solubility of synthetic non-ionic surfactants in aqueous solution differs from most 
solutes: with increasing temperature, these surfactants show phase separation, and 
this temperature is known as cloud point temperature. This behavior occurs because 
of the increasing the size of the molecular aggregates, known as micelles and the 
inter-micellar attraction. This can be explained by the dehydration of the outer layer 
of the micelle of the nonionic surfactant with the increase in temperature, which is 
promoted by the breaking of the hydrogen bonds between the ethylene oxide group 
and the water (Prud’homme et al. 1996; Alexandridis et al. 1994).

Compared with low molecular weight surfactants, non-ionic polymeric surfac-
tants produce more stable micelles, have lower critical micelle concentration values, 
with a slower dissociation rate, which allows controlling the release of the mole-
cules contained in the nucleus of nano-sized droplets and also achieve greater accu-
mulation of the drug at a specific site. In addition, these copolymers are capable of 
forming micelles in a wide variety of solvents (Xing and Mattice 1997; Kataoka 
et al. 2001).
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Like Mao et al. studied the effect of different surfactants on interfacial tension, 
droplet size, zeta potential and morphology of β-carotene-loaded nanoemulsions 
produced by high pressure homogenization. High molecular weight surfactants, 
such as Tween 20®, decaglycerol monolaurate, modified starch, whey protein isolate 
were evaluated. The results showed that Tween 20® and decaglycerol monolaurate 
provided smaller droplet size, although with poorer stability compared with modi-
fied starch and whey protein isolate, presenting droplets aggregates. On the other 
hand, modified starch and whey protein isolate provided larger droplets with higher 
stability against droplet aggregation due to the formation of stronger interfacial lay-
ers. Moreover, the combination of Tween 20 and whey protein isolate provided 
nanoemulsions with higher stability regarding β-carotene content under storage 
conditions of 55 °C for prolonged time (Like Mao et al. 2009).

4.3.3  Oil Phase

Oil phase composes the core of oil-in-water nanoemulsions and it can influence 
greatly both formation and stability of nanoemulsions. Several aspects as polarity, 
water miscibility, interfacial tension and viscosity can change nanoemulsions char-
acteristics such as droplet size and stability (McClements 2011). Different types of 
oil phases can be used for the formation of nanoemulsions: synthetic, mineral, veg-
etable or essential oils. In this chapter the origin and the chemical and physico-
chemical properties of essential oils will be the focus. Triacylglycerols, free fatty 
acids, fixed/vegetable, essential and mineral oils, waxes alone or in associations can 
be used as oil phase upon nanoemulsion development (Jafari 2017). The most com-
mon the essential oils often found are clove, peppermint, sweet fennel and bergamot 
(Al-Subaie et al. 2015; Saberi et al. 2014; Pengon et al. 2018; Strickley 2004; Wan 
et al. 2019; Barradas et al. 2015). They can act as drug carriers or solvents or be used 
as the only constitute of oil phase due to pharmacological properties commonly 
attributed to essential oils.

Very often, oil phase of nanoemulsions are liquid, as natural oils. However, they 
can also be solid as natural waxes and solid lipids (in the case of SLN and NLC) 
(Sutradhar and Amin 2013; McClements and Jafari 2018). Physical state of oil 
droplets can influence creaming stability, optical properties and release pattern of 
the encapsulates bioactive molecules. The right selection of liquid and solid lipo-
philic components can provide the control over physical state of oil droplets 
(McClements 2015).

In both oil-in-water and water-in-oil, oil phase is one of the most important 
issues, since it can influence several physicochemical aspects, for example: viscos-
ity, refractive index, transparency, interfacial tension stability, sensorial aspects and 
droplet size. As a consequence, a range of functional properties that are conse-
quence of physicochemical parameters are affected, as bioavailability, miscibility 
and digestibility (McClements and Jafari 2018). Moreover, molecular weight of the 
components, interfacial tension, density and viscosity of the oil phase also influence 
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the properties of nanoemulsions and can lead the choice of a certain type of emulsi-
fication method (McClements and Rao 2011).

Droplet stability is dependent on oil solubility, which is influenced by the amount 
of water soluble and lipophilic oil components. Great amounts of water soluble 
components in oil phase can lead to Ostwald ripening, the major source of instabil-
ity in nanoemulsions (Chebil et al. 2013). There are some strategies to retard droplet 
growth due to Ostwald ripening. Ripening inhibitors can be added to oil phase of 
oil-in-water nanoemulsions prepared with highly soluble oils as essential oils (Rao 
and McClements 2012; McClements and Jafari 2018). Ripening inhibitors are usu-
ally highly hydrophobic molecules almost water insoluble able to increase hydro-
phobicity inside the droplets even upon diffusion of water-soluble molecules. As a 
consequence, there is an increase in the concentration of the ripening inhibitor 
inside droplets, promoting a concentration gradient in the system that triggers the 
diffusion of water-soluble components from large back to small droplets, as the 
opposite of what occurs in Ostwald ripening (McClements and Jafari 2018).

Oils and lipophilic components can be encapsulated inside nanomicelles with the 
aim of protecting labile and degradable bioactive molecules from environmental 
conditions, controlling release, increasing bioavailability and providing an easier 
manipulation or incorporation of oils into aqueous formulations. Moreover, encap-
sulation techniques can be applied to the modification of physicochemical proper-
ties of oils, which makes it possible to convert solutions into fine powders of to 
mask undesirable tastes when administrated by oral route.

4.3.4  Essential Oils

Essential oils are aromatic substances extracted from aromatic plants or plants parts, 
including leaves, fruits, barks and seeds. They considered raw materials of great 
importance for the cosmetic, pharmaceutical, fragrance and food industries. These 
pure and extremely potent organic substances are considered the main biochemical 
components of the therapeutic action of medicinal and aromatic plants (Pathania 
et al. 2018; Pérez-Recalde et al. 2018; Donsì and Ferrari 2016).

These are volatile substances extracted from aromatic plants, being extremely 
potent organic substances and considered the main biochemical components of the 
therapeutic action of medicinal and aromatic plants. The methods of extraction vary 
according to the location of the volatile oil in the plant and the proposed use of it. 
The most common methods are: enfleurage, steam distillation, or azeotropic distil-
lation; extraction with organic solvent in a continuous and discontinuous way; 
pressing or supercritical CO2 extraction (Asbahani et al. 2015).

The designation of oil is given thanks to some physical-chemical characteristics, 
for example, that they are often oily-appearing liquids at room temperature. The 
main characteristic of essential oils is the volatility, which differs them from the 
fixed/vegetable oils, which are mixtures of lipid substances normally obtained from 
seeds. Another major characteristic is given thanks to the pleasant and intense aroma 

4 Nanoemulsions as Optimized Vehicles for Essential Oils



130

of most of the volatile oils, being therefore also called essences. They are still solu-
ble in apolar organic solvents, as ether, thus receiving the name of ethereal oils or, 
in Latin, aetheroleum. Although they have a limited solubility in water, they have 
been used to increase water solubility of poorly soluble drug by constituting the 
inner phase of oil-in-water nanoemulsions (Barradas et al. 2017).

Essential oils constituents range from terpene hydrocarbons, simple and terpene 
alcohols, aldehydes, ketones, phenols, esters, ethers, oxides, peroxides, furans, 
organic acids, lactones, coumarins, to sulfur compounds. In the mixture, these com-
pounds are present in different concentrations, and usually one of them is the major-
ity compound, others are in lower levels and some in very low quantities (Donsì and 
Ferrari 2016)

Essential oils are well-known as flavors, antioxidant and antimicrobial products 
and have been widely used as functional ingredients in food, pharmaceutical, and 
cosmetic formulations (Jin et al. 2016). In recent years, the application of essential 
oils in food products has generated great interest because essential oils are generally 
recognized as safe regulatory status, multiple functionalities, and wide acceptance 
by consumers. However, the poor solubility in aqueous solutions and high volatility 
during processing are two major obstacles of utilizing EOs in the industrial 
processes.

A superficial search in the main patent databases and indexed journal articles 
reveals the growing interest in the use of nanoemulsions in the last decade as well 
as the use of these systems in the pharmaceutical industry (Figs. 4.3 and 4.4). It is 
possible to notice a considerable increase in the number of publications describing 
essential oil-loaded nanoemulsions. The poor solubility in aqueous solutions and 
high volatility during processing are two major obstacles of utilizing essential oils 
as sanitizing agents or as preservatives in food matrices. Oil-in-water nanoemul-
sions carefully prepared using appropriate surfactants and emulsification processes 

Fig. 4.3 Patents related to nanoemulsions formulations from 2010 to 2019 using Boolean opera-
tors AND (Espacenet search∗ 6/10/2019). Blue: nanoemulsions; Green: nanoemulsions AND 
drugs; Purple: Nanoemulsions AND essential oil. ∗https://worldwide.espacenet.com
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are common choices to deliver essential oils in aqueous systems, for several admin-
istration routes and distinct applications. Nevertheless, there are still few studies 
that deal with the particularities in the development, characterization and evaluation 
of the pharmaceutical properties of essential oils-loaded nanoemulsions, especially 
regarding the evaluation of the industrial scale production.

Essential oils are generally obtained from the peeling of fruits, flowers or leaves. 
Several essential oils are being used in the development of nanoemulsions, in 
Table 4.2 are listed some nanosystems with proven activity. For example, clove oils 
are the essential oils obtained by distillation of the flower buds, stems, and leaves of 
the clove tree (Syzygium aromaticum) (Goñi et al. 2016). Among clove oils, clove 
bud oil (CBO) is widely used and well-known as a potent antioxidant and for anti-
bacterial, antifungal, and antiviral activities (Anwer et al. 2014; Chaieb et al. 2007). 
Eugenol, 4-allyl-2-methoxyphenol, is the primary constituent, responsible for more 
than 80% of CBO and is the major contributor of the above biological functions of 
CBO (Jirovetz et al. 2006; Chaieb et al. 2007).

Another example, Rosmarinus officinalis L. essential oil is usually isolated by 
hydrodistillation, steam distillation, or extraction with organic solvents. The 
Rosemary oil is mainly located in leaves and the flowers; it is known for antioxi-
dant, antimicrobial, anti-inflammatory properties and studies suggest that the one 
chemical compounds more frequently reported molecules was 1,8-cineole, α-pinene, 
and camphor (Angioni et al. 2004; Hernández et al. 2016).

Basil and thyme are aromatic herbs that are also used extensively to add a dis-
tinctive aroma and flavor. The essential oils are extracted from fresh leaves and 
flowers are very recognized can be used as aroma additives in food, pharmaceuti-
cals, and cosmetics (Q.  X. Li and Chang 2016; Mandal and DebManda 2016). 
Major compounds found in volatile extracts of basil and thyme exhibited varying 
amounts of anti-oxidative activity in particular, eugenol, thymol, carvacrol and 

Fig. 4.4 Publications related to nanoemulsions formulations from 2010 to 2019 using Boolean 
operators AND (Web of Science search∗∗ 6/10/2019). Blue: nanoemulsions; Green: nanoemul-
sions AND drugs; Purple: nanoemulsions AND essential oil. ∗∗https://webofknowlegde.com
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4-allylphenol (Marotti et al. 1996; Hudaib et al. 2002; Politeo et al. 2007; Hussain 
et al. 2008).

Recognized in traditional medicine, lemongrass essential oil is a potent antimi-
crobial and antioxidant natural bioproduct. Lemongrass essential oil composition 
consists mainly of 70–85% geranial (citral), neral, geraniol, nerol, citronellol, 
1,8-cineole (eucalyptol), α-terpineol, linalool, geranyl acetate. Lemongrass oil is 
collected by steam distillation of the herbage. Lemongrass essential oil is a viscous 
liquid, yellow to dark yellow or dark amber in color turning red on prolonged stor-
age (Sharma et al. 2018).

Also, among the essential oils, there are citrus fruits, which also have countless 
therapeutic applications. Citrus fruits are well known and appreciated for centuries 
as they feature pleasant aroma and appetizing flavor. The essential oils from these 
fruits are generally obtained from the juice of the peels of fruits, but it can also be 
obtained from flowers or leaves (Asbahani et  al. 2015). Among the best-known 
essential oils are those of orange, lemon, mint, eucalyptus, mint, citronella, clove, 
among others, as can be seen in Table 4.2.

The methods of extraction vary according to the location of the volatile oil in the 
plant and the proposed use of it. The most common methods are: enfleurage, steam 
distillation; extraction with organic solvent in a continuous and discontinuous way; 
pressing or supercritical CO2 extraction (Asbahani et al. 2015).

4.4  Preparation of Nanoemulsions

Typically, the emulsification process is based on the dispersion of an immiscible 
liquid into another immiscible liquid as small droplets which are surrounded by a 
thin interfacial layer of a surfactant that acts as an emulsifier, nanoemulsification 
methods are no different. In general, the methods to produce nanoemulsions can be 
classified into high or low-energy methods. High-energy methods have been widely 
used to produce nanoemulsions in large industrial scale (McClements and Jafari 
2018). These methods use mechanical devices to produce nano-sized droplets. Low- 
energy methods depend on internal energy of the components to spontaneous pro-
duce nanoemulsions upon changes in the compositions or environmental conditions. 
In both type of methods, surfactants play an important role in reducing the interfa-
cial tension of the system and thus they contribute to the reduction of the shear 
energy required to reduce the radius of curvature of the formed droplets (T. Tadros 
et  al. 2004). The choice of the method to obtain nanoemulsion should be made 
based on the properties of the oil phase and the surfactant, physicochemical proper-
ties and functional aspects requires for the final application (McClements and 
Jafari 2018).

A minimum energy input required is the same no matter the nanoemulsification 
method. However, the preparation method may influence the properties of the pro-
duced nanoemulsions, such as: droplet size and stability. Without affecting the final 
nature of the dispersion phases, though (Gutiérrez et al. 2008). On the other hand, 
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the choice of the technique adopted to produce nanoemulsions greatly affect droplet 
size and stability (Salem and Ezzat 2018). In this section, we have a brief overview 
on the most commonly used high-energy and low-energy approaches for nanoemul-
sion formation.

4.4.1  High-Energy Methods

High-energy methods are also known as work-based methods, since they are depen-
dent of high amounts of intense energy, which are supplied by mechanical devices, 
like high pressure homogenizers, microfluidizers and ultrasonicators, which gener-
ate shear forces able to disrupt oil and water interface, providing nanosized droplets 
(Solans et  al. 2005; Leong et  al. 2009). The size and stability of nanoemulsions 
produced can be influenced by the type and processing conditions of the high- 
energy method, oil properties such as lipophilicity, viscosity and interfacial tension, 
surfactant type and concentration.

High energy methods are carried out by the input of mechanical energy using 
mechanical or ultrasonic equipment that generate high shear stress or pressure dif-
ference, disrupting and breaking the droplets into smaller sizes (Abismail et  al. 
1999; Sonneville-Aubrun et al. 2004; Tadros et al. 2004). In general, the preparation 
of nanoemulsions through high-energy methods can be divided into two distinct 
phases. In a first step the oil and aqueous phases are emulsified with an homogenizer 
as Turrax® or Politron® and the coarse emulsion obtained presents a submicron 
droplet size, between 500 and 1000 nm, depending on the equipment used and the 
operating conditions (McClements and Rao 2011; McClements 2011). Then, the 
droplet diameter is progressively reduced to its minimal value, ranging from 20 to 
200 nm by means of high pressure homogenizers or microfluidizers, depending on 
the energy intensity of the homogenizer used, processing time and sample composi-
tion (T. Tadros et al. 2004; Salem and Ezzat 2018). It is worth noting that the mini-
mum droplet size achievable may not be stabilized if the surfactant is insufficient to 
cover the newly created interface, as observed by Barradas et al. (2015). Final drop-
let size results from a balance between two phenomena that happen at the same time 
during homogenization: Breaking of drops into fine droplets and droplet coales-
cence after processing (Jafari et al. 2008). Higher surfactant concentration, increas-
ing shear intensity or duration can contribute to reducing droplet size (Gupta 
et al. 2016b).

The obtention of nanoemulsions through high pressure homogenizers, ultrasonic 
cavitation and microfluidizers has been well described in the literature (Tadros et al. 
2004; Helgeson 2016; Dias et al. 2014), and is considered as a safe method for keep-
ing nanoemulsions from instability phenomena without the addition of stabilizers, 
thickeners, cosolvents or cosurfactants (Anton et al. 2008). Figure 4.5 summarizes 
the high-energy methods reported in this chapter.

Ultrasonication techniques for the preparation of nanoemulsions has also been 
described by several authors (Shahavi et al. 2015; Gupta et al. 2016a; Leong et al. 
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2009). The device comprises a sonication probe constituted by piezoelectric crystals 
able to expand and contract as a consequence to an altering electrical voltage 
(Fig. 4.5a). In consequence to sonicator probe vibration, ultrasonic high-frequency 
waves, higher than 20 KHz, are produced, which are able to wield a cavitation effect 
and causing mechanical vibration and the formation of micro-sized bubbles that 
collapse, causing the disruption of oil-water interface (McClements 2011). As a 
result, fine nanosized droplets are obtained after enough time of processing to 
ensure homogeneous size distribution and polydispersity index (Schwarz et  al. 
2012; Shahavi et al. 2015; Abismail et al. 1999; Sivakumar et al. 2014). The main 
parameters involved in this emulsification procedure are the interfacial properties of 
the emulsion, which can be controlled by the nature and concentration of surfactants 
and the oil properties, such as surface tension and viscosity (Gupta et al. 2016a). 
Moreover, droplet size is dependent on processing time, sonication intensity, type 
and concentration of surfactant (Dias et al. 2014).

High pressure homogenization features the advantage of being applied in the 
production of industrial scale nanoemulsions and greater control in droplet size 
reduction (Abismail et  al. 1999). However, it requires large amounts of energy 
input, being more expensive to perform. The high-pressure valve homogenizer con-
sists basically of a pump, which injects the liquid to be homogenized under very 
high pressure in a restrictive homogenizing valve. Many aspects may influence the 
physicochemical characteristics of the obtained nanoemulsions as temperature, vis-
cosity and oil phase concentration of the emulsions, which affects the choice of the 
operational parameters that must be adjusted for each formulation (Lee and Norton 
2013). In high pressure homogenizer, the sample is forced through small channels 
under a pressure ranging from 500 to 15,000 psi (Gupta et al. 2016a) (Fig. 4.5b).

The sample flows under high pressure through microchannels resulting in a very 
fine emulsion, which causes the disruption of the dispersed droplets. Therefore, the 
radius of the generated droplets decreases gradually according to the increase of the 
shear rate. However, due to the lack of homogeneity of the flow, it is often necessary 
to process this fluid through the device through various cycles, until adequate drop-
lets of size and polydispersity index are obtained. The pressure and number of pro-
cessing cycles can be adjusted to produce nanoemulsions with tunable droplet size 
(Ouzineb et al. 2006; Constantinides et al. 2008).

The use of high-pressure homogenizers and ultrasonicators can lead to nano-
emulsions of equivalent physical-chemical properties upon the optimization of the 
operational conditions and the qualitative and quantitative composition of the for-
mulations. However, some authors have reported some disadvantages regarding the 
use of ultrasonication, such as excessive heating of the sample, larger droplet distri-
bution and low reproducibility in relation to the droplet diameter and polydispersity 
index, in addition to problems related to the difficulties of scale up (Tadros et al. 
2004; Gutiérrez et al. 2008). Moreover, as they require high energy input, they are 
often considered cost-inefficient (Solans and Solé 2012).

Microfluidizers are composed of an interaction chamber where the fluid is 
injected and homogenized by cutting, impact and cavitation, in a design that resem-
bles the high pressure homogenizers (Fig. 4.5c) (Lee and Norton 2013; Tadros et al. 
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2004; Salem and Ezzat 2018). In this case, emulsification can occur inside the chan-
nels, since both dispersed and continuous phases flow inside fine channels 
 individually. Streams are conducted to an interaction chamber under high pressures, 
where they are submitted to disruptive conditions, which provide the formation of 
fine droplets (Lee and Norton 2013; McClements 2011).

In this method, several parameters can influence the obtention of small droplets: 
the viscosity of both dispersed and continuous phases and the type of the surfactant 
used (McClements 2011; Salem and Ezzat 2018). Droplet is shown to decrease as 
homogenization pressure, surfactant concentration and number of processing passes 
increase and viscosity decreases (McClements 2011).

Fig. 4.5 High-energy methods based on mechanical devices, such as ultrasonicators (a), com-
posed by a probe able to produce a cavitation effect and nanosized droplets are obtained after 
enough time of processing to ensure homogeneous size distribution and polydispersity index: High 
pressure homogenizators (b) consist basically of a pump, which injects the liquid to be homoge-
nized under very high pressure in a restrictive homogenizing valve, which causes the disruption of 
the dispersed droplets. Microfluidizers (c) are composed of an interaction chamber where the fluid 
is injected and homogenized by cutting, impact and cavitation. Emulsification can occur inside the 
channels, since streams are conducted to an interaction chamber under high pressures, where they 
are submitted to disruptive conditions, which provide the formation of fine droplets. (Modified 
after Jafari 2017; Rao and McClements 2011)
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4.4.2  Low-Energy Methods

All low-energy emulsification methods are based on physicochemical properties 
and uses the internal chemical energy of the components. In phase inversion meth-
ods nanoemulsification achieve by spontaneous inversion of the surfactant’s curva-
ture providing small size globules (Jin et  al. 2016; Solans and Solé 2012). 
Low-energy emulsifying methods are advantageous because they are effective in 
providing small-sized droplets and allow nanoemulsification by simple stirring 
(Solans and Solé 2012). Figure 4.6 summarizes the most common low-energy meth-
ods, which are reviewed in this chapter.

Nanoemulsification occur by phase inversion in an coarse emulsion as a result of 
dramatic changes in the environmental conditions, in which parameters affecting 
the hydrophile-lipophilic balance (HLB) of the surfactant, as temperature and / or 
concentration are modified (Tadros et al. 2004).

The spontaneous formation of nanoemulsions is achievable by various methods 
based on diffusion of solutes between two phases, interfacial turbulence, surface 
tension gradient and dispersion or condensation mechanisms (Salem and Ezzat 
2018). The spontaneous emulsification (Fig. 4.6a), also referred as self- emulsification 
method is based on the diffusion of a water-miscible component from the organic 
phase into aqueous phase when both phases are put into contact, and one of the 
phases contains a component miscible in both phases. Surfactant, cosurfactant or a 
polar organic solvent such as ethanol or acetone can be examples of dual-soluble 
components (McClements 2011). As a consequence, some of the components par-
tially miscible in both phases diffuse from the original phase towards the other one 
in a rapid diffusion movement, without no phase transition or change in the surfac-
tant spontaneous curvature (Solans and Solé 2012). The sudden diffusion of the 
components provides an increased oil-water interfacial area, which trigger other 
phenomena such as interfacial turbulence and thus, the spontaneous droplets assem-
ble (Anton et al. 2008; Salem and Ezzat 2018).

Spontaneous nanoemulsification and droplet size can be highly influenced by the 
composition of the formulation, some physical chemical properties and the mixing 
conditions (Bouchemal et al. 2004; Rao and McClements 2012). The obtention of 
nanosized micelles can be performed with the addition of high concentrations of 
water-miscible component into the oil phase and very high solvent/oil ratio 
(McClements 2011; Solans and Solé 2012).

Spontaneous emulsification is often related to a special phenomenon called The 
Ouzo effect with beverages based on sweet fennel oil, rich in trans-anethole, that 
allow surfactant-free self-emulsification (Carteau et al. 2008). When water is added 
to the alcoholic oil solution, some of the ethanol molecules diffuse from the organic 
phase into aqueous phase, which reduce sweet fennel oil solubility and small oil 
droplets spontaneously assemble. Spontaneous emulsification has been recently 
explored to provide sweet fennel oil-based nanoemulsions with very reduced 
amounts of surfactants (Barradas et al. 2017).
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Moreover, nanoemulsions can also be obtained from dilution of surfactants 
aggregates, as liquid crystalline particles and bicontinuous microemulsions. Solè 
et al. produced 20 nm oil-in-water nanoemulsions upon dilution of oil-in-water and 
water-in-oil microemulsions by self-emulsification method. The effect of dilution 
procedure, i.e., stepwise or at once, and cosurfactant nature on nanoemulsion for-
mation was studied. Oil-in-water microemulsion provided small-sized 20 nm nano-
emulsion regardless the dilution method and microemulsion composition. On the 
other hand, water-in-oil microemulsion resulted in nanoemulsion when water dilu-
tion was performed stepwise. Regarding cosurfactant nature, droplet size decreased 
as cosurfactant alkyl chain size increased, which enhanced nanoemulsion stability 
(Solè et al. 2012).

Self-emulsification is being applied by pharmaceutical industry to obtain oil-in- 
water nanoemulsions for being a low-cost technique. Moreover, spontaneous emul-
sification is being highly explored to produce self-emulsifying drug delivery systems 
(SEDDS) and self-nanoemulsifying drug delivery systems (SNEDDS). The main 
application of self-emulsifying drug delivery systems comprises the very self- 
emulsification obtention method increase in drug bioavailability and stability of the 
micelles (Wei et al. 2012; Shahba et al. 2012; Anton and Vandamme 2011). However, 
one of the major limitation of this method is the very high concentrations of surfac-
tants needed to trigger self-emulsification, which can cause toxicity (McClements 
2011; Azeem et al. 2009).

Phase inversion-based methods are low-energy techniques that involve the inver-
sion of the surfactant curvature, passing through a transition phase in which surfac-
tant curvature achieves zero curvature, such as bicontinuous microemulsions or 
lamellar liquid crystalline phases (Porras et al. 2008; Tadros et al. 2004; Fernandez 
et al. 2004; Sutradhar and Amin 2013; Mayer et al. 2013; Solans and Solé 2012). 
They are based on the chemical energy released from phase transitions phenomena 
during emulsification process. Phase inversion methods occur when some dramatic 
change in the environmental conditions take place, i.e., temperature or composition. 
These methods require an extensive control in terms of selecting the right surfac-
tant, knowledge of surfactants phase behavior and the most adequate thermody-
namic method. Droplet size provided depends on the selected surfactant, the 
properties of the intermediary phases formed and the interfacial properties between 
both fluids (Helgeson 2016; Maestro et al. 2008).

