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Preface

Encapsulation is a process in which an active ingredient that forms the core material 
(e.g. pharmaceutical drugs, diagnostics, biologics, antibacterial agents, self-healing 
agents, enzymes, microorganisms, etc.) is entrapped within a carrier (capsule, 
shell, coating material, or matrix). Encapsulation offers advantages such as safe
handling of hazardous but useful materials; controlled release; stimuli-responsive
release; taste, odor, and color masking; site-specific delivery; and solidifying of
liquid droplets. In the past, micro-carriers (1 μm–1 mm) have been used for various
applications including pharmaceuticals, biotechnology, agrochemicals, environ-
mental remediation, food safety, and cosmetics. However, recent advancements
in nanotechnology have opened the door for nano-encapsulation using different
materials at the nanoscale level (1–300 nm), especially for drug delivery applica-
tions. Nano-encapsulation offers advantages such as enhanced drug solubility, 
greater encapsulation efficiency, and selective targeting.

This book is divided into three parts. The first part discusses various techniques of
nano-/micro- encapsulation for drug delivery applications using different natural 
carriers. Chapters 1 and 2 provide a comprehensive overview of various chemical, 
physical, and physicochemical encapsulation techniques using biopolymers, pro-
teins, and lipids, with a focus on their recent advanced therapeutic and diagnostic
applications. Chapter 3 discusses the nanoprecipitation technique for nano-/micro-
encapsulation of active pharmaceutical ingredients. Chapter 4 provides a detailed 
description related to nano-/micro-encapsulation via covalent drug conjugation. 
Chapter 5 discusses the clinical and transplantation applications of micro-encapsu-
lated alginates. Finally, Chapter 6 discusses the use of phospholipids derived from
coconut for preparing liposomes and encapsulating vitamin C.

The second part of the book discusses the rheology of micro-emulsions. Chapter 7
discusses the rheology of crude oil emulsions and Chapter 8 discusses the aggre-
gation of silica nanoparticles in a porous medium with potential application for
enhanced oil recovery.

The third part of the book examines diverse applications of micro-emulsion
formulations. Chapter 9 discusses the formulations of botanical oil micro-
emulsions for extended and controlled release of biopesticides as a sustainable
agro-ecosystem.

Nedal Abu-Thabit
Department of Chemical and Process Engineering Technology,

Jubail Industrial College,
Jubail Industrial City,

Saudi Arabia
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Chapter 1

Natural Polymers in  
Micro- and Nanoencapsulation 
for Therapeutic and Diagnostic 
Applications: Part I: Lipids and 
Fabrication Techniques
Ndidi C. Ngwuluka, Nedal Y. Abu-Thabit, 
Onyinye J. Uwaezuoke, Joan O. Erebor, Margaret O. Ilomuanya, 
Riham R. Mohamed, Soliman M.A. Soliman, 
Mahmoud H. Abu Elella and Noura A.A. Ebrahim

Abstract

Encapsulation, specifically microencapsulation is an old technology with 
increasing applications in pharmaceutical, agrochemical, environmental, food, 
and cosmetic spaces. In the past two decades, the advancements in the field of 
nanotechnology opened the door for applying the encapsulation technology at the 
nanoscale level. Nanoencapsulation is highly utilized in designing effective drug 
delivery systems (DDSs) due to the fact that delivery of the encapsulated thera-
peutic/diagnostic agents to various sites in the human body depends on the size 
of the nanoparticles. Compared to microencapsulation, nanoencapsulation has 
superior performance which can improve bioavailability, increase drug solubility, 
delay or control drug release and enhance active/passive targeting of bioactive 
agents to the sites of action. Encapsulation, either micro- or nanoencapsulation is 
employed for the conventional pharmaceuticals, biopharmaceuticals, biologics, or 
bioactive drugs from natural sources as well as for diagnostics such as biomarkers. 
The outcome of any encapsulation process depends on the technique employed 
and the encapsulating material. This chapter discusses in details (1) various 
physical, mechanical, thermal, chemical, and physicochemical encapsulation 
techniques, (2) types and classifications of natural polymers (polysaccharides, 
proteins, and lipids) as safer, biocompatible and biodegradable encapsulating 
materials, and (3) the recent advances in using lipids for therapeutic and diagnos-
tic applications. Polysaccharides and proteins are covered in the second part of 
this chapter.

Keywords: natural polymers, biopolymers, drug delivery, nanoencapsulation, 
microencapsulation, lipids, therapeutic, diagnostic, polysaccharides, proteins



3

Chapter 1

Natural Polymers in  
Micro- and Nanoencapsulation 
for Therapeutic and Diagnostic 
Applications: Part I: Lipids and 
Fabrication Techniques
Ndidi C. Ngwuluka, Nedal Y. Abu-Thabit, 
Onyinye J. Uwaezuoke, Joan O. Erebor, Margaret O. Ilomuanya, 
Riham R. Mohamed, Soliman M.A. Soliman, 
Mahmoud H. Abu Elella and Noura A.A. Ebrahim

Abstract

Encapsulation, specifically microencapsulation is an old technology with 
increasing applications in pharmaceutical, agrochemical, environmental, food, 
and cosmetic spaces. In the past two decades, the advancements in the field of 
nanotechnology opened the door for applying the encapsulation technology at the 
nanoscale level. Nanoencapsulation is highly utilized in designing effective drug 
delivery systems (DDSs) due to the fact that delivery of the encapsulated thera-
peutic/diagnostic agents to various sites in the human body depends on the size 
of the nanoparticles. Compared to microencapsulation, nanoencapsulation has 
superior performance which can improve bioavailability, increase drug solubility, 
delay or control drug release and enhance active/passive targeting of bioactive 
agents to the sites of action. Encapsulation, either micro- or nanoencapsulation is 
employed for the conventional pharmaceuticals, biopharmaceuticals, biologics, or 
bioactive drugs from natural sources as well as for diagnostics such as biomarkers. 
The outcome of any encapsulation process depends on the technique employed 
and the encapsulating material. This chapter discusses in details (1) various 
physical, mechanical, thermal, chemical, and physicochemical encapsulation 
techniques, (2) types and classifications of natural polymers (polysaccharides, 
proteins, and lipids) as safer, biocompatible and biodegradable encapsulating 
materials, and (3) the recent advances in using lipids for therapeutic and diagnos-
tic applications. Polysaccharides and proteins are covered in the second part of 
this chapter.

Keywords: natural polymers, biopolymers, drug delivery, nanoencapsulation, 
microencapsulation, lipids, therapeutic, diagnostic, polysaccharides, proteins



Nano- and Microencapsulation - Techniques and Applications

4

1. Introduction

Encapsulation, a process involving entrapment of an active ingredient or 
diagnostic tool within a carrier (capsule, shell, coating material or a matrix) is an 
old technology that has gained traction over the years with advances in polymer 
science and encapsulation technologies. The applications of encapsulation span 
pharmaceuticals, biotechnology, agrochemical, environmental, food and cosmetic 
spaces with immense benefits found in the pharmaceutical and biotechnology 
spaces. Encapsulation is used for immobilization of volatile compounds, enzymes, 
and microorganisms; protection and stabilization from environmental factors; safe 
handling of hazardous but useful materials; controlled release; taste, odor and color 
masking; site-specific delivery and solidifying of liquid droplets. Encapsulation 
improves on the challenges of conventional dosage forms in enhancing stability, 
taste, bioavailability and biodistribution. Some drugs such as insulin are not given 
orally because of degradation in the GIT before absorption. Encapsulation may be 
an approach to change route of administration from intravenous to oral.

The parameters for encapsulation of active ingredients depend on the physico-
chemical properties of the active ingredient such as solubility, thermal and redox sta-
bility; however, the release of the active is then modulated by mechanical process, pH 
variations, enzymatic actions or other external stimuli [1]. The encapsulation methods 
classified as chemical, physicochemical and physicomechanical methods are used to 
encapsulate an active ingredient with the specific method chosen based on applica-
tion and desired outcomes. The choice of materials to be used for encapsulation to 
accommodate the physicochemical behavior of the active in order to produce the desire 
encapsulation efficiency, shell or capsule size, surface morphology and functionalities 
of the capsule and the behavior of encapsulated active ingredient are fundamental 
preformulation studies before a new encapsulated product is developed. The bioavail-
ability of existing poorly soluble drugs and those in the development pipeline can be 
significantly enhanced by encapsulation with the right encapsulating material(s).

Natural polymers are choice materials for encapsulation. Natural polymers are 
macromolecules of large molecular weights obtained from nature and are preferred 
due to their flexibility to modification, biocompatibility, biodegradability, renewability, 
and low toxicity [2]. Being of natural origins such as plants, animals and microorgan-
isms, they are able to interact with tissues and cells displaying some properties the body 
identifies with and as a result do not treat them as foreign bodies [3]. Natural polymers 
such as proteins, polysaccharides and lipids have been employed as encapsulation 
materials for encapsulating hydrophilic or hydrophobic active ingredients which may be 
in liquid, solid and gaseous states for transport and delivery to the sites they are needed. 
The chapter reviews fabrication techniques, lipids, and their applications in micro- and 
nanoencapsulation elucidating their functionalities which enable them to be utilized 
for encapsulation of therapeutics and diagnostics producing delivery systems with the 
desired outcomes. Polysaccharides and proteins are covered in part (II) of this chapter.

2. Encapsulation

Encapsulation is the process of enclosing, entrapping, coating, or surrounding a 
liquid, solid or gas active compound within a material to achieve a more controlled/
sustained release, protect the active compound/active pharmaceutical ingredient 
from degradation before reaching the site of absorption or before reaching the site 
of action as well as reducing the associated adverse effects that go along with some 
non-encapsulated compounds like NSAIDS [4, 5]. Research on encapsulation utiliz-
ing natural polymers and their derivatives (semi-synthetic polymers) has evolved 
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over time with the particle size as the main difference. Encapsulation on the micro 
scale is referred to as microencapsulation while when encapsulation is done on the 
nanoscale it is referred to as nanoencapsulation [6].

2.1 Microencapsulation

Microencapsulation refers to the formulation process of encapsulating a bioac-
tive compound in a particle size that is 1–1000 μm in diameter for the purpose of 
controlled and sustained delivery as well as protection of the encapsulated bioactive 
compound from the surrounding environment [7, 8]. Microencapsulation technol-
ogy came into existence with the focus of achieving controlled and extended release 
profiles. Due to the size of micro carriers, encapsulation of macromolecules with 
large molecular weight such as proteins for controlled release can be encapsulated. 
Bochenek et al., [9] utilized chemically modified alginate microsphere formula-
tions to encapsulate allogeneic pancreatic islet cells for transient islet-graft function 
that have reached clinical trial stage for management insulin deficiency in diabetic 
populations. This was due to the fact that the immune-modulating alginate co-
polymer employed had controlled release profile that caused encapsulated islet cells 
to remain viable after transplantation into the general intraperitoneal (IP) space 
of human subjects, while also exhibiting lowered foreign-body reaction (FBR) 
compared to previous formulations. Chitosan-alginate microcapsules encapsulat-
ing biologically active compounds from aqueous extracts of Garcinia kola (GK) 
and Hunteria umbellata (HU) seeds, have also been shown to have selective release 
patterns depending on the pH of the medium [10]. Slower release of the GK and 
HU microcapsules of the active compounds was observed at pH 1.2, but increased 
controlled extended release profiles were observed to occur at pH 6.8 unlike con-
ventional tablets that did not show controlled extended release profiles [10].

2.2 Nanoencapsulation

Nanoencapsulation can be defined as the entrapment, enclosure, or coating 
of a bioactive compound within a carrier that is on the nanoscale dimension [5]. 
Nanoscale dimension is seen as particle sizes 1–100 nm [6]. However more recent 
definitions have given room for 1–300 nm and others 1–1000 nm [11]. The advance-
ment of encapsulation from the micro scale to the nano scale was driven by the need 
for more site selective targeting purposes such as the use of chemotherapeutics 
in cancer. The main draw back in cancer chemotherapeutics has been that severe 
adverse effects occur due to toxicity caused by the non-selective action on both 
cancer cells and healthy cells at therapeutic doses. Hence, the inception of nano-
medicines that could achieve active targeting was born. Nanoencapsulation in drug 
delivery has the merit of having a higher encapsulation efficiency, due to enhanced 
drug solubility of bioactive molecules in the core [12].

Silk fibroin nanoparticles encapsulating curcumin were found to demonstrate 
selective cytotoxicity for cancer therapy in neuroblastoma cells and hepatocarcinoma 
cells while not adversely affecting the healthy cells [13]. Diagnostics are also gain-
ing from the merits of encapsulation. This was demonstrated in the simultaneous 
co-encapsulation of MRI contrast agent Gd-DTPA and fluorescent label ATTO488 
in multimodal PEG – crosslinked hyaluronic acid nanoparticles (PEG-cHANPs) to 
formulate a probe for diagnostic purposes [14]. The PEG-cHANPs were observed 
to improve MR signals while concurrently magnifying the relaxation time, T1 5 
times due to the presence of the ATTO 488 in the human glioma U87 MG cell line. 
Tammaro et al., [14] implied that this could lead to the decrease in the administered 
dose of the probe, thereby resulting in a better resolution and higher quality images.
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to improve MR signals while concurrently magnifying the relaxation time, T1 5 
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3. Merits and demerits of encapsulation

The merits and demerits of encapsulation are viewed from the expected 
outcomes of encapsulation and are based on physicochemical properties of core 
materials (small molecules, biologics, or diagnostics), encapsulating techniques 
and materials. Encapsulating materials such as natural and semi-synthetic poly-
mers have many advantages because they are obtained from natural sources. 
Immunogenicity issues when natural polymers are used as the encapsulating 
materials are greatly reduced compared to synthetic polymers. Encapsulation using 
natural polymers can be done without high temperatures thus preventing degrada-
tion due to high temperatures as seen in alginate–chitosan micro/nanoparticles 
which were successfully fabricated at room temperature excluding the utilization 
of organic solvents [4].

Encapsulation of an active compound using pegylated phospholipids also 
known as lipopolymers such as 2000 Da PEG-DSPE have demonstrated the merit 
of prolonging circulation time of active compounds when administered as nano-
liposomes. This led to a reduction in the dosage frequency and reduction in uptake 
by the RES, thus leading to an increase in patient compliance as was observed in the 
first FDA approved nanomedicine; liposomal doxorubicin Doxil® in 1995 [15].

Efficacious poorly water-soluble drug candidates for therapeutics before now 
posed a challenge in formulation due to their low solubility profile and pharma-
cokinetic characteristics [16]. Micro- and nanoencapsulation technologies such 
as supramolecular hydrogels formulated with natural cyclic oligosaccharides also 
called cyclodextrins have successfully been able to encapsulate and deliver such drug 
candidates. This was demonstrated when lipophilic non-hydroxylated coumarins 
were encapsulated in the core of β-cyclodextrin hydrogels for trypanocidal activity 
via mitochondrial membrane potential studies for Chagas disease caused by the 
protozoan parasite, Trypanosoma cruzi. Trypanocidal activity was increased by 10% 
with the Supramolecular hydrogels of β-cyclodextrin linked to calcium homopoly-L-
guluronate as compared to the free corresponding amidocoumarins [17, 18].

Demerits of natural and semi-synthetic polymers in micro- and nanoencap-
sulation mainly depends on the individual materials. However, a major drawback 
observed with natural polymers and their derivatives is batch to batch variation 
depending on regions/environments that these polymers were sourced from. Plant 
and animals of the same species have been found to have some slight differences 
in their composition based on factors such as type of soil or geographical regions 
[19, 20]. Low mechanical strength leading to weak wall formation, susceptibility to 
change in pH causing a reduction in stability, highly hygroscopic leading to dena-
turation are challenges that are observed with such polymers as alginate, gelatin and 
sodium hyaluronate [8].

To overcome the demerits of these polymers, physical and chemical modifica-
tions are undertaken. Extra care should be taken during storage of natural polymers 
to reduce degradation and denaturation that occur during storage. Despite any 
demerits that natural polymers and their derivatives may have, the application of 
natural polymers and their derivatives for micro- and nanoencapsulation will con-
tinue to increase because of their immense merits in therapeutics and diagnostics.

4. Encapsulation techniques

The process of enclosing vesicles in a thin continuous film of a natural or semi 
synthetic polymer has been accomplished using a variety of both physical and 
chemical methods or a combination of both depending on the size of the targeted 
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capsules either in the nanometer, micrometer or millimeter range. Over the years 
and as a result of continuous innovation, these techniques have evolved from 
the earliest relatively simple coacervation phase separation used for making only 
microcapsules to current comparatively complex techniques capable of making 
both microcapsules and nanocapsules with a careful tuning of process parameters. 
The choice of a technique not only determines the size but also the morphology and 
probably the stability expected of the targeted capsules [21]. The choice of tech-
nique stems from other parameters such as the physicochemical fingerprint of both 
shell and core material, the objective of the encapsulation process, the expected 
release profile/mechanism, the intended application of the final capsules, need 
for scale up, and of course, processing cost for large scale manufacture. An ideal 
technique aims at achieving monodispersed capsules with great stability to aggrega-
tion, adherence and other destabilizing factors, and high loading and encapsulation 
efficiency for the cargo. The changing landscape of expectations for drug delivery 
and other applications is driving the application of more than one encapsulation 
technique towards achieving goals such as in theragnostic applications. Bazylińska 
and colleagues [22] combined two encapsulation techniques (Figure 1), emulsion 
solvent evaporation and Layer by layer assembly (LbL) to engineer nanocapsules 
for dual fluorescence bioimaging and drug delivery.

Encapsulation processes have been classified broadly into physical and chemical 
techniques. There is no consensus over the third class, physicochemical techniques, 
and may be because the techniques only take the mechanism of capsule formation 
into consideration. However, each encapsulation technique involves processing that 
may involve mechanism not inherent in the name. For instance, emulsion solvent 
evaporation or in situ polymerization techniques are core chemical techniques 
but may involve physical processes such as mechanical stirring, homogenization, 
and sonication in achieving solvent evaporation. Table 1 outlines the different 
 classification of encapsulation techniques.

Figure 1. 
Combination of two encapsulation techniques for microcapsule formation [22].
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4.1 Physical encapsulation techniques

Physical/mechanical encapsulation techniques involve formation of micro or 
nanocapsules by a transformation in the physical attributes of a droplet such as its 
size or a change from a liquid droplet to a solid droplet. Some steps as discussed 
below are common to most physical encapsulation techniques.

Atomization: This a process whereby tiny droplets are created from a liquid by 
dispersion in a gas phase. A range of atomization methods are available and can be 
adapted to various techniques. These are pressure nozzles, vibrating nozzles, and 
spinning disc atomizers. There are a variety of archetypes for each.

4.1.1 Spray drying

Spray drying is a widely used encapsulation method that dates to the early 
fifties. It also serves as a means of microcapsule recovery for many other 
encapsulation methods. The process involves dispersion of the core material in 
a solution of the shell material (most commonly water or cosolvents) to form 
a dispersion, emulsion or suspension [23]. The resulting liquid is fed into the 
drying chamber at the same time atomized with hot air (nitrogen in rare gases) 
coming from sonic energy, pressure nozzle, two-fluid nozzle or veined wheel. 
The solvent is flash evaporated in the hot air stream leaving a free flowing solid 
of core encapsulated in the shell. It is a simple, flexible encapsulation method 
that yields consistently distributed particles size between 10 and 40 μm range 
and is amenable to automation [24]. The first step in the process is to dissolve 
the shell material in a solvent, most commonly water, and homogenize with the 
core active ingredient, most commonly hydrophobic. The film forming materi-
als predominantly used in spray drying are hydrophilic natural polymers such as 
modified starch, gelatin, gum Arabic and maltodextrin. It is not uncommon to 
use blends of these polymers. The second step is to feed this dispersion into the 
drying chamber using a sprayer that atomizes it to droplets. Hot air fed into the 
chamber quickly evaporates the solvent leaving a deposit of the shell forming 
material around the core droplet. The encapsulated material is then collected 
through a separator that separates the product from the exhaust air. Even though 
spray coating is one of the most common and industrialized encapsulation 
methods particularly for lipids, flavors, aromas and pigment, the process is 
beset with low thermal efficiency, nozzle clogging, high maintenance cost and 
product loss [21]. Optimization of process parameters such as inlet temperature, 
nozzle diameter, liquid feed viscosity and flow rate, gas flow rate, atomization 
pressure, temperature distribution efficiency and drying rate can minimize 
negative outcomes in terms of morphology, size and size distribution of the 
product [25]. Zang and coworkers [26] explored the influence of process param-
eters on the physical characteristics of tea tree oil microcapsules. They found 
that there is a need to strike a balance in inlet temperature as an extremely high 
temperature cracked the microcapsules while an extremely low temperature 
led to the formation of droplets instead of microcapsules. More recently, Wei 
and colleagues [27] studied the influence of inlet temperature and precursor 
concentration among other parameters on the physicochemical properties of 
theophylline loaded chitosan-triphosphate particles prepared by spray drying. 
They showed that particle size increased with precursor concentration. In their 
study, the optimum temperature for making the targeted size of microcapsules 
was 130° C. Zhang and coworkers [26] found the optimum temperature for 
their targeted application in the range of 210°C - 215° C buttressing the need for 
personalizing each process.
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4.1.2 Prilling (spray congealing/spray chilling/spray cooling)

This is an encapsulation technique in which a homogenized dispersion of 
core material in a molten shell material (spray congealing, Prilling) or thermally 
gelling matrix (spray chilling) is atomized by suspension in a gas phase at ambi-
ent or low temperature (usually air or nitrogen (gas or liquid) that causes rapid 
solidification of the shell material around the core material [28, 29]. When the 
melting point of the lipophilic matrix is above 45° C, solidification is brought 
about at ambient temperature in a spray cooling process but for matrixes with 
lower melting point, frozen gases are used, and the process known as two major 
steps are involved firstly of which is creating free falling drops from molten 
solid, strong solutions or slurries using spinning discs and baskets. The second is 
solidifying the drops individually in a countercurrent of cold air. The size of each 
droplet determines the final size of each sphere. The resulting encapsulates of 
this high productivity, grossly monodispersity technique are microspheres with 
sizes in the range of 60 to 2000 μm [28]. Prilling is a high throughput, relatively 
inexpensive, easy-to-operate technique that has found extensive use in the fertil-
izer industry. When used for food encapsulation, the process is limited by the 
possibility of granule agglomeration due to high temperatures. Most used shell 
materials are lipids, waxes, fats and gelling hydrocolloids. Russo and colleagues 
[30] recently explored the possibility of combining Zn and Ca cations as an ionic 
gelation agents for prednisolone encapsulated alginate beads developed with the 
Prilling technique. The calcium carbonate decomposed internally in the acidic 
environment releasing a gas that increased porosity of the microcapsules ulti-
mately translating to buoyancy in the gastrointestinal fluid and extended hours of 
anti-inflammatory effect.

4.1.3 Coating

Coating as an encapsulation technique involves the deposition of a thin film of 
membrane around a solid particle or a liquid adsorbed onto a solid. Two approaches 
have been used. The traditional older pan coating and the air suspension coating or 
fluid bed coating.

Pan coating: Pan coating is old coating technique that dates to the 18th century 
and traditionally used for applying sugar and film coats to tablets and pellets 
measuring several millimeters. In encapsulation, it is generally used for core 
material measuring above 600 μm [31]. The process involves the application of 
a coating solution through a spray unto the granule bed in a rotating coating pan 
inclined at an angle and fitted on the inside with anti-slip bars or angled blade that 
enable circulation of the core material. Warm or room temperature air is continu-
ally introduced and removed through exhaust pipes to facilitate the drying of the 
coating solution. Coating pans can be conventional or vented with perforations that 
allow for the escape of the drying air through the powder bed [32].

Air suspension technique: This technique also known as fluid bed coating is 
the gold standard in coating. The core material is suspended in a stream of hot or 
ambient air (depending on the coating solution) in relation to a coating spray that 
can be applied in the same direction as the fluidized air, tangentially or in opposite 
direction. Figure 2 shows the application from the bottom of the chamber also 
known as the Wurster set up. The air suspension technique has also been used for 
both drying and granulation. For encapsulation purposes, a powder bed is initially 
fluidized by a jet of hot or ambient air. Subsequently, a coating solution of the shell 
material is sprayed through an atomizing nozzle onto the fluidized particles depos-
iting a coat, consequent to the evaporation of the solvent, on individual particles 
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as they get to the top of the chamber. The exhaust air passes through a filter to the 
outside while the particles recycle to the base of the chamber and the coating cycle 
continues till adequately coated. Almost any type of wall material can be applied in 
the Wurster process [33]. The particle size ranges from less than 100 μm to 150 μm 
[24]. Uniformity of the coat and the size of the capsules depend on the size and type 
of spraying nozzle. The viscosity of the coating liquid, air inlet temperature and 
flow rate must be optimized for each application.

Figure 2. 
Schematic representation of the Wurster set up [34].
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fluid bed coating.

Pan coating: Pan coating is old coating technique that dates to the 18th century 
and traditionally used for applying sugar and film coats to tablets and pellets 
measuring several millimeters. In encapsulation, it is generally used for core 
material measuring above 600 μm [31]. The process involves the application of 
a coating solution through a spray unto the granule bed in a rotating coating pan 
inclined at an angle and fitted on the inside with anti-slip bars or angled blade that 
enable circulation of the core material. Warm or room temperature air is continu-
ally introduced and removed through exhaust pipes to facilitate the drying of the 
coating solution. Coating pans can be conventional or vented with perforations that 
allow for the escape of the drying air through the powder bed [32].

Air suspension technique: This technique also known as fluid bed coating is 
the gold standard in coating. The core material is suspended in a stream of hot or 
ambient air (depending on the coating solution) in relation to a coating spray that 
can be applied in the same direction as the fluidized air, tangentially or in opposite 
direction. Figure 2 shows the application from the bottom of the chamber also 
known as the Wurster set up. The air suspension technique has also been used for 
both drying and granulation. For encapsulation purposes, a powder bed is initially 
fluidized by a jet of hot or ambient air. Subsequently, a coating solution of the shell 
material is sprayed through an atomizing nozzle onto the fluidized particles depos-
iting a coat, consequent to the evaporation of the solvent, on individual particles 
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as they get to the top of the chamber. The exhaust air passes through a filter to the 
outside while the particles recycle to the base of the chamber and the coating cycle 
continues till adequately coated. Almost any type of wall material can be applied in 
the Wurster process [33]. The particle size ranges from less than 100 μm to 150 μm 
[24]. Uniformity of the coat and the size of the capsules depend on the size and type 
of spraying nozzle. The viscosity of the coating liquid, air inlet temperature and 
flow rate must be optimized for each application.

Figure 2. 
Schematic representation of the Wurster set up [34].
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4.1.4 Extrusion

Generally, extrusion is a process in which a material is subjected to some form 
of compression that bring about a change in its physical properties as it is pushed 
through the orifice or die of an extruder, that is made up of one or two screws, 
under controlled conditions [35]. The core material is blended with the polymeric 
shell material in a molecular mixing to form a solid dispersion or solution. The 
solid dispersion is then passed through extruders to produce submicron capsules. A 
variety of extruders and nozzles configuration exists for different applications.

Extrusion-spheronisation: In this technique, the core material is intimately 
combined with the shell material and extruded into cylindrical mass that is 
subsequently broken up and rounded into spheres [36]. Muley and coworkers 
[36] described a variety of extruders to include sieve, basket, ram, screw and roll 
extruders.

Hot melt extrusion (HME): This continuous process technique originated for the 
food, plastic and rubber industries in the early nineteenth century but was applied 
much later in the pharmaceutical industry for product development and manufac-
turing of poorly soluble drugs. It involves pumping polymeric material that serves 
as the shell and the API through screw extruders at temperatures above their glass 
transition or gelling (and sometimes, melting) temperature to achieve molecular 
mixing of the component as shown in Figure 3 [37].

The rotating screw pushes the feed towards the orifice whilst generating fric-
tional heat that increases the viscosity of the feed as it melts. The extrudate is shaped 
by passing through a flake forming calendar roll or a pellet forming rotary knives, 
traveling shears or saws as it leaves the orifice. Materials capable of HME process-
ing must be capable of deformation inside the extruder and individually capable of 
physically and chemically withstanding high temperatures. Waxes find extensive use 
as inert carrier materials for HME process. Starches, sugars, and sugar alcohols have 
also been used. Plasticizers such as acetic acid, stearic acid, citric acid, salicylic acid 
and triethyl citrate are used to alleviate the temperature effects in the HME process.

Figure 3. 
A schematic diagram of the hot melt extrusion process used in the encapsulation of Angelica gigas Nakai 
(AGN) [38].
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Gately and colleague [39] explored the possibility of using a natural polymer, 
shellac as a low temperature extrudable polymer in the encapsulation of a probiotic 
powder. They found that not only was it possible, but the probiotic powder had an 
additional plasticizing effect on the extrudates. Melt extrusion and its earlier variant, 
melt injection has found extensive use as an encapsulation technique especially for 
fragrances and flavors due to the lower energy requirement, minimal emission of odor 
fouled exhaust, no requirement for solvent, and possibility for large volume encap-
sulation [40]. In addition, extrusion encapsulations impart longer stability on flavors 
and lower degradation for enzymes, when compared to other encapsulation methods 
like spray drying [39]. Glassy carbohydrates, polysaccharides, proteins and their 
blends have all been used as carrier polymers for melt extrusion encapsulated flavors 
[41]. Carnauba wax was also recently used for melt encapsulation of Quercetin [42].

4.1.5 Coextrusion

Coextrusion is a variation of the extrusion technique that involves two concen-
tric nozzles through which the core and shell material are extruded individually and 
exiting the nozzle as a single drop of core material encapsulated in the shell. It is 
designed primarily for liquid materials and the process schematically represented in 
Figure 4. The core material and the shell material do not mix unlike in the extru-
sion technique. The liquid shell material is pumped through the outer nozzle while 
the core material is extruded through the inner nozzle. The stream of liquid forms 
a laminar that is broken into discrete drops of the core enveloped by the shell. The 
drops are received in a curing liquid that hardens the encapsulated product [43]. It 
has been shown that coextrusion encapsulation technique offers better protection 
against instability in encapsulated aroma oils than extrusion technique [44].

Additionally, extrusion yields matrix spheres in which there is an intimate mix-
ture between the shell and the core. Whereas in coextrusion, the core is separated 
from and covered by the shell. Sodium alginate has extensively been used as a shell 

Figure 4. 
Schematic representation of the co-extrusion technique.
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forming polymer which is usually cured by ionic interactions with divalent cations. 
Silva and colleagues [44] compared the extrusion technique with co-extrusion 
for the encapsulation of probiotic, Lactobacillus acidophilus LA3 using a blend of 
alginate and shellac. They found that co-extrusion using sunflower oil as a carrier 
for the probiotic provided additional stability.

Centrifugal extrusion: This variation of co-extrusion is a liquid extrusion technique 
that makes use of a spinning extrusion head that carries the concentric nozzles. The 
concentric feeding tube serves as a tributary to the many concentric nozzles located 
at the surface of the device. As the spinning head rotates, the inner core and the outer 
shell material are extruded in flow that break into droplets as it makes its way from 
the nozzles (Figure 5). The particle size of extrudates can be as small as 150 μm. The 
particles harden by solvent evaporation as they take flight from the device.

4.1.6 Techniques based on drop generation method

Mechanical means are used for droplets generation during co-extrusion and has 
given rise to many modern encapsulation techniques. These all depend on the drip-
ping and jet break up principle for droplet generation at an orifice or from a laminar 
jet. A droplet that forms at an orifice and is discharged is a result of a formation pro-
cess that depends on the interplay of surface tension of the extruded liquid, velocity 
of extrusion, gravitational force, impulse and frictional forces. Configurations for 
droplet generation are based on five mechanisms.

A.  At extremely low velocity, single droplet form at the orifice. The drop detaches 
under gravity as gravity overcomes surface tension and frictional forces.

B. As the velocity increases, the number of drops ejected from the orifice increas-
es marginally, leading to increased coalescence and polydispersity of the drops.

C.  Co-axial flow: A higher increase in velocity results in the formation of a con-
tinuous liquid laminar jet that breaks by surface tension and axial symmetrical 
vibration.

D. Further increase in velocity causes normal distribution of droplets because of 
spiral symmetrical vibrations.

Figure 5. 
A schematic representation of the centrifugal extrusion device.
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E. C could also result in droplet formation because of high frictional forces when 
a jet is sprayed.

Encapsulation methods based on these mechanisms and on the droplet genera-
tion method are elucidated below.

Vibrating nozzle/jet: This encapsulation technique, commercialized by 
Inotech Biotechnoly Ltd. and Nisco Ltd., makes use of permanent vibrational or 
sinusoidal frequencies of definite amplitude to break up a laminar jet into equally 
sized droplets stabilized by electrostatic repulsion and achieved by application 
of an electric field [45]. Two variations are the vibrating nozzle and the vibrating 
chamber techniques. The size distribution of the droplets is narrow and the size 
generated with a given amplitude is in the range of 0.10–1.50 mm and depends on 
the nozzle diameter, jet velocity, rheology and surface tension of the liquid [46]. It 
is predominantly used in cell immobilization with Newtonian systems. Dorati and 
coworkers undertook an assessment of the vibrating nozzle technique combined 
with freeze drying technique in the encapsulation of a model hydrophilic molecules 
in a hydrophilic polymer, alginate. They concluded that vibrating nozzle technique 
is an easy and scalable process for microencapsulation of hydrophilic drugs [47].

Simple dripping: This simple method involves the free formation of a droplet at 
the orifice. The drop continues to increase in volume until the weight of the liquid 
just exceed the capillary force. The drop detaches and forms a sphere due to surface 
tension. This method of low droplet production rate is mostly applicable to labora-
tory encapsulation with droplets sizes approximately 1000 μm. It has found use 
in microfluidic devices and in porous membranes such as Shirasu porous glass in 
which high pressure is applied to cause the droplet generation of a disperse phase 
directly into the continuous phase held in the membrane [48]. These membranes 
are used for generation of emulsions and mini emulsions on a lab scale. The mem-
brane pore size directly controls the droplet size. The membranes are hydrophilic 
and therefore, favors oil-in- water emulsions formation. For an oil continuous 
phase, there may be a need to coat the membrane using silicone resins [46].

Generally, in microfluidic devices, several configurations are obtainable for droplet 
generation and include co-flowing, T-junction and fluid focusing [49]. The fluid focus-
ing configuration is particularly advantageous since it is passive and droplet generation 
and cell encapsulation depends on hydrodynamically pumping fluid adjacent to an 
outflowing cell and can therefore prove useful for sensitive materials such as living cells 
for probiotics [46, 50]. In fluid focusing, the focused fluid (disperse phase) is intro-
duced into a capillary tube enclosed in a chamber containing the focusing fluid (carrier/
continuous phase) which exerts pressure on the focused fluid as it exits the orifice fac-
ing the feeding tube. The pressure exerted on the disperse phase, compounded by fluid 
instabilities, is sufficient to cause it to break into droplets as it squeezes pass the orifice 
[51]. The droplet size of the internal phase does not depend on the orifice diameter. 
Device geometry, fluid properties and the process parameters such as flow rate and 
pressure drop determine what happens as the internal phase emerges.

For microencapsulation applications requiring the generation of microsized 
droplets of narrow size distribution, it is important that these parameters be 
tuned such that the carrier phase acts as micro tweezers that pressure the tip of 
the disperse phase meniscus at the orifice causing it to break into a microjet that 
eventually breaks into homogenous small droplets [52]. Microfluidic devices have 
found application in the facile preparation of double emulsions.

Spinning disc: In this technique, also known as centrifugal suspension separa-
tion, drops are generated when coated particles are flung off a rotating disc by the 
generated centrifugal force. The core material usually in solid form is suspended 
in a viscous coating liquid and poured on top of the rotating disc. The suspension 
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spreads out to form a thin film on the disc and subsequently gathers momentum as 
it moves towards the edge of the disc. At the edge, the droplets hold unto the rim 
due to interfacial tension and viscosity. It is detached when the centrifugal force 
overcomes the interfacial tension. The drop is detached an angle to the disc and to a 
distance from the disc depending on their size. This separation by distance traveled 
as per size is used to sort different size ranges enabling the collection of monodis-
persed capsules in the solidifying chamber. The rotary speed and geometry of the 
disc, alongside the viscosity of the suspension and the feed flow rate determine the 
size of the droplet which usually ranges from 1 to 200 μm [45].

Spinning disc method represented in Figure 6, is an easily scalable method for 
producing large quantities of spherical beads with a narrow size distribution, using 
liquids of varying viscosities, in minutes. However, product recovery usually requires 
large space for the gelling bath which makes sterilization difficult. Even though it is 
amenable to continuous manufacturing, it is expensive comparatively. The coating 
materials are usually meltable waxes, diglycerides that solidify on cooling.

Electrospraying (Electrohydrodynamic atomization)/Electrospinning: This 
technique of droplet generation depends on electrohydrodynamics which deals 
with interaction of fluid and electric field. Electrospraying depends on the principle 
of charged droplet which states that when an electric field is applied to a drop of 
liquid, it acquires an electrostatic force which competes with the cohesive force due 
to surface tension. If this coulomb force is large enough to overcome the surface ten-
sion force, the drop detaches and breaks up into submicron droplets which quickly 
solidify into self-dispersing nano and micro capsules with limited agglomeration and 

Figure 6. 
Schematic representation of the spinning disc assembly.
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coagulation. The technique just like its better applied counterpart, electrospinning, 
is a facile relatively inexpensive, flexible, easy-to set-up and versatile (in terms of 
processable materials, set up configuration) process that is amenable to continu-
ous manufacture of tunable compositions, and customized properties of size, and 
morphology [53]. Droplet generation starts with pushing the liquid in the syringe 
to flow through the nozzle to the metallic capillary which is connected to the collec-
tor through a voltage generating unit. As the liquid passes the electric field, electric 
charges are inducted leading to the formation of a conically shaped lower meniscus 
(also known as the Taylor’s cone) at which tip the acquired charges are concentrated 
as a result of equilibrium between capillary forces and electrodynamics [54]. The 
liquid then accelerates away from the nozzle in a tiny thread tip leading to formation 
of a jet with high charge density. What happens next determines whether electro-
spinning or electrospraying will occur. The former occurs if the jet experiences 
sufficiently high axial tension such that the jet undergoes a whipping instability and 
elongates to reach the collector instead of breaking up. This high axial tension usually 
results from a high concentration of high molecular weight polymers. Alternatively, 
the liquid jet breaks up into primary droplets that could experience the so-called 
Coulombs fission on their way to the collector. This occurs due to solvent evapora-
tion, droplet shrinkage and subsequent break up again into submicron encapsulation 
due to charge density. Subsequent break ups that could lead to polydispersity could 
be prevented by a secondary voltage set up known as corona neutralizer.

Other electrospraying modes, other than the Taylor’s cone, is possible as the 
applied voltage gradually increases. The dripping mode gives way to micro drip-
ping, then spindle, Taylor cone jet, and multiplet mode. Obtaining a continuous 
jet is important for determining the droplet size and morphology which depends 
on interplay of factors related to the polymer liquid such as density, concentration, 
surface tension, conductivity [55], molecular weight, viscosity and solvent; and 
process parameters such as gravity, applied voltage, flow rate, capillary diameter, 
and distance of the collector from the capillary tip [56]. Among natural polymers 
that have been applied in electrospraying are chitosan, cellulose and alginate [57].

Different configurations have been used in electrospraying due to the wide range 
of factors that needs optimization for droplet size and morphology. One of these is 
the coaxial assembly which uses two concentric capillaries, the inner and the outer 
for pushing two different liquid compositions. A typical coaxial set up is shown in 
Figure 7. Shams and colleagues [58] developed pH responsive prednisolone loaded 
Eudragit L100–55 microparticles for colon specific delivery using single and coaxial 
electrospraying. In vitro assessment of the five developed formulations showed that 
careful selection of polymeric system alongside process parameters in electrospray-
ing technique can yield site specific delivery.

Yuan and colleagues [59] also used the coaxial electrospray assembly in the fab-
rication of curcumin-loaded microcapsules aimed at improving the release profile 
of curcumin. The improved coaxial electrospray was able to generate stable Taylor’s 
cone mode under a variety of operating condition that yielded an obvious core-shell 
structure of targeted size and morphology [59]. Likewise, Gómez-Mascaraque and 
colleagues [60], for the first time, encapsulated probiotic, Lactobacillus plantarium 
with a whey protein inner core and a gelatin outer shell using acetic acid as an 
external gelling agent. They found that the application of high voltage alongside the 
presence of acetic acid negatively impacted the viability of the probiotic [60].

Another configuration that has been explored to overcome the low throughput 
of the stable Taylor’s cone mode in electrospray is the multiple capillary assembly. 
Though not without challenges, Parhizkar and colleagues [55] designed and tested 
two multiple needle electrospraying geometries with each consisting of four needles. 
The challenge was to operate all four needles at stable cone mode. Higher particles 
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to surface tension. If this coulomb force is large enough to overcome the surface ten-
sion force, the drop detaches and breaks up into submicron droplets which quickly 
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Figure 6. 
Schematic representation of the spinning disc assembly.
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coagulation. The technique just like its better applied counterpart, electrospinning, 
is a facile relatively inexpensive, flexible, easy-to set-up and versatile (in terms of 
processable materials, set up configuration) process that is amenable to continu-
ous manufacture of tunable compositions, and customized properties of size, and 
morphology [53]. Droplet generation starts with pushing the liquid in the syringe 
to flow through the nozzle to the metallic capillary which is connected to the collec-
tor through a voltage generating unit. As the liquid passes the electric field, electric 
charges are inducted leading to the formation of a conically shaped lower meniscus 
(also known as the Taylor’s cone) at which tip the acquired charges are concentrated 
as a result of equilibrium between capillary forces and electrodynamics [54]. The 
liquid then accelerates away from the nozzle in a tiny thread tip leading to formation 
of a jet with high charge density. What happens next determines whether electro-
spinning or electrospraying will occur. The former occurs if the jet experiences 
sufficiently high axial tension such that the jet undergoes a whipping instability and 
elongates to reach the collector instead of breaking up. This high axial tension usually 
results from a high concentration of high molecular weight polymers. Alternatively, 
the liquid jet breaks up into primary droplets that could experience the so-called 
Coulombs fission on their way to the collector. This occurs due to solvent evapora-
tion, droplet shrinkage and subsequent break up again into submicron encapsulation 
due to charge density. Subsequent break ups that could lead to polydispersity could 
be prevented by a secondary voltage set up known as corona neutralizer.

Other electrospraying modes, other than the Taylor’s cone, is possible as the 
applied voltage gradually increases. The dripping mode gives way to micro drip-
ping, then spindle, Taylor cone jet, and multiplet mode. Obtaining a continuous 
jet is important for determining the droplet size and morphology which depends 
on interplay of factors related to the polymer liquid such as density, concentration, 
surface tension, conductivity [55], molecular weight, viscosity and solvent; and 
process parameters such as gravity, applied voltage, flow rate, capillary diameter, 
and distance of the collector from the capillary tip [56]. Among natural polymers 
that have been applied in electrospraying are chitosan, cellulose and alginate [57].

Different configurations have been used in electrospraying due to the wide range 
of factors that needs optimization for droplet size and morphology. One of these is 
the coaxial assembly which uses two concentric capillaries, the inner and the outer 
for pushing two different liquid compositions. A typical coaxial set up is shown in 
Figure 7. Shams and colleagues [58] developed pH responsive prednisolone loaded 
Eudragit L100–55 microparticles for colon specific delivery using single and coaxial 
electrospraying. In vitro assessment of the five developed formulations showed that 
careful selection of polymeric system alongside process parameters in electrospray-
ing technique can yield site specific delivery.

Yuan and colleagues [59] also used the coaxial electrospray assembly in the fab-
rication of curcumin-loaded microcapsules aimed at improving the release profile 
of curcumin. The improved coaxial electrospray was able to generate stable Taylor’s 
cone mode under a variety of operating condition that yielded an obvious core-shell 
structure of targeted size and morphology [59]. Likewise, Gómez-Mascaraque and 
colleagues [60], for the first time, encapsulated probiotic, Lactobacillus plantarium 
with a whey protein inner core and a gelatin outer shell using acetic acid as an 
external gelling agent. They found that the application of high voltage alongside the 
presence of acetic acid negatively impacted the viability of the probiotic [60].

Another configuration that has been explored to overcome the low throughput 
of the stable Taylor’s cone mode in electrospray is the multiple capillary assembly. 
Though not without challenges, Parhizkar and colleagues [55] designed and tested 
two multiple needle electrospraying geometries with each consisting of four needles. 
The challenge was to operate all four needles at stable cone mode. Higher particles 
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recovery rate was recorded for the assemble comparatively for the same collection 
time with no significant changes in size and morphology [55]. Also, Lee and cowork-
ers [61] designed functionable poly-styrene-random-glycidyl methacrylate that was 
used to fabricate microparticles via electrospraying. They further studied the influ-
ence of both polymer factors and process parameters on the size and morphology 
of the fabricated microparticles. Their results showed that polymer structure and 
properties can be used to tune the structural parameters of the capsules [61].

Jet cutting method for droplet generation: This technique commercialized by 
geniaLab is a rarely used but cost effective technique that depends on a set of cutting 
wires that serve as a cutting tool for a jet of liquid as it rotates about its axis to generate 
uniformly sized droplets that is shaped as a result of surface tension. It is suited for cut-
ting high viscosity liquids that harden on cooling or by ionotropic gelation. The drops 
generated are generally in the size range of 120 μm to 3 mm. Paulo and colleagues 
[62] recently x-rayed the process parameters requisite for the generation of optimally 
suited calcium alginate beads using the jet cutter. A maximum flow rate of 49 mL/
minute yielded beads of about 2 mm size. Increasing the rotational speed of the cutter 
decreased the bead size by 50% though increased the tangential velocity of the droplets 
leading to a larger space requirement for product collection [62]. Other parameters 
such as gravitational force, surface tension, viscosity and flow rate were also noted.  
A major limitation is the cutting loss occurring with each cut of the liquid jet.

4.1.7 Phase inversion

Phase inversion and separation occurs in a system due to mass transfer. Usually, 
for phase inversion to be induced, a polymer solution is exposed to a miscible non-
solvent. When a polymer solution is exposed to its non-solvent, the solvent mol-
ecules would move out of the polymer while the non-solvent will move in. The first 
step in the process is to dissolve a polymer in its solvent. The second step is to cast the 
polymer solution. The third step is to initiate phase separation by immersion of the 
cast polymer in a coagulation bath containing the non-solvent. Other methods that 
have been used to induce phase separation is non-solvent vapor [63]. Ammendola 
and colleagues [63] used the phase inversion technique to prepare fragrance loaded 
cellulose acetate microcapsules. They then compared the vapor induced phase 
separation with immersion induced phase separation. Their study showed that the 

Figure 7. 
(a) Coaxial assembly for electrospraying. (b) Inner and outer coaxial needles [59].
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relatively uncommon vapor induced phase separation yielded microcapsules with 
more controllable characteristics in terms of structure.

4.2 Encapsulation techniques based on chemical mechanisms

Chemical methods of encapsulation generally depend on chemical interactions 
for encapsulation to occur. These involve predominantly polymerization reac-
tions involving monomer dispersions. The major chemical methods are interfacial 
polymerization, interfacial polycondensation polymerization, emulsion polymer-
ization and in-situ polymerization.

4.2.1 Interfacial polymerization

In this technique, the wall material is made to form at the oil-in-water interface 
of dispersed oil drops. Monomers of the wall forming polymer (usually multi-
functional) is first dissolved in the core material and then emulsified in the aque-
ous continuous phase containing other polymerization reactant. Polymerization 
ensues right after on both sides of the interface of the dispersed oil drops with 
water leading to the formation of rigid capsule walls [64]. Particle sizes as low as 
3 μm can be achieved though most commercialized capsules from this technique 
are in the range of 20–60 μm. This technique can also be employed for reverse 
emulsions. The polymerization occurs across the interface of the droplets. Four 
major groups of polymers have been employed and include polyamides, polyurea, 
polyurethane and polyesters in applications that spans the fields of agriculture, 
pharmaceutics, cosmetics, and energy storage materials. Interfacial polymerization 
is a well-controlled technique capable of delivering targeted sizes and morphology. 
An interfacial polymerization approach has been developed that makes use of safer 
polymers for cosmetic and internal use is the transacylation interfacial polymeriza-
tion. In this approach, biodegradable oligosaccharides, polysaccharides such as 
acacia; and polyethylene glycol, and alginate are used in the internal and external 
phases respectively or vice versa. On mixing the two phases, acacia reacts with the 
carboxylic acid group of the propylene glycol leading to the overall attachment of 
alginate and release of polyethylene glycol. The operational shell material is made 
up of acacia-alginate polymer that does not require further crosslinking [65].

4.2.2 In-situ polymerization

This technique is very much like interfacial polymerization. The difference is 
that the polymerization occurs entirely in the one phase. This term includes suspen-
sion polymerization, emulsion polymerization, and dispersion polymerization. 
In a typical process, the wall forming monomer or pre-polymer is dissolved in 
the continuous phase and used to emulsify the external phase under high pres-
sure homogenization. Thereafter, an initiator for polycondensation soluble in the 
continuous phase is added to initiate polycondensation. Acids are normally added to 
reduce pH and trigger polycondensation which leads to crosslinking and the deposi-
tion of crosslinked wall material round the oil drops [66]. Material used, stirring 
speed, pH, and curing temperature are some of the factors for optimization. Urea-
formaldehyde and melamine—formaldehyde are well known examples developed 
with this method. Ishizuka and colleagues [67] recently prepared microcapsules 
by this technique with an amphiphilic macro RAFT wall material they synthesized. 
Their procedure eliminated the use of toxic solvents. The wall monomer was 
introduced into the rice bran oil continuous phase which was then emulsified with 
the aqueous phase containing sodium chloride in a shirasu porous glass membrane. 
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relatively uncommon vapor induced phase separation yielded microcapsules with 
more controllable characteristics in terms of structure.

4.2 Encapsulation techniques based on chemical mechanisms

Chemical methods of encapsulation generally depend on chemical interactions 
for encapsulation to occur. These involve predominantly polymerization reac-
tions involving monomer dispersions. The major chemical methods are interfacial 
polymerization, interfacial polycondensation polymerization, emulsion polymer-
ization and in-situ polymerization.

4.2.1 Interfacial polymerization

In this technique, the wall material is made to form at the oil-in-water interface 
of dispersed oil drops. Monomers of the wall forming polymer (usually multi-
functional) is first dissolved in the core material and then emulsified in the aque-
ous continuous phase containing other polymerization reactant. Polymerization 
ensues right after on both sides of the interface of the dispersed oil drops with 
water leading to the formation of rigid capsule walls [64]. Particle sizes as low as 
3 μm can be achieved though most commercialized capsules from this technique 
are in the range of 20–60 μm. This technique can also be employed for reverse 
emulsions. The polymerization occurs across the interface of the droplets. Four 
major groups of polymers have been employed and include polyamides, polyurea, 
polyurethane and polyesters in applications that spans the fields of agriculture, 
pharmaceutics, cosmetics, and energy storage materials. Interfacial polymerization 
is a well-controlled technique capable of delivering targeted sizes and morphology. 
An interfacial polymerization approach has been developed that makes use of safer 
polymers for cosmetic and internal use is the transacylation interfacial polymeriza-
tion. In this approach, biodegradable oligosaccharides, polysaccharides such as 
acacia; and polyethylene glycol, and alginate are used in the internal and external 
phases respectively or vice versa. On mixing the two phases, acacia reacts with the 
carboxylic acid group of the propylene glycol leading to the overall attachment of 
alginate and release of polyethylene glycol. The operational shell material is made 
up of acacia-alginate polymer that does not require further crosslinking [65].

4.2.2 In-situ polymerization

This technique is very much like interfacial polymerization. The difference is 
that the polymerization occurs entirely in the one phase. This term includes suspen-
sion polymerization, emulsion polymerization, and dispersion polymerization. 
In a typical process, the wall forming monomer or pre-polymer is dissolved in 
the continuous phase and used to emulsify the external phase under high pres-
sure homogenization. Thereafter, an initiator for polycondensation soluble in the 
continuous phase is added to initiate polycondensation. Acids are normally added to 
reduce pH and trigger polycondensation which leads to crosslinking and the deposi-
tion of crosslinked wall material round the oil drops [66]. Material used, stirring 
speed, pH, and curing temperature are some of the factors for optimization. Urea-
formaldehyde and melamine—formaldehyde are well known examples developed 
with this method. Ishizuka and colleagues [67] recently prepared microcapsules 
by this technique with an amphiphilic macro RAFT wall material they synthesized. 
Their procedure eliminated the use of toxic solvents. The wall monomer was 
introduced into the rice bran oil continuous phase which was then emulsified with 
the aqueous phase containing sodium chloride in a shirasu porous glass membrane. 
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The crosslinkers, ethyleneglycoldimethacrylate, was added to the formed emulsion 
to bring about polymerization [67].

Emulsion polymerization: In this procedure, the core material is dissolved in a 
surfactant. The monomer solution is then added to it dropwise.