In phase inversion composition method (Fig. 4.6b), phase inversion occurs by a 
major change in composition of the system. There is an increase of the volumetric 
fraction of the dispersed phase that is added to a microemulsion and then, the cur-
vature of the surfactant is altered. Maestro et al. showed that changes in salt concen-
tration changed the spontaneous curvature of ionic surfactants and prepared 
water-in-oil nanoemulsions from oil-in-water emulsions by means of phase inver-
sion composition. Phase inversion was achieved by the ability of salt ions to screen 
the charges on surfactant groups (Maestro et al. 2008).

Changing pH is also a useful approach to produce nanoemulsions by phase inver-
sion composition. It can provide changes in electrical charge a stability of surfac-
tants. Solè et  al. reported the production of nanoemulsions by phase inversion 
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Fig. 4.6 Schematic diagram of low energy methods: The spontaneous emulsification (a), is based 
on the diffusion of a water-miscible component from the organic phase into aqueous phase when 
both phases are put into contact, and one of the phases contains a component miscible in both 
phases. In phase inversion temperature (b), there is an increase of the volumetric fraction of the 
dispersed phase that is added to a microemulsion and then, the curvature of the surfactant is altered. 
Emulsion inversion phase (c) is known to cause a catastrophic phase inversion, which occurs 
through the inversion in oil-to-water ratio. (Modified after Jin et al. 2016; Anton and Vandamme 
2011; Rao and McClements 2011)
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composition method using ionic surfactant, potassium oleate, for example. At low 
pH values, the carboxyl groups from fatty acids are non-ionized and, thus lipid 
soluble. Under this condition, these molecules can stabilize water-in-oil emulsion. 
However, this situation is inverted if pH is raised. At higher pH values, carboxyl 
groups become ionized which increases water-solubility and provides the stabiliza-
tion of oil-in-water emulsion (Solè et al. 2006).

Phase inversion composition method is considered an interesting approach for 
large-scale production of nanoemulsions, since it relies only on the addition of one 
component to a mixture of components without requiring high temperatures of 
high-energy input, being also beneficial when temperature-sensitive components 
are used. Moreover, phase inversion composition method is not limited a specific 
type of surfactant (Solans and Solé 2012).

For temperature-sensitive surfactants, a phase inversion can be achieved by 
changing the temperature of the system, forcing the transition of an oil-in-water 
emulsion, prepared at low temperatures, for a water-in-oil emulsion, formed at 
higher temperatures, due to changes in the physicochemical properties of the surfac-
tant. This is a typical phase inversion composition example of a transient phase 
inversion, known as phase inversion temperature, in which nanoemulsions are 
formed under a fixed composition by changing temperature, by a drastic change in 
surfactants water solubility, through an intermediate liquid crystalline or bicontinu-
ous microemulsion phase (Fernandez et al. 2004; McClements and Rao 2011).

This process is triggered by the changes in physicochemical properties of surfac-
tant as temperature changes. Polyethoxylated nonionic surfactants are highly 
temperature- dependent. They tend to become lipophilic with increasing tempera-
ture due to dehydration of the chain of the polar part of the surfactant, i.e., ethylene 
oxide groups. During heating, the ethylene oxide groups responsible for the hydro-
philic characteristic of the surfactant are “hidden” and, consequently, there is modi-
fication of the affinity for the phases. As the system undergoes cooling, the surfactant 
passes through a point of zero curvature and with minimum surface tension, which 
provides conditions to the formation of nanoemulsions (Fernandez et  al. 2004; 
Tadros et al. 2004).

The inversion point take place at a specific temperature, i.e., phase inversion 
temperature, when the solubility of the surfactant in water and in oil reach equiva-
lent values. As temperature is continuously raised, the surfactant becomes more 
soluble in the oil phase than in the aqueous phase (McClements 2011). Nanoemulsions 
are obtained by rapidly breaking up microemulsions formed at phase inversion 
point by sudden cooling below phase inversion temperature (McClements 2011). 
Through the phase inversion temperature method very small droplet sizes and stable 
nanoemulsions are obtained. On the other hand, the systems are highly prone to 
coalescence, being unstable, which makes cooling step a critical aspect to obtain 
stable nanoemulsions (Tadros et al. 2004; Solans and Solé 2012).
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In emulsion inversion point method (Fig. 4.6c), one solvent, i.e. water or oil, is 
continuously added under stirring to the dispersed phase until this solvent concen-
tration becomes predominant, at constant temperature. Once a critical amount of 
solvent is achieved, droplets are so highly packed together that phase inversion 
occurs, and the emulsion reaches a phase inversion point from water-in-oil to oil-in- 
water or vice-versa. This causes the spontaneous surfactant curvature to change, i.e., 
micelles are assembled in reverse curvature, which disrupts them into smaller struc-
tures thereby obtaining emulsions with nanometric droplets (Anton et al. 2008).

Emulsion inversion point is considered to cause a catastrophic phase inversion, 
which occurs through the inversion in oil-to-water ratio. The surfactants used to 
produce the catastrophic phase inversion comprise small molecule synthetic emulsi-
fiers able to stabilize both oil-in-water and water-in-oil emulsions. In this method, 
droplet size depends on the stirring speed and the solvent addition speed 
(McClements and Rao 2011).

Although the phase inversion temperature method facilitates the obtention of 
nanoemulsions with nanometric droplet sizes by the fact that it is possible to achieve 
very low values of interfacial tension, the dynamics of droplets coalescence can be 
extremely fast. In order to obtain stable nanoemulsions, the water-oil dispersion 
formed from phase inversion temperature method is readily cooled at a temperature 
just below it. Thus, the lamellar or the bicontinuous system collapse forming small 
droplets kinetically stable, with very small droplet size and narrow size droplet size. 
If the cooling process is not fast enough, the coalescence predominates and a poly-
disperse mixture is obtained (Fernandez et al. 2004).

According to the literature, not only the minimum interfacial tension produced 
during inversion of the curvature of the surfactant, but also the formation of the 
bicontinuous phase or liquid-crystalline phase prior to the inversion locus is closely 
related to the formation of nanoemulsions, in both emulsion inversion point and 
phase inversion temperature methods (Fernandez et al. 2004; Tadros et al. 2004). 
Moreover, complete solubilization of the oil in the bicontinuous phase or in the 
crystalline phase is an extremely important factor for the formation of fine 
nanoemulsions.

4.4.3  Comparison Between Obtention Methods

High energy emulsification processes are different regarding energy input and 
emulsification time: the high-pressure homogenizer, for example, is a high energy 
and low process time method; ultrasonication is a high energy and long process 
method; and rotor stator is a mixer that uses less energy, requiring longer process 
times. On the other hand, low-energy processes can provide smaller droplet sizes 
compared to high-energy methods. However, there are limited options for surfac-
tants to be used in low-energy approaches, which exclude several natural surfactants 
as proteins or polysaccharides (Rao and McClements 2012). Besides, low-energy 
methods, as they cannot count on high shear energy devices, require large amounts 
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of surfactants, which can limit the pharmaceutical application of the obtained 
nanoemulsions.

Jafari, He, and Bhandari compared different methods of high energy emulsifica-
tion, it was observed that the average mechanical mixer produced emulsions with 
large droplet size, in a range above 10,000 nm, because, in this case, the main defor-
mations forces are shear stresses in laminar flow that are not able to efficiently break 
the droplets. The stator rotor mixer proved to be more efficient than the average 
mechanical mixer in the formation of smaller droplets, of about 1000 nm, and with 
narrow size distribution, due to the incorporation of more forces on the shear that 
can form smaller droplet sizes, for example, inertial forces (Jafari et al. 2007).

Considering the other two emulsification systems, the high-pressure homogeni-
zation, and microfluidization, provided droplet sizes and size distribution smaller 
than the ultrasonication due to the greater efficiency in the rupture of the drops, or 
with cavitation along with shear and inertial forces, in addition to the higher energy 
input. From these results it can be shown that the difference in droplets size obtained 
is directly related to the energy input (Jafari et al. 2007).

Comparing both high and low energy emulsification methods, it was verified the 
variation of the droplet size as a function of time for nanoemulsions prepared using 
the phase inversion temperature method and high-pressure homogenization. In both 
cases, an increase in droplet hydrodynamic size after a certain time the preparation 
of nanoemulsions. However, when high pressure homogenization is used, the drop-
let size can be maintained at lower values for longer periods of time. On the other 
hand, phase inversion temperature method provides a faster destabilization of the 
system (Tadros et al. 2004).

Phase inversion composition method and high-pressure homogenization were 
compared in the production of oil-in-water efavirenz-loaded nanoemulsions. Phase 
inversion composition method was performed by dilution in water. Nanoemulsions 
were evaluated regarding the physical stability when submitted to heating-cooling 
cycles, centrifugation and freeze-thaw cycles, water-dispersibility, droplet size, rhe-
ology and dilution impact on droplet size. Both nanoemulsions showed good physi-
cal stability and water dispersibility. Regarding viscosity, there was no significant 
difference between nanoemulsions prepared by each method. Nanoemulsions pre-
pared through phase inversion composition method showed to be more transparent 
than those prepared by high-pressure homogenization, this is due to the concentra-
tion of surfactant and oil/surfactant ratio used to prepare nanoemulsions by each 
method. Droplet size showed no significant difference between both methods. 
However, polydispersity Index was found to be significantly different between the 
methods. Phase inversion temperature method provided polydispersity index from 
0.150 to 0.404, while high-pressure homogenization varied from 0.637 to 0.812. 
Both nanoemulsions proved to be stable under infinite dilution. Droplet size and 
polydispersity index remained unaltered after sample dilution. Drug release also 
showed differences between nanoemulsions made by high-energy and low-energy 
emulsification methods. Drug release from nanoemulsion prepared by high- pressure 
homogenization was smaller than that prepared by phase inversion composition 
method, which can be a consequence of polydispersity index (Kotta et al. 2015).
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Yang et al. compared microfluidization with spontaneous emulsification in the 
production of food-grade nanoemulsions with 20% of oil phase and same type and 
concentration of surfactants. The influence of the surfactant used end surfactant-oil 
ratio, stability and droplet size were also evaluated. Microfluidization produced 
nanosized droplets with less than 100 nm, using lower surfactant-to-oil ratio than 
spontaneous emulsification. Besides, microfluidization showed a linear decrease in 
droplet radius as surfactant concentrations increased until it reached a value where 
no difference in droplet size is observed, suggesting that minimum droplet size was 
achieved. Spontaneous emulsification also produces droplets smaller 100 nm, even 
though to do so, it required considerably higher, i.e., ten-fold higher of surfactant 
concentration. Regarding the kinetic stability, microfluidization provided stable 
droplets against aggregation and gravitational separation phenomena for at least 
30 days. Spontaneous emulsification, on the other hand, provided droplets sizes that 
increased after one-month storage. Moreover, nanoemulsions showed creaming 
instability signs (Yang et al. 2012).

4.5  Stability of Nanoemulsions

As previously mentioned, nanoemulsions are characterized for being kinetically 
stable. Nanoemulsions shelf life can be further improved with some stabilization 
strategies that aim at maintaining bulk and droplet properties stable for longer peri-
ods of time. In order to achieve stable nanoemulsions several stabilization methods 
can be used, such as electrostatic, steric and mechanical stabilization (Cardoso- 
Ugarte et al. 2016).

Repulsive electrostatic forces between droplets can ensure proper droplet separa-
tion and prevent coalescence and/or flocculation. This is related to surfactant super-
ficial charge and is responsible for the high stability of ionically-charged 
nanoemulsions. Electrostatic stabilization is more important with smaller droplets, 
since they have an increased superficial area (Helgeson 2016).

Superficial charge is often provided by the surfactants, especially natural surfac-
tants, as biopolymers with surface activity like proteins, polysaccharides, which can 
stablish electrostatical intermolecular interactions depending on concentration, pH 
and isoelectric point, and ionic strength of the solution (Cardoso-Ugarte et al. 2016). 
When pH of the surrounding solution is far from protein isoelectric point, proteins 
residues are charged and there is an electrostatic repulsion that hinders droplets to 
aggregate (Dickinson et al. 1991).

Non-ionic surfactants also can provide stabilization, even though they are not 
charged. Steric stabilization is preponderant in the case of non-ionic surfactants, 
particularly with amphiphilic non-ionic polymers, which can form voluminous 
interfacial films around droplets able to prevent coalescence. Amphiphilic block 
polymers are advantageous since less amounts of surfactants are required to stabi-
lize droplets. On the other hand, in some cases, macromolecular surfactants can 
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have difficult diffusion towards droplets interface due to their size and molecular 
mobility (Bouyer et al. 2012; T. Tadros 2009; Qian and McClements 2011).

Steric stabilization comprises three main mechanisms: (i) non-adsorbent macro-
molecules which provide an elastic film around droplets that avoid droplet collision 
and deformation, (ii) branched macromolecules that form a voluminous surface that 
prevent droplets from approaching, (iii) stabilization due to hydrophobic interac-
tions between adsorbed macromolecular surfactants (Cardoso-Ugarte et al. 2016).

The addition of viscosity agents and gelling polymers in the outer phase of nano-
emulsions is often called as mechanical stabilization, since they can reduce droplets 
mobility by providing a mechanical network that serves as a barrier to aggregation. 
Viscosity agents are often called as stabilizers and produce semi-solid or gel-like 
systems. However, stabilizers should be used with caution, since important proper-
ties as optical appearance, droplet size and encapsulation efficiency can be modified 
(Behrend et al. 2000; Dickinson 2009).

4.5.1  Instability Phenomena

As nanoemulsions are formed from non-spontaneous process they tend to undergo 
instability phenomena such as flocculation, coalescence and Ostwald ripening and 
gravitational phase separation as conventional emulsions. However, the small size 
of the droplets in a nanoemulsion confers enhanced kinetic stability, compared to 
ordinary emulsions (McClements 2011).

Thus, nanoemulsions can be destabilized by several different phenomena: (i) 
irreversible phenomena, related to the permanent modification of the droplet size 
and may lead to complete phase separation; (ii) reversible flocculation of droplets, 
which may be followed by creaming or sedimentation, according to the respective 
densities of the dispersed and continuous phases (Tadros et  al. 2004; Sing et  al. 
1999; Abismail et al. 1999). In general, nanoemulsions tend to be more stable to 
gravitational separation, flocculation and coalescence and more susceptible to 
Ostwald ripening (McClements 2011).

Reversible phenomena involve aggregation and migration of droplets, as floc-
culation and creaming. Irreversible phenomena are related to the modification of 
droplet size, for examples, coalescence. Droplets can co-exist in nanoemulsions as 
individually separated entities or as flocs, i.e., droplets aggregates formed as conse-
quence of attractive interactions among them, characterizing a flocculated system 
(McClements 2015; McClements and Jafari 2018).

Flocculation is a reversible phenomenon in which the droplets dispersed in an 
emulsion aggregate and migrate, aiming to reach the thermodynamic equilibrium 
by decreasing the chemical potential differences that exist throughout the system. 
During this process, the droplets collide randomly and can remain in contact after 
these shocks, producing aggregates or flocs (Katsumoto et  al. 2001; Starov and 
Zhdanov 2003). In flocculation, droplets aggregate without the rupture of the inter-
facial surfactant film, being a reversible phenomenon. The flocculation rate depends 
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on attractive forces between droplets, the frequency of collisions between droplets 
and how long they remain in contact (Wang et al. 2009). In a dilute system, floccula-
tion may accelerate gravitational phase separation as a consequence of the increase 
in droplet size. On the contrary, in concentrated systems, flocculation can prevent 
gravitational phase separation, since the aggregates may produce a tree-dimensional 
network which may be a barrier to phase segregation (McClements and Jafari 2018).

According to the difference of density between both inner and outer phases, the 
aggregates formed in the flocculation phenomenon may show gravitational separa-
tion such as sedimentation or creaming. When less dense aggregates are formed, 
they can rise to the surface, characterizing the phenomenon of creaming. 
Contrarywise, when inner phase shows higher density, denser aggregates are formed 
and deposited at the bottom of the system, constituting the sedimentation process 
(Fig. 4.7). Both sedimentation and creaming phenomena are related to gravitational 
forces that can influence whether the aggregates will move upwards or downwards, 
depending on the difference of density between inner or outer phases. Hence, both 
phenomena are most prone to occur with droplets with increased droplet size, as 
larger objects are more susceptible to gravitational forces. Thus, gravitational sepa-

CREAMING

PHASE INVERSION OSTWALD RIPENING

COALESCENCE

FLOCCULATION

Fig. 4.7 Instability phenomena in emulsions and nanoemulsions. Reversible phenomena com-
prise aggregation and density-driven migration of droplets, as flocculation and creaming. 
Irreversible phenomena are related to a definitive increase of droplet size, for example: coales-
cence, Ostwald ripening and, the most drastic, phase inversion. (Modified after McClements and 
Jafari 2018; Taylor 1998)

T. N. Barradas and K. G. de Holanda e Silva



147

ration can be reduced with smaller droplet sizes, increasing the viscosity of continu-
ous phase or by reducing the density difference between dispersed and continuous 
phases (McClements 2011; McClements and Jafari 2018).

Some surfactants as proteins and polysaccharides can change droplet density by 
forming a shell layer on droplet surface, which can prevent gravitational separation 
phenomena such creaming, since it reduces density differences between inner and 
outer phases. Moreover, it can be possible to produce tunable-density droplets by 
controlling droplet size and thickness of surfactant layer (McClements 2011).

Irreversible phenomena include the Ostwald ripening, phase separation and 
coalescence, which may lead to the eventual complete phase separation (Sing et al. 
1999). Coalescence can occur when droplets collide and merge, producing one 
larger droplet. Coalescence can lead to complete phase separation but can be avoided 
when repulsive interactions are provided by either electrostatic or steric effects, 
which is achievable by the right choice of surfactant (McClements and Jafari 2018).

Ostwald ripening is often considered as the main cause of instability of a nano-
emulsion (Liu et al. 2006). This process is dependent on the polydispersity of the 
system, the solubility of dispersed phase in the continuous phase and the difference 
in solubility between droplets of different sizes. Ostwald ripening is the process by 
which the larger particles grow from the smaller droplets due to the greater solubil-
ity of the smaller droplets and by the molecular diffusion of the continuous phase.

In polydisperse nanoemulsions, there is a difference between the capillary pres-
sure from different-sized droplets which makes the small droplets of the dispersed 
phase to diffuse into the large droplets (Chebil et al. 2013; Taylor 1998). As a con-
sequence, the larger droplets grow from the smaller ones that have greater chemical 
potential. Thus, the droplets content diffuses through the dispersing phase due to the 
greater solubility of the smaller droplets, which does not require contact between 
the droplets. This phenomenon aims to decrease the total energy of the system by 
reducing the total interfacial area, which can be avoided with the use of insoluble 
oils and with the choice of suitable polymeric surfactants (T. Tadros et al. 2004; 
C. Solans et al. 2005; Constantinides et al. 2008).

The rate of droplet growth depends on the product of the solubility of the dis-
persed oil in the aqueous continuous phase and oil diffusion coefficient and is 
explained by the Lifshitz-Slezov-Wagner theory (Taylor 1998). It predicts that the 
Ostwald ripening rate presents a linear relationship between the dispersed phase 
droplet radius and time. Lifshitz-Slezov-Wagner theory assumes that the droplets of 
the dispersed phase are spherical and furthermore the distance between them is 
greater than the diameters of these droplets and the kinetics is controlled by molecu-
lar diffusion of the dispersed phase in the continuous phase. Also according to this 
theory, the Ostwald ripening rate in oil-in-water nanoemulsions, although is pre-
dicted to be lower than in conventional emulsions, is directly proportional to the 
solubility of the oil in the aqueous phase (Helgeson 2016).

However, the decrease in droplet size causes the increase of oil solubility in 
water, which is the driving force of Ostwald ripening. As the main factor for Ostwald 
ripening is the solubility of oil phase in water, it does not configure a real issue when 
it comes to poorly water-soluble oils. On the other hand, for nanoemulsions formu-
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lated with oils with some water-solubility, Ostwald ripening might represent the 
main instability event (McClements 2011).

Tadros et al. presented two methods that tended to delay the increase in droplet 
size. In the first, a further dispersed phase that is insoluble in the continuous phase 
is added to the nanoemulsion (Tadros et al. 2004). The fact that it is insoluble causes 
the droplets to remain almost unchanged in size, generating a balance in the chemi-
cal potential due to the partitioning of the dispersed phases. This method has limited 
application because of the difficulty of finding a phase that fully meets this process. 
From these results, reduction of the Ostwald ripening process can be observed by 
the addition to the system of a small amount of a second oil with low solubility in 
the aqueous phase.

The second method consists in the modification of the interfacial film between 
the oil phase and water, i.e. outer phase, by adding another surfactant, preferably a 
block copolymer A-B-A type. The effect would be the adsorption of this copolymer 
at the oil-in-water interface reducing interfacial tension and balancing curvature 
effects, which would reduce the diffusion rate of the dispersed phase, minimizing 
droplet ripening (T. Tadros et al. 2004). In addition, for a system containing a non-
ionic surfactant based on poly (ethylene oxide), the Ostwald ripening rate can also 
be decreased by adding a second surfactant having the same hydrophobic group and 
with a higher hydrophilic content, i.e., ethylene oxide chains, than the primary sur-
factant (C. Solans et al. 2005).

Several studies were performed to describe and to modulate the Ostwald ripen-
ing mechanism. They suggested that the Ostwald ripening can also be delayed or 
disrupted by size, interfacial viscosity or elasticity of the droplets. This occurs when 
the interfacial tension between the dispersed phase and the continuous phase equals 
zero. For a number of drops of the emulsion it was also shown that the Ostwald 
ripening could be disrupted by interfacial elasticity, even at finite interfacial ten-
sions (Meinders and van Vliet 2004; Liu et al. 2006).

Repeated collisions might trigger coalescence, which is the mechanical fusion of 
two droplets (Helgeson 2016). Coalescence occurs after prolonged contact between 
the particles, when the adhesion energy between two droplets is greater than the 
turbulent energy that causes the dispersion. The mechanism is based on the rupture 
of the thin film between adjacent droplets, which leads to the joining of two drop-
lets, forming one of larger size. The origin of the rupture of this film can occur due 
to a mechanical instability in the emulsion. When a large number of particles 
coalesce, the result is complete separation of the phases. The greater the extent of 
this phenomenon, the greater the tendency to complete phase separation (Sing 
et al. 1999).

Irreversible changes caused by Ostwald ripening lead to the formation of larger 
droplets, i.e., the formation of less stable emulsions, which may be responsible for 
phase separation. Phase inversion may occur due to temperature variation and/or 
change in composition of the emulsion.

The composition of nanoemulsions can be tuned towards to produce kinetically 
stable systems. The adequate selection of oil and aqueous phase and, most impor-
tantly, surfactants are essential to an ideal nanoemulsion design.
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4.6  Characterization of Nanoemulsions

A wide range of analytical methodologies are required in order to fully characterize 
nanoemulsions droplet size, aggregation, charge and physical state and bulk proper-
ties as rheology and stability. The most used are described in more details here.

4.6.1  Dynamic Light Scattering

Droplet size distribution are some of the most important physical characteristics of 
nanoemulsions and can influence a great number of characteristics, since droplet 
size can influence bulk properties, such as optical properties, rheology and stability 
(McClements 2011) and also other functional properties as solubility, release profile 
and bioavailability (Bourbon et al. 2018). In general, when nanoemulsions are pro-
duced, a range of different droplet sizes are distributed all over the system. Hence, 
droplet size is often reported as mean droplet size and polydispersity index (PdI). 
PdI values below 0.3 is indicative of a narrow size distribution whereas values close 
to 1.0 are indicative of very high size heterogeneity (Klang and Valenta 2011).

Dynamic light scattering (DLS) (λ = 500 nm) is based on measurements of pho-
ton correlation spectroscopy caused by the Brownian motion of droplets. The diffu-
sion of small isometric particles is rapid, causing faster fluctuations in the intensity 
of scattering light compared to large particles that diffuse more slowly. The particle/
droplet size analyzer is based on the typical principle of DLS. This principle com-
prises four main components. The first of all is the laser beam, which is used to 
provide the light source to illuminate the particles inside the vial. Most of the laser 
beam passes rectilinearly through the sample, but another part of it is scattered by 
particles or droplets dispersed in the medium (Dorfmüller 1987).

A detector is used to measure the intensity of scattered light. As one single par-
ticle scatters light in all directions, it is possible to place a detector at any position 
and still detect the scattering. In DLS, the position of 90°, from the detector to the 
incident light beam, is a classical detection arrangement. However, it provides a 
narrower detectable size range and thus, can only be used for low sample concentra-
tions (Dorfmüller 1987).

Another common device used for particle size analysis feature the position of the 
detector in 173° from the transmitted light beam. The scattered light intensity must 
be within a specific range for the detector to measure it successfully. When the 
amount of light detectable is out of this range attenuators should be applied to 
reduce the light intensity of the laser and thus reduce the scattered intensity 
(Dorfmüller 1987).

The intensity of the scattering signal is transmitted to the detector by a digital 
signal processor called correlator. The correlator compares the scattering intensity 
at successive time intervals to derive the rate at which the intensity varies. The 
detection optics of this equipment measure the information of the scattering near 
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180°, being known as backscatter detection, patented technology known as non- 
invasive backscatter (Porras et al. 2004).

Analysis of apparent hydrodynamic radius (rh) are often performed under the 
dilute regimen, which makes it possible to obtain the diffusion coefficient D as the 
Eq. 4.3, where η is the viscosity of the medium (Wang et al. 2008).

 r KT Dh = / 6πη  (4.3)

With very concentrated samples the apparent droplet size can be overestimated 
because of multiple scattering due to long-length colloidal interactions among close 
droplets. In this context DLS measurements can be often limited by the necessity of 
diluting the samples.

The mean droplet size obtained from DLS can be determined by different man-
ner, for instance, number, intensity (Z-average) and volume values. Hence, it is 
fundamental to be clear about the type of determination applied to droplet size char-
acterization, since these values can be very discrepant, depending on sample con-
centration, polydispersity and refraction index.

In order to characterize droplet size, techniques such as electron microscopy, 
X-Ray and Neutron Scattering of liquid emulsions, spectro-turbidity and dynamic 
light scattering can be used, the latter being the most used in the characterization of 
nanoemulsions (McClements 2015).

Droplet size can also be characterized by transmission electron microscopy, 
which can visually provide droplet size and distribution in nanoemulsions of nano-
metric droplet sizes. From this technique it is also possible to observe morphologi-
cal spherical shape of droplets and evaluate the destabilization of the nanoemulsions, 
in which droplet coalescence can observed. However, transmission electron micros-
copy has also limitations, which are often related to sample preparation that can 
induce to coalescence upon solvent evaporation during drying step. Besides, con-
trast with heavy metals as drying can also alter droplets environment and induce to 
some instability phenomena. High-energy electron beams can ruin nanostructure of 
droplets, which can be overcome by Cryo- transmission electron microscopy 
techniques.

4.6.2  Zeta Potential

Nanoemulsions formulated with ionic surfactants feature superficial charge. The 
type and magnitude of the superficial charge of droplets are responsible for many 
characteristics of nanoemulsions, such as stability against aggregation phenomena 
and functional properties like mucoadhesivity and absorption (McClements 2015).

The electrical characteristics of nanoemulsion can range from strongly positive, 
to neutral and strongly negative depending on the surfactant charge and the sur-
rounding conditions. Droplet superficial charge can be characterized by zeta poten-
tial. Zeta potential describes the electro-kinetic potential in a system. Charged 
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nanodroplets dispersed in a liquid system attract opposite-charged ions close to sur-
face, providing a double layer with a certain thickness that can vary depending on 
the type and concentration of counter-ions (Jin et al. 2016). With the distribution of 
counter-ions in the surrounding droplet layer, any movement between rigid and 
mobile phases provides an electrokinetic potential (Bourbon et al. 2018). The stern 
layer plays an important role in the stabilization of nanoemulsions, since stern layer 
is responsible for the repulsive forces that prevent droplets from aggregate.

Zeta potential measurements results are presented in millivolts (mV) and is car-
ried in an electrophoretic cell, where two electrodes create an electrical field and 
migration of colloidal particles or droplets is measured. Zeta potential can be 
strongly affected by pH and ionic strength of the system (Bhattacharjee 2016). 
Other factors can greatly influence zeta potential as the state oh hydration and drop-
let morphology. According to literature, zeta potential values above 60 mV suggest 
excellent electrostatic stability, while results from 60 to 30 mV indicate good stabil-
ity and from 5 to 15 mV suggest a region of limited flocculation and from 3 to 5 mV 
correspond to maximum flocculation (Bourbon et al. 2018). When zeta potential 
values are high in module, droplets would repulse each other and the system is less 
prone to coalescence (de Oliveira et al. 2014; Junyaprasert et al. 2009; Svetlichny 
et al. 2017).

Nanoemulsion stabilized by anionic surfactants show negative superficial charge 
and those stabilized by cationic surfactants present positive superficial charge. By 
controlling the amount and the type of surfactant used when formulating nanoemul-
sions, it is possible to tune the superficial charge according to the characteris-
tics needed.

4.6.3  Rheological Behavior

Bulk physicochemical properties, as rheological behavior can deeply impact nano-
emulsions applicability, particularly for some applications routes as topical or der-
mal application (Barradas et al. 2018). Rheology is an important tool to characterize 
nanoemulsion stability. In general, flocculated systems are more viscous than a non- 
flocculated nanoemulsion with the same droplet size and concentration (McClements 
and Rao 2011). Moreover, rheological viscoelastic properties reflect flow behavior 
and the deformation during nanoemulsions industrial production in processing steps 
as flow through pipes, mixing and packaging (Chung and McClements 2018).

Flow behavior of nanoemulsions are measured apparent viscosity values as a 
function of shear rate or shear stress. Viscoelastic properties are determined under 
dynamic oscillation modes and are presented as viscous (G′) and elastic (G″) modu-
lus as a function of deformation of frequency. Typically, dilute small-sized nano-
emulsions can show low viscosity and a newtonian behavior as previously published 
by Barradas et al. (2017). The elastic modulus provides information about the elas-
tic properties and the stored energy, being considered a solid-like property. On the 
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other hand, the viscous modulus indicates the viscous properties and the energy 
dissipated as heat being a liquid-like property.

Nanoemulsions viscosity increases as droplet increases and when dispersed 
phase is more concentrated. As droplet concentration increases, there is a tendency 
to aggregation among them, which can increase both viscosity and viscoelastic 
behavior (Tadros 2004). Droplet aggregation can change flow behavior from newto-
nian to shear thinning and increase elastic modulus of concentrated nanoemulsions. 
Shift on rheological behavior occur once critical droplet concentration is achieved. 
Besides, rheological behavior of nanoemulsions can be altered by strong electro-
static attractive or repulsive interactions among the droplets, which can provide a 
three-dimensional network and increase viscoelastic behavior.

The viscosity of oil phase can also greatly influence rheology and viscosity of 
nanoemulsions. Longer fatty acids chains lengths are able to increase viscosity of 
vegetable oils. As oil degradation occur, the size of fatty acids chains can be reduced 
by hydrolysis, which often causes the reduction in nanoemulsions viscosity as 
reported by Barradas et al. 2017. Thus, rheology can be an important tool to access 
nanoemulsion stability.

Rheology can also be a useful approach to characterize nanoemulsions micro-
structure and classify them as viscous, viscoelastic or semi-solid materials. Transient 
non-destructive tests are often applied to study structural recovery time of nano-
emulsions after a constant stress is applied. This measurement can provide impor-
tant information regarding the strength of intermolecular bonds and microstructure 
of the sample. For example, for injectable nanoemulsions it is fundamental to pre-
dict formulation viscosity, rheological behavior and structural integrity after being 
submitted to high deformation upon passing through a syringe.

Dynamic oscillatory tests can determine viscoelastic properties of the samples, 
allowing to classify them into fluid-like, solid-like, gel-like and semi-solid materials 
(Helgeson 2016; Chung and McClements 2018). Both frequency and strain stress 
can be tuned to obtain information about the macrostructure of materials. Non- 
destructive experiments are often performed under small strains and low frequen-
cies in order to maintain internal structure unaltered, within linear viscoelastic 
region. Largely destructive measurements are conducted to reproduce stresses to 
which nanoemulsions can be submitted during production or practical application. 
High stresses are applied to cause flow or large deformations. In these cases, for 
liquid-like fluid nanoemulsions, viscosity is reported as apparent viscosity at a 
particular shear stress (Chung and McClements 2018).

4.6.4  Conductivity

Calderò et al. produced nanoemulsions oil-in-water nanoemulsions from water-in- 
oil emulsions by phase inversion composition method as a template for polymeric 
nanoparticles by solvent evaporation. Conductivity determinations were used to 
confirm phase inversion from water-in-oil to oil-in-water (Calderó et al. 2011). As 
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water concentration was increased, conductivity was significantly raised until a 
maximum, when it dropped. It was justified by the fact that at lower water concen-
trations, conductivity increases as the electrolytes in the system become gain mobil-
ity. However, with higher water concentrations, a dilution effect in the charged 
components takes place, which causes the conductivity (Calderó et al. 2011).

4.6.5  Phase Behavior

Small-angle neutron scattering (SANS) has been quite explored for structural char-
acterization for phase behavior and surfactant curvature during low-energy emulsi-
fication methods (Solans and Solé 2012). Moreover, it is considered a valuable tool 
for characterizing bulk properties of nanoemulsions, since neutron wavelengths can 
probe nanosized materials (Graves et al. 2005). SANS provide the identification of 
ordered regions within the sample, which can be observed as spots in the scattering 
pattern. In contrast, amorphous and disordered regions show a diffuse pattern dis-
tributed all over the scattering profile. Moreover, a color-detector provide different 
intensity levels, which can emphasize scattering from ordered liquid crystalline 
regions in the presence of disordered phases (Sonneville-Aubrun et al. 2009).

Compared with DLS, SANS provides information of droplet size in a wide range 
of sizes and regarding the internal structure of nanosized droplets, by performing 
selective deuteration of the components. Besides droplet size information, SANS 
provide information regarding droplet structure, such as core-shell structure, globu-
lar drops or bicontinuous microemulsion (Wang et al. 2008).

Sonneville-Aubrun et al. produced 100 nm oil-in-water nanoemulsions by per-
forming the addition water to a water-in-oil reverse microemulsions by phase transi-
tion methods and used SANS as a tool to study phase inversion stages. Measurements 
were performed immediately after the addition of water to the microemulsion. The 
SANS profiles showed that in the early stages of water addition, the initial forma-
tion of mesophase occurred, suggesting that a liquid crystalline region was formed 
as a transition phase. Moreover, SANS showed a strong change in surfactant curva-
ture progressively or abruptly as the hydration of the surfactant polar group occurs, 
depending on the speed of water addition (Sonneville-Aubrun et al. 2009).

SANS has also been used to study silicone anionic nanoemulsions produced with 
different oil volume fractions, from 0.008 to 0.6. At dilute oil volume fractions, 
droplets are spherical. As silicon volume fractions increased above a critical jam-
ming point, the primary peak increased, suggesting more frequent interactions and 
deformations among droplets due to electrostatic repulsion of neighboring droplets 
(Graves et al. 2005).
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4.7  Application of Nanoemulsions

Nanoemulsions feature the most diverse applications in the cosmetics and pharma-
ceutical industry (Singh et al. 2017; Sutradhar and Amin 2013; Jaiswal et al. 2015). 
The small droplet size, increased surface area, high kinetic stability and optical 
transparency of nanoemulsions, compared to conventional emulsions, offer them 
advantages in many technological applications, some of them are explored below. 
The ability to encapsulate lipophilic bioactive molecules and improve solubility and 
stability of lipophilic components, makes oil-in-water nanoemulsions a useful tool 
to enhance the delivery of natural oils. Qian et  al. produced β-lactoglobulin- 
stabilized nanoemulsion for encapsulation of carotenoids, natural antioxidant easily 
chemically degradable. The influence of ionic strength, temperature and pH on 
chemical stability of β-carotene and physical stability of nanoemulsions was stud-
ied. Color fading due to chemical degradation of β-carotene was significantly 
smaller to β-lactoglobulin-stabilized nanoemulsions, which showed to be an effec-
tive approach to increase chemical stability of bioactive molecules, such as 
β-carotene (Qian et al. 2012).

The encapsulation of lipophilic components, as vegetable oils provides easier 
handling or administration and incorporation into a pharmaceutical secondary for-
mulation, for example, gels, lotions or creams. Besides, nanoencapsulation of veg-
etable oils can also increase bioavailability by increasing water solubility and due to 
small droplet size, promote rate and site-controlled delivery and protect from envi-
ronmental degradation and prevent early evaporation (Dias et al. 2014; Sutradhar 
and Amin 2013).

The encapsulation of bioactive molecules and vegetable oils can be useful in 
developing novel pharmaceutical formulations for masking unpleasant taste or 
smell of some drugs, which is especially useful for pediatrics formulations (Amin 
et al. 2018). Moreover, nanoemulsions are useful tools to improve bioavailability of 
both synthetic drugs and biologically active lipids or probiotics, as polyphenols and 
oil-soluble vitamins, for example, which can improve the pharmacological effect 
(Chen et al. 2011; Salem and Ezzat 2018). Yen et al. developed nanoemulsions for 
improving bioavailability of andrographolide, a poorly water-soluble anti- 
inflammatory. The results indicated a significantly enhanced bioavailability of six-
fold from nanoemulsions in comparison with conventional drug suspension. The 
ability of preventing gastrointestinal inflammatory disorders was much higher for 
nanoemulsions then for drug suspension (Yen et al. 2018). Besides, there is a gen-
eral understanding that both solubility and bioavailability of poorly soluble drugs 
increase with reduced droplet size. The most plausible explanation is the enhance-
ment of surface contact area, which can increase contact with solvents or cells.

Lane et al. studied the bioavailability of omega-3-rich algal oil encapsulated by 
nanoemulsions as a prophylactic strategy to prevent coronary heart disease and 
cerebrovascular disease in 11 subjects, which were fed with the formulations. This 
study investigated whether the ingestion of omega-3-loaded nanoemulsions 
increased bioavailability in comparison with free oil. The results showed that 
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 bioavailability of omega-3 and polyunsaturated oils was drastically enhanced in 
patients fed with nanoemulsions (Lane et al. 2014).

The solubility of oil encapsulated in nanoemulsions increases with the reduction 
of droplet size. According to McClements studies (McClements 2011), the solubil-
ity of a typical oil was increased by 2.24, 1.08, 1.01 and 1.00 when droplet sizes of 
10, 100, 1000 and 10,000 nm, respectively, were obtained. It is due to modification 
in oil-water partition coefficient of the encapsulated substance (McClements 2011).

A great number of studies have reported that oil-in-water nanoemulsions can 
increase antimicrobial activity of essential oils against several microorganisms as 
bacteria and fungus (Salvia-Trujillo et al. 2015; Sonu et al. 2018; Chuesiang et al. 
2019). The encapsulation of essential oils into nanosized droplets can lead to a great 
disruptive activity of essential oils on cell membranes of microorganisms 
(McClements and Jafari 2018). Chuesiang et al. produced cinnamon oil-loaded oil- 
in- water nanoemulsions by phase inversion temperature method and investigated 
water-miscibility and antimicrobial activity against Escherichia coli, Salmonella 
enterica serova Triphimurim, Staphylococcus aureus and Vibrio parahaemolyticus. 
Cinnamon oil features biological activities, which is related to cinnamaldehyde, 
cinnamon oil main constituent, that is able to interact with bacterial cell membrane 
(Chuesiang et al. 2019). Nanoemulsions increased antimicrobial activity probably 
due to the encapsulation of cinnamaldehyde, which is prone to chemical degrada-
tion in its free form. Besides, water dispersibility of cinnamon oil was enhanced by 
nanoencapsulation, which can allow the use as a natural preservative to be incorpo-
rated in food or beverages. Moreover, smaller droplets seemed to be more effi-
ciently transported through bacterial membranes, and thus provided high 
antimicrobial activity in comparison with larger droplets, even though the latter 
contained higher amounts of cinnamon oil (Chuesiang et al. 2019).

A wide range of bioactive natural oils feature important antioxidant properties, 
however, as they are highly lipophilic molecules, the incorporation of these compo-
nents into many aqueous pharmaceutical formulations can be limited. In this con-
text nanoemulsions rise as an encapsulation approach to provide protection to the 
droplet content, while preserving bioactive molecules functional properties. Rinaldi 
et al. produced neem oil-loaded nanoemulsions by ultrasound sonication Tween 20® 
as surfactant. The antioxidant activity of neem oil alone and encapsulated into nano-
emulsions were quite similar, suggesting that nanoemulsions are efficient in encap-
sulating bioactive molecules, while maintaining functional activity of neem oil. 
Moreover, cytotoxicity was significantly reduced when Neem oil was incorporated 
in droplets in comparison with free Neem oil (Rinaldi et al. 2017).

Nanoemulsions can be applied in the controlled release of bioactive molecules in 
the pharmaceutical and cosmetic area. This is due to the large surface area and low 
interfacial tension of droplets, which allows the effective penetration of active phar-
maceutical ingredient. Because of the small size of nanosized oil-loaded droplets, 
they can penetrate the stratum corneum and can they also be applied in alcohol-free 
perfume formulations (Rai et al. 2018). The encapsulation of vegetable oils can be 
particularly beneficial for volatile components, such as essential oils and aromas. 
The encapsulation approach can control the release and evaporation rate of  bioactive 
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molecules and volatile components, which can bring important for aroma percep-
tion and duration (McClements 2015). Time-controlled oil release can be tuned by 
modulating the lipophilicity of the inner phase. High lipophilicity can lead to a more 
sustained oil release. Droplet size in the case of nanoemulsions is not a limiting 
parameter for release profile (McClements 2011).

Because the nanoemulsions are often transparent, they are related to freshness, 
purity and simplicity even when carrying great amounts of oil. This characteristic 
has been very much valued in both pharmaceutical and cosmetic industries. It is 
only achieved when droplet size is too small (<70 nm) to avoid strong light scatter-
ing and ensure optical transparency, which is also dependent on polydispersity. In 
that context, optically transparent products can be produced when small droplet size 
and narrow size distribution are obtained and maintained for a considerable period 
of time (Wooster et al. 2008). Transparent nanoemulsions can be prepared by both 
high-energy and low-energy methods by adjusting and optimizing oil and aqueous 
phase composition, surfactants and processing parameters to achieve small droplet 
sizes and prevent Ostwald ripening and aggregation phenomena (McClements 2011).

Nanoemulsions with small droplet size can be sterilized through filtration and 
lead to a wide variety of water-based pharmaceutical products. A wide variety of 
products are obtained with the use of nanoemulsions, for example: lotions, moistur-
izers and transparent gels, with different rheological behavior (Helgeson 2016). 
Parenteral, or injectable, administration of nanoemulsions is employed for a variety 
of purposes, i.e., nutrition, for example in the administration of vegetable oils, vita-
mins, among others, and topical or systemic drug release. Nanoemulsions are 
advantageous for intravenous administration because of the rigid requirements of 
this route of administration, particularly the need for a droplet size in the formula-
tion below 1 μm (Hörmann and Zimmer 2016). The benefit of nanoemulsions in oral 
drug administration has also been reported in the absorption of the emulsion in the 
gastrointestinal tract which has been correlated with droplet size (Bali et al. 2011).

4.8  Conclusion

Nanoemulsions are unique nanocarriers for the delivery lipophilic components as 
they provide a more stable, bioavailable, readily manufacturable, and acceptable 
formulation. They also impart good protection to the entrapped bioactive molecules 
against the effects of external conditions, as they encapsulate bioactive molecules in 
the core of nanosized micelles. In addition, nanoemulsions exhibit high surface 
area, stability and tunable rheology, which can improve drug bioavailability, making 
many treatments less toxic and invasive. Recently, a growing interest in the use of 
natural oils has been taking place, since they are proving to feature antimicrobial, 
antioxidants and anti-inflammatory properties, among others. In this chapter the 
main aspects on nanoemulsion formulation, obtention methods, characterization 
techniques and applications were presented.
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Both high-energy and low-energy emulsification methods provide nanoemul-
sions with small droplet size and stability. However, much research is still needed to 
the achieving scaling up of these processes and to understand the impact on size and 
stability aspects for nanoemulsions. The difficult to scale up nanoemulsions produc-
tion is responsible for so few nanoemulsion-based products are commercially avail-
able in contrast with so much research being published in this field.

Before nanoemulsions become widespread in pharmaceutical field, other chal-
lenges must be overcome. First, pharmaceutical-grade excipients should be ideally 
chosen, such as synthetic polymers and surfactants. Next, there are some safety 
concerns involving nanotechnological products as nanoemulsion and nano-based 
products toxicological profile is different from conventional emulsion. In this con-
text further research is needed to promote wide nanoemulsions production and 
utilization.
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Chapter 5
Lipid Nanoarchitectonics for Natural 
Products Delivery in Cancer Therapy

Vishal Sharad Chaudhari, Prakash Kishore Hazam, and Subham Banerjee

Abstract Therapeutic applications of natural products have been noteworthy. A 
large sum of the population thrives on these products for countering multiple dis-
eases and ailments. However, poor pharmacokinetic and pharmacodynamic profile 
of these molecules halted their progression as potential drug candidates. Other than 
that, low yield values are some of the added limiting factors of natural products 
as well.

Therefore, various measures have been taken to maximize the potential of these 
molecules in terms of their drug delivery perspectives. After a plenty of efforts, 
researchers could direct themselves towards nanoformulations as it was showing 
promising outcomes in various reported instances. Hence, we attempted to review 
the lipid-based nanoformulations/nanoarchitectonics, as is was found to be promis-
ing in terms of their drug delivery approach. Lipids are natural molecules that are 
biocompatible, biodegradable and they are an amicable medium for natural prod-
ucts delivery systems. Lipid nanoarchitectonics includes both vesicular and particu-
late based systems like liposomes, lipid micelles, solid lipid nanoparticles; 
nanostructured lipid carriers, etc. Each of them has its own pros and cons, which 
makes them different from others. This chapter mainly covered the up-to-date infor-
mation regarding various research work carried out on lipid nanoarchitectonics 
based natural product delivery for the treatment of cancer therapy.
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Abbreviations

A2780 Human ovarian cancer cell line
A549 cells Adenomic carcinomic human alveolar basal 

epithelial cells
B16F10 Mouse melanoma cells
BCRP Breast cancer resistance protein
BCS Biopharmaceutics Classification System
Caco-2 Human epithelial colorectal adenocarcinoma cell line
DSPE-PEG 2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 

amino(polyethylene glycol)-2000
NF Nanoformulations
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine,
EE Entrapment efficiency.
GMS Glyceryl monostearate
HCT-116 cell line Human colorectal carcinoma cell line
HSPC Hydrogenated soybean phospholipid
HepG2 cells Liver hepato-cellular carcinoma
HL-60 Human Leukemia cell line
HeLa and SiHa Cervical cancer cell line
KHOS OS Osteo sarcoma cancer cell line
LY1 cells Lymphocyte cells
MCF-7 Michigan Cancer Foundation-7 breast cancer cell line
MDA-MB-231 M. D. Anderson Metastasis Breast cancer cell line
mV Millivolt
μm Micrometer
NCI-ADR-RES cells National Cancer Institute Adriamycin resistant cells
nm Nanometers
PS Particle size
PDI Polydispersity index
PC3 & LNCaP Human prostate carcinomas
PSMA-positive PCa cells Prostate Specific Membrane Antigen PCa cell lines
PEG Polyethylene glycol
ROS Reactive oxygen species
RAW 264.7 cell line Mouse macrophage cell line
RGD Arginine Glycine Aspartic acid
S no Serial number
SKBR3 cell line Human Breast Cancer cell line
SKOV-3 Ovarian cancer cell line
SW480 Colon cancer cell line
SLN Solid Lipid Nanoparticles
SH-SY5Y Neuroblastoma cells
TPGS Tocopheryl Polyethylene Glycol Succinate
U87 Malignant glioma cells
ZP Zeta potential
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5.1  Introduction

Nature’s baskets have been providing all sources of energy derivatives to all forms 
of life, since its inception (Da Poian et  al. 2010). Nature acquires an arsenal of 
therapeutically significant molecules against multiple ailments (Newman and Cragg 
2016). Age old traditional practices (Buenz et al. 2018) to the modern drug discov-
ery arena are largely dependent or inspired by natural chemical moieties (Du 2018). 
Categorically, natural products are alkaloids, glycosides, saponins, terpenoids, phe-
nolics, and these molecules carry out most of the therapeutic activities in our physi-
ology (Springob and Kutchan 2009).

The global mortality load in the current scenario can be attributed to diseases like 
metabolic disorder (Saklayen 2018), microbial infections (Hazam et al. 2019), and 
genetic inadequacies (Wojcik et al. 2018), and few others. Among them, cancer is 
one of the predominant global killers that estimates up to 9.6 million death world-
wide, with 18.1 million new cases (Bray et al. 2018). Broadly, anticancer therapeu-
tics (Espinosa et al. 2003) can be classified as listed in Table 5.1. Many of these 
molecules are either synthetic, semi-synthetic or in terms of their origin.

In general, naturally occurring anticancer molecules are obtained by microbes, 
plants or marines sources (Demain and Vaishnav 2011), (Tewari et  al. 2019) 
(Table 5.2). The vast array of secondary metabolites through inherent combinatorial 
chemistry by nature itself has propelled the possibilities of therapeutic molecules 
with significant activity.

Natural molecules have shown promising anticancer properties in laboratory 
scale. Despite such considerable results, properties like poor solubility, narrow ther-
apeutic window, inferior absorption rate, and lower bioavailability, as well as stabil-
ity issues, have halted the use of bare molecules or common formulations. As per 
many studies, these formulations were also appeared to possess, inappropriate phar-
macokinetic profile and reduced elimination half-life, resulting in compromised 
activity as its consequences (Xie et al. 2016). Therefore, nanoparticles were intro-
duced to counter the shortcomings of already present preparations or formulations. 
Nano-formulations were found to possess amicable construct, surface property, 
lower side effects and improved pharmacokinetic property when compared with 
preceding formulations.

Nanoparticles are defined as particles ranging from 1 to 100 nm in its dimension 
(Watkins et  al. 2015). Tailor-made approaches like nano-formulation constructs 

Table 5.1 Broad classification of anticancer drugs

Serial 
number Class Subclass

1 Chemotherapy Alkylators, antibiotics, antimetabolites, topoisomerase 
inhibitors, mitosis inhibitors

2 Hormonal 
therapy

Steroids, anti-estrogens, anti-androgens, anti-aromatase agents

3 Immunotherapy Interferons, interleukins, vaccines

5 Lipid Nanoarchitectonics for Natural Products Delivery in Cancer Therapy
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result in improvement of the amicable pharmacokinetic profile, reduced side effects 
and superior surface area to volume ratio as its consequences. Broadly, these formu-
lations can be classified as organic and inorganic Nanoparticles (Enrico 2019) 
(Table 5.3).

5.2  Organic and Inorganic Nanoparticles

According to the nature of excipients or materialistic composition of nanoparticles 
used for formulation, nanoparticles are classified as organic and inorganic nanopar-
ticles. Inorganic nanoparticulate systems utilize several metal ions, fluorescent 
dyes. Alteration in size, shape, structure of inorganic nanomaterial provides an 
amplified platform for generating biological interaction in our body (Kim et  al. 
2013). Nanoparticle bioengineering uses properties like super magnetism, quantum 
properties, optical properties and few others for the generation of better end prod-
uct. In the basic construct, core part acts as a scaffold with dynamic structural and 
functional properties which may not be possible from a polymer or lipid- 
based system.