Dispersion polycondensation: In the category, all the components including 
the monomer, the dispersant and the initiator are present in a solvent in which the 
polymer to be formed is insoluble. Here, swelling of the polymer occur leading to 
growth of microcapsules which is sustained by continued addition of monomer and 
oligomer [68]. Jiang and colleagues [69] used this method to prepare a core shell for 
site specific delivery of a small molecule, doxorubicin and a protein drug, TRAIL, 
for cancer therapy.

Suspension polymerization: In this approach, the monomers used are insoluble 
in the continuous phase hence, they are dispersed as liquid droplets, in the aqueous 
phase, in the presence of a stabilizer using high pressure homogenization. The poly-
mer is obtained as dispersed solid in the continuous phase. Racoti and coworkers 
[70] recently used suspension polymerization for the microencapsulation of ginger 
oil in polymethyl methacrylate shell using triethyleneglycol dimethachrylate as a 
monomer and Azobisisobutyronitrile (AIBN) as initiator. Their study showed that 
particle size increased with initiator concentration while encapsulation efficiency 
decreased with increasing oil concentration.

4.3 Physicochemical techniques

The physicochemical techniques discussed here are classified as chemical meth-
ods by some authors. However, they are classified as physicochemical techniques 
here because each technique involves one or two physical steps. Such techniques are 
solvent evaporation, coacervation, layer by layer deposition and liposomes.

4.3.1 Solvent evaporation

The first step is the dispersion of the core material in the coating solution to 
form an oil-in-water emulsion. The mixture is then homogenized in the presence of 
stabilizers such as polyvinyl alcohol (PVA), tween 80 and span 80 to obtain appro-
priately sized microcapsules. The last step is to evaporate the solvent off either 
at ambient or elevated temperatures depending on the solvent. For double emul-
sion solvent evaporation, the formed oil-in-water emulsion is emulsified again, 
homogenized before solvent evaporation [71]. The type of emulsion chosen will be 
dependent on the lipophilicity or hydrophilicity of the core material. Double emul-
sions of the w/o/w type are usually used for highly hydrophilic materials in order to 
improve their encapsulation efficiency and limit their diffusion out of the capsule 
into the continuous phase of oil-in-water emulsions [71]. Another approach that has 
been used for hydrophilic payloads is the suspension in organic phase template [72]. 
Solvent evaporation is the common method for preparing nanoparticles. Hoa and 
coworkers [73] prepared PVA stabilized ketoprofen loaded Eudragit E100-Eudragit 
RS nanoparticles using the solvent evaporation method. They studied effect of 
process and formulation parameters on the properties of the nanoparticles. They 
confirmed that the size and morphology of the particles depended on polymer 
and surfactant concentration, power and duration of applied energy, and volume 
ratio of water to oil phases. More recently, Jiang and colleagues [74] developed 
nanoparticles of Ginkoglide using solvent evaporation method. Likewise, Urbaniak 
and Musial [72], using solvent evaporation technique, prepared submicron sized 
capsules from lamivudine conjugated poly-ɛ-caprolactone polymer and studied the 
influencing parameters such as concentration and type, homogenization time and 
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rate on the particle size. Surfactant concentration and homogenization rate were 
identified as the most important factors affecting particle size. Solvent evaporation 
method is advantageous in that it limits the use of toxic solvents, proceeds rapidly 
yielding particles in the size range of 10–100 nm.

4.3.2 Nanoprecipitation

This technique also known as solvent displacement technique was patented by 
Fessi in 1989 [75] for making nanospheres and nanocapsules. It has close resem-
blance to solvent evaporation technique. Here, the solvent phase containing the 
film forming polymer, and the drug to be encapsulated is a water miscible solvent 
such as acetone or methanol, and the non-solvent phase which is a water immis-
cible solvent such as chloroform or dichloromethane, also called the oil phase, are 
mixed under stirring. Thereafter, the solvent is removed to yield nanoparticles 
suspension or nanocapsules if a mineral oil was added. Centrifuging and freeze 
drying will yield the powder. Chitosan, starch, and gelatin are among the com-
monly used natural polymer film formers. Many studies have tried to analyze the 
difference in nanoparticles generated by solvent evaporation and solvent displace-
ment. Hernández-Giottonini and colleagues [76] evaluated the effect of process 
parameters and formulation parameters on polylactic-co-glycolic acid (PLGA) 
nanoparticles prepared by both techniques. While particle size was dominantly 
affected by PLGA and PVA concentrations for the nanoprecipitation method, 
solvent fraction had the most effect of the particle size for the solvent evaporation 
technique. However, the influence of agitation speed in both techniques was the 
same- a decrease in average particle diameter [76].

4.3.3 Coacervation

This technique involves the phase separation of one or more hydrocolloids from 
its initial solution brought about by changes such as pH, ionic strength, temperature, 
solvent type or polarity and the subsequent deposition of the separated coacervate 
on the core droplets in the solution [77]. The lower particle diameter obtainable from 
simple coacervation is 20 μm while that for complex coacervation is 1 μm; and 500 μm 
capsules are also possible from both [33]. Generally, the first step in any coacervation 
process is the dispersion of the oil phase in the solution of the hydrocolloid (formation 
of oil-in-water emulsion). The next step involves the precipitation of the hydrocol-
loid by temperature, polarity, pH, or ionic strength change (polyelectrolyte complex 
formation). This is usually achieved by addition of a salt such as sodium sulphate, or 
desolvation with water miscible non-solvent, in simple coacervation [78]. Induction 
of polymer-polymer gelling by addition of a second oppositely charged hydrocolloid 
happens only in complex coacervation. The resulting complex is stabilized by cross-
linking (usually glutaraldehyde, transglutaminase, calcium ions or tripolyphosphate) 
and the harvested microcapsules washed and dried. Complex coacervation is advan-
tageous due to the high loading of payload up to 99%. From the relatively simple and 
early use of pork skin gelatin and gum arabic, many other variations have emerged 
including patented deviations. Majority of the polymers used are natural polysaccha-
rides such as starches, maltodextrins, and gum arabic; and proteins such as albumin, 
gelatin, and casein; and lipids such as diglycerides [77].

Brito de Souza and coworkers [79] used complex coacervation as a tool to protect 
the phenolic compounds and mask the astringent taste of spray dried hydrophilic 
proanthocyanidins-rich cinnamon using a combination of various polysaccha-
rides and gelatin as the coacervate wall material. They also evaluated the stability 
of the microcapsules under various storage conditions. Their study showed that 
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rate on the particle size. Surfactant concentration and homogenization rate were 
identified as the most important factors affecting particle size. Solvent evaporation 
method is advantageous in that it limits the use of toxic solvents, proceeds rapidly 
yielding particles in the size range of 10–100 nm.

4.3.2 Nanoprecipitation

This technique also known as solvent displacement technique was patented by 
Fessi in 1989 [75] for making nanospheres and nanocapsules. It has close resem-
blance to solvent evaporation technique. Here, the solvent phase containing the 
film forming polymer, and the drug to be encapsulated is a water miscible solvent 
such as acetone or methanol, and the non-solvent phase which is a water immis-
cible solvent such as chloroform or dichloromethane, also called the oil phase, are 
mixed under stirring. Thereafter, the solvent is removed to yield nanoparticles 
suspension or nanocapsules if a mineral oil was added. Centrifuging and freeze 
drying will yield the powder. Chitosan, starch, and gelatin are among the com-
monly used natural polymer film formers. Many studies have tried to analyze the 
difference in nanoparticles generated by solvent evaporation and solvent displace-
ment. Hernández-Giottonini and colleagues [76] evaluated the effect of process 
parameters and formulation parameters on polylactic-co-glycolic acid (PLGA) 
nanoparticles prepared by both techniques. While particle size was dominantly 
affected by PLGA and PVA concentrations for the nanoprecipitation method, 
solvent fraction had the most effect of the particle size for the solvent evaporation 
technique. However, the influence of agitation speed in both techniques was the 
same- a decrease in average particle diameter [76].

4.3.3 Coacervation

This technique involves the phase separation of one or more hydrocolloids from 
its initial solution brought about by changes such as pH, ionic strength, temperature, 
solvent type or polarity and the subsequent deposition of the separated coacervate 
on the core droplets in the solution [77]. The lower particle diameter obtainable from 
simple coacervation is 20 μm while that for complex coacervation is 1 μm; and 500 μm 
capsules are also possible from both [33]. Generally, the first step in any coacervation 
process is the dispersion of the oil phase in the solution of the hydrocolloid (formation 
of oil-in-water emulsion). The next step involves the precipitation of the hydrocol-
loid by temperature, polarity, pH, or ionic strength change (polyelectrolyte complex 
formation). This is usually achieved by addition of a salt such as sodium sulphate, or 
desolvation with water miscible non-solvent, in simple coacervation [78]. Induction 
of polymer-polymer gelling by addition of a second oppositely charged hydrocolloid 
happens only in complex coacervation. The resulting complex is stabilized by cross-
linking (usually glutaraldehyde, transglutaminase, calcium ions or tripolyphosphate) 
and the harvested microcapsules washed and dried. Complex coacervation is advan-
tageous due to the high loading of payload up to 99%. From the relatively simple and 
early use of pork skin gelatin and gum arabic, many other variations have emerged 
including patented deviations. Majority of the polymers used are natural polysaccha-
rides such as starches, maltodextrins, and gum arabic; and proteins such as albumin, 
gelatin, and casein; and lipids such as diglycerides [77].

Brito de Souza and coworkers [79] used complex coacervation as a tool to protect 
the phenolic compounds and mask the astringent taste of spray dried hydrophilic 
proanthocyanidins-rich cinnamon using a combination of various polysaccha-
rides and gelatin as the coacervate wall material. They also evaluated the stability 
of the microcapsules under various storage conditions. Their study showed that 
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gelatin/k-carrageenan and gelatin/cashew tree gum were exceptional in maintaining 
the stability of the microcapsules as wall material. Complex coacervation using these 
combinations enabled the efficient use of proanthocyanidins-rich cinnamon extract in 
ice cream formulation while keeping the taste masked [79]. Lemos and colleagues [80] 
evaluated the effect of homogenizing speed and the hydrodynamics int. coacervation 
medium on the carotenoid rich Buriti oil microcapsules formulated using gelatin-algi-
nate wall material. They found that as the Reynold number increased beyond 70,000, 
the particle size reduced to 200 μm. With about 80% encapsulation efficiency, the 
hydrodynamic conditions affected the particle size of the complex coacervates [80].

4.3.4 Layer by layer (LbL) deposition

This encapsulation technique is a straightforward versatile technique that involves 
the serial alternate deposition of oppositely charged polyelectrolytes films on a colloidal 
particle used commonly as a sacrificial template that is later eliminated or calcined. The 
technique permits the assembly of different compounds that interact through primary 
electrostatic interactions, though other bonds such as dipole–dipole moment, hydrogen 
bonds, host-guest interaction, acid–base interaction, and Van der Waals forces are 
possible. In the preparation of LbL capsules, layers have been deposited by dipping, 
spraying, and spin coating with the polyelectrolyte [81]. It is important to wash with 
distilled water after each layer deposition to minimize cross contamination by polyelec-
trolytes. Parameters that require monitoring include number of deposition cycles, ionic 
strength, pH, polyelectrolyte concentration to tune the thickness, roughness and poros-
ity of the product [82]. Both nanocapsules and microcapsules can be prepared by this 
technique. The availability of wide permeability coefficient spectrum permits tuning to 
achieve specific application targets which could be biosensing, drug delivery, bioreactor, 
or biogenic application. With careful selection of the layering material, and assembly 
conditions final properties of the capsule can be determined. A major drawback is 
the lengthy fabrication process though this has drastically been reduced by the spray-
ing approach [81]. Piccinino and colleagues [83] prepared micro- and nanocapsules 
of mixed polyphenols, tannic acid and sulfonate lignin using Manganese carbonate 
(MnCO3) and organosolv lignin nanoparticles as a template and polydiallyldimethyl-
ammonium chloride and chitosan as supporting layers. The prepared nano and micro-
capsules displayed good antioxidant activity and photo-shielding and electrochemical 
responsiveness that was higher than that possible from the individual homopolymers. 
Rochín-Wong and coworkers [84] recently developed a LbL assembly of two natural 
polymers, κ-carrageenan and chitosan on diflunisal nanoemulsion droplets with the 
aim of studying the release properties. They reported the formation of stable 300 nm-
sized particles that demonstrated controlled released of diflunisal in proportion to the 
number of adsorbed layers. Paşcalău and colleagues [85] recently developed Sorafenib 
nanocapsules using the LbL deposition. They initially co-precipitated bovine serum, 
BSA, with the sacrificial calcium carbonate (CaCO3) porous templates to form the BSA 
gel core microtemplate. The microtemplate was then coated Ca2+ crosslinked hyaluronic 
acid hydrogel and subsequently alternated with chitosan in a multilayer assembly. 
Subsequently, the sacrificial template was removed through a semipermeable mem-
brane and the BSA thermo-gelled. The sorafenib was then loaded into the microcapsule 
by diffusion to yield a delivery system that was thermo-responsive.

4.3.5 Supercritical fluids (SCF)

This technique involves the use of SCFs which are substances that exist above 
their critical temperature and pressure (at this point they exist in single phase and 
exhibit properties of both gases and liquids) and therefore can diffuse through solids 
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like a gas would and dissolve solids and liquids like a liquid. They exhibit densities 
close to that of a liquid but with viscosities and diffusion coefficients like that of a 
gas as shown in Figure 8. Supercritical carbon dioxide is the commonly used SCF for 
encapsulation because it is cheap, easily available, inert, non-toxic, uninflammable, 
with low critical temperature of 31.06°C. The technique may involve supercritical 
CO2 (SCCO2) as a solvent, antisolvent, co-solvent, or nebulizer. The process gener-
ally involves dissolution of both the core material and wall material in the SCF. Then, 
the solution is released through a small nozzle and the rapid reduction in pressure 
caused desolvation and deposition of polymer material shell on the core.

Approaches using SCCO2 as a solvent involves rapid expansion of a supercritical 
solution (RESS) as shown in Figure 9. In this process, components are dissolved in 
SCCO2 and the solution is then released into a collector through tiny nozzles at atmo-
spheric pressure. The rapid decrease in pressure brings about the desolvation of SCCO2 

Figure 8. 
Phase diagram of SCCO2 (not to scale) [86].

Figure 9. 
Schematic representation of the RESS process [86].
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and the solution components deposited as submicron particles. The major setback is 
that many polymer materials, fats, and encapsulants are poorly soluble in SCCO2.

Another approach is the antisolvent gas, GAS approach (Figure 10). In this 
approach, the components of microcapsules are dissolved in a suitable (primary) 
organic solvent and then introduced into SCCO2 which reduces the solubility of the 
components in the organic solvent. SCCO2 does this by rapidly permeating through 
the solution due to its high diffusion coefficient effecting a mass transfer process that is 
evidenced by increase in volume, decrease in viscosity and density. Decrease in density 
significantly reduces the solubility of the components in the solvent, producing a super-
saturated solution from which the components precipitate as micro and nano particles. 
The solutes used in this process must have minimal solubility in SCCO2. The GAS 
technique is advantageous for the encapsulation of polar compounds and compounds 
not soluble in SCCO2 using organic solvents may leave worrisome traces in the capsules.

The third approach is particles from gas saturated solution, PGSS, (Figure 11) 
that depends on the high solubility of SCCO2 in materials such as molten fats, lipids 
and polymers at relatively low pressures, and the cooling effect of depressurization 
(Joule- Thompson effect). In this procedure, SCCO2 is introduced into a substrate, its 
suspension or solution in an organic solvent at high pressure. The resulting saturated 
solution is rapidly expanded through a tiny nozzle using moderate pressure which 
leads to reduction in temperature and the formation of particles due to the cooling 
effect. Zhu and colleagues [87] encapsulated menthol in beeswax using the PGSS.

Equipment required for SCF encapsulation include a compressed SCCO2 cylin-
der, two high pressure liquid pumps for SCCO2 and the other solvents, high pressure 
chambers, product separation units, liquefying units, recirculating pumps, manom-
eters, in-line filters, thermocouples, and a host of others. Parameters that needs to 
be optimized for each application include temperature, pressure, and feed emulsion 
rate. Karim and coworkers [88] used the GAS process to microencapsulate fish oil 
using a semi synthetic polymer, ethyl cellulose.

4.3.6 Sol: Gel technique

Translated literally means solution gelling and basically refers to an encapsulation 
method involving solutions (sol) that transform to a gel in response to alternating 

Figure 10. 
Schematic representation of the GAS process [86].
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physicochemical changes. In this process, the sol precursor is added to water which 
gels or hardens to capsules enclosing any included cargo. Generally, the steps involved 
are hydrolysis, condensation, gelling, aging, drying and densification. Organosilanes 
are the most commonly used encapsulation sols in contemporary times [89]. Their 
properties including surface functionalities, biocompatibility with many drugs and 
biomolecules, mild processing conditions of temperature and pH. This technique 
is commonly used for encapsulation of biomolecules, enzymes, and drugs. The 
alkoxysilanes precursors such as tetraethyl orthosilicate, triethoxysilane, trime-
thoxysiliane, methyltrimethoxysilane, tetraethylorthosilicate are insoluble in water 
so their dispersion in water in the presence of a surfactant and possibly a hydrophobic 
cargo results in the formation of emulsion droplets that serve as templates from which 
hydrolysis, condensation and polycondensation occurs at room temperature in the 
presence of water and an acid to form silanol groups which subsequently condense at 
basic pH to form organosillane matrixes or cages of different porosity and size rang-
ing from 1 to 40 μm [90]. The general equation is given in Eq. (1).

 4 2 2Precursor+Si(OR) 2H O Active SiO 2ROH+ → + +  (1)

One byproduct of that reaction is ethanol which acts as a preservative for enclosed 
biomolecules. The matrix can be dried to form xerogels and can serves as a container 
for the enclosed biomolecule since there is no covalent relationship between them. 
Although rotation and unfolding movements are restricted for proteins, their inclu-
sions can still be detected in appropriate setting by the target receptors.

4.3.7 Liposomes

Liposomes are lipid bilayer phospholipid vesicles with diameters ranging from 
25 nm to 10 μm. They form spontaneously when disrupted in water. They can 

Figure 11. 
Schematic representation of the PGSS approach [86].
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physicochemical changes. In this process, the sol precursor is added to water which 
gels or hardens to capsules enclosing any included cargo. Generally, the steps involved 
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are the most commonly used encapsulation sols in contemporary times [89]. Their 
properties including surface functionalities, biocompatibility with many drugs and 
biomolecules, mild processing conditions of temperature and pH. This technique 
is commonly used for encapsulation of biomolecules, enzymes, and drugs. The 
alkoxysilanes precursors such as tetraethyl orthosilicate, triethoxysilane, trime-
thoxysiliane, methyltrimethoxysilane, tetraethylorthosilicate are insoluble in water 
so their dispersion in water in the presence of a surfactant and possibly a hydrophobic 
cargo results in the formation of emulsion droplets that serve as templates from which 
hydrolysis, condensation and polycondensation occurs at room temperature in the 
presence of water and an acid to form silanol groups which subsequently condense at 
basic pH to form organosillane matrixes or cages of different porosity and size rang-
ing from 1 to 40 μm [90]. The general equation is given in Eq. (1).
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for the enclosed biomolecule since there is no covalent relationship between them. 
Although rotation and unfolding movements are restricted for proteins, their inclu-
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25 nm to 10 μm. They form spontaneously when disrupted in water. They can 
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encapsulate polar materials in their core while keeping hydrophobic materials in 
their lipid bilayer. Liposomes are traditionally made by the film hydration method 
with constituents like lipid, cholesterol, and solvent. Film hydration involves the 
dissolution of the lipid components in a suitable solvent most commonly ethanol 
and chloroform. The solvent is removed in a rotary evaporator leaving behind a 
thin film which is rehydrated to yield large multilamellar vesicles liposomes. The 
size of the liposomes can be reduced by passing through successively smaller sized 
polycarbonate filters. Ultrasonication method of preparing liposomes involves an 
aqueous dispersion of lipids using a strong sonicator probe and usually yields small 
unilamellar vesicles. Reverse phase evaporation is another method for liposome 
preparation [91]. In this method, a mixture of lipids and cholesterol dissolved in 
an appropriate solvent is subjected to the rotary evaporator for solvent removal. 
The residue is dried with hydrogen and resuspended in an organic solvent usually 
diethyl ether. An aqueous solution of the drug to be encapsulated is added to the 
lipid solution and sonicated under nitrogen until a homogenous mixture result. The 
solvent is then removed to yield large unilamelar vesicles usually used to encap-
sulate large molecular weight biomolecules. Ether vaporization method involves 
a mixture of lipids dissolved in an organic solvent such as ether and subsequently 
injected into a hot aqueous solution resulting in osmotic liposomes [92].

Major instability issues with liposomes is related to hydrolysis, oxidation, aggre-
gation, and fusion. Appropriate buffer inclusion is necessary to limit oxidation of 
liposome phospholipids. Freeze drying has also been used to overcome the effect of 
temperature on liposomes. Such proliposomes are then reconstituted in water just 
before use. Research by Gomez and coworkers [91] showed that the encapsulation 
efficiency of any liposome preparation depend on the encapsulated molecule.

4.3.8 Molecular inclusion complexes

Inclusion complexes are microcapsules made by including a material to be 
encapsulated into the cavity of cyclodextrin molecule. Cyclodextrins are a family 
of cyclic oligosaccharides made up of glucopyranosyl linked by α (1,4) bonds. The 
most common members of the family are α-, β-, and γ- cyclodextrins consist-
ing of 6, 7, and 8 glucopyranose units respectively. The most frequently used is 
β-cyclodextrin. The unique nature of a cyclodextrin molecule with a hydrophobic 
cavity enclosed by a hydrophilic container makes them targets for encapsulation 
of hydrophobic molecules. They serve as host to a great variety of hydrophobic 
compounds. Materials are enclosed into their cavity through different means.

Physical mixing through a kneading action of a solution of guest molecule with a 
slurry of cyclodextrin. The kneaded paste is dried and washed with a solvent. This is 
usually reserved for very poorly soluble materials and unsuitable for large scale produc-
tion. In co-precipitation method, the guest molecule is dissolved is a suitable organic 
solvent such as diethyl ether, chloroform. Then, an aqueous solution of the cyclodextrin 
is added under agitation. The complex formed is precipitated out of solution using tem-
perature reduction. The crystals are collected, washed with organic solvent and dried at 
50°C. This method is usually reserved for payloads not too soluble in water [93].

Heating can also be used for inclusion complex formation. For this procedure, the 
physical mixture of the guest and the host can adsorb water and thereafter is heated 
in an enclosed vessel at a temperature of 40–145°C. This process yields crystalline 
complexes but can only be used for payloads stable at such temperature range [93]. 
Freeze drying is usually reserved for heat labile water-soluble cargoes. The required 
quantities of both guest and host materials are dissolved in water with stirring and 
then freeze dried. The obtained crystals are then washed with an organic solvent and 
dried in vacuum. This method is scalable and gives good yields [93].
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Spray drying has also been used to obtain host-guest complexes. The host and 
guest molecules are dissolved in deionized water under agitation and subsequently 
dried in a spray dryer. There is need to optimize the operation conditions and this 
process may be unsuitable for heat labile materials [93].

5. Natural polymers in encapsulation

In 1953, Hermann Staudinger was awarded the Nobel Prize in chemistry for 
demonstrating the existence of “Makromoleküle” macromolecules which led to the 
birth of the polymer chemistry field [94]. In the past 50 years, various natural, 
synthetic and semi-synthetic polymers have been investigated for developing diverse 
nano-, micro-, and macroscale drug delivery system (DDSs) for various therapeutic 
and diagnostic applications [94–96]. Natural polymers along with their derivatives 
(semi-synthetic polymers) are the safest micro- and nanocarriers due to their low 
toxicity, biocompatibility and intrinsic biodegradability by enzymes [97, 98]. This 
section highlights the main types of natural polysaccharides, proteins and lipids that 
have been employed as nanocarriers for therapeutic and theranostic applications.

5.1 Polysaccharides

Polysaccharides are the most abundant natural biopolymers derived from diverse 
bioresources, Figure 12. Polysaccharides are different from proteins, nucleic acids, 

Figure 12. 
Classification of polysaccharides based on their origin [100].
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glycoproteins and glycolipids, in that they contain repetitive structural features [99]. 
Polysaccharides have been employed as responsive nanocarriers for targeted and con-
trolled gene delivery and drug delivery of small molecules, proteins, peptides, nucleic 
acids, and antibiotics [100]. Among various polysaccharides, cellulose is the most 
abundant renewable natural polymer on earth, which is unbranched, linear homopoly-
saccharide, composed of repeating β-(1 → 4) linked d-glucose units [101]. However, 
since cellulose is water-insoluble, various water-soluble and hydrophilic cellulose-based 
derivatives have been used for creating macroscale DDSs and devices for oral drug 
delivery to the gastrointestinal (GI) tract due to their good compression characteristics 
and adequate water-swelling property which allows for controlled release drugs through 
rapid formation of an external gel layer [102]. Examples of commercialized macroscale 
DDSs based on cellulose acetate and hydroxypropyl methylcellulose (HPMC) are 
shown in Figure 13 (I, II). The details about the former DDSs/devices and the mecha-
nisms of drug release are described by Abu-Thabit and Makhlouf [94].

Another important polysaccharide is starch. Starches are made from 300 to 1000 
glucose monomeric units. The main components of starch are amylose (~20%) and 
amylopectin (~80%) macromolecules. Amylose is unbranched, linear homopolysac-
charide, composed of repeating α-(1 → 4) linked d-glucose units. Amylose adapts heli-
cal structure due to the formation of hydrogen bonding among D-glucose monomeric 
units. The helical conformation of amylose provides room to accommodate the iodine 
molecules in its core, and results in the formation of iodine-amylose complex with the 
characteristic blue-violet color as a strong indication for the presence of tiny amounts 
of starch. Amylopectin is a branched polysaccharide that is composed of repeating 

Figure 13. 
(I) And (II) represent the chemical structures and examples of macroscale-based DDSs using HPMC, and 
cellulose acetate; reproduced with permission from ref. [94]. (III) schematic illustration of (a) structure 
of cyclodextrin polymer; diversity of using cyclodextrins for drug delivery systems via (b) host-guest 
interactions; (c) formation of supramolecular inclusion complexes (e.g. with PEG); and (d) cyclodextrin-
drug conjugates; (IV) conventional representation for native cyclodextrins (CDs) as a truncated cone with 
“hydrophobic” cavity (blue color) that can accommodate hydrophobic drugs; reproduced with permissions 
from ref. [103].
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α-(1 → 4) linked d-glucose units with occasional α-1,6-glycosidic bonds, which are 
responsible for the branching. The helical structure of amylopectin is disrupted by the 
available branched side chains which yield less intense reddish-brown color for the 
formed amylopectin-iodine complex instead of intense blue-violet color. Another class 
of polysaccharides nanocarriers is cyclodextrins (CDs) which are crystalline cyclic 
oligosaccharides consisting of α-1,4-glycosidic bonded D-glycopyranose units with 
glucose units arranged in a donut shape ring [103]. CDs are produced by enzymatic 
degradation of starch. CDs are classified as cage molecules with hydrophilic exterior 
and hydrophobic inner cavity which enables the formation of inclusion complexes 
with a variety of hydrophobic drug molecules [103], Figure 13 (III). CDs are catego-
rized based on the number of glucose residues in their structure, for example, CD with 
the glucose hexamer is named as α-CD, the heptamer as β-CD and the octomer as γ-CD 
[104]. The designs of supramolecular systems with CD are very diverse; since CDs can 
be used alone, grafted to other molecules or linked to each other [105], Figure 13 (IV).

Chitin is the second most abundant natural polysaccharide which can be described 
as cellulose with one hydroxyl group on each monomer replaced by acetyl amine 
group. Chitin is abundant in invertebrates, mollusks, the cell walls of fungi, and the 
exoskeletons of arthropods. Like cellulose, chitin is a hydrophobic and water-insoluble 
biopolymer with limited application for fabricating DDSs. Chitosan, which is prepared 
by alkaline or enzymatic hydrolysis of chitin, is considered as the most important 
derivative of chitin due to its biocompatibility, biodegradability and non-toxic nature 
[106]. Unlike most anionic polysaccharides, chitosan is classified as a cationic polymer 
due to the presence of amine group which can be protonated upon dissolving chitosan 
in dilute acidic solutions such as acetic acid or hydrochloric acid. This unique character 
allowed chitosan to be used for fabricating various DDSs, such as micro/nanoparticles 
and hydrogels, via formation of polyelectrolyte complexes with various anionic poly-
saccharides [107, 108]. Another naturally occurring linear polysaccharide is hyaluronic 
acid (HA) (also called hyaluronan) which is composed of D-glucuronic acid and 
N-acetyl-D-glucosamine disaccharide. HA acts as an anionic polyelectrolyte at neutral 
pH, as the pKa of the carboxylic acid groups is ≈ 3–4, which makes HA highly hydro-
philic and superabsorbent for water, with ability to expand up to 1000 times its solid 
volume, leading to loose, hydrated network [97]. Dextran is a water-soluble branched 
polysaccharide with varied chain lengths and molecular weight in the range of 30,000 
– 2,000,000 g/mole [106]. In 1861, Louis Pasteur isolated dextran from wine as a 
microbial product [109]. Dextran has been applied in nanomedicine, a novel discipline 
that applies submicron particles for therapeutic and diagnostic purposes. Dextran has 
been applied in nanomedicine as encapsulating matrix for therapeutic and diagnostic 
purposes [94], and as an alternative to PEGylation to avoid nanoparticles (NPs) [95] 
and opsonin interactions [110]. Dextran has been employed for preparing pH-sensitive 
NPs by polyelectrolyte complexation between dextran sulfates and chitosan [108, 111].

5.2 Proteins

The term protein was coined in 1838 by the Swedish chemist Jöns Jacob Berzelius, 
which was derived from the Greek prōteios, meaning “holding first place” [112]. 
Proteins are versatile biomacromolecules with large and diverse functions in living 
organisms such as transcription, translation, transport and metabolism [113]. 
Proteins are key class of biopolymers that have been extensively used as nanocarri-
ers for therapeutic and diagnostic drug delivery applications [114]. Proteins can be 
classified based on their origin as plant-based proteins and animal-based proteins, 
Figure 14. Detailed description and characteristic for each protein type is provided 
in the next chapter on proteins. This section provides brief idea about animal-based 
proteins including gelatin, casein, and albumin.
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glycoproteins and glycolipids, in that they contain repetitive structural features [99]. 
Polysaccharides have been employed as responsive nanocarriers for targeted and con-
trolled gene delivery and drug delivery of small molecules, proteins, peptides, nucleic 
acids, and antibiotics [100]. Among various polysaccharides, cellulose is the most 
abundant renewable natural polymer on earth, which is unbranched, linear homopoly-
saccharide, composed of repeating β-(1 → 4) linked d-glucose units [101]. However, 
since cellulose is water-insoluble, various water-soluble and hydrophilic cellulose-based 
derivatives have been used for creating macroscale DDSs and devices for oral drug 
delivery to the gastrointestinal (GI) tract due to their good compression characteristics 
and adequate water-swelling property which allows for controlled release drugs through 
rapid formation of an external gel layer [102]. Examples of commercialized macroscale 
DDSs based on cellulose acetate and hydroxypropyl methylcellulose (HPMC) are 
shown in Figure 13 (I, II). The details about the former DDSs/devices and the mecha-
nisms of drug release are described by Abu-Thabit and Makhlouf [94].

Another important polysaccharide is starch. Starches are made from 300 to 1000 
glucose monomeric units. The main components of starch are amylose (~20%) and 
amylopectin (~80%) macromolecules. Amylose is unbranched, linear homopolysac-
charide, composed of repeating α-(1 → 4) linked d-glucose units. Amylose adapts heli-
cal structure due to the formation of hydrogen bonding among D-glucose monomeric 
units. The helical conformation of amylose provides room to accommodate the iodine 
molecules in its core, and results in the formation of iodine-amylose complex with the 
characteristic blue-violet color as a strong indication for the presence of tiny amounts 
of starch. Amylopectin is a branched polysaccharide that is composed of repeating 

Figure 13. 
(I) And (II) represent the chemical structures and examples of macroscale-based DDSs using HPMC, and 
cellulose acetate; reproduced with permission from ref. [94]. (III) schematic illustration of (a) structure 
of cyclodextrin polymer; diversity of using cyclodextrins for drug delivery systems via (b) host-guest 
interactions; (c) formation of supramolecular inclusion complexes (e.g. with PEG); and (d) cyclodextrin-
drug conjugates; (IV) conventional representation for native cyclodextrins (CDs) as a truncated cone with 
“hydrophobic” cavity (blue color) that can accommodate hydrophobic drugs; reproduced with permissions 
from ref. [103].
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formed amylopectin-iodine complex instead of intense blue-violet color. Another class 
of polysaccharides nanocarriers is cyclodextrins (CDs) which are crystalline cyclic 
oligosaccharides consisting of α-1,4-glycosidic bonded D-glycopyranose units with 
glucose units arranged in a donut shape ring [103]. CDs are produced by enzymatic 
degradation of starch. CDs are classified as cage molecules with hydrophilic exterior 
and hydrophobic inner cavity which enables the formation of inclusion complexes 
with a variety of hydrophobic drug molecules [103], Figure 13 (III). CDs are catego-
rized based on the number of glucose residues in their structure, for example, CD with 
the glucose hexamer is named as α-CD, the heptamer as β-CD and the octomer as γ-CD 
[104]. The designs of supramolecular systems with CD are very diverse; since CDs can 
be used alone, grafted to other molecules or linked to each other [105], Figure 13 (IV).

Chitin is the second most abundant natural polysaccharide which can be described 
as cellulose with one hydroxyl group on each monomer replaced by acetyl amine 
group. Chitin is abundant in invertebrates, mollusks, the cell walls of fungi, and the 
exoskeletons of arthropods. Like cellulose, chitin is a hydrophobic and water-insoluble 
biopolymer with limited application for fabricating DDSs. Chitosan, which is prepared 
by alkaline or enzymatic hydrolysis of chitin, is considered as the most important 
derivative of chitin due to its biocompatibility, biodegradability and non-toxic nature 
[106]. Unlike most anionic polysaccharides, chitosan is classified as a cationic polymer 
due to the presence of amine group which can be protonated upon dissolving chitosan 
in dilute acidic solutions such as acetic acid or hydrochloric acid. This unique character 
allowed chitosan to be used for fabricating various DDSs, such as micro/nanoparticles 
and hydrogels, via formation of polyelectrolyte complexes with various anionic poly-
saccharides [107, 108]. Another naturally occurring linear polysaccharide is hyaluronic 
acid (HA) (also called hyaluronan) which is composed of D-glucuronic acid and 
N-acetyl-D-glucosamine disaccharide. HA acts as an anionic polyelectrolyte at neutral 
pH, as the pKa of the carboxylic acid groups is ≈ 3–4, which makes HA highly hydro-
philic and superabsorbent for water, with ability to expand up to 1000 times its solid 
volume, leading to loose, hydrated network [97]. Dextran is a water-soluble branched 
polysaccharide with varied chain lengths and molecular weight in the range of 30,000 
– 2,000,000 g/mole [106]. In 1861, Louis Pasteur isolated dextran from wine as a 
microbial product [109]. Dextran has been applied in nanomedicine, a novel discipline 
that applies submicron particles for therapeutic and diagnostic purposes. Dextran has 
been applied in nanomedicine as encapsulating matrix for therapeutic and diagnostic 
purposes [94], and as an alternative to PEGylation to avoid nanoparticles (NPs) [95] 
and opsonin interactions [110]. Dextran has been employed for preparing pH-sensitive 
NPs by polyelectrolyte complexation between dextran sulfates and chitosan [108, 111].

5.2 Proteins

The term protein was coined in 1838 by the Swedish chemist Jöns Jacob Berzelius, 
which was derived from the Greek prōteios, meaning “holding first place” [112]. 
Proteins are versatile biomacromolecules with large and diverse functions in living 
organisms such as transcription, translation, transport and metabolism [113]. 
Proteins are key class of biopolymers that have been extensively used as nanocarri-
ers for therapeutic and diagnostic drug delivery applications [114]. Proteins can be 
classified based on their origin as plant-based proteins and animal-based proteins, 
Figure 14. Detailed description and characteristic for each protein type is provided 
in the next chapter on proteins. This section provides brief idea about animal-based 
proteins including gelatin, casein, and albumin.
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Collagen is the most abundant protein in mammals which forms 30% of all verte-
brate body protein with a majority in bone and skin. Gelatin is a denatured collagen 
which is obtained by either acid hydrolysis (gelatin type A with isoelectric point ≈ 
7–9), or alkaline hydrolysis (gelatin type B with isoelectric point ≈ 4.8–5) [115]. Gelatin 
is biocompatible and biodegradable with high physiological tolerance and low immu-
nogenicity. Gelatin is classified as “Generally Recognized as Safe” (GRAS) by the US 
Food and Drug Administration (FDA). Therefore, gelatin have been used for vitamin 
preparation, drug capsules, scaffolding materials to promote cell migration, wound 
healing, tissue regeneration and as a nanocarrier for drug and gene delivery [106, 115]. 
Casein and whey proteins are important protein sources for human nutrition. Casein 
is one of the oldest natural polymers, used for adhesives, dating back to thousands 
of years [116]. In contrast to whey proteins, caseins are water-insoluble and account 
for 80% of total bovine milk proteins. Casein protein is found in milk which serves 
biologically to transfer nutrients from mother to her offspring. Hence, it can be used 
as a carrier depot for delivery of drugs. Casein has four constituent phosphate-rich 
sub-units, which are amphiphilic and self-assemble into a micellar structure in the size 
range 50–300 nm, held together by calcium phosphate nanoclusters acting as bridges 
connecting these subunits [117]. Although the word “albumin” is usually associated 
to serum albumin, it is also employed to describe a family of proteins characterized by 
their solubility in water [114]. Human serum albumin (HSA) and lactalbumin (known 
as whey protein) are the most popular albumin proteins employed for drug delivery 
applications [114]. Besides that, albumins can be found in foods, particularly in seeds 
and nuts. Serum albumin is the major protein constituent in the blood plasma of all 
vertebrates. The two main exponents are human (HSA) and bovine serum albumin 
(BSA). Albumin has diverse physiological functions such as maintaining the pH and 
colloidal osmotic pressure of plasma, its antioxidant effect by trapping free radicals, 
and its reversible binding ability to variety of important exogenous and endogenous 
[118, 119]. Albumin has the ability to bind with positively and negatively charged 

Figure 14. 
Classification of proteins based on their origin with the list of the main components.
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hydrophobic organic anions such as bilirubin and long-chain fatty acids and divalent 
cations such as calcium and magnesium [119]. Albumin can bind to different types 
of compounds including drugs, bile acids, copper, zinc, and even compounds with 
specific serum binders such as vitamin D and thyroxin [119]. The binding feature of 
albumin reduces the free concentration of compounds, and hence, limiting their bio-
logic activity, distribution, and rate of clearance [119]. Therefore, HSA is considered an 
ideal protein for the production of parenteral medications, which has been employed 
as nanocarrier for drugs, vaccines and genes delivery [120–123].

In 1972, the first protein-based nanoparticle (human serium albumin (HSA) 
microspheres) was prepared [124]. In January 2005, the first nanotechnology-based 
drug product, called as Abraxane®, was approved for treatment of metastatic 
breast cancer [125]. The anticancer and water-insoluble paclitaxel chemotherapeu-
tic agent was easily encapsulated in a shell of protein albumin, where the cancer 
cells are tricked by the albumin coating into taking the nanospheres embedded 
with the active cancer-fighting paclitaxel molecules [125]. The encapsulation of 
paclitaxel drug inside the albumin protein biopolymer provided a harmless way for 
drug administration as compared to the use of toxic solvents like polyhydroxylated 
castor oil (Cremophor EL or CrEL), which requires patients to receive premedica-
tion for elimination of the allergic reactions and solvent-related hypersensitivity 
side effects [126]. The FDA approved use of Abraxane® was extended for treatment 
of non-small-cell lung carcinoma (NSCLC) in 2012, followed by the FDA approval 
in 2013 for use in treating advanced pancreatic cancer as less toxic alternative to 
FOLFIRINOX [94]. Gas microbubbles have been encapsulated in the elastic shell 
of HSA which served as ultrasound contrast agents (e.g. Albunex™ and Optison™ 
products) for diagnostic applications [127].

Figure 15. 
Classification of lipids based on their origin.
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hydrophobic organic anions such as bilirubin and long-chain fatty acids and divalent 
cations such as calcium and magnesium [119]. Albumin can bind to different types 
of compounds including drugs, bile acids, copper, zinc, and even compounds with 
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5.3 Lipids

Lipids are heterogenous polymers of fatty acids and in nature occur as fats if solid 
at ambient temperature, oils if liquids at ambient temperature, fatty acid deriva-
tives, and sterols. A major division among lipids irrespective of their categorization 
but pertinent for their role in encapsulation and based on polarity divides lipids 
into polar and non-polar lipids with all types occurring in nature. Polar lipids form 
aqueous phases with water and occur in nature as constituents of the cell membrane 
where they form a barrier between the cell and the external water environment. 
Except for cholesterol, polar lipids have a polar head and a long non-polar tail that 
aligns itself in a bilayer and include lipids such as glycerophospholipids, sphingolip-
ids and monoglycerides. On the other hand, non-polar lipids such as triglycerides, 
waxes, are used as energy store and form a solvent for many lyophilic compounds 
during formulation. Lipids are classified based on origin as shown in Figure 15.

6. Lipid-based encapsulation

Lipids are a group of hydrocarbons based organic macromolecules that are rather 
soluble in non-polar and organic solvents instead of water. Though like carbohydrates 
in terms of elemental constituents of carbon, hydrogen and oxygen, they differ in 
containing considerably lower levels of oxygen often attached as part of a single 
carboxylic acid group at the end of a long hydrocarbon chain. Non-saponifiable lipids 
such as triglycerides, waxes and phospholipids cannot be hydrolyzed by acid or bases 
but lipids such as steroids, prostaglandins and terpenes are easily hydrolyzed due to 
the presence of ester groups. Lipid based encapsulates include liposomes, nanolipo-
somes, proliposomes, self-assembled micelles, nanostructured lipid carriers, Solid 
lipid nanoparticles, solid lipid microparticles, liquid lipid nano and micro particles, 
nanoemulsion, microemulsions, emulsions, nanosuspensions, lipid nanotubes, 
lipid-polysaccharide complexes and hybrids (Figure 16). Some other lipid-based drug 
delivery systems such as the self-emulsifying microemulsions are not included here 
because often, they are only encapsulated after ingestion.

A wide range of architectures can be realized depending on the nature and 
composition of lipids, encapsulation technique, among others. Tuning of process 
parameters such as pH, temperature, nature and composition of lipid, presence of 
other constituents such as electrolytes, buffers and sugars will usually determine 
the size and morphology of the resulting capsules or vesicles. The morphology 
could be micelles, vesicles, or bilayer sheets. Specific applications will demand spe-
cific manipulation of charge, size, pegylation, functionalization, phase  transition 
temperature and drug loading mechanism.

Size: For applications targeting the delivery of macromolecules and tissue penetra-
tion, the required size should be below 100 nm but above 5 nm to prevent filtration 
through the kidney. Multilamellar vesicles are particularly good for depot and sustained 
release injections while small unilamellar vesicles are good for systemic injections.

Charge: Neutral vesicles usually result in long circulation time and minimal 
effect of the reticuloenthothelial system. Cationic vesicles however undergo aggre-
gation due to interaction with body protein while anionic vesicles are easily taken up 
by the liver and spleen.

6.1 Lipids in micro- and nanoencapsulation

Encapsulation processes employed in the use of lipids for formation of micro 
and nano capsules are similar in principle for both nanocapsules and microcapsules. 
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Lipids of diverse characteristics and functionalities have in contemporary times 
remained the focus of hope for the delivery of over 90% new chemical entities in 
development pipeline that may encounter bioavailability challenges due to their 
lipophilicity [129]. Likewise, drug delivery systems based on lipids have almost 
taken center stage in many pharmaceutical companies due to potential profit, 
both financial and otherwise, accruable to lipid-based reformulation of existing 
medicines.

Lipids play a major role in many encapsulation processes as either membrane/
shell components, core/carrier component, water-insoluble or water-soluble 
surfactant or as a hydrophilic cosolvent. The type of lipid used for an encapsula-
tion process may depend on several factors that include the target application, size 
range required for the application, physicochemical properties of the material to be 
encapsulated. Lipids involved in encapsulation vary widely depending on specific 
application. There are also a variety of classification system available.

Homolipids: These are also known as simple lipids and are formed by an esteri-
fication action of an alcohol with fatty acids which can be short chain (less than 6 
carbon atoms), medium chain (6–12 carbons) or long chain (14–24 carbon atoms). 
Their elemental composition is just carbon, hydrogen, and oxygen. The constituent 
fatty acid chain may contain a double bond which always occurs in the cis configu-
ration. Examples are naturally occurring glycerides such as fats and oil (coconut 

Figure 16. 
Classes of lipid-based drug delivery system. Adapted from [128].
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remained the focus of hope for the delivery of over 90% new chemical entities in 
development pipeline that may encounter bioavailability challenges due to their 
lipophilicity [129]. Likewise, drug delivery systems based on lipids have almost 
taken center stage in many pharmaceutical companies due to potential profit, 
both financial and otherwise, accruable to lipid-based reformulation of existing 
medicines.

Lipids play a major role in many encapsulation processes as either membrane/
shell components, core/carrier component, water-insoluble or water-soluble 
surfactant or as a hydrophilic cosolvent. The type of lipid used for an encapsula-
tion process may depend on several factors that include the target application, size 
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fication action of an alcohol with fatty acids which can be short chain (less than 6 
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Classes of lipid-based drug delivery system. Adapted from [128].
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oil), cerides such as waxes (beeswax and carnauba wax), and sterides such as esters 
of fatty acids and cholesterol.

Heterolipids or compound lipids: These contain an additional nitrogen atom or 
phosphorus atom. They include phospholipids, sulfolipids, and glycolipids (when 
conjugated with a sugar moiety). Two classes of phospholipids occur in abundance 
naturally and include sphingolipids such as ceramide and phosphoglycerides. They 
abound in nature as structural components of membranes.

Complex lipids: These include overly complex lipids such as lipoprotein (when 
conjugated with protein and are responsible for the transport of cholesterol and 
other molecules) and chylomicrons.

6.2 Merits and demerits in therapeutic delivery

Challenges abound in the drug delivery terrain particularly for new chemical 
entities in development pipeline majority of whom are poorly soluble molecules. In 
addition, better understanding of the molecular basis of diseases is yielding treat-
ment options such as large proteins that pose challenges for delivery. For instance, 
proteins are easily degraded when administered even parenterally necessitating 
frequent administrations that contribute to patient cost, side effects and compli-
ance issues. Moreover, often they are large molecules. At the nanosized level, most 
nanoparticles are easily removed from the circulation by the endoplasmic reticulum. 
Encapsulation in lipids can solve a great number of these issues. Figure 17 captures 

Figure 17. 
Some factors contributing to efficiency of lipid encapsulation to therapeutic drug delivery [130].
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some of the benefits of lipid encapsulation to drug delivery. The merits of a lipid-
based system for drug delivery may vary slightly depending on the type of lipid 
system and the route of administration.

Modulation of bioavailability: Irrespective of the route of administration or lipid 
system involved, lipid-based systems have been employed to modulate rate and extent 
of absorption of active ingredient. They bring about an increase in surface area avail-
able for dissolution thereby increasing absorption. In oral delivery, lipid systems have 
predominantly been used to improve solubilization of poorly soluble solids thereby 
increasing bioavailability. Solubilization in lipid systems also greatly diminishes intra 
and inter subject variability enabling caregivers to better adjust dosing to individual 
needs. Lipid based delivery also reduces the hepatic first pass metabolism for susceptible 
drugs. The overall improvement may lead to a reduction in the required dose and a pro-
portional decrease in the accompanying side effects and toxicities which may translate 
to better compliance. An example is the formulation of amphotericin B initially as 
fungizone with high toxicity as compared to the lipid particle formulation, Abelcet 
[131]. In addition, existence of areas of opposite polarity within the same systems opens 
the possibility of delivering 2 physically different compounds through one system.

Lipid based systems in the form of micro and nano particulate systems modulate 
biodistribution [132]. They are usually used to sustain drug release and target drugs to 
specific sites. Lipids have been used to deliver large protein macromolecules to specific 
sites through lipid-drug conjugates. Encapsulation in lipid bilayer membrane spares 
the drug the attack of the reticuloendothelial system or shield a drug from detection 
by the immune cells since they have similar membrane. Lipid systems improve or 
maintain the chemical and physical stability of the included API. They also effectively 
mask taste, and odor. Formulation efforts are also targeted towards stabilizing the API 
both during storage and from endogenous enzymes and chemicals until it arrives its 
site of action. Physicochemical properties of vesicles such as size, charge or surface 
functionalization with specific ligands can be modulated for specific tasks.

Most lipids used for encapsulation are relatively cheap, biocompatible, biodegrad-
able and exhibit low toxicity and allergenicity. The use of organic solvents is limited in 
their preparation. Ease of formulation, ease of characterization, sterilization and scale 
up, and amenability to delivery by various routes all contribute to their versatility.

In spite of the plethora of advantages, lipid-based system has a few challenges.
Digestibility of lipids and drug leakage: Most lipids used for encapsulation 

and other lipid-based delivery systems are natural. Lipids therefore have a natural 
propensity to be digested and degraded in the body by enzymes [133]. Digestion of 
one or more components will break up the membrane or shell which may result in 
supersaturation, precipitation or dilution depending on the route of administration 
and may result in toxicity or loss of efficacy.

Drug loading: Passive drug loading may lead to low efficiency, but active drug 
loading ensures high efficiency depending on the API and the other excipients.

Uncontrolled precipitation and aggregation: many of the lipid systems are prone 
to physical destabilization of their membranes requiring extra effort to stabilize them. 
The nanocapsules are prone to aggregation which may lead to non-uniformity of doses.

6.3 Case studies/applications

6.3.1 Encapsulation of small molecules

Small molecules are low molecular weight compounds that include drugs, 
xenobiotics, lipids, metabolites, metal ions, monosaccharides, second messenger, 
etcetera. Encapsulation of small molecules using lipids predominantly aims to solu-
bilize poorly soluble molecules, target or control release of the medicament. Lipids 
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oil), cerides such as waxes (beeswax and carnauba wax), and sterides such as esters 
of fatty acids and cholesterol.

Heterolipids or compound lipids: These contain an additional nitrogen atom or 
phosphorus atom. They include phospholipids, sulfolipids, and glycolipids (when 
conjugated with a sugar moiety). Two classes of phospholipids occur in abundance 
naturally and include sphingolipids such as ceramide and phosphoglycerides. They 
abound in nature as structural components of membranes.

Complex lipids: These include overly complex lipids such as lipoprotein (when 
conjugated with protein and are responsible for the transport of cholesterol and 
other molecules) and chylomicrons.

6.2 Merits and demerits in therapeutic delivery

Challenges abound in the drug delivery terrain particularly for new chemical 
entities in development pipeline majority of whom are poorly soluble molecules. In 
addition, better understanding of the molecular basis of diseases is yielding treat-
ment options such as large proteins that pose challenges for delivery. For instance, 
proteins are easily degraded when administered even parenterally necessitating 
frequent administrations that contribute to patient cost, side effects and compli-
ance issues. Moreover, often they are large molecules. At the nanosized level, most 
nanoparticles are easily removed from the circulation by the endoplasmic reticulum. 
Encapsulation in lipids can solve a great number of these issues. Figure 17 captures 

Figure 17. 
Some factors contributing to efficiency of lipid encapsulation to therapeutic drug delivery [130].
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being major constituents of the cell membranes can ferry included cargo through 
the tightly controlled formidable barrier and through various ports of entry such as 
the stratum corneum, the ocular cornea, parenteral or oral route.

Cantón and colleagues [134] recently reported the preparation of SN-38-β-
cyclodextrin complex in solid lipid nanoparticles. The aim was to develop a delivery 
system that will deliver, stabilize, and protect the FDA approved drug for colorectal 
cancer. This was necessary since SN-38 is highly insoluble and unstable at physi-
ological pH and easily converts to the carboxylate form that has higher binding 
affinity to serum and is more stable at the basic pH of the GIT. Initial attempt to 
include SN-38 -cyclodextrin inclusion complex to a liposome lead to the disassem-
bly of the liposome and the formation of solid lipid nanoparticles. The lipids used 
were hydrogenated L-α-phosphatidylcholine, 1,2-distearoyl-sn-glycero-3- phospho-
ethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG-biotin), 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N- [folate(polyethylene glycol)-5000] 
(DSPE-PEG-folate) 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 
(DHPE-TR). Evaluation of the stability by determining the presence of the inactive 
form was undertaken using the size exclusion chromatography. Ultimately, stable, 
solid lipid particles containing the SN-38 cyclodextrin complex was prepared even 
though the concentration of the encapsulated drug was narrow.