Table 5.2 Naturally occurring anticancer drugs

Microbial source Plant source Marine source

Daunorubicin, doxorubicin
(adriamycin), epirubicin,
pirirubicin, idarubicin, valrubicin, 
amrubicin
Bleomycin, phleomycin
Actinomycin D, actinomycin
Mithramycin, streptozotecin,
Pentostatin, Mitosanes mitomycin C, 
Enediynes calicheamycin, Glycosides 
rebeccamycin, Macrolide lactones 
epotihilones,
Ixebepilone 2″-deoxycoformycin/
pentostatin
Salinosporamide A
Aclarubicin
Epirubicin HCl

Vinblastine, Vincristine, Etoposide, 
Teniposide,
Taxol, Navelbine, Taxotere, 
Camptothecin, Topotecan,
Irinotecan, Arglabin, 
Homoharringtonine, Ingenolmebutate, 
Masoprocol/Nordihydroguaiaretic 
acid, Peplomycin, Solamargines,
Alitretinoin, Elliptiniumacetate, 
Etoposide phosphate

Cytarabine, 
Pederin
Theopederins, 
Annamides
Trabectedin, 
Aplidine
Ecteinascidin, 
Eribulin
Plinabulin

Table 5.3 Broader classific- 
ation nanoparticles

Organic Nanoparticles Inorganic Nanoparticles

Lipid-based Nanoparticles Carbon-based Nanoparticles
Polymeric Nanoparticles Graphene
Hybrids (Lipid-polymer) Gold based Nanoparticles
Dendrimeric Nanoparticles Iron-based Nanoparticles

Molybdenum disulfide
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Inorganic nanoparticles can be handy as a theranostic or imaging purpose due to 
tunable opticophysical properties (Kim et  al. 2013). Multifunctional inorganic 
nanoparticles can be used for non-invasive imaging purpose such as optical micros-
copy and Magnetic Resonance Imaging.

Basically, organic Nanoparticles comprises of organic excipients such as 
polymers, lipids, polysaccharides, proteins. It includes vesicular drug delivery 
systems like liposomes, lipid micelles, and particulate drug delivery systems like 
polymeric nanoparticles, solid lipid nanoparticles, lipid drug conjugates and few 
more (Heneweer et al. 2012). Organic nanoparticles having the potential of surface 
modification with various ligands can be attached on its surface. Functionalization 
is possible in terminal ends of dendrimers. Liposomes are bilayer systems having 
the ability to incorporate both hydrophilic and lipophilic drugs through it. Mostly 
these organic nanoparticles are having applications in drug delivery.

Inorganic nanoparticle comes with a few disadvantages which include the lesser 
drug entrapment as compare to organic nanoparticles. Therefore, inorganic nanopar-
ticles are predominantly used for imaging purpose. Organic nanoparticles were 
developed to overcome the issues of chronic toxicity associated with inorganic 
nanoparticles. Use of biodegradable polymers and lipids make organic nanoparti-
cles more advantageous than inorganic nanoparticles. Easy preparation methods of 
organic nanoparticles along with higher stability during storage and in biological 
fluids make them superior to inorganic nanoparticles (Jesus and Grazu 2012).

In the case of organic nanoparticles, polymers and lipids are used more frequently 
for formulation development. Lipids are generally obtained from the natural origin 
which makes them biodegradable and biocompatible. Hence, chances of toxicity 
induction from lipids vanish. This makes lipids more superior than polymers. More 
drug entrapment is observed in lipid-based nanoparticles as it provides a hydrophobic 
environment to drugs for solubilization. Dose dumping and unintentionally modified 
release pattern may observe with polymers make them secondary. Hence, the lipid-
based organic nanoparticulate system provides a better platform for safe and 
effective drug delivery.

5.3  Lipid Nanoarchitectonics

The recent pharmaceutical scenario shows that drug development and drug delivery 
are very crucial aspects of the pharma industry. According to the Biopharmaceutics 
Classification System (BCS), most drugs fall into class II and III, where drugs are 
having either less solubility or less permeability. In the case of synthetic drugs, the 
modification in their physicochemical properties or formulation strategies can solve 
these issues easily. But in case of natural products, most of the drugs fall into BCS 
class IV and are hydrophobic in nature with very less solubility in water (Ghadi and 
Dand 2017). This decreases the oral bioavailability of natural products. Hence, nan-
otechnology comes into play to overcome these issues by formulating nanodimen-
sional formulations such as polymeric nanoparticles, nanoemulsion and micelles. 

5 Lipid Nanoarchitectonics for Natural Products Delivery in Cancer Therapy
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Along with polymers, surfactants, co-surfactants, block copolymers are needed to 
be used to formulate nanoformulations. Use of synthetic excipients as a major com-
ponent for formulation development may raise the concern of safety and toxicity. 
Therefore, the need of  safe and nontoxic excipients occurs for nanoformulations 
development. Use of lipid excipients have solved the problems associated with other 
excipients which allows us to develop several advantageous drug delivery systems.

Lipids belong to a class of organic compounds with long chain fatty acids, which 
are lipophilic in nature, completely soluble in organic solvents (Porter et al. 2007). 
Lipids are highly water insoluble in nature. Some lipids are amphiphilic in nature, 
with some part of lipid is hydrophilic and remaining one is lipophilic in nature. With 
such type of lipids, both hydrophilic and lipophilic type of drugs can be incorpo-
rated. In lipid-based nanoformulations, the drug can be entrapped in lipid core or it 
can coat the drug without any leakage. Drug targeting can be specifically done with 
nanoparticles which can decrease the potential nanoparticle’s toxicity. Hence lipid- 
based formulations are considered and developed as potential drug delivery systems 
(Shrestha et al. 2014). 

Lipid nanoarchitectonics is a wide range term covering many types of lipid- 
based nanoparticulate as well as vesicular drug delivery systems like liposomes, 
lipid micelles, lipid emulsion, solid lipid nanoparticles, and nanostructured lipid 
carriers (Fig. 5.1) (Shrestha et al. 2014). These systems can easily dissolve lipo-
philic drugs in their lipid domain in dispersion medium which increases their drug 
loading capacity along with entrapment efficiency. The ultimate aim is to increase 
the bioavailability of drugs through lipid-based nanoarchitectonics (Fig. 5.2). These 
lipid nanoarchitectonics are explained well below with thorough literature review 
along with examples of different drugs delivered through them.

5.3.1  Liposomes

Liposome belongs to the vesicular type of novel drug delivery system, was being 
discovered in the 1960s by Bangham and his co-workers (Düzgüneş and Gregoriadis 
2005). Liposomes consist of a bilayer structure of phospholipids which are concen-
tric in nature that encloses hydrophilic region in the centre with lipophilic outer 
lipid covering. Both hydrophilic and lipophilic type of drugs can be incorporated 
into liposomes. Water-soluble drugs get solubilized in hydrophilic tail regions in the 
inner layer of micelles, while water-insoluble or lipophilic drugs are being solubi-
lized in the outer layer of head regions of micelles. These are mostly best suited for 
the delivery of lipophilic drugs (Sharma and Sharma 1997). Being vesicular in 
nature, size of vesicles varies from 0.1 μm to 1 μm in diameter (Lian and Ho 2001; 
Sharma and Sharma 1997). These can be classified as small unilamellar vesicles 
(SUV), large unilamellar vesicles (LUV) and multilamellar vesicles (MLV), 
(Akbarzadeh et al. 2013) Liposomes can be modified according to their size, surface 
charges. Drug entrapment along with drug loading into liposomes can be specifi-
cally achieved with modification in liposome types.

V. S. Chaudhari et al.
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Liposomes itself having many advantages over other drug delivery systems like 
the increased capacity of drug loading, specific in tumour targeting, enhanced sta-
bility of drug by encapsulation, jeopardizes toxicity associated with drugs, improved 
pharmacokinetic properties and enhances skin penetration as well (Samad et  al. 
2007). Site-specific drug delivery can be easily achieved with liposomes especially 
in cancer. Several methods have been optimized for liposome preparation. These 
methods have been classified as mechanical dispersion methods, solvent removal 
methods and detergent removal methods (Akbarzadeh et al. 2013). Mechanical dis-
persion methods include thin film hydration, micro-emulsification, sonication, and 
freeze-thawing. Solvent removal methods include ether injection, ethanol injection, 
double emulsion, reverse phase evaporation method, and few others. And detergent 
removal method includes dialysis, dilution and reconstitution methods. Any of these 
methods can be used as per the requirement for formulation development and opti-
mization. The final liposomal formulation has to be characterized for its properties 

Fig. 5.1 Different varieties of lipid nanoarchitectonics
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with several instruments. It includes liposomal vesicle size analysis, polydispersity 
index (PDI) determination and zeta potential determination with particle size analy-
ser or Zetasizer, surface morphology along with vesicle shape can be studied with 
Transmission electron microscopy (TEM), drug entrapment and release studies can 
be performed with dialysis (Samad et al. 2007).

Modifications can be done in liposomes according to the need or purpose of drug 
delivery. Conventional liposomes are able to deliver hydrophilic and hydrophobic 
drugs. Stealth liposomes were developed by polyethylene glycol (PEG) on the outer 
lipid bilayer membrane to avoid interaction with lipoproteins especially high- 
density lipoproteins (Immordino et al. 2006). It also increases negative charges on 
the surface along with stearic hindrance for serum proteins. Ultimately, hydropho-
bicity of liposome increases and can easily deliver lipophilic drugs with target spec-
ificity. Ligand-targeted liposomes can differ from conventional liposomes by the 
presence of a small molecule, peptide or polysaccharide on the surface of liposomes 
(Lamichhane et  al. 2018; Olusanya et  al. 2018). Theranostic liposomes are also 
called as multifunctional liposomes which are mostly used as an imaging agent or 
targeting antibodies (Lamichhane et  al. 2018; Olusanya et  al. 2018). Hence, the 
liposome is considered as versatile lipid-based nano-sized vesicular drug delivery 
system. Table 5.4 represents improved in vitro and in vivo profile of phytoconstitu-
ents after liposomal encapsulation.

Fig. 5.2 Improved in vitro/in vivo performance exhibited by lipid nanoarchitectonics

V. S. Chaudhari et al.
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5.3.2  Lipid Micelles

Lipid-based drug delivery systems belong to the organic class of nanoparticle 
system. As we know lipids are amphiphilic molecules containing both hydrophilic 
head region (polar) and hydrophobic tail region (non-polar) (Torchilin 2007). A 
carboxylic group from fatty acid plays an important role in hydrophilic interactions 
while hydrocarbon chain in hydrophobic interactions. The tendency of surfactants 
followed by lipids in the aqueous environment exists as head region directing 
towards the water while hydrophobic tail region opposite to it facing towards the air. 
Above critical micellar concentration, micelles are formed inside the aqueous 
media. Lipid micelles are self-assembled spherical structures formed inside the 
solvent from lipids. It consists of a single layer of micelles enclosing hydrophobic 
tail region inside with hydrophilic heads forming a shell (Torchilin 2007). No 
aqueous environment is present in lipid micelles which allows only lipophilic drugs 
to get solubilize in it easily. Fatty acids have two long tails which consist of the 
hydrophobic part of micelles. Head region of micelles attaches to each other 
enclosing lipophilic tails inside. More the size of the hydrophilic head more is the 
steric hindrance. The size of micelles mostly depends upon the chain of alkyl moiety 
along with size of the hydrophilic head region. Mixed micelles are comprised of 
phospholipids along with polymeric micelles. It provides combined advantages of 
both lipid micelles and polymeric micelles (Almgren 2000; Zhang et  al. 2008). 
Several advantages come with lipid micelles as drug delivery perspective. Micelles 
represent core-shell type structure which provides the lipophilic environment to 
water-insoluble drugs in aqueous solution, hence increases the solubility of such 
kind of drugs. Also, the toxicity from lipid micelles has been found to be very low 
due to the biocompatible and biodegradable nature of lipids. Improved penetration 
in tissues provides greater advantages according to drug delivery (Hanafy et  al. 
2018). On the other side, it shows the reduced drug loading capacities as the drug 
can easily ooze out from the micellar structure. Stability of maintaining the micellar 
structure in the body is very difficult as blood volume may dilute the critical micellar 
concentration (Hanafy et al. 2018). Table 5.5 represents the improved performance 
of phytoconstituents after of lipid micelles incorporation.

5.3.3  Solid Lipid Nanoparticles

The first form of lipid-based particulate system in nanoformulations comes to mind 
is solid lipid nanoparticles (SLNs). Solid lipid nanoparticles consist of solid lipids 
which remains solid at room temperature and at body temperature too (Das and 
Chaudhury 2011; Wissing et  al. 2004). It is a very attractive approach for drug 
release in a controlled manner. Use of lipids in drug delivery minimizes various 
acute and chronic toxicities. It is also a type of nanoemulsion, in which the internal 
phase consists of solid particles. Various solid lipids have been used for the 

V. S. Chaudhari et al.
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formulation of SLN are Glyceryl monostearate (GMS), glyceryl tristearate, Precirol, 
Compritol 888 ATO, etc. (Khosa et al. 2018) Lipid allows the drug to get encapsu-
lated into its structure giving to solid lipid nanoparticles. There are various advan-
tages come with this formulation system that helps in drug delivery. It can be used 
for controlled release of the drug along with site-specific targeting. Solid lipids 
which can be used in formulating SLNs are mostly biocompatible and biodegrad-
able in nature (Table 5.6). Encapsulation of drugs which are photosensitive or mois-
ture sensitive in nature gives protection against the degradation caused by light and 
moisture (Das and Chaudhury 2011; Sailaja et al. 2011; Shidhaye et al. 2008). But 
the system also has some limitations which include the presence of high water con-
tent leads to dilution of solid lipid nanoparticles. Lipids used for formulating SLNs 
need to be of high purity, which leads to reduced drug loading capacity as solid 
lipids having a tendency to crystallize in structure. As the crystallization of solid 
lipid may occur during storage, the expulsion of the encapsulated drug has been 
observed from SLNs (Das and Chaudhury 2011; Shidhaye et al. 2008). Aggregation 
of particles has been observed with several solid lipids which cause particle growth 
along with gelation due to formation linkages between lipids during storage. Hence, 
stability is the major concern in the case of solid lipid nanoparticles.

5.3.4  Nanostructured Lipid Carriers

The second generation of solid lipid nanoparticles is the nanostructured lipid carriers 
(NLCs) were introduced in order to overcome the side effects of SLNs as per the 
formulation aspects. The tendency of solid lipid to crystallize out in perfect lattice 
due to high purity gives less space to the drug for encapsulation. Hence, it decreases 
the loading capacity of SLNs also causes expulsion of the drug during storage (Das 
and Chaudhury 2011). Hence there was a need to tackle this issue of drug loading 
and expelling drug out. Incorporation liquid lipid in the system leads to improve-
ment of drug loading capacity along with no drug expulsion from particles. This 
also avoids the crystallization of lipids making more space available for the drug to 
get encapsulate into it (Shidhaye et al. 2008). A mixture of solid lipid and liquid 
lipid provides a great medium to solubilize a large number of lipophilic drugs into 
it (Wissing et al. 2004). Various hydrophilic drugs can also be incorporated solubi-
lizing into the aqueous phase of the primary emulsion during preparation method of 
NLCs. Drug release from NLCs can be controlled by varying the component per-
centages of solid lipid and liquid lipid. Core and shell-like structure have observed 
in case of NLCs which showed the immediate burst release from the outer shell part 
while slow release from the core of NLCs. Particles become solid after cooling 
which do not cause drug leakage during storage. Lipids used are biocompatible in 
nature which can easily cross the intestinal gut wall barrier with a reduced particle 
size up to 200  nm. NLCs have been explored in various diseases with different 
routes of administration (Ghasemiyeh and Mohammadi-Samani 2018). Natural 
product loaded nanostructured lipid carriers for the application in cancer is broadly 
discussed in Table 5.7.

V. S. Chaudhari et al.
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5.4  Conclusion

Natural products comprise as a primary source of therapeutics to treat multiple 
disorders. Even today, a large sum of rural populations and ethnic tribes relies 
majorly on natural products for their therapeutic uses. These source are also vital for 
modern science in terms of drug discovery perspectives. However, factors like low 
solubility, bitter taste, and lower absorption rate limits their justifiable application. 
Therefore, formulation modification approaches have been applied to these mole-
cules for improved therapeutic activity. In one such approach, nanotechnology has 
been reported to be helpful in countering unlikely characteristics of natural prod-
ucts. There have been reports of improved bioavailability, solubility, absorption, 
lower dosage regimen, taste masking, etc. due to the advent of nanotechnology. In 
particular, this is significantly related to retained in-vivo activities, unlike compro-
mised outcomes in case of native molecules.

Among all of the nano-constructs, a specialized form of lipid-based 
nanoformulations is one such prominent example that has been fairly recent and 
advantageous. This class of formulations has made significant contributions to the 
delivery of therapeutically important natural products. The formulations like 
liposomes, lipid micelles, SLNs, and NLCs are reported to improve the 
pharmacokinetic profile of the derivatized natural anticancer products. Therefore, 
the use of improvised technology can always be handy to overcome noted 
shortcomings, in the pursuit of translational drug delivery approach.
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Chapter 6
Inorganic Particles for Delivering Natural 
Products

Jairam Meena, Anuradha Gupta, Rahul Ahuja, Amulya K. Panda, 
and Sangeeta Bhaskar

Abstract Natural products are complex molecules that have been widely used in 
traditional medicine for therapeutics and diagnostics applications. Despite their 
long history of use, some challenges are associated with many natural product 
derived pharmaceuticals, like inadequate stability, poor absorption, distribution, 
metabolism and excretion. Medicinal chemists have been successful in addressing 
many of these challenges through structural modifications of the parent compound, 
but even so, analysis suggests that up to 20% of natural product leads are taken 
through unchanged as the final drug product. Even modified compounds are a chal-
lenge to administer, requiring the use of novel formulations and delivery strategies 
to enable the launch of an effective natural product derived drug into the market. To 
outwit these concerns, formulation of these natural product derived bioactive com-
pounds using nanotechnology has been used as a potential tool in diagnostic and 
therapeutic applications. Compounds of organic or inorganic origin that are pre-
pared from different metals, metal oxides, chitosan, sodium alginate, poly lactic 
acid, poly lactic co-glycolic acid, synthetic as well as natural origin polymers are 
amongst commonly used materials for development of natural product 
nanoformulations.

This book chapter deals in detail with the properties, synthesis, advantages and 
toxicity of inorganic particles like those of silver, gold, iron oxide and silica with the 
aim to shed light on the delivery of natural products for therapeutic and diagnostic 
purposes. Adjustable size and shape, large surface area, ease of functionalization 
and additional bioactivities associated with inorganic nanoparticles are some of the 
properties that give them an edge over other delivery methods. Apart from enhanc-
ing the stability of molecule, high-density surface ligands attachment enables the 
targeted delivery with enhanced therapeutic efficacy. Among the inorganic nanopar-
ticles, metallic nanoparticles made up of silver or gold are increasingly being used 
for biomedical purposes because of their biocompatibility, versatility, broad antimi-
crobial activity as well as visible light extinction property. Silver and gold possesses 
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peculiar properties such as Surface Plasmon Resonance associated which are not 
associated with other delivery vehicles like liposomes, dendrimers or micelles. 
Metal oxides such as Iron oxide (Fe2O3, Fe3O4) and silica (SiO2) with various sur-
face modifications and as hybrid are now the popular choices for delivering natural 
products for a variety of applications.

Keywords Natural product delivery · Gold nanoparticles · Silver nanoparticles · 
Iron oxide nanoparticles · Silica nanoparticles · Curcumin · Paclitaxel · Flavonoids 
· Quercetin

Abbreviations

FDA Food and Drug Administration
MCM-41 Mobil composition of matter no 41
PEG Polyethylene glycol
PEI Polyethylenimine

6.1  Introduction

Natural products are amongst the widely used medicinal compounds for targeting and 
treating various bourgeoning and emerging diseases. Plants, animals and minerals are 
common natural source for the extraction these complex chemical molecules by vari-
ous extraction processes, and/or by chemical synthesis and chemo-enzymatic synthe-
sis. These compounds serve as the source of potential drug lead molecules. However, 
low bioavailability and stability limits the therapeutic application of natural products. 
The average calculated octanol-water partition coefficient (log P) of natural products is 
2.9 while of drugs is 2.1 suggesting that natural products are more lipophilic than 
drugs. Natural products are more rigid than drugs because they contain larger fused 
ring system and on an average contain two rotatable bonds less than drugs (Wetzel et al. 
2011). To circumvent these concerns, encapsulation of these bioactive compounds via 
nanotechnology (nanomaterials are substances having at least one dimension, 100 nm 
in size) has been materialized with potential applications in diagnostic and therapeutic 
developments. Nanomaterials can be of inorganic as well as organic origin and could 
be synthesized from different polymers, metals, metal oxides, chitosan, sodium algi-
nate, poly lactic co-glycolic acid (PLGA), poly lactic acid (PLA), synthetic polymers 
etc. These nanomaterials protect the drug/bioactive molecule from the hazardous envi-
ronment, pH and temperature variation and target the molecule to desired organ with 
an increase in therapeutic efficacy. Inorganic particles draw much attention due to 
adjustable size and shape, high surface area, ease of functionalization, high-density 
surface ligands attachment as well as additional bioactivities associated with them for 
desired applications.
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Inorganic nanoparticles of non-metallic origin (Al(OH)3, Fe2O3, ZnO, SiO2, Fe3O4, 
CeO2, ITO, CaO, ATO, ZrO2) and metals and metal alloys (Pt, Cu, Pd, Fe, Ni, Co, Ag, 
Au, Al, Mn) have been attempted for various purposes. Metallic nanoparticles show 
strong plasma absorption and enhanced rayleigh as well as surface raman scattering for 
imaging applications. However, most of these are thermodynamically unstable and 
may contain some impurities such as oxides and nitrides. Most of these impurities 
come during synthesis and may cause irritation or toxicity or both. Among metallic 
nanoparticles silver or gold (Ag or Au) particles are most preferably and increasingly 
being used for different biomedical purposes either because of their visible light extinc-
tion behavior, versatility, antimicrobial property and good biocompatibility (Kasthuri 
et al. 2009a, b). Silver and gold possess specific properties such as surface plasmon 
resonance which dendrimers, liposomes and micelles don’t. Metal oxides such as Iron 
oxide (Fe2O3, Fe3O4) and silica (SiO2) with various surface modifications and as hybrid 
are popularly used to deliver natural products. Iron oxides exhibits super paramagnetic 
properties at the size range of 8–10 nm, which not only helps in targeting under the 
influence of magnetic field, but also governs easy synthesis, separation and hyperther-
mia derived cancer cell killing. On the other hand silica show high payload due to 
mesoporous character and easy surface functionalization. This book chapter deals in 
details with the properties, synthesis, advantages and toxicity of silver, gold, iron oxide 
and silica particles citing some examples to show delivery of natural products. 
Figure 6.1 shows the schematic representation of natural products delivery via inor-
ganic nanoparticles.

Fig. 6.1 Natural products delivery via silver, gold, iron oxide and silica nanoparticles
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6.2  Inorganic Nanoparticles: Properties, Synthesis, 
Advantages and Toxicity

6.2.1  Metallic Nanoparticles

6.2.1.1  Silver Nanoparticles

Silver nanoparticles, due to their attractive physiochemical properties, easy to fab-
ricate in desired size range with biological functionality, and non-toxic nature gov-
erns its extensive use in the biomedical applications. Silver based nanosystem and 
nanomaterials have shown antibacterial, antiviral, antifungal, antioxidant properties 
and used for drug/natural products delivery, tissue scaffold fabrication, wound 
dressing and protective coating applications. The antimicrobial properties exhibited 
by silver nanoparticles are related to their physiochemical properties such as shape, 
size, concentration, colloidal state and surface charge. Furthermore, silver nanopar-
ticles allow the coordination of many ligands, and enabling easy surface functional-
ization (Tran and Le 2013; Le Ouay and Stellacci 2015; Phull et al. 2016).

Synthesis
Different methods such as chemical, physical and biological are used for the synthe-
sis of silver nanoparticles. Using chemical method, Ag +  ions are reduced to Ag 
(metallic silver) which agglomerates to form oligomeric clusters. Chemical synthe-
sis is carried out using different inorganic and organic reducing agents such as 
sodium citrate, sodium borohydride, sodium ascorbate, elemental hydrogen, N, 
N-dimethylformamide and tollens method. However, different, coating agents, sur-
factants and polymers are used to inhibit the agglomeration of particles during 
chemical synthesis (Iravani et al. 2014).

Physical synthesis methods involves, ball milling, radiation, flame pyrolysis, 
sonication, electric arc discharge and laser ablation of silver bulk material in solu-
tion. Despite the use of highly expensive equipments, high temperature and pres-
sure, as well as high energy consumption, physical methods are more eco-friendly 
as compared to chemical methods.

Biological synthesis are known as “green” methods and gained immense popu-
larity due to devoid of any toxic chemical use. Using green synthesis; silver nanopar-
ticles are prepared via bio-reduction of Ag + ions in aqueous medium using bacteria, 
fungi, algae, and plants. Bacterial synthesis comprises of selection and cultivation 
of suitable bacterial strain and maintenance of highly aseptic conditions. Culture 
supernatant of nonpathogenic and pathogenic microorganisms like E. coli, B. indi-
cus, A. flavus, B. cereus, Bacillus strain CS 11, P. proteolytica, P. meridian, S. aureus 
etc. are used to synthesize silver nanoparticles, and can be achieved either intracel-
lularly or extracellularly. Extracellular synthesis is easy, cheaper and required lesser 
time hence preferred over intracellular synthesis. However, the mechanism behind 
the nanoparticles formation using the microbial organisms is poorly understood 
which hinders the scaling laboratory technique for the industrial synthesis. (Nanda 
and Saravanan 2009; Shivaji et al. 2011; Das et al. 2014; Ahmed et al. 2016). Plant 
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based green synthesis of silver nanoparticles is gaining immense popularity because 
of its easy accessibility, economic feasibility, environment friendly nature, formula-
tion simplicity along with the possibility of large scale production. Different plant 
extracts such as Azadirecta Indica, Madhuca longifolia, Crocus sativus L., 
Calliandra haematocephala, Grape seed, Andean blackberry fruit, Granium leaf 
extract and Marigold flower etc. have been reported for the green synthesis of silver 
nanoparticles (Patil et al. 2018; Li et al. 2007; Ahmed et al. 2016; Bagherzade et al. 
2017; Raja et  al. 2017; Rivera-Rangel et  al. 2018). The phytochemical extracts 
includes flavonoids, terpenoids, saponins, phenolics, tannins, catechins, enzymes, 
proteins, polysaccharides and rich complex compounds which acts as reducing, sta-
bilizing and capping agents are extensively used during “green” method of silver 
nanoparticles synthesis. Due to such added advantages, silver nanoparticles have 
been extensively investigated for targeted drug delivery and diagnostic applications.