Photodynamic therapy (PDT) is a treatment modality for cancers that involve the 
use of reactive oxygen species, photosensitizers, and light for destruction of cancer 
cells. However, PDT is limited by the inability of high energy light used in PDT to 
penetrate tissues, and the ability of the body to disperse used photosensitizers systemi-
cally [135]. Unfortunately, too, the internal tumor environment is hypoxic, the low 
oxygen content limiting the efficacy of PDT and being responsible for angiogenesis 
and subsequent metastasis within cancer cells. Therefore, to improve the outcomes of 
PDT, particularly for solid tumors, there is a need for the presence of oxygen generator 
within the tumor cells and the presence of the photosensitizer near the targeted tumor 
cell. Liu and colleagues [136] developed a calcium peroxide/methylene blue-loaded 
liposome as an oxygen generating species which targets a photosensitizer, methylene 
blue in PDT therapy. Many of the oxygen generated previously studied were encap-
sulated in hydrophobic polymers that had limited capacity for hydrophilic cargo and 
delayed the generation of oxygen. The use of liposomes provided a hydrophobic shell 
that served to carry the photosensitizer and a means to penetrate the cell membrane 
while carrying a hydrophilic cargo in its core. On irradiation, the phospholipid bilayer 
is easily disrupted causing the release of calcium peroxide which reacts with water rap-
idly to generate oxygen. On subsequent irradiation, the generated oxygen potentiates 
the effect of PDT on tumor hypoxia. The first step involved the preparation of calcium 
peroxide nanoparticles and further encapsulation of the nanoparticles in a pegylated 
liposome. Composed of DSPE-PEG, DPPC-egg lecithin, and cholesterol. In-vivo tests 
in a mouse model of mammary cell carcinoma demonstrated the efficacy of the system 
to limit hypoxia in treated animals when compared to untreated animals.

Kenechukwu and colleagues [137] prepared a lipid matrix made up of sun seed 
oil: Softisan® in the ratio 1:9 and PEG 4000 by a melt homogenization process for 
the intravaginal delivery of a poorly soluble drug, Miconazole. The concentration of 
PEG was varied giving rise to different formulations. The PEG content consequently 
affected the particle sizes, the encapsulation efficiency, and the loading capacity. The 
optimum concentration of PEG 4000 according to their study was 40% w/w.

Stella and colleagues [138] investigated the possibility of delivering a doxorubicin 
pro-drug, squalenoyl-derivative through entrapment in solid lipid nanoparticles. The 
highly reduced cardiotoxicity of liposomal doxorubicin catapulted the search for other 
lipid-based carrier systems that will also help in mitigating the resistance to doxorubi-
cin. Squalenoyl derivative is highly lipophilic derivative that has shown capacity to form 
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very stable self-assembles in water. Their absorption in the body had been shown to be 
mediated by endogenous low-density lipoproteins. Therefore, the researchers initially 
prepared squalenoyl derivative self-assembly in water using the nanoprecipitation 
technique. The solid lipid particles were prepared by complex coacervation using fatty 
acids that were precipitated by acidification and stabilized with poly vinyl alcohol.

Targeting cytotoxic drugs to the tumor environment has always been both desir-
able and a challenge due to severe side effects to normal cells and the peculiarities 
of the tumor microenvironment. For instance, multi drug resistance to drugs like 
doxorubicin has been associated to the hypoxia encountered in tumors. In this study, 
Xie and colleagues [139] aimed to use methotrexate conjugated with a polymer-lipid 
hybrid through an imine linkage, as both a targeting moiety and as the drug targeted 
to the cancer cells, through the nanoplatform of self-assembled lipid micelles also 
incorporating curcumin. In addition, pH responsiveness and prodrug status were 
built into the platform using an imine crosslinker. The intent was that at a particular 
pH unique to the tumor environment, the acid responsive imine aldehyde linkage will 
be disrupted leading to the release of the active methotrexate. The methotrexate with 
its strong resemblance to folate will be used as a target to the folate receptors on the 
tumor. Curcumin, a well-known naturally occurring polyphenol with strong anti-
inflammatory and antiproliferative properties was assembled into the hydrophobic 
core of the resulting lipid-polymer hybrid micelles to forestall drug resistance. In their 
study, lipid-polymers such as DSPE-PEG and DSPE-Mpeg were used. The first step 
was the formation of the prodrug complex, DSPE-MPEG-imine- methotrexate, by 
the conjugation of methotrexate to DSPE-PEG through a Schiff base reaction between 
the aldehyde group of the polymer and the aromatic group of methotrexate. The 
resulting prodrug complex was later self-assembled in the presence of the poorly solu-
ble and unstable curcumin. One pot ultra-sonification with solvent evaporation was 
the method of micelle formation for both drug-loaded and unloaded micelles. The 
animal studies carried out on HeLA tumor bearing BALB/c nude mice demonstrated 
the workability of the concept and confirmed the ability of the lipid carrier system to 
effectively transport the curcumin and methotrexate to the tumor site.

6.3.2 Encapsulation of biologics

Biologics are large high molecular weight proteins, nucleic acids, monoclonal 
antibodies, vaccines, and enzymes. The delivery of macromolecular proteins is 
particularly challenging.

Synthetic small interfering RNA, siRNA are nucleic acid fragments that can 
modify the activities of mRNA when they enter the cell. Many diseases are due to 
certain abnormality or malefaction at the genetic level and hence the silencing of 
the specific mRNA can translate to cure. The problem of delivering such proteins are 
multiple and varied. One of such is the rapid clearance of such protein on systemic 
administration due to nuclease activity and renal filtration and the induction of 
immunogenic reactions. In addition, siRNA, and its like are rarely able to diffuse 
into the cell, hence requiring the complex generation of multiply functionalized 
systems. Patisiran is the first FDA approved siRNA formulation prepared using lipid 
nanoparticulate platform for delivery to hepatocytes [140]. It is a double stranded 
siRNA which degrades 3’untranslated region of the wild type transthyretin by RNA 
interference [141]. Hereditary transthyretin mediated amyloidosis is a disorder 
resulting from deposition of abnormal form of the protein produced in liver cells. 
The entrapment of nucleic acids in lipid nanoparticles require the presence of a 
cationic lipid to trap the negatively charged nucleic acid. Secondly, the pKa of the 
lipid should be such that at physiological pH, there is a net neutral charge. The lipid 
should also display a positive charge when in the endosome environment and finally, 
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it must display the hexagon shape. For proteins, there must be rational design to take 
into cognizance; linkers, acyl chains and the ionizable groups required.

Vascular endothelial growth factor, VEGF, has been implicated in tumor progres-
sion and metastasis. It has been shown that in cancer and some other diseases such 
as age-related macular degeneration, the expression for VEGF is usually upregulated 
to promote angiogenesis. The possibility of using RNA interference to silence genes 
through the interference of siRNA will be a welcome option in the battle against 
tumors. Important barriers to the use of siRNA is the availability of vectors, low 
transfection efficiency and stability. Polymeric lipids have been in the lead as a choice 
for siRNA delivery material. Cationic lipids are of importance due to the need for a 
positive charge to stabilize the negatively charged nucleic acid and for internaliza-
tion. Cationic lipids however pose a problem of toxicity and may offer no protection 
to the nucleic acid. In Chen and co-workers’ study [142], polyethyleneimine (PEI) 
was used for protonation of the polycation liposome while 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE), was used as a destabilizer to promote the escape 
of siRNA into the cytosol. siRNA was conjugated to calcium phosphate nanoparticles 
which has shown low toxicity, biocompatibility and biodegradability in previous stud-
ies involving the delivery of DNA and siRNA. siRNA-calcium phosphate nanoparticles 
were first prepared and introduced as an aqueous solution into a polycation liposome 
prepared by the film dispersion method using equimolar concentration of DOPE 
and PEI-Cholesterol. The in vitro gene silencing assay was performed using human 
breast adenocarcinoma cell lines while animal studies were done in tumor infected 
BALB/C-nu female mice. The results obtained showed the superior silencing effect of 
the siRNA delivered through the core-shell polycationic liposome.

Antibodies can be generated as inhibitory agents to many diseases causing proteins 
in the cytosol. Unfortunately, this has not been effectively utilized in treatment modali-
ties due to inability of the large antibody proteins to transverse the cytosol. Wang and 
coworkers [143] developed a lipid carrier for immunoglobulin G, IgG, by first conjugat-
ing it with anionic polypeptides and subsequently complexed them (through electro-
static interactions) with cationic lipids previously used for the delivery of nucleic acids. 
They initially fused the polypeptide to a photoreactive antibody binding domain and 
subsequently to a chain of IgG without disturbing the IgG binding site and enabling the 
easy exchange of cargo functionalization of of-the-shelf IgG. The functionalized IgG 
was subsequently complexed with diverse types of cationic lipids and evaluated com-
paratively with cell penetrating peptides for cytosolic delivery of about 500 nM of IgG. 
The lipid complexed IgG was functional and also capable of inhibiting the drug efflux 
pump MRP I (responsible for multi drug resistance) and the transcription factor NFκB. 
Results also showed the supremacy of this method over traditional cell penetrating 
peptide method (delivering small proteins) in terms of delivering very large proteins.

Kose and coworkers [144] developed a lipid nanoparticle encapsulated mRNA 
encoding the antibody against chikungunya virus. The lipid nanoparticle system 
was prepared by the ethanol drop nanoprecipitation using ionizable lipid, lipid-
polymer hybrid, cholesterol and DSPC in a microfluidic mixer. The lipid nanopar-
ticle system provided approximately 90% encapsulation with particle sizes in the 
range of 80–100 nm. The protective ability of the developed system was tested in 
AG129 mice. The study showed that treatment lipid encapsulated mRNA protected 
the mice in a dose dependent manner.

6.3.3 Encapsulation of diagnostics

Certain factors can trigger responses in lipid particles of vesicles and include pH, 
reactive oxygen species, redox agents’ presence of biomolecules, as well as certain 
environmental stimuli such as temperature, and light. Biosensors constitute a receptor 
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that will interact with the stimuli to be detected and a transducer that will translate the 
analyte/stimuli -receptor information to measurable signal. Treatment and survival 
for many terminal and chronic diseases depend on early detection and diagnosis. 
Fortunately, many biosensing and bioimaging materials are being developed for pos-
sible use in diagnosis and treatment. There is a need to transport these nanoplatforms 
to the targeted site in a non-invasive and hidden manner to avoid destruction by the 
bodyguards of the body. One way this has been mitigated is by enclosure into vesicles 
that have a close resemblance to the body’s own cells, the liposomes. Encapsulation 
based on lipid systems is driving the development of bioimaging and biosensing 
devices towards picogram detection thereby aiding both treatment such as fluores-
cence guided surgeries and survival. Some of the challenges being mitigated by lipid 
based or encapsulated devices include targeting, sustained release, and circulation.

Photoacoustic tomography (PAT) that makes use of light and sound has been 
considered a viable alternative to overcoming some of the limitations of conventional 
imaging systems such as computed tomography (CT) and magnetic resonance imag-
ing (MRI), in early detection of atypical liver cancers that are less than 10 mm diam-
eter. In addition, surgical resection remains about the most viable treatment option. 
Gold nanorods, due to their easy effusion into solid tumors, biocompatibility, and low 
toxicity [135] is usually considered good for PAT. It is also possible to move its absorp-
tion peak from red to near infrared (NIR) due to its anisotropic shape and enhancing 
its photoacoustic signal with large absorption cross section. Exploiting these factors, 
Guan and coworkers [145] developed dual PAT-NIR probe to aid early liver cancer 
detection and for guided surgical resection. They tapped a sort of synergistic effect 
of both gold nano rods and indocyanine green, an FDA approved photoacoustic NIR 
fluorescent dye that has dominated clinical practice for a while, and played down 
on some limitations of indocyanine green such as aggregation, rapid clearance, low 
energy conversion efficiency as a dual photoacoustic and fluorescence dye, and 
fluorescence quenching. In a relatively facile process, indocyanine green liposomes 
were prepared with phosphatidylcholine and cholesterol using the thin film hydration 
method. Pegylated gold nanorods were subsequently encapsulated with the indo-
cyanine green liposomes by ultrasonication overnight. The dual system was used for 
resection surgery in tumor infected laboratory animals and proved successful.

Nucleolin is a nuclear and cytoplasmic protein also expressed on the cell surface and 
partly responsible for angiogenesis and by extension metastasis and tumor progression. 
Unlike other markers of tumor progression, that become less prominent as the tumor 
size increases, nucleolin is detected even in big tumors. It could therefore be mapped as 
a means of tracking metastasis. In current practice, Nucleolin is tracked using biopsy 
which is invasive and cannot indicate the full extent of metastasis or spread. Zhang and 
colleagues [146] developed a nucleolin targeted ultrasound contrast agent for detecting 
the presence of nucleolin in cells. The contrast agent is microbubble which is an encap-
sulated air commonly generated by sonicating a polymer solution in the presence of air 
or by compressing air into a polymer solution and then releasing it through specialized 
nozzles. In this study, Zhang and colleagues [146] synthesized an F3 peptide that has 
been shown to target nucleolin and conjugated it to the surface of generated microbub-
bles. Subsequently, they evaluated the ability of the F3 conjugated nucleolin targeting 
microbubble to detect the presence of nucleolin non-invasively. They initially synthe-
sized the F3 peptides, lipo-peg peptides. Subsequently the microbubble which was 
encapsulated in a liposomal shell was synthesized using disteroylphosphatidylcholine 
(DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] (ammonium salt) (DSPE-PEG2K), and lipo-peg-peptide earlier syn-
thesized. The liposomal shell was prepared using the thin film hydration method and 
the microbubble generated by shaking the liposomal solution in air and used within 
2 hours of purification. Two batches were made, one batch without the targeting 
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it must display the hexagon shape. For proteins, there must be rational design to take 
into cognizance; linkers, acyl chains and the ionizable groups required.

Vascular endothelial growth factor, VEGF, has been implicated in tumor progres-
sion and metastasis. It has been shown that in cancer and some other diseases such 
as age-related macular degeneration, the expression for VEGF is usually upregulated 
to promote angiogenesis. The possibility of using RNA interference to silence genes 
through the interference of siRNA will be a welcome option in the battle against 
tumors. Important barriers to the use of siRNA is the availability of vectors, low 
transfection efficiency and stability. Polymeric lipids have been in the lead as a choice 
for siRNA delivery material. Cationic lipids are of importance due to the need for a 
positive charge to stabilize the negatively charged nucleic acid and for internaliza-
tion. Cationic lipids however pose a problem of toxicity and may offer no protection 
to the nucleic acid. In Chen and co-workers’ study [142], polyethyleneimine (PEI) 
was used for protonation of the polycation liposome while 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE), was used as a destabilizer to promote the escape 
of siRNA into the cytosol. siRNA was conjugated to calcium phosphate nanoparticles 
which has shown low toxicity, biocompatibility and biodegradability in previous stud-
ies involving the delivery of DNA and siRNA. siRNA-calcium phosphate nanoparticles 
were first prepared and introduced as an aqueous solution into a polycation liposome 
prepared by the film dispersion method using equimolar concentration of DOPE 
and PEI-Cholesterol. The in vitro gene silencing assay was performed using human 
breast adenocarcinoma cell lines while animal studies were done in tumor infected 
BALB/C-nu female mice. The results obtained showed the superior silencing effect of 
the siRNA delivered through the core-shell polycationic liposome.

Antibodies can be generated as inhibitory agents to many diseases causing proteins 
in the cytosol. Unfortunately, this has not been effectively utilized in treatment modali-
ties due to inability of the large antibody proteins to transverse the cytosol. Wang and 
coworkers [143] developed a lipid carrier for immunoglobulin G, IgG, by first conjugat-
ing it with anionic polypeptides and subsequently complexed them (through electro-
static interactions) with cationic lipids previously used for the delivery of nucleic acids. 
They initially fused the polypeptide to a photoreactive antibody binding domain and 
subsequently to a chain of IgG without disturbing the IgG binding site and enabling the 
easy exchange of cargo functionalization of of-the-shelf IgG. The functionalized IgG 
was subsequently complexed with diverse types of cationic lipids and evaluated com-
paratively with cell penetrating peptides for cytosolic delivery of about 500 nM of IgG. 
The lipid complexed IgG was functional and also capable of inhibiting the drug efflux 
pump MRP I (responsible for multi drug resistance) and the transcription factor NFκB. 
Results also showed the supremacy of this method over traditional cell penetrating 
peptide method (delivering small proteins) in terms of delivering very large proteins.

Kose and coworkers [144] developed a lipid nanoparticle encapsulated mRNA 
encoding the antibody against chikungunya virus. The lipid nanoparticle system 
was prepared by the ethanol drop nanoprecipitation using ionizable lipid, lipid-
polymer hybrid, cholesterol and DSPC in a microfluidic mixer. The lipid nanopar-
ticle system provided approximately 90% encapsulation with particle sizes in the 
range of 80–100 nm. The protective ability of the developed system was tested in 
AG129 mice. The study showed that treatment lipid encapsulated mRNA protected 
the mice in a dose dependent manner.

6.3.3 Encapsulation of diagnostics

Certain factors can trigger responses in lipid particles of vesicles and include pH, 
reactive oxygen species, redox agents’ presence of biomolecules, as well as certain 
environmental stimuli such as temperature, and light. Biosensors constitute a receptor 
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that will interact with the stimuli to be detected and a transducer that will translate the 
analyte/stimuli -receptor information to measurable signal. Treatment and survival 
for many terminal and chronic diseases depend on early detection and diagnosis. 
Fortunately, many biosensing and bioimaging materials are being developed for pos-
sible use in diagnosis and treatment. There is a need to transport these nanoplatforms 
to the targeted site in a non-invasive and hidden manner to avoid destruction by the 
bodyguards of the body. One way this has been mitigated is by enclosure into vesicles 
that have a close resemblance to the body’s own cells, the liposomes. Encapsulation 
based on lipid systems is driving the development of bioimaging and biosensing 
devices towards picogram detection thereby aiding both treatment such as fluores-
cence guided surgeries and survival. Some of the challenges being mitigated by lipid 
based or encapsulated devices include targeting, sustained release, and circulation.

Photoacoustic tomography (PAT) that makes use of light and sound has been 
considered a viable alternative to overcoming some of the limitations of conventional 
imaging systems such as computed tomography (CT) and magnetic resonance imag-
ing (MRI), in early detection of atypical liver cancers that are less than 10 mm diam-
eter. In addition, surgical resection remains about the most viable treatment option. 
Gold nanorods, due to their easy effusion into solid tumors, biocompatibility, and low 
toxicity [135] is usually considered good for PAT. It is also possible to move its absorp-
tion peak from red to near infrared (NIR) due to its anisotropic shape and enhancing 
its photoacoustic signal with large absorption cross section. Exploiting these factors, 
Guan and coworkers [145] developed dual PAT-NIR probe to aid early liver cancer 
detection and for guided surgical resection. They tapped a sort of synergistic effect 
of both gold nano rods and indocyanine green, an FDA approved photoacoustic NIR 
fluorescent dye that has dominated clinical practice for a while, and played down 
on some limitations of indocyanine green such as aggregation, rapid clearance, low 
energy conversion efficiency as a dual photoacoustic and fluorescence dye, and 
fluorescence quenching. In a relatively facile process, indocyanine green liposomes 
were prepared with phosphatidylcholine and cholesterol using the thin film hydration 
method. Pegylated gold nanorods were subsequently encapsulated with the indo-
cyanine green liposomes by ultrasonication overnight. The dual system was used for 
resection surgery in tumor infected laboratory animals and proved successful.

Nucleolin is a nuclear and cytoplasmic protein also expressed on the cell surface and 
partly responsible for angiogenesis and by extension metastasis and tumor progression. 
Unlike other markers of tumor progression, that become less prominent as the tumor 
size increases, nucleolin is detected even in big tumors. It could therefore be mapped as 
a means of tracking metastasis. In current practice, Nucleolin is tracked using biopsy 
which is invasive and cannot indicate the full extent of metastasis or spread. Zhang and 
colleagues [146] developed a nucleolin targeted ultrasound contrast agent for detecting 
the presence of nucleolin in cells. The contrast agent is microbubble which is an encap-
sulated air commonly generated by sonicating a polymer solution in the presence of air 
or by compressing air into a polymer solution and then releasing it through specialized 
nozzles. In this study, Zhang and colleagues [146] synthesized an F3 peptide that has 
been shown to target nucleolin and conjugated it to the surface of generated microbub-
bles. Subsequently, they evaluated the ability of the F3 conjugated nucleolin targeting 
microbubble to detect the presence of nucleolin non-invasively. They initially synthe-
sized the F3 peptides, lipo-peg peptides. Subsequently the microbubble which was 
encapsulated in a liposomal shell was synthesized using disteroylphosphatidylcholine 
(DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] (ammonium salt) (DSPE-PEG2K), and lipo-peg-peptide earlier syn-
thesized. The liposomal shell was prepared using the thin film hydration method and 
the microbubble generated by shaking the liposomal solution in air and used within 
2 hours of purification. Two batches were made, one batch without the targeting 
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peptide contained just the lipids DSPC: DSPE-PEG2K in the ratio of 90:10 while the 
targeted batch had I % of the lipo-peg-peptide replacing part of the DSPE-PEG2K. 
Evaluation of the contrast media in tumor infected female FVB mice in vivo and 
nucleolin expressing breast cancer cell line in vitro demonstrated that the accumulation 
of the contrast media facilitated the detection of murine breast tumors.

Deng and colleagues [147] recently developed a multicomponent system for 
diagnosis and treatment of cancers. They combined near infrared luminescence of 
quantum dots and thermo-sensitivity of magnetic liposomes to encapsulate and 
control drug localization and release. They prepared thermosensitive liposomes 
that were eventually loaded with drug, paclitaxel, magnetic nanoparticles and NIR 
luminescent quantum dots. The liposomes were prepared by the thin film hydration 
method using dipalmitoylphophatidylcholine, DPPC, 1,2-diaccyl-sn-glycero-3-phos-
phoethanolamine-N-(methoxy [polyethylene glycol]-2000 (DSPE–MPEG-2000), 
1,2-diaccyl-sn-glycero-3-phosphoglycerol sodium (DSPG-Na). Effect of the devel-
oped systems were studied on cancer cell MCF-7 and SKOV-3 cell lines and uptake 
of the drug followed in real time by confocal scanning microscope. Tables 2 and 3 

Micro-
encapsulating 
materials

Active 
compounds

Micro-
encapsulation 
technique

Diagnostic 
applications

EE % Ref.

DPPC, DSPE–
MPEG-2000 and 
DSPG-Na.

Paclitaxel Liposomes NIR imaging 86.46 ± 1.43%. [147]

DPPC, 
CHOLESTEROL, 
DSPE-PEG-
MALEIMIDE, 
DSPE-PEG-PDP.

Indocyanine 
green liposomes/
Perfluorobutane

Microbubble/
liposomes

Fluorescence 
and ultrasound 
imaging

— [148]

DSPC, 
DSPE-PEG2K

Gas microbubble Ultrasound 
imaging

Not applicable [146]

Lipids perfluoropropane microbubble Ultrasound 
imaging

Not applicable [149]

DSPC, PEG40 
stearate, 
DSPE-PEG3400-
maleimide

Perfluorocarbon Emulsion/
microbubble 
decorated with 
antibody

Tumor cell 
isolation

— [150]

DMPA, 
DPPC, DPPA, 
Cholesterol

Perfluoropentane Emulsion 
containing 
perfluoropentane 
loaded liposome

Ultrasound 
guided tumor 
destruction.

— [151]

DSPC Perfluorobutane Gene loaded 
microbubble

Ultrasound 
guided tumor 
destruction

— [152]

Cholesterol, 
DDSPC, DSPE-
PEG and DOPC

Magnetic 
iron oxide 
nanoparticles

Liposome Magnetic 
resonance 
imaging 
contrast agent

— [153]

Note: 1,2-dimyristoyl-sn-glycero-3-phosphatidic acid: DMPA, 1,2 Distearoyl-sn-glycero-3-phosphocholine: 
DSPC, Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000: DSPE-
MPEG2000, 1,2 dipalmitoyl-sn-glycero-3-phosphate: DPPA, 1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine: DPPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene 
glycol)-2000]): DSPE-PEG-COOH, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[PDP(polyethylene 
glycol)-2000]: DSPE-PEG-PDP, 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine: DOPC; EE: Encapsulation 
Efficiency.

Table 2. 
Plant and animal lipid-based microencapsulating carriers for diagnostic applications.
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peptide contained just the lipids DSPC: DSPE-PEG2K in the ratio of 90:10 while the 
targeted batch had I % of the lipo-peg-peptide replacing part of the DSPE-PEG2K. 
Evaluation of the contrast media in tumor infected female FVB mice in vivo and 
nucleolin expressing breast cancer cell line in vitro demonstrated that the accumulation 
of the contrast media facilitated the detection of murine breast tumors.

Deng and colleagues [147] recently developed a multicomponent system for 
diagnosis and treatment of cancers. They combined near infrared luminescence of 
quantum dots and thermo-sensitivity of magnetic liposomes to encapsulate and 
control drug localization and release. They prepared thermosensitive liposomes 
that were eventually loaded with drug, paclitaxel, magnetic nanoparticles and NIR 
luminescent quantum dots. The liposomes were prepared by the thin film hydration 
method using dipalmitoylphophatidylcholine, DPPC, 1,2-diaccyl-sn-glycero-3-phos-
phoethanolamine-N-(methoxy [polyethylene glycol]-2000 (DSPE–MPEG-2000), 
1,2-diaccyl-sn-glycero-3-phosphoglycerol sodium (DSPG-Na). Effect of the devel-
oped systems were studied on cancer cell MCF-7 and SKOV-3 cell lines and uptake 
of the drug followed in real time by confocal scanning microscope. Tables 2 and 3 

Micro-
encapsulating 
materials

Active 
compounds

Micro-
encapsulation 
technique

Diagnostic 
applications

EE % Ref.

DPPC, DSPE–
MPEG-2000 and 
DSPG-Na.

Paclitaxel Liposomes NIR imaging 86.46 ± 1.43%. [147]

DPPC, 
CHOLESTEROL, 
DSPE-PEG-
MALEIMIDE, 
DSPE-PEG-PDP.

Indocyanine 
green liposomes/
Perfluorobutane

Microbubble/
liposomes

Fluorescence 
and ultrasound 
imaging

— [148]

DSPC, 
DSPE-PEG2K

Gas microbubble Ultrasound 
imaging

Not applicable [146]

Lipids perfluoropropane microbubble Ultrasound 
imaging

Not applicable [149]

DSPC, PEG40 
stearate, 
DSPE-PEG3400-
maleimide

Perfluorocarbon Emulsion/
microbubble 
decorated with 
antibody

Tumor cell 
isolation

— [150]

DMPA, 
DPPC, DPPA, 
Cholesterol

Perfluoropentane Emulsion 
containing 
perfluoropentane 
loaded liposome

Ultrasound 
guided tumor 
destruction.

— [151]

DSPC Perfluorobutane Gene loaded 
microbubble

Ultrasound 
guided tumor 
destruction

— [152]

Cholesterol, 
DDSPC, DSPE-
PEG and DOPC

Magnetic 
iron oxide 
nanoparticles

Liposome Magnetic 
resonance 
imaging 
contrast agent

— [153]

Note: 1,2-dimyristoyl-sn-glycero-3-phosphatidic acid: DMPA, 1,2 Distearoyl-sn-glycero-3-phosphocholine: 
DSPC, Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000: DSPE-
MPEG2000, 1,2 dipalmitoyl-sn-glycero-3-phosphate: DPPA, 1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine: DPPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene 
glycol)-2000]): DSPE-PEG-COOH, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[PDP(polyethylene 
glycol)-2000]: DSPE-PEG-PDP, 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine: DOPC; EE: Encapsulation 
Efficiency.

Table 2. 
Plant and animal lipid-based microencapsulating carriers for diagnostic applications.
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indicate diagnostic applications based on micro- and nano-encapsulation utilizing 
animal/plant lipids as encapsulating materials.

7. Conclusions and future trends

Application of natural polymers and their semi-synthetic polymer derivatives 
provide the basis for many commercially available DDSs that range from the tradi-
tional macroscale DDSs to microscale, nanoscale, targeted, and stimuli- responsive 
DDSs. The effective encapsulation technique and the achieved encapsulation 
efficiency depend on the physical and chemical properties of the selected natural 
polymer (e.g. polysaccharides, proteins, lipids) such as solubility, thermal stabil-
ity, and its ability to form stable colloidal particles in a specific system. Therefore, 
various encapsulation methods including chemical, physical, physicochemical, 
mechanical and thermal encapsulation were discussed in details, Table 1.

Lipid vesicles nanocarriers have been discovered in 1960s, and later became 
known as “liposomes”. In 1995, the first nano-drug based on Pegylated liposomal 
doxorubicin “DOXIL” was approved by FDA for cancer treatment. Polymer-drug 
conjugates and liposomes represent most of the marketed NP therapeutics and 
continue to be investigated extensively. Nanoencapsulation using lipid nanopar-
ticles offers a practical approach to increase the solubility of water-insoluble drugs 
or poorly water soluble agents. Lipids have shown to be effective natural material 
for micro- and nanoencapsulation of bioactive small molecules and biologics for 
therapeutic and diagnostic drug delivery applications. Compared to other encapsu-
lating materials, lipid-based encapsulation systems offer advantages such as low-
cost and easy to scale-up and sterilize high biocompatibility, higher encapsulation 
efficiency, higher drug loading, and feasibility of carrying both hydrophilic and 
hydrophobic drugs.
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(polysaccharides, proteins, and lipids), the macromolecules found in nature are
integral in the existence of living organisms especially polysaccharides and proteins.
Natural polymers constitute a huge portion of the earth’s organic matter because
they are synthesized by living organisms such as plants, animals, bacteria, and fungi
during their entire life cycle. Polysaccharides also referred to as glycans are the most
abundant organic compounds on earth. Polysaccharides are involved in many vital
functions in nature such as provision of support and stability for cells and tissues,
facilitation of cell communications, storage of energy, protection, lubrication, and
cell recognition. Proteins are regarded as the ‘workhorses’ of cells being involved in
many processes necessary for life including being the expressions of genetic
information.

Polysaccharides, proteins, and lipids interact in nature to enhance day to day
functions in living organisms. Polysaccharides bind with protein and lipids to form
glycoproteins and glycolipids respectively which can be used for cell communica-
tions. Other processes modulated by glycoconjugates (glycoproteins and glyco-
lipids) include molecular targeting, cell migration, cell–cell interactions, immune
responses, and blood clotting. Polysaccharides influence how proteins function and
how cells respond to stimuli. The behavior of a protein is affected by which glycan is
attached to it. Glycoproteins are abundant in the cells where they can serve as
regulatory switches.

Since natural polymers are biogenic, when used for therapeutic applications, the
body would usually identify with them and not treat as foreign bodies thereby
bypassing the body’s defense mechanisms leading to long circulation of the delivery
system and possible targeting to the site of action. The biological properties of
polysaccharides and proteins such as cell recognition and interactions, enzymatic
degradability, semblance to extracellular matrix and their chemical flexibility [1]
make them materials of choice for encapsulation of drugs and diagnostics. In addi-
tion, they are preferred to synthetic polymers because they are less toxic, eco-
friendly, biodegradable, biocompatible and renewable. Polysaccharides and pro-
teins are used for micro- and nanoencapsulation because they exhibit good process
efficiency, are modifiable and can be tailored to target the desired site of action,
have good rheological and emulsification/emulsion stabilizing properties, gelling
and film forming [2, 3]. In addition, use of polysaccharides and proteins align with
the interest and advocacy for ‘green’ production of drugs and diagnostics. This
chapter reviews the applications of polysaccharides and proteins as preferred
encapsulating materials in micro- and nanoencapsulation of therapeutics and
diagnostics.

2. Polysaccharide-based encapsulation

Carbohydrate monosaccharide molecules that are cohesively bound together by
glycosidic chains are termed polysaccharides [4]. The nature, sequence, and glyco-
sidic monosaccharide chains inherent in polysaccharides influence the molecular
and structural properties of polysaccharides. Water retention ability, digestibility,
gelation, and solubility properties of polysaccharides are dependent on the compo-
sition of their glycosidic monosaccharide chains [5–7]. Polysaccharides are usually
obtained through low cost production techniques with raw materials obtained from
natural sources. These polymers possess essential properties critical for drug deliv-
ery systems [8–11]. Polysaccharides are macromolecules structured in a linear or
branched pattern extensively used in both conventional and advanced drug delivery
systems as carriers, building blocks, bioactive materials and excipients. Due to their
flexibility, they can be derivatized and tailored to achieve certain functionalities
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that can enhance targeting and delivery properties. Some of the derivatives of
polysaccharides called semi-synthetic polysaccharides include carboxymethylcellu-
lose, starch acetate, methylcellulose, ethylpullulan, and chitosan sulfate. Polysac-
charides and their derivatives enhance delivery and diagnostic properties such as
mechanical strength, stability, protection, solubility, targeting, stimuli responsive-
ness, controlled release, self-regulation, adhesion, bioimaging, labeling, site-
specificity and multifuntionality which equip them to respond to stimuli, diagnose,
image, target and treat as single devices [12]. These potentials of polysaccharides
make them convenient materials for encapsulation conferring on the encapsulated
product the various benefits of encapsulation.

2.1 Polysaccharides in micro- and nanoencapsulation

Drug delivery systems make use of a wide range of polysaccharide-based deliv-
ery systems from plant (khaya gum, starch and cellulose) [13, 14], animal
(chitosan) [15], algae (alginate and carrageenan) and microbial (dextran and
xanthan gum) sources [16, 17] and cyclodextrins [18]. These polysaccharides deliv-
ery systems can interact with bioactive compounds ensuring that they act as innate
drug carriers which bind and encapsulate hydrophilic and hydrophobic functional
compounds [19]. The size, shape, and internal structure of these polysaccharide
delivery systems differ depending on several factors including the method of for-
mulation and the polysaccharide used in formulation [9]. Size is an integral com-
ponent of drug delivery systems since it affects their physicochemical stability,
encapsulation and release characteristics, and biological activity [9]. Encapsulation
of bioactive drug compounds can be achieved via a single or a combination of
polysaccharides.

Polysaccharides used for micro- or nanoencapsulation include varied types of
polysaccharides and utilization of specific polysaccharides for encapsulation is
dependent on its chemical non reactivity with active pharmaceutical ingredient,
chemical compatibility as well as stability target-selected delivery [20]. Micro and
nanoencapsulation are achieved majorly via chemical (emulsification, polymeriza-
tion, and liposomes) or physical (freeze-drying/lyophilization, spray drying,
co-crystallization, fluidized-bed coating encapsulation processes). Drugs with low
solubility and high permeability i.e. BCS class 2 drugs are usually formulated via
encapsulation to optimize bioavailability, stability, and controlled release of
drugs [20].

2.2 Merits and demerits in therapeutic delivery

Despite the many advances of encapsulation process, relatively few of these
products have been made commercially available due to many reasons which
include degradation of highly temperature sensitive compounds, difficulty in con-
trolling the particle size especially as the size of the yield is usually small [21]. Long
processing times, expensive costs of production and storage of these dosage forms
are also of concern. Table 1 shows varying polysaccharides utilized on the
encapsulation process stating the merits and demerits of each application.

2.3 Case studies/applications

2.3.1 Encapsulation of small molecules

Mankala et al., [19] incorporated aceclofenac, a nonsteroidal anti-inflammatory
drug (NSAID) with biological half-life of 4.3 h and a BCS class 2 drug into
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polymeric microcapsules. Aceclofenac-loaded microcapsules was formulated using
ionic gelation technique employing sodium alginate as the coat material in combi-
nation with some mucoadhesive polysaccharide derivatives such as hydroxypropyl
methyl cellulose (HPMC), sodium carboxymethyl cellulose (SCMC) and methyl-
cellulose. The microcapsules were spherical (Figure 1) with microencapsulation
efficiency of 83.25–99.94%, good mucoadhesive property to enhance bioavailability
and ensured over 15 hr. sustained release of aceclofenac via zero order kinetic super
case 2 transport [19]. The formulation composition of drug:sodium alginate:HPMC
in the ratio of 2:4:1 displayed a sustained release of up to 24 hr. In another study
using aceclofenac, Dharmendra et al., [20] developed a LbL self-assembly which
was utilized to make aceclofenac single bilayer microcapsules produced by sequen-
tial adsorption of positively charged chitosan and negatively charged pectin, a
polysaccharide on the external surface of negatively charged aceclofenac micro-
crystals. This enabled targeted release of aceclofenac in the colon.

Glipizide an antidiabetic agent with short biological half-life was
microencapsulated using polysaccharide coat comprising alginate alone or in com-
bination with chitosan via ionotropic gelation process [35]. Abdelbary et al., [35]
showed that the microencapsulated glipizide enhanced drug bioavailability causing
significant hypoglycaemic activity compared to innovator product. Microencapsu-
lation provides a physical barrier against digestive enzymes, whilst offering protec-
tion against the acidic gastric environment. Cholesterol-lowering efficacy of
yoghurt formulation containing microencapsulated bile salt hydrolase (BSH)-active
Lactobacillus reuteri for management of hypercholesterolaemia adults was evaluated
by Martoni et al. [36]. Microencapsulation of bile salt hydrolase-active Lactobacillus
reuteri using sodium alginate showed superiority over traditional probiotic therapy
and may be an exceptional choice as a cholesterol-lowering agent to be administered
alone or in combination with other cholesterol-lowering agents [36].

Karan et al., [37] developed novel polymeric microspheres of 5-fluorouracil (5-
FU) using natural polysaccharide gum katira via microencapsulation to obtain an
optimal therapeutic response at the colon. This controlled release delivery system of
5FU released the chemotherapeutic agent at a controlled rate whilst retarding gas-
tric degradation of the drug. Utilization of natural polysaccharides in microencap-
sulation of 5FU via optimized katira gum microsphere ensured that a micro-carrier
for efficient colon drug targeting was developed.

Figure 1.
(a) SEM images of aceclofenac mucoadhesive microcapsules formulated with HPMC; (b) SEM images of
aceclofenac mucoadhesive microcapsules formulated with SCMC [19].
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polymeric microcapsules. Aceclofenac-loaded microcapsules was formulated using
ionic gelation technique employing sodium alginate as the coat material in combi-
nation with some mucoadhesive polysaccharide derivatives such as hydroxypropyl
methyl cellulose (HPMC), sodium carboxymethyl cellulose (SCMC) and methyl-
cellulose. The microcapsules were spherical (Figure 1) with microencapsulation
efficiency of 83.25–99.94%, good mucoadhesive property to enhance bioavailability
and ensured over 15 hr. sustained release of aceclofenac via zero order kinetic super
case 2 transport [19]. The formulation composition of drug:sodium alginate:HPMC
in the ratio of 2:4:1 displayed a sustained release of up to 24 hr. In another study
using aceclofenac, Dharmendra et al., [20] developed a LbL self-assembly which
was utilized to make aceclofenac single bilayer microcapsules produced by sequen-
tial adsorption of positively charged chitosan and negatively charged pectin, a
polysaccharide on the external surface of negatively charged aceclofenac micro-
crystals. This enabled targeted release of aceclofenac in the colon.

Glipizide an antidiabetic agent with short biological half-life was
microencapsulated using polysaccharide coat comprising alginate alone or in com-
bination with chitosan via ionotropic gelation process [35]. Abdelbary et al., [35]
showed that the microencapsulated glipizide enhanced drug bioavailability causing
significant hypoglycaemic activity compared to innovator product. Microencapsu-
lation provides a physical barrier against digestive enzymes, whilst offering protec-
tion against the acidic gastric environment. Cholesterol-lowering efficacy of
yoghurt formulation containing microencapsulated bile salt hydrolase (BSH)-active
Lactobacillus reuteri for management of hypercholesterolaemia adults was evaluated
by Martoni et al. [36]. Microencapsulation of bile salt hydrolase-active Lactobacillus
reuteri using sodium alginate showed superiority over traditional probiotic therapy
and may be an exceptional choice as a cholesterol-lowering agent to be administered
alone or in combination with other cholesterol-lowering agents [36].

Karan et al., [37] developed novel polymeric microspheres of 5-fluorouracil (5-
FU) using natural polysaccharide gum katira via microencapsulation to obtain an
optimal therapeutic response at the colon. This controlled release delivery system of
5FU released the chemotherapeutic agent at a controlled rate whilst retarding gas-
tric degradation of the drug. Utilization of natural polysaccharides in microencap-
sulation of 5FU via optimized katira gum microsphere ensured that a micro-carrier
for efficient colon drug targeting was developed.

Figure 1.
(a) SEM images of aceclofenac mucoadhesive microcapsules formulated with HPMC; (b) SEM images of
aceclofenac mucoadhesive microcapsules formulated with SCMC [19].
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The use of polysaccharides for microencapsulation of bicalutamide was utilized by
Tekade et al., [38] to develop bicalutamide microspheres using guar gum as a polymer
via oil-in-water emulsion solvent diffusion method. The microencapsulated dosage
forms containing 2.5% of guar gum, 0.25% span 80 as dispersing agent showed the
optimum drug release of 94.22% within 24 hrs, devoid of drug excipient interactions.
The potential to enhance bicalutamide bioavailability and sustained release especially
due to the polymorphic nature of the drug could be further optimized using
nanoencapsulation. This will create a channel for precision targeting of the non-
steroidal antiandrogen to a greater extent than microencapsulation [39] especially
where these microencapsulated solid dosage forms have not met the pharmacological
need of the patient.

Molecular Envelope Technology (MET) nanoparticles fabricated from complex
polysaccharide chains of N-palmitoyl-N monomethyl- N, N-dimethyl-N,N,N-
trimethyl-6-O-glycol chitosan, a self-assembling polymer amphiphile has been uti-
lized in delivery of formulations to target sites of action across the blood brain
barrier [40]. Fisusi et al., [40] developed drug loaded MET formulations containing
Lomustine for management of Glioblastoma multiforme. The MET envelope utiliz-
ing the complex polysaccharide for nanoencapsulation optimized biodistribution
and pharmacodynamics whilst reducing the toxic effects of the active drug,
lomustine thereby providing better outcomes for patients managed for brain can-
cer. As the active pharmaceutical ingredient is protected from degradation, the
MET envelope ensures targeted drug delivery due to PEGylation of the polysaccha-
ride to facilitate extended circulation time within the body [40, 41]. Lekshmi et al.,
[42] prepared and characterized repaglinide loaded ethylcellulose nanoparticles by
the solvent evaporation method for the management of type 2 diabetes. The poly-
saccharide encapsulated nanoparticles showed high encapsulation efficiency
suggesting that nanoencapsulation of repaglinide in biodegradable, biocompatible
polymer was able to improve its pharmacological activity via modification of sur-
face function and charge to promote cell entry.

Di Martino and co-workers fabricated polysaccharide-based polyelectrolyte
nanocomplexes which exhibited the several benefits of encapsulation [43]. Poly-
electrolyte nanocomplexes were formed between chitosan (CS) and alginic acid
(ALG) and then chitosan and polygalacturonic acid (PGA). Solutions of the
polycation (CS in acidic medium) and the polyanions (ALG and PGA in alkaline
medium separately) were prepared. The drugs, temozolomide (TMZ) and fluoro-
uracil (5-FU) were dissolved in aqueous solution and added to the separate solutions
of the polyanions. The drug(s)-polyanions solutions were added dropwise into
increasing concentrations of CS. Characterization of the encapsulated product
revealed spherical nanoparticles with diameters within 100–200 nm, increased
encapsulation efficiency with increasing concentration of CS, controlled release of
drugs, pH sensitivity making it a possible system for colon delivery, stability of
drugs especially TMZ. A setback is the burst release which may be due to several
factors such as drying method (freeze drying), and degree of complexation. This
setback can be modulated by adjusting the ratio of CS:ALG or CS:PGA, harvesting
of the nanoparticles early from the fabrication medium. Spray drying may be an
alternative to freeze drying to reduce migration of the drugs to the surface during
drying. In addition, derivatization of the polysaccharides without loss of their
polyelectrolytic nature may increase their mechanical strength, reduce pores within
and enhance entrapment.

Gastrointestinal intolerance of metformin HCl may be reduced by encapsulation
which provides controlled release of the drug ensuring therapeutic efficacy and
minimizing adverse effects. Extended release formulation became necessary to
improve patient adherence and reduce gastrointestinal intolerance (GI)
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experienced by the patients when on immediate release formulation [44, 45]. It is
envisaged the metformin HCl-loaded tamarind seed polysaccharide-alginate encap-
sulated beads fabricated by Nayak and co-workers [46] will control the release of
metformin HCl, improve GI tolerability and more. The drug release was pH sensi-
tive as less than 20% of metformin released in two hours while in acidic medium.
Most of the drug was released in pH 7.4, suggesting the maximal absorption may
occur in the duodenum and jejunum and possibly increasing the bioavailability of
metformin. The release of metformin followed a zero-order pattern which suggests
that metformin will be released at a constant rate thereby maximizing its therapeu-
tic efficacy and minimizing adverse effects.

2.3.2 Encapsulation of biologics

In a study undertaken by Sari and colleagues [47], chitosan was used as adjuvant
and encapsulating material for the formulation of an anti-botulism single shot
vaccine. The toxoids type C and D were encapsulated in chitosan by coacervation
method using sodium sulfate as the precipitating agent. The toxoids-loaded chitosan
microspheres were compared with the conventional method of mixing the toxoids
with aluminum hydroxide which served as an adjuvant. The protein encapsulation
efficiency obtained was 41.03% for toxoid C and 32.3% for toxoid D. It is envisaged
that modulation of parameters such as protein and chitosan concentration may
enhance the encapsulation efficiency. The comparative vaccination in guinea pigs
and the neutralization bioassay indicated that the animals were able to develop
titers of 10 and 2 IU/mL against C. botulinum type C and D respectively for both
toxoid-loaded chitosan microspheres and the conventional method of delivery.
However, aluminum hydroxide is fraught with adverse reactions such as local pain,
swelling, irritation at the injection site, erythema, subcutaneous nodules, contact
hypersensitivity and granuloma and allergic reactions [48, 49] making chitosan as
an adjuvant a better alternative. Chitosan enables humoral and cellular immune
responses and so it is efficient and safe compared to aluminum hydroxide [47].

Sodium alginate was used as an encapsulating material for the encapsulation of
mesenchymal stem cells (MSCs), a promising cell-based therapeutic agent for the
treatment of cancers, tissue injury, immune disorders, cardiovascular and neuro-
logical diseases [50]. MSCs were mixed with alginate solution and cell-encapsulated
alginate beads were fabricated by ionotropic gelation with calcium chloride as the
crosslinking agent. The cell-encapsulated beads were characterized to assess the
ability of the cells to execute their functions despite encapsulation. MSCs were able
to proliferate within the alginate beads at different times. Expression of genes
proceeded unhindered. In comparison to 2D cultured cells, the 3D (three-
dimensional microenvironment provided by the alginate microbeads) cells showed
a significant increase in expression of pro-angiogenic genes hypoxia-inducible fac-
tor-1 (HIF-1 – 80.4%) and VEGF (74%). Seven paracrine signaling factors such as
VEGF, TGF-β, TNF-α, IFN-γ, IL-10, IL-6, and IL-1β were secreted. There was an
indication that the 3D microenvironment could enhance pluripotency of MSCs. The
alginate beads facilitated proper growth and viability of MSCs contributing to the
higher therapeutic efficiency of MSCs in vivo. Encapsulated MSCs exhibited anti-
cancer activity against breast cancer stem cells, suppressed cancer-associated genes,
inhibited migration and angiogenesis of breast CSCs among other activities making
encapsulated MSCs a promising cell-based therapy for targeting cancer cells and
reducing the burden of cancer.

Insulin-loaded arabinoxylan microspheres were fabricated by crosslinking of
arabinoxylan employing enzymatic reaction and characterized [51]. Insulin solution
was prepared in 0.25 mM HCl and thereafter, glutamic acid was added, and pH
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experienced by the patients when on immediate release formulation [44, 45]. It is
envisaged the metformin HCl-loaded tamarind seed polysaccharide-alginate encap-
sulated beads fabricated by Nayak and co-workers [46] will control the release of
metformin HCl, improve GI tolerability and more. The drug release was pH sensi-
tive as less than 20% of metformin released in two hours while in acidic medium.
Most of the drug was released in pH 7.4, suggesting the maximal absorption may
occur in the duodenum and jejunum and possibly increasing the bioavailability of
metformin. The release of metformin followed a zero-order pattern which suggests
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tic efficacy and minimizing adverse effects.
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In a study undertaken by Sari and colleagues [47], chitosan was used as adjuvant
and encapsulating material for the formulation of an anti-botulism single shot
vaccine. The toxoids type C and D were encapsulated in chitosan by coacervation
method using sodium sulfate as the precipitating agent. The toxoids-loaded chitosan
microspheres were compared with the conventional method of mixing the toxoids
with aluminum hydroxide which served as an adjuvant. The protein encapsulation
efficiency obtained was 41.03% for toxoid C and 32.3% for toxoid D. It is envisaged
that modulation of parameters such as protein and chitosan concentration may
enhance the encapsulation efficiency. The comparative vaccination in guinea pigs
and the neutralization bioassay indicated that the animals were able to develop
titers of 10 and 2 IU/mL against C. botulinum type C and D respectively for both
toxoid-loaded chitosan microspheres and the conventional method of delivery.
However, aluminum hydroxide is fraught with adverse reactions such as local pain,
swelling, irritation at the injection site, erythema, subcutaneous nodules, contact
hypersensitivity and granuloma and allergic reactions [48, 49] making chitosan as
an adjuvant a better alternative. Chitosan enables humoral and cellular immune
responses and so it is efficient and safe compared to aluminum hydroxide [47].

Sodium alginate was used as an encapsulating material for the encapsulation of
mesenchymal stem cells (MSCs), a promising cell-based therapeutic agent for the
treatment of cancers, tissue injury, immune disorders, cardiovascular and neuro-
logical diseases [50]. MSCs were mixed with alginate solution and cell-encapsulated
alginate beads were fabricated by ionotropic gelation with calcium chloride as the
crosslinking agent. The cell-encapsulated beads were characterized to assess the
ability of the cells to execute their functions despite encapsulation. MSCs were able
to proliferate within the alginate beads at different times. Expression of genes
proceeded unhindered. In comparison to 2D cultured cells, the 3D (three-
dimensional microenvironment provided by the alginate microbeads) cells showed
a significant increase in expression of pro-angiogenic genes hypoxia-inducible fac-
tor-1 (HIF-1 – 80.4%) and VEGF (74%). Seven paracrine signaling factors such as
VEGF, TGF-β, TNF-α, IFN-γ, IL-10, IL-6, and IL-1β were secreted. There was an
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alginate beads facilitated proper growth and viability of MSCs contributing to the
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cancer activity against breast cancer stem cells, suppressed cancer-associated genes,
inhibited migration and angiogenesis of breast CSCs among other activities making
encapsulated MSCs a promising cell-based therapy for targeting cancer cells and
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was prepared in 0.25 mM HCl and thereafter, glutamic acid was added, and pH
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adjusted to 4. The insulin solution was added to a solution of arabinoxylan in 0.1 M
acetate buffer and then agitated. The enzyme, laccase was added as the crosslinking
agent and dropwise extrusion into a hydrophobic liquid, and the microspheres were
formed and harvested after 6 hr. The insulin-loaded arabinoxylan microspheres
were characterized extensively in vitro and in vivo in diabetic induced Wistar rats.
Average size of the spherical shaped and smooth surfaced microspheres was 322 μm
having irregular pore sizes and geometries. Insulin aggregates in the microspheres
were stabilized by presence of glutamic acid yielding a homogenously distribution
of insulin. However, at higher insulin/arabinoxylan mass ratio, micro-phase sepa-
ration occurred. Arabinoxylan microspheres minimized release of insulin in the
gastric and small intestine facilitating delivery of insulin to the colon and limiting
degradation by the digestive enzymes. Controlled release of insulin over 10 hr. was
observed in vitro. For in vivo studies, insulin was first labeled with RITC before
encapsulation. It was observed that the insulin-RITC-loaded arabinoxylan micro-
spheres were relatively intact in the upper GIT releasing about 13–21% of the total
RITC load. Maximum amount of RITC was found in the colon, about 78.8% after
8 hr. possibly due to the degradation of arabinoxylan microspheres by the colonic
microflora. The blood glucose in the diabetic induced rats decreased by 70%
between 9 and 12 hr. after three treatments orally while hyperglycemia was
sustained in the control groups. Arabinoxylan microspheres protected insulin from
enzymatic degradation, retained a high percentage of insulin for delivery and
release in the colon exerting significant hypoglycemic effect.

Microneedle technology, an encapsulation technology used for biologics and
small molecules as an alternative to hypodermic injection and implantation was
used to encapsulate etanercept, for transdermal delivery for rheumatoid arthritis
[52]. Microneedles fabricated are microscopic needles of lengths 50–900 μm
(Figure 2) which pierces the stratum corneum barrier generating transient
microchannels for delivery of encapsulated biologic or small molecule without
triggering the nerves and injuring the blood vessels. Etanercept is a human dimeric
fusion protein which is fully soluble and is a tumor necrosis factor (TNF) inhibitor
as it binds to TNF preventing the activation of the inflammatory cascade. It is a
fusion protein of recombinant human TNF-receptor p75 fused with the Fc domain
of human Immunoglobulin G1 (IgG1).