The phytochemical composition varies significantly from plant to plant and in 
different parts of plants and has admissible effect on the quality of nanoparticles. 
For example, spherical silver nanoparticles were prepared using Syzygium cumini 
fruit extract and it has been suggested that flavonoids present in the plant extract 
were responsible for the reduction of Ag + to Ag which is very crucial for particle 
synthesis (Mittal et al. 2014). In another study, spherical silver nanoparticles were 
synthesized in 3–20 nm size range with leaf broth of Arbutus unedo which contains 
both reducing and stabilizing agents which are responsible for particle synthesis 
(Kouvaris et al. 2012), similarly, Erythrina indica root extract was used for silver 
nanoparticles synthesis in size range of 20–118 nm (Sre et al. 2015). Shail et al. 
reported that extract of Origanum vulgare L. contains mixture of flavonoids, alka-
loid and terpenoids which imparts reducing and capping properties during silver 
nanoparticles synthesis (Shaik et al. 2018). Nanoparticle synthesis parameters such 
as; concentration of silver ions, plant extract concentration and phytochemical com-
position, temperature, pH, microwave assistance, mechanical stirring speed and 
time had a significant effect, it was observed that synthesis of plant extract capped 
silver nanoparticles were higher at 90 °C as compared to room temperature with 
yielding of larger size particles at higher temperature. It was also reported that, 
antimicrobial properties of silver nanoparticles were linearly increases with use of 
higher concentrations of plant extracts during synthesis as the half maximal inhibi-
tory concentration values were decreased from 4% to 21% with increase in solubil-
ity of nanoparticles (Khan et  al. 2013, 2014). After nanoparticles synthesis, 
characterization can be done using physicochemical properties such as shape, size, 
surface area, purity and coating along with the associated electrochemical proper-
ties namely; charge, zeta potential, redox, conductivity and surface plasmon reso-
nance for the synthesis variability assessment (Li et al. 2017). Silver nanoparticles 
have been widely and frequently used for tumor specific drug delivery (Kajani et al. 
2016). It is reported that light scattering cross section of silver nanoparticles is ~10 
times greater than similar size gold nanoparticles, and are strongest light scatterers 
amongst the nobel metal particles. Because of these characteristics, silver nanopar-
ticles have also been employed as photoactivated drug delivery vector and biologi-
cal sensors (Brown et al. 2013). Silver nanoparticle based delivery systems facilitate 
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intracellular detection and controlled release of natural products through chemical 
or photothermal of photochemical triggers e.g. Silver nanoparticles in the size range 
of 60–80  nm were developed, which contains anti-sense oligonucleotides for 
ICAM-1 (intracellular adhesion molecule-1) silencing. Light induced release of 
anti-sense oligonucleotide demonstrated wound healing and therefore suggested 
their therapeutic potential for the treatment of Crohn’s disease (Brown et al. 2013).

Toxicity Assessment of Silver Nanoparticles
Bioactive molecule incorporated surface functionalized silver nanoparticles have 
been exploited as promising oral formulation for improving solubility and bioavail-
ability, reducing toxicity enhancing bioactive compound release. These formula-
tions provide better therapeutic tool against cancer, wound healing and pathogenic 
microbial diseases etc. There is little information regarding exposure of silver 
nanoparticles to environment, animals and humans but their potential risks report-
ing contradictory results are available with short and long term exposure (Kittler 
et al. 2010; Bouwmeester et al. 2011; Loeschner et al. 2011).

Daily approximate silver intake by humans through food and/or water is 
0.4–30 μg, which indicates that in the given range silver nanoparticles can be used 
without any sever short term toxicities for therapeutic applications (Hadrup and 
Lam 2014). Silver nanoparticles have demonstrated excellent antimicrobial proper-
ties and non-toxicity towards healthy mammalian cells (Stensberg et  al. 2011). 
However, there are some reports where silver nanoparticle related toxic effects have 
been observed in rat hepatocytes, neuronal cells (El Mahdy et  al. 2015), murine 
stem cells and human lung epithelial cells (Pinzaru et al. 2018). Wen H et al. has 
investigated the silver nanoparticles mediated acute toxicity and genotoxicity in 
Sprague-Dawley rats where 61.1% of nanoparticles were 27.3–106.2  nm sizes. 
Studies also reported that silver nanoparticles are mainly concentrated in lungs fol-
lowed by spleen, liver, kidney, thymus and heart. These particles also enhance the 
blood urea, total bilirubin, alanine aminotransferase and creatinine which indicate 
abnormal liver functions. Further histopathological examination of liver, kidney, 
thymus and spleen after exposure with silver nanoparticles showed extensive organ 
damages which were also complementing the abnormal liver function tests. At the 
cellular level significant chromosomal breakage and polyploidy were observed 
which indicates silver nanoparticles derived genotoxicity (Wen et al. 2017). In an in 
vivo toxicity study using rat ear model, silver nanoparticles mediated permanent or 
temporary hearing loss and significant mitochondrial dysfunction was also observed. 
A Lower silver nanoparticles concentration has also been detected in retinal cells 
where these particles induced structural disruption and oxidative stress (Antony 
et al. 2015). Also, silver nanoparticles surface charge might modulate the particle 
uptake, its translocation to various tissues and organs and thereby cytotoxicity 
(Franci et al. 2015; Wu et al. 2017).
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6.2.1.2  Gold Nanoparticles

Gold nanoparticles has garnered attention in recent biomedical field especially for 
ultrasensitive biomolecular detection, selective cancer cell killing by photothermal 
therapy, specific cells and protein labeling and cellular therapeutic delivery. Gold 
nanoparticles permits easy tailoring into different size, shape, and attachment of 
different functional groups, chemically biocompatible and have intrinsic tunable 
optical properties (Kumar et al. 2012). The gold nanoparticle size is related to sur-
face plasmon resonance, by changing the thiol/gold ratio during synthesis, size of 
conjugated gold nanoparticles can be controlled and therefore surface plasmon 
resonance could be fine tune according to the application requirements. Such as 
particles with smaller size can be synthesized using higher amount of thiol (SH) and 
vice versa (Bhattacharya and Srivastava 2003). Characteristic UV absorbance at 
520 nm can be observed using 10 nm gold nanoparticles, however, a blue or red shift 
can be observed with size variation. Figure 6.2 shows the schematic representation 
of different types of gold nanoparticles and effect of size on the optical properties. 
Gold nanorod shows the characteristic absorbance towards near infra-red range 
(690 nm–900 nm), these intrinsic optical properties of gold nanoparticles can be 
exploited for its use as composite theranostic agents in clinic (Tong et al. 2009). 
Gold nanoparticles of 1–100 nm, when dispersed in water are also designated as 
colloidal gold, these nanoparticles comprises; gold nanorods, gold nanoshells, gold 
nanocages, gold nanosphere and gold nanoparticles with stimuli-responsive surface 
enhanced raman scattering.

Synthesis
For the synthesis of gold nanoparticles, chemical method is most commonly and 
widely used which encompasses the reduction of gold salt (HAuCl4) with the help 
of reducing agents. In 1857, Michael Faraday, first reported gold nanosphere syn-
thesis by two phase synthesis using tetraoctyl ammonium bromide having high air 
and thermal stability. Citrate reduction method has been used for gold nanoparticles 

Fig. 6.2 (a) Types of gold nanoparticles (b) effect of size on the optical properties of gold 
nanospheres
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synthesis, where the amount of citrate, a gold reducing agent, governed the yield of 
monodisperse gold nanospheres and it is reported that with lower amount of citrate 
higher amount of gold nanospheres can be obtained. In another method, in an aque-
ous medium, gold nanoparticles of about 20 nm were synthesized by Turkevich J 
et  al. by single phase reduction of gold tetrachloroauric acid by sodium citrate 
(Turkevich et  al. 1951). Bastus et  al. have synthesized the gold nanoparticles of 
200 nm size through kinetically controlled seed growth using same reducing agent 
i.e. sodium citrate (Bastus et al. 2011).

Green Synthesis Plant based materials such as; stem, root, seed, latex and leafs 
have been attempted for the synthesis of gold nanoparticles. Ankamwar B et al. used 
lemon grass extract and tamarind leaf extract for gold nanotriangle synthesis 
(Ankamwar et al. 2005). Spherical shaped gold nanoparticles have been synthesized 
using Piper longum extract (Yu et al. 2016). Similarly, aqueous extracts of Citrus 
maxima (Nakkala et  al. 2016), aqueous extracts of neem (Azadirachta indica) 
(Anuradha et al. 2010), extract of Allium cepa (Parida et al. 2011) and dilute extract 
of Phyllanthus amarus (Kasthuri et  al. 2009a, b), aqueous extract of Terminalia 
chebula (Edison and Sethuraman 2012), Cassia fistula extract (Daisy and Saipriya 
2012), leaves and bark extracts of Ficus caricaz (Teimuri-Mofrad et  al. 2017), 
Plumeria Alba (Frangipani flower) (Nagaraj et  al. 2012), fruit peel extract of 
Momordica charantia (Pandey et  al. 2012), extract of Benincasa hispida seed 
(Aromal and Philip 2012) and many more extracts have been used for gold nanopar-
ticles synthesis.

Narayanan and Sakthive et  al. reported gold nanoparticles of the size range 
7–58 nm with different shapes such as triangular, decahaderal or spherical using 
Coriandrum sativum leaf extract (Narayanan and Sakthivel 2008). Similarly, Apiin, 
an ingredient present in banana leaf extract was also capable of reduction of ions to 
gold for nanoparticles synthesis (Kasthuri et al. 2009a, b). Nagajyothi et al. gener-
ated 8.02  nm gold nanoparticle using Lonicera japonica flower aqueous extract 
(Nagajyothi et al. 2012). Gold nanoparticles of 2.5–27.5 and 1.25–17.5 nm with an 
average size of 10 and 3 nm respectively were also produced using ethanolic extract 
of black tea and its free ethanol tannin extract, where these extracts worked as 
reducing and stabilizing agents during synthesis (Banoee et al. 2010).

Toxicity
Pan, Y. et al. assessed the cytotoxicity of 0.8–15 nm gold nanoparticles in different 
cells such as macrophages, melanoma, connective tissue fibroblast and epithelial 
cells and reported that these cells were sensitive to very small size of gold nanopar-
ticles (1.4 nm) with induction of mitochondrial damage and oxidative stress, but 
when 15 nm particles were used instead of 1.4 nm particles, it was observed that 
particles are biocompatible and non-toxic (Pan et  al. 2007). Gold nanoparticles 
cytotoxicity studies has also been performed in human cells where it has shown 
nontoxicity up to 250  mM, while ionic gold showed cytotoxicity at a relatively 
lower concentration of 25 mM (Connor et al. 2005). With surface functionalized 
particles it was observed that the chemical groups present at the surface of gold 
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nanoparticles are responsible for its effect on cells. Takahashi et  al. reported the 
reduced cytotoxicity of gold nanorods (6.5 nm × 11 nm) in HeLa cells when cetyl 
trimethyl ammonium bromide (CTAB) at surface was replaced with polyethylene 
glycol (Niidome et al. 2006). Similarly Shukla et al. reported that 3.7 nm PEGylated 
gold nanoparticles of spherical size were able to enter into HeLa cell’s nucleus 
without any toxicity due to its neutral surface (Shukla et al. 2005). Hetero biofunc-
tionalization of gold nanoparticles with thiol polyethylene glycol acid (HS-PEG- 
COOH) or capping with bovine serum albumin did not produce any mortality or 
behavioral change in mice at the studied doses suggesting their biocompatibility 
(Nghiem et al. 2012). Gold nanoparticles have demonstrated size-dependent organ 
distributions where smaller particles of 5–15 nm showed wider organ distribution 
compared to large size particles of 50–100  nm. These gold nanoparticles were 
mainly found in liver and spleen (De Jong et al. 2008; Semmler-Behnke et al. 2008; 
Sonavane et al. 2008; Chen et al. 2009; Cho et al. 2009a, b; Kim et al. 2009). In 
another study, it was observed that coating of 20  nm gold nanoparticles with 
TA-terminated PEG5000 stabilized the particles and reduces the toxicity (Zhang 
et al. 2009; Lipka et al. 2010). Chen, Y. S. et al. conducted in vivo studies in mice 
by injecting different sized gold nanoparticles of 5 and 50 nm and observed lethal 
effects (Chen et al. 2009). A study by Cho, W.S. et al. has also reported the similar 
results where 13 nm PEGylated gold nanoparticles when injected intravenously into 
mice, were predominantly concentrated in the liver, kupffer cells, spleen macro-
phages and induces an acute inflammation in liver as observed in biopsy study (Cho 
et al. 2009a, b). Effect of route of administration on the toxicity of gold nanoparti-
cles has also been studied and it was observed that oral administration of gold 
nanoparticles significantly reduces the body weight, spleen index, and red blood 
cells. Also, when oral, intra-peritoneal and intravenous routes were compared, it 
was observed that oral and intra-peritoneal dosing is more toxic than intravenous 
injections. Hence targeted delivery of nanoparticles using tail vain injections will be 
ideal for radiotherapy, photothermal therapy, and natural product or drug delivery 
(Shukla et al. 2005).

6.2.2  Non-Metallic Nanoparticles

6.2.2.1  Iron Oxide Nanoparticles

Recently, magnetic nanoparticles of iron oxide, also called magnetite or Fe3O4, have 
approved by U.S. Food and Drug Administration (FDA) for clinical imaging and 
drug delivery applications. These particles are extensively used for imaging pur-
poses as preclinical and clinical studies proven its safety and biocompatibility. Easy 
synthesis, multifunctional surface modification, magnetic bio-separation along with 
magnetic fluid hyperthermia revolutionize the use of Fe3O4 magnetic nanoparticles 
for loading a variety of agents which are highly useful in current therapeutic and 
diagnostic applications. Magnetic nanoparticles allow easy tailoring of different 
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physical and chemical parameters such as chemical group modification, magnetism, 
shape, size, crystallinity and surface charge for targeting purposes. As next genera-
tion vehicles for targeted delivery of natural products and drugs, magnetic nanopar-
ticles are amongst the preferred one due to devoid of undesired toxicities. These 
particles can be selectively targeted and concentrated to an organ by application of 
an external magnetic field (Verma et al. 2013; Ali et al. 2016). Oxidation state of 
iron governs its magnetic properties and hence has profound impact on magnetic 
properties of iron oxide nanoparticles. Use of magnetite (Fe3O4) is preferred over 
hematite, as magnetite contains both Fe3+ and Fe2+ ions and also known as ferrous- 
ferric oxide and has a brownish-black color with a metallic luster is known for 
strong magnetic properties compared to hematite (Fe2O3) which appears as reddish 
brown solid and the oxidation state of iron is (+III), for drug delivery and targeted 
therapeutic applications. Figure 6.3 shows the effect of oxidation state on the mag-
netic properties of Iron oxide nanoparticles.

Synthesis
Synthesis of iron nanoparticles can be done by thermal decomposition of Fe(N- 
nitrosophenyl hydroxylamine)3 / Fe(acetylacetone)3/ Fe(CO)5 followed by oxida-
tion. Facile decomposition of iron pentacarbonyl [Fe(CO)5], which is a metastable 
organometallic compound, also denoted as iron carbonyl, at 140–160 °C under an 
inert atmospheric conditions using decalin as solvent and one of the three polymer 
as a surfactant and catalyst; polybutadiene, poly(styrene co-butadiene) and 
poly(styrene-co-4 vinylpyradine) yields magnetic iron nanoparticles (Lide 2004). 
Synthesis of monodispersed magnetite nanoparticles at high temperature (265 °C) 
using Fe(acetylacetonate)3 in phenyl ether in the presence of alcohol, oleic acid, and 
oleylamine have been reported. In an another study, using microemulsion method, 
iron nanoparticles with an average size of ∽3 nm has been synthesized with the help 

Fig. 6.3 Magnetite and 
hematite iron oxide 
nanoparticles
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of trioctyl phosphine oxide as a stabilizing agent (Guo et  al. 2001). Magnetic 
nanoparticles of monodisperse maghemite in a size range of 3.5 ± 0.6 nm with high 
magnetization saturation values along with monolayer oleic acid capping have been 
reported by Vidal et  al. using one-pot microemulsion method (Vidal-Vidal et  al. 
2006), although this method is rarely used as a matters of convenience. Ionic surfac-
tant such as quaternary ammonium compound (Martino et  al. 1997; Seip and 
O’Connor 1999; Li et al. 2003) and nonionic e.g., polyether-based (Martino et al. 
1997) long-chain surfactants are commonly used in micellar synthesis. Reduction 
of iron salts and its oxides using widely used reducing agents such as hydrazide 
(Seip and O’Connor 1999), sodium borohydride (Luborsky and Paine 1960; Glavee 
et al. 1995; Li et al. 2003), and lithium borohydride for the iron nanoparticles pre-
cipitation during synthesis is also reported. Use of surfactant during nanoparticles 
precipitation helps to prevent particle agglomeration. Likewise, co-precipitation is 
the other conventional method used for Fe3O4 or γ-Fe2O3 nanoparticles fabrication; 
which involves 1:2 molar ratios of ferrous and ferric ion salts. The above mentioned 
molar ratios are first mixed and then precipitated at room temperature or higher 
temperature using the highly basic solutions such as sodium hydroxide. Different 
synthesis conditions; temperature, stirring rate, precipitating agents, type of salts 
used, the ratio of ferrous and ferric ions, pH value affects the size and shape of mag-
netic nanoparticles (Wu et al. 2008).

Besides the above mention methods, hydrothermal synthesis is used for the syn-
thesis of iron oxide nanoparticles with controlled shape and size. The method use 
high vapor pressure (0.3–4 MPa) and temperature (130–250 °C) for nanoparticles 
crystallization. Wang et al. obtained 40 nm particles with saturation magnetization 
(85.8 emu·g−1) and high crystallinity using Fe3O4 at high temperature for 6 h (Wang 
et al. 2003). Similarly, with help of sodium bis(2-ethylhexyl) sulfosuccinate surfac-
tant, Zheng et al. synthesized 27 nm magnetite nanoparticles using the hydrother-
mal synthesis (Zheng et al. 2006) which exhibited a superparamagnetic behavior at 
room temperature. Magnetic nanoparticles can also be synthesized using mechani-
cal methods such as high-energy milling (Kerekes et al. 2002). But this method is 
not generally employed due to production of high poly dispersity and irregular 
shape and size.

Green biosynthesis is generally preferred over other method because the magne-
tite nanoparticles generated using this method possesses higher biocompatibility 
and biodegradability, due to the special non-toxic surface coating of green materi-
als. Phumying et  al. prepared magnetite nanoparticles using Aloe vera extract at 
different conditions (Phumying et  al. 2013). In another study brown seaweed 
(Sargassum muticum) were used to synthesize magnetite nanoparticles (El-Kassas 
et al. 2016), similarly Rajendran et al. described the synthesis of magnetite nanopar-
ticles using Sesbania grandiflora leaf extract as a photocatalyst (Rajendran and 
Sengodan 2017). Similar attempts were made by different groups using green bio-
synthesis such as, magnetite nanoparticles of 40–70  nm were synthesized using 
Rubus glacus Benth or Andean blackberry leaves (Kumar et al. 2016), nanoparticles 
has also been synthesized using Syzygium cumini seed extract (Venkateswarlu et al. 
2014, 2019), Punica Granatum rind extract (Venkateswarlu et  al. 2014, 2019), 
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 plantain peel extract (Venkateswarlu et al. 2013) and lemon juice (Bahadur et al. 
2017). In many green synthesis approaches Lemon juice was used where it serves 
as the source of citric acid for surface capping and particle size control of magnetic 
nanoparticles. Other natural products such as potato (Buazar et al. 2016), Mimosa 
pudica root (Niraimathee et al. 2016), arabic gum (Horst et al. 2017) has also been 
attempted for iron nanoparticles synthesis.

Magnetic nanoparticles has also been prepared using waste materials such as tea 
residue, coffee waste hydrochar and aqueous corn leaf extract and used for arsenic 
removal (Lunge et al. 2014), acid red 17 (azo dye) removal (Khataee et al. 2017) and 
in drug delivery due to antioxidant and antibacterial activities (Khataee et al. 2017). 
Iron nanoparticles has not only been synthesized using plants but also other green 
materials such as natural polymer (Sodium alginate (Gao et  al. 2008), chitosan 
(Shrifian-Esfahni et al. 2015), polysaccharides (pectin) (Namanga et al. 2013), glu-
cose (D-maltose) (Demir et  al. 2013), amino acid (arginine) (Wang et  al. 2009), 
vitamin (Nicotinic acid) (Attallah et al. 2016), enzyme (Urease) (Shi et al. 2014) 
and fungi (yeast) (Zhou et al. 2009) were also used.

Toxicity
Use of iron oxide nanoparticles were increasing day by day for various biomedical 
applications. U.S.  Food and Drug Administration (FDA) has approved Feridex® 
(ferumoxides), a dextran-coated magnetic nanoparticles as a imaging contrast agent 
for the detection of liver lesions (Bulte 2009) and Feraheme® (ferumoxytol) for the 
treatment of anemia i.e. iron deficiency in adult patients with chronic kidney disease 
(Wang 2015). Therefore, concerns have been raised regarding its safety, distribution 
and clearance. Feng Q et al. has analyzed the in vitro cellular uptake, bio- distribution, 
clearance and toxicity of iron oxide nanoparticles which are well characterized and 
commercially available. The average size, hydrodynamic size, method of prepara-
tion, type of coating, surface functionalization affects the efficacy and toxicity of 
iron oxide nanoparticles (Nel et al. 2009). Similarly effect of particle size and dif-
ferent surface coating on blood half-life and magnetic behavior of iron oxide 
nanoparticles have been reported by Roohi F et  al. They have found the inverse 
relationship of pharmacokinetic properties with particle size, as the hydrodynamic 
radius of nanoparticles gets decreased, a significant increase in blood half-life time 
and biodistribution of iron oxide nanoparticles were observed, thus affecting uptake 
of these particles by different organs and ultimately toxicity. In an another study, 
effect of different coating materials, polyacrylic acid, carboxy dextran, polyethyl-
ene glycol (PEG) and starch on 50 nm magnetic nanoparticles were observed and it 
was reported that polyacrylic acid-iron oxide nanoparticles displayed the shortest 
blood half-life, followed by carboxy dextran-iron oxide nanoparticles, starch-iron 
oxide nanoparticles, and PEG-iron oxide nanoparticles. These differences were 
ascribed by different ionic characteristics of the coating agents (Roohi et al. 2012). 
Feng Q et al. has compared the toxicity and uptake of Polyethylenimine-coated iron 
oxide nanoparticles (PEI-iron oxide nanoparticles) with the PEGylated one (PEG- 
iron oxide nanoparticles). PEI-iron oxide nanoparticles displayed significantly 
higher uptake by macrophages and cancer cells than PEG- iron oxide nanoparticles. 
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PEI-iron oxide nanoparticles displayed severe cytotoxicity than PEG-iron oxide 
nanoparticles also. This may be due to reactive oxygen species production and 
apoptosis. Whereas PEG- iron oxide nanoparticles did not exhibited toxicity but it 
induces autophagy, which imparts biocompatibility and reduces the cytotoxicity. 
The bio-distribution studies signifies that, iron oxide nanoparticles larger than 
100 nm in size are rapidly concentrated in liver and spleen via macrophage phago-
cytosis whereas particles smaller than 10 nm are likely to be eliminated through 
renal clearance. (Kumar et al. 2011). In vivo studies in BALB/c mice displayed no 
obvious toxicity with PEG-iron oxide nanoparticles, whereas dose dependent toxic-
ity was observed in PEI-iron oxide nanoparticles which signify the importance of 
coating materials (Feng et al. 2018). Gokduman K et al. has performed the dose 
(0–400 μg/ml) treatment (single dosing vs. cumulative dosing) and time-dependent 
toxicity of super-paramagnetic iron oxide nanoparticles of 10 nm size on primary 
rat hepatocytes, which state that toxicity was increases significantly with increasing 
concentration and treatment duration (Gokduman et al. 2018). Apart from biomedi-
cal applications, iron oxide nanoparticles can be used for removal of metal contami-
nation from aqueous solutions (Ge et  al. 2012). Therefore, toxicity assessment 
studies were also performed in Zebrafish to study the effect of these particles on 
developmental toxicity in fish in aquatic environments where developmental toxic-
ity were observed as presence of mortality, hatching delay, and malformation at 
higher concentrations (≥10 mg/L) of iron oxide nanoparticles (Zhu et al. 2012).