Acrylate modified-hyaluronic acid was used to fabricate the microneedles and
on application to the skin released etanercept which was absorbed by the blood
capillary and etanercept was transported to the arthritic tissue where it exerted
therapeutic effect by binding to TNF (Figure 3). The etanercept-loaded
microneedles were fabricated by micromoulding method. Thereafter, the
microneedles were detached from the mold and crosslinked by exposing to UV light
to enhance mechanical strength. Drug loading and in vitro bioactivity were evalu-
ated. Skin penetration, microneedle dissolution and skin recovery, therapeutic

Figure 2.
Images of microneedles: (A) microscopic image – 500 μm, (B) microscopic image – 2 mm, (C) scanning electron
microscopic (SEM) image – 500 μm, and (D) SEM image – 100 μm [52].
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effect were determined with mice. Average etanercept per microneedle was
42.72 � 5.81 μg which was sufficient for in vivo evaluation. The microneedles
exhibited sufficient mechanical strength, complete dissolution of microneedles in
the skin after 90 min, quick recovery of skin after 120 min, good biocompatibility,
little interference with bioactivity of etanercept and high anti-inflammatory effi-
cacy. There was evidence of reduction of TNF-α and IL-6 in serum, protection of
the joint from erosion and microneedle system showed good bioequivalence to the
classical subcutaneous route.

Hydrogel encapsulation systems compare better than use of autologous
chondrocytes and the marrow stimulating technique for cartilage repair because
hydrogel encapsulation systems do not just encapsulate chondrocytes but also
maintain both cell viability and phenotype and support neocartiliage formation
[53]. Fenbo and co-workers [54] fabricated chondrocytes-loaded alginate-
chondroitin sulfate hydrogel beads by mixing solutions of sodium alginate and
chondroitin sulfate and chondrocytes was added to the mixture which was trans-
ferred dropwise into a solution of strontium chloride with a syringe. The beads were
harvested, rinsed to remove excess strontium chloride, and then cultured. Charac-
terization of the chondrocytes-loaded hydrogel beads showed that low molecular
weight alginate-chondroitin sulfate hydrogel promoted high cell viability and up-
regulated the expression of collagen II and B cell leukemia 2 (Bcl-2). The study
suggests that low molecular weight alginate-chondroitin sulfate hydrogel beads
promotes cartilage formation and decreases inflammation and may be a promising
system for cartilage tissue repair. The study observed that molecular weight of
encapsulating materials is an important parameter in tissue engineering.

2.3.3 Encapsulation of diagnostics

Encapsulation of biomarkers such as microRNAs (miRNAs or miRs) confer
stability on them. MiRNAs are a class of small endogenous non-coding RNAs com-
prising 18–22 nucleotides regulating various biological processes by preventing
expression of target genes [55, 56]. MiRNAs have been suggested and explored as
therapeutics and biomarkers for various diseases such as cancer, diabetes, cardio-
vascular diseases, and other diseases whose etiology is related to atypical gene
expression [57]. MiRNAs can be employed in disease environment for diagnosis,
treatment, and reoccurrence prediction. Moraes and colleagues [57] modified
pullulan by linking quaternized ammonium groups to its backbone. The pullulan
derivative interacted with miRNA to form stable polyplexes which were

Figure 3.
Schematic illustration of microneedle-assisted transdermal delivery of etanercept from application on the dorsal
skin of the mouse to binding of etanercept to TNF [52].
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characterized for physicochemical properties and cellular uptake. Elemental analy-
sis, SEC-MALLS analysis, and IR and NMR spectra confirmed the modification of
pullulan. Average size of polyplexes was 130 � 30 nm, zeta potential was
�12 � 5 mV and morphology study showed homogenous spherical particles.
Agarose gel electrophoresis confirmed the presence of miRNA within the
polyplexes and loading efficiency was 80%. There was no indication of degradation
or fragmentation of miRNA suggesting that cationic quarternized pullulan could
protect miRNA. The polyplexes were found to be stable, cytocompatible, and the
complexation of miRNA with quartenized pullalan facilitated the uptake of
miRNA into the cells.

Cellulose nanofibers are appealing cargo carriers due the unique barrier, chem-
ical, interfacial, mechanical, and optical properties of nanocellulose [58]. Cellulose
nanofibers-based microcapsules were fabricated as a diagnostic device with glucose
oxidase encapsulated within for glucose monitoring [58]. Cellulose nanofibers
(CNF), apple pectin (AP) and xyloglucan-amyloid (XyG) were used to fabricate the
microcapsules using layer by layer ((LbL - CNF/XyG/CNF/AP)2CNF) technique on
top of fluorescein isothiocyanate (FITC) – labeled glucose oxidase-loaded calcium
carbonate particles to build the capsule wall. The FITC-glucose oxidase-CaCO3

particles were crosslinked with glutaraldehyde forming the templates on which LbL
microcapsules were fabricated. After LbL fabrication, calcium carbonate was
removed with 100 mM EDTA in water. The microcapsules collapsed on drying after
removal of the CaCO3 core. The glucose oxidase-loaded microcapsules fabricated
were porous, spherical, uniform and structurally stable, and the encapsulation
efficiency of glucose oxidase was 68 � 2%. The microcapsules were used to moni-
tor/measure glucose. An interaction of glucose oxidase and glucose produced
hydrogen peroxide which was transported through channels to an external flow-cell
where hydrogen peroxide was oxidized electrically producing current that was
recorded and used to determine the concentration of glucose. The microcapsules
immobilized the enzymes as well as provided a favorable microenvironment for the
sustained biocatalytic activity of glucose oxidase. The nanocellulose microcapsules
show promise as a device for in vivo monitoring of analytes.

A glucose biosensor fabricated based on gum tragacanth was tested on actual
blood samples. Cadmium Telluride Quantum Dots (CdTe QDs) and glucose oxidase
were encapsulated in tragacanth gum for glucose detection [59]. Tragacanth gum
nanohydrogels were prepared by adjustment of pH, sonication followed by precip-
itation. Modified tragacanth gum was prepared by radial graft copolymerization of
acrylic acid (AA: 0–5 mL), using N,N0-methylenebisacrylamide (MBA: 0.1–0.3 g) as
a crosslinker in potassium persulfate solution (initiator) followed by precipitation
after agitation for 4 hr. at 70°C. The nanohydrogels were characterized and the
composition with the desired mechanical strength and highest swelling ratio was
used in fabrication of superabsorbent biosensor nanohydrogels. The biosensor
nanohydrogels were tested for leakage of CdTe QDs and glucose oxidase, encapsu-
lation efficiency and glucose detection. The QDs leakage was about 1.48% for 2 hr.
There was insignificant change in fluorescence intensity of QDs after 45 days at 4°C
and 17% decrease in fluorescence intensity at ambient temperature after 45 days.
Enzyme was stable at 4°C and unstable with time at ambient temperature. Fluores-
cence intensity decreased significantly with increase in hydrogen peroxide concen-
tration indicating the encapsulated glucose oxidase was able to catalyze the
oxidation of glucose to hydrogen peroxide and gluconic acid.

Enzymatic reaction, base stacking (aptamers) and antigen–antibody linkers are
possible approaches to cholesterol detection; however, they are fraught with some
limitations and foreign interference [60]. Chebi and co-workers [60] fabricated a
nano-sensor for cholesterol sensing without enzymatic reaction using curcumin
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(CUR) as a fluorescence probe, polyelectrolyte, chitosan oligosaccharide lactate
(COL) as the encapsulating material and silica nanoparticles as the core (Figure 4).
The nanohybrid particles were fabricated by precipitation technique. Solutions of
COL and curcumin were mixed under agitation and a dispersion of silica
nanoparticles was added dropwise and agitated overnight. The nanocapsules
formed were harvested and characterized. When not aggregated, the sizes of the
spherical particles were 25–35 nm. In the presence of cholesterol, a large blue shift ˃
100 nm was observed in the fluorescence intensity of nanohybrid particles. The
fluorescence intensity of the nanohybrid particles were not affected by interfering
substances such as ascorbic acid, uric acid and glucose indicating specificity, selec-
tivity and sensitivity of cholesterol determination using the fabricated nano-sensor.

Urea is a waste product of metabolism and is eliminated from the body through
the kidney. Evaluation of urea content is used to assess kidney function and other
possible implications. Increased level of urea in the urine and blood indicates the
presence of some acute and chronic diseases such as kidney failure, and myocardial
infarction, or dehydration, gastrointestinal hemorrhage, high protein diet, aging
and catabolic states such as trauma, severe infection, starvation and drugs.
Decreased urea content is indicative of pregnancy, low protein diet, overhydration,
advanced liver disease and reduced urea synthesis. While there are several tech-
niques for determining urea content, there is a growing need for easy to fabricate,
easy to use and cheap diagnostic tools. Khattab and co-workers [61] fabricated
crosslinked calcium alginate microcapsules containing urease and tricyanofuran
hydrazone fixed on cotton fibers to create a colorimetric cotton strip as a sensor for
determining urea content. Solutions of sodium alginate, urease and tricyanofuran
hydrazone was mixed and overlaid on cotton fiber strips and dried. Thereafter the
dried cotton fiber strips were immersed in a solution of calcium choride for the
crosslinking process. The microcapsules were characterized, and the sensor was
used to determine urea content. The urea content assay using the sensor fabricated,
displayed a visual color change from light yellow to purple indicating the presence

Figure 4.
Schematic illustration of the fabrication of nanohybrid particles and the fluorescence intensity in the presence of
cholesterol.
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immobilized the enzymes as well as provided a favorable microenvironment for the
sustained biocatalytic activity of glucose oxidase. The nanocellulose microcapsules
show promise as a device for in vivo monitoring of analytes.

A glucose biosensor fabricated based on gum tragacanth was tested on actual
blood samples. Cadmium Telluride Quantum Dots (CdTe QDs) and glucose oxidase
were encapsulated in tragacanth gum for glucose detection [59]. Tragacanth gum
nanohydrogels were prepared by adjustment of pH, sonication followed by precip-
itation. Modified tragacanth gum was prepared by radial graft copolymerization of
acrylic acid (AA: 0–5 mL), using N,N0-methylenebisacrylamide (MBA: 0.1–0.3 g) as
a crosslinker in potassium persulfate solution (initiator) followed by precipitation
after agitation for 4 hr. at 70°C. The nanohydrogels were characterized and the
composition with the desired mechanical strength and highest swelling ratio was
used in fabrication of superabsorbent biosensor nanohydrogels. The biosensor
nanohydrogels were tested for leakage of CdTe QDs and glucose oxidase, encapsu-
lation efficiency and glucose detection. The QDs leakage was about 1.48% for 2 hr.
There was insignificant change in fluorescence intensity of QDs after 45 days at 4°C
and 17% decrease in fluorescence intensity at ambient temperature after 45 days.
Enzyme was stable at 4°C and unstable with time at ambient temperature. Fluores-
cence intensity decreased significantly with increase in hydrogen peroxide concen-
tration indicating the encapsulated glucose oxidase was able to catalyze the
oxidation of glucose to hydrogen peroxide and gluconic acid.

Enzymatic reaction, base stacking (aptamers) and antigen–antibody linkers are
possible approaches to cholesterol detection; however, they are fraught with some
limitations and foreign interference [60]. Chebi and co-workers [60] fabricated a
nano-sensor for cholesterol sensing without enzymatic reaction using curcumin

66

Nano- and Microencapsulation - Techniques and Applications

(CUR) as a fluorescence probe, polyelectrolyte, chitosan oligosaccharide lactate
(COL) as the encapsulating material and silica nanoparticles as the core (Figure 4).
The nanohybrid particles were fabricated by precipitation technique. Solutions of
COL and curcumin were mixed under agitation and a dispersion of silica
nanoparticles was added dropwise and agitated overnight. The nanocapsules
formed were harvested and characterized. When not aggregated, the sizes of the
spherical particles were 25–35 nm. In the presence of cholesterol, a large blue shift ˃
100 nm was observed in the fluorescence intensity of nanohybrid particles. The
fluorescence intensity of the nanohybrid particles were not affected by interfering
substances such as ascorbic acid, uric acid and glucose indicating specificity, selec-
tivity and sensitivity of cholesterol determination using the fabricated nano-sensor.

Urea is a waste product of metabolism and is eliminated from the body through
the kidney. Evaluation of urea content is used to assess kidney function and other
possible implications. Increased level of urea in the urine and blood indicates the
presence of some acute and chronic diseases such as kidney failure, and myocardial
infarction, or dehydration, gastrointestinal hemorrhage, high protein diet, aging
and catabolic states such as trauma, severe infection, starvation and drugs.
Decreased urea content is indicative of pregnancy, low protein diet, overhydration,
advanced liver disease and reduced urea synthesis. While there are several tech-
niques for determining urea content, there is a growing need for easy to fabricate,
easy to use and cheap diagnostic tools. Khattab and co-workers [61] fabricated
crosslinked calcium alginate microcapsules containing urease and tricyanofuran
hydrazone fixed on cotton fibers to create a colorimetric cotton strip as a sensor for
determining urea content. Solutions of sodium alginate, urease and tricyanofuran
hydrazone was mixed and overlaid on cotton fiber strips and dried. Thereafter the
dried cotton fiber strips were immersed in a solution of calcium choride for the
crosslinking process. The microcapsules were characterized, and the sensor was
used to determine urea content. The urea content assay using the sensor fabricated,
displayed a visual color change from light yellow to purple indicating the presence

Figure 4.
Schematic illustration of the fabrication of nanohybrid particles and the fluorescence intensity in the presence of
cholesterol.
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of urea. The detection ability of the sensor was determined by the color strength
and the International Commission on Illumination – CIE L*, a⁎, and b⁎ color coor-
dinates. The dye and enzyme-loaded crosslinked alginate microparticles coated
cotton sensor strips were effectively employed to determine unknown concentra-
tions of urea. The spectroscopic parameters indicated the microencapsulated sensor
displayed a detection range of 0.1 ppm to 250 ppm. Tables 2 and 3 indicate appli-
cations based on micro- and nano-encapsulation utilizing natural polysaccharides as
encapsulating materials.

3. Protein-based encapsulation

3.1 Proteins in micro- and nanoencapsulation

Protein-based delivery systems can be synthesized via different kinds of animal
and plant proteins using a range of different production methods. A fabricator
should pick the most fitting protein for a certain application, after making sure of all
safety requirements. The main elements influencing the selection of the protein and
encapsulation methods are:

a. Nanocarrier chemical or physical compatibility with food components.

b. Nanocarrier stability under processing, storage, or during its application.

c. Possible release mechanism(s) and conditions affecting the rate of release.

d. Biodegradability of the protein-based nanocarrier in the body.

e. Cost-effectiveness of nanocarriers when synthesized on a large scale for real
applications.

Figure 5 is a schematic illustration of polymeric encapsulation of bioactive
agents.

3.1.1 Applications and clinical usage

Protein-based nanoparticles (PBNs), recently reported, are of great interest due
to their various advantages. They confirmed their high activity in both clinical and
medicinal fields. Several formulations have been developed and suggested as
potential future therapeutic products [80]. Besides, some PBNs have been officially
accepted by US food and drug administration [81]. In addition, protein-based
nanoparticles functional groups (e.g. carboxylic and amino groups) facilitate the
particles surface modification, which makes them suitable for tumor targeting
strategies. On the other hand, protein-based nanoparticles (PBNs) surface can be
modified by attachment of targeting ligands such as peptides, antibodies, vitamins,
hormones, and enzymes. These surface modifications allow specific targeting and
accumulation of the particles at the desired site such as a tumor. Each protein tends
to encapsulate either hydrophobic or hydrophilic molecules. Gelatin, silk, gliadin,
and legumin have higher encapsulation efficiency for hydrophilic drugs. While
collagen, casein, and zein proteins have higher encapsulation efficiency for hydro-
phobic drugs. Albumin, however, can bioconjugate with hydrophilic drugs and
interact with highly hydrophobic drugs. Besides, each protein has some character-
istics that enhance its selectivity to be a better carrier for a certain drug. Albumin,
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for example, is the most abundant plasma protein, which makes it non-toxic,
biodegradable, and non-immunogenic. It has also good connectivity to many drugs
and it is extremely robust to various conditions. Gelatin and collagen possess many
carboxyl groups with possible crosslinking functions. These parameters are impor-
tant for selecting the nanoparticles synthesis method. The protein selection depends
on drug properties, and on the target of the nanoparticles to be prepared. The
selected protein properties such as functionality, molecular weight, and hydropho-
bicity can affect particle size, drug loading and loading efficiency, and dissolution
or release profile of the drug to the surrounding environment of the nanoparticles.
The proteins have the chance to target a specific place in vivo and secure the
encapsulated active molecules from biodegradation and undesirable metabolism -
Figure 6. Protein nanoparticles, however, have unique properties when compared
to other nanoparticles since they are extracted from natural origins that exist in
nature, easy to handle, and most importantly they are non-toxic as they do not leave
undesirable biodegradation products.

3.1.2 Physicochemical properties of proteins

The physicochemical properties of proteins such as isoelectric point (pI), chemical
compositions, denaturation thermal temperature (Tm), and solubility are necessary
for the fabrication of the protein-based micro- and nanoencapsulation delivery sys-
tems (Table 4) [82–90]. Some micro- and nanoencapsulation processes use protein
as a wall material to act as a barrier which is used to protect bioactive agents against
the surrounded environmental conditions including pH, temperature, moisture, and
oxygen and form stable capsules (they are in a range size between few micrometers
and millimeters in microencapsulation methods and from 10 nanometers to one
micrometer in nanoencapsulation methods) with high encapsulation efficiency (EE)
due to their excellent gel, film and emulsifying formation properties, and promising
improvements such as water solubility, stability, and bioavailability [91, 92]. Besides,

Figure 5.
Schematic illustration of encapsulation of bioactive agents.

Figure 6.
Drug loading and release from protein-based nanoparticles.
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for example, is the most abundant plasma protein, which makes it non-toxic,
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to other nanoparticles since they are extracted from natural origins that exist in
nature, easy to handle, and most importantly they are non-toxic as they do not leave
undesirable biodegradation products.
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their functional groups possess the ability to protect, reverse binding, and interact
with numerous bioactive compounds. Nowadays, two sources of proteins; plant pro-
teins such as soy, pulses, and cereals proteins and animal proteins such as bovine
serum albumin, casein and whey proteins are widely used as encapsulating agents in
micro- and nanoencapsulation techniques. Proteins are employed to encapsulate
solids and liquids including oils. Their ability to encapsulate oils depends on their
capacity to adsorb at the interface and form stable emulsions. The following factors
affect their emulsifying properties [93]:

• The molecular size of proteins

• Hydrophobicity of the protein surface

• The flexibility of protein compounds

• Protein solubility

Protein Source Main composition Properties pI Tm (°C)

1.1. Soy
protein

Soybean Albumins and globulins Globular and water
soluble

4.5 67�87

1.2. Cereal
proteins
1.2.1. Zein
protein

Maize
(corn)

Glutamic acid, leucine,
alanine, and proline

Soluble in aqueous
alcohol

6–7 75–95

1.2.2. Wheat
protein

Wheat Gliadin and glutenin Soluble in aqueous
alcohol

5–8 90

1.2.3. Barley
protein

Barley Hordein and glutelin Soluble in alkali 5 115

1.3. Pulse
proteins

1.3.1. Pea
protein

Pea Albumins,glutelins
and globulins

Water soluble 4.3–4.5 85–90

1.3.2.
Chickpea

Chickpea Glutein, albumin,
prolamine, and globulin

Water soluble 4.5 90

1.3.3. Lentil Lentil Globulins, albumin,
glutelins, and prolamins

Water soluble 4.5 90

2.1. Whey
protein

Cheese or
casein

β-lactoglubulin, α-
lactalbumin, and serum

albumin

Globular and water
soluble

4.4–5.5 60–90

2.2. Casein
protein

Milk 94% protein and 6% low
Mwt colloidal calcium

phosphate

Rheomorphic, poorly
water soluble, and highly

stable

4.6–
4.8

125–140

2.3. Bovine
serum
albumin

Bovine
serum or
milk

583 amino acids and
contains three domains: I,

II, and III

Globular, water soluble,
and antioxidant

4.7 70–90

2.4. Gelatin Collagen Acid (Type-A) gelatin and
basic (Type-B) gelatin

Linear, soluble in hot
water, and highly stable

4.8 40

pI: Isoelectric point and Tm: denaturation thermal temperature.

Table 4.
Physicochemical properties of plant and animal proteins used for the delivery of bioactive ingredients.
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• Preparation methods of protein compounds

• Environmental conditions include pH of solvent and ionic strength

Protein ingredients have been vastly used as good encapsulating agents alone or
in combination with either another protein or polysaccharides which occurs
through different possible interactions (such as covalent, electrostatic, H-bonding,
hydrophobic, van der Waals, and disulfide interactions) for delivery of various
bioactive compounds (Figure 7) [94]. Different polysaccharides can be used to
fabricate bilayer on the oil droplets surface with protein compounds to increase the
physical stability of both emulsion and the interfacial modifying properties [95].

3.1.3 Plant proteins

Plant proteins have different types such as soy proteins, cereals proteins (e.g., zein,
wheat, andbarley proteins), andpulses proteins (e.g., pea, chickpea, and lentil proteins).

3.1.3.1 Soy proteins

Soy proteins are globular proteins and are considered as one of themost important
food proteins that are applied significantly in human diets because they have good
nutritional values, health-benefiting effects, and high functionalities. They aremainly
composed of albumins and globulins which represent around 50–90% of total seed
proteins. They are divided according to their sedimentation coefficients into four
fractions: 2S, 7S, 11S, and 15S fractions. The 2S fraction corresponds to albumins, while
the globulins are present in 7S, 11S, and 15S fractions. Also, glycinin (named as 11S or
SG, andMwt 350 kDa) and β-conglycinin (named as 7S or SC, andMwt of about 70 kDa
are two globulin forms). Soy protein isolate (SPI) is considered as an essential product
of soy proteins and contains protein range from85 to 90%as a dry basis [96, 97]. Due to
the good properties of soy proteins such as water solubility, fat andwater absorption,
gel, film, and foaming-formation and emulsion stabilization properties, they have been
used as wall materials for micro- and nanoencapsulation of different bioactive ingredi-
ents alone or in combination with either proteins or polysaccharides [98].

3.1.3.2 Cereal proteins

Cereal grains are grown worldwide and they comprise three main biopolymers
which are roughly classified into three groups - protein, starch, and non-starch
polysaccharides [99]. Cereal micro- and nanotechnology for biomedical, food, and
pharmaceutical applications focus on fabricating highly functional micro- and
nanostructures from cereal biopolymers. Cereal proteins (e.g., zein, barley, and
wheat proteins) are considered a vital protein source in the diet. Cereal proteins
have excellent properties such as low cost, widely available, and versatile molecules
which are valuable compounds for nano- and microtechnology applications. They
are classified into four classes according to the solubility of fractionations: (a)
albumins; proteins soluble in water, (b) globulins; proteins soluble in the diluted
salt solution, (c) prolamins; proteins soluble in the aqueous alcohol, and (d)
glutelins; proteins soluble in the diluted acid or alkali [100, 101].

3.1.3.3 Maize (Zein) protein

Zein protein is classified as a storage prolamine protein that makes up 35–60% of
total protein in corn (maize). Pure zein protein is one of the important plant
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affect their emulsifying properties [93]:
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Table 4.
Physicochemical properties of plant and animal proteins used for the delivery of bioactive ingredients.
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proteins due to its properties such as clear, tasteless, odorless, and edible properties,
making it widely used a protein in different industrial applications [102]. The main
composition of zein proteins is amino acids such as glutamic acid, leucine, alanine,
and proline that are combined via disulfide bonds. It has four fractions: α, β, and γ as
major fractions (accounts for 80% of the total zein protein), while the last one
named δ-zein is a minor fraction. α-Zein protein is the main zein type commercially
available in the market. It is water-insoluble because of the presence of non-polar
amino acids which are previously mentioned but is soluble in the aqueous alcohol
(50–95%). Its poor solubility in water due to the absence of essential amino acids
including tryptophan and lysine decreased its usage in food products for human
consumption, so zein protein nanocarriers have been applied to encapsulate core
materials to enhance their distribution in water environment [103, 104]. Prolamine
protein as zein protein is a valuable compound used to prepare micro-and nanoscale
systems that are stable in water because these systems do not need a post-

Figure 7.
Suggested interactions in two biopolymers components (e.g., protein and polysaccharide) system.
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production hardening step that stables the integrity of prepared particles, as the
constituting protein does not require to re-dissolve in water [105].

3.1.3.4 Wheat proteins

Wheat proteins are obtained during the isolation of starch polysaccharide from
wheat flour as a byproduct and account for 80% of total wheat seed proteins; it is
also used as an essential food source for both humans and animals [106]. Wheat
flour is a complex material which composes of small polysaccharide fraction as
starch and protein. The latter composes of two main components as gliadin and
glutenin. The constitution of gliadin is single chain polypeptides (average molecular
weight, Mwt, ranged from 25 KDa to 100 KDa) which are linked by intramolecular
disulfide bonds and soluble in the aqueous alcohol (70% ethanol), while glutenin is
a soluble fraction and is similar to gliadin composition but they are linked via
intermolecular disulfide bonds with Mwt higher than 105 KDa [106, 107]. Wheat
proteins have different interesting physicochemical properties such as gel- and
film-forming properties due to its low water solubility and viscoelasticity [108].

3.1.3.5 Barley protein

Barley crop is a very adaptable crop. It is cultivated for both animal feed and
brewing industry, in which, the by-product becomes livestock feed. Barley crops and
by-products are rich and affordable protein sources which include 8–13% and 20–30%,
respectively [109]. Barley proteins composed of two major protein fractions: hordein
and glutelin (about 35–55% and 35–40%, respectively). Hordein fraction (alcohol
extracted fraction) is divided into five groups - B hordein, C hordein, γ-hordein, D
hordein, and A hordein - based on their amino acid compositions and electrophoretic
mobility. On the other hand, glutelin is an alkali-soluble protein after hordein extrac-
tion, so it is not possible to extract glutelin fraction free from hordein fraction con-
tamination. Barley proteins are highly hydrophobic and they exhibit excellent foaming,
emulsifying and film-forming properties indicating that the emulsifying-stabilization
process can prepare micro- and nanocapsules from barley protein [110–112].

3.1.3.6 Pulse proteins

Pulse crops are invaluable agricultural commodities that are grown in cool seasons
annually. They are grown in many regions around the world such as North America
(particularly Canada), Asia, and the Middle East (particularly India and Egypt). They
are considered an important source of dietary protein, fiber, essential vitamins, min-
erals, and carbohydrates. So, they have a health value that relates to decrease of HDL
cholesterol, heart disease, and type-2 diabetes. The pulse proteins including lentil, pea,
and chickpea proteins which show an attractive alternative to soy proteins because
they have a low risk for allergen and non-genetically modified status [113, 114]. Pulse
proteins are classified according to their solubility into glutelins (dilute acid and
alkaline-soluble and makes up 10–20% of the total pulse protein), globulins (soluble in
water-salt solution and accounts for 70% of the total pulse protein), and albumin
(water-soluble and represents about 10–20% of the total pulse protein) [113].

3.1.3.7 Pea protein

Pea protein is extracted from pea seeds which represents 18–30% fraction. It is
mainly composed of globulins (65–80%) that include three various proteins:
legumin, convicilin, and vicilin [115]. Also, it contains albumins and glutelins as two
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minority fractions. Pea legumin protein (denoted 11S globulin) has molecular
weight ranged 350–400 KDa while convicilin and vicilin (denoted 7S globulin) have
a molecular weight of about 150 KDa [98]. Pea proteins have interesting emulsify-
ing and gel-forming properties, so they are used alone or in combination with either
proteins or polysaccharides. This interaction creates a stable emulsion that improves
the efficiency of a micro/nanoencapsulation technique as it gives good particle size
distribution. Also, encapsulation occurs without chemical or enzymatic modifica-
tion, due to the surfactant, foaming, and solubility properties. Besides, they are
cheap and highly nutritious [116, 117].

3.1.3.8 Chickpea protein

Chickpea protein possesses many excellent advantages such as low cost, biode-
gradable, biocompatible, and non-toxic, hence, its use in the encapsulation field.
Moreover, it is generally safe for use in the food industry because of little or no
toxicity and side reactions [118–120]. Chickpea protein contains glutein, albumin,
prolamine, and globulin with different percentage contents as the main composition:
3.12–6.89%, 8.39–12.31%, 19.38–24.40%, and 53.44–60.29%, respectively, and repre-
sents about 28.6% of total chickpea crops [121, 122]. It is a low-cost wall material and
possesses high encapsulating ability, emulsifying properties, nutritional value, and
beneficial health effects. Additionally, it can form thick viscoelastic films around oil
droplets thus enhancing their stability through processing. The chickpea protein is
widely used in different culinary applications because it has sustained nutritional
benefits, and it is used in stews, soups, and salads [84, 93, 123, 124].

3.1.3.9 Lentil protein

Lentil crops are implanted in over 48 countries around the world and they
contain soluble and dietary fiber more than in both pea and chickpea crops, besides,
they are rich in protein sources which ranged from 20.6–31.4% of the total lentil
plant. Lentil protein comprises globulins (Mwt 320–380 KDa), albumin (Mwt20
KDa), glutelins (Mwt 17–46 KDa), and prolamins (Mwt 16–64 kDa) with different
percentages: 70%, 16%, 11%, and 3%, respectively [125–127]. It has good properties
such as good solubility, drying, and emulsifying properties that lead to being widely
used as a wall material to form stable capsules with high EE % [128].

3.1.4 Animal proteins

Animal proteins are amphiphilic compounds because they compose of block
copolymers with both hydrophilic and hydrophobic amino acid residues. There are
various types of animal proteins such as milk proteins: whey proteins and casein,
gelatin, and bovine serum albumin which can be used in micro- and nanoencap-
sulation processes as wall materials either alone or in combination with other bio-
polymers: proteins (as soy protein) and polysaccharides (as chitosan) [91, 129].
Also, they possess many advantages more than plant protein as good wall materials
as summarized below:

• More soluble than plant proteins over the wide pH range,

• Lower Mwt than plant proteins (e.g., soy protein has Mwt: 350 kDa, while
casein protein has Mwt: 20 kDa)

• More flexible.
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3.1.4.1 Milk proteins

Milk proteins can be divided into two groups: casein and whey proteins which
can bind their hydrophilic and hydrophobic moieties with different substances with
various affinities [130]. They are considered a good choice for micro- and
nanoencapsulation of bioactive materials as wall materials due to their physico-
chemical properties. They are available commercial products, they are flexible
materials to encapsulate hydrophilic, hydrophobic and viable bioactive compounds,
and they are rich bioactive peptide sources of various physiological effects. Also,
they have a variety of characteristics including pH-responsiveness, self-assembly,
and gel swelling behavior that lead to their use as good candidates for bioactive
delivery systems [91, 131, 132].

3.1.4.2 Whey proteins

Whey proteins are produced from the manufacture of either cheese or casein as
the dairy byproduct. They compose of a mixture of β-lactoglubulin, α-lactalbumin,
and serum albumin which are water-soluble, so they have a variety of applications
[133]. They are considered complete proteins because they have nine essential amino
acids, in addition, low in lactose content. The three forms of whey protein are:

• Whey protein concentrate (WPC) which contains low fat and carbohydrate
levels. The protein percentage in WPC is ranged between 30% and 90%.

• Whey protein isolate (WPI) which contains zero fat and lactose contents, and
it contains high protein level (≥ 90%)

• Whey protein hydrolysate (WPH) which has been subjected to partial
hydrolysis process. So, it is a predigested form of whey protein.

Whey proteins are widely used as good wall coating materials in micro- and
nanoencapsulation processes for the controlled release of different bioactive mate-
rials such as oils/fats, vitamins, and volatile compounds because of the high
encapsulation efficiency and stability during storage [134–137].

3.1.4.3 Casein proteins

Casein is a major amphiphilic milk protein (it makes up about 80% of total milk
protein) which is an essential part of the global daily diet. It has a variety of
interesting physicochemical properties such as its availability, low-cost, non-
toxicity, high stability, biocompatibility, biodegradability, binding of small and ions
molecules, excellent emulsification, and self-assembly that increase its efficacy in
both encapsulation and loading efficiency of the loaded bioactive ingredients
[130, 138]. Casein protein’s composition is 94% protein and 6% low Mwt colloidal
calcium phosphate. There are four different casein fractions: αS1-, αS2-, β, and
κ-casein which are amphiphilic structures in proportions of 4:1:4:1 by weight,
respectively. Mwt is ranged from 19 kDa to 25 kDa [139–141]. Casein micro- and
nanoencapsulation carrier systems have attracted attention in recent years for
controlled and sustained release delivery of bioactive compounds because of the
following advantages: their cheap price, digestibility, good dispersibility in an
aqueous system, good amphiphilicity, the capability to encapsulate a variety of drug
and nutrients, and form uniform spherical structures [142–144].
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3.1.4.4 Bovine serum albumin

Bovine serum albumin (BSA) is a globular natural albumin protein. Its origin is
either bovine serum or milk which is transferred between bovine plasma and milk
through the lactating cells [131, 145]. Its structure composes a single chain of 583
amino acids with Mwt of 62.2 kDa and contains three domains: I, II, and III which are
divided into two helical subdomains (A and B which bond through 17 disulfide brid-
ges) which is specified to bind lipid, nucleotide, and metal ion [130, 146, 147]. Addi-
tionally, BSA is negatively charged at physiological pH (pH 7.4). Moreover, BSA is one
of the most common protein plasma that is widely used in many applications such as
drug and antigen delivery and food industry because it has good features: biocompat-
ibility, biodegradability, non-toxicity, no immunogenicity, good stability, low cost,
abundance, ease of purification and unusual ligand-binding. Consequently, its micro-
and nano-capsule carriers have gained traction in recent years [145, 148].

3.1.4.5 Gelatin protein

Gelatin protein is not available in nature, but it is extracted from partially
hydrolyzed collagen which is the most abundant protein in the skin and bones of the
animal bovine or fish. Also, it is a linear denatured protein which is carrying dual
charges: positively charged (when it is extracted with acid hydrolysis of collagen, it
is known as type –A gelatin and its pI is ranged 7–9.4) and negatively charged (if it
is extracted with alkaline hydrolysis, it is known as type –B gelatin and its pI is
ranged 4.8–5.5) and its thermal denaturation temperature is about 40°C [149, 150].
In addition, gelatin protein is a good coating material due to its amphoteric nature,
and so it is widely used as coating materials in combination with different poly-
saccharides such as chitosan, pectin, and alginate to form hard and soft capsules (in
range of micro- and nanoscale) in food and pharmaceutical applications [151–154].

3.2 Merits and demerits in therapeutic delivery

The link of a drug with a delivery system is named “controlled drug delivery”.
This link can control drug pharmacokinetics. Various delivery systems were
aroused. Among them, we can cite nanoparticles, liposomes, surface-modified
nanoparticles, and solid-lipid nanoparticles. Among nanoparticles, protein-based
nanoparticles (PBNs) have special merits because they are metabolizable, biode-
gradable, and can be easily controlled as there are different chances for surface
improvement for drug fixation [155].

Many proteins have functional merits making them suitable for encapsulation of
bioactive agents, such as pharmaceuticals and nutraceuticals. Natural proteins are
biological polymers composed of amino acid chains linked together via peptide
bonds, which serve in important biological functions, such as enzyme catalysis,
signaling, transport, and structure formation [156]. Some of the proteins’ chemical
and physical characteristics can be used to construct encapsulation and carrier
systems. Proteins used in the nanoparticles field can be classified as animal proteins
and plant proteins, and both have advantages and disadvantages.

Low toxicity of the end product using animal proteins gives them an advantage
over synthetic polymers. Themajor drawback of animal proteins is the risk of infection
from any pathogenic contamination, although, it is not important as animal proteins
can be disinfected. As for plant proteins, their hydrophobic character is the main
advantage compared to animal proteins. This could lead to avoiding toxic chemical
cross-linkers [157]. Besides, plant proteins are also cheaper than animal proteins.
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3.3 Case studies/applications

3.3.1 Encapsulation of small molecules

3.3.1.1 Hydrophobic compounds

It is used with hydrophilic compounds to improve stability and bioavailability of
certain compounds such as lipid vitamins (eg: A, D, E, and K). Vitamin A (VA) and
VE were also successfully incorporated into biodegradable gelatin nanofibers.
Curcumin is a fat-soluble polyphenol that possesses significant antioxidant and
anticarcinogenic activities [158]. The release profile showed sustained release
behavior of curcumin for over 7 days (around 75%) without significant burst effect
when curcumin was encapsulated within amaranth protein isolate (API)/pullulan
nanofibers. Dextran and whey protein concentrate (WPC) and chitosan were used
as matrix materials to encapsulate lycopene by emulsion electrospinning. WPC
afforded the greatest EE (around 75%), and it was also able to protect lycopene
against moisture and thermal degradation [158]. Zein nanoparticles were used as
delivery nano-system to enhance the oral bioavailability of quercetin (3,30,40,5,7-
pentahydroxyflavone), which is found in tea, red wine, fruits, and some vegetables.
Zein is a protein extracted from corn (with molecular weight usually from 22 to
27 kDa). It has a high content of hydrophobic amino acids, such as proline, gluta-
mine, and asparagine. The encapsulation of quercetin ameliorates its anti-
inflammatory effect on endotoxemia was studied in a mouse model [159]. Okagu
et al., [160] studied the encapsulation of hydrophobic nutraceuticals (curcumin) by
biopolymer nano-complexes based on insect proteins as uncoated or coated with
chitosan. The authors explained the interaction between curcumin and insect via
hydrophobic forces. They observed under gastrointestinal conditions, over 90% of
the nutraceutical was released. Hu et al. [161] formed biopolymer-based
nanoparticles through ionic gelation between stearic acid-chitosan conjugate (SA-
CS) and sodium caseinate (NaCas) and cross-linked using oxidized dextran (Odex)
via Schiff base reaction, as shown in Figure 8. The prepared nanoparticles were
used to encapsulate Astaxanthin (ASTX) to improve its bioavailability and solubil-
ity in an aqueous medium. The authors successfully prepared nanoparticles with a
diameter of 120 nm with good dispersity. They estimated the capability of loading
ratio of 6% loading ratio and high efficiency of encapsulation.

Xiang et al. [162] formed nanocomplexes composed of ovalbumin (OVA) and
methoxy pectin (PEC) to encapsulate Vitamin D3 (VD3). Vitamin D3 is fat-soluble
and readily degrades under acidic conditions. The authors observed the efficiency
of VD3 encapsulation up to 96.37%. Whey proteins (positive proteins) (4% w/w),
and pectin (negatively charged polysaccharides) (1% w/w) were used to form
nanocomplexes which were used to encapsulate D-limonene [163]. Resulted
nanocomplexes have spherical shaped nanoparticles with an average diameter of
100 nm. The efficiency of D-limonene encapsulation was about 88%.

3.3.1.2 Hydrophilic compounds

Hydrophilic compounds are encapsulated to prevent their interactions with
different compounds or to guarantee a certain release pattern. A study was under-
taken to assess the release kinetics of prepared nano-encapsulated folic acid using a
double W1/O/W2 emulsion [164]. Initially, loaded W1/O nano-emulsions with folic
acid were formed and then re-emulsified into an aqueous stage (W2) having a
concentrate on a single whey protein (WPC) layer or double-layered complex of
WPC-pectin for W1/O/W2 emulsions formation. Single-layer WPC encapsulated
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animal bovine or fish. Also, it is a linear denatured protein which is carrying dual
charges: positively charged (when it is extracted with acid hydrolysis of collagen, it
is known as type –A gelatin and its pI is ranged 7–9.4) and negatively charged (if it
is extracted with alkaline hydrolysis, it is known as type –B gelatin and its pI is
ranged 4.8–5.5) and its thermal denaturation temperature is about 40°C [149, 150].
In addition, gelatin protein is a good coating material due to its amphoteric nature,
and so it is widely used as coating materials in combination with different poly-
saccharides such as chitosan, pectin, and alginate to form hard and soft capsules (in
range of micro- and nanoscale) in food and pharmaceutical applications [151–154].

3.2 Merits and demerits in therapeutic delivery

The link of a drug with a delivery system is named “controlled drug delivery”.
This link can control drug pharmacokinetics. Various delivery systems were
aroused. Among them, we can cite nanoparticles, liposomes, surface-modified
nanoparticles, and solid-lipid nanoparticles. Among nanoparticles, protein-based
nanoparticles (PBNs) have special merits because they are metabolizable, biode-
gradable, and can be easily controlled as there are different chances for surface
improvement for drug fixation [155].

Many proteins have functional merits making them suitable for encapsulation of
bioactive agents, such as pharmaceuticals and nutraceuticals. Natural proteins are
biological polymers composed of amino acid chains linked together via peptide
bonds, which serve in important biological functions, such as enzyme catalysis,
signaling, transport, and structure formation [156]. Some of the proteins’ chemical
and physical characteristics can be used to construct encapsulation and carrier
systems. Proteins used in the nanoparticles field can be classified as animal proteins
and plant proteins, and both have advantages and disadvantages.

Low toxicity of the end product using animal proteins gives them an advantage
over synthetic polymers. Themajor drawback of animal proteins is the risk of infection
from any pathogenic contamination, although, it is not important as animal proteins
can be disinfected. As for plant proteins, their hydrophobic character is the main
advantage compared to animal proteins. This could lead to avoiding toxic chemical
cross-linkers [157]. Besides, plant proteins are also cheaper than animal proteins.
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3.3 Case studies/applications

3.3.1 Encapsulation of small molecules

3.3.1.1 Hydrophobic compounds

It is used with hydrophilic compounds to improve stability and bioavailability of
certain compounds such as lipid vitamins (eg: A, D, E, and K). Vitamin A (VA) and
VE were also successfully incorporated into biodegradable gelatin nanofibers.
Curcumin is a fat-soluble polyphenol that possesses significant antioxidant and
anticarcinogenic activities [158]. The release profile showed sustained release
behavior of curcumin for over 7 days (around 75%) without significant burst effect
when curcumin was encapsulated within amaranth protein isolate (API)/pullulan
nanofibers. Dextran and whey protein concentrate (WPC) and chitosan were used
as matrix materials to encapsulate lycopene by emulsion electrospinning. WPC
afforded the greatest EE (around 75%), and it was also able to protect lycopene
against moisture and thermal degradation [158]. Zein nanoparticles were used as
delivery nano-system to enhance the oral bioavailability of quercetin (3,30,40,5,7-
pentahydroxyflavone), which is found in tea, red wine, fruits, and some vegetables.
Zein is a protein extracted from corn (with molecular weight usually from 22 to
27 kDa). It has a high content of hydrophobic amino acids, such as proline, gluta-
mine, and asparagine. The encapsulation of quercetin ameliorates its anti-
inflammatory effect on endotoxemia was studied in a mouse model [159]. Okagu
et al., [160] studied the encapsulation of hydrophobic nutraceuticals (curcumin) by
biopolymer nano-complexes based on insect proteins as uncoated or coated with
chitosan. The authors explained the interaction between curcumin and insect via
hydrophobic forces. They observed under gastrointestinal conditions, over 90% of
the nutraceutical was released. Hu et al. [161] formed biopolymer-based
nanoparticles through ionic gelation between stearic acid-chitosan conjugate (SA-
CS) and sodium caseinate (NaCas) and cross-linked using oxidized dextran (Odex)
via Schiff base reaction, as shown in Figure 8. The prepared nanoparticles were
used to encapsulate Astaxanthin (ASTX) to improve its bioavailability and solubil-
ity in an aqueous medium. The authors successfully prepared nanoparticles with a
diameter of 120 nm with good dispersity. They estimated the capability of loading
ratio of 6% loading ratio and high efficiency of encapsulation.

Xiang et al. [162] formed nanocomplexes composed of ovalbumin (OVA) and
methoxy pectin (PEC) to encapsulate Vitamin D3 (VD3). Vitamin D3 is fat-soluble
and readily degrades under acidic conditions. The authors observed the efficiency
of VD3 encapsulation up to 96.37%. Whey proteins (positive proteins) (4% w/w),
and pectin (negatively charged polysaccharides) (1% w/w) were used to form
nanocomplexes which were used to encapsulate D-limonene [163]. Resulted
nanocomplexes have spherical shaped nanoparticles with an average diameter of
100 nm. The efficiency of D-limonene encapsulation was about 88%.

3.3.1.2 Hydrophilic compounds

Hydrophilic compounds are encapsulated to prevent their interactions with
different compounds or to guarantee a certain release pattern. A study was under-
taken to assess the release kinetics of prepared nano-encapsulated folic acid using a
double W1/O/W2 emulsion [164]. Initially, loaded W1/O nano-emulsions with folic
acid were formed and then re-emulsified into an aqueous stage (W2) having a
concentrate on a single whey protein (WPC) layer or double-layered complex of
WPC-pectin for W1/O/W2 emulsions formation. Single-layer WPC encapsulated

79

Natural Polymers in Micro- and Nanoencapsulation for Therapeutic and Diagnostic…
DOI: http://dx.doi.org/10.5772/intechopen.95402



powders was the best model that fits for folic acid release pattern observed with the
highest R2. Enzymes are particularly important in therapeutics because of their
catalytic activity and specificity. The challenge in the intracellular delivery of
enzymes is that enzymes are unstable and have a huge size. Estrada et al. [165]
developed β-Galactosidase delivery nanoparticles based on a protein. β-Galactosi-
dase (β-gal) is an important enzyme, and its deficiency leads to several lysosomal
storage disorders. The authors observed that protein-enzyme nanoparticles showed
internalization in multiple cell lines in vitro higher than soluble enzyme. Authors
based on the result concluded that protein nanoparticles are a biocompatible and
display good efficiency for active enzyme therapeutics delivery.

3.3.2 Encapsulation of biologics

Noorani et al. [166] fabricated albumin nanoparticles enhancing anticancer effi-
ciency of albendazole in the xenograft model of ovarian cancer. Nanoparticles based
albumin was formulated with the diameter in the range of 7 to 10nm. Loaded
albendazole onto albumin nanoparticles showed the highest killing effect with
specificity against ovarian cancer cells studied ex vivo [167].

Trafani de Melo et al. [168] studied the design of whey protein drug delivery
system for a photoactive compound, aluminum phthalocyanine chloride for
targeting of glioblastoma brain cancer. Nanoparticles were fabricated by spray
drying technique with particle size between 100 and 300 nm. Authors based on
their results concluded that a combination of hydrophobic drugs and irradiation
achieve efficient treatment.

Stein et al. formulated mTHPC-albumin nanoparticles using nab-technology
[169]. Nanoparticles showed colloidal stability over a wide range of pH and in
physiological NaCl with different concentrations. The authors observed cell culture
uptake of mTHPC in a cholangiocarcinoma cell line (TFK-1).

3.3.3 Encapsulation of diagnostics

Nanoscale materials permit nanodevices to enter novel scientific and technolog-
ical frontiers in different diseases especially cancer diagnosis. Proteinticles are
nanoscale protein particles designated by engineering, which are very useful in
changing different properties based on surface area and size of various conventional
things [170]. Combined detection of two serum biomarkers is also feasible through
multiplexed viral detection. The disease detection method is imperative in diseases
such as AIDS and hepatitis. Such a protocol is based on lateral flow assay (LFA) for
protein nanoparticles. Proteinticles were found to have better biocompatibility and
biodegradability with compliance with surface modifications. These nanoparticles
are formed by using different proteins like elastin, gliadin, gelatin, zein, legumin,

Figure 8.
General mechanism of ASTX loaded SA-CS/NaCas/Odex nanoparticles formulation and its application.
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albumin, soy protein, and milk protein. Various methods used for the formulation
include emulsification, desolvation, electrospray, and coacervation. Characteriza-
tion parameters of these nano-formulations involve morphology of particle, size of
a particle, their surface charge, entrapment of drug, loading of a drug, structure of
the particle, and in vitro drug release. Different methods for the application of route
of administration for protein nanoparticles have been studied by renowned
researchers [170]. In nature, particular proteins have a self-assembling property
inside cells leading to the formation of nanoscale particles (called “proteinticles”)
with constant surface topology and structure [171]. Unlike chemically synthesized
nano-formulations (e.g., various carbon, metal and polymer nanoparticles), a set of
effective proteinticles can be easily produced through genetic modulation of the
proteinticles surface, i.e., by inserting or adding specified peptides/proteins to the
C- or -N-terminus or the internal region of the modified protein. Proteins/peptides
were presented that were proven to recognize specific antibodies in certain diseases
that were recognized on the outer surface of human ferritin based proteinticles
purposed at accurate 3D diagnosis of human infectious and autoimmune diseases.
The surface exhibited the extracellular domain of myelin oligodendrocyte glyco-
protein (MOG) with native conformation successfully differentiated between auto-
antibodies to denatured or native MOG, leading to an accurate diagnosis of multiple
sclerosis. Different antigenic peptides from the hepatitis C virus (HCV) were
displayed simultaneously on the same proteinticles surface with modification of the
composition of each peptide. Proteinticles having heterogeneous peptide surfaces
were detected with anti-HCV antibodies in patient serum with 100% accuracy. The
desired method of proteinticles engineering can be used in general to the specific
and sensitive diagnosis of several human diseases [171].

The aptamer is defined as an oligonucleotide-based nano-formulation. Unique
characteristics of aptamer exhibit specificity and high-binding affinity with target
molecules both intra- and extracellular. It functions as an agonist or antagonist in a
biological system [170]. Recently, numerous aptamers were used for the detection
of disease, with curative purposes under development for the identification of
different molecules of HCC (hepatocellular carcinoma). The aptamer has been
proved to improve the effectiveness of conventional chemotherapies and decrease
the growth of HCC cells in vitro. Aptamer was proved to elicit antitumor activity
and cell death in vivo. The overall data showed that aptamer possessed reduced
toxicity levels. Moreover, it may provide a safer base in the field of personalized
medicine [170].

Tumor Necrosis Factor-α (TNF-α) by gold protein chip was sensed using a total
internal reflection fluorescence microscopy (TIRFM) as a detection method for a
nano-based single biomarker for oral cancer diagnosis. Authors observed this
method which is an attomolar (aM) concentration level leading to a higher
sensitivity of oral cancer detection [172].

Apoferritin Ferritin is a complex of an iron-containing protein having 24 self-
assembled polypeptide subunits with external and internal diameters of 12 and
7.6 nm, respectively [173]. These protein-based cage-like networks show three
characteristic interfaces, the interior, exterior, and the interface present between
the subunits, which exhibit functionalization. When the iron core from the inner
cavity is removed, it results in a hollow protein cage-like called the Apoferritin
nanocage, which is subjected to assembling and disassembling as a result of the
change in the environment surrounding the molecule. Apoferritin nanocage can be
utilized to insert inorganic metals inside its cavity purposing at scavenging ROS
which are generated during several mechanisms in the cellular environment. This
character has been used as a template for the synthesis of an array of
nanocomposites for theragnostic applications in cancer treatment. Apoferrtin
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highest R2. Enzymes are particularly important in therapeutics because of their
catalytic activity and specificity. The challenge in the intracellular delivery of
enzymes is that enzymes are unstable and have a huge size. Estrada et al. [165]
developed β-Galactosidase delivery nanoparticles based on a protein. β-Galactosi-
dase (β-gal) is an important enzyme, and its deficiency leads to several lysosomal
storage disorders. The authors observed that protein-enzyme nanoparticles showed
internalization in multiple cell lines in vitro higher than soluble enzyme. Authors
based on the result concluded that protein nanoparticles are a biocompatible and
display good efficiency for active enzyme therapeutics delivery.

3.3.2 Encapsulation of biologics

Noorani et al. [166] fabricated albumin nanoparticles enhancing anticancer effi-
ciency of albendazole in the xenograft model of ovarian cancer. Nanoparticles based
albumin was formulated with the diameter in the range of 7 to 10nm. Loaded
albendazole onto albumin nanoparticles showed the highest killing effect with
specificity against ovarian cancer cells studied ex vivo [167].

Trafani de Melo et al. [168] studied the design of whey protein drug delivery
system for a photoactive compound, aluminum phthalocyanine chloride for
targeting of glioblastoma brain cancer. Nanoparticles were fabricated by spray
drying technique with particle size between 100 and 300 nm. Authors based on
their results concluded that a combination of hydrophobic drugs and irradiation
achieve efficient treatment.

Stein et al. formulated mTHPC-albumin nanoparticles using nab-technology
[169]. Nanoparticles showed colloidal stability over a wide range of pH and in
physiological NaCl with different concentrations. The authors observed cell culture
uptake of mTHPC in a cholangiocarcinoma cell line (TFK-1).

3.3.3 Encapsulation of diagnostics

Nanoscale materials permit nanodevices to enter novel scientific and technolog-
ical frontiers in different diseases especially cancer diagnosis. Proteinticles are
nanoscale protein particles designated by engineering, which are very useful in
changing different properties based on surface area and size of various conventional
things [170]. Combined detection of two serum biomarkers is also feasible through
multiplexed viral detection. The disease detection method is imperative in diseases
such as AIDS and hepatitis. Such a protocol is based on lateral flow assay (LFA) for
protein nanoparticles. Proteinticles were found to have better biocompatibility and
biodegradability with compliance with surface modifications. These nanoparticles
are formed by using different proteins like elastin, gliadin, gelatin, zein, legumin,

Figure 8.
General mechanism of ASTX loaded SA-CS/NaCas/Odex nanoparticles formulation and its application.