6.2.2.2  Silica Nanoparticles

Mesoporous silica nanoparticles, because of high surface area, well ordered meso-
pores with larger pore volume have been used as multifunctional drug delivery sys-
tem. The particle size, shape and surface can be easily modified depending upon the 
desired purpose (Vallet-Regi et  al. 2007; Fernandez-Fernandez et  al. 2011; 
Rosenholm et al. 2011; Baeza et al. 2015). Functionalization is generally performed 
over silanol-containing surface for controlled drug release and drug loading. Since 
the first use of silica based material, MCM-41 for drug delivery by Vallet-Regí et al. 
in 2001 (Vallet-Regi et al. 2001), other silica materials, such as SBA-15 or MCM-48, 
and some metal-organic hybrid and their nanoparticles with modifications have 
been developed for loading of different biologically active compounds. Silica oxide 
is widely used in dentist industry for many purposes such as tooth and bone implants, 
ceramic plates (Lührs and Geurtsen 2009), orthopedics (scaffolds) (Zhu et al. 2014; 
Zhou et al. 2017) and for specialized medical device manufacturing (Brunner et al. 
2009; Cao and Zhu 2014). Additional advantages associated with the use of silica 
are: high thermal stability, chemical inactivity, resistance to microbial attack, high 
hydrophilicity and biocompatibility, high loading capacity making it an attractive 
material for biomedical purposes (Gonçalves 2018). Furthermore, U.S. Food and 
Drug Administration (FDA) have recommended amorphous silica and silicates as 
safe at the oral intake up to 1500 mg per day. Amorphous silica is widely used in 
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cosmetic product manufacturing, for foods and oral delivery of drugs (Kasaai 2015; 
Go et al. 2017; Gonçalves 2018).

Synthesis
Silica nanoparticles are generally synthesized by sol-gel, flame decomposition and 
reverse micro-emulsion methods. Reverse micelles are formed when organic sol-
vent containing surfactant is added to aqueous phase, polar head group orient them-
selves to form microcavities containing water using reverse micro-emulsion method 
(Tan et al. 2011). Silica nanoparticles are also formed in the same manner when sili-
con alkoxides and catalyst addition results in particle synthesis inside the micro-
cavities. Like the other methods which have several limitation, major challenge 
associated with this method is high cost and difficulties in surfactant removal 
(Bagwe et  al. 2006; Liu and Han 2010; Wang et  al. 2014). Naka Y et  al. has  
reported one-pot water-oil-microemulsion technique for manufacturing of  
organo- unctionalized silica nanoparticles. Use of mixture of organosilane 
(3- aminopropyltriethoxysilane), phenyltrimethoxysilane, 3-mercaptopropyltri- 
methoxysilane, vinyltriethoxysilane, 3- cyanoethyltriethoxysilane and polyoxyeth-
ylene nonylphenol ether in the solution of tetraethyl orthosilicate is employed to 
synthesize monodisperse silica nanoparticles in the size range 25–200 nm (Naka 
et al. 2010). Kozlecki et al. has reported silica nanoparticle synthesis using modified 
oil-in-water microemulsion. Silica nanoparticles in the size range of 170–422 nm 
with high surface area (>300 m2/g) were reported using heptanes, 2-ethylhexanole, 
Tween®85 non-ionic surfactant, tetraethyl orthosilicate and ammonium hydroxide. 
Similarly, precipitation of β-cyclodextrin and hydroxyethylcellulose have been used 
to obtain particles with similar characteristics (Koźlecki et al. 2016).

Silica nanoparticles can also be synthesized from metal organic precursors 
through high temperature flame decomposition technique, which is also known as 
chemical vapor decomposition (Silva 2004). Chemical reaction of silicon tetrachlo-
ride with hydrogen and oxygen is also used for silica nanoparticles synthesis, but 
desired particles size, shape and morphology are major limitations which are diffi-
cult to control, also this method is mainly used to produce particles in powder form. 
Yan F et al. have also prepared silica nanoparticles in the same manner where water 
vapors at ∼150  °C were used to hydrolyzed silicon tetrachloride vapors. The 
obtained porous amorphous silica were having a large specific surface area 
(342.44 m2/g), with broad size distribution of 162.8 ± 41.0 nm (Yan et al. 2014).

Sol-gel process which involves hydrolysis and condensation of metal alkoxide 
such as tetraethyl orthosilicate or inorganic salts e.g. sodium silicate in the presence 
of mineral acid e.g. hydrochloric acid or base e.g. ammonia as catalyst under mild 
conditions, is/are commonly used for the synthesis of silica and silica nanoparticles 
for different therapeutic and diagnostic applications (Stöber et al. 1968; Hench and 
West 1990; Klabunde et al. 1996). In the course of sol-gel based synthesis, in the 
first step, silanol groups were generated using tetraethyl orthosilicate hydrolysis, in 
the second step, condensation/polymerization is carried out between silanol group 
and ethoxy group for siloxane bridge formation, which results in the formation of 
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silica structure. Further, nucleation followed by growth are the remaining two stages 
in silica nanoparticles synthesis (Matsoukas and Gulari 1988).

Stober et al. has reported the synthesis of spherical and mono-dispersed silica 
nanoparticles for the first time in 1968 (Stöber et al. 1968). Using this method silica 
particles in the size range of 5–2000 nm could be synthesized by the addition of 
ammonia to aqueous alcohol solution of silica. Later, modified Stober methods were 
developed for silica nanoparticles synthesis. Rao KS obtained silica nanoparticles in 
the size range of 20–460 nm via the hydrolysis of tetraethyl orthosilicate in ethanol 
medium (Rao et al. 2005). Silica particles were also synthesized from low cost pre-
cursors such as sodium silicate solution, in the process, precipitation were carried 
out by the addition of acids such as hydrochloric acid with carbon dioxide (Stöber 
et al. 1968). Bentonite clay has also been reported to prepare silica nanoparticles via 
generation of sodium silicate which is then converted into sodium silicate solution 
with sodium hydroxide treatment further hydrolysis of this solution in the presence 
of nitric acid and ethanol were resulted in different size silica nanoparticle synthe-
sis. The particle size was controlled by monitoring the concentration of silica rich 
clay and nitric acid (Zulfiqar et al. 2016).

Agricultural wastes such as, rice husk, rice hull, semi burned rice straw, sugar-
cane waste and Vietnamese rice husk are used for the green synthesis of silica 
nanoparticles (Zaky et al. 2008; Zhang et al. 2010; Liu et al. 2011; Rovani et al. 
2018). Silica nanoparticle synthesis attempts have been made by Rovani S et al. 
using sugarcane waste ash, and the particles obtained were 20 nm to several microm-
eters range with specific surface area of 131 m2 g−1 and ~230 mg g−1 acid orange 
eight dye adsorption capacity (Rovani et al. 2018). Nanosized silica was synthe-
sized using sol-gel method from Vietnamese rise husk with heat treatment, for this, 
ash was generated from the rise husk with thermal treatment at 600 °C for 4 h. Then 
sodium silicate solution were obtained from rice husk ash by treating it with sodium 
hydroxide solution and finally silica nanoparticles were precipitated by addition of 
sulphuric acid at pH 4  in the water/butanol with cationic presence. The particles 
with highest specific surface area (340 m2/g) and an average size of 3 nm were also 
reported (Thuc and Thuc 2013).

Surface modification of silica nanoparticles are generally carried out for incorpo-
ration of a variety of structurally diverse molecules. The reagents used for surface 
modifications are silane coupling agents such as amino propyl methyl diethoxy 
silane and methacryloxy propyl triethoxy silane under non-aqueous and aqueous 
conditions (Kang et al. 2001; Yu et al. 2003). Kobler and Bein et al. reported formula-
tion of highly small mesoporous silica nanoparticles by co-condensation process 
with phenyl triethoxysilane in the presence of triethanolamine catalyst (Kobler and 
Bein 2008). Silica particles of different shapes, size and pore size have been synthe-
sized. Wang et al. has synthesized cubic shaped silica nanoparticles with the help of 
tartaric acid (Yu et al. 2005). Nanosized MCM-41 silica particles with several mor-
phologies such as hexagonal shape under basic conditions have also been reported 
(Cai et  al. 2001). Ikari et  al. reported the hexagonally arrayed mesoporous silica 
nanoparticles with the help of binary surfactant method (Ikari et al. 2006). Mesoporous 
silica containing hexagonally ordered mesopores of 2 nm were  synthesized using a 
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cationic surfactant cetyl trimethyl ammonium bromide, while silica nanoparticles 
having bigger mesopores (20–50 nm) were designed by sulphonated aromatic poly-
ether ether ketone (Pang et al. 2005). Sugar molecules such as glucose and fructose 
have been used for eco-friendly production of silica nanoparticles of mesoporous and 
mono-dispersed nature (Mukherjee et  al. 2009), the obtained particles were of 
50–1140 nm size, which were produced by reaction mixture of phenyltriethoxysi-
lane, ammonia, water, ethanol and the non-surfactant sugar template.

Toxicity
Several reports have been published related to silica effect on human health, in a 
detailed study related to its toxicity, it was observed that, exposure to crystalline 
silica cause the fibrotic lung disease, also known as silicosis, lung cancer, emphy-
sema and pulmonary tuberculosis (Zhang et al. 2012). Conversely amorphous form 
of silica is considered as safe and hence it has been a part of human diet as medical 
clay or as food additive (labelled E551) (Sripanyakorn et  al. 2009; Jurkić et  al. 
2013). When used in vivo, amorphous form of silica is cleared more rapidly as com-
pared to its crystalline form from the lungs which may be responsible for its lower 
toxicity and its use for human applications in vivo (Arts et al. 2007). The in vivo as 
well as in vitro use of mesoporous silica nanoparticles are well tolerated, when used 
in vitro, it is considered safe at lower than 100 μg/ml concentrations (Huang et al. 
2008; Hudson et  al. 2008; Tao et  al. 2008; Lu et  al. 2010), whereas lower than 
200 mg/kg doses are considered safe for in vivo use (Lu et al. 2010). Although there 
is conflicting reports regarding the relationship between silica nanoparticles size 
and toxicity, even most of these reports indicate that physicochemical property such 
as, size, surface groups, dose and cell type governs the cytotoxicity of these parti-
cles. In one study, effect of different size silica nanoparticles such as 30, 48, 118 and 
535 nm on viability of mouse keratinocytes was investigated and reduction in cell 
viability with decrease in size at 10–200 μg/ml doses was observed (Kyung et al. 
2009). While in another study on human hepatocytes, the effect of 7, 20, 50 nm 
silica nanoparticles on cell viability at 20–640 μg/ml doses was investigated and it 
was found that cell viability with 20 nm particles was highest followed by 7 nm and 
50 nm size particles (Lu et al. 2011). Kim and in-Yon et al. studied the biocompat-
ibility of 20–200 nm silica nanoparticles on mouse embryonic fibroblast (NIH/3 T3), 
human hepatoma (HepG2) and human alveolar carcinoma (A549) cells and reported 
that, all the three cell type preferentially engulf silica nanoparticles of 60 nm at high 
doses, these particles led to disproportionate decrease in cell viability when com-
pared with other size particles (Kim et al. 2015). Cytotoxicity and cell dysfunction 
is most commonly observed in dendritic cells, mast cells, lymphocytes, monocytes, 
macrophages and kupffer cells upon exposure to silica nanoparticles. In organ spe-
cific immunotoxicity studies, lymphocytes infiltration, granuloma formation and 
hydropic degeneration (condition in which cells absorb more water) in liver hepato-
cyte were observed, whereas in the spleen, decreased proliferation in immune cells 
such as B and T cells along with the altered serum IgG and IgM levels were observed, 
similarly in the lungs, neutrophil infiltration and in heart inflammation was observed 
(Chen et al. 2018). Zhao Y et al. observed that, when red blood cells were treated 
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with different size mesoporous silica nanoparticles such as MCM-41 of ∼100 nm 
and SBA-15 of ∼600  nm, small size particles (∼100  nm) readily adsorb on red 
blood cell surface without any cell membrane disruption whereas larger size parti-
cles (∼600 nm) adsorb on cell membrane, internalized by the cells and induced cell 
membrane disruption which eventually leads to red blood cells hemolysis (Huang 
et al. 2008). It is also reported that silica nanoparticles are able to freely pass through 
the blood-brain barrier (BBB), and can enter into the central nervous system 
(Klejbor et al. 2007) hence, adverse central nervous system effects such as neuro-
toxicity, neuro-inflammation, neuro-degeneration were observed. Along with this, 
enhanced levels of amyloid beta protein were also reported which is the hallmark of 
Alzheimer’s disease. When, silica nanoparticles were incubated with primary cul-
tured hippocampal neurons, a rapid and persistent decalcification of endolysosome 
was observed which was correlated with brain amyloidogenesis and Alzheimer’s 
disease. Therefore, use of silica nanoparticles for the treatment of Alzheimer’s and 
other neurological disorders were not recommended (Ye et al. 2018).

6.3  Recent Advances in Inorganic Nanoparticles Mediated 
Natural Products Delivery

Different formulations such as liposomes, solid lipid nanoparticles, polymeric 
nanoparticles and/or inorganic nanoparticles are known for the delivery of natural 
products. Various advantages of inorganic nanoparticles are highlighted about 
enhancement of therapeutic potential of natural products. Figure  6.4 shows the 
chemical structure and Table  6.1 shows the compiled list of some natural com-
pounds that have been delivered via inorganic nanoparticles and their efficacy has 
been tested in vitro and/or in vivo with positive effects.

6.3.1  Curcumin

Curcumin or diferuloylmethane, which is known as folk medicine, is a major bioac-
tive polyphenol constituent found in the rhizome of Curcuma longa (Turmeric). 
Curcumin acts as potent anti-inflammatory and antioxidant agent and is used to 
specifically kill cancer cells; it can suppress tumor genesis, tumor promotion, and 
metastasis as reported in several preclinical studies (Shanmugam et al. 2015). The 
problem with the use of curcumin is that it is not soluble in water and shows low 
bioavailability. Attempts to improve the bioavailability of curcumin are underway 
employing various processes. Nanocurcumin shows improvement in bioavailability 
compared to conventional curcumin.

To circumvent the antibiotic resistance associated with existing antibacterials, 
silver nanoparticles of 25–35 nm, which contains curcumin natural product, were 
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synthesized. These curcumin silver nanoparticles were effective against wide range 
of microbes such as gram-positive and gram-negative bacteria and reduce the mini-
mum effective curcumin concentration by fourfold (20 mg/L to 5 mg/L). Skin bio-
compatibility studies on keratinocytes (HaCaT) showed slight toxicity, whereas as 
an antimicrobial, curcumin silver nanoparticles showed selective toxicity towards 
bacteria and induces anti-inflammatory effect on human macrophages (THP-1) 
(Jaiswal and Mishra 2018). Abdellah et al. also studied the antibacterial effect of 
curcumin silver nanoparticles against Escherichia coli and observed improved pho-
tostability and antibacterial activity with minimal toxicity to skin cells (Abdellah 
et  al. 2018). For the enhancement of anticancer potential of curcumin, its silver 
nanoformulations with average size of 17.98 nm were reported, study showed that 
curcumin silver nanoparticles induces cell toxicity in concentration dependent man-
ner and had a greater cytotoxic effect on the tumor cells in comparison to plain 
curcumin (Garg and Garg 2018). Increased water solubility and loading efficiency 
was also reported with a novel in situ synthesis method in which curcumin conju-
gate to gold quantum cluster were developed. In vitro apoptotic potential in cancer 
cells were also supported by the in vivo studies in SCID cancer mouse model with-
out showing any severe toxicity to internal organs, this showed that silver 
 nanoparticles as an delivery vehicle for natural product could be advantageous 
(Khandelwal et al. 2018).

Fig. 6.4 Chemical structure of resveratrol, morin, quercetin, curcumin and paclitaxel natural 
products
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Table 6.1 Applications of metallic nanoparticles in delivering natural products

Natural Product
Metallic nanoparticle 
and its modification Purpose/Outcome References

Inorganic metallic particles
Silver nanoparticles
1. Curcumin Silver nanoparticles Antimicrobial and 

antibiofilm 
activity 
enhancement

Abdellah et al. 
(2018) and 
Jaiswal and 
Mishra (2018)

2. Curcumin Silver nanoparticles Anticancer 
activity/
enhancement of 
anticancer activity

Garg and Garg 
(2018)

3. Paclitaxel Polyethylenimine- 
functionalized silver 
nanoparticles

HepG2 cell 
apoptosis

Paciotti et al. 
(2016)

4. Flavonoid Silver nanoparticles Wound healing 
bio-efficacy

Sharma et al. 
(2019)

5. Quercetin Silver nanoparticles Antibacterial and 
antibiofilm 
activities

Yu et al. (2018)

Gold nanoparticles
6. Curcumin Gold- quantum 

clusters
Anticancer 
activity/
enhancement

Khandelwal 
et al. (2018)

7. Paclitaxel Gold nanoparticles Anticancer activity Paciotti et al. 
(2016)

8. Flavonoid Gold nanoparticles 
and Au-Ag 
bimetallic 
nanoparticles

Wound healing 
bio-efficacy

Sharma et al. 
(2019)

9. Anthocyanin PEG-gold 
nanoparticles

Enhanced 
neuroprotection

Kim et al. 
(2017)

10. Rutin Rutin conjugated 
gold nanoparticles

Treatment of 
rheumatoid 
arthritis

Gul et al. (2018)

11. Vincristine sulfate Vincristine sulfate 
conjugated gold 
nanoparticles

Enhanced 
antitumor 
efficiency

Liu et al. (2015)

12. Betulin Gold nanoparticles Anti-tumor effect Mioc et al. 
(2018)

13. Quercetin Gold nanoparticles Anti-tumor effect, 
breast cancer

Balakrishnan 
et al. (2016) and 
Yilmaz et al. 
(2019)

(continued)

6 Inorganic Particles for Delivering Natural Products



224

Table 6.1 (continued)

Natural Product
Metallic nanoparticle 
and its modification Purpose/Outcome References

Inorganic non-metallic particles
Iron oxide nanoparticles
14. Trans-resveratrol Superparamagnetic 

Iron oxide 
nanoparticles

Glioma treatment/
potential cytotoxic 
effect

Sallem et al. 
(2019)

15. Curcumin Magnetic 
nanoparticles

Breast cancer 
therapeutics and 
imaging 
applications

Yallapu et al. 
(2012)

16. Curcumin Magnetic 
nanoparticles

Pancreatic cancer Yallapu et al. 
(2013)

17. Curcumin Folate-modified and 
curcumin-loaded 
dendritic magnetite 
nanocarriers

Thermo- 
chemotherapy of 
cancer cells

Montazerabadi 
et al. (2019)

18. Quercetin Superparamagnetic 
iron oxide 
nanoparticles

Enhance 
bioavailability of 
quercetin, and 
ameliorates 
diabetes-related 
memory 
impairment.

Ebrahimpour 
et al. (2018) and 
Enteshari 
Najafabadi et al. 
(2018)

19. Paclitaxel Iron oxide 
nanoparticles

Breast Cancer 
therapy

Lugert et al. 
(2019)

20. Etoposide Magnetic polymeric 
microparticles

Anticancer activity Sundar et al. 
(2014)

Silica nanoparticles
21. Curcumin Amino- 

functionalized silica 
nanoparticles

Anticancer activity de Oliveira et al. 
(2016)

22. Carvacrol Hybrid-silica 
nanoparticles

Antibacterial 
activity

Sokolik and 
Lellouche 
(2018)

23. Eugenol Mesoporous silica 
nanoparticles

Antimicrobial 
activity

Melendez- 
Rodriguez et al. 
(2019)

24. Thymol Biogenic silica Biopesticide Mattos et al. 
(2018)

25. Quercetin and doxorubicin Mesoporous silica 
nanoparticles

Gastric carcinoma 
chemotherapy

Fang et al. 
(2018)

26. Morin (2′,3, 
4′,5,7-pentahydroxyflavone)

Mesoporous silica Antioxidant 
properties

Arriagada et al. 
(2016)

27. Flavonoid Titania- 
functionalized silica 
nanoparticles

Anti-oxidant and 
anti-inflammatory 
properties

Sokolik and 
Lellouche 
(2018)

28. Paclitaxel Mesoporous silica 
nanoparticles

Anticancer activity 
against human 
lung cancer cell 
line A549

Wang et al. 
(2017)
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6.3.2  Taxol or Paclitaxel

Taxol or Paclitaxel is first discovered by Mrs. Monroe E.  Wall and Mansukh 
C. Wani. It is a white crystalline powder which melts at ~210 °C. Since its first iso-
lation from the bark of Pacific yew (Taxus brevifolia), it still remains the drug of 
choice for cancer treatments. Paclitaxel was the first chemotherapeutic agent which 
was obtained from natural products and approved by U.S.  Food and Drug 
Administration (FDA) for clinical use. As an potent anticancer agent, it is used for 
variety of cancers such as leukemia and number of solid tumors including breast, 
lung, ovary, gastric, brain, and prostate cancer (Jordan and Wilson 2004; Gupta 
et al. 2010). Paclitaxel is known for cell cycle arrest through tubulin-microtubulin 
equilibrium disruption and induces cancer cell death (Horinouchi et  al. 2014). 
However paclitaxel suffers with low water solubility (~0.4 μg/ml) due to its hydro-
phobic nature, low permeability and serious adverse effects. Therefore, in the pacli-
taxel trademark formulation “Taxol” organic solvents such as polyoxyethylated 
castor oil (Cremophor EL) and dehydrated ethanol (50/50, v/v) have been used as 
solvent system for the preparation of commercial formulation, because of this it has 
shown its own side effects and nonlinear pharmacokinetics (Sparreboom et  al. 
1996). Albumin nanoparticles bound paclitaxel formulation (Abraxane) with a par-
ticle size of 130 nm is approved clinically about a decade ago for the treatment of 
metastatic breast cancer, and further attempts have been made for its solubility 
improvements along with pharmacokinetic and pharmacodynamics studies. A novel 
nanosystem based on polyethylenimine (PEI) decorated silver nanoparticles encap-
sulating paclitaxel have been synthesized and its cytotoxic effect was assessed 
against hepatocarcinoma (HepG2 cells), which is the third leading cause of cancer 
related deaths around the world. The particles were 2–3  nm in size having zeta 
potential values of 23 mV, which induced HepG2 cell apoptosis, triggered intracel-
lular reactive oxygen species; thus can be used in the chemotherapy of cancer (Li 
et al. 2016). Gibson et al. has covalently attached paclitaxel to phenol-terminated 
gold nanoparticles of 2 nm size with a hexaethylene glycol linker (Gibson et al. 
2007). Oh et  al. developed a composite system based on gold/chitosan/pluronic 
nanoparticles for paclitaxel loading. For controlled release of paclitaxel, gold 
nanoparticle synthesis with citrate reduction method were also described (Oh et al. 
2008). Heo and co-workers described paclitaxel loaded gold nanoparticles synthe-
sis with desired surface functionalization using PEG, biotin and rhodamine B linked 
beta-cyclodextrin, where paclitaxel formed an inclusion complex with beta- 
cyclodextrin. Physical characteristics of the particles showed that the gold nanopar-
ticles were almost spherical and were in the size range of 20–40 nm. These particles 
had shown cytotoxicity towards HeLa, A549 and MG63 cancer cell as compared to 
NIH3T3 normal cells (Heo et al. 2012). Hua et al. synthesized  poly(aniline-co- sodium 
N-(1-one-butyric acid) aniline coated Fe3O4 magnetic nanoparticles for paclitaxel 
loading in which drug was immobilized onto the surface of particles. These particles 
were more effective in killing PC3 and CWR22R prostate cancer cells compared to 
free paclitaxel and improved the aqueous solubility of paclitaxel to 312 μg/ml from 
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0.4 μg/ml (Hua et al. 2010). Hwu J.R. et al. have reported the conjugated paclitaxel 
containing gold nanoparticles and Fe3O4 magnetic nanoparticles tailored with 
maleimidyl 3-succinimidopropionate ligands for anti-cancer activity (Hwu et  al. 
2009). Similarly, for lung cancer delivery of paclitaxel, mesoporous silica nanopar-
ticles with a core-shell structure were reported. In vitro and in vivo studies report 
that paclitaxel delivery via particles not only led to an increase in dissolution rate 
but also improved the lung absorption of paclitaxel. Nanoparticulate delivery of 
paclitaxel showed 2.68-fold higher concentration in the area under concentration 
time curve in a pulmonary inhalation study in rabbit as compared to free paclitaxel 
and were effective in killing human lung cancer cells (A549) (Wang et al. 2017).

6.3.3  Trans-Resveratrol

Several in vivo and in vitro reports in animal models have shown the beneficial 
effects of resveratrol, a 3,4′,5-trihydroxy-trans-stilbene which naturally occur as 
polyphenolic compound in red wine, peanuts, grapes, soyabean, pomegranates and 
barriers (Wallerath et al. 2002; Wenzel and Somoza 2005). Studies in animals have 
shown that resveratrol, acts as antioxidant (Stivala et  al. 2001), anti-microbial 
(Chalal et al. 2014), anti-inflammatory (Tili et al. 2010), estrogenomimetic and che-
mopreventive. Because of its antioxidant properties, it has demonstrated its thera-
peutic potential against skin, breast, lung, prostate, and pancreatic cancers (Aggarwal 
et al. 2004; Athar et al. 2007). Neuroprotective role of resveratrol has also been 
observed in Alzheimer’s, Parkinson’s disease and stroke (Ignatowicz and Baer- 
Dubowska 2001; Singh et al. 2019). However, poor systemic bioavailability due to 
its low water solubility along with very short half-life (30–45 min) limits clinical 
efficacy of resveratrol. Various resveratrol nanoformulations have been developed 
to overcome these limitations, such as, gold nanoparticles and silver nanoparticles 
using eco-friendly synthesis methods in order to enhance their bioavailability and 
antibacterial efficacy. Using resveratrol, which served as reducing agent, spherical- 
shaped nanoparticles having size range of 8.32–21.84 nm, exhibiting surface plas-
mon resonance at 547 nm and 412–417 nm for gold and silver respectively were 
reported. Antibacterial activity was observed against both gram-positive and gram- 
negative bacteria, the resveratrol conjugated nanocarriers exhibited enhanced anti-
bacterial activity compared to resveratrol alone. Resveratrol gold nanoparticles 
demonstrated the superior antibacterial activity against Streptococcus pneumonia 
(Park et al. 2016). For the treatment of brain tumor, with the help of resveratrol 
derivative, Sallem et al. has reported the synthesis of surface modified superpara-
magnetic iron oxide nanoparticles. In the study, resveratrol derivative molecule 
(4′-hydroxy-4-(3-aminopropoxy) trans-stilbene was chemically synthesized and 
then this was grafted onto superparamagnetic iron oxide nanoparticle surface using 
an organosilane coupling agent and obtained particles were in the size range of 
9.0 nm as reported by transmission electron microscopy. In vitro biological efficacy 
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assessment showed that these particles were able to damage the plasma membrane, 
and limited the proliferation of cancerous cells (C6 rat glioma cells) as observed in 
clonogenic test (Sallem et al. 2019). Popova et al. has synthesized Trans-resveratrol 
encapsulated nanoporous silica particles of different structures. Nanosized BEA 
zeolite, nanoporous MCM-41and KIL-2 silica were used as carrier material. High 
loading of resveratrol were achieved in nanoparticles using solid state dry mixing 
and with ethanol solution, both methods were good in high resveratrol loading how-
ever, solid state dry mixing were more effective in stabilizing trans-resveratrol 
(Popova et al. 2014). In another study colloidal mesoporous silica nanoparticles of 
an average size of 283  nm encapsulating resveratrol were prepared. Resveratrol 
encapsulation led to solubility enhancement by ∼95% and increased in vitro release 
as compared to pure resveratrol. The in vitro efficacy studies performed on LS147T 
and HT-29 colon cancer cell lines with resveratrol loaded mesoporous silica 
nanoparticles induces cancer cell apoptosis through PARP and cIAP1 pathways. 
These nanoparticle formulations also exhibited anti-inflammatory potential in 
lipopolysaccharide- induced NF-κB activation in RAW264.7 cells (Summerlin 
et al. 2016).