80

Nano- and Microencapsulation - Techniques and Applications

albumin, soy protein, and milk protein. Various methods used for the formulation
include emulsification, desolvation, electrospray, and coacervation. Characteriza-
tion parameters of these nano-formulations involve morphology of particle, size of
a particle, their surface charge, entrapment of drug, loading of a drug, structure of
the particle, and in vitro drug release. Different methods for the application of route
of administration for protein nanoparticles have been studied by renowned
researchers [170]. In nature, particular proteins have a self-assembling property
inside cells leading to the formation of nanoscale particles (called “proteinticles”)
with constant surface topology and structure [171]. Unlike chemically synthesized
nano-formulations (e.g., various carbon, metal and polymer nanoparticles), a set of
effective proteinticles can be easily produced through genetic modulation of the
proteinticles surface, i.e., by inserting or adding specified peptides/proteins to the
C- or -N-terminus or the internal region of the modified protein. Proteins/peptides
were presented that were proven to recognize specific antibodies in certain diseases
that were recognized on the outer surface of human ferritin based proteinticles
purposed at accurate 3D diagnosis of human infectious and autoimmune diseases.
The surface exhibited the extracellular domain of myelin oligodendrocyte glyco-
protein (MOG) with native conformation successfully differentiated between auto-
antibodies to denatured or native MOG, leading to an accurate diagnosis of multiple
sclerosis. Different antigenic peptides from the hepatitis C virus (HCV) were
displayed simultaneously on the same proteinticles surface with modification of the
composition of each peptide. Proteinticles having heterogeneous peptide surfaces
were detected with anti-HCV antibodies in patient serum with 100% accuracy. The
desired method of proteinticles engineering can be used in general to the specific
and sensitive diagnosis of several human diseases [171].

The aptamer is defined as an oligonucleotide-based nano-formulation. Unique
characteristics of aptamer exhibit specificity and high-binding affinity with target
molecules both intra- and extracellular. It functions as an agonist or antagonist in a
biological system [170]. Recently, numerous aptamers were used for the detection
of disease, with curative purposes under development for the identification of
different molecules of HCC (hepatocellular carcinoma). The aptamer has been
proved to improve the effectiveness of conventional chemotherapies and decrease
the growth of HCC cells in vitro. Aptamer was proved to elicit antitumor activity
and cell death in vivo. The overall data showed that aptamer possessed reduced
toxicity levels. Moreover, it may provide a safer base in the field of personalized
medicine [170].

Tumor Necrosis Factor-α (TNF-α) by gold protein chip was sensed using a total
internal reflection fluorescence microscopy (TIRFM) as a detection method for a
nano-based single biomarker for oral cancer diagnosis. Authors observed this
method which is an attomolar (aM) concentration level leading to a higher
sensitivity of oral cancer detection [172].

Apoferritin Ferritin is a complex of an iron-containing protein having 24 self-
assembled polypeptide subunits with external and internal diameters of 12 and
7.6 nm, respectively [173]. These protein-based cage-like networks show three
characteristic interfaces, the interior, exterior, and the interface present between
the subunits, which exhibit functionalization. When the iron core from the inner
cavity is removed, it results in a hollow protein cage-like called the Apoferritin
nanocage, which is subjected to assembling and disassembling as a result of the
change in the environment surrounding the molecule. Apoferritin nanocage can be
utilized to insert inorganic metals inside its cavity purposing at scavenging ROS
which are generated during several mechanisms in the cellular environment. This
character has been used as a template for the synthesis of an array of
nanocomposites for theragnostic applications in cancer treatment. Apoferrtin
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nanoparticles enter the targeted tumor cells via clathrin-mediated endocytosis,
receptor-mediated endocytosis, and macropinocytosis processes.

A ferritin-based multifunctional nanomaterial was prepared for MR and fluo-
rescence simultaneous imaging of lung cancer cells. Human H-chain ferritin was
engineered with green fluorescent protein aiming at stable fluorescence in the
cells. Moreover, arginylglycylaspartic acid peptide was fused on the external
surface of the ferritin cage for αvβ3 integrin receptors targeting human tumor
cells (human glioblastoma U87MG cells and A549 cells) [173]. Multifunctional
nanostructures based on ferritin (RGD-GFP-ferritin [RGF]/Fe3O4, rHF/Fe3O4,

Nano-encapsulating
materials

Active
compounds

Nano-
encapsulation
techniques

Applications Particle
size (nm)
and EE %

Ref.

Protein Other
materials

Barley
protein

— β-carotene Emulsification Inhibiting the DNA
damage and enhancing
the immune system

90 nm
EE: 93.5%

[186]

Zein
protein

— Doxorubicin Phase
separation

Cancer Treatment 247 nm
EE: 90.1%

[187]

WPC
protein

Maltodextrin Vitamin B9 Nano-
emulsification

Folate deficiency
treatment

100 nm
EE: 86.6%

[188]

SPI
protein

Folic acid Doxorubicin Nano-
precipitation

Cancer treatment 200 nm
EE: 83.8%

[189]

WPI
protein

Ch Trypsin Nano-
precipitation

Satietogenic and
inflammation treatment

109 nm
EE: 98.5%

[190]

BSA
protein

— Resveratrol Coacervation Inflammation and
cancer treatment

175 nm
EE: 60%

[191]

Folic acid Paclitaxel
and CDF

Modified
desolvation

Ovarian and cervical
Cancer treatment

197.8 nm,
EE: 78.4%
(CDF) &
EE:77.4%

(Paclitaxel)

[192]

Starch and
chitosan

Curcumin Coacervation Cancer treatment 200 nm
EE: 92.1%

[193]

Pea
Protein

— Vitamin D Nano-
emulsification

Deficient Vitamin D
treatment

233 nm
EE: 96.0%

[194]

CMCFG Curcumin Nano-
precipitation

Inflammation treatment 100 nm
EE: 99.2%

[195]

Casein
protein

— Celecoxib Coacervation Inflammation treatment 216.1 nm
EE: 90.7%

[196]

— Mequindox Spray drying Inhibition of pathogenic
bacteria

262.5 nm
EE: 72.2%

[197]

Gelatin Folic acid Irinotecan Nano-
precipitation

Metastatic colorectal
cancer

200 nm
EE:11.2%

[198]

— 17β-estradiol
(E2)

Modified
desolvation

Ischemic stroke
treatment

362.3 nm
EE: 95.5%

[199]

EE: Encapsulation Efficiency; SPI: Soy protein isolate; WPC: Whey protein concentrate; WPI: Whey protein isolate;
Ch:Chitosan; CDF: di-fluorinated curcumin; CMCFG: carboxymethylated corn fiber gum.

Table 6.
Plant and animal proteins-based nano-encapsulated carriers for delivery of bioactive compounds.
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nanoparticles enter the targeted tumor cells via clathrin-mediated endocytosis,
receptor-mediated endocytosis, and macropinocytosis processes.

A ferritin-based multifunctional nanomaterial was prepared for MR and fluo-
rescence simultaneous imaging of lung cancer cells. Human H-chain ferritin was
engineered with green fluorescent protein aiming at stable fluorescence in the
cells. Moreover, arginylglycylaspartic acid peptide was fused on the external
surface of the ferritin cage for αvβ3 integrin receptors targeting human tumor
cells (human glioblastoma U87MG cells and A549 cells) [173]. Multifunctional
nanostructures based on ferritin (RGD-GFP-ferritin [RGF]/Fe3O4, rHF/Fe3O4,

Nano-encapsulating
materials

Active
compounds

Nano-
encapsulation
techniques

Applications Particle
size (nm)
and EE %

Ref.

Protein Other
materials

Barley
protein

— β-carotene Emulsification Inhibiting the DNA
damage and enhancing
the immune system

90 nm
EE: 93.5%

[186]

Zein
protein

— Doxorubicin Phase
separation

Cancer Treatment 247 nm
EE: 90.1%

[187]

WPC
protein

Maltodextrin Vitamin B9 Nano-
emulsification

Folate deficiency
treatment

100 nm
EE: 86.6%

[188]

SPI
protein

Folic acid Doxorubicin Nano-
precipitation

Cancer treatment 200 nm
EE: 83.8%

[189]

WPI
protein

Ch Trypsin Nano-
precipitation

Satietogenic and
inflammation treatment

109 nm
EE: 98.5%

[190]

BSA
protein

— Resveratrol Coacervation Inflammation and
cancer treatment

175 nm
EE: 60%

[191]

Folic acid Paclitaxel
and CDF

Modified
desolvation

Ovarian and cervical
Cancer treatment

197.8 nm,
EE: 78.4%
(CDF) &
EE:77.4%

(Paclitaxel)

[192]

Starch and
chitosan

Curcumin Coacervation Cancer treatment 200 nm
EE: 92.1%

[193]

Pea
Protein

— Vitamin D Nano-
emulsification

Deficient Vitamin D
treatment

233 nm
EE: 96.0%

[194]

CMCFG Curcumin Nano-
precipitation

Inflammation treatment 100 nm
EE: 99.2%

[195]

Casein
protein

— Celecoxib Coacervation Inflammation treatment 216.1 nm
EE: 90.7%

[196]

— Mequindox Spray drying Inhibition of pathogenic
bacteria

262.5 nm
EE: 72.2%

[197]

Gelatin Folic acid Irinotecan Nano-
precipitation

Metastatic colorectal
cancer

200 nm
EE:11.2%

[198]

— 17β-estradiol
(E2)

Modified
desolvation

Ischemic stroke
treatment

362.3 nm
EE: 95.5%

[199]

EE: Encapsulation Efficiency; SPI: Soy protein isolate; WPC: Whey protein concentrate; WPI: Whey protein isolate;
Ch:Chitosan; CDF: di-fluorinated curcumin; CMCFG: carboxymethylated corn fiber gum.

Table 6.
Plant and animal proteins-based nano-encapsulated carriers for delivery of bioactive compounds.
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and GFP-rFH/Fe3O4) were prepared by synthesizing iron oxide (Fe3O4)
nanoparticles in the previously engineered ferritin cages. Imaging of these cages
with fluorescence targeted to αvβ3 integrin-positive A549 and U87MG cells showed
higher-intensity fluorescence with RGF, when compared to GFP-rHF control cells.
Furthermore, MRI with RGF showed significant enhancement of the signal to
facilitate meticulous diagnosis, when compared to GFP-rHF/Fe3O4 or without con-
trast agent. Therefore, efficient targeting and fluorescence imaging of lung cancer
cells utilizing engineered nanocages were proved to be a useful vehicle among the
different multifunctional, nanostructured, protein-based tools to be used in
fluorescent imaging.

The antioxidant enzymes present normally inside the human body, like catalase,
superoxide dismutase (SOD), and peroxidase, fail in the protection of the cells
under sudden oxidative damage/stress conditions Thus, further studies have devel-
oped artificial antioxidants capable of decreasing oxidative stress during lung can-
cer treatment [173]. Apoferritin-encapsulated protein nanoparticles have been
prepared as artificial antioxidants on account of their peroxidase, catalase, and
SOD-mimicking activity. Apoferritin-CeO2 nano-truffle has been used as an artifi-
cial redox enzyme owing to its ability to mimic SOD activity. This character can be
utilized to combat ROS-mediated lung cancer by scavenging hydrogen superoxide,
peroxide, and other small molecules triggered in sudden oxidative damage. Thus,
these systems show potential for hopeful application in lung cancer treatment [173].
Tables 5 and 6 indicate applications based on micro- and nano-encapsulation
utilizing animal/plant proteins as encapsulating materials.

4. Conclusions and future trends

This chapter describes in details the applications of polysaccharides, and pro-
teins, as natural nanocarriers for encapsulation and safe delivery of various thera-
peutic, diagnostic and theragnostic agents. The chapter provides detailed discussion
with recent examples and case studies for using polysaccharides and proteins as
biocompatible, biodegradable nanocarriers for encapsulation and delivery of small
molecules, biologics, and diagnostics.

Encapsulation will remain a valuable process in the design and development of
drug delivery systems and fabrication of diagnostic tools. Advances in naturapo-
lyceutics and encapsulation technologies will continue to drive the applicability of
natural polymers and encapsulation in drug delivery and diagnostics. More of poly-
mer blending or interactions; increasing combination of the classes of natural poly-
mers will be observed to achieve the evolving need to improve on the delivery of
existing drugs and drugs in the development pipeline. The desire to enhance selec-
tivity, specificity and sensitivity of biosensors will continue to drive the innovations
and applications of natural polymers in diagnostic space. Filling the gaps in patient
related therapies will place encapsulation as the main stay technology in solving
delivery related problems and diagnostic challenges. The quest for maximization,
cost effectiveness, reducing patient complications, and optimization of systems and
devices will lead to increased assembling of multifunctional all-in-one devices.
Theragnostics has come to stay and will precipitate combination of natural poly-
mers and encapsulation technologies to achieve the desired theragnostics that will
detect biomarkers, bioimage; and target, deliver and monitor drugs at the site of
action. As drug delivery and diagnostics advance, natural polymers will remain
materials of focus due to their biogenicity, biodegradability, biocompatibility, good
interactions with living cells, suitability for long circulation and targeting, and cell
recognition.
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and GFP-rFH/Fe3O4) were prepared by synthesizing iron oxide (Fe3O4)
nanoparticles in the previously engineered ferritin cages. Imaging of these cages
with fluorescence targeted to αvβ3 integrin-positive A549 and U87MG cells showed
higher-intensity fluorescence with RGF, when compared to GFP-rHF control cells.
Furthermore, MRI with RGF showed significant enhancement of the signal to
facilitate meticulous diagnosis, when compared to GFP-rHF/Fe3O4 or without con-
trast agent. Therefore, efficient targeting and fluorescence imaging of lung cancer
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oped artificial antioxidants capable of decreasing oxidative stress during lung can-
cer treatment [173]. Apoferritin-encapsulated protein nanoparticles have been
prepared as artificial antioxidants on account of their peroxidase, catalase, and
SOD-mimicking activity. Apoferritin-CeO2 nano-truffle has been used as an artifi-
cial redox enzyme owing to its ability to mimic SOD activity. This character can be
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cost effectiveness, reducing patient complications, and optimization of systems and
devices will lead to increased assembling of multifunctional all-in-one devices.
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mers and encapsulation technologies to achieve the desired theragnostics that will
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Chapter 3

Nanoprecipitation: Applications
for Entrapping Active Molecules
of Interest in Pharmaceutics
Oscar Iván Martínez-Muñoz, Luis Fernando Ospina-Giraldo
and Claudia Elizabeth Mora-Huertas

Abstract

Nanoprecipitation technique, also named solvent injection, spontaneous emulsi-
fication, solvent displacement, solvent diffusion, interfacial deposition, mixing-
induced nanoprecipitation, or flash nanoprecipitation, is recognized as a useful and
versatile strategy for trapping active molecules on the submicron and nanoscale
levels. Thus, these particles could be intended among others, for developing inno-
vative pharmaceutical products bearing advantages as controlled drug release, tar-
get therapeutic performance, or improved stability and organoleptic properties. On
this basis, this chapter offers readers a comprehensive revision of the state of the art
in research on carriers to be used for pharmaceutical applications and developed by
the nanoprecipitation method. In this sense, the starting materials, the particle
characteristics, and the in vitro and in vivo performances of the most representative
of these carriers, i.e., polymer, lipid, and hybrid particles have been analyzed in a
comparative way searching for a general view of the obtained behaviors.

Keywords: nanoprecipitation, nanoparticles, colloidal carriers, drug delivery
systems, lipid carriers, hybrid nanoparticles

1. Introduction

Nanoprecipitation is a technique to incorporate active molecules into colloidal
drug delivery systems, patented by Fessi et al. [1, 2], which attracts attention for
developing pharmaceutical products mainly due to the simplicity of its procedure
[3]. The obtained particles enable the optimization of the drug in vivo therapeutic
performance exhibiting, for example, controlled release behaviors, target delivery,
and better stability in biological fluids, which means major mean residence times,
half-lives increased, and more efficient addressing of the actives toward the differ-
ent body tissues. Consequently, less toxicity and minor secondary effects are
expected.

Some of the research works undertaken during the last years have proposed the
vectorization in nanoparticles, via nanoprecipitation, of hydrophobic active mole-
cules, mainly exhibiting logP values higher than 3. They include antineoplastics
(e.g., doxorubicin [4], paclitaxel [5, 6], docetaxel [7, 8], methotrexate [9], triptolide
[6], cucurbitacin [10], and sorafenib [11]), antiretrovirals (e.g., efavirenz [12] and
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nevirapine [13]), immune suppressants (mycophenolate [14]), anti-inflammatories
(clobetasol [15], fluticasone propionate [16], dexamethasone [17, 18], and
diclofenac [19]), antimicrobial and antifungal agents (polymyxin B [20],
amphotericin B [21], itraconazole [22], and linezolid [23]), antihyperlipidemics
(fenofibrate [24, 25]), anesthetics (tetracaine [26] and ketamine [27]),
antihypertensives (nimodipine [28] and atenolol [29]), vitamins or their precursors
(β-carotene [30] and vitamin E [31]), and antioxidants (quercetin [14, 32]).
Likewise, although in a much smaller number, hydrophilic active molecules such
alendronate [33], N-acetylcysteine [34], and calcein [35], have been investigated.
Moreover, natural extracts such as Brazilian red propolis extract [36] and essential
oils [37] have also been incorporated into polymeric nanoparticles.

Practical matters as the possibility to use solvents of low toxic potential, the
simple procedure, the low energy consumption required, and the feasibility to
obtain particles from diverse compositions are also highlighted among the pros of
the nanoprecipitation method when carriers at the submicron and nanometric
scales are intended [3, 38]. Most of the nanoparticulated drug delivery systems
reported as prepared by nanoprecipitation have been developed by using the phys-
icochemical principles governing this technique, primarily those who underpin the
precipitation of materials from the mixture of a solvent/non-solvent for the
involved material. They include in their majority, polymer, lipid, and hybrid
nanoparticles; therefore, this review will be fundamentally focused on them. Nev-
ertheless, some interesting developments of nanoparticles prepared by nanopreci-
pitation have been reported as well. For example, Arizaga et al. [39] and Villela et al.
[40] entrapped magnetic nanoparticles inside polymeric particles, Fan et al. [41]
designed spatially controlled release multistage carriers via the complexation of
dendrimers with gelatin, and Allen et al. [35] entrapped hydrophobic and hydro-
philic active molecules into polymersomes. Likewise, modifications to facilitate the
industrial scaling-up of the preparation process have been investigated by
Charcosset et al. [42] and D’Oria et al. [43] who developed procedures based on the
use of a membrane contactor. On its part, Valente et al. [44] and Tao et al. [45]
propose controllable mixing devices such as microfluidic mixer systems that allow
continuous and scalable processes for the synthesis of the particles.

Reviews published to date dealing with the nanoprecipitation technique provide
valuable information from different standpoints. For example, regarding the role of
the obtained particles as drug delivery systems and their applications in medicine,
Martínez et al. [46] highlighted their ability for carrying either natural products or
actives obtained via chemical synthesis. On the other hand, with respect to the
study of nanoprecipitation as a physicochemical process, Mora-Huertas et al. [47]
revised the influence of both the formulation and the work conditions used to
prepare nanoparticles. In this case, data available in scientific reports supplemented
with a systematic study of the nanoprecipitation method led to an approximation to
the particle formation mechanisms and identify the factors influencing the particle
properties. Recently, Saad and Prud’homme [48] deepened on the physicochemical
principles of the nanoparticle formation when amphiphilic block copolymers are
used as stabilizing agents (named flash nanoprecipitation). They focused on the key
variables determining the nucleation and growth phenomena related to the particle
formation, particularly the supersaturation condition, the mixing step, and the used
solvents and stabilizing agents.

Based on the above, the present chapter revises the generalities of the
nanoprecipitation technique such as the physicochemical aspects involved, some of
the starting materials used to obtain polymer, lipid, and hybrid nanoparticles, and
their characteristics. Then, the pharmacokinetic behaviors, safety evaluations, and
efficacy tests are analyzed. It is our interest to provide readers with a
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comprehensive view about the nanoprecipitation as a technique to prepare
nanocarriers and its potentialities for developing innovative pharmaceutical
products.

2. Physicochemical fundamentals of the nanoprecipitation technique

To prepare nanoparticles via the nanoprecipitation technique, two miscible sol-
vents are used, one of them being a good solvent (usually an organic solvent as
ethanol, isopropanol, or acetone) and the other one acting as a non-solvent for the
material that will form the particle (i.e., polymer, lipid, etc.), e.g., water. In general,
as shown in Figure 1, the nanoprecipitation procedure requires the preparation of
an organic phase and a non-solvent phase, frequently named aqueous phase, both
guaranteeing the total solubility of all the starting materials. In this sense, the
organic phase could contain polymers or solid and liquid lipids, surfactants of low
HLB value, and active molecules dissolved in a solvent or mixture of organic sol-
vents. The solubility in the solvent of the active molecule to be entrapped is one of
the factors limiting the drug loading of the particles. On its part, the non-solvent
phase mainly includes stabilizing agents solubilized in water, which allows the
particle formation and the physical stability of the system [2]. Nonetheless, the
preparation of particles without stabilizing agents has been reported. In these cases,
for example, isoprenoid chains are linked to the active molecule making it easy to
form the nanoparticle because of its amphiphilic nature [49].

Nanoparticles are spontaneously formed when the organic phase is dropped or
added in a one-shot to the aqueous phase. Indeed, nanoprecipitation is a robust
process and operational conditions used to prepare the particles do not seem to have
a marked influence on the obtained particle size and polydispersity index. On the
contrary, the variables linked to the used formulation appear as determinants of the
characteristics of the nanosized system, mainly the nature and concentration of the
starting materials [47]. This might be closely related to the proposed mechanisms to

Figure 1.
General view of the preparation of polymer, lipid, and hybrid particles by nanoprecipitation summarizing the
work conditions commonly reported (PNC: polymeric nanocapsules; PNS: polymeric nanospheres; SLN: solid
lipid nanoparticles; HNP: hybrid nanoparticles; RT: room temperature).
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form the particles by the nanoprecipitation technique. As a basic premise, only
specific polymer/solvent/non-solvent ratios, where the polymer is in low concen-
trations and the solvent is in low proportion with respect to the nonsolvent, lead to
particles at the nano- and submicron levels [50]. Thus, on the one hand, the
mechanical approach states that when the phases are mixed, the organic phase is
successively broken as drops within the aqueous phase due to the interfacial turbu-
lence and thermal inequalities in the system because of the mutual miscibility
between the solvent and the non-solvent and their different interfacial tensions
(Gibbs-Marangoni effect) [51]. This fragmentation process will occur until the
difference in interfacial tensions is minimized and the organic solvent migrates
from the drops having a submicron size, which creates a non-solubility condition
for the material causing the precipitation of the particles. On the other hand, a
mechanism based on the chemical instability of the system has also been proposed
(“ouzo effect”). In this case, when the phases are mixed, supersaturation of the
molecules forming the particles is caused as the organic solvent migrates toward the
aqueous phase, allowing the formation of “protoparticles” that grow following the
classical nucleation-and-growth process [48, 52, 53]. It seems that depending on the
formulation to prepare the nanoparticles, one of those mechanisms could predom-
inate during the nanoprecipitation, and consequently, the adequate work conditions
should be defined for allowing the spontaneous formation of submicron or nano-
scale particle sizes exhibiting the smallest polydispersity indexes. Difficulties asso-
ciated with the standardization of the procedure of nanoprecipitation result in the
polymer aggregation yielding wide and asymmetric particle size distributions. For
example, polymer aggregates are evidenced because of a concentrated organic
phase, high organic phase ratio, low concentration of stabilizing agent, and poor
mixing of the phases [47].

It is worth clarifying that in-depth studies on how particles are formed via the
nanoprecipitation technique and the operating variables determining their charac-
teristics have been carried out by using polymeric systems. Regarding lipid
nanoparticles, only systematic studies have been reported to aid in understanding
the variables that influence the preparation of the carriers; among them, the con-
tributions of Martínez-Acevedo et al. [54] on the influence of the used recipe and
Noriega-Pelaez [55] on the study of the particle preparation process are highlighted.
Concerning the hybrid particles, research works to date have focused primarily on
the impact of the starting materials on the particle characteristics [5, 9, 12, 23, 56].

Once the nanocarriers are formed, the particle dispersions are further processed
to purified and concentrate them. To this end, rotary evaporation [14, 18, 22–24, 31,
55] and centrifugation [5, 6, 12, 13, 15, 16, 23, 25, 27–29, 36, 56, 57] are the most used
methods; however, filtration [4, 6, 16, 18, 24] and dialysis [7–9, 21, 27, 34] have also
been reported. Likewise, lyophilization is the preferred technique to stabilize the
nanoparticles, although the storage to low temperatures has been used to preserve
the aqueous dispersions [5, 8, 9, 13, 21, 29].

3. Starting materials and general characteristics of particles prepared by
nanoprecipitation

As mentioned above, although different types of carriers intended for pharma-
ceutical applications can be prepared via nanoprecipitation, only polymer, lipid,
and hybrid particles were chosen to be analyzed in detail because of the amount of
reported research works to date. Polymeric nanoparticles are classified as polymeric
nanospheres (PNS) and polymeric nanocapsules (PNC). The first ones correspond
to a solid matrix conformed by the used polymers and other components, e.g.,
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active molecules and lipophilic surfactants. On its part, the structure of the
nanocapsules is proposed as an oil core surrounded by a polymeric shell. Approxi-
mately, 90% of the research works published on the preparation of polymeric
nanoparticles via the nanoprecipitation technique are devoted to the obtention of
nanospheres.

With respect to lipid nanoparticles, both solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC) have been investigated, although almost 85% of
the research works deal with SLN. Lipids nanoparticles are composed of a lipid
matrix that is supposed to be surrounded by stabilizing agents. In the case of SLN,
the lipid matrix is exclusively formed by solid lipids, while the lipid matrix of NLC
is composed of solid and liquid lipids. It seems that the liquid lipid in NLC favors the
entrapment efficiency of the active molecules [58].

Regarding hybrid nanoparticles, they are made from both polymers chemically
modified with lipids (e.g., 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
methoxy polyethylene glycol—DSPE-PEG) or the physical mixture between poly-
mers and lipid components (e.g., PLGA and soy lecithin). Nevertheless, in the latter
case, although the qualitative recipe is similar to that for polymeric particles, higher
concentrations of solid lipids are used to prepare hybrid particles (i.e., lipid con-
centrations range between 20 and 50% for hybrid particles and between 1 and 5%
for polymeric nanoparticles).

3.1 Starting materials

Figure 2 shows in a comparative way the reported starting materials used to
prepare the different types of particles via nanoprecipitation. As can be seen, PLGA,
PCL, and PLA are the most used polymers to prepare polymeric nanoparticles and
when these polymers are chemically modified with, for example, PEG, stealth
polymeric nanoparticles can be obtained [16, 17, 27]. Surfactants of low HLB value,
e.g., soy phospholipids, could be added to the organic phase for facilitating the
particle formation [19, 31] and, if nanocapsules are intended, castor oil, sesame oil,
caprylic capric triglycerides, and caprylic capric triglyceride PEG-4 esters are part
of the organic phase. Acetone appears as the preferred organic solvent of the
organic phase and the non-solvent is water. Thus, the aqueous phases are solutions
of stabilizing agents as poloxamer, polyvinyl alcohol, and polysorbate 80, which
prevent the particle aggregation phenomena. Likewise, aqueous phases can only be
water [16] or phosphate buffer [27, 59].

To prepare SLN, fatty acids and their glyceryl esters are frequently used as lipids
(e.g., glyceryl monostearate, tristearate, behenate, and dilaurate); they are dis-
persed at a molecular level in organic solvents such as acetone and ethanol for
obtaining the organic phase. As in the case of polymeric nanoparticles, phospho-
lipids can be used to favor the particle formation and, to make NLC, liquid lipids as
caprylic capric triglycerides are also dissolved in the organic phase. With respect to
the non-solvent phase, aqueous solutions of stabilizing agents of varied nature are
reported. Among them, surfactants as those mentioned for polymeric nanoparticles,
proteins such as sodium caseinate and lactoferrin, and osmotic active compounds
such as glucose and magnesium sulfate have been investigated.

Hybrid nanoparticles were designed to integrate the favorable characteristics of
both polymeric and lipid systems and overcome their drawbacks [34]. These sys-
tems are proposed as an inner polymeric core surrounded by a lipid shell [60]. To
obtain it, as is the rule in nanoprecipitation, organic and aqueous phases are
designed so that solubility of the starting materials is guaranteed. As one of the
strategies to prepare hybrid particles is employing polymers chemically modified
with lipids (e.g., DSPE-PEG-NH2), they behave as amphiphilic compounds that
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mately, 90% of the research works published on the preparation of polymeric
nanoparticles via the nanoprecipitation technique are devoted to the obtention of
nanospheres.

With respect to lipid nanoparticles, both solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC) have been investigated, although almost 85% of
the research works deal with SLN. Lipids nanoparticles are composed of a lipid
matrix that is supposed to be surrounded by stabilizing agents. In the case of SLN,
the lipid matrix is exclusively formed by solid lipids, while the lipid matrix of NLC
is composed of solid and liquid lipids. It seems that the liquid lipid in NLC favors the
entrapment efficiency of the active molecules [58].

Regarding hybrid nanoparticles, they are made from both polymers chemically
modified with lipids (e.g., 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
methoxy polyethylene glycol—DSPE-PEG) or the physical mixture between poly-
mers and lipid components (e.g., PLGA and soy lecithin). Nevertheless, in the latter
case, although the qualitative recipe is similar to that for polymeric particles, higher
concentrations of solid lipids are used to prepare hybrid particles (i.e., lipid con-
centrations range between 20 and 50% for hybrid particles and between 1 and 5%
for polymeric nanoparticles).

3.1 Starting materials

Figure 2 shows in a comparative way the reported starting materials used to
prepare the different types of particles via nanoprecipitation. As can be seen, PLGA,
PCL, and PLA are the most used polymers to prepare polymeric nanoparticles and
when these polymers are chemically modified with, for example, PEG, stealth
polymeric nanoparticles can be obtained [16, 17, 27]. Surfactants of low HLB value,
e.g., soy phospholipids, could be added to the organic phase for facilitating the
particle formation [19, 31] and, if nanocapsules are intended, castor oil, sesame oil,
caprylic capric triglycerides, and caprylic capric triglyceride PEG-4 esters are part
of the organic phase. Acetone appears as the preferred organic solvent of the
organic phase and the non-solvent is water. Thus, the aqueous phases are solutions
of stabilizing agents as poloxamer, polyvinyl alcohol, and polysorbate 80, which
prevent the particle aggregation phenomena. Likewise, aqueous phases can only be
water [16] or phosphate buffer [27, 59].

To prepare SLN, fatty acids and their glyceryl esters are frequently used as lipids
(e.g., glyceryl monostearate, tristearate, behenate, and dilaurate); they are dis-
persed at a molecular level in organic solvents such as acetone and ethanol for
obtaining the organic phase. As in the case of polymeric nanoparticles, phospho-
lipids can be used to favor the particle formation and, to make NLC, liquid lipids as
caprylic capric triglycerides are also dissolved in the organic phase. With respect to
the non-solvent phase, aqueous solutions of stabilizing agents of varied nature are
reported. Among them, surfactants as those mentioned for polymeric nanoparticles,
proteins such as sodium caseinate and lactoferrin, and osmotic active compounds
such as glucose and magnesium sulfate have been investigated.

Hybrid nanoparticles were designed to integrate the favorable characteristics of
both polymeric and lipid systems and overcome their drawbacks [34]. These sys-
tems are proposed as an inner polymeric core surrounded by a lipid shell [60]. To
obtain it, as is the rule in nanoprecipitation, organic and aqueous phases are
designed so that solubility of the starting materials is guaranteed. As one of the
strategies to prepare hybrid particles is employing polymers chemically modified
with lipids (e.g., DSPE-PEG-NH2), they behave as amphiphilic compounds that
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could form part of any of the phases according to their solubility. On the contrary, if
a physical mixture of polymer and lipid is used, they are dissolved in the organic
phase. Unlike polymeric and lipid particles, acetonitrile is reported as the most used
organic solvent for preparing hybrid nanoparticles. Another interesting matter of
the recipe to prepare hybrid nanoparticles is the versatile composition of the aque-
ous phase. In this sense, for example, lecithin and cholesterol can be dissolved in
ethanol and then incorporated in the aqueous phase that could contain surfactants
such as polysorbate and poloxamer. Likewise, dispersions of surfactants, proteins,
or buffers were tested as the aqueous phase.

Figure 2.
Starting materials reported as used to prepare the organic and aqueous phases for obtaining polymer, lipid, and
hybrid nanoparticles by the nanoprecipitation technique. Number of times reported for each starting material
considering a total of 18, 11, and 13 research works for polymer, lipid, and hybrid particles, respectively
[PLGA: poly(lactic-co-glycolic acid); PCL: polycaprolactone; PLA: poly(lactic acid); PEG: polyethylene glycol;
HPMC: hydroxypropyl methylcellulose; DMSO: dimethyl sulfoxide; CAP: cellulose acetate phthalate; EtOH:
ethanol; ACN: acetonitrile; MetOH: methanol; DMF: dimethylformamide; DCM: dichloromethane; THF:
tetrahydrofuran; MEK: methyl ethyl ketone; H-b-pBG: hyaluronan poly(γ-benzyl-L-glutamate); PBS:
phosphate-buffered saline; SDS: sodium dodecyl sulfate; GMS: glycerol monostearate; TPGS: tocopheryl
polyethylene glycol succinate; PVA: polyvinyl alcohol; Tf-PEG-OA: transferrin-poly(ethylene glycol)-oleic acid;
Tf: transferrin; HSA: human serum albumin; DSPE-PEG: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)]].
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3.2 General characteristics of the particles

Regardless of the type of particle, the shape, the particle size, the drug
entrapment, and loading, and the zeta potential are among the crucial properties
determining their pharmaceutical performance [61].

3.2.1 Shape

Polymeric and hybrid particles prepared by using the nanoprecipitation technique
exhibit spherical shape as it is revealed by techniques of microscopy, mainly scanning
electron (SEM), transmission electron (TEM), atomic force (AFM), and field emis-
sion scanning microscopies (FESEM). To investigate the shape of lipid nanoparticles
in most cases, the same techniques were used, and spherical shapes were also
reported. However, lipids might be melted during the sample examination destroying
their native characteristics; consequently, controversial results could be obtained. For
example, platelet shapes for SLN [62, 63] and structures with the liquid lipid located
on the surface of the particles in the form of plates for NLC [64, 65] have been
reported by using cryo-TEM and freeze-fracture TEM. Nevertheless, Dong et al. [24]
report spherical shape from the analysis of SLN by using Cryo-FESEM.

3.2.2 Particle size

In general, the mean sizes, usually measured by dynamic light scattering, vary
between less than 100 and 300 nm with PDI values below 0.4 (Figure 3A and B).
It seems that polymeric nanocapsules and specially hybrid nanoparticles are the
smallest; perhaps, any type of structural arrangement among the lipids and poly-
mers could favor a better consolidation of the particle. With respect to lipid carriers,
the platelet shapes as the lipids crystallize inside the particle could explain their high
polydispersity [66].

3.2.3 Drug entrapment efficiency

Regarding the entrapment efficiency (Figure 3C), clear differences are identified
among the carriers. Thus, polymeric nanocapsules entrap almost the totality of the
active molecule in contrast with 40% attained by the SNL. As remarked byWestesen
et al. [67], Pardeike et al. [68], and Weber et al. [69], when preparing SLN the
solidification and the progressive crystallization of the lipid in more stable forms
could lead the expulsion of the active substances whether during the particle forma-
tion or its consolidation. This results in eventual instabilities of the particle dispersions
and, as evidenced in this case, low entrapment efficiency and loading of active
molecules. On the other hand, as shown in Figure 3D, the best results of drug loading
are reported for hybrid nanoparticles; active molecules could be located both in the
polymeric core and the lipid layer of the particles maximizing their loading efficiency.

3.2.4 Physicochemical stability

Stability of the particle dispersions has been investigated by using refrigerated
storage [6, 8, 13, 15, 21], room temperature at 25°C [8, 13, 14, 21, 57], and acceler-
ated conditions varying between 35 and 40°C [8, 9, 11, 20, 27]. Particle size, PDI,
and zeta potential are usually followed during the storage time, and the physical
integrity of the dispersions is observed for up to 6 months. This good stability is
expected for these nanosystems considering their colloidal nature and the absolute
zeta potential values which are estimated varying between 15 and 40 mV.
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3.2.5 Release behavior

Table 1 summarizes the reported work conditions used to carry out the release
tests. No matter what type of particles, dialysis is the most used technique to
investigate their drug release behaviors, usually at 37°C in PBS media of pH 6.8 or
7.4. Comparisons of drug release data is risked because significant changes in the
delivery behaviors are caused by the type of particle and its composition, the nature
of the active molecule, and the work conditions associated with the release test,
however, worth the risk for gaining a general view.

Thus, even though the mathematical modeling of the drug release data reported
for the carriers of interest predicts Higuchi and Korsmeyer-Peppas kinetics, differ-
ences in the drug release patterns of polymeric, lipid, and hybrid particles are
evidenced (Figure 4). In this way, biphasic release behaviors seem to be character-
istic when nanoprecipitated polymeric particles, whether nanospheres or
nanocapsules, are investigated. In these cases, the equilibrium is reached after 20 or
30 h of begun the study, and drug concentrations varying from 60 to 80% are
released. Paclitaxel-loaded PLGA nanoparticles are the exception; in this case, a
slow and constant drug release process occurs delivering hardly 40% of the active
encapsulated after 60 h. Perhaps, the low entrapment efficiency of this molecule
into the carriers makes the diffusion phenomena related to the active molecule
delivery (37–70%) difficult.

On its part, the drug release patterns observed when lipid nanoparticles are
tested seem to be those where the active molecule has faster delivery (before the

Figure 3.
General behaviors of particle size (A), polydispersity index (B), drug entrapment efficiency (C), and drug
loading (D) for polymeric nanospheres (PNS), polymeric nanocapsules (PNC), solid lipid nanoparticles
(SLN), nanostructured lipid carriers (NLC), and hybrid nanoparticles (HNP).
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Nanoparticle Drug release study Reference

Method Medium Stirring Operating
conditions

Polymeric nanoparticles

PNC Directly added at the
release medium

pH 6.8 PBS Magnetic 25 rpm 37� 2°C [19]

PNS USP Apparatus I pH 6.8 PBS Mechanical
100 rpm

37� 2°C [33]

PNS Franz diffusion cells
(sheep nasal mucosa)

pH 6.4 PBS 100 rpm 37� 0.5°C [57]

PNS Dialysis 12–14 kDa pH 7.4 PBS Mechanical
100 rpm

37� 1°C [29]

PNS Directly added at the
release medium/
centrifugation

pH 7.4 PBS with
0.5% w/v
polysorbate

Eppendorf
thermomixer,
gentle stirring

37°C [16]

PNS Dialysis pH 7.4 PBS Magnetic
100 rpm

37°C [17]

PNS Franz diffusion cells
(dialysis 12–14 kDa)

pH 7.5 PBS Magnetic
600 rpm

32°C [18]

PNS Dialysis 14 kDa pH 7.4 PBS Shaker 100 rpm 37� 2°C [26]

PNS Dialysis 10 kDa pH 7.4 PBS 100 shakes/min 37°C [27]

Lipid nanoparticles

SLN/NLC Directly added at the
release medium

1% wt SDS
solution

Shaker 60
strokes/min

37� 2°C [15]

SLN/NLC Directly added at the
release medium/
centrifugation

0.2% wt SDS
solution

Shaker 60
strokes/min

37� 2°C [28]

SLN Dialysis 50 kDa pH 7.4 PBS Shaker 50 rpm 37� 2°C [24]

SLN Dialysis 14 kDa pH 7.4 PBS Shaker 100 rpm 37� 2°C [26]

SLN Dialysis/USP
Apparatus II

pH 7.4 PBS Mechanical
100 rpm

37� 2°C [13]

Hybrid nanoparticles

HNP Dialysis 3.5 kDa pH 7.4 PBS Gentle stirring 37 °C [33]

HNP Dialysis 12–14 kDa pH 6.8 PBS
(0.1 M)

Shaker 90 rpm 37 � 2°C [12]

HNP Dialysis 10–12 kDa pH 7.4. PBS with
0.1% (v/v) DMF

150 rpm 37 � 0.5°C [9]

HNP Dialysis 12 kDa pH 7.4 PBS Shaker 100 rpm 37 � 2°C [4]

HNP Dialysis 3.5 kDa pH 7.4 PBS 100 rpm 37 °C [6]

HNP Dialysis 8–14 kDa pH 7.4 PBS with
0.5% polysorbate

80

100 rpm 37°C [56]

HNP Dialysis 10 kDa pH 7.4; 6.8 and
5.5 PBS

100 rpm 37 � 1°C [8]

HNP Dialysis 12 kDa pH 7.4 PBS nr. 37 °C [14]

HNP Dialysis 100 kDa pH 6.8 PBS,
water, and HCl
0.1 M solution

nr. nr. [32]
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first 20 h) and, at a rate, higher than 80%. Nimodipine reached delivered concen-
trations near 100% at 10 h, and other molecules such as tetracaine and nevirapine
exhibit biphasic behaviors reaching drug deliveries higher than 80% at 25 h. NLC

Nanoparticle Drug release study Reference

Method Medium Stirring Operating
conditions

HNP Dialysis 12 kDa pH 7.4 PBS Magnetic
200 rpm

37 � 2°C [5]

HNP Dialysis 10 kDa pH 7.4 PBS nr. 37 °C [23]

HNP Dialysis 10–12 kDa PBS with pH 7.4
FBS (10%)

100 rpm 37°C [11]

PNS: polymeric nanospheres; PNC: polymeric nanocapsules; SLN: solid lipid nanoparticles; NLC: nanostructured
lipid carriers; HNP: hybrid nanoparticles; SDS: sodium dodecyl sulfate; DMF: dimethylformamide; PBS: phosphate
buffer solution; FBS: fetal bovine serum; nr.: non-reported data.

Table 1.
Summary of the work conditions used to investigate the drug release behavior of nanoparticles prepared by the
nanoprecipitation technique.

Figure 4.
Drug release behaviors for polymeric nanospheres (A), polymeric nanocapsules (B), solid lipid nanoparticles (C),
nanostructured lipid carriers (D), hybrid nanoparticles obtained from the mixture of polymers and lipids (E),
and hybrid nanoparticles obtained from chemically modified polymers with lipids (F) (PTX: paclitaxel; PVA:
polyvinyl alcohol; ATE: atenolol; F: formulation; DEX: dexamethasone; CAP: cellulose acetate phthalate; HSA:
human serum albumin; DZP: diazepam; TETR: tetracaine; F68: Pluronic 68; FLU: fluticasone propionate; KET:
ketamine; SH: shellac; DOX: doxorubicin; P85: Pluronic 85; DICLO: diclofenac; MGL: Miglyol 810; LAB:
labrafac; FEN: fenofibrate, NEV: nevirapine; NIM: nimodipine; P80: polysorbate 80; CLOB: clobetasol
propionate; CCT: caprylic/capric triglycerides; EFA: efavirenz; SA: stearylamine, SL: soy lecithin; Lec: lecithin;
METH: methotrexate; PSO: psoralen; TPGS: tocopheryl polyethylene glycol succinate; QUE: quercetin; Tf:
transferrin; SOR: sorafenib; LIN: linezolid; DTX: docetaxel; MPA: mycophenolate; TL: triptolide).
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appear to be more efficient than SLN during the release process. The highest
amounts of active molecule that could be encapsulated because of the oil compo-
nent in the particle structure might have influence. Once again, there are exceptions
to the general behavior. In this way, slow-release processes as in the case of
clobetasol and fenofibrate, lead to less than 40% of active molecule released even at
100 h. It is important to keep in mind that fenofibrate has a high logP value (�5.2)
and that clobetasol propionate was the starting material to prepare the
nanoparticles. Thus, a high affinity of the active molecules for the lipid matrix of
the particle would difficult its delivery process.

Hybrid nanoparticles, irrespective of whether the particles are obtained from the
mixture of polymers and lipids (Figure 4E) or by using chemically modified poly-
mers with lipids (Figure 4F), characterize by a very slow release of the active
molecule where, for example, some carriers deliver above 90% of the drug after
50 h of started the test. It should be noted that in this case, the data are reported
twice the set time for the other carriers. For some active molecules such as metho-
trexate, N-acetylcysteine, psoralen, quercetin, and paclitaxel, the prolonged drug
release could be related to the uniform distribution presumed for the drug into the
matrix and the core-shell structure of the particle, which difficult the diffusion of
the drug toward the release medium [9]. Likewise, the hydrolysis and erosion
processes of the polymeric core could be hindered by the lipid layer surrounding the
polymeric core [34] or, perhaps, the hydrophobic interactions of the active mole-
cule with the polymer might result of relevance for the drug release [5]. These
effects offset, for example, the favorable solubility gained because of the precipita-
tion of amorphous active during the preparation of the particles, which is expected
to facilitate the drug delivery [9].

4. In vivo performance of carriers prepared by nanoprecipitation

Drug delivery systems such as the polymeric, lipid, and hybrid nanoparticles
have been promoted for use in therapeutics as an interesting approach to facilitate
uptake of drugs at the desired site of action, particularly when free drugs might give
rise to significant off-site toxicities or characterize by poor bioavailability because
of their molecular and physicochemical properties. Accordingly, knowing the bio-
availability behaviors, including the pharmacokinetic parameters and the
biodistribution of the carriers obtained via the nanoprecipitation technique, as well
as the stability of the carriers in biological fluids and their cellular uptake, result of
paramount importance to investigate their applicability in pharmaceutics.

Considering that submicron sizes for most particles prepared by nanopreci-
pitation range between 200 and 300 nm, which are larger than pores between
endothelial cells, it is expected that, in the absence of specific affinity for receptors,
their distribution is limited to the vascular space. Nevertheless, for example, larger
endothelial pores such as the fenestrations in the liver and the spleen might lead to
the uptake of the particles by these tissues via bulk fluid flow. Once in the blood-
stream, particles are coated with a layer of plasma proteins (opsonization or protein
corona formation) facilitating their elimination by immune cells. Besides, dynamic
interactions between nanoparticles and blood cells, e.g., erythrocytes, platelets, and
leukocytes, could occur. Then, the carriers are entrapped in the microvasculature
and clearing compartments of the reticuloendothelial system like the liver, the
spleen, the bone marrow, and the lung, via phagocytic uptake by cells accessible
from the vascular space such us the hepatic Kupffer cells. This allows the elimina-
tion of the particles from the organism via the bile ducts into the feces or in the
urine [70].
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and hybrid nanoparticles obtained from chemically modified polymers with lipids (F) (PTX: paclitaxel; PVA:
polyvinyl alcohol; ATE: atenolol; F: formulation; DEX: dexamethasone; CAP: cellulose acetate phthalate; HSA:
human serum albumin; DZP: diazepam; TETR: tetracaine; F68: Pluronic 68; FLU: fluticasone propionate; KET:
ketamine; SH: shellac; DOX: doxorubicin; P85: Pluronic 85; DICLO: diclofenac; MGL: Miglyol 810; LAB:
labrafac; FEN: fenofibrate, NEV: nevirapine; NIM: nimodipine; P80: polysorbate 80; CLOB: clobetasol
propionate; CCT: caprylic/capric triglycerides; EFA: efavirenz; SA: stearylamine, SL: soy lecithin; Lec: lecithin;
METH: methotrexate; PSO: psoralen; TPGS: tocopheryl polyethylene glycol succinate; QUE: quercetin; Tf:
transferrin; SOR: sorafenib; LIN: linezolid; DTX: docetaxel; MPA: mycophenolate; TL: triptolide).
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appear to be more efficient than SLN during the release process. The highest
amounts of active molecule that could be encapsulated because of the oil compo-
nent in the particle structure might have influence. Once again, there are exceptions
to the general behavior. In this way, slow-release processes as in the case of
clobetasol and fenofibrate, lead to less than 40% of active molecule released even at
100 h. It is important to keep in mind that fenofibrate has a high logP value (�5.2)
and that clobetasol propionate was the starting material to prepare the
nanoparticles. Thus, a high affinity of the active molecules for the lipid matrix of
the particle would difficult its delivery process.

Hybrid nanoparticles, irrespective of whether the particles are obtained from the
mixture of polymers and lipids (Figure 4E) or by using chemically modified poly-
mers with lipids (Figure 4F), characterize by a very slow release of the active
molecule where, for example, some carriers deliver above 90% of the drug after
50 h of started the test. It should be noted that in this case, the data are reported
twice the set time for the other carriers. For some active molecules such as metho-
trexate, N-acetylcysteine, psoralen, quercetin, and paclitaxel, the prolonged drug
release could be related to the uniform distribution presumed for the drug into the
matrix and the core-shell structure of the particle, which difficult the diffusion of
the drug toward the release medium [9]. Likewise, the hydrolysis and erosion
processes of the polymeric core could be hindered by the lipid layer surrounding the
polymeric core [34] or, perhaps, the hydrophobic interactions of the active mole-
cule with the polymer might result of relevance for the drug release [5]. These
effects offset, for example, the favorable solubility gained because of the precipita-
tion of amorphous active during the preparation of the particles, which is expected
to facilitate the drug delivery [9].

4. In vivo performance of carriers prepared by nanoprecipitation

Drug delivery systems such as the polymeric, lipid, and hybrid nanoparticles
have been promoted for use in therapeutics as an interesting approach to facilitate
uptake of drugs at the desired site of action, particularly when free drugs might give
rise to significant off-site toxicities or characterize by poor bioavailability because
of their molecular and physicochemical properties. Accordingly, knowing the bio-
availability behaviors, including the pharmacokinetic parameters and the
biodistribution of the carriers obtained via the nanoprecipitation technique, as well
as the stability of the carriers in biological fluids and their cellular uptake, result of
paramount importance to investigate their applicability in pharmaceutics.

Considering that submicron sizes for most particles prepared by nanopreci-
pitation range between 200 and 300 nm, which are larger than pores between
endothelial cells, it is expected that, in the absence of specific affinity for receptors,
their distribution is limited to the vascular space. Nevertheless, for example, larger
endothelial pores such as the fenestrations in the liver and the spleen might lead to
the uptake of the particles by these tissues via bulk fluid flow. Once in the blood-
stream, particles are coated with a layer of plasma proteins (opsonization or protein
corona formation) facilitating their elimination by immune cells. Besides, dynamic
interactions between nanoparticles and blood cells, e.g., erythrocytes, platelets, and
leukocytes, could occur. Then, the carriers are entrapped in the microvasculature
and clearing compartments of the reticuloendothelial system like the liver, the
spleen, the bone marrow, and the lung, via phagocytic uptake by cells accessible
from the vascular space such us the hepatic Kupffer cells. This allows the elimina-
tion of the particles from the organism via the bile ducts into the feces or in the
urine [70].
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To provide a therapeutic response, nanoparticles must overcome these physio-
logical clearance mechanisms and distributional barriers. The objective is to guar-
antee a high mean residence time for the carriers in the systemic circulation while
their drug release delivery is modulated. Some alternatives in this way include the
development of particles exhibiting sizes less than 100 nm or a positive surface
charge. Stealth particles by using nonionic polymers or mimic the outer surface of
blood cells by locating mixtures of phospholipids, cholesterol, sphingomyelin, and
ganglioside molecules on the particle surface have also been proposed, and the
modification of the particle surface with specific ligands appears as the best strategy
for the target delivery of active substances up to now [61, 70].

Regarding the carriers prepared by nanoprecipitation, among the reported
developments of particles that could theoretically allow them a better in vivo per-
formance are: (i) particle sizes lesser than 100 nm for polymeric nanospheres
[25, 26, 34], solid lipid nanoparticles [71], and hybrid nanoparticles [7, 34, 56], (ii)
positively charged polymeric nanospheres by using chitosan [72] and Eudragit® RL
100 [18] as polymers or positively charged hybrid nanoparticles prepared from
lipids as the stearylamine [5], (iii) stealth polymeric nanospheres [17, 27] and
stealth hybrid particles [4–8], and (iv) targeted cancer hybrid particles [7, 59].

4.1 Pharmacokinetic parameters

An approach to the pharmacokinetic aspects of the particles prepared via
nanoprecipitation is made from the reported studies where carrier dispersions were
administered by the intravenous, oral, and intranasal routes to animal models as
Sprague-Dawley rats, Wistar rats, and BALB/c mice (Table 2). First, the slow-
release patterns previously discussed appear to be maintained in the in vivo behav-
ior, i.e., nanoparticles extend in some way the drug delivery regardless of the
administration route and the carrier properties. Thus, mean residence times (MRT)
in the systemic circulation between 1.2 and 20 folds higher than that for the free
drug and elimination half-lives between 5 and 10 folds higher than free drug are
achieved. Likewise, larger values of area under curve (AUC) are reported which,
provided that the amount of drug that is released allows the therapeutic dose
required, are attractive for treating chronic diseases where less frequent dosing
regimens are convenient.