6.3.4  Quercetin (3, 5, 7, 3', 4'-Pentahydroxyflavone)

Citrus fruits, green leafy vegetables as well as many seeds such as nuts, buckwheat, 
flowers, barks, broccoli, olive oil, apples, onions, green tea, red grapes, red wine, 
dark cherries and berries such as blueberries and cranberries are highly abundant 
with dietary bioflavonoid Quercetin. It is known for its beneficial effects such as 
antioxidant, antitumor and antibacterial activities, cardioprotection, anticancer, 
antiulcer, anti-allergic, anti-inflammatory, antiviral, and antiproliferative (D’Andrea 
2015; Anand David et al. 2016). Verma et al. synthesized the poly(lactic-co-glycolic 
acid) coated Fe3O4 nanoparticles with quercetin for aerosol delivery by nebuliza-
tion. Anticancer activity of quercetin was improved when formulated as magnetic 
core-shell nanoparticles as observed against A549 lung cancer cells. Quercetin 
magnetic nanoparticles enhance its water solubility and bioavailability and there-
fore improve the anticancer activity of the quercetin natural compound. Intranasal 
administration of quercetin loaded magnetic nanoparticles in vivo in mice reduced 
the viability of A549 cells significantly. In addition, development of quercetin as 
nanoparticles helps in enhanced solubility and dispersion along with stability 
against oxidation and improved biocompatibility (Verma et  al. 2013). Quercetin 
loaded silver nanoparticles were synthesized for high antibacterial and anti-biofilm 
activities for the therapeutics of bovine mastitis caused by E. coli. The composite 
material developed by combining silver nanoparticles and quercetin, exhibited 
super antibacterial and anti-biofilm properties against multi-drug resistant E. coli 
strain, compared to free silver nanoparticles and quercetin alone (Yu et al. 2018). 
Gold nanoparticles conjugated with quercetin were synthesized to target breast can-
cer cells with specific and selective anticancer activities. These particles inhibited 
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epithelial-mesenchymal transition and decreased angiogenesis. In Sprague-Dawely 
rats, quercetin conjugated gold nanoparticles inhibited breast tumor growth in 7, 
12-dimethylbenz(a)anthracene (DMBA)-induced mammary carcinoma as com-
pared to free quercetin (Balakrishnan et  al. 2016). Yilmaz M et  al. encapsulated 
quercetin in a macrocycle, p-sulfonatocalix[4]arene, which led to an increase in 
aqueous solubility to 62 thousand-fold with a 2.9-fold enhancement in its cytotoxic-
ity with respect to free quercetin in SW-620 colon cancer cells. A nanohybrid sys-
tem consisting of nanoparticle gold core decorated with calixarene hosts were 
synthesized for pH responsive quercetin release. The quercetin loaded nanohybrid 
significantly enhanced the colon cancer cells cytotoxicity (>50-fold). Also quercetin 
loaded nanoparticles showed a reduction in tumor volume in In vivo studies in a 
mouse 4T1 tumor model with no apparent particles related toxicity (Yilmaz et al. 
2019). Quercetin was also conjugated to silica nanoparticles where these nanopar-
ticles inhibit MCF-7 breast cancer cell growth through enhanced cancer cell apop-
tosis and cell cycle arrest (Aghapour et al. 2018). Silica/quercetin sol-gel hybrid 
was developed by Catauro M et  al. as antioxidant dental implant material. This 
material was able to encapsulate high amount of quercetin with notable anti-oxidant 
properties (Catauro et al. 2015).

6.3.5  Flavonoids

Wound healing activates were reported using the aqueous alcoholic extract of the 
seeds of Madhuca longifolia plant. Therefore, Madhuca longifolia flavonoid-loaded 
gold, silver and gold-silver dual metallic nanoparticle formulations were reported 
with enhanced wound healing activities (Sharma et  al. 2019). Flavonoid 
dihydromyricetin- conjugated silver nanoparticles for the treatment of fungal patho-
genic infections caused in immunocompromised patients were also reported. The 
antifungal activities of these nanoparticles against Aspergillus fumigates, Aspergillus 
niger, Paecilomyces formosus, Candida albicans and Candida parapsilosis, as elu-
cidated by zone of inhibition assay, were promising with reduced minimal inhibi-
tory concentration as compared to free flavonoid which highlight the advantage of 
nanotechnology in natural product delivery. The results concluded that 
dihydromyricetin- conjugated silver nanoparticles can be used as potential alterna-
tive to commercially available antifungal agents (Ameen et  al. 2018). Similarly, 
Morin (2′,3,4′,5,7-pentahydroxyflavone), a polyphenolic compound present in 
plants and vegetables (Gopal 2013), also known for several therapeutic activities 
such as anticancer (Sivaramakrishnan and Devaraj 2010), anti-inflammatory 
(Iglesias et al. 2005) and cardioprotective effects (Wu et al. 1995; Prahalathan et al. 
2012; Govindasamy et al. 2014). Moreover, morin has shown skin protective effects 
against harmful radiations like UV-B radiation, therefore its topical formulation has 
been attempted for therapeutics (Lee et al. 2014; Shetty et al. 2015). However, deg-
radation of morin in the presence of sunlight, oxygen and pH, limited its use in 
pharmaceutical and cosmetic formulations (Parisi et  al. 2014). Therefore, amino 
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propyl modified mesoporous silica nanoparticles loaded with morin were synthe-
sized. The particles were ~150 nm in size and demonstrated maximum adsorption 
capacity for morin (20  mg  g−1). The amino propyl modified mesoporous silica 
nanoparticles also exhibited a synergistic effect i.e. antioxidant property against 
hydroxyl radical (Arriagada et al. 2016).

6.4  Other Natural Products Delivered Using Inorganic 
Particles

Camptothecin is a highly cytotoxic natural alkaloid, which acts against a broad 
spectrum of tumors by inhibiting the nuclear enzyme topoisomerase, but because of 
its poor water solubility and chemical instability its therapeutic use is limited. 
Therefore attempts have been made to develop camptothecin metallic nanoparticles. 
In such attempts, Castillo et al. has developed PEG coated iron oxide nanoparticle 
for camptothecin delivery to H460 lung cancer cell line. Camptothecin loaded 
nanoparticles exhibited remarkable pro-apoptotic activity with an increase in thera-
peutic efficacy (Castillo et al. 2014). Essential oils and essential oil derived com-
pounds are usually classified as Generally Recognized As Safe (GRAS) by 
U.S. Food and Drug Administration and serve as biocide or antimicrobial. Carvacrol 
which is also a major ingredient of oregano and thyme essential oils, also bear limi-
tations such as low aqueous solubility, easy phenol oxidation, heat/light inactiva-
tion, distinct odor, which limit its use for therapeutic applications. Therefore, hybrid 
silica nanoparticles with carvacrol attachment via covalent bond were prepared with 
great antibacterial effect against Escherichia coli (E. coli) (Sokolik and Lellouche 
2018). Similarly, volatile oils such as eugenol, thymol and vanillin formulations 
were also reported where these were grafted onto the surface of three silica supports 
(fumed silica, amorphous silica and MCM-41) via aldehyde derivatization. 
Incorporation of essential oil into silica nanoparticles greatly enhanced their antimi-
crobial activity against Listeria innocua and E. coli compared to their free counter-
parts (Ruiz-Rico et al. 2017). Rutin, a another flavonol, abundantly found in plants, 
such as passion flower, buckwheat, tea, and apple. The use of rutin for various medi-
cal applications has been proposed because of its antioxidant, cytoprotective, vaso-
protective, anticarcinogenic, neuroprotective and cardioprotective activities 
(Ganeshpurkar and Saluja 2017). Rutin conjugated gold nanoparticles were fabri-
cated and their efficacy was tested in collagen induced arthritis in rats. It was found 
that these particles reduced the inflammatory response by down regulating nuclear 
factor-κB (NF-κB) and inducible nitric oxide synthase expression levels (Gul 
et al. 2018).

Another natural poly phenolic compound, Anthocyanins found in fruits, grains, 
and flowers, have shown antioxidant, anti-inflammatory, and anti-apoptosis proper-
ties in different preclinical studies (Ghosh and Konishi 2007; Zafra-Stone et  al. 
2007) hence anthocyanin-loaded PEG-gold nanoparticles were prepared and tested 
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in Aβ1–42-injected mouse models of Alzheimer’s disease. These particles demon-
strated reduction of neuroinflammation with enhanced neuroapoptotic markers sug-
gesting its potential for the treatment of neurodegenerative diseases (Kim et al. 2017).

6.5  Conclusion

Natural product delivery via inorganic nanoparticles showed enhancement of effi-
cacy and ameliorated problem of solubility and bioavailability. Natural products 
have a wide spectrum of activities and inorganic particles itself possesses antibacte-
rial, cancer cell killing and anti-inflammatory properties. Therefore use of inorganic 
nanoparticles, for natural product delivery or active ingredient of natural product 
origin, will not only helpful in overcoming the several limitations associated with 
natural products but also enhance their therapeutic potential due to several associ-
ated benefits. A combination of natural product along with inorganic nanoparticles 
were attempted and elaborated in this chapter. These facts and reports implies the 
possibility of natural product-loaded inorganic nanoparticles as a therapeutic agent 
for the treatment of several diseases such as cancer, infections, rheumatoid arthritis 
and have antibacterial and antibiofilm activities. However, toxicity is a concern; 
therefore selection of specific delivery system or appropriate combination of natural 
product and formulation is very crucial desired purposes.
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Chapter 7
Nanotechnology Based Targeting Strategies 
for the Delivery of Camptothecin

Santwana Padhi and Anindita Behera

Abstract Camptothecin is a potent anti-cancer drug which has shown appreciable 
anti-tumor activity against a broad spectrum of cancers such as breast, ovarian, 
colon, lung and stomach. The water insolubility property, rapid conversion of its 
bioactive lactone form to inactive carboxylate form under physiological condition, 
incidence of drug resistance and the associated off-target side effects due to extended 
use of campothecin restricts its widespread clinical usage. The development of 
novel treatment modalities is therefore the demand of era. The last two decades have 
already evidenced the explosive growth of nanotechnology channeling into plethora 
of innovations in therapeutic domains, the main dominance being the ability to tar-
get the tumor tissues either passively or actively.

This chapter deals in brief with the origin and mode of action of campothecin, 
the drawbacks associated with the use of the conventional drug (campothecin), the 
structural modifications carried out to overcome the stability and solubility issues as 
well as the novel targeted drug delivery platforms (passive and active targeting) that 
has been explored for the treatment of solid tumors. The structure activity relation-
ship of different campothecin derivatives are elaborately discussed. The mechanism 
of action of passive and active targeting illustrates the wide applicability of campo-
thecin as an anticancer lead against different solid tumors and cell lines.
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7.1  Introduction

Cancer is known to be a highly complex disease caused by defect or instability of 
the genes causing alteration in cellular pathology such as abnormal growth and 
replication of the cells due to genetic mutation, chromosome translocation, gene 
malfunction and disabled apoptosis (Mansoori et  al. 2007). It is a major public 
health problem worldwide being the leading cause of death in developed countries 
and second leading cause of death in developing countries. An estimated 12.66 mil-
lion people were diagnosed with cancer across the world in 2008, and 7.56 million 
people died from the disease (Ferlay et al. 2010). By 2030, the global burden is 
expected to grow to 21.4 million new cancer cases and 13.2 million cancer deaths 
(Bray et al. 2012). In spite of the fast progression of the disease and the increased 
global burden, the conventional treatment modality for cancer is restricted to surgi-
cal resection, radiation, chemotherapy which has limited efficacy because of lack of 
specificity, inadequate drug concentration at tumor sites, poor drug delivery, drug 
resistance and significant damage to noncancerous tissues (Padhi et al. 2018). These 
limitations results in poor diagnosis and ineffective treatment. To address the above 
stated limitations, structural modifications in the molecule needs to be undertaken 
and various novel and innovative drug delivery vehicles with accurate diagnosis, 
higher therapeutic indices and better safety profile needs to be developed.

Over the past few decades, there have been significant advances in the field of 
nanotechnology based therapeutics especially its integration with oncology. This 
field of nanotechnology or more precisely nanomedicines has gained wider accep-
tance and has emerged as a solution to the drawbacks of conventional therapy bring-
ing a revolution in the both cancer diagnostics and therapeutics. These 
nanotherapeutics offer various advantages over the conventional deliveries such as 
stability, high specificity, controlled release, high payload, improved solubility and 
bioavailability (Heath and Davis 2008). Its capability to by-pass multidrug resis-
tance and ability to accommodate and transport molecules of varied physical and 
chemical nature makes it a promising drug delivery system for an anticancer loaded 
nanoparticle based therapeutics such as Nab-paclitaxel or Abraxane®. It is a 
solvent-free formulation of paclitaxel loaded albumin nanoparticles (Abraxis 
Biosciences Ltd) that has been approved by USFDA for the treatment of metastatic 
breast cancer while many other molecules are in various phases of clinical trials 
(Glück 2014). Apart from therapeutic use, nanotherapeutics can also serve as valu-
able diagnostic tool for early detection of cancer or biomarkers so that the treatment 
can be initiated at early stage of disease progression.

The pathophysiological condition and the anatomical changes that occur in the 
tumor tissue and its microenvironment allow several advantages for the delivery of 
nanotherapeutics which can be engineered to achieve site specific delivery via pas-
sive or active targeting. The physiology of the normal and tumor tissue differ in vari-
ous aspects. Passive targeting takes the advantage of these changes to deliver the 
drug at the tumor sites. Normal vasculature is highly ordered, 8–10 μm in diameter 
and uniformly structured. In contrast, tumor blood vessels are 20–100  μm in 
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diameter, leaky in nature, with abnormal, distended capillaries with sluggish and 
irregular flow patterns (Giaccia 1998). They also possess wide fenestrations of 
200 nm–1.2 μm allowing the nanoparticles to permeate easily into the extravascular 
spaces resulting in their high accumulation inside the tumors. This phenomenon of 
action nanoparticle is more commonly referred to as the enhanced permeability 
effect or EPR effect (Padhi et al. 2015). Another form of passive targeting involves 
the conjugation of drug to tumor specific molecule which when comes in contact 
with the tumor microenvironment converts into an active substance (Sinha 2006). 
The tumor is also known to overexpress certain receptors or antigens, and this fact 
can be utilized to functionalize the nanotherapeutics to recognize the receptors on 
the tumor surface (active targeting) leading to its preferential accumulation within 
the tumor via receptor mediated endocytosis (Dauty et al. 2002).

Camptothecin is a potent anti-cancer drug which inhibits the enzyme, DNA 
topoisomerase I, during the S-phase of cell cycle (Zunino et al. 2002). DNA topoi-
somerase I is an enzyme which is essential for replication and transcription of 
DNA. The stabilizing action of the resultant DNA topoisomerase I complex results 
in apoptosis of cancerous cells. It is known to be active against a broad spectrum of 
cancer, namely ovarian, stomach, colon, cervical, breast and lung cancers (Zhang 
2017). As evidenced from the in vitro studies, campothecin is known to be a potent 
chemotherapeutic drug but its efficacy is not proven in clinical studies due to its 
associated dose limiting toxicity and reported instability. It exists in two 
inter-convertible forms, lactone and carboxylate. The bioactive lactone form is rap-
idly hydrolyzed to inactive carboxylate form at physiological pH. The carboxylate 
form is known to be tenfolds less active and is rapidly cleared from the systemic 
circulation upon binding with plasma proteins (Mross 2004). The sodium carboxyl-
ate salt of camptothecin was used in the early stages of clinical trials as campothecin 
has a property of poor water solubility. But the usage of this form was discontinued 
due to the associated side effects such as hemorrhagic cystitis, neutropenia and 
thrombocytopenia. When the fact that camptothecin acts by inhibiting topoisomer-
ase I was established, campothecin and its derivatives were widely used for the 
treatment of solid tumors. Campothecin needs to be administered in low dose, mul-
tiple times to portray its therapeutic efficacy. Hence various nanoparticulate deliv-
ery systems needs to be employed to maintain the lactone ring stability and improve 
the solubility profile of the drug molecule.

The present chapter focuses on the origin as well as mode of action of campoth-
ecin, the structural modifications that can be done to improve the stability and solu-
bility issues associated with it and the passive and active targeting strategies that can 
be employed to target the tumor tissues.
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7.2  Origin of Camptothecin

Camptothecin is one of the most used anticancer agent of the present era. It was first 
discovered and isolated by two scientists i.e. Wall and Wani in 1966 from the bark 
of Camptotheca acuminata Decne, a chinese Happy Tree, during the search for 
some new steroids from the plant source (Wall et al. 1966). Campothecin is a mono-
terpene pentacyclic quinolone alkaloid containing a planar pentacyclic ring system 
that includes a pyrrolidine nucleus (B ring), a quinolinic nucleus (A and B ring), a 
lactam nucleus (D ring), a lactam system containing a stereocenter with (S) configu-
ration and an α – hydroxy group in the E ring (Fig. 7.1). The research on campoth-
ecin grew rapidly but the associated drawbacks of poor solubility, stability and 
unpredictable adverse drug – drug interaction stagnated its further development. In 
the meanwhile, FDA approved the molecule for Phase II clinical trial for colon 
cancer, but the adverse drug reactions resulted in its withdrawal from the phase trial 
in 1972 (Martino et al. 2017). In 1980, DNA Topoisomerase I (Top I) was identified 
as the cellular target for anticancer agents, which opened up avenues for further 
studies on campothecin. To meet the requirement of high quantity of campothecin 
for several pre-clinical and clinical usage, several biological sources were identified 
other than C. acuminata and also several extraction processes were introduced. The 
list of natural sources of campothecin is listed in Table 7.1.

7.3  Mode of Action of Camptothecin

Campothecin is an anti-cancer molecule which acts by targeting the human DNA 
topoisomerase I (Topo-I). It inhibits the enzyme by blocking the re-joining step of 
the cleavage reaction of Topo-I, which causes accumulation of a covalent reaction 
intermediate. The intermediate is the cleavable complex and the primary 
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Fig. 7.1 Chemical structure of Camptothecin [A monoterpene pentacyclic quinolone alkaloid 
containing a planar pentacyclic ring system containing a pyrrolidine nucleus (B ring), a quinolinic 
nucleus (A and B ring), a lactam nucleus (D ring), a lactam system containing a stereocenter with 
(S) configuration and an α – hydroxy group in the E ring]
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Table 7.1 Biological sources of Campothecin

Biological source
Parts of the source containing 
Campothecin Family References

Camptotheca 
acuminata Decne

Bark Nyssaceae Li and Liu (2004)

Nothapodytes 
nimmoniana

Shoots, tender stems, leaves, bark 
and Endophytes

Icacinaceae Govindachari and 
Viswanathan (1972)

Ervatamia heyneana Wood and stem bark Apocynaceae Gunasekera et al. 
(1979)

Merriliodendron 
megacarpam

Leaves and stem Icacinaceae Arisawa et al. 
(1981)

Mostuca brunonis 
Didr.

Whole plant extract and roots Loganiaceae Dai et al. (1999)

Camptotheca 
lowreyana

Glandular trichomes of young 
and old leaves

Nyssaceae Zhou et al. (2000)

Pyrenacantha 
klaineana

Stems Icacinaceae Zhou et al. (2000)

Pyrenacantha 
volubilis

Fruits Icacinaceae Ramesha et al. 
(2013)

Chonemorpha 
grandiflora

Stem with bark and callus culture Apocynaceae Malpathak et al. 
(2010)

Sarcostigma kleinii Leaf, stem bark and fruit Icacinaceae Ramesha et al. 
(2013)

Ophiorrhiza mungos 
Linn.

Entire plant Rubiaceae Kumar et al. (2018)

Ophiorrhiza pumila 
champ

Leaves, young roots, hairy roots, 
entire plant

Rubiaceae Saito et al. (2001)

Ophiorrhiza 
liukiuensis

Hairy roots Rubiaceae Asano et al. (2004)

Ophiorrhiza 
kuroiwai

Hairy roots Rubiaceae Asano et al. (2004)

Ophiorrhiza 
japonica

Entire plant Rubiaceae Ya-ut et al. (2011)

Ophiorrhiza 
shendurunii

Entire plant Rubiaceae Rajan et al. (2013)

Ophiorrhiza 
grandiflora

Stem Rubiaceae Rajan et al. (2013)

Ophiorrhiza eriantha Stem Rubiaceae Rajan et al. (2013)
Ophiorrhiza 
trichocarpon Blume

Flowers Rubiaceae Rajan et al. (2013)

Ophiorrhiza 
pectinata

Entire plant Rubiaceae Rajan et al. (2013)

Ophiorrhiza 
filistipula

Leaves Rubiaceae Arbain et al. (1993)

Gomphandra 
comosa

Fruit Stemonuraceae Ramesha et al. 
(2013)

(continued)
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mechanism of action of campothecin involves the cell death at the S-phase of cell 
cycle. In the S-phase of cell cycle (which involves the DNA replication), campoth-
ecin causes potential collisions between advancing replication forks and the inter-
mediate Topo-I cleavable complex (Ryan et al. 1994). The collision of campothecin 
with the transcription machinery triggers the formation of long lived covalent 
Topo-I – DNA complexes, which is responsible for cytotoxicity of campothecin. 
When cell death occurs due to cytotoxicity of campothecin, there are two ways of 
repair of Topo-I mediated DNA damage by modification of covalent intermediate of 
Topo-I – DNA complex. The two possible pathways of damage repair are

• Ubiquitin/26S proteasome pathway which causes degradation of Topo-I 
(Campothecin induced Topo-I down-regulation)

• SUMO (Small Ubiquitin like MOdifier) conjugation to Topo-I.
• Formation of ternary complex of Topo-I – campothecin – DNA complex occurs 

by covalent binding. Campothecin binds at the interface between Topo-I and 
DNA and inhibits at the relegation step in the S-phase. The binding of campoth-
ecin is an uncompetitive type inhibition because campothecin doesn’t bind with 
either the enzyme or the DNA substrate, but interacts with the enzyme – DNA 
complex to form a reversible non-productive complex (Yamauchi 2011; 
Hertzberg et al. 1989a, b).

Table 7.1 (continued)

Biological source
Parts of the source containing 
Campothecin Family References

Gomphandra 
coriacea

Leaf, twig, seed coat, endosperm 
and root

Stemonuraceae Ramesha et al. 
(2013)

Gomphandra 
polymorpha

Fruits Stemonuraceae Ramesha et al. 
(2013)

Gomphandra 
tetrandra

Leaf, stem bark Stemonuraceae Ramesha et al. 
(2013)

Iodes cirrhosa Fruits Icacinaceae Ramesha et al. 
(2013)

Iodes hookeriana Leaf, bark, stem, fruits Icacinaceae Ramesha et al. 
(2013)

Miquelia dentate Twig, leaf, seed coat, fruit coat, 
Cotyledon, root, bud, fruit, 
mature and immature fruit

Icacinaceae Ramesha et al. 
(2013)

Miquelia kleinii Fruit Icacinaceae Ramesha et al. 
(2013)

Natsiatum 
herpecticum

Leaf, twig and fruit Icacinaceae Ramesha et al. 
(2013)

Apodytes dimidiata Leaf and stem bark Icacinaceae Ramesha et al. 
(2013)

Codiocarpus 
andamanicus

Leaf and fruit Icacinaceae Ramesha et al. 
(2013)
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• Campothecin kills the cells by S-phase specific cytotoxicity. The reversible ter-
nary complex is non-lethal in nature, but their collision with the advancing repli-
cation forks causes the cell death. The collision leads to three events following 
the collision (Avemann et al. 1988).

 – The double-strand of DNA break,
 – The replication fork is arrested irreversibly, and
 – The breakdown of Topo-I-linked DNA break at the site of collision.

The collision causes the cell death, only when the ternary cleavable complex is 
formed on the strand complementary to the leading strand of DNA synthesis. If 
the concentration of campothecin is high, the cytotoxicity leads to death of 
non-S-phase cells (Liu et al. 2006).

• Campothecin also causes interference in the synthesis of RNA at the level of 
transcription elongation. This arrest leads to accumulation of RNA polymerase 
elongation complexes. The ternary complex of Topo–I–campothecin–DNA 
arrests the transcription leading to premature termination. The inhibition of tran-
scription by collision of replication fork depends on the orientation of the cleav-
able ternary complex relative to transcribing RNA polymerase. It is only possible 
if the cleavable ternary complex is formed on the template strand of transcrip-
tion. The collision between RNA polymerase and ternary complexes on the tem-
plate strand of transcription arrests the transcription of RNA and subsequently 
the reversible ternary cleavable complexes are converted into irreversible Topo-I 
linked single stand breaks (Wu and Liu 1997). The collision which results in the 
formation of irreversible Topo-I linked single strand facilitates the ubiquitin/26S 
proteasome pathway which destroys Topo-I.  After the degradation of Topo-I, 
single strand break gets repaired before transcription coupled repair (TCR). The 
enzyme tyrosyl – DNA phosphodiesterase (TDP 1) helps in removal of residual 
peptides that are attached covalently to DNA. The DNA can also be repaired by 
TCR independent of TDP 1.