A general view depending on the administration route (Figure 5, where solid
and dashed lines correspond to carriers and free-drug plasma profiles, respectively)
shows that polymeric particles orally administered increase the Tmax, Cmax, and
AUC0-t values compared with free drugs administered in suspension or, as in the
case of lipid nanoparticles, with an intravenously administered solution of the drug.
The slow drug release behavior characteristic of lipid particles, where Tmax is
abruptly reached after 20 h of administration is interesting. On the other hand,
although Tmax, Cmax and, AUC are increased when using hybrid particles, it must be
noted that drug could be rapidly or slowly delivered to the serum which might be
related to the location of the active molecule into the particle. For example, if the
active molecule is located at the lipid shell surrounding the polymeric core, the drug
might be easily released; on the contrary, if the active molecule locates at the
polymeric core, more extended drug release behaviors could be obtained. Zhu et al.
[4] and Godara et al. [5] demonstrate the usefulness of the lipid layer covering the
polymeric core in the hybrid particles to prolong the circulation time of the parti-
cles. Probably, the lipid shell restricts the plasma protein adsorption reducing the
opsonization phenomena. Moreover, the modifications of the particle with cholate
enhance the drug absorption by the oral route. Likewise, developments as that of
mycophenolate particles containing quercetin, where the antioxidant activity of
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To provide a therapeutic response, nanoparticles must overcome these physio-
logical clearance mechanisms and distributional barriers. The objective is to guar-
antee a high mean residence time for the carriers in the systemic circulation while
their drug release delivery is modulated. Some alternatives in this way include the
development of particles exhibiting sizes less than 100 nm or a positive surface
charge. Stealth particles by using nonionic polymers or mimic the outer surface of
blood cells by locating mixtures of phospholipids, cholesterol, sphingomyelin, and
ganglioside molecules on the particle surface have also been proposed, and the
modification of the particle surface with specific ligands appears as the best strategy
for the target delivery of active substances up to now [61, 70].

Regarding the carriers prepared by nanoprecipitation, among the reported
developments of particles that could theoretically allow them a better in vivo per-
formance are: (i) particle sizes lesser than 100 nm for polymeric nanospheres
[25, 26, 34], solid lipid nanoparticles [71], and hybrid nanoparticles [7, 34, 56], (ii)
positively charged polymeric nanospheres by using chitosan [72] and Eudragit® RL
100 [18] as polymers or positively charged hybrid nanoparticles prepared from
lipids as the stearylamine [5], (iii) stealth polymeric nanospheres [17, 27] and
stealth hybrid particles [4–8], and (iv) targeted cancer hybrid particles [7, 59].

4.1 Pharmacokinetic parameters

An approach to the pharmacokinetic aspects of the particles prepared via
nanoprecipitation is made from the reported studies where carrier dispersions were
administered by the intravenous, oral, and intranasal routes to animal models as
Sprague-Dawley rats, Wistar rats, and BALB/c mice (Table 2). First, the slow-
release patterns previously discussed appear to be maintained in the in vivo behav-
ior, i.e., nanoparticles extend in some way the drug delivery regardless of the
administration route and the carrier properties. Thus, mean residence times (MRT)
in the systemic circulation between 1.2 and 20 folds higher than that for the free
drug and elimination half-lives between 5 and 10 folds higher than free drug are
achieved. Likewise, larger values of area under curve (AUC) are reported which,
provided that the amount of drug that is released allows the therapeutic dose
required, are attractive for treating chronic diseases where less frequent dosing
regimens are convenient.

A general view depending on the administration route (Figure 5, where solid
and dashed lines correspond to carriers and free-drug plasma profiles, respectively)
shows that polymeric particles orally administered increase the Tmax, Cmax, and
AUC0-t values compared with free drugs administered in suspension or, as in the
case of lipid nanoparticles, with an intravenously administered solution of the drug.
The slow drug release behavior characteristic of lipid particles, where Tmax is
abruptly reached after 20 h of administration is interesting. On the other hand,
although Tmax, Cmax and, AUC are increased when using hybrid particles, it must be
noted that drug could be rapidly or slowly delivered to the serum which might be
related to the location of the active molecule into the particle. For example, if the
active molecule is located at the lipid shell surrounding the polymeric core, the drug
might be easily released; on the contrary, if the active molecule locates at the
polymeric core, more extended drug release behaviors could be obtained. Zhu et al.
[4] and Godara et al. [5] demonstrate the usefulness of the lipid layer covering the
polymeric core in the hybrid particles to prolong the circulation time of the parti-
cles. Probably, the lipid shell restricts the plasma protein adsorption reducing the
opsonization phenomena. Moreover, the modifications of the particle with cholate
enhance the drug absorption by the oral route. Likewise, developments as that of
mycophenolate particles containing quercetin, where the antioxidant activity of
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quercetin inhibits the mycophenolate metabolism through cytochrome P450, are
highlighted. This, together with the slow-release pattern of the particles, improves
in a significant way the in vivo performance of the hybrid nanoparticles [14].

Concerning the administration of carriers by the intravenous route, pharmaco-
kinetic advantages were also evidenced compared to the free drug administration.
As reported by Bian et al. [22] and Han et al. [27], even if a fraction of the polymeric
nanoparticles are quickly removed by the reticuloendothelial system during the first
4 h after the administration, the remaining particles into the systemic circulation
allow a sustained drug delivery for more than 20 h achieving AUC0-t values from 2
to 10 times higher than free drug. As intended, pegylation of polymeric
nanoparticles extends the elimination half-life by �100 h and increases in 84% the
AUC regarding the free drug [27]. With respect to lipid carriers, Lahkar et al. [13]
evidence a significant increase of their AUC0-t which could remain in the blood
circulation four times more than the free drug. Moreover, modifications to the
particle surface providing some hydrophilicity with polysorbate 80 result in an
MRT eight times higher than that of the free drug. Regarding the hybrid
nanoparticles, Zhu et al. [4] provide evidence on their extended drug delivery
pattern that is improved as modifications on the particle surface are introduced.
Thus, plasma circulation of the particles and their corresponding AUC0-t could be
prolonged up to six and seven times, respectively, compared with that for the free
drug. Jadon and Sharma [8] illustrate results in the same direction where drug

Figure 5.
General behaviors of plasma concentration reported for polymeric nanoparticles (A and B), lipid nanoparticles
(C and D), and hybrid nanoparticles (E and F). Oral administration (A, C, and E); intravenous
administration (B, D, and F) (PTX: paclitaxel; FD: free drug; F68: Pluronic 68; HSA: human serum albumin;
KET: ketamine; SH: shellac; ITZ: itraconazole; NEV: nevirapine; AmphB: amphotericin B; P80: polysorbate
80; SA: stearylamine; SL: soy lecithin; P: PLGA; MPA: mycophenolate; PVA: polyvinyl alcohol; QUE:
quercetin; cHNP: cholate-modified hybrid nanoparticle; DOX: doxorubicin; DTX: docetaxel; P85: Pluronic 85;
tf: transferrin).
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delivery from the hybrid particles continues to be detected 72 h after the adminis-
tration with AUC0-t values around 3.6 times higher than free drug.

4.2 Biodistribution

Figure 6 shows an overview of the organ distribution patterns of the carriers
under study as an approximation of their in vivo transport and metabolism pro-
cesses depending on the route of administration. Perhaps, these behaviors would
better correspond to the carried drug since the concentration of the active molecule
in the tissues of interest is the measure commonly used to follow the particles in this
kind of experiments. Once again, it is the intention to illustrate general behaviors;
therefore, the punctual analyses on the particular work conditions used by each
research team such as the animal models, the sampling times, and the way as the
samples were analyzed are not considered. Thus, caution must be taken to do
statements that lead to misinterpretations.

As can be seen in Figure 6, after 8 h of oral administration of both lipid and
hybrid carriers, the liver, the spleen, and the kidney appear as the organs where
lipid and hybrid particles are located. This could be attributed to the important role
of the liver in the clearance of the particles and the blood filtration function of
spleen within the immune system which might also remove the particles of the
bloodstream. On its part, drug concentration in the kidney could mean the normal
transit of the carrier because of the systemic circulation and the high irrigation of
this organ. Nonetheless, the elimination process of intact carriers would also be
happening.

On the other hand, as expected, the brain accumulates substantial amounts of
lipid nanoparticles administered via intranasal because of the closeness of this organ
to the nasal mucosa and its high blood perfusion. This behavior should be harnessed
to improve therapies targeted to the brain as those for the treatment of diseases of
the central nervous system. Likewise, particles intended for lung cancer therapies,
prepared from a hyaluronan-modified polymer, and administered via

Figure 6.
General behavior of biodistribution for polymer, lipid, and hybrid nanoparticles after administration by oral,
intranasal, intrapulmonary, and intravenous routes. Administration by intravenous, intranasal and oral
routes (black-filled symbols) and by intrapulmonary route (crossed symbols) (KET: ketamine; NEV:
nevirapine; DTX: docetaxel; DZP: diazepam; AmphB: amphotericin B; MPA: mycophenolate; QUE:
quercetin).
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quercetin inhibits the mycophenolate metabolism through cytochrome P450, are
highlighted. This, together with the slow-release pattern of the particles, improves
in a significant way the in vivo performance of the hybrid nanoparticles [14].

Concerning the administration of carriers by the intravenous route, pharmaco-
kinetic advantages were also evidenced compared to the free drug administration.
As reported by Bian et al. [22] and Han et al. [27], even if a fraction of the polymeric
nanoparticles are quickly removed by the reticuloendothelial system during the first
4 h after the administration, the remaining particles into the systemic circulation
allow a sustained drug delivery for more than 20 h achieving AUC0-t values from 2
to 10 times higher than free drug. As intended, pegylation of polymeric
nanoparticles extends the elimination half-life by �100 h and increases in 84% the
AUC regarding the free drug [27]. With respect to lipid carriers, Lahkar et al. [13]
evidence a significant increase of their AUC0-t which could remain in the blood
circulation four times more than the free drug. Moreover, modifications to the
particle surface providing some hydrophilicity with polysorbate 80 result in an
MRT eight times higher than that of the free drug. Regarding the hybrid
nanoparticles, Zhu et al. [4] provide evidence on their extended drug delivery
pattern that is improved as modifications on the particle surface are introduced.
Thus, plasma circulation of the particles and their corresponding AUC0-t could be
prolonged up to six and seven times, respectively, compared with that for the free
drug. Jadon and Sharma [8] illustrate results in the same direction where drug

Figure 5.
General behaviors of plasma concentration reported for polymeric nanoparticles (A and B), lipid nanoparticles
(C and D), and hybrid nanoparticles (E and F). Oral administration (A, C, and E); intravenous
administration (B, D, and F) (PTX: paclitaxel; FD: free drug; F68: Pluronic 68; HSA: human serum albumin;
KET: ketamine; SH: shellac; ITZ: itraconazole; NEV: nevirapine; AmphB: amphotericin B; P80: polysorbate
80; SA: stearylamine; SL: soy lecithin; P: PLGA; MPA: mycophenolate; PVA: polyvinyl alcohol; QUE:
quercetin; cHNP: cholate-modified hybrid nanoparticle; DOX: doxorubicin; DTX: docetaxel; P85: Pluronic 85;
tf: transferrin).
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delivery from the hybrid particles continues to be detected 72 h after the adminis-
tration with AUC0-t values around 3.6 times higher than free drug.

4.2 Biodistribution

Figure 6 shows an overview of the organ distribution patterns of the carriers
under study as an approximation of their in vivo transport and metabolism pro-
cesses depending on the route of administration. Perhaps, these behaviors would
better correspond to the carried drug since the concentration of the active molecule
in the tissues of interest is the measure commonly used to follow the particles in this
kind of experiments. Once again, it is the intention to illustrate general behaviors;
therefore, the punctual analyses on the particular work conditions used by each
research team such as the animal models, the sampling times, and the way as the
samples were analyzed are not considered. Thus, caution must be taken to do
statements that lead to misinterpretations.

As can be seen in Figure 6, after 8 h of oral administration of both lipid and
hybrid carriers, the liver, the spleen, and the kidney appear as the organs where
lipid and hybrid particles are located. This could be attributed to the important role
of the liver in the clearance of the particles and the blood filtration function of
spleen within the immune system which might also remove the particles of the
bloodstream. On its part, drug concentration in the kidney could mean the normal
transit of the carrier because of the systemic circulation and the high irrigation of
this organ. Nonetheless, the elimination process of intact carriers would also be
happening.

On the other hand, as expected, the brain accumulates substantial amounts of
lipid nanoparticles administered via intranasal because of the closeness of this organ
to the nasal mucosa and its high blood perfusion. This behavior should be harnessed
to improve therapies targeted to the brain as those for the treatment of diseases of
the central nervous system. Likewise, particles intended for lung cancer therapies,
prepared from a hyaluronan-modified polymer, and administered via

Figure 6.
General behavior of biodistribution for polymer, lipid, and hybrid nanoparticles after administration by oral,
intranasal, intrapulmonary, and intravenous routes. Administration by intravenous, intranasal and oral
routes (black-filled symbols) and by intrapulmonary route (crossed symbols) (KET: ketamine; NEV:
nevirapine; DTX: docetaxel; DZP: diazepam; AmphB: amphotericin B; MPA: mycophenolate; QUE:
quercetin).
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intrapulmonary route, directly locate on lung up to 24 h [59]. This finding confirms
the ability of hyaluronan to be recognized by cancer lung receptors allowing the
particle concentration in this tissue and consequently, avoiding the waste of active
substance in other organs.

Regarding the intravenous administration, it seems that after 24 h, polymeric
nanoparticles mainly locate at the lung, liver, and brain; lipid particles are distrib-
uted in blood, liver, kidney, and spleen; and hybrid particles accumulate in the
liver. However, it should be noted that regardless of the kind of particle and
compared with the oral and intranasal administration, when carriers are adminis-
tered by intravenous route, drug is found in low levels in all the investigated organs.
In addition, after extended periods (e.g., 120 h), particles are more homogeneously
distributed among the investigated tissues [27]. This is a natural consequence of the
systemic circulation and the irrigation of the different organs. Besides, as previously
mentioned, there is a high probability that the concentration of carriers on the liver
occurs due to the ability of the hepatic Kupffer cells to phagocyte them. Likewise,
the phagocytic activity of the alveolar macrophages could explain why high con-
centrations of the drug are found in the lung. In addition, to find carriers or active
molecules in the stomach might also be possible considering that the pH of this
tissue could favor the retention of active molecules exhibiting a basic nature.

It is important to highlight the efficacy of targeted carriers to reach the intended
tissues. As it has been evidenced by Jeannot et al. [59], working with polymeric
nanoparticles, the functionalization of the polymer with polysaccharide
hyaluronan, known for its affinity toward certain cancer cells receptors, allows high
concentrations of particles on the lung offering an interesting alternative for the
lung cancer treatment. In the same direction, Dehaini et al. [7] demonstrate the
ability of docetaxel-loaded hybrid nanoparticles functionalized with folate to reach
cancerous tumors.

4.3 Stability in biological fluids

Knowing if nanoparticles aggregate after their in vivo administration is of crucial
importance for their application as drug delivery systems. To this end, the colloidal
stability of the particulate systems dispersed in biological fluids has been investi-
gated by monitoring variables such as the particle size and the drug encapsulation.
Thus, Lazzari et al. [73] demonstrated that polymeric nanospheres prepared by
flash nanoprecipitation from PMMA were stable up to 60 h in synthetic saliva,
gastric juice, intestinal fluid, and lysosomal fluid while PLA nanoparticles aggregate
in gastric juice. Likewise, Dehaini et al. [7] report the aggregation of PLGA
nanoparticles in fetal bovine serum (FBS). On the other hand, polymeric
nanocapsules coated with brush layers of an oligo ethylene glycol derived methac-
rylate polymer exhibit major stability in human serum albumin solution, FBS, and
human blood plasma, that those non-coated [74]. This evidences the usefulness of
designing stealth nanoparticles as a strategy to prevent the particle aggregate for-
mation in blood avoiding their rapid removal from the systemic circulation by the
immune system. Regarding SLN, Liu et al. [26] verified their colloidal stability in
FBS reporting increases in particle size of approximately 50%, although encapsula-
tion efficiency does not vary. Chaudhari et al. [21] delved into the stability of SLN in
simulated gastric fluid confirming that after 2 h, amphotericin B remains encapsu-
lated favoring its stability. With respect to hybrid nanoparticles, contradictory
results of aggregation [23] and non-aggregation [7] have been reported when the
particle dispersions are mixed with FBS. This can be attributed to the experimental
conditions used. In the first case, aggregation is reported after 2 days of storage of
the samples at 37°C; in the second one, aggregation was investigated immediately
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intrapulmonary route, directly locate on lung up to 24 h [59]. This finding confirms
the ability of hyaluronan to be recognized by cancer lung receptors allowing the
particle concentration in this tissue and consequently, avoiding the waste of active
substance in other organs.

Regarding the intravenous administration, it seems that after 24 h, polymeric
nanoparticles mainly locate at the lung, liver, and brain; lipid particles are distrib-
uted in blood, liver, kidney, and spleen; and hybrid particles accumulate in the
liver. However, it should be noted that regardless of the kind of particle and
compared with the oral and intranasal administration, when carriers are adminis-
tered by intravenous route, drug is found in low levels in all the investigated organs.
In addition, after extended periods (e.g., 120 h), particles are more homogeneously
distributed among the investigated tissues [27]. This is a natural consequence of the
systemic circulation and the irrigation of the different organs. Besides, as previously
mentioned, there is a high probability that the concentration of carriers on the liver
occurs due to the ability of the hepatic Kupffer cells to phagocyte them. Likewise,
the phagocytic activity of the alveolar macrophages could explain why high con-
centrations of the drug are found in the lung. In addition, to find carriers or active
molecules in the stomach might also be possible considering that the pH of this
tissue could favor the retention of active molecules exhibiting a basic nature.

It is important to highlight the efficacy of targeted carriers to reach the intended
tissues. As it has been evidenced by Jeannot et al. [59], working with polymeric
nanoparticles, the functionalization of the polymer with polysaccharide
hyaluronan, known for its affinity toward certain cancer cells receptors, allows high
concentrations of particles on the lung offering an interesting alternative for the
lung cancer treatment. In the same direction, Dehaini et al. [7] demonstrate the
ability of docetaxel-loaded hybrid nanoparticles functionalized with folate to reach
cancerous tumors.

4.3 Stability in biological fluids

Knowing if nanoparticles aggregate after their in vivo administration is of crucial
importance for their application as drug delivery systems. To this end, the colloidal
stability of the particulate systems dispersed in biological fluids has been investi-
gated by monitoring variables such as the particle size and the drug encapsulation.
Thus, Lazzari et al. [73] demonstrated that polymeric nanospheres prepared by
flash nanoprecipitation from PMMA were stable up to 60 h in synthetic saliva,
gastric juice, intestinal fluid, and lysosomal fluid while PLA nanoparticles aggregate
in gastric juice. Likewise, Dehaini et al. [7] report the aggregation of PLGA
nanoparticles in fetal bovine serum (FBS). On the other hand, polymeric
nanocapsules coated with brush layers of an oligo ethylene glycol derived methac-
rylate polymer exhibit major stability in human serum albumin solution, FBS, and
human blood plasma, that those non-coated [74]. This evidences the usefulness of
designing stealth nanoparticles as a strategy to prevent the particle aggregate for-
mation in blood avoiding their rapid removal from the systemic circulation by the
immune system. Regarding SLN, Liu et al. [26] verified their colloidal stability in
FBS reporting increases in particle size of approximately 50%, although encapsula-
tion efficiency does not vary. Chaudhari et al. [21] delved into the stability of SLN in
simulated gastric fluid confirming that after 2 h, amphotericin B remains encapsu-
lated favoring its stability. With respect to hybrid nanoparticles, contradictory
results of aggregation [23] and non-aggregation [7] have been reported when the
particle dispersions are mixed with FBS. This can be attributed to the experimental
conditions used. In the first case, aggregation is reported after 2 days of storage of
the samples at 37°C; in the second one, aggregation was investigated immediately
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the particle dispersions were diluted. On the other hand, when the stability of
hybrid particles was tested in human plasma, interactions of particle and serum
proteins were evidenced which increased the carrier size. But what is more inter-
esting is that those interactions seem to be related to the type of stabilizing agent
used. As reported by Godara et al. [5], by using PVA or stearylamine as stabilizing
agents, particle sizes increased �15% that contrast with an increase of �50% when
particles were stabilized with human serum albumin. Maybe, the protein layer
covering the particle surfaces promote their interaction with the serum proteins.

4.4 Cellular uptake

Regarding cellular uptake, Table 3 reports the experimental conditions and
general results. Indeed, researches on this regard have been mostly carried out for
the hybrid nanoparticles by using human cancer cells taken in their majority from
the breast. Nevertheless, some research works have also investigated on prostate
and lung cancer cells. Other used cell lines include Caco-2 and MC3T3-E1 osteo-
blasts. In general terms, the analyses by flow cytometry and confocal laser scanning
microscopy reveal that the functionalization of the hybrid particles favors the
in vitro cellular uptake when compared to the free drugs and the pattern of cellular
uptake correlates with the carrier drug loading.

On the other hand, the ability of nanoparticles to penetrate the different physio-
logical barriers and reside in the target tissues has also been demonstrated. For exam-
ple, SLN could provide efficient in vivo skin permeation [26], polymeric nanoparticles
might penetrate mucus also exhibiting mucoadhesive behavior [16], and hybrid
nanoparticles would cross the enterocyte walls [32] or reach bone tissue [23].

5. Safety and efficacy of carriers prepared by nanoprecipitation

5.1 Safety

A revision of the starting materials used to prepare particles via nanopreci-
pitation shows that the polymers and lipids present in the different recipes are
recognized as safe considering their biocompatibility. Likewise, most organic sol-
vents are classified as with low toxic potential according to ICH [75]. In the cases
where acetonitrile, dichloromethane, tetrahydrofuran, dimethylformamide, and
even methanol are used as solvents, the obtained particles should meet the specific
requirements of limited concentrations of residual solvent because of their inherent
toxicity. Traces of organic solvents would remain in the nanoparticle dispersions
after the stage of solvent removal during their preparation. For example, up to
2300 ppm of tetrahydrofuran can be detected in lipid nanoparticles, which exceed
the limit of 720 ppm established by the ICH [75]. However, as shown in Table 4,
the safety tests including hematological studies on mice [27], hemolysis assays on
human blood [8] or with erythrocytes [5], MTT assay on alveolar epithelial cells
[34] or osteoblasts [23], cell viability on cancer cells [9, 11], and histological exam-
ination of mice [56], evidence concerns on the safety of that particles, and in
general, neither of the particles were prepared via nanoprecipitation. Moreover,
nanoparticles reduce the toxicity of the active molecules [8, 57].

5.2 Efficacy

One of the promising applications of nanoparticles, including those obtained by
nanoprecipitation, is the therapy against cancer. As shown in Table 5, hybrid
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the particle dispersions were diluted. On the other hand, when the stability of
hybrid particles was tested in human plasma, interactions of particle and serum
proteins were evidenced which increased the carrier size. But what is more inter-
esting is that those interactions seem to be related to the type of stabilizing agent
used. As reported by Godara et al. [5], by using PVA or stearylamine as stabilizing
agents, particle sizes increased �15% that contrast with an increase of �50% when
particles were stabilized with human serum albumin. Maybe, the protein layer
covering the particle surfaces promote their interaction with the serum proteins.

4.4 Cellular uptake

Regarding cellular uptake, Table 3 reports the experimental conditions and
general results. Indeed, researches on this regard have been mostly carried out for
the hybrid nanoparticles by using human cancer cells taken in their majority from
the breast. Nevertheless, some research works have also investigated on prostate
and lung cancer cells. Other used cell lines include Caco-2 and MC3T3-E1 osteo-
blasts. In general terms, the analyses by flow cytometry and confocal laser scanning
microscopy reveal that the functionalization of the hybrid particles favors the
in vitro cellular uptake when compared to the free drugs and the pattern of cellular
uptake correlates with the carrier drug loading.

On the other hand, the ability of nanoparticles to penetrate the different physio-
logical barriers and reside in the target tissues has also been demonstrated. For exam-
ple, SLN could provide efficient in vivo skin permeation [26], polymeric nanoparticles
might penetrate mucus also exhibiting mucoadhesive behavior [16], and hybrid
nanoparticles would cross the enterocyte walls [32] or reach bone tissue [23].

5. Safety and efficacy of carriers prepared by nanoprecipitation

5.1 Safety

A revision of the starting materials used to prepare particles via nanopreci-
pitation shows that the polymers and lipids present in the different recipes are
recognized as safe considering their biocompatibility. Likewise, most organic sol-
vents are classified as with low toxic potential according to ICH [75]. In the cases
where acetonitrile, dichloromethane, tetrahydrofuran, dimethylformamide, and
even methanol are used as solvents, the obtained particles should meet the specific
requirements of limited concentrations of residual solvent because of their inherent
toxicity. Traces of organic solvents would remain in the nanoparticle dispersions
after the stage of solvent removal during their preparation. For example, up to
2300 ppm of tetrahydrofuran can be detected in lipid nanoparticles, which exceed
the limit of 720 ppm established by the ICH [75]. However, as shown in Table 4,
the safety tests including hematological studies on mice [27], hemolysis assays on
human blood [8] or with erythrocytes [5], MTT assay on alveolar epithelial cells
[34] or osteoblasts [23], cell viability on cancer cells [9, 11], and histological exam-
ination of mice [56], evidence concerns on the safety of that particles, and in
general, neither of the particles were prepared via nanoprecipitation. Moreover,
nanoparticles reduce the toxicity of the active molecules [8, 57].

5.2 Efficacy

One of the promising applications of nanoparticles, including those obtained by
nanoprecipitation, is the therapy against cancer. As shown in Table 5, hybrid
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nanoparticles give good results in this sense. First, the incorporation of the active
molecules into the carriers preserve the anticancer activity [9] and nanoparticles
offer better performance compared with the free drug [4, 14, 56], in some cases
being dose dependent [6, 8, 11]. Besides, significant improvements in the in vivo
anticancer performance were achieved by the encapsulation of both an anticancer
molecule (mycophenolate) and an antioxidant agent (quercetin) into the same
hybrid nanoparticle, as quercetin prevents mycophenolate of its hepatic metabolism
via the oxygenase enzymes [14]. Moreover, it was demonstrated that the in vivo
tumor treatment in mice prolongs the life of the animals [7].

Taken advantage of the slow-release patterns that could be obtained with
nanoparticulated systems, the development of carriers exhibiting antimicrobial and
anesthetic activities are also of interest in research. Thus, the lowest values of
minimum inhibitory concentrations of SLN containing polymyxin B or
amphotericin B [20, 21] with respect to the free drugs contribute to support the
applicability of nanoparticles prepared by nanoprecipitation in this area. In line
with this, polymeric nanoparticles containing Brazilian red propolis extract have
also shown antileishmanial activity [36], and linezolid-loaded hybrid nanoparticles
demonstrated their ability to be retained in biofilms optimizing their antibacterial
performance [23]. Regarding the behavior of nanoparticles in anesthetic and anti-
inflammatory tests, tetracaine-loaded SLN exhibited prolonged antinociceptive
effect leading to better control of pain [26].

Finally, the possibilities to get target particles prepared by the nanoprecipitation
technique have been opened from the research works of Jeannot et al. [59] and
Dehaini et al. [7] who investigate hyaluronan and folate as receptors chemically
bonded to the polymer obtaining promising results for cancer therapies.

6. Conclusions

Nanoprecipitation is a simple, energy-efficient, and versatile method to entrap
active molecules into carriers at the submicron and nanometric levels being the
most common developments those oriented to obtain polymer, lipid, and hybrid
particles. As the knowledge on the in vivo behavior of nanocarriers progresses and
the need to produce them at the industrial scale demands for greater efficiency, the
technique and the used starting materials have been optimized to improve the
characteristics of the carriers and the control and standardization of continuous
processes. In this way, sophisticated devices have been proposed to get sizes lower
than 100 nm and the procedure has been refined, either through the chemical
modification of polymers or through the careful definition of the work conditions,
leading to particles entrapping hydrophobic and hydrophilic molecules, or
exhibiting a targeted performance, a positive charge on their surface, or behaviors
as stealth carriers. Moreover, the hybrid nanoparticles are promising drug delivery
systems where the advantages of both polymeric and lipid particles are harnessed in
their design to offer major drug loadings, slow drug-release patterns, and better
pharmacokinetic properties. Regardless of the type of carrier, nanoprecipitation
seems to be appropriate to obtain safe particles. Even using solvents characterized
by inherent toxicity, the satisfactory results achieved by safety tests support their
applicability in pharmaceutics. On this basis, it is expected that research on
nanoprecipitation will continue looking for innovative solutions to the challenges
facing current and future medicine. Some of the findings reported by different
research teams and summarized in this chapter provide valuable insights regarding
the potentialities of this technique in this respect.
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nanoparticles give good results in this sense. First, the incorporation of the active
molecules into the carriers preserve the anticancer activity [9] and nanoparticles
offer better performance compared with the free drug [4, 14, 56], in some cases
being dose dependent [6, 8, 11]. Besides, significant improvements in the in vivo
anticancer performance were achieved by the encapsulation of both an anticancer
molecule (mycophenolate) and an antioxidant agent (quercetin) into the same
hybrid nanoparticle, as quercetin prevents mycophenolate of its hepatic metabolism
via the oxygenase enzymes [14]. Moreover, it was demonstrated that the in vivo
tumor treatment in mice prolongs the life of the animals [7].

Taken advantage of the slow-release patterns that could be obtained with
nanoparticulated systems, the development of carriers exhibiting antimicrobial and
anesthetic activities are also of interest in research. Thus, the lowest values of
minimum inhibitory concentrations of SLN containing polymyxin B or
amphotericin B [20, 21] with respect to the free drugs contribute to support the
applicability of nanoparticles prepared by nanoprecipitation in this area. In line
with this, polymeric nanoparticles containing Brazilian red propolis extract have
also shown antileishmanial activity [36], and linezolid-loaded hybrid nanoparticles
demonstrated their ability to be retained in biofilms optimizing their antibacterial
performance [23]. Regarding the behavior of nanoparticles in anesthetic and anti-
inflammatory tests, tetracaine-loaded SLN exhibited prolonged antinociceptive
effect leading to better control of pain [26].

Finally, the possibilities to get target particles prepared by the nanoprecipitation
technique have been opened from the research works of Jeannot et al. [59] and
Dehaini et al. [7] who investigate hyaluronan and folate as receptors chemically
bonded to the polymer obtaining promising results for cancer therapies.

6. Conclusions

Nanoprecipitation is a simple, energy-efficient, and versatile method to entrap
active molecules into carriers at the submicron and nanometric levels being the
most common developments those oriented to obtain polymer, lipid, and hybrid
particles. As the knowledge on the in vivo behavior of nanocarriers progresses and
the need to produce them at the industrial scale demands for greater efficiency, the
technique and the used starting materials have been optimized to improve the
characteristics of the carriers and the control and standardization of continuous
processes. In this way, sophisticated devices have been proposed to get sizes lower
than 100 nm and the procedure has been refined, either through the chemical
modification of polymers or through the careful definition of the work conditions,
leading to particles entrapping hydrophobic and hydrophilic molecules, or
exhibiting a targeted performance, a positive charge on their surface, or behaviors
as stealth carriers. Moreover, the hybrid nanoparticles are promising drug delivery
systems where the advantages of both polymeric and lipid particles are harnessed in
their design to offer major drug loadings, slow drug-release patterns, and better
pharmacokinetic properties. Regardless of the type of carrier, nanoprecipitation
seems to be appropriate to obtain safe particles. Even using solvents characterized
by inherent toxicity, the satisfactory results achieved by safety tests support their
applicability in pharmaceutics. On this basis, it is expected that research on
nanoprecipitation will continue looking for innovative solutions to the challenges
facing current and future medicine. Some of the findings reported by different
research teams and summarized in this chapter provide valuable insights regarding
the potentialities of this technique in this respect.
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Nano/Microparticles
Encapsulation Via Covalent
Drug Conjugation
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Abstract

Advancement in chemistry holds a great promise in improving drug encapsula-
tion that leads to superior drug delivery efficiency and the therapeutic efficacy of
nano/micro-delivery systems. Drugs are being designed to specifically access the
infection sites via covalent conjugation to nano/micro-delivery systems. This
chapter focuses on techniques for achieving covalent encapsulation of drugs in
nano/micro-delivery systems, how conjugation is applied to selectively influence
pharmacokinetic profile, intracellular, and extracellular uptake, specific targeting to
disease sites, binding to specific receptors, and controlled/sustained release. In
addition, the effect of conjugation on drug efficacy and biosafety of the micro/
nanoparticulate drug delivery systems are discussed.

Keywords: covalent conjugation, sustained release, smart responsive,
targeted delivery

1. Introduction

For drugs to execute their effective mechanism of action, they require to reach
its targeted site of action so that they can exert their intended action [1]. While
conventional dosage formulations of drugs can achieve desired therapeutic concen-
trations, they are unable to effectively maintain the desired therapeutic concentra-
tions, conferring a limited half-life thereby leading to ineffective treatment by the
drugs [2]. Therefore, the development of novel drug delivery systems with the
ability to improve on this limitation of the conventional drug delivery systems is
needed.

Micro- and nano-carrier systems are among the approaches that have been
successfully utilized for encapsulation of various types of drugs such as peptides,
proteins, and low-molecular weight drugs [3–5]. These systems have been found to
overcome limitations of conventional dosages forms such as improving solubility
[6], bioavailability, and biodistribution of drugs [7], and targeting disease sites [8],
hence contributing to a high proportion of the active drug reaching the targeted site.
In addition, drug carrier systems protect the loaded drugs from premature degra-
dation in the biological environment, thus enhancing bioavailability and cellular
uptake. For effective delivery of drugs to occur, they have to be successfully loaded
onto drug delivery systems as payloads. Two techniques are employed in
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encapsulating drugs onto drug delivery systems. They include noncovalent physical
encapsulation and covalent linking of the drugs to drug delivery systems.

Physical encapsulation of drugs into a carrier system involves hydrophobic
interactions, electrostatic ionic interactions, and physical entrapping of drugs in the
carrier matrix [9]. While the physical encapsulation of drugs into a carrier system is
a popular technique, certain disadvantages are associated with it. For example, ionic
complexation precipitation and dose dumping may take place if the effective
attractions between the drug and the delivery system are reduced due to charge
fluctuations and short-range attractions between monomers [10]. For hydrophobic
drugs entrapped in the core of micelles, dose dumping may occur if micelles
undergo hemodilution below the critical micelle concentration [11]. Moreover,
challenges have been encountered in entrapping hydrophilic drugs in carrier sys-
tems using physical encapsulation [12]. These challenges have resulted in physical
encapsulation with low loading efficiencies. Due to this, drug delivery scientists are
resorting to covalently linking drugs to nano/micro-drug delivery system as an
alternative method to physical encapsulation. This chapter discusses the techniques
of covalent drug encapsulation, the mechanism of drug release from the covalent
linkages, efficacy, and biosafety of drugs due to covalent conjugation and how
disease site targeting via covalent conjugation is achieved.

2. Techniques of covalent drug encapsulation

Covalent drug conjugation involves attaching the drug into drug delivery sys-
tems via a physiologically labile bond [13]. A greater control over drug release is
achieved by the covalent attachment of drugs to the drug delivery systems.
Targeting and release of the drug from such systems is achieved through
hydrolysable or biodegradable linkages between the payload and the micro/
nanosystems [14]. Most commonly employed bio-hydrolysable bonds include
amide, disulfide, ester, thiol, and carbamate bonds [15]. Conjugation of the drug to
a delivery system may also include covalent linkers. The choice of a covalent linkers
used is determined by its selectivity for drug release and the environment in which
the drug should be released. Covalently conjugated drugs have exhibited the ability
to release drugs by cleaving conjugated bonds under internal or external stimuli
such as pH, redox potential, enzyme, light, and thermal energy [16].

The main advantages of covalent linking over physical encapsulation include the
enhanced residence time of the drug in the body, slow release, improved
biodistribution, and therapeutic efficacy, as well as reduced systemic toxicity
[16, 17]. Covalent drug conjugation to micro and nanosystems is achieved via
special bonds that are biodegradable or cleaved inside the body or a special envi-
ronment at disease sites. Special linker moieties and functional groups of the drug
dictate the success of conjugation on a nano/microsystem [18]. Based on the func-
tional groups available on the delivery system and the drug being conjugated,
several conjugation methods have been devised (Figure 1). The section below
discusses the techniques of drug conjugations and their application in drug delivery.

2.1 Ester-linked drug conjugates

Ester bonds are widely used in conjugating drugs to drug delivery systems [19].
The ester bond is formed when a hydroxyl group and a carboxylic acid group react.
Drugs with carboxylic groups can therefore be conjugated to hydroxyl groups of the
drug delivery system and vice versa (Figure 2). Linkers or spacers such as a succinic
anhydride may be employed to facilitate the conjugation [20]. Esterification of
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hydrophilic drugs with fatty acid is a popular technique to formulate self-
assembling particulate prodrugs. This conjugation has shown to improve cellular
uptake of hydrophilic drugs [22]. While viruses are intracellular obligate microor-
ganisms, most of the drugs employed for their treatment are DNA nucleosides
analogs which are highly hydrophilic with poor cellular uptake. Improving cellular
uptake of these drugs usually improves their activity [23]. Agarwal et al. reported
that conjugation of Emtricitabine (FTC) with myristic acid resulted to an analog
that had 35.2 times higher activity than the nonconjugated drug against multidrug-
resistant HIV viruses strain B-NNRTI and B-K65R [21]. These results indicated that
antiretroviral ester conjugation with fatty acids could generate more potent analogs
with a better resistance profile than its parent compound [24]. Similar results have
been reported via esterification of fatty acids with lamivudine (3TC) [21] and
acyclovir [25].

2.2 Amide and linked drug conjugates

Amide linkages can be used to covalently attach drugs to Nano/microcarriers
using an anchor functionalized with carboxylic acid end groups [26]. Among the
covalent linkages, amide bonds are the most widely used linkages to conjugate
drugs to drug delivery systems. The conjugation is usually catalyzed by 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC) or N, N0-
dicyclohexylcarbodiimide (DCC) chemistry [27, 28]. The process involves reacting
a carboxylic group with EDC and N-hydroxysuccinimidyl (NHS) to form an acyl
amino ester that is subsequently reacted with an amine to create the amide bond.

Figure 1.
Biodegradable bonds employed in covalent drug conjugation.

Figure 2.
Synthesis of the fatty acid ester-linked Emtricitabine. Adapted from [21]. DTMTr, 4,40-dimethoxytrityl
chloride; HBTU, hexafluorophosphate benzotriazole tetramethyl uronium; DPEA, N,N-
diisopropylethylamine; DMF, dimethylformamide.
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encapsulating drugs onto drug delivery systems. They include noncovalent physical
encapsulation and covalent linking of the drugs to drug delivery systems.

Physical encapsulation of drugs into a carrier system involves hydrophobic
interactions, electrostatic ionic interactions, and physical entrapping of drugs in the
carrier matrix [9]. While the physical encapsulation of drugs into a carrier system is
a popular technique, certain disadvantages are associated with it. For example, ionic
complexation precipitation and dose dumping may take place if the effective
attractions between the drug and the delivery system are reduced due to charge
fluctuations and short-range attractions between monomers [10]. For hydrophobic
drugs entrapped in the core of micelles, dose dumping may occur if micelles
undergo hemodilution below the critical micelle concentration [11]. Moreover,
challenges have been encountered in entrapping hydrophilic drugs in carrier sys-
tems using physical encapsulation [12]. These challenges have resulted in physical
encapsulation with low loading efficiencies. Due to this, drug delivery scientists are
resorting to covalently linking drugs to nano/micro-drug delivery system as an
alternative method to physical encapsulation. This chapter discusses the techniques
of covalent drug encapsulation, the mechanism of drug release from the covalent
linkages, efficacy, and biosafety of drugs due to covalent conjugation and how
disease site targeting via covalent conjugation is achieved.

2. Techniques of covalent drug encapsulation

Covalent drug conjugation involves attaching the drug into drug delivery sys-
tems via a physiologically labile bond [13]. A greater control over drug release is
achieved by the covalent attachment of drugs to the drug delivery systems.
Targeting and release of the drug from such systems is achieved through
hydrolysable or biodegradable linkages between the payload and the micro/
nanosystems [14]. Most commonly employed bio-hydrolysable bonds include
amide, disulfide, ester, thiol, and carbamate bonds [15]. Conjugation of the drug to
a delivery system may also include covalent linkers. The choice of a covalent linkers
used is determined by its selectivity for drug release and the environment in which
the drug should be released. Covalently conjugated drugs have exhibited the ability
to release drugs by cleaving conjugated bonds under internal or external stimuli
such as pH, redox potential, enzyme, light, and thermal energy [16].

The main advantages of covalent linking over physical encapsulation include the
enhanced residence time of the drug in the body, slow release, improved
biodistribution, and therapeutic efficacy, as well as reduced systemic toxicity
[16, 17]. Covalent drug conjugation to micro and nanosystems is achieved via
special bonds that are biodegradable or cleaved inside the body or a special envi-
ronment at disease sites. Special linker moieties and functional groups of the drug
dictate the success of conjugation on a nano/microsystem [18]. Based on the func-
tional groups available on the delivery system and the drug being conjugated,
several conjugation methods have been devised (Figure 1). The section below
discusses the techniques of drug conjugations and their application in drug delivery.

2.1 Ester-linked drug conjugates

Ester bonds are widely used in conjugating drugs to drug delivery systems [19].
The ester bond is formed when a hydroxyl group and a carboxylic acid group react.
Drugs with carboxylic groups can therefore be conjugated to hydroxyl groups of the
drug delivery system and vice versa (Figure 2). Linkers or spacers such as a succinic
anhydride may be employed to facilitate the conjugation [20]. Esterification of
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hydrophilic drugs with fatty acid is a popular technique to formulate self-
assembling particulate prodrugs. This conjugation has shown to improve cellular
uptake of hydrophilic drugs [22]. While viruses are intracellular obligate microor-
ganisms, most of the drugs employed for their treatment are DNA nucleosides
analogs which are highly hydrophilic with poor cellular uptake. Improving cellular
uptake of these drugs usually improves their activity [23]. Agarwal et al. reported
that conjugation of Emtricitabine (FTC) with myristic acid resulted to an analog
that had 35.2 times higher activity than the nonconjugated drug against multidrug-
resistant HIV viruses strain B-NNRTI and B-K65R [21]. These results indicated that
antiretroviral ester conjugation with fatty acids could generate more potent analogs
with a better resistance profile than its parent compound [24]. Similar results have
been reported via esterification of fatty acids with lamivudine (3TC) [21] and
acyclovir [25].

2.2 Amide and linked drug conjugates

Amide linkages can be used to covalently attach drugs to Nano/microcarriers
using an anchor functionalized with carboxylic acid end groups [26]. Among the
covalent linkages, amide bonds are the most widely used linkages to conjugate
drugs to drug delivery systems. The conjugation is usually catalyzed by 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC) or N, N0-
dicyclohexylcarbodiimide (DCC) chemistry [27, 28]. The process involves reacting
a carboxylic group with EDC and N-hydroxysuccinimidyl (NHS) to form an acyl
amino ester that is subsequently reacted with an amine to create the amide bond.

Figure 1.
Biodegradable bonds employed in covalent drug conjugation.

Figure 2.
Synthesis of the fatty acid ester-linked Emtricitabine. Adapted from [21]. DTMTr, 4,40-dimethoxytrityl
chloride; HBTU, hexafluorophosphate benzotriazole tetramethyl uronium; DPEA, N,N-
diisopropylethylamine; DMF, dimethylformamide.
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EDC has good water solubility enabling its direct application in aqueous solutions
without the addition of any organic compounds, thus making it suitable for the
attachment of bioactive molecules to the carrier surface [29].

Several nano/micro-delivery systems with amide-linked drug conjugates have
been widely reported with a great success. Such a system was reported by
Yousefpour et al. (Figure 3) who conjugated doxorubicin and monoclonal antibody,
trastuzumab to chitosan to form nanoparticles with high conjugation capacity,
enhanced and selective uptake by human epidermal growth factor receptor 2 (Her2+)
on cancer cells compared with the nonconjugated drug. Similar conjugation was
reported by Kurtoglu et al. who conjugated Ibuprofen to PAMAM dendrimer and
mPEG via amide linkages [30]. The drug conjugates showed better results when
compared to bare drugs.

Monoclonal antibodies and derived therapeutics have also been linked with
adverse effects and toxicity. The associated toxic effects of monoclonal antibodies

Figure 3.
Schematic description of the procedures for the amide conjugation between chitosan and doxorubicin to form a
self-assembling nano-drug delivery system [29].
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(mAb) have limited their therapeutic application. However, antibody/drug cova-
lent (ADC) conjugation-based platform has enabled selective delivery of a potent
cytotoxic payload to target diseased cells, resulting in improved efficacy, reduced
systemic toxicity, and preferable pharmacokinetics (PK), pharmacodynamics (PD),
and biodistribution compared to traditional chemotherapy [35]. The success of such
conjugations includes FDA approved Adcetris® which is a drug conjugate of
Dolastatin 10 and monomethyl auristatin E (MMAE). The link between Dolastatin
10 and MMAE is N-terminal amine via the amide bond linked to a self-immolating
spacer, p-aminobenzyloxycarbonyl (PABC).

Apart from ADCs, amide bonds have been employed to link mAb to other drug
delivery surfaces such as liposomes. Liposomes with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol) (DSPE-PEG-COOH)
linked with mAb have been reported to prepare immunoliposomes. The attachment
of mAb to the liposomes was achieved via surface dCOOH on the surface of
liposomes and dNH2 of the mAB. This conjugation enhanced significantly the
blood residence time of the mAb [36]. Another amide conjugation between targeted
ligand and liposome was reported where the peptide was covalently attached to the

Drug Drug delivery system Main findings Reference

Doxorubicin
(DOX)

Self-assembled prodrugs • Greater antitumor efficacy than free
DOX.

• High drug loading
• Sustained drug release

[31]

Adriamycin Micelles • In vivo high anticancer activity
• Low side effects

[32]

Camptothecin
and
Capecitabine

Nanofibers and spherical
nanoaggregates

• Synergism of the co-conjugated drugs

Penicillin V and
Cephradine

Aggregates • Similar activity to bare drugs
• Low on side effects
• Sustained release of the drug

[33]

DOX and
trastuzumab

Nanoparticles • Enhanced and selective uptake
• High loading capacity
• Reduction of drug side effects in Her2+

breast and ovarian cancers.

[29]

Gemcitabine Self-assembled prodrug • High loading capacity
• Increased biological half-life of the

loaded drug
• Better activity than the bare drug

[34]

Table 1.
Drug loading via amide conjugation functionalized for varied clinical and research applications.

Figure 4.
Illustration of linking drugs to the delivery system via hydrazine bond.
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and biodistribution compared to traditional chemotherapy [35]. The success of such
conjugations includes FDA approved Adcetris® which is a drug conjugate of
Dolastatin 10 and monomethyl auristatin E (MMAE). The link between Dolastatin
10 and MMAE is N-terminal amine via the amide bond linked to a self-immolating
spacer, p-aminobenzyloxycarbonyl (PABC).

Apart from ADCs, amide bonds have been employed to link mAb to other drug
delivery surfaces such as liposomes. Liposomes with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol) (DSPE-PEG-COOH)
linked with mAb have been reported to prepare immunoliposomes. The attachment
of mAb to the liposomes was achieved via surface dCOOH on the surface of
liposomes and dNH2 of the mAB. This conjugation enhanced significantly the
blood residence time of the mAb [36]. Another amide conjugation between targeted
ligand and liposome was reported where the peptide was covalently attached to the
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[33]

DOX and
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• Increased biological half-life of the
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• Better activity than the bare drug

[34]
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carboxylic groups on the PEGylated liposomes to form a nanoparticulate system
able to target the infarcted heart. The system was effective in in vitro testing against
cardiac cells [37]. Due to their stability, the rate of hydrolysis of amide bonds is
lower when compared to ester bonds. This slower rate of hydrolysis affects the
release of drugs, thus affecting the activity of the conjugated drugs [31]. The amide
conjugation of drugs to drug delivery systems is summarized in Table 1.

2.3 Hydrazones conjugates

Hydrazones are formed by the action of hydrazine on ketones or aldehydes
functional groups [38]. Their basic structure is R1R2C]NNH2 which is formed when
oxygen in ketones and aldehydes is replaced with thedNNH2 functional group. pH-
sensitivity attributes of hydrazones bond have been used in the formation of stimuli
responsive nano/micro-drug delivery system. At a lower pH, the bond decomposes
efficiently while at basic pH, hydrazones are usually stable [39]. The instability of
hydrazone bonds in acidic mean molecules can be cleaved in acidic intracellular
environment of endosomes or lysosomes, tumor tissues, and bacterial infection sites.
Hydrazone bonds have been successfully used to covalently load drugs into delivery
systems resulting to pH-responsive nano/micro-dosage forms that can effectively
target a disease that alters physiological pH to acidic (Figure 4) [38, 40, 41].

2.4 Thioether linkage

Thioether bond is formed from the reaction between the thiol group containing
SH group and first carbon of maleimide that is attached to the drug carrier [42].
Conjugation via thioether bonds is favored technique as the bond is formed under
mild conditions, at room temperature, and in aqueous solution [26]. Thioether
linkage makes it possible to link peptides to a delivery system or drugs to peptide
(Figure 5). Several drug delivery systems have been reported to employ thioether
linkage as a means of covalently loading drug on to them. mAb trastuzumab and
nanoparticle doped with doxorubicin were successfully loaded in a drug delivery
system via thioether linkage [43]. DOX was conjugated to a drug delivery system
via thioether bond through poly(ethylene glycol) polymer having two linkers of
maleimide and n-hydroxysuccinimide (nhs). The conjugates showed better cancer
uptake when compared to free DOX. The better uptake was attributed to better
affinity of the system to the HER2 receptor of breast cancer cells. When compared
to the free drug, the conjugated delivery system had a longer blood circulation with
less toxic effects when compared to the free drug [28]. Similar results were reported
by Park et al. who formulated immunoliposomes conjugated with monoclonal anti-
bodies (mAB) [44]. Additionally, another liposomal covalent system has also been
reported by Kirpotin et al.; in the system, a free thiol group was used to conjugate
antibodies to the nanocarriers. The carrier showed increased cellular uptake
resulting in better tumor reduction [45]. Thioether linkage has also been applied
successfully on carbon nanotubes functionalized by folic acid. The system employed
in targeted delivery of DOX against cancer [46]. From literature reports, thioether-

Figure 5.
Illustration showing maleimide thiol covalent linkage to drug delivery systems.
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linked drug delivery systems can be effectively employed in targeted delivery of the
conjugated drugs.

2.5 Disulfide linkage

Two thiol groups’ conjugation results in the formation of a disulfide bond. One
group originates from a nanocarrier and the other from a ligand [47]. Disulfide drug
conjugates have shown to be stable in the extracellular environments but easily
broken down in intracellular reductive intracellular environment. There is an
increasing number of drug formulations that incorporate disulfide bonds being
reported, for nano/micro-drug delivery system. Disulfide bonds are being designed
to exploit differences in the reduction potential at disease location and the whole
body at large [18]. Formulating environmentally responsive drug delivery systems
has been made possible due to the desirable attribute of disulfide bonds. Lu et al.
using a disulfide-bridged created mesoporous silica nanoparticle covalently loaded
with folic acid (FA) and decorated bull serum albumin (BSA) for improved tissue
biocompatibility and effective dual pH/glutathione (GSH) response drug releasing
drug delivery system. Disulfides have also been employed as cleavable linkers in
drug conjugates or to formulate stimuli-responsive carriers, and this has resulted in
disulfides linker-based mAb drug covalent linkages (ADCs) in clinical trials [48].

2.6 Other covalent linkages

Other covalent linkages that include carbamate linkage, Schiff bases, and poly-
cyclic linkages have also been employed to form covalent linkages between the drug
and delivery systems. Reaction between a diene and dienophile results to cycload-
dition via the Diels-Alder chemistry which forms bicyclic compounds. This chem-
istry can be utilized to form polycyclic linkages between the drug and the delivery
system [49]. Whereas other hydrolyzable linkages include carbamate [50, 51],
oximes [52], and Schiff bases [53, 54]. These types of linkages are specifically
designed to make drug delivery systems have targeting ability due to the physio-
logical changes brought about by the diseases.

3. Self-assembly of covalent conjugated drugs

Roughly 70% of new drug discoveries have shown poor aqueous solubility, while
approximately 40% of the marketed immediate-release drugs are practically insol-
uble [55]. Additionally, the drugs that are highly soluble have been found to have
membrane penetration difficulties [56]. Covalent modification of therapeutic com-
pounds is therefore a strategy that enhances efficacies of the conjugated drugs by
solving physicochemical problems associated with the drugs [57]. When hydropho-
bic drug molecules are attached to hydrophilic material or when hydrophilic drugs
are attached to hydrophobic biomaterial or delivery systems, an amphiphilic system
is formed. The resulting amphiphilic system can self-assemble into stable core-shell
aggregates such as vesicles, classical micelles, unimolecular micelles, and nanorods
[2, 58].