• Campothecin causes rapid attachment of SUMO  – 1 (Small Ubiquitin-like 
Modifier) to Topo – I. Human SUMO–1is a ubiquitin like protein and have about 
18% similarity to ubiquitin. They show similar type of activation and conjuga-
tion but involves different set of enzymes. The UCB9 is the only distinct enzyme 
for SUMO–1. Activation and attachment of SUMO–1 is also known as 
SUMOylation. Ubiquitination and SUMOylation of Topo-I show some similari-
ties and dissimilarities in their reaction. The similarities are that both reactions 
are dependent on formation of ternary complex and are not affected by replica-
tion inhibitors. But the dissimilarities are as following (Saitoh et al. 1998):

 – Ubiquitination of Topo – I is transcription dependent whereas SUMOylation 
of Topo-I is independent of transcription.

 – Ubiquitination reaction is specific for the phosphorylated Topo-I enzymes, 
whereas SUMOylation is specific for dephosphorylated Topo-I 
(Phosphorylated Topo-I has been shown to be associated with transcription).
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 – Ubiquitination of Topo-I enzyme is found to be defective in most of the 
human tumor cells, but SUMOylation of Topo-I is normal in both tumor and 
normal cells

If both ubiquitination and SUMOylation of Topo-I is considered, then the former 
occurs within the transcribed regions, while the later occurs outside the transcribed 
regions. The difference is with the phosphorylated condition of Topo –I. SUMOylation 
of Topo-I leads to relocation of the enzyme in other cellular compartment, so it no 
longer participates and forms the cleavable ternary complex. So both down-regulation 
and relocation of Topo-I are the effective ways to repair the Topo-I-mediated DNA 
damage (D’Arpa and Liu 1995).

7.4  Structure Activity Relationship (SAR) of Camptothecin

Since the invention of campothecin, much research work has been carried out to 
overcome the problems associated with its solubility and stability. The stability of 
campothecin is expected to be lowered due to the hydrolysis of the lactam group 
into inactive carboxylate form in biological conditions for which the bioavailability 
of campothecin is lowered (Burke et al. 1995). The hydrolysis of lactam ring is due 
to the presence of α  – hydroxy group which accelerates the hydrolysis by intra-
molecular hydrogen bonding (Bom et al. 1999). To overcome the problems associ-
ated with solubility, stability and efficacy, several structural modifications have been 
carried out, which are enlisted in the Table 7.2.

7.5  Targeted Delivery of Camptothecin

Conventional chemotherapeutics face the challenges in bioavailability due to the 
pharmacokinetic factors like absorption, distribution, metabolism and excretion. 
The anticancer drugs administered by conventional methods are absorbed through 
biological membrane, undergo first pass metabolism, strongly bind to plasma pro-
teins and are easily excreted by kidney which leads to lowering of therapeutic effi-
cacy. To overcome these associated problems and to increase the efficacy and 
bioavailability of the anticancer moieties, targeted drug delivery is employed. This 
is also known as smart drug delivery (Muller and Keck 2004).

Targeted drug delivery system is utilized to enhance the stay of the drug in the 
tumor tissues with more target specific and localized action. There are some advan-
tages of targeted drug delivery systems over the conventional drug delivery system 
which are enlisted below:
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 – The frequency of drug administration is reduced so more uniform effect of the 
drug, and reduction of drug side effects are observed.

 – Fluctuation in circulating drug levels is reduced up-to a great extent.

Targeted drug delivery is based on a method which delivers a fixed amount of 
drug for a prolonged period of time at the targeted diseased tissues in the body. This 
maintains the plasma and tissue drug levels and also don’t affect the noncancerous 
or healthy tissues. So targeted delivery system improves efficacy and reduces 
side-effects.

For a targeted delivery system, the design criteria such as drug properties, side-
effects of the drugs, route of administration, targeted site and the disease condition 
should be considered.

There are two kinds of targeted drug delivery as illustrated Fig. 7.2

• Passive targeting
• Active targeting

Fig. 7.2 Mechanism of targeting of anticancer agent [In targeting of a drug for solid tumors, two 
approaches can be adopted (i) Passive targeting where the drug reaches the target cancerous or 
tumor cells by leaky vasculature between the tissues or by direct Intra-tumoral administration, (ii) 
Active targeting involves the chemical conjugation of the anticancer drug with receptor specific 
ligands or conjugation by adsorption. Passive targeting acts by Enhanced Permeation and retention 
or EPR effect which causes the effective increase in drug concentration at the site of tumor whereas 
active targeting involves the conjugation of the drug with a suitable ligand which is specific to 
overexpressed receptors for the specific type of tumor. The drug-ligand conjugate enters into the 
tumor cell by endocytosis and delivering the drug inside the cell, so in active targeting the healthy 
tissues are not affected by the anticancer drugs]
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7.5.1  Passive Targeting of Camptothecin

After a solid tumor reaches a certain size, the surrounding normal vasculature 
becomes insufficient to fuel it for its further proliferation. When these cells start to 
die, they secrete certain growth factors which support the formation of new blood 
vessel. This phenomena is termed as angiogenesis (Bates and Harper 2002).The 
newly formed blood vessels are irregular in structure which eventually forms wide 
fenestrations ranging in size from 200 to 2000 nm. When blood components get in 
contact with these abnormal structures, the discontinuous gaps offer little resistance 
to extravasation to the tumor interstitium. This phenomena is termed as enhanced 
permeation retention or the EPR effect (Jain and Stylianopoulos 2010). Polymeric 
nano-vehicles, due to their large size as compared to chemotherapeutic soluble 
drugs cannot penetrate the tight endothelial junctions which is the usual architecture 
of normal blood vessels, but can extravagate the tumor vasculature and remain 
trapped within it (Greish 2007). With due course of time, the tumor concentration 
reaches several folds higher as compared to the plasma due to the lack of efficient 
lymphatic drainage which forms the basis for the application for EPR – based selec-
tive anticancer drug delivery. For the concept of EPR to be effective, the plasma 
concentration of the drug should be sufficiently high as measured by the area under 
the time-concentration curve and the polymeric nanotherapeutics should have a 
molecular weight greater than the renal threshold (i.e., 40 kDa) so that they do not 
get cleared up through renal clearance and accumulate in tumor tissues following 
intravenous (I.V) injection to give a desired therapeutic response (Maeda et  al. 
2001). Higher drug concentration in tumor is achieved as long as the drug remains 
in the circulation (Maeda 1991).

Many a times the enhanced permeability and retention (EPR) effect is overrated 
resulting in differences between rapidly growing rodent tumors, slowly growing 
rodent tumors and human tumors. It is a highly heterogeneous phenomena which 
varies from a tumor model to human model. The tumors do not have a structured 
architecture. There are regions in which endothelial cells are not leaky, the intersti-
tial fluid pressure is high or tumor cell density is high which in turn results in limit-
ing the penetration of even small sized molecules in the interstitium where as in 
some other parts particles as large as 200  nm are able to extravagate (Lammers 
et al. 2012).

Among various delivery approaches to improve the solubility and lactone ring 
stability of campothecin, nanoparticulate delivery systems that incorporate campo-
thecin have been extensively investigated for their drug-loading capacity, controlled 
release and tumor-targeting ability.

The phagocytic clearance of campothecin-loaded solid lipid nanoparticles 
(SLNs) by the reticulo endothelial system (RES) was effectively reduced by a tran-
sient RES blocking with pre-injection of blank SLNs. The campothecin – SLNs 
with size of 156 ± 16 nm and a narrow size distribution were formulated which 
demonstrated a cumulative % campothecin release of 35% up to 12 h and about 
85% for 120 h. It was observed that campothecin – SLNs intravenously injected into 
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tumor-bearing BALB/c mice were significantly taken up by RES organs than by the 
tumor tissues even if they were surface modified with poloxamer and PEG. Extensive 
accumulation of nanoparticles in the RES organs would be favorable for treating 
tumors with the RES as a target site, but would be challenging if non-RES tissues 
were the target. But significant reduction in RES uptake and increased accumulation 
in tumor tissue was observed following intravenous administration with pre-injection 
of blank SLNs into tumor-bearing mice. The observed result may be attributed to 
the transient RES blocking by pre-injected blank SLNs, because it has been reported 
elsewhere that the RES in animals can be temporarily blocked by injection of blank 
colloidal carriers or RES blocking agents (Jang et al. 2016).

The ability of systemically administered poly (lactic-co-glycolic acid) nanopar-
ticles (PLGA NPs) to deliver hydrophobic payloads (campothecin) to intracranial 
glioma was investigated. It was reported that PLGA NPs accumulated 10 times 
higher in tumor as compared to native campothecin. Upon encapsulation in PLGA 
NPs, it was observed that a dose of 20 mg/kg of campothecin was well tolerated. 
Campothecin-loaded NPs were efficient in slowing the growth of intracranial 
GL261 tumors in immune competent C57 albino mice, providing a significant sur-
vival benefit as compared to mice receiving saline, free campothecin or low dose of 
campothecin NPs (median survival of 36.5 days compared to 28, 32, 33.5 days, 
respectively). These data established the feasibility of treating intracranial glioma 
with systemically administered nanoparticles loaded campothecin (Householder 
et al. 2015).

Cırpanlı et al. reported about the encapsulation of campothecin in nanoparticu-
late delivery systems either using amphiphilic cyclodextrins, poly 
(lactide-co-glycolide) (PLGA) or poly-caprolactone (PCL) with an aim to maintain 
the bioactive lactone form and prevent the drug from hydrolysis to the inactive car-
boxylate form. The nanoparticles were formulated utilizing with nanoprecipitation 
technique. The formulated particle sizes were in the range of 130–280 nm and sur-
face charges were negative Cyclodextrin based nanoformulations portrayed an ini-
tial burst release of 158 ng/mL, and the remaining campothecin was released with a 
controlled release profile over 288 h. While for PLGA nanoparticles, 12 ng/mL of 
the campothecin was released within 1 h followed by release of campothecin lac-
tone form within a period of more than 48 h. For PCL nanoparticles, 13 ng/mL of 
the campothecin was released within 3 h and the campothecin lactone form release 
was completed in 24 h. 6-O-Capro-β-cyclodextrin (1.44 μg/60 μL campothecin) and 
concentrated 6-O-Capro-β-cyclodextrin (2.88 μg/60 μL campothecin) nanoparticles 
significantly modified the growth or lethality of the 9 L glioma, as the median sur-
vival time was observed to be 26 days for the untreated group and between 27 and 
33 days for cyclodextrin nanoparticle groups. These observed results indicated the 
fact that campothecin-loaded amphiphilic cyclodextrin nanoparticles may be uti-
lized as a promising carrier system for the effective delivery of campothecin when 
compared to polymeric analogues (Çırpanlı et al. 2011).

In another study, chitosan/glycerol-2-phosphate (β-GP) was employed to encap-
sulate campothecin and the resultant biodegradable implant was evaluated in mouse 
fibrosarcoma (RIF-l) which was implanted subcutaneously in C3H mice. It was 
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observed that the implant containing 4.5% camptothecin by weight was more effec-
tive in delaying the tumor growth as compared to systemically delivered camptoth-
ecin and those injected with blank chitosan demonstrated no tumor growth 
inhibition. The observed effect may be corroborated with the controlled release of 
campothecin from the implant to the tumor tissues and the exposure of tumor cells 
to drug concentrations for a prolonged period of time which results in more cytotox-
icity (Berrada et al. 2005).

Micelle as a drug delivery vehicle was also employed for the successful entrap-
ment of campothecin. In one study, the core of the micelle constituted of hydropho-
bic poly (p-dioxanone) in which campothecin was entrapped with a hydrophilic 
shell of chitosan. The release of entrapped campothecin in cell lines such as L929 
fibroblast and HeLa (human cervical cell line) was higher at pH 5 than at pH 7.4. 
The observed effect was due to the efficient internalization of the micelles contain-
ing campothecin into the cancer cells which might be explained by the electrostatic 
interactions between positively charged micelles and negatively charged cell mem-
branes (Tang et al. 2013).

A conjugate of 20(S)-camptothecin and a cyclodextrin based polymer known as 
CRLX101 was formulated for the controlled release of campothecin in tumors for 
an extended period of time. The expression of proteins such as topoisomerase-1 
(correlated with poor patient survival), Ki-67 (marker for proliferating cells), CaIX 
(associated with dysplasia), CD31 (responsible for leukocyte trafficking across the 
endothelial layer) and VEGF (related to angiogenesis) were observed to be decreased 
after the treatment with CRLX101. The severity of adverse events such as anemia, 
fatigue, cystitis and thrombocytopenia observed in phase 1/2a in CRLX101 treated 
patients were far less in severity as compared to systemic administration of campo-
thecin. These results reinforce the fact regarding the efficiency of CRLX101 as an 
anti-tumor agent in patients with solid tumor malignancies (Gaur et al. 2014).

7.5.2  Active Targeting of Camptothecin

Active targeting enhances the efficacy of the drug loaded in nano-systems and make 
it more specific to target site. The active targeting is achieved either by conjugating 
a specific ligand for the over-expressed receptors on the tumor surface or by simple 
adsorption process. The ligand brings about the receptor mediated endocytosis in 
the cell membrane leading to an increase in uptake of the drug molecule in the 
tumor cells as illustrated in Fig. 7.3 (Galvin et al. 2011). A number of studies have 
reported the effective functionalization of ligands onto the surface of nano-systems 
which have demonstrated enhanced therapeutic efficacy when compared to native 
drug or passively targeted systems.

Biotin (vitamin H or vitamin B7) is a growth promoter at the cellular level so it 
has been used as a suitable targeting ligand. Biotin receptors are overexpressed on 
the surface of several cancer cells, such as leukemia (L1210FR), mastocytoma 
(P815), ovarian (OV 2008, ID8), colon (Colo-26), lung (M109), renal (RENCA, 
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RD0995), and breast (4 T1, JC, MMT06056) cancer cell lines. Zi et al. synthesized 
a series of biotinylated conjugates of campothecin derivatives by esterification and 
click chemistry which were tested on five human tumor cell lines including HL-60 
(leukemia), SMMC-7721 (hepatoma), A-549 (lung cancer), MCF-7 (breast cancer) 
and SW480 (colon cancer). It has been reported elsewhere that biotin-conjugated 
drug molecules were able to increase the uptake of anticancer drugs in tumor cells 
(Shi et al. 2014; Yellepeddi et al. 2013). In the synthesis of derivatives of campoth-
ecin, the lactone ring (E ring) was kept intact to be assessed for anticancer activity 
and simultaneously biotin was conjugated and the conjugates of biotin-campothecin 
derivatives were tested for five different human cancer cell lines using 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 12 
novel derivatives were designed which showed appreciable cytotoxicity in all the 
five cell lines. SAR study of the derivatives suggested that the length of linker 
between the biotin and campothecin, the 1, 2, 3-triazole ring, the 20  – hydroxy 
(OH−) group in the E ring, and the 7-ethyl group of the campothecin analogues were 
responsible for the potency of the anticancer activity of the synthesized conjugates 
(Zi et al. 2019).

In another study, Zhou et al. proposed a carrier free drug delivery of campothe-
cin (prodrug) in a pH sensitive microenvironment. The prodrug is the chemically 
modified derivative of the active drug which on exposure to suitable and specific 
environment inside the body gets converted into an active form having improved 
solubility, increased stability and permeability with reduced toxicity. Prodrugs with 
a constant hydrophilic-hydrophobic ratio get self-assembled by π-π and hydrogen-
bond interactions to form nanodrugs with favorable properties. Small molecular 
nanodrugs (SMNs) are having some advantageous properties like facile fabrication, 

Fig. 7.3 Uptake of anticancer drug by the tumor cell by receptor mediated endocytosis [Anticancer 
drug forms a conjugate with receptor specific ligands, which attaches to overexpressed receptors 
in case of cancer or tumor cells and enters the cell by endocytosis. After entering into the cell the 
drug is delivered to the specific cell organelle]
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well-defined structure, high drug loading content and minimum carrier material. In 
this study, a prodrug of campothecin, camptothecin- 20 (S)  – glycinate 
(Campothecin-NH2) was self-assembled into nanofibers of 100 nanometers (nm) in 
width and length of several micrometers (μm). The cellular uptake and tumor pen-
etration behavior of the nanofibers were observed by time-lapse video microscopy. 
It was observed that these formulated nanofibers entered rapidly into the cancer 
cells by penetrating the cell membrane and efficiently released the active drug. The 
surface of the nanofibers was further coated with a pH-responsive PEG layer which 
improved the stability of the nanofibers and shielded its positive charge to minimize 
non-specific interactions. These pH-responsive nanofibers actively delivered the 
encapsulated campothecin in the acidic tumor microenvironment. The pegylated 
campothecin nanofibers (PEG-campothecin-NF) were stabilized to avoid aggrega-
tion to reduce non-specific interactions. After reaching acidic tumor interstitium, 
PEG layer got detached from the surface of nanofibers which exposed the underly-
ing positive charges, thereby facilitating uptake by tumor cells. These findings con-
firmed the fact that nanofibers can reach deep into tumors, efficiently enter cancer 
cells and are a promising carrier-free drug delivery system. (Zhou et al. 2019).

Dharap et al. designed three conjugates of campothecin, where campothecin was 
used as an anticancer agent – apoptosis inductor. The three conjugates were campo-
thecin with PEG (Campothecin-PEG) and with two synthetic peptides similar to 
luteinizing hormone-releasing hormone (LHRH) and BCL-2 homology 3 (BH3) 
peptide. The peptides were the targeting ligands which are known to suppress the 
anti-apoptotic defense mechanism. The three conjugates, Campothecin-PEG, 
Campothecin- PEG – BH3 and Campothecin – PEG – LHRH were evaluated in 
human ovarian cancer cell lines, A2780 for cytotoxicity, expression of genes encod-
ing BCL-2, BCL-XL, SMAC, APAF-1 proteins and caspases 3 and 9, the activity of 
caspases 3 and 9 and apoptosis induction. PEG was selected as a carrier for the 
nanosystem whereas the synthetic peptides were selected for the increasing the anti-
tumor activity and for suppression of anti-apoptotic defense of campothecin in con-
jugate form. BH3 bound to anti-apoptotic BCL-2 family proteins helps in decreasing 
resistance in ovarian cancer cells to different chemotherapeutic agents. LHRH 
receptors are over-expressed in ovarian and some other cancer cells, and are not 
found in healthy tissues. So LHRH was a potential target to deliver the campothecin 
specifically to ovarian cancer cells and the cellular uptake was also increased. In this 
study, PEG used as a carrier increased the solubility and bioavailability and cytotox-
icity of campothecin. BH3 prevented the activation of cellular anti-apoptotic defense 
and along with campothecin the pro-apoptotic action of BH3 peptide was enhanced 
whereas LHRH conjugation helped in the specific binding of the campothecin con-
jugate to ovarian cancer cells and resulted in increase in cellular uptake of campo-
thecin by cancer cells by receptor mediated endocytosis. It was observed that 
Campothecin-PEG-LHRH conjugate had the highest toxicity as compared to 
Campothecin, Campothecin-PEG and Campothecin-PEG-BH3 (Dharap 2003).

Chen et al. developed a folate receptor (FR) targeted theranostics loaded with 
campothecin in acoustic nanodroplet (FA-Campothecin-ND) formulation and eval-
uated it in FR positive KB and FR-negative HT-1080 cell lines and mouse xenograft 
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tumor models. The ND formulation was based on lipid-stabilized low-boiling per-
fluorocarbon (PFC) that can undergo acoustic droplet vaporization (ADV) under 
ultrasound (US) exposure. Acoustic droplet vaporization is a technique in which the 
superheated perfluorocarbon (PFC) can be converted into microbubbles. When a 
target ligand (e.g., antibodies, aptamers, and peptides) is conjugated to acoustic 
droplets, ADV occurs selectively near the target cell. This phenomenon causes 
membrane damage or increase in permeation by a process of mechanical stretching. 
High concentration of folic acid is essential for DNA replication in malignant cells 
hence folate receptors are over-expressed in breast, ovary, uterus, colon, lung and 
kidney cancers. In normal healthy cells these receptors are present in very low den-
sity. So a folate receptor targeted delivery formulation was developed to deliver 
campothecin. The ligand based FA-Campothecin-ND acted by internalization of the 
drug through receptor mediated endocytosis. Folate stimulated the endocytosis and 
ruptured the endosomes to deliver the loaded drug. The extreme hydrophobicity and 
lipophobicity of PFCs makes the inner side of the surfactant monolayer of acoustic 
droplets a preferable site for loading and delivery of campothecin in a stable form. 
The results of this study from the in vitro, in vivo and mouse xenograft model sug-
gested that the ND formulation loaded with campothecin, not only functioned as 
targeted ultrasound contrast agent but also provided selective antitumor activity at 
FR positive tumors (Chen et al. 2015).

Knežević & Lin reported the synthesis and characterization of a series of mag-
netic analogues of mesoporous silica nanoparticles (MSNs). These are core–shell 
type of materials with magnetic iron oxide nanoparticles as the core and a mesopo-
rous silica framework as the shell of the nanospheres. Magnetic measurements con-
firmed the MSNs were super-paramagnetic in nature due to the presence of 
super-paramagnetic maghemite nanoparticles in the core of MSNs. In this research 
study, the loading and release of anticancer drugs, 9-aminoacridine and campothe-
cin was demonstrated. Additionally, a cadmium sulphide (CdS) nanoparticle-capped 
campothecin loaded magnetic mesoporous silica based drug delivery system was 
also developed. Cadmium-containing nanoparticles inhibited DNA repair and 
caused free radical-induced DNA damage, mitochondrial damage, induction of 
apoptosis, and disruption of intracellular calcium signaling. UV irradiation caused 
the release of campothecin is measured which was measured by fluorescence spec-
troscopy (Knežević and Lin 2013).

Omar et al. designed a novel drug delivery system containing a short, star shaped 
hydrophilic polyethylene glycol (PEG) polymer as backbone and hydrophobic drug 
campothecin (PEG4-campothecin) in the core. The bio-conjugated formulation had 
a great potential as drug delivery system due to its high number of active end groups 
per polymer unit and the conjugate self-assembled into stable spherical nanoparti-
cles of 200 nm in size. A sustained release pattern was observed for campothecin 
drug without burst effect. The biological evaluation of PEG4-campothecin against 
HeLa cells showed improved cellular uptake and enhanced cytotoxicity compared 
to free campothecin. The uptake of campothecin by the tumor cells was achieved 
with minimum toxicity. The covalent bonding between the drug and the polymer 
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was labile under physiological condition of body causing the drug release by 
destruction of the amphiphilic structure (Omar et al. 2017).

Bahadur et al. developed a drug delivery system (HCN) based on a polymer – 
drug conjugate with an intracellularly cleavable linker. The drug delivery system 
was targeted to human epidermal growth factor receptor 2 (HER2). The polymer 
used was poly [2-(pyridin-2-yldisulfanyl)]-graft-poly (ethylene glycol) (PDSG). 
The drug delivery system was designed based on the interaction of redox potential 
sensitive disulfide bonds with herceptin (HER2 antibody). The hydrophobic campo-
thecin was first thiolated and then grafted onto the PDSG polymer to form C-PDSG 
through thiol−disulfide exchange reaction. The drug-polymer conjugate released 
the drug due to difference in the redox potential between intracellular and extracel-
lular environment. The redox potential difference triggered the release of the conju-
gate in such a way that about 62% of drug was released within 20 min. For the study, 
both HER2 positive cancer cells and HER2 negative cells were selected. HCN was 
found to be stable in physiological environment and super-sensitive to the stimulus 
of elevated intracellular redox potential. Further confocal microscopy showed that 
HCN could specifically kill HER2 – positive cancer cells whereas no effect was 
observed for HER2 – negative cancer cells. (Remant Bahadur et al. 2014).

Muniesa et al. entrapped campothecin in a mercapto-functionalized silica hybrid 
which consisted of a non-porous core and a mesoporous shell. The resultant 
nanoparticles were in a size range of 50–60 nm with a negative surface charge which 
confirmed the stability of the colloids in aqueous medium. In vitro biological study 
was carried out in of this delivery HeLa cervix cancer cell line which displayed 
similar cytotoxic behavior for both the pure drug and the nanosystem. Further, the 
inclusion of the fluorophore Rhodamine-B (RhB) in the core of the nanovehicle 
facilitated the imaging at the subcellular level. Confocal microscopy confirmed the 
fact that the nanosystems entered the cells by a process of endocytosis but were able 
to escape from the endo-lysosomes and enter the cytosolic compartment to release 
the entrapped campothecin (Muniesa et al. 2013).

7.6  Conclusion

Tumors are heterogeneous and complex structures which show prominent varia-
tions in the tumor microenvironment. It has been observed that both active and pas-
sive targeting approaches have their own short-comings. There are significant 
drawbacks in passive targeting approach that result in very low drug payload in the 
tumor tissues leading to a decrease in therapeutic efficacy and it also fails to dis-
criminate between healthy and diseased tissues which lead to incidences of off-target 
side effects. In case of active targeting approach, the effective release of the 
entrapped chemotherapeutics in the tumor microenvironment is a question to be 
addressed. Extensive research needs to be followed upon to develop these targeted 
nanotherapeutics to favorably modify their bio-distribution profile and increase the 
efficacy at the targeted site. The creation of stronger and more predictive 
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pre-clinical animal models, an in-depth understanding of the tumor microenviron-
ment and the implementation of GLP and standardization policies in academia are 
needed to bridge the gap between benches to bed side. Major breakthrough in the 
field of nanotechnology might enhance the efficacy of treatment modalities for the 
treatment of many diseases, including cancer, and contribute to a growing arsenal of 
passive and active targeted nanomedicines to target the dreadful disease condition.
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