When amphiphiles are dispersed in water, the hydrophilic component of the
amphiphile preferentially interacts with the aqueous phase (shell) while the hydro-
phobic portion tends to reside in the air or in the nonpolar solvent (core) in order to
form stable assemblies [59]. Self-assemblies of drug conjugates are usually governed
by forces such as hydrogen bonds, Van der Waals interactions, hydrophobic inter-
actions, and electrostatic interactions [2]. Self-assembled drug conjugates often
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carboxylic groups on the PEGylated liposomes to form a nanoparticulate system
able to target the infarcted heart. The system was effective in in vitro testing against
cardiac cells [37]. Due to their stability, the rate of hydrolysis of amide bonds is
lower when compared to ester bonds. This slower rate of hydrolysis affects the
release of drugs, thus affecting the activity of the conjugated drugs [31]. The amide
conjugation of drugs to drug delivery systems is summarized in Table 1.
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sensitivity attributes of hydrazones bond have been used in the formation of stimuli
responsive nano/micro-drug delivery system. At a lower pH, the bond decomposes
efficiently while at basic pH, hydrazones are usually stable [39]. The instability of
hydrazone bonds in acidic mean molecules can be cleaved in acidic intracellular
environment of endosomes or lysosomes, tumor tissues, and bacterial infection sites.
Hydrazone bonds have been successfully used to covalently load drugs into delivery
systems resulting to pH-responsive nano/micro-dosage forms that can effectively
target a disease that alters physiological pH to acidic (Figure 4) [38, 40, 41].

2.4 Thioether linkage

Thioether bond is formed from the reaction between the thiol group containing
SH group and first carbon of maleimide that is attached to the drug carrier [42].
Conjugation via thioether bonds is favored technique as the bond is formed under
mild conditions, at room temperature, and in aqueous solution [26]. Thioether
linkage makes it possible to link peptides to a delivery system or drugs to peptide
(Figure 5). Several drug delivery systems have been reported to employ thioether
linkage as a means of covalently loading drug on to them. mAb trastuzumab and
nanoparticle doped with doxorubicin were successfully loaded in a drug delivery
system via thioether linkage [43]. DOX was conjugated to a drug delivery system
via thioether bond through poly(ethylene glycol) polymer having two linkers of
maleimide and n-hydroxysuccinimide (nhs). The conjugates showed better cancer
uptake when compared to free DOX. The better uptake was attributed to better
affinity of the system to the HER2 receptor of breast cancer cells. When compared
to the free drug, the conjugated delivery system had a longer blood circulation with
less toxic effects when compared to the free drug [28]. Similar results were reported
by Park et al. who formulated immunoliposomes conjugated with monoclonal anti-
bodies (mAB) [44]. Additionally, another liposomal covalent system has also been
reported by Kirpotin et al.; in the system, a free thiol group was used to conjugate
antibodies to the nanocarriers. The carrier showed increased cellular uptake
resulting in better tumor reduction [45]. Thioether linkage has also been applied
successfully on carbon nanotubes functionalized by folic acid. The system employed
in targeted delivery of DOX against cancer [46]. From literature reports, thioether-
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linked drug delivery systems can be effectively employed in targeted delivery of the
conjugated drugs.

2.5 Disulfide linkage

Two thiol groups’ conjugation results in the formation of a disulfide bond. One
group originates from a nanocarrier and the other from a ligand [47]. Disulfide drug
conjugates have shown to be stable in the extracellular environments but easily
broken down in intracellular reductive intracellular environment. There is an
increasing number of drug formulations that incorporate disulfide bonds being
reported, for nano/micro-drug delivery system. Disulfide bonds are being designed
to exploit differences in the reduction potential at disease location and the whole
body at large [18]. Formulating environmentally responsive drug delivery systems
has been made possible due to the desirable attribute of disulfide bonds. Lu et al.
using a disulfide-bridged created mesoporous silica nanoparticle covalently loaded
with folic acid (FA) and decorated bull serum albumin (BSA) for improved tissue
biocompatibility and effective dual pH/glutathione (GSH) response drug releasing
drug delivery system. Disulfides have also been employed as cleavable linkers in
drug conjugates or to formulate stimuli-responsive carriers, and this has resulted in
disulfides linker-based mAb drug covalent linkages (ADCs) in clinical trials [48].

2.6 Other covalent linkages

Other covalent linkages that include carbamate linkage, Schiff bases, and poly-
cyclic linkages have also been employed to form covalent linkages between the drug
and delivery systems. Reaction between a diene and dienophile results to cycload-
dition via the Diels-Alder chemistry which forms bicyclic compounds. This chem-
istry can be utilized to form polycyclic linkages between the drug and the delivery
system [49]. Whereas other hydrolyzable linkages include carbamate [50, 51],
oximes [52], and Schiff bases [53, 54]. These types of linkages are specifically
designed to make drug delivery systems have targeting ability due to the physio-
logical changes brought about by the diseases.

3. Self-assembly of covalent conjugated drugs

Roughly 70% of new drug discoveries have shown poor aqueous solubility, while
approximately 40% of the marketed immediate-release drugs are practically insol-
uble [55]. Additionally, the drugs that are highly soluble have been found to have
membrane penetration difficulties [56]. Covalent modification of therapeutic com-
pounds is therefore a strategy that enhances efficacies of the conjugated drugs by
solving physicochemical problems associated with the drugs [57]. When hydropho-
bic drug molecules are attached to hydrophilic material or when hydrophilic drugs
are attached to hydrophobic biomaterial or delivery systems, an amphiphilic system
is formed. The resulting amphiphilic system can self-assemble into stable core-shell
aggregates such as vesicles, classical micelles, unimolecular micelles, and nanorods
[2, 58].

When amphiphiles are dispersed in water, the hydrophilic component of the
amphiphile preferentially interacts with the aqueous phase (shell) while the hydro-
phobic portion tends to reside in the air or in the nonpolar solvent (core) in order to
form stable assemblies [59]. Self-assemblies of drug conjugates are usually governed
by forces such as hydrogen bonds, Van der Waals interactions, hydrophobic inter-
actions, and electrostatic interactions [2]. Self-assembled drug conjugates often
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result to effective therapies as they possess better physicochemical properties that
lead to enhanced drug penetration for highly hydrophilic and charged drug mole-
cules [61], enhanced solubility for highly insoluble drugs, and increased residence
time for drugs that are easily eliminated via the kidney [62]. For instance, most of
anticancer drugs are hydrophobic in nature, and therefore, to produce self-
assembled nanostructures with better therapeutic and formulation aspects, hydro-
philic molecules or polymers are usually attached to them via a degradable linker to
induce amphiphilicity and self-assembly (Figure 6) [61]. Self-assembly widely
occurs in nature and has been borrowed by science to formulate self-assembled
nano/micro-drug delivery systems with better therapeutic outcomes than original
drug molecules [63].

4. Mechanism of drug release from drug conjugates

Covalent linkages alter the absorption, distribution, metabolism, and elimina-
tion (ADME) properties of an active drug [64]. Before conjugation, it is paramount
to have a complete understanding of the physicochemical, structural relationship
activity of the drug candidates. It is also important to understand the ability of the
attached groups to cleave, leaving and exposing the functional groups responsible
for the activity of the drug [65]. Moreover, once the drug is cleaved from the
delivery system, the delivery system should be inactive and nontoxic [66]. Most of
the drawbacks from covalent linkages of drugs to the delivery systems are the
inability of the drug to cleave from the delivery system. The inability of the drug to
detach from the drug delivery system may lower the activity of the drug due to poor
bioavailability [67]. Therefore, the chosen covalent linking technique should have
the ability to easily cleave to enable the release of the drug.

Esterification is a common technique for conjugation because esterases are
widely distributed in body tissues that easily cleave the ester bonds leaving the
free drug to act. Esterase is a hydrolase enzyme that splits esters into an acid and
alcohol in a chemical reaction with water called hydrolysis [68]. The easy cleaving
of esters makes the use of ester linkages as an attractive technique. Breakage of
amide bonds is via hydrolysis of the carbon-nitrogen bond, and this results in a
carboxylic acid and either ammonia or an amine [69]. This cleavage of amides is

Figure 6.
Schematic representation of self-assembly of drug conjugates and subsequent release mechanism of the drug from
the self-assembly. Adapted with permission from [60].
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responsible for the drug release from the drug delivery systems. It is important to
note that amides are stable bonds, which do not hydrolyze at physiological pH and
body temperature.

Disulfide bonds usually exploit differences in the reduction potential at different
locations within and upon cells to release the conjugated drugs. Due to this, differ-
ent delivery platforms have been designed to achieve different targeted delivery
strategies. Redox enzymes reduce disulfide bonds on and inside the cells resulting in
drug release [18]. Other bonds like hydrazones, Schiff bases hydrolysis is catalyzed
by acid environment. In an acid environment, the bond between the drug delivery
system and the drug is broken to release the drug. Apart from direct drug linkage to
the delivery systems [70], suitable linkers that are self-immolating such as p-
aminobenzyloxycarbonyl (PABC) can also be involved in the reaction. The purpose
of the linkers is to situate the cleavable delivery system away from the drug to allow
facile release. Upon cleavage, the linkers rapidly fragment, leading to the release of
the drug in a chemically unmodified form [71, 72] (Table 2).

5. Efficacy and biosafety of drugs due to covalent conjugation

Particulate drug delivery systems have recorded significant progress in the
delivery of small molecular drugs; however, some challenges such as poor drug
loading, formulation instability, premature drug leakage, and poor blood circulation
are still encountered. This has led to the discovery of newer strategies that can be
used to overcome these challenges. Over the years, various research groups have
explored the efficacy and biosafety of drugs that were covalently conjugated to
nano/micro-delivery systems [73]. These include systems developed from poly-
mers, dendrimers, and peptides among others; usually, the drug is bond to the
biomaterial via a linker. The efficacy of drugs covalently conjugated has been
significantly improved in terms of drug loading capacity and stability amongst other
benefits. Biomaterials such as polymers that are covalently bonded to drugs have
shown to be useful drug carriers which help to hold drugs and are tunable to
increase the efficacy of the drug [74, 75].

The other advantages drug conjugation provides include increased solubility of
the drugs that are insoluble in water, thus enhancing a controlled release of the drug
as there will be increased permeability through lipophilic tissues. This will, in turn,
lead to an increased effective concentration of the drug at the targeted site [75].
Additionally, drug conjugated covalently to biomaterials are shielded from degra-
dation or deactivation as well as increases the circulation time of the drug [76]. One
or more of these advantages offered by drug conjugation has been reported by
various groups of researchers. For instance, the efficacy of different poly(ethylene
glycol) (PEG)-based anticancer drug conjugates has been extensively explored
[73, 77, 78]. The details of the importance of nano/micro-delivery systems such as
lysosomes, polymeric micelles, and polymeric nanoparticles in drug delivery
applications have also been discussed [79].

In a study [80], hydrazine-based doxorubicin-polymer conjugates were synthe-
sized into doxorubicin-loaded nanoparticles. It was reported that the bioactivity of
the drug was largely retained in vitro, and there was a tremendous reduction in
systemic toxicity of doxorubicin upon nanoparticle conjugation in vivo when com-
pared to the physical formulation of the drug. In addition, the nanoparticles
prevented the drug from disassembling upon interaction with serum proteins in the
blood [81, 82]. The in vitro study showed that the doxorubicin-nanoparticle conju-
gate accelerated the release of the drug in acidic conditions and killed the cancer
cell. In the same vein, Modarassi and colleagues investigated the drug release
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result to effective therapies as they possess better physicochemical properties that
lead to enhanced drug penetration for highly hydrophilic and charged drug mole-
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assembled nanostructures with better therapeutic and formulation aspects, hydro-
philic molecules or polymers are usually attached to them via a degradable linker to
induce amphiphilicity and self-assembly (Figure 6) [61]. Self-assembly widely
occurs in nature and has been borrowed by science to formulate self-assembled
nano/micro-drug delivery systems with better therapeutic outcomes than original
drug molecules [63].

4. Mechanism of drug release from drug conjugates

Covalent linkages alter the absorption, distribution, metabolism, and elimina-
tion (ADME) properties of an active drug [64]. Before conjugation, it is paramount
to have a complete understanding of the physicochemical, structural relationship
activity of the drug candidates. It is also important to understand the ability of the
attached groups to cleave, leaving and exposing the functional groups responsible
for the activity of the drug [65]. Moreover, once the drug is cleaved from the
delivery system, the delivery system should be inactive and nontoxic [66]. Most of
the drawbacks from covalent linkages of drugs to the delivery systems are the
inability of the drug to cleave from the delivery system. The inability of the drug to
detach from the drug delivery system may lower the activity of the drug due to poor
bioavailability [67]. Therefore, the chosen covalent linking technique should have
the ability to easily cleave to enable the release of the drug.

Esterification is a common technique for conjugation because esterases are
widely distributed in body tissues that easily cleave the ester bonds leaving the
free drug to act. Esterase is a hydrolase enzyme that splits esters into an acid and
alcohol in a chemical reaction with water called hydrolysis [68]. The easy cleaving
of esters makes the use of ester linkages as an attractive technique. Breakage of
amide bonds is via hydrolysis of the carbon-nitrogen bond, and this results in a
carboxylic acid and either ammonia or an amine [69]. This cleavage of amides is

Figure 6.
Schematic representation of self-assembly of drug conjugates and subsequent release mechanism of the drug from
the self-assembly. Adapted with permission from [60].
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responsible for the drug release from the drug delivery systems. It is important to
note that amides are stable bonds, which do not hydrolyze at physiological pH and
body temperature.

Disulfide bonds usually exploit differences in the reduction potential at different
locations within and upon cells to release the conjugated drugs. Due to this, differ-
ent delivery platforms have been designed to achieve different targeted delivery
strategies. Redox enzymes reduce disulfide bonds on and inside the cells resulting in
drug release [18]. Other bonds like hydrazones, Schiff bases hydrolysis is catalyzed
by acid environment. In an acid environment, the bond between the drug delivery
system and the drug is broken to release the drug. Apart from direct drug linkage to
the delivery systems [70], suitable linkers that are self-immolating such as p-
aminobenzyloxycarbonyl (PABC) can also be involved in the reaction. The purpose
of the linkers is to situate the cleavable delivery system away from the drug to allow
facile release. Upon cleavage, the linkers rapidly fragment, leading to the release of
the drug in a chemically unmodified form [71, 72] (Table 2).

5. Efficacy and biosafety of drugs due to covalent conjugation

Particulate drug delivery systems have recorded significant progress in the
delivery of small molecular drugs; however, some challenges such as poor drug
loading, formulation instability, premature drug leakage, and poor blood circulation
are still encountered. This has led to the discovery of newer strategies that can be
used to overcome these challenges. Over the years, various research groups have
explored the efficacy and biosafety of drugs that were covalently conjugated to
nano/micro-delivery systems [73]. These include systems developed from poly-
mers, dendrimers, and peptides among others; usually, the drug is bond to the
biomaterial via a linker. The efficacy of drugs covalently conjugated has been
significantly improved in terms of drug loading capacity and stability amongst other
benefits. Biomaterials such as polymers that are covalently bonded to drugs have
shown to be useful drug carriers which help to hold drugs and are tunable to
increase the efficacy of the drug [74, 75].

The other advantages drug conjugation provides include increased solubility of
the drugs that are insoluble in water, thus enhancing a controlled release of the drug
as there will be increased permeability through lipophilic tissues. This will, in turn,
lead to an increased effective concentration of the drug at the targeted site [75].
Additionally, drug conjugated covalently to biomaterials are shielded from degra-
dation or deactivation as well as increases the circulation time of the drug [76]. One
or more of these advantages offered by drug conjugation has been reported by
various groups of researchers. For instance, the efficacy of different poly(ethylene
glycol) (PEG)-based anticancer drug conjugates has been extensively explored
[73, 77, 78]. The details of the importance of nano/micro-delivery systems such as
lysosomes, polymeric micelles, and polymeric nanoparticles in drug delivery
applications have also been discussed [79].

In a study [80], hydrazine-based doxorubicin-polymer conjugates were synthe-
sized into doxorubicin-loaded nanoparticles. It was reported that the bioactivity of
the drug was largely retained in vitro, and there was a tremendous reduction in
systemic toxicity of doxorubicin upon nanoparticle conjugation in vivo when com-
pared to the physical formulation of the drug. In addition, the nanoparticles
prevented the drug from disassembling upon interaction with serum proteins in the
blood [81, 82]. The in vitro study showed that the doxorubicin-nanoparticle conju-
gate accelerated the release of the drug in acidic conditions and killed the cancer
cell. In the same vein, Modarassi and colleagues investigated the drug release
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behavior of doxorubicin that was conjugated onto the structure of nanoparticles.
The conjugation was achieved via an acid-labile hydrazone linkage, and the effect of
conjugation was compared with the nonconjugated drug [94] (Figure 7). The
results of the in vitro investigation revealed that the release of doxorubicin was
dependent on the amount of crosslinker. The higher the amount of crosslinkers, the
lower the cumulative drug release in the physically loaded drug. On the other hand,
drug conjugation showed that an increase in the amount crosslinker within the
structure led to an increased rate and amount of drug released. This implies that the
efficacy of drug conjugation with respect to drug release is superior to
nonconjugated drugs.

Another drug PEG conjugate that has shown enhanced drug efficacy is the
paclitaxel (PTX) conjugated with polyethylene glycol (PEG-B-PTX), synthesized
by Dong et al. [95]. The antitumor efficacy of the stable micelle of about 50 nm, and
13.3 wt% drug load content was investigated against human glioma and breast
cancer cells in vitro. The conjugate micelle exhibited improved antitumor effects
when compared to the clinically used taxol. This result suggests that the drug
conjugate can be a superior alternative for current clinically used PTX
nanoformulations which has limitations such as poor in vivo stability, premature
release, and little improvements in its antitumor efficacy [96, 97]. A detailed in vivo

Figure 7.
A) The hydrazone acid-labile DOX release behavior from nano/microparticles at pH 7.4. (B) The hydrazone
acid-labile DOX release behavior from nano/microparticles at pH 5.5. Sustained release slow drug release at
pH 7.4 when compared to acidic pH. Overall slower release when compared to nonconjugated DOX. Adapted
with permission from [98].
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behavior of doxorubicin that was conjugated onto the structure of nanoparticles.
The conjugation was achieved via an acid-labile hydrazone linkage, and the effect of
conjugation was compared with the nonconjugated drug [94] (Figure 7). The
results of the in vitro investigation revealed that the release of doxorubicin was
dependent on the amount of crosslinker. The higher the amount of crosslinkers, the
lower the cumulative drug release in the physically loaded drug. On the other hand,
drug conjugation showed that an increase in the amount crosslinker within the
structure led to an increased rate and amount of drug released. This implies that the
efficacy of drug conjugation with respect to drug release is superior to
nonconjugated drugs.

Another drug PEG conjugate that has shown enhanced drug efficacy is the
paclitaxel (PTX) conjugated with polyethylene glycol (PEG-B-PTX), synthesized
by Dong et al. [95]. The antitumor efficacy of the stable micelle of about 50 nm, and
13.3 wt% drug load content was investigated against human glioma and breast
cancer cells in vitro. The conjugate micelle exhibited improved antitumor effects
when compared to the clinically used taxol. This result suggests that the drug
conjugate can be a superior alternative for current clinically used PTX
nanoformulations which has limitations such as poor in vivo stability, premature
release, and little improvements in its antitumor efficacy [96, 97]. A detailed in vivo

Figure 7.
A) The hydrazone acid-labile DOX release behavior from nano/microparticles at pH 7.4. (B) The hydrazone
acid-labile DOX release behavior from nano/microparticles at pH 5.5. Sustained release slow drug release at
pH 7.4 when compared to acidic pH. Overall slower release when compared to nonconjugated DOX. Adapted
with permission from [98].
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experiment by the same research group further revealed that PEG-B-PTX showed
prolonged circulation time as well as enhanced in vivo antitumor efficacy (tumor
inhibition rate of 89.4%) with low side effects. This observation can be attributed to
the favorable pharmacokinetic profile and tumor-specific release of the drug from
the drug conjugate. This promising study has prompted other groups of researchers
to investigate the efficacy of other stimuli responsive PTX conjugates [99–103].
This same set of researchers [95] went further to demonstrate that hydrophobic
drugs can be conjugated with a short water-soluble polymer or peptide chain to
make the drug amphiphilic. It was proven that the self-assembled nanovehicles are
suitable for the delivery of the drug and even co-delivery of other drugs as reported
by other research groups [104, 105]. The effects of this approach are well-
characterized chemical structures, accurate and reproducible drug loading effi-
ciency (i.e., 100%), fixed, and high drug loading contents. Also, burst release of
drugs associated with physically drug-loaded micelles can be prevented [106].
These attributes are very important and favorable for clinical translation; therefore,
these conjugates have great potential for clinical application.

Furthermore, other studies have buttressed the potential excellent effect of drug
conjugates in combating diseases as seen in the experiment done by Li et al. [107].
Camptothecin and doxorubicin were loaded onto a polymer, and the efficiency of
the drug conjugate was explored. A synergistic drug delivery which improved the
anti-cancer efficiency of the drugs was reported. The in vitro stability study showed
that the drugs were stable with 80% drug loading after 4 weeks at a storage tem-
perature of 4°C. In addition, the in vitro studies showed an approximately 30%
increase in the cellular uptake of the conjugated drugs into the cancer cells when
compared to the free drugs. It is noteworthy that a superior anticancer efficacy was
observed in the combined drug conjugate, and the enhanced synergistic effects of
about 23.9% was attributed to the good better stability profile, internalization by
cells and pH response. Other benefits of the drug conjugate observed from this
study include suitable sizes and good water solubility. This led to the greater pene-
tration of the drugs into the solid tumors, thus improving the overall efficacy of the
drug conjugate when compared to the free drugs. From these results, it is suggested
that DOX-CPT conjugated to nano-delivery systems has the potential to provide
synergistic anticancer treatment.

The superior efficacy of drug-conjugated covalently compared to
nonconjugated drugs has also been proven by Tang and coworkers via conjugating
sorafenib with polyethylene glycol (PEG) nanoparticles. The efficacy of the drug
conjugate (SFP) was evaluated on cancer cells in an in vitro antitumor experiment
[108]. The result showed that SFP had an excellent antitumor activity due to
the self-immolative release of the intact drug inside tumor cells caused by the
GSH-responsive disulfide linker thus suggests that SFP may be a potential
candidate for cancer treatment. Additionally, it was reported that the covalent
drug conjugation prevented drug leakage and improved drug stability. SFP is
therefore a promising nano/micro-carrier for safe drug delivery which may pave
room for new opportunities to explore other drug conjugates. Among other
studies, Daniel et al. have reported that drug conjugates especially polymer
conjugates are potentially suitable for the delivery of antiviral drugs [109, 110].
A typical example is the synthesis of poly(lactide-co-glycolide) nanoparticles
loaded with a combination of reverse transcriptase and protease inhibitors. Such
drug conjugates have been reported to be effective in preventing the replication
process of HIV replication [111, 112]. This implies that drug conjugates are a
promising approach in improving the therapeutic efficacy of therapeutic agents,
and this may encourage their clinical translation.
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Irrespective of the excellent efficacy of any drug conjugates, before their appli-
cation, it is very important that the biosafety is proven and confirmed to be harm-
less to the human system. Hence, it has become necessary that developed drug
conjugates are evaluated for its biosafety. This has led to the investigation of the
toxicity of different drug conjugates by various researchers. For instance, an in vitro
cytotoxicity study was carried out by Tang and fellow workers, and the cytotoxicity
of the drug-conjugate was assessed using the MTT assay method [108]. The study
investigated the cytotoxicity effect of sorafenib-polyethylene glycol (PEG)
nanoparticles conjugate (SFP) on Hela and HepG2, respectively, after incubation
for 48 h at 37°C. The result showed a dose-dependent cytotoxic effect of free
sorafenib (SF) and SFP on both cell lines, and no significant difference in cytotox-
icity was observed for SF and SFP on both cell lines. Nonetheless, a higher cytotox-
icity of SFP was displayed between the concentration ranges of 5–15 μM when
compared to free SF. The higher in vitro cytotoxicity of SFP observed at those
concentrations may be due to the increased intracellular localization of SFP
nanoparticles. This suggests that the conjugation of sorafenib with a polyethylene
glycol (PEG) nanoparticle does not have a negative influence on the toxicity as seen
in the favorably cytotoxic effect on both cell lines. Also, the ability of SFP to serve as
a biosafe anticancer therapeutic agent was further confirmed in the
hemocompatibility and histological safety results. These nontoxic properties of the
drug conjugate can be attributed to the outer PEG shell of SFP.

Furthermore, drawbacks such as dose-dependent toxicity have been reported
with drug conjugates; therefore, in an attempt to minimize toxicity, Li et al. have
evaluated the effect of combining drugs onto a nano-drug delivery system on
toxicity [107]. The cell cytotoxicity of the DOX and CPT conjugate versus the free
drugs showed enhanced uptake in the cancer cells but reduced in the normal cells
exposed to the drug-conjugate. Additionally, it was reported that the side effects of
the drugs (doxorubicin and camptothecin) employed in the study decreased by
reducing the dosage of the drugs. The toxic side effects of the drugs were alleviated,
and it was also observed that the multidrug resistance (MDR) was reversed. This
may be attributed to the synergistic effects of multiple therapeutic agents
[113, 114]. Remarkably, to assess the general biosafety of drug conjugates, Ibrahim
et al. have gone further into in vivo investigation of the drug conjugates developed
by their group [115]. The organs of mice exposed to these drug conjugates for
21 days were sliced and analyzed histologically. It was noted that exposure to the
tissues (heart, liver, spleen, lung, and kidney) did not result in any tissue damage;
hence, the biocompatibility of the formulations was confirmed. Other studies that
reported little or no toxic side effects of drug conjugates are Dong and Lu with their
co-workers, respectively [96, 116].

In the cytotoxicity study carried by Lu et al., pullulan which is a natural bio-
compatible polysaccharide was used to synthesize a novel pH-sensitive nanoparticle
drug delivery system for the delivery of doxorubicin (DOX) [116]. The chemical
structure of the pullulan/DOX conjugate nanoparticles was assessed using FTIR and
1H NMR and further investigated for in vitro drug release and cytotoxicity activi-
ties, respectively. The result of the release behavior in vitro showed that a faster
release of DOX was released from the drug delivery at pH 5.0 than at pH 7.4. It was
observed that lower concentrations of the drug (DOX) were more cytotoxic to 4 T1
cells than pullulan/DOX conjugate nanoparticles at a concentration range of 0.01–
5 mg/l. This may be due to the ability of free DOX to readily transport into the cells
via passive diffusion [117]. On the other hand, low cytotoxicity was reported for
DOX released from the nanoparticle. This may be due to a time-consuming DOX
release from nanoparticles and delayed nuclear uptake in 4 T1 cells [118]. Lin et al.
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experiment by the same research group further revealed that PEG-B-PTX showed
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drug conjugate when compared to the free drugs. From these results, it is suggested
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drug conjugation prevented drug leakage and improved drug stability. SFP is
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and this may encourage their clinical translation.
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cation, it is very important that the biosafety is proven and confirmed to be harm-
less to the human system. Hence, it has become necessary that developed drug
conjugates are evaluated for its biosafety. This has led to the investigation of the
toxicity of different drug conjugates by various researchers. For instance, an in vitro
cytotoxicity study was carried out by Tang and fellow workers, and the cytotoxicity
of the drug-conjugate was assessed using the MTT assay method [108]. The study
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for 48 h at 37°C. The result showed a dose-dependent cytotoxic effect of free
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drugs showed enhanced uptake in the cancer cells but reduced in the normal cells
exposed to the drug-conjugate. Additionally, it was reported that the side effects of
the drugs (doxorubicin and camptothecin) employed in the study decreased by
reducing the dosage of the drugs. The toxic side effects of the drugs were alleviated,
and it was also observed that the multidrug resistance (MDR) was reversed. This
may be attributed to the synergistic effects of multiple therapeutic agents
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et al. have gone further into in vivo investigation of the drug conjugates developed
by their group [115]. The organs of mice exposed to these drug conjugates for
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tissues (heart, liver, spleen, lung, and kidney) did not result in any tissue damage;
hence, the biocompatibility of the formulations was confirmed. Other studies that
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co-workers, respectively [96, 116].

In the cytotoxicity study carried by Lu et al., pullulan which is a natural bio-
compatible polysaccharide was used to synthesize a novel pH-sensitive nanoparticle
drug delivery system for the delivery of doxorubicin (DOX) [116]. The chemical
structure of the pullulan/DOX conjugate nanoparticles was assessed using FTIR and
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ties, respectively. The result of the release behavior in vitro showed that a faster
release of DOX was released from the drug delivery at pH 5.0 than at pH 7.4. It was
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5 mg/l. This may be due to the ability of free DOX to readily transport into the cells
via passive diffusion [117]. On the other hand, low cytotoxicity was reported for
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release from nanoparticles and delayed nuclear uptake in 4 T1 cells [118]. Lin et al.
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improved biosafety of profile of cisplatin by converting it a prodrug. The prodrug
has higher survival rate of the zebrafish embryos [119] (Figure 8).

From the observations made in these studies, it is clear that drug conjugation
impacts positively on the efficacy of the drug as well as its biosafety/toxicity. The
biosafety concerns are greatly eliminated or minimized by conjugating drugs to
biomaterials. Some unwanted side effects, toxicity, and organ damage associated
with the fluctuations that arise from periodic drug administration can be avoided by

Figure 8.
Biosafety evaluation of free cisplatin and prodrug cisplatin using zebrafish embryos. Survival rates of embryos in
the presence of (a) the bare drug and (b) prodrug. Hatching rates of zebrafish embryos after the exposure to (c)
the bare drug (d) prodrug. (e) Pictogram representation the embryos with treatment of prodrug at different
concentrations over a period of 96 hours.
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drug conjugation [120]. Surprisingly, it appears that a substantial number of anti-
cancer drugs and polymers are the most explored in covalent drug conjugation
compared to other therapeutic drugs and biomaterials. This may be because
polymer-drug conjugates provide more advantages in enhancing stability, increas-
ing water solubility, and prolonging blood circulation [121–123]. Despite these
advantages, certain drawbacks such as difficulty to accurately control the reaction
site and the degree of conjugation have been associated with polymer-drug conju-
gates. Thus, the ability to reduce the heterogeneity and batch-to-batch difference of
the product remains a challenge [75, 124]. It is therefore suggested that more studies
to be done to overcome these challenges; this will provide more information on the
efficacy and biosafety of drug conjugates (Figure 9). Furthermore, reports from
these studies revealed that the efficacy and biosafety of the drugs conjugated onto
various nano/micro-delivery systems were significantly enhanced when compared
to the free drugs. Other nano/micro-delivery systems and drugs that have been
explored are summarized in Table 3. The table highlights the key findings of
various nano/micro-delivery systems that have been reported by different groups of
scientists.

Figure 9.
Key benefits derived from drug conjugation.

Nano/micro-delivery
system

Drug Target Outcome References

Polyglutamic acid Paclitaxel Nonsmall-
cell lung
cancer
(NSCLC)

Paclitaxel poliglumex
reduced the systemic
exposure to peak
concentrations of free
paclitaxel. In addition, the
drug-conjugate produced
similar survival to docetaxel
as second-line treatment in
NSCLC with less febrile
neutropenia and alopecia
and greater ease of
administration.

[125]

PEG-b-PCC poly(2-
methyl-2-carboxyl-
propylene carbonate)
polymer

Gemcitabine and
dodecanol

Pancreatic
cancer

In vivo studies showed a
significant increase in the
effectiveness of drug-
conjugate when compared to
the free drug.

[126]

Hyaluronic acid (HA) Cisplatin H1299, H358
cell lines and
mice

HA-cisplatin conjugate
bounded to CD44 expressing
cancer cell lines (H1299 and
H358). The drug-conjugate
was more effective in killing
lung tumors in mice when
compared to the free drug

[127]
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improved biosafety of profile of cisplatin by converting it a prodrug. The prodrug
has higher survival rate of the zebrafish embryos [119] (Figure 8).
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Figure 8.
Biosafety evaluation of free cisplatin and prodrug cisplatin using zebrafish embryos. Survival rates of embryos in
the presence of (a) the bare drug and (b) prodrug. Hatching rates of zebrafish embryos after the exposure to (c)
the bare drug (d) prodrug. (e) Pictogram representation the embryos with treatment of prodrug at different
concentrations over a period of 96 hours.

150

Nano- and Microencapsulation - Techniques and Applications

drug conjugation [120]. Surprisingly, it appears that a substantial number of anti-
cancer drugs and polymers are the most explored in covalent drug conjugation
compared to other therapeutic drugs and biomaterials. This may be because
polymer-drug conjugates provide more advantages in enhancing stability, increas-
ing water solubility, and prolonging blood circulation [121–123]. Despite these
advantages, certain drawbacks such as difficulty to accurately control the reaction
site and the degree of conjugation have been associated with polymer-drug conju-
gates. Thus, the ability to reduce the heterogeneity and batch-to-batch difference of
the product remains a challenge [75, 124]. It is therefore suggested that more studies
to be done to overcome these challenges; this will provide more information on the
efficacy and biosafety of drug conjugates (Figure 9). Furthermore, reports from
these studies revealed that the efficacy and biosafety of the drugs conjugated onto
various nano/micro-delivery systems were significantly enhanced when compared
to the free drugs. Other nano/micro-delivery systems and drugs that have been
explored are summarized in Table 3. The table highlights the key findings of
various nano/micro-delivery systems that have been reported by different groups of
scientists.

Figure 9.
Key benefits derived from drug conjugation.

Nano/micro-delivery
system

Drug Target Outcome References

Polyglutamic acid Paclitaxel Nonsmall-
cell lung
cancer
(NSCLC)

Paclitaxel poliglumex
reduced the systemic
exposure to peak
concentrations of free
paclitaxel. In addition, the
drug-conjugate produced
similar survival to docetaxel
as second-line treatment in
NSCLC with less febrile
neutropenia and alopecia
and greater ease of
administration.

[125]

PEG-b-PCC poly(2-
methyl-2-carboxyl-
propylene carbonate)
polymer

Gemcitabine and
dodecanol

Pancreatic
cancer

In vivo studies showed a
significant increase in the
effectiveness of drug-
conjugate when compared to
the free drug.

[126]

Hyaluronic acid (HA) Cisplatin H1299, H358
cell lines and
mice

HA-cisplatin conjugate
bounded to CD44 expressing
cancer cell lines (H1299 and
H358). The drug-conjugate
was more effective in killing
lung tumors in mice when
compared to the free drug

[127]

151

Nano/Microparticles Encapsulation Via Covalent Drug Conjugation
DOI: http://dx.doi.org/10.5772/intechopen.93364



Nano/micro-delivery
system

Drug Target Outcome References

Poly(styrene-comaleic
acid

Neocarzinostatin Liver and
renal cancer

Arterial infusion therapy
with poly(styrene-co-maleic
acid)-conjugated
neocarzinostatin SMANCS/
Lpd showed to be effective
for large renal cell carcinoma

[128]

Poly(methyl
methacrylate) (PMMA)
polymer

Gemcitabine A549 cell-
derived
xenograft
murine
model

In vivo experiment showed
that the Gem-conjugates
reduced tumor growth by
68% with little toxicity while
free Gem had no effect but
significant toxicity.

[129]

PEG Interferon α2a/b Hepatitis B The HBsAg clearance rate
was significantly greater in
the group treated with drug-
conjugate compared to the
standard therapy group at 24
and 48 weeks post-treatment
(33.3% vs. 10.5% and 35.7%
vs. 10.5%, respectively;
P<0.05 for both).

[130]

Glycol chitosan (GC) Heparin Lungs, mice GC-heparin conjugates were
safe in the lungs and
revealed comparable blood
coagulation times compared
to free heparin

[131]

Chimeric peptides
(CPs)

Doxorubicin 4 T1 and
Lewis lung
cancers

Increased intratumoral
accumulation of the
conjugate with a curative
effect in 60% of the treated
mice was observed

[132]

Poly(amidoamine)
(PAMAM)

Doxorubicin Mice bearing
melanoma
(B16-F10)
lung
metastases

Prolonged lung retention of
drug-dendrimer conjugate
compared to free drug.
Improved chemotherapeutic
activity on the lung of mice
compared to the free drug

[133]

Poly(2-ethyl-2-
oxazoline)

Rotigotine Parkinson
disease

POZ-conjugated rotigotine
showed the potential to be
viable for subcutaneous
treatment for PD patients.

[134]

Glycol chitosan Doxorubicin Drug-conjugate accumulated
within tumors via the EPR
effect, and a significant
antitumor activity was
observed compared to free
doxorubicin

[135]

Carbopol®(CP) Calcitonin A549 cells;
rats

Drug-conjugate showed no
signs of toxicity and
maximally lowered blood
calcium levels when
compared to calcitonin alone

[136]

Carboxymethylcellulose Docetaxel EMT-6
breast cancer

Biodistribution studies
showed a 5.5-fold greater
tumor accumulation of drug-

[137]
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6. Effect of covalent drugs conjugation on the pharmacokinetic profile
of the drug

The pharmacokinetic profile of drugs is a very crucial aspect that is considered for
clinical application. It is interesting to observe that the pharmacokinetic profile of
drugs is becoming better due to covalent drug conjugation as demonstrated by drugs
encapsulated to nano/micro-delivery systems. The conjugation of drugs to biomate-
rials has opened opportunities to alter the pharmacokinetics and biodistribution of
the drugs within the human body [120]. The alteration of the pharmacokinetics of the
drug offers advantages such as prevention of the rapid clearance or metabolism of the
drug. In addition, the drugs are carried to the targeted site of pharmacological action.
Drug conjugation to nano/micro-delivery system has shown to be a powerful tech-
nique that can alter the pharmacokinetic profile of the drug, thus minimize the side
effect of various anticancer drugs such as doxorubicin.

One of the studies that reported the enhanced pharmacokinetic properties of
anticancer drug encapsulated to a nanoparticle is that conducted by Vandriess et al.
[80]. It was observed that the nanoparticles containing the drug enhanced the drug
accumulation and a subsequent reduction of tumor growth in an in vivo zebrafish
model. Also, another study has revealed that self-assembling drug polymer conju-
gates which allows a covalent attachment of the drug to the hydrophilic part of the
polymer can improve the pharmacokinetic profile of drugs. Thus, covalently

Nano/micro-delivery
system

Drug Target Outcome References

conjugate compared to the
clinically administered DTX
formulation (Taxotere).
Drug-conjugate also showed
a two-fold improvement in
anticancer activity in a
murine EMT-6 breast cancer
model compared to
Taxotere.

Hyaluronic acid, Paclitaxel (PTX) Breast cancer PTX conjugate showed more
enhanced in vivo tumor
inhibition effects compared
to free PTX.

[138, 139]

PEG-b-poly(glutamic
acid) micelle

Oxaliplatin Mouse model
of human
carcinoma
cell line KB.

The antitumor efficacy of
drug-conjugate was superior
to that of oxaliplatin. Also,
the animals did not develop
acute cold hypersensitivity,
which is frequently
experienced by patients after
oxaliplatin administration.

[140]

PEG Alendronate Lung
mucosal

The drug-conjugate
suppressed lung mucosal
toxicity after pulmonary
delivery, whereas the
administration of the free
drug-induced significant
toxicity.

[141]

Table 3.
Key observations made from other drug conjugates.
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conjugating drugs to delivery systems improves pharmacokinetic profiles and
physicochemical problems associated with certain free drugs [142]. Benefits from
covalent conjugations include prevention of rapid renal clearance, and improved
drug solubility is derived. It is however important to note that the attachment of a
large number of hydrophobic drugs to nanocarriers such as polymers may result in
unwanted aggregation and precipitation in some cases [143].

In one of the first studies, research groups such as Kataoka et al. took advantage
of the self-aggregation behavior of drug conjugates to develop a micelle forming
drug conjugate [144]. In their study, doxorubicin (DOX) was conjugated to a poly
(ethylene glycol)-poly(aspartic acid) block copolymer (PEG-b-P(Asp(DOX)), and
the pharmacokinetic profile was investigated. It was observed that there was no
interaction between the drug and serum albumin, which is known to bind to the
DOX. The inability for the drug and the serum albumin to interact indicates the
shielding ability of the nano/micro-delivery system which led to a good
biodistribution and therapeutic effect of the drug. Other subsequent studies by the
same research group aimed to improve the synthesis [145] and pharmacokinetics
profile [146, 147] of the same drug-polymer conjugate. The drug conjugate was
designed via an amide bond which can only cleave to release the drug by enzymatic
action. The results showed that the drug conjugate had a better pharmacokinetic
profile when compared to the free DOX. Interestingly, the conjugate was better
tolerated despite needing a higher dose to achieve the same effect as free DOX.

Figure 10.
Control (phosphate buffer system), camptothecin (CPT), and micellar nanoparticles drug conjugates (PC-NPs
and PCI-NPs) effectiveness on 22 tumor-bearing BALB/c mice after (A) graphs displaying tumor growth
inhibition (B) effect on tumor shrinkage after treatment with PBS, CPT, PC-NPs, and PCI-NPs at 21st day
post-treatment of the mice (C) micro-photographs of the harvested tumors. (D) Changes in the bodyweight of
the mice during treatment. (E) H&E histological images of different treatment groups. Adapted with permission
from [115].
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Similarly, more recent studies have further shown that covalent linked prodrugs
improve the pharmacokinetics and biodistribution of the conjugated drug as
reported by Ibrahim and co-workers. H22 tumor model was induced in BALB/c
[115]; the mice were exposed to conjugated drug delivery system and free-drug
camptothecin (CPT), respectively. From the results, conjugates had a significantly
had better pharmacokinetic profile than the free drug, this also led to increased
accumulation of the drug within the tumor tissues and consequently better activity.
This observation can be associated with the enhanced permeability and retention
(EPR) effect provided by the nano/micro-delivery system. An additional observa-
tion which is the biodistribution effect of the drug conjugate is seen in the out-
standing inhibition of tumor growth that resulted in better tumor shrinkage when
compared to other groups (Figure 10). After 21 days of treatment, the drug-
conjugated delivery system had a 33-fold less of tumor when compared to the
untreated group. It is presumed that the acidity of the tumor contributed to the
enhanced anticancer effect by the drug conjugated delivery system after cellular
uptake of the nanoparticles, and the drug was released in the cytosol. This might
have been the reason for the overall better activity of the conjugated drugs com-
pared to the free drug. This was attributed to the extended blood circulation and
better accumulation of conjugates in tumor compared to free CPT. Overall, these
studies suggest that by covalently conjugating drugs into nano/micro-delivery
systems, and a more enhanced pharmacokinetic profile of drugs can be obtained.

7. Disease site targeting via covalent conjugation

The delivery of drugs to sites of target, where the action of the drug is required,
is challenging due to various physicochemical, biopharmaceutical, and pharmaco-
kinetic barriers the drug may face [143]. In order to address these issues, new
approaches such as drug covalently conjugated to nano/micro-delivery systems are
being explored which alters the pharmacokinetic properties of the drug. This is
achieved by using drug various carriers such as polymers [148, 149] liposomes
[150], and dendrimers [151] that are capable of protecting the payload drug and
delivering it to the disease site. The nano/micro-delivery systems help in accumu-
lating the drug in the tumor site and prolong the circulation time [80]. This conse-
quently leads to a successful drug target to the specific disease site. Drug conjugates
have been widely utilized in the field of cancer therapy because they can passively
target cancer disease sites by permeating and retain the drug via tumor’s leaky
vasculature [152]. Apart from the ability of the nano/micro-delivery system to
protect the drug from degradative processes such as hydrolysis and metabolism
before arriving at the target site, the drug is able to accumulate in the targeted site.
This ability is a major advantage that drug conjugates proffers, which enhances
their antitumor activity. Additionally, the ability of the drug conjugate to disassem-
ble provides the opportunity to tune the drug release rate at the target site. More so,
the tuning or decorating the surface of the nanostructure (drug conjugate) can lead
to enhanced tumor targeting compared to drugs in their free form [143]. The
enhanced drug efficacy reported in the studies discussed earlier is closely associated
with the ability of the drug conjugate to target the specific disease site.

The advantages of covalently conjugating drugs to nano/micro-delivery systems
to target disease sites or site of infections has shown effective by results obtained by
various researchers who employed different therapeutic agents and nano/micro-
delivery systems in targeting specific disease sites as highlighted in Table 3. In all
the reported study on drug targeting using drug conjugates, a superior targeting of
drugs to disease site was displayed by the drug encapsulated to nano/micro-delivery
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systems via covalent conjugation compared to the free drug. Thus, it implies that
covalently conjugated drug-nano/micro-delivery systems have the potential to spe-
cifically target disease site; hence, it can be used to treat and manage diseases that
appear to be challenging to combat.

8. Conclusions and future perspectives

Drug encapsulation to nano/micro-delivery systems is a field in nanotechnology
that has been growing substantially over the last two decades. Specifically, the
covalent conjugation of drugs to different nano/micro-delivery systems is one of the
drug encapsulation techniques that is gaining increasing attention. Various
nanocarriers are currently developed and explored for the delivery of a wide range
of therapeutic agents such as peptides, small molecules, and drugs. The several
advantages offered by covalently conjugating this therapeutics into nanocarriers
have made them gradually more attractive. These advantages include prolonged
circulation, controlled release, improved solubility, reduced immunogenicity, spe-
cific site targeting, enhanced biosafety pharmacokinetics and biodistribution, and
combination or concurrent integration of therapeutics in a single carrier. Due to the
great strides that have been achieved in the development of effective drug delivery
systems via covalent conjugation and their immense potential, some of these con-
jugates are gaining entrance into the market. Therefore, it is anticipated that cova-
lent conjugation will continue to advance to facilitate the translation of current
research findings into innovative treatments for a broad range of diseases. How-
ever, it is still very important to have a comprehensive knowledge of the ideal
physiochemical properties, safety, drug release rates and efficacy, pharmacokinetic
behavior, and clearance kinetics of these systems before preclinical development
and clinical translation. Hence, more efforts and focused research are required to
address the knowledge gaps and provide desired information that can accelerate
their clinical translation and application in diverse fields of biomedicine. The com-
putational and theoretical modeling approach can also be employed to correlate and
answer certain outcomes by providing concrete design parameters.
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putational and theoretical modeling approach can also be employed to correlate and
answer certain outcomes by providing concrete design parameters.
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Chapter 5

Microencapsulation for Clinical 
Applications and Transplantation 
by Using Different Alginates
Beyza Goncu and Emrah Yucesan

Abstract

Microencapsulation has been the most frequently used technique for several dif-
ferent disciplines such as cell-based therapies and/or transplantation. Technology is 
based on the idea of combining and coating a material or isolating from an external 
source. Microencapsulation may be performed with different materials and, among 
natural biocompatible materials, alginate-based microencapsulation technique is the 
most appropriate material for microencapsulation. The structural components of 
alginate materials are the derivatives of alginic acid, which is found in brown algae 
as an intercellular gel matrix. This alginate is preferred for clinical applications due 
to its safety in human studies. Therefore, the choice and the combined system need 
to be carefully optimized to achieve biocompatible application through cell micro-
encapsulation especially for long term. Specifications of alginate such as primary 
source, isolation process, viscosity, and purity contribute to improve its biocompat-
ibility. Clinically, cell microencapsulation is the major contribution to the field of 
transplantation by its technique and additionally provides local immune isolation. 
This chapter discusses the potential benefits of clinically suitable alginates and their 
applications. This promising technology may highlight its considerable potential for 
patients that require transplantation and/or replacement therapy in the future.

Keywords: microencaspulation, alginate, cell therapy, drug delivery, transplantation

1. Introduction

Cell encapsulation is a process that involves immune protection of the living cell 
by using different polymers. The polymers can be distinguished into two main groups: 
natural origin (i.e., polysaccharides, polynucleotides, polypeptides) [1] and synthetic 
polymers (i.e., polyethylene glycol, polyvinyl alcohol, polyurethane, etc.). Several 
attempts have been made by scientists to use natural, synthetic, and semi-synthetic 
polymers in the field of encapsulation. The first approach was made in 1933 by Bisceglie 
et al. and used enveloped membrane to demonstrate tumor cell survival in the abdomi-
nal cavity of guinea pigs [2]. In his report, the cells survived for 12 days by diffusion of 
the nutrients. However, at that time immunoisolation technology was not known or 
understood [3]. Later, in 1943 Algire et al. reported a transparent chamber for athera-
peutic approach in vivo [4]. Since this report, therapeutic demands enhanced this encap-
sulation technology in a way that combines the polymer source (produced synthetically 
or isolated from natural sources) and their functionality by using its characterization.
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Several advantages and disadvantages have been reported about synthetic 
polymers [5]. Mechanical specifications can be more easily engineered or modi-
fied with the desired characteristics and particularly can be produced with larger 
amounts [6–8]. The main deficit of synthetic polymers is that they require toxic 
substances during the capsulation process; therefore, cell viability is a true obstacle 
after encapsulation [8, 9]. In this regard, synthetic polymers are frequently used in 
combination with different devices such as macrocapsules. Before accommodation 
of the encapsules, first, synthetic polymers are manufactured in the absence of 
living tissue/cells, and second, tissue/cells are combined with the device to preserve 
direct contact of the toxic solvents [1]. The most common synthetic polymers are 
poly(ethylene glycol) [10], polyvinyl alcohol [11], polyurethane [12], poly(ether 
sulfone) [13], polypropylene [14], sodium polystyrene sulfate [15], polyacrylate 
[16], polyphosphazene [17], AN69 [18], and lastly polytetrafluoroethylene [19].

Natural polymers have been proposed for immunoisolation based on two 
distinct features. First, there is no interference with the functionality of cells/tis-
sues and second, the stability of the structure they provide during encapsulation 
[1, 20]. Conventionally, the most frequently used polymers from natural sources 
are cellulose [21], chitosan [22], collagen [23], agarose [24], and alginate [25]. The 
experimental success mainly depends on the application and mimicry potential 
of the natural polymers. Among these, in this chapter, we mainly focused on the 
alginate-based encapsulation and its clinical application.

2. Alginates

The most versatile biomaterials among natural polymers are alginates, which 
are used in a wide range of applications including diffusion systems, drug deliv-
ery, as a wound dressing, and for encapsulation when the transplantation has to 
be a substitute [25–27]. Alginates are hydrophilic compounds that are naturally 
found in the cell wall, extracellular matrix of brown algae and some species of 
bacteria, for example, Pseudomonas aeruginosa and Azotobacter vinelandii [26, 27]. 
The most common algae source is brown seaweed. During alginate extraction, 
alginic acid is generally obtained and converted to a form of salt [26]. Several 
forms of alginates are currently approved by the Food and Drug Administration 
(FDA) for use, particularly in the replacement of missing/nonfunctioning endo-
crine-related diseases [28].

2.1 Gelling and ionic cross-linking of alginates

Alginates are linear copolymers that include two hexuronic acid residues that 
become dimeric blocks, which are composed of 𝛽𝛽-D-mannuronic (M) and 𝛼𝛼-L-
guluronic (G) acids for building the entire molecule [29]. These blocks are known 
as the building blocks of alginates. Mainly, the ratio of G and M blocks depends 
on the source of the algae type [9]. The important feature of these building blocks 
is the sensitivity to binding of multivalent cations. This is the starting point of 
this water-soluble polysaccharide, which allows alginate to form as hydrogels. 
This characteristic of the hydrogel equilibrates between the environment and the 
relatively physiologic internal environment [29]. The divalent cations and hydrogel 
feature depends on the divalent ion’s affinity to alginate. Several studies reported 
high-rate ion affinity results in a stronger gel structure. In order to decrease the 
ion binding strength, divalent cations should be chosen from the following order: 
Pb2+>Cu2+>Cd2+>Ba2+>Sr2+>Ca2+>Co2+>Ni2+>Zn2+>Mn2+ [1, 29, 30] (Figure 1). 
Controlling cation addition to maintain a porous alginate structure is a critical step.
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Successful formation of alginate spheres for delivery purposes requires 
suitable and selective methods. In 2006, Darrabie et al. identified gelling-cation 
stability by determining swelling, which contributes to colloid osmotic pres-
sure. They suggested that Ca2+ is more hygroscopic and less prominent swelling 
occurs when compared with Ba2+ [32]. Protecting the conformational polymer 
blocks during preparation of the alginate gels for microencapsulation has been 
reported using different methods including conjugation of long alkyl chains [33] 
or dodecylamine [34], temperature (up to 60°C ± 1°C) [35, 36], emulsification 
by cationic agent [37], and ionotropic gelation of alginate layers [38], etc. Slow 
gelation utilizes the alginate solution in a more uniform structure in a gradual 
manner [35].

In the latter case, Lee et al. reported a degree of cross-linking of the alginate 
can influence a low dose of drug entrapment and unsuitable pore sizes for trans-
plantation. In addition, the efficiency of the microcapsule size or content was 
found irrelevant, although the preparation step of the water-soluble alginate itself 
appears to be responsible for the arrangement of the polymer blocks [37]. Cross-
linking capacity of the alginates can be modifiable and flexible (Figure 2). There 
are more than 200 types of biocompatible alginates manufactured so far [25, 26]. 
Moreover, due to the different cross-linking degree of various alginate types, switch 
in homogenous distribution of the graft/drug during the encapsulation process may 
occur [36].

Both features of alginates promote several advantages over other polymers such 
as the stability of the building blocks (-G and/or/both -M repetitively); elasticity 
of the alginate hydrogel; surface roughness, which is related to elasticity as well, 
approximately 1% of the alginate can entrap a hundred times more water than its 
weight; and lastly permitting the ability of oxygen and nutrient permeation inside 
the spheres.

Figure 1. 
Representative image for the formation of egg-box ionic cross-links between guluronic acid-rich monomer units 
(box) and the divalent cations (eggs). Reprinted from Baumberger and Ronsin (2009) [31], an open access 
article distributed under the terms of the creative commons by attribution 4.0 (CC-BY 4.0).

Figure 2. 
Representative image of alginate gelation process by continued calcium cations. Reprinted from Dumitru 
et al. [39], an open access article distributed under the terms of the creative commons by attribution 4.0 
(CC-BY 4.0).
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2.2 Biotolerability over biocompatibility

Source-dependent impurities may have detrimental effects. Safe and effective 
delivery of the therapeutic graft/drug with the alginate carrier is frequently men-
tioned as biocompatible. This naturally derived product provides immunoprotection 
and most of the studies reported purity of its building block structure preventing a 
host response when transplanted. Therefore, this makes alginate the most common 
material for microencapsulation. Higher water-carrying capability of alginates has 
been shown to directly maintain diffusion and this shows immune-safe characteris-
tics [3]. A decade ago, Kendall et al. focused on the various components of alginate 
blocks and compared their purity and sphere sizes depending on the cationic agent. 
They reported that higher purification of alginate prevents imperfections and size/
shape properties would affect immunogenicity [40]. Several other reports also dem-
onstrated that -G and -M blocks of the alginate gel need a balance whereas the distri-
bution of these proportions indicates the biocompatibility of the purified alginate is 
influenced by its viscosity [41–43]. One of the most obvious results from the studies 
that explains the difference between the building block’s balance in alginate gels is 
higher -M blocks mainly stimulate and induce an immune response [41, 44–46].

There are many immunogenic substances such as endotoxins, proteins, and 
polyphenols in natural polymers including alginates. Those molecules may diffuse 
the outer surface from the capsules and then induce an unwanted immune response 
against the capsules [3]. There are highly conserved molecular motifs that are 
present in nature and pathogens known as pathogen-associated molecular patterns 
(PAMPs). PAMPs provoke pattern recognition receptors (PRRs) to enhance inflam-
matory response [47]. The presence of PAMPs in natural products and alginate as 
well is not a direct threat; however, complement activation has been reported for 
encapsulated islets [48]. Therefore, complement activation has a more destructive 
effect than the inflammatory response; it may activate and produce large quantities 
of cytokines to induce a stronger response.

Immunoprotective properties still require the exact characterization and prep-
aration of the material to be used as a delivery agent. Despite giving most of the 
efforts to optimize the encapsulation process, the applicability of this technology 
has still resulted in an insufficient investigation of graft/drug delivery. In 2014, 
Rokstad et al. described the duration and the type of host responses and divided 
the whole process into three categories: acute inflammation, chronic inflamma-
tion, and the long-lasting granulation tissue phase [48]. Based on the publications 
from islet transplantation studies, it was reported that the granulation phase 
mainly refers to the “vascularized fibrous tissue containing a moderate epithelial 
histiocytic response” [49–52]. Solely, it is important to observe these responses 
and that leads to the question: Why do alginate microencapsules contribute to 
these chain of events even when their purity, stability, and biocompatibility 
are comparable to most other polymers? Immunocompatibility of the alginate 
microencapsules should not be determined only by the features of alginate and 
its preparation process, but should also be evaluated for its protein absorption 
capability as well.

A profound impact might be introduced with the biotolerability term. 
Biotolerability is a term for a strategy of making biocompatible encapsulations to 
induce none/minimal host response. A seemingly minimal cellular overgrowth 
for graft provides the free diffusion of nutrients, oxygen, and some therapeutic 
proteins, and controlled drug release from the microcapsules. We should emphasize 
that the alginate microspheres are not meant to prevent an immune response yet 
to protect the carrier against an immune response. Therefore, the biocompatibility 
term not clear enough to explain the biotolerability of the carrier system.
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2.3 Vascularization

The vascularization process of the microencapsules is another requirement to 
increase the survival of the transplanted graft. Sufficient vascularization may be 
achieved by improving the physical features of the spheres such as the size of the 
spheres or micropores and the amount/density of the graft/cells. The main argu-
ment against vascularization is hypoxia and oxidative stress whereby it develops 
inside the microspheres [53]. Insufficient oxygenation and nutrition occur particu-
larly in the absence of ideal vascularization. A prerequisite is that the functional 
performance of the microencapsules often depends on the surface-to-volume 
ratio. This implies that free diffusion of nutrients and oxygen is necessary and this 
directly interferes with vascularization.

The majority of researchers developed different strategies to allow a fast 
exchange of nutrition and demonstrated several boundaries to ensure a low or no 
inflammatory response while supplying oxygen-nutrients inside [29, 53]. Currently, 
the accepted limitations of the islet transplantation are defined with three main 
strategies: first, the cell-to-volume ratio should not exceed 10% even if a large 
number of cells are required to reach curative treatment. Second, microencapsules 
should be kept <1 mm, once they reach the spheres they do not maintain their 
biphasic effect (releasing insulin after a glucose challenge) and also an immune 
response may be triggered. Third, direct vascular access of the microencapsules 
to the optimal transplantation site, for instance, glucose must pass and be observed 
in the transplantation site and then islets release insulin to diffuse through circula-
tion. The whole process requires time and larger amounts to reach an effective dose 
to lower glucose [1, 53, 54].

3. Clinical applications

A broad range of clinical applications of the microencapsulation process have 
shown promising results despite encountering some biotolerability issues. Multiple 
disciplines have been using this alginate encapsulation technology including 
chemistry, protein science, and cell therapy (mostly transplantation and immunol-
ogy field). The most studied and reported diseases include Type 1 diabetic patients 
(T1DM) [55], permanent hypoparathyroidism patients [56], scaffold systems for 
tissue engineering [57], bone regeneration [58, 59], leukemia (an in vivo study that 
uses alginate to encapsulate specialized hybridoma cells) [60], and even neurode-
generative diseases [61]. Some of the clinical studies about cell therapy are compiled 
in Table 1.

Based on the current experience with alginate, most of the studies have already 
performed transplantation of beta-cells (islets). The first and well-known clinical 
trial with islet transplantation was performed in 1994 by Soon-Shiong et al. They 
reported 9 months of survival of the microencapsules, which were prepared with 
high guluronic acid containing alginate [49]. Another case reported how islet trans-
plantation was prepared with alginate- poly-l-ornithine and that the patient’s need 
for insulin decreased after transplantation [62]. Following two case reports, Tuch 
et al. used barium alginate to encapsulate islets and transplanted these into four 
recipients. In their report, grafts showed various survival rates and did not restore 
insulin requirements [51]. Considering the last case reports, several companies took 
the stage and initiated clinical trials to overcome T1DM by using macro- and micro-
encapsulation with alginate and other polymers. In 2014, Scharp and Marchetti 
evaluated the outcomes of islet encapsulation from companies with larger clinical 
studies, respectively. The increased interest in islet transplantation reached its most 
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popular level between 2010 and 2012 [54]. For the last 2 years, researchers provided 
detailed in vivo experiments and defined an alginate encapsulation strategy in a 
more enhanced way [52, 60, 70, 71] . The vast majority of attempts have been made 
to treat T1DM and the critical requirements remain to be elucidated in the future.

Another endocrine replacement therapy performed for hypoparathyroidism 
by encapsulated parathyroid tissue/cell transplantation (PTX) was described 
only in seven case reports for 12 recipients [43, 56, 67–69, 72, 73] between 1997 
and 2019. Six of these case studies used alginate for encapsulation. In 1997, Hasse 
et al. performed the first microencapsulated PTX for two recipients and reported 
3 months of graft survival [72]. The second one, performed by Zimmerman et al. 
in 2001 for one recipient showed no trace of parathyroid tissue particles nor 
microcapsules, after 3 months, from histological samples from the implantation 
site of the recipient [43]. The third transplantation case reported up to 1 year graft 
survival by Tibell et al. and they had macroencapsulated the parathyroid tissue 
particles and transplanted into four recipients [67]. Another case by Ulrich et al. 
reported two PTX recipients had elevations in PTH levels and reduced the supple-
mentation requirement into half dose [68]. In 2009, Cabane et al. microencapsu-
lated the enzymatically isolated parathyroid cells in one recipient and reported 
the longest follow-up data with 20 months of graft survival [69]. The last and 
seventh case performed by Yucesan et al. in 2019 microencapsulated parathyroid 
cell transplantation for one recipient reported and the results followed for a year 
with success [56]. Despite these achievements, the necessity of immunoisolation 
for parathyroid allotransplantation requires more case studies with long-term 
follow-up data.

Alginate type Graft survival Graft Year Reference

Alginate high in 
guluronic acid

9 months Beta-cells (Islets) 1994 [49]

Ultrapure alginate (68% 
glucuronic acid)

3 months Beta-cells (Islets) 2013 [50]

Barium alginate Various duration for 
four recipients

Beta-cells (Islets) 2009 [51]

poly-l-ornithine-sodium 
alginate

<1 year Beta-cells (Islets) 2006 [62]

Ultra-purified sodium 
alginate

3 years Beta-cells (Islets) 2011 [63]

Alginate-Poly-L-
Ornithine

<8 months Beta-cells (Islets) 2010 [64]

Collagen/Alginate n/a Beta-cells (Islets) 2010 [65]

Sodium alginate 3 months Parathyroid cells 1997 [66]

Amitogenic alginate <3 months Parathyroid cells 2001 [43]

n/a 1 year Parathyroid tissue 
particles

2001 [67]

n/a n/a Parathyroid cells 2004 [68]

Sodium alginate <20 months Parathyroid cells 2009 [69]

Ultrapure-low viscosity 
high guluronic acid-rich 
alginate

>1 year Parathyroid cells 2019 [56]

Table 1. 
Some of the examples of alginate derivates used in microencapsulation studies.
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A different therapy for using microencapsulation is cell therapy for neurode-
generative diseases. The development of a delivery strategy is limited due to the 
blood–brain barrier; however, principle studies in animal models may offer new 
approaches including gene delivery, cell-based delivery, and also biomaterial drug 
delivery [61]. In the past year, several in vivo studies have been reported for neuro-
degenerative diseases [71, 74–76]. Galli et al. used alginate-poly-L-lysine-alginate 
(APA) microcapsules and cross-linked the spheres with both Ca2+ and Ba2+. They 
have used this system as a transporter to carry a specialized cell clone for codon 
optimization of the cerebral dopamine neurotrophic factor gene. According to their 
recent data, this system has the potential to deliver polymer-encapsulated-drug 
conjugates for the treatment of Parkinson’s and Alzheimer’s diseases [76].

4. Conclusion

Immunoisolating construct tuning may be achieved by defining the mechanical 
properties, molecular weight, cross-linking density of the polymer, and the con-
centration balance between the therapeutic graft/drug and the biomaterial. These 
proportions still require optimal decisions even with the known performances of 
encapsulated cells.

Significant efforts have been made so far by ongoing studies from research labo-
ratories and biotechnology companies, which continue to encounter microencapsu-
lation strategies at every step. The future perspective is strong enough to overcome 
the current limitations. Nevertheless, alginate is the best natural product to be used 
by many different disciplines at the same time.
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have used this system as a transporter to carry a specialized cell clone for codon 
optimization of the cerebral dopamine neurotrophic factor gene. According to their 
recent data, this system has the potential to deliver polymer-encapsulated-drug 
conjugates for the treatment of Parkinson’s and Alzheimer’s diseases [76].

4. Conclusion

Immunoisolating construct tuning may be achieved by defining the mechanical 
properties, molecular weight, cross-linking density of the polymer, and the con-
centration balance between the therapeutic graft/drug and the biomaterial. These 
proportions still require optimal decisions even with the known performances of 
encapsulated cells.

Significant efforts have been made so far by ongoing studies from research labo-
ratories and biotechnology companies, which continue to encounter microencapsu-
lation strategies at every step. The future perspective is strong enough to overcome 
the current limitations. Nevertheless, alginate is the best natural product to be used 
by many different disciplines at the same time.
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Abstract

The purpose of this study was to isolate the ethanolamine species of coconut 
phospholipid and to investigate their potency as drug delivery system by using 
it to encapsulate vitamin C. The study consisted of two stages: the first stage was 
isolation and characterization of coconut phosphatidylethanolamine species; and 
the second stage was utilization of coconut phosphatidylethanolamine liposomes 
to encapsulate vitamin C. A dark brown gel of coconut phosphatidylethanolamine 
species (CocoPEs) was isolated from dried coconut meat ( 9.3 ×  10   −3 % , w/w). At 
least 15 species were found in coconut phosphatidylethanolamine. The fatty acyl 
chains of the species were capric, linoleic, oleic, stearic and arachidic acyl chains. At 
least four different phases were identified on CocoPEs i.e. planar-shape gel phase, 
rippling phase, liquid crystal phase and hexagonal phase. The temperature (Tp) was 
at 25.29°C for changing from planar-shaped gel to rippling phase, 32.62°C (Tm) for 
major transition from gel to liquid crystal, and 65.53°C (Th) from liquid crystal to 
hexagonal phase. All of CocoPEs liposomes encapsulation efficiency with choles-
terol concentration up to 30% were above 80%. CocoPEs showed great potency 
as encapsulation material. It had high encapsulation efficiency and addition of 
cholesterol to the liposome membrane only slightly reduced the efficiency.

Keywords: cholesterol, Cocos nucifera L., coconut phosphatidylethanolamine,  
drug delivery, encapsulation, fatty acyl chain, liposome, phase behavior, 
phospholipid

1. Introduction

Phospholipids are major constituent of cellular membrane hence they have 
excellent biocompability. They are amphiphilic molecules which usually built by 
glycerol backbone with two different polarity groups attached to it. On the one 
hand is the hydrophilic group renowned as the head group which then becomes 
the basis of species classification of phospholipids, such as phosphatidylcholine 
(PC), phosphatidyletanolamine (PE), and phosphatidylserine (PS). On the other 
hand is the hydrophobic fatty acyl chains distinguished as the tails. The variation of 
the length and the saturation, the bonding position of fatty acyl chains to glycerol 
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backbone as well as the head group type become a crucial part of their application, 
for instance in drug delivery systems.

The development of phospholipids based drug delivery systems have been 
proven prominent by the emergence of many phospholipid-related drug formula-
tion. Among of them are doxorubicin in stealth liposomes for cancer treatment, 
which has been on the market since 1995 [1, 2]; Verteporfin in cationic liposomes 
for molecular degeneration [3] and vincristine in conventional liposome for Non-
Hodgkin lymphoma [2]. They have been used in clinic, and achieve good results. 
Many more phospholipids based liposomal preparation have been developed to 
find better therapeutic results [4–6]. Furthermore various sources, synthetic and 
natural, have been explored [2, 7].

The isolation of phospholipids from natural sources cost lower than synthe-
sizing them hence the preference is the isolation of natural phospholipids. For 
natural origin, the more pure they are, the greater the value is [8]. Phospholipids 
from natural origin can be refined into diverse levels, comprising food and phar-
maceutical grade [2, 9]. In term of natural phospholipids, different source enhance 
the species variety of phospholipids [7]. Egg yolk and soybean phospholipids 
mainly consist of phosphatidylcholine species but they have differences in the tail 
portions which influence their physical, chemical properties and their applica-
tions. Other natural phospholipids that currently are being explored extensively 
are sunflower [10–12], candlenut [13], jack bean [14], sesame [13, 15–17] and 
coconut [13, 15, 16, 18–22].

Coconut is one of the native plantations in tropical countries and produces 
mainly copra and coconut oil. Exploration of coconut by-products such as coco-
nut phospholipids needs to be done to increase the added value of these coconut 
plantations. Previous studies have found that dried coconut contain phospholipids 
from cephaline species with their fatty acyl chains are dodecanoic and octanoic 
acyl chains [15]. Purification with eluent chloroform: methanol (9:1) follows by 
identification using thin layer chromatography (TLC) also detects the presence of 
phosphatidylcholine (PC), phosphatidyletanolamine (PE), and phosphatidylserine 
(PS) species in coconut phospholipids (CocoPLs) [20, 21].

In the matter of its application, coconut liposomes (CocoPLs liposomes) have 
been used in the encapsulation of hydrophilic agent namely carboxyfluoresence 
and vitamin C and resulted in that CocoPLs liposomes has high efficiency of 
encapsulation [16, 19, 22]. The addition of cholesterol improves the encapsulation 
efficiency and low storage temperature reduces CocoPLs liposomes leakage. The 
results advocated the CocoPLs potency as drug delivery material. Moreover since 
we have established that CocoPLs consist of many phospholipid species therefore 
it would be valuable to study the component of the species and their capability 
as drug delivery system. In this study we explore the isolation and purification 
of coconut phospholipid species specifically coconut phosphatidylethanolamine 
(CocoPEs) and utilization of their liposomes (CocoPEs liposomes) for vitamin C 
encapsulation with various cholesterol concentrations. To our knowledge this is the 
first study of such.

2. Materials and methods

2.1 Materials

Materials used in this study were ripe coconut meat purchased from local 
market, TLC silica gel 60 F254 plate, silica gel powder 60 G for thin layer chromatog-
raphy, various solvents and regents for analytical grade.
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2.2 Coconut phospholipid (CocoPLs) isolation

Isolation technique was carried out based on the previous method used [20, 21]. 
Briefly coconut meat powder was macerated in a chloroform: methanol (2:1, 
v/v) mixture. The filtrate obtained was washed using 0.9% NaCl. The lipid was 
evaporated until thick coconut lipid extract were obtained. The extract was then 
subjected to solvent partition using n-hexane and ethanol 87%. The lower phase 
was evaporated to yield brownish yellow extract of CocoPLs.

2.3  Coconut phosphatidyletanolamines (CocoPEs) separation using vacuum 
liquid chromatography

About 5 g of CocoPLs was mixed with 5 g of silica gel in a small amount of 
chloroform: methanol (9:1, v/v) solution to form a silica slurry. The slurry was then 
stirred until the mixture was dried and formed fine powder of CocoPLs-SG.

A total of 80 mg of silica gel was poured into a chromatography column and 
compressed by vacuum. The column was rinsed using chloroform:methanol (9:1, 
v/v) eluent and vacuumed until all the eluent was eluted. The CocoPLs-SG powder 
was poured onto the column. Then the column was subjected to compression. 
Elution was performed using 10 ml of chloroform:methanol (9:1, v/v) solution. 
Fraction eluted from the column was collected into clean vials. The fraction was 
analyzed using TLC plate. The spot on the TLC plate was identified with 10% 
H2SO4 and ninhydrin. Elution was repeated every 10 ml of the eluent until the TLC 
plate did not show any spot when subjected to identification. The CocoPLs frac-
tions contained ethanolamine species were gathered into an evaporating flask and 
evaporated at 40°C to obtain dark brownish gel of CocoPEs.

2.4 Characterization of CocoPLs and CocoPEs

Both CocoPLs and CocoPEs obtained were characterized using FT-IR (Prestige 
21 Shimadzu), GC-MS (Shimadzu QP2010S), and LCMSMS (Waters Xevo TQD) 
and DSC (Shimadzu DSC-60A). The FTIR was employed to probe the phospholipids 
functional groups. The GC-MS was used to determine the phospholipids fatty acyl 
chains. The LC-MS/MS was for identifying the chemical component of CocoPEs and 
the DSC analysis was carried out to explore the CocoPEs phase behavior.

2.5 Vitamin C encapsulation in coconut liposomes

In this research, vitamin C (VC) was used as a model for hydrophilic drug to 
be encapsulated in coconut liposome [13, 16, 17, 22]. Stock solution of 500 ppm 
CocoPEs with cholesterol concentration (0%, 10%, 20%, 30%, 40% w/w) were 
made. A total of 2 mL of each stock solution was diluted with chloroform to 10 mL 
and poured into a test tube. The liquid solution was evaporated using N2 gas flow 
to form a thin layer. After that hydration process was carried out. Around 10 mL of 
phosphate buffer solution was added to the thin film. The mixture was subjected to 
freeze-thawing process until the thin film was dispersed completely. The dispersions 
contained empty coconut liposome and was used as control. Other set of dispersions 
were prepared by adding 8 ppm (C0) VC solution in phosphate buffer pH 7.4 to 
each 2 mL stock solution and followed by similar process to obtained encapsulated 
VC in coconut liposome dispersion. The VC concentration in the filtrates obtained 
after all coconut liposome dispersions were centrifuged were analyzed using UV-Vis 
spectrophotometer at 265 nm. The concentration of VC was calculated from the 
filtrate absorbance and represented as Cliposome+VC and Cempty liposome in equation 2. 
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In addition we used CocoPLs as comparison. The encapsulation efficiency of VC in 
coconut liposome was determined based on Eqs. (1) and (2):

  EE =    C  0   −  C  t   _  C  0     × 100%  (1)

   C  t   =  C  liposome+VC   −  C  empty liposome    (2)

where EE is the encapsulation efficiency; C0 is the initial concentration of VC; 
and Ct is the unencapsulated VC concentration.

3. Result and discussion

3.1 Isolation and separation

A brownish yellow gel of CocoPLs was obtained from dried coconut meat ( 6.86 ×  
10   −2 % , w/w) (Figure 1). The result was confirmed by the appearance similarity of 
the CocoPLs from the previous research [20, 21]. The CocoPLs was then subjected 
to separation to obtain CocoPEs.

In the separation process using vacuum column chromatography, CocoPLs was 
eluted continuously using chloroform:methanol (9:1, v/v). Each fraction of 10 mL 
eluent was collected and subjected to identification. As much as 520 fractions were 
obtained to elute CocoPEs from the CocoPLs samples completely. Identification by 

Figure 1. 
CocoPLs.
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TLC using 10% H2SO4 and ninhydrin spotting agent [23] resulted in that CocoPEs 
were present in the 105th to the 520th fraction.

The fraction contained CocoPEs were then combined and evaporated to remove 
the eluent that resulted in dark brown CocoPEs gel ( 9.8 ×  10   −3 % , w/w of dried 
coconut meat) (Figure 2).

3.2 Functional groups identification

The functional groups identification of CocoPLs and CocoPEs was conducted 
by FTIR spectra analysis. The FTIR spectra of both CocoPLs and CocoPEs were dis-
played on Figure 3. To analyze further the spectra were scrutinized using a decon-
volution program [21, 24], at wavenumbers 3500–2800 cm−1 and 1800–700 cm−1 as 
presented in Figure 4.

The absorption data obtained from both FTIR spectra and deconvolution 
analysis were compared (see Table 1) to the specific infrared absorption area for 
phospholipids proposed by Stuart [25] and Hudiyanti et al. [20, 21]. The presence 
of a typical spectrum of phospholipids was clearly revealed. Significant differences 
between CocoPLs and CocoPEs spectra was disclosed by the typical absorption of 
choline and ethanolamine groups on both spectra of CocoPLs and CocoPEs. The 
choline group absorptions; (CH3)3N+ asymmetric bending and (CH3)3N+ asymme-
try stretching; were not present on the CocoPEs spectra. The typical absorption that 
indicate the presence of ethanolamine species by N-H vibration absorptions was 
displayed on CocoPLs and CocoPEs spectra. This evident indicated that CocoPLs 
contained choline and ethanolamine species while CocoPEs did not contain choline 

Figure 2. 
CocoPEs.
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species. From The FTIR spectra point of view this data disclosed that the CocoPEs 
separation from CocoPLs was successful.

3.3 Characterization of fatty acyl chains

The fatty acyl chains content of CocoPLs and CocoPEs was analyzed by 
GC-MS. The CocoPLs chromatogram was presented on Figure 5. A total of nine 

Figure 3. 
CocoPLs and CocoPEs absorption spectra.

Figure 4. 
Deconvolution results: (a) CocoPLs at wavenumbers 1800–700 cm−1; (b) CocoPLs at wavenumbers 3500–
2800 cm−1; (c) CocoPEs at wavenumbers 1800–700 cm−1; (d) CocoPEs at wavenumbers 3500–2800 cm−1.
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No. Absorption type References [15, 
20, 21, 25]

(cm−1)

CocoPLs
(cm−1)

CocoPEs
(cm−1)

CocoPLs 
Deconvolution

(cm−1)

CocoPEs 
Deconvolution

(cm−1)

1. N-H vibration 3471 3394 3379 3403 3373

2. =C-H stretching 3010 — — 3001 3002

3. CH3 asymmetric 
stretching

2956 — — 2958 2956

4. CH2 asymmetric 
stretching

2920 2924 2924 2923 2919

5. CH3 symmetric 
stretching

2870 — — 2885 2890

6. CH2 symmetric 
stretching

2850 2854 2854 2850 2848

7. C=O stretching, 
sn-1 chain trans-

conformation

1730 1735 1735 1738 1739

8. (CH3)3N+ 
asymmetric 

bending

1485 — — 1493 —

9. CH2 scissoring 1473,
1472, 1468, 1463

— — — —

10. CH3 asymmetric 
bending

1460 1458 1458 1461 1464

11. (CH3)3N+ 
symmetric 

bending

1405 — — — —

12. CH3 symmetric 
bending

1378 1373 1373 1376 1378

13. CH3 rocking 
ribbon 

progression

1400–1200 — — 1333 1266

14. PO2
−asymmetric 
stretching

1228 1226 1242 1225 1222

15. CO-O-C 
asymmetric 
stretching

1170 1165 — 1150 1165

16. PO2
− symmetric 

stretching
1085 — 1080 1106 1107

17. CO-O-C 
symmetric 
stretching

1070 1072 — 1071 1070

18. C-O-P stretching 1047 — — 1020 1003

19. (CH3)3N+ 
asymmetric 

stretching

972 — — 973 —

20. P-O asymmetric 
stretching

820 817 — 813 819

21. CH2 rocking 730, 720, 718 717 725 714 713

Bold entries represented the typical absorption of choline and ethanolamine groups on both spectra of CocoPLs and 
CocoPEs.

Table 1. 
Typical Absorption of CocoPLs and CocoPEs functional groups.
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peaks was recognized. Seven peaks were with abundance above 1%. The chromato-
gram suggested that there were at least 9 types of fatty acyl chains present on the 
CocoPLs. The MS reading revealed the identity of these fatty acyl chains. Three 
fatty acyl chains worth mentioning with the abundance more than 10%, i.e., lauric 
acid, palmitic acid and oleic acid which were indicated by peak number 3 (abun-
dance of 11.31%); peak number 5 (15.26%); and peak number 7 (55.18%). The result 
was in agreement with previous research [15, 20, 21]. The seven fatty acyl chains 
recognized in CocoPLs was displayed on Table 2.

The chromatogram of CocoPEs was disclosed on Figure 6. The resulting chro-
matogram exposed the presence of five peaks with abundance above 1% which 
suggested the presence of five types of fatty acyl chains in the CocoPEs. Three of 
them had great abundance i.e. capric, linoleic and oleic acids as indicated by peak 
number 2, 3 and 4 and with abundance of 17.09%, 43.17% and 31.88% respec-
tively. The MS reading of fatty acyl chains content in the CocoPEs was tabulated 
on Table 3.

Tables 2 and 3 revealed differences to some extent in fatty acyl chains composi-
tion between CocoPLs and CocoPEs. CocoPLs had more variation in fatty acyl 
chains type compared to CocoPEs. This fact plausible considering that CocoPEs 
was obtained from the separation of CocoPLs. The separation was mainly based on 
the common head group namely ethanolamine that reflected on the polarity of the 
separated CocoPEs molecules hence the choice of the separation eluent. More over 
fatty acyl chains profile were closely related to the position of phospholipid spe-
cies in the bio-membrane bilayer [26–28]. Phosphatidylethanolamine (PE) species 

Figure 5. 
CocoPLs chromatogram.

Peak number tR (min) Fatty acyl chains Area (%)

3. 29.164 Lauric acid, C12:0 (dodecanoic acid) 11.31

4. 34.037 Myristic acid, C14:0 (tetradecanoic acid) 5.71

5. 38.497 Palmitic acid, C16:0 (hexadecanoic acid) 15.26

6. 41.872 Linoleic acid, C18:2 (9(Z),12(Z)-octadecadienoic acid) 6.00

7. 42.117 Oleic acid, C18:1 (9(Z)-octadecenoic acid) 55.18

8. 42.482 Stearic acid, C18:0 (octadecanoic acid) 3.97

9. 52.794 Lignoceric acid, C24:0 (tetracosanoic acid) 1.49

Table 2. 
The fatty acyl chains of CocoPLs.
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generally would be positioned in the inner leaflet of bilayer due to their molecular 
geometry, i.e. cylinder [2]. The PE species molecular shape was supported by more 
abundance composition of unsaturated fatty acyl chains in the CocoPEs extract, 
Table 3.

3.4 Parent ion screening

Based on the fatty acyl chains of the CocoPEs we conducted parent ion screening 
using LCMSMS. The CocoPEs parent ion spectrogram was presented on Figure 7. 
The spectrogram gave us a representation of the molecular species compos-
ing CocoPEs extract. At least 11 molecular species of CocoPEs were found. The 
CocoPEs molecular species was tabulated on Table 4. The molecular species was 
predicted based on the head group and combination of two fatty acyl chains for the 
nonpolar part of CocoPEs species. These similar species would govern the CocoPEs 
phase behavior and other properties as well.

3.5 Phase behavior

Every phospholipid species has unique phase behavior that related to their 
molecular structure and phase behavior. The phase behavior of CocoPLs and 
CocoPEs were investigated by thermal analysis using DSC. The thermogram 
for CocoPLs, Figure 8, exhibited a small peak at 28.85°C and larger peak at 
83.95°C. These peaks indicated that CocoPLs underwent phase changes as tem-
perature changes. A pre-transition process from planar-shaped gel (Lb′) to the 
rippling phase (Pb′) was at a temperature of 28.85°C (Tp), then proceed with the 

Figure 6. 
CocoPEs chromatogram.

Peak number tR (min) Fatty acyl chains Area (%)

2. 38.566 Capric acid, C10:0 (decanoic acid) 17.09

3. 42.041 Linoleic acid, C18:2 (9(Z),12(Z)-octadecadienoic acid) 43.17

4. 42.198 Oleic acid, C18:1 (9(Z)-octadecenoic acid) 31.88

5. 42.555 Stearic acid, C18: 0 (octadecanoic acid) 5.93

8. 46.186 Arachidic acid, C20:0 (eicosanoic acid) 1.04

Table 3. 
The Fatty acyl chains of CocoPEs.
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No. m/z (M-H) Molecular weight CocoPEs molecular species

Head group Fatty acyl chains

1. 554 555 Ethanolamine Capric acid
Capric acid

2. 662 663 Ethanolamine Capric acid
Linoleic acid

3. 664 665 Ethanolamine Capric acid
Oleic acid

4. 666 667 Ethanolamine Capric acid
Stearic acid

5. 694 695 Ethanolamine Capric acid
Arachidic acid

6. 770 771 Ethanolamine Linoleic acid
Linoleic acid

7. 774 775 Ethanolamine Oleic acid
Oleic acid

8. 776 777 Ethanolamine Oleic acid
Stearic acid

9. 802 803 Ethanolamine Linoleic acid
Arachidic acid

10. 806 807 Ethanolamine Stearic acid
Arachidic acid

11. 834 835 Ethanolamine Arachidic acid
Arachidic acid

Table 4. 
CocoPEs molecular species prediction.

Figure 7. 
CocoPEs spectrogram.
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main transition from gel (Lb′) to the liquid crystal phase (La) at a temperature of 
83.95°C (Tm) [29–31]. Tp and Tm were the pre-transition and melting temperature 
correspondingly.

Different phase behavior of CocoPEs was exhibited in Figure 9. The thermo-
gram for CocoPEs was more complex than CocoPLs indicated that CocoPEs had 
more complex phase transition than CocoPLs. CocoPEs displayed pre-transition 
process from planar-shaped gel (Lb′) to a rippling phase (Pb′) at a temperature of 
25.29°C (Tp), followed by a major transition from gel (Lb′) to liquid crystal phase 
(La) at a temperature of 32.62°C (Tm), and then a transition from the liquid crystal 
phase (La) to hexagonal phase (H) at a temperature of 65.53°C (Th) [32]. The 

Figure 8. 
Thermal analysis of CocoPLs.

Figure 9. 
Thermal analysis of CocoPEs.



Nano- and Microencapsulation - Techniques and Applications

190

No. m/z (M-H) Molecular weight CocoPEs molecular species

Head group Fatty acyl chains

1. 554 555 Ethanolamine Capric acid
Capric acid

2. 662 663 Ethanolamine Capric acid
Linoleic acid

3. 664 665 Ethanolamine Capric acid
Oleic acid

4. 666 667 Ethanolamine Capric acid
Stearic acid

5. 694 695 Ethanolamine Capric acid
Arachidic acid

6. 770 771 Ethanolamine Linoleic acid
Linoleic acid

7. 774 775 Ethanolamine Oleic acid
Oleic acid

8. 776 777 Ethanolamine Oleic acid
Stearic acid

9. 802 803 Ethanolamine Linoleic acid
Arachidic acid

10. 806 807 Ethanolamine Stearic acid
Arachidic acid

11. 834 835 Ethanolamine Arachidic acid
Arachidic acid

Table 4. 
CocoPEs molecular species prediction.

Figure 7. 
CocoPEs spectrogram.

191

Coconut Phospholipid Species: Isolation, Characterization and Application as Drug Delivery…
DOI: http://dx.doi.org/10.5772/intechopen.88176

main transition from gel (Lb′) to the liquid crystal phase (La) at a temperature of 
83.95°C (Tm) [29–31]. Tp and Tm were the pre-transition and melting temperature 
correspondingly.

Different phase behavior of CocoPEs was exhibited in Figure 9. The thermo-
gram for CocoPEs was more complex than CocoPLs indicated that CocoPEs had 
more complex phase transition than CocoPLs. CocoPEs displayed pre-transition 
process from planar-shaped gel (Lb′) to a rippling phase (Pb′) at a temperature of 
25.29°C (Tp), followed by a major transition from gel (Lb′) to liquid crystal phase 
(La) at a temperature of 32.62°C (Tm), and then a transition from the liquid crystal 
phase (La) to hexagonal phase (H) at a temperature of 65.53°C (Th) [32]. The 

Figure 8. 
Thermal analysis of CocoPLs.

Figure 9. 
Thermal analysis of CocoPEs.



Nano- and Microencapsulation - Techniques and Applications

192

hexagonal phase formation was consistent to cylindrical molecular shape attributed 
to CocoPEs. The CocoPEs gradual change of phase was estimated because of the 
similar molecular species composing CocoPEs.

The phase behavior of CocoPEs dan CocoPLs above indicated that they were 
both had complex self-assembly structures which would be beneficial for future 
applications [2].

3.6 Encapsulation of vitamin C in coconut (CocoPLs and CocoPEs) liposomes

Phospholipids has long been known as drug delivery substance due to their 
liposome forming ability. Liposome was a spherical aggregation structure with 
bilayer phospholipid as its shell surrounding aqueous core. This unique structure 
was especially a perfect vehicle for delivering hydrophilic and hydrophobic drugs 
with storage and controlled release purposes. In this paper as a preliminary study 
for further application of coconut phospholipid as drug delivery material we used 
vitamin C as a hydrophilic drug model to be encapsulated in coconut liposomes. 
Vitamin C was a hydrophilic drug and would be encapsulated inside the aqueous 
core of liposome. The study lead to that encapsulation efficiency of vitamin C in 
CocoPEs were higher than CocoPLs i.e. 94.44% and 92.40% respectively, Figure 10.

In relation to their application as drug delivery, liposomes were usually made 
from phospholipid and a small amount of cholesterol. Cholesterol was added to the 
liposome membrane to control liposome rigidity and penetrability [33]. Therefore 
to explore the effect of cholesterol on the encapsulation efficiency of coconut lipo-
somes we also prepared coconut liposomes with several different concentration of 
cholesterol namely 10%, 20%, 30% and 40%. The encapsulation efficiency of the 
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lesterol up to 40% in the liposome’s membrane reduced the encapsulation efficiency 
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liposomes more consistent than CocoPLs. We suspected it was due to the molecular 
composition of the phospholipid in the membrane. The molecular composition was 
represented by the composition of functional group and fatty acyl chains in the 
CocoPEs and CocoPLs, Tables 1–3. In the liposome membrane cholesterol inter-
acted with CocoPEs and CocoPLs through their functional groups and fatty acyl 
chains. Cholesterol with small hydrophilic head group i.e., –OH and big and rigid 
hydrophobic steroid ring would interact better with small head group phospholipid 
species like CocoPEs than CocoPLs which had big spherical choline group and 
possibly other head groups as well. The composition of fatty acyl with double bonds 
also suspected would give more room for cholesterol hydrophobic moiety. The fatty 
acyl chains would assume “kink” structure at the double bond position [34, 35] 
and allocate more space hence more comfortable for cholesterol to integrate. With 
smaller number of fatty acyl chains type and higher concentration of double bond 
made cholesterol effect became more systematic in the CocoPEs liposome mem-
brane. The data gave an insight about the application of CocoPEs as encapsulation 
material. CocoPEs was a good candidate for encapsulation hydrophilic material.

4. Conclusion

A total of ( 9.8 ×  10   −3 % , w/w) of coconut phosphatidylethanolamine species 
(CocoPEs) was isolated from dried coconut meat. The CocoPEs were obtained 
in the form of a dark brownish gel. Parent ion screening by LCMSMS revealed 
that 15 species were found in CocoPEs. Characterization of fatty acyl chains by 
GCMS resulted in that the hydrophobic part of the species were comprised of 
capric, linoleic, oleic, stearic and arachidic acyl chains. Phase behavior analysis 
using DSC obtained at least four different phases on CocoPEs i.e. planar-shape 
gel phase, rippling phase, liquid crystal phase and hexagonal phase. Each phase 
change occurred at a particular temperature. The pre-transition temperature (Tp) 
was from planar-shaped gel to rippling phase at 25.29°C, the melting temperature 
(Tm) for major transition from gel to liquid crystal at 32.62°C, and the hexagonal 
phase formation from liquid crystal (Th) at 65.53°C. CocoPEs liposome had high 
encapsulation efficiency. The presence of cholesterol in the membrane liposome 
up to 30% did not change much of their encapsulation efficiency. The encapsula-
tion efficiencies were above 80%. Meanwhile coconut phospholipids (CocoPLs) 
had them above 90% but then decrease irregularly to 52% at 0% and 30% choles-
terol respectively.
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core of liposome. The study lead to that encapsulation efficiency of vitamin C in 
CocoPEs were higher than CocoPLs i.e. 94.44% and 92.40% respectively, Figure 10.
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liposomes more consistent than CocoPLs. We suspected it was due to the molecular 
composition of the phospholipid in the membrane. The molecular composition was 
represented by the composition of functional group and fatty acyl chains in the 
CocoPEs and CocoPLs, Tables 1–3. In the liposome membrane cholesterol inter-
acted with CocoPEs and CocoPLs through their functional groups and fatty acyl 
chains. Cholesterol with small hydrophilic head group i.e., –OH and big and rigid 
hydrophobic steroid ring would interact better with small head group phospholipid 
species like CocoPEs than CocoPLs which had big spherical choline group and 
possibly other head groups as well. The composition of fatty acyl with double bonds 
also suspected would give more room for cholesterol hydrophobic moiety. The fatty 
acyl chains would assume “kink” structure at the double bond position [34, 35] 
and allocate more space hence more comfortable for cholesterol to integrate. With 
smaller number of fatty acyl chains type and higher concentration of double bond 
made cholesterol effect became more systematic in the CocoPEs liposome mem-
brane. The data gave an insight about the application of CocoPEs as encapsulation 
material. CocoPEs was a good candidate for encapsulation hydrophilic material.

4. Conclusion

A total of ( 9.8 ×  10   −3 % , w/w) of coconut phosphatidylethanolamine species 
(CocoPEs) was isolated from dried coconut meat. The CocoPEs were obtained 
in the form of a dark brownish gel. Parent ion screening by LCMSMS revealed 
that 15 species were found in CocoPEs. Characterization of fatty acyl chains by 
GCMS resulted in that the hydrophobic part of the species were comprised of 
capric, linoleic, oleic, stearic and arachidic acyl chains. Phase behavior analysis 
using DSC obtained at least four different phases on CocoPEs i.e. planar-shape 
gel phase, rippling phase, liquid crystal phase and hexagonal phase. Each phase 
change occurred at a particular temperature. The pre-transition temperature (Tp) 
was from planar-shaped gel to rippling phase at 25.29°C, the melting temperature 
(Tm) for major transition from gel to liquid crystal at 32.62°C, and the hexagonal 
phase formation from liquid crystal (Th) at 65.53°C. CocoPEs liposome had high 
encapsulation efficiency. The presence of cholesterol in the membrane liposome 
up to 30% did not change much of their encapsulation efficiency. The encapsula-
tion efficiencies were above 80%. Meanwhile coconut phospholipids (CocoPLs) 
had them above 90% but then decrease irregularly to 52% at 0% and 30% choles-
terol respectively.
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Chapter 7

Rheology of Structured Oil
Emulsion
Gudret Isfandiyar Kelbaliyev, Dilgam Babir Tagiyev
and Manaf Rizvan Manafov

Abstract

This study is devoted to the rheology of oil emulsions, accompanied by both the
formation and destruction of the structure. The presence of particles of a dispersed
phase in an oil emulsion, including asphaltenes and resins, determines the forma-
tion of coagulation structures as a result of interaction and collision of particles. In
this regard, to study the formation of coagulation structures, analytical solutions to
the mass transfer equations are proposed, based on which the coalescence and
fragmentation frequencies of the droplets are determined. Models and analytical
solutions of the equation for the thinning of an interfacial film between droplets
with their coalescence in the volume of an oil emulsion are proposed taking into
account the Marangoni effect and the effect of asphaltene content. The thickness of
the adsorbed layer on the droplet surface was estimated. Many empirical and semi-
empirical formulas have been proposed for determining the dependence of viscosity
on the content of water and asphalt-resinous substances in oil. Based on the solution
of the Fokker-Planck equation, the evolution of the distribution function of droplets
in time and size in an oil emulsion is studied.

Keywords: oil emulsion, rheology, coalescence, deformation, breaking,
asphaltenes, drop, viscosity, Marangoni effect, distribution function

1. Introduction

The separation processes of oil emulsions are an important stage for the
preparation and purification of crude oil from water, mineral salts and various
related impurities, asphalt-resinous substances, and paraffins contained in oil. The
processes of separation of oil emulsions, the purpose of which is to completely
reduce their aggregative and kinetic stability, are carried out in various ways: in
gravitational (settling systems and other modifications); in centrifugal, electric, and
magnetic fields [1–4]; as well as using filtering through solid and liquid layers, using
microwave and membrane technology [5, 6].

Oil emulsions contain water droplets of a sufficiently large size, in connection
with which, in most practical applications, high-capacity separation processes use
settling systems, and at small sizes and droplet concentrations, using a constant
electric field and membrane technologies or combined methods to achieve high
degree of purification.

Experimental and theoretical studies indicate a very complex, in disperse
composition (separation) and in the flowing physical phenomena (coalescence,
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deformation, crushing), the structure of the intermediate layer. Many works have
been devoted to theoretical and experimental studies of the mechanism of the for-
mation of stabilization and destruction of oil emulsions as heterogeneous media
[2, 4]; although many problems associated with the phenomena occur at the oil–water
interface, the coalescence and fragmentation of water droplets, separation, and depo-
sition have not been resolved correctly. Oil emulsions are polydisperse media with
droplet sizes of 1–150 microns, although coarse (150–1000 microns) and colloidal
(0.001–1 microns) particles are found in them. Such a size dispersion has a significant
effect on the mechanism of structure formation, structural destruction, separation,
and precipitation of droplets in oil emulsions. The mechanism of destruction and
coalescence of droplets in oil emulsions can be divided into the following stages [7, 8]:

a. Convergence and collision of droplets of different sizes with the formation of
an interfacial film. It should be noted that droplet transfer in a polydisperse
medium is determined mainly by hydrodynamic conditions and flow
turbulence. Under conditions of isotropic turbulence, the collision frequency
of droplets depends on the specific dissipation of the energy of the turbulent
flow and the properties of the medium and the dispersed phase [9–12]. As a
result of the collision and fixation of two drops with sizes a1 and a2, an
interfacial film of circular cross section is formed, the radius of which can be
determined in the form [13]

RK ¼ 3π
4
Pm k1 þ k2ð Þar

� �1=3
(1)

where Pm is the maximum compressive pressure, k1, k2 are the elastic
coefficients of two drops, ar ¼ a1a2= a1þa2ð Þ is the average size of the drops, and
a1, a2 are the diameters of two drops. In [14], the expression for the hydro-
dynamic compression pressure in a turbulent flow is defined as

Pm ¼ π a2rρCU
!2

(2)

b. The deformation and destruction of adsorption shells at the oil–water
interface in the flow volume at certain temperatures (60–700C) and
pressures.

c. Thinning and rupture of the interfacial film, followed by coalescence and
coarsening of the droplets. The rupture of the interfacial film contributes to
the coalescence of smaller droplets into larger ones. It is important to note
that as a result of the transport of the oil emulsion in the pipes, the droplet
crushing rate is much higher than the coalescence rate, as a result of which
the oil emulsion is characterized by a large dispersion of droplet size and
polydispersity of the medium.

d. Precipitation of droplets and separation of the dispersed phase as a
continuous phase (separation).

An equally important factor affecting the efficiency of separation of oil
emulsions is the conditions of thinning, tearing of the interfacial film [7], and the
coalescence rate associated with the destruction of the adsorbed film on the surface
of the droplets with the participation of demulsifiers.
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The rheology of oil emulsions is associated with the presence of coagulation
phenomena of dispersed particles in the presence of asphalt-resinous substances,
accompanied in most cases by structure formation. The rheological properties of oil
emulsions largely depend on the state of aggregation (solid phase, droplets, gas
bubbles) and the properties of the dispersion medium. However, the presence of a
dispersed phase can significantly change these properties under the influence of
adhesion forces between particles of a dispersed phase and their interaction with a
dispersion medium. In free-dispersed systems, particles of a dispersed phase are not
interconnected and are able to independently move in a dispersion medium. In
connected dispersed systems, particles of the dispersed phase form continuous
spatial networks (structures); they lose their ability to transitional movement,
maintaining only oscillatory movements. Unstable disperse systems provide struc-
ture formation in the system, up to the formation of aggregates and a skeleton,
which can negatively affect the structural state (viscosity, fluidity), changing rheo-
logical properties, as well as to obtain precipitation during phase separation, treat-
ment of industrial emissions, wastewater, etc. Aggregate stability characterizes the
ability of a dispersed system to maintain a uniform distribution of particles of a
dispersed phase over the volume of a dispersed medium without their interaction,
providing conditions for the stability of the medium to phase separation. The loss of
aggregative stability in concentrated emulsions is associated with coagulation of
particles and their enlargement and can manifest itself in the formation of a bulk
structure in which the dispersion medium is evenly distributed, thereby changing
the rheological properties of the medium. The aggregate stability of dispersed sys-
tems with respect to coagulation is determined by the coagulation rate, which, in
addition to the intensity of Brownian and hydrodynamic motion and the number of
collisions, depends on the properties of the surface layers surrounding the particles.
A deeper coagulation process leads to the destruction of the interlayers of the
medium and direct contact of the particles, resulting in the formation of rigid
coagulation structures and aggregates of particles, or their complete merging in the
case of a liquid and gaseous dispersed phase (coalescence) (Figure 1).

The formation of coagulation structures and aggregates in the flow volume
significantly affects the physical properties of oil emulsions associated with a sharp
increase in the structural viscosity of the medium.

Based on this, the aim of this work is to study (a) the phenomena of coalescence,
deformation, and crushing of droplets in a turbulent flow and the formation of
coagulation structures associated with this; (b) the effect of asphalt-resinous
substances on the formation of adsorption films and the structural viscosity of
emulsions; (c) issues related to thinning and tearing of an interfacial film; and (d)
the evolution of the droplet size and time distribution functions, taking into account
coalescence and fragmentation of the droplets.

Figure 1.
Scheme of coagulation and formation of aggregates of particles of various structures.
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2. Coalescence, deformation, and crushing of droplets in an oil emulsion

The structural and mechanical stability of emulsion systems is associated with
the formation of adsorption layers at the oil–water interface, the composition of
which consists of asphaltenes, resins, paraffins, mineral salts, and solid particles,
i.e., natural surfactants [1–4]. It has been established that metal-paraffin complexes
lead to the formation of the shell itself and solid particles (sand, clay, limestone,
etc.) contribute to increasing the strength of the shells [3, 4]. An analysis of the
composition of these shells on the surface of water droplets of crude oil of various
fields shows that the main stabilizers are asphaltenes and resins, which include
high-melting paraffins and inorganic mechanical impurities. The structure, compo-
sition, and physicochemical properties of asphaltenes, which are very complex
compounds, are given in [14–17]. The formation of an adsorption layer on the
surface of water droplets with elastic and viscous properties contributes to the
stabilization of oil emulsions.

2.1 The influence of asphalt-resinous substances on the separation of oil
emulsions

Consequently, the stability of oil emulsions is the result of a physical barrier that
prevents tearing of the film when the collision energy between the droplets is
insufficient to destroy the adsorption layer. The mechanism of the formation of
adsorption films on the surface is determined by the following stages:

a. Diffusive mass transfer of the substance (asphaltenes) from the volume of oil
to the surface of water droplets. In [18], the mass flow to the surface of a
moving drop per unit time for small numbers Re ¼ Uar

νc
< < 1 is defined as

I ¼
ffiffiffi
π

6

r
D
ar

ηC
ηC þ ηd

� �1=2
a2rΔC

ffiffiffiffi
U

p
(3)

where ΔC ¼ C0 � CS and C0,CS are the contents of asphaltenes and resins in
the volume and on the surface. Assuming that the change in the mass of the
adsorbed layer is determined by dm=dτ ¼ I, integrating which we obtain m�
m0 ¼ Iτ (τ is the residence time, and m0 is the initial mass of the adsorbed
layer, taken equal to zero). Then, putting m ¼ 1

6 πρa ar þ 2Δð Þ3 � 1
6 πρaa

3
r and

taking into account the insignificance of the expansion terms of the second
and third order of smallness (Δar < < 1), we have m≈ πρaa3r

Δ
ar
¼ Iτ. Taking into

account expression (3), the thickness of the adsorbed layer is defined as

Δ
ar

≈
1ffiffiffiffiffiffi
6π

p 1
Pe

1
1þ γ

� �1=2 ΔC
ρa

St
� �

(4)

where γ ¼ ηd=ηC, Pe ¼ Uar
D is the Peclet number, St ¼ Uτ

ar
is the modified Strouhal

number, and ρa is the density of the adsorbed layer. It follows from Eq. (4) that
the thickness of the adsorbed layer depends on the diffusion of particles to the
surface of the droplet, the size and mobility of the surface of the droplets, and
on the concentration of asphaltenes in the flow volume. For the values Pe ¼
102 � 103 (D≈ 10�10 � 10�9м2=с), γ ¼ 0:8, ΔC=ρa ≈ 10�5, and St ¼ 104 � 105,
from the equation, we estimate Δ=ar ≈0:01� 0:03. Large values of the number,
which are the result of small values of the coefficient of diffusion of particles in
a liquid, in some cases determine the prevalence of convective transport of
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matter over diffusion. Further compaction of the adsorption layer under the
influence of external perturbations and chemical transformations contribute to
an increase in the density of the layer and the “aging” of emulsions. Despite the
insignificant thickness of the adsorption layer compared to the size of the
droplet, their strength on the surface of the droplets for various oils ranges from
0.5 to 1.1 N=m2 [3].

b. Adsorption of the substance on the surface of the droplets.

c. Desorption and destruction of the adsorption layer with the participation of
surface-active substances (surfactants). If the rate of adsorption and desorption
is low compared to the rate of supply of the substance to the surface of the
droplet, the process of formation of the adsorption layer is limited by the
processes of adsorption and desorption. Assume that the concentration of
adsorbed matter in the volume C0 and on the surface Г. By analogy with the
derivation of the Langmuir equation, if we assume that the adsorption rate of the
substance on the surface of the droplet isWA ¼ βC0 1� Г=Г∞

� �
and the

desorption rate isWD ¼ αГ, then in the equilibrium state WA ¼ WDð Þ, we have

Г ¼ KC0

1þ K0C0
(5)

where α, β are some constants, depending on temperature, K ¼ β=α, K0 ¼ β=αГ∞
,

and Г∞ is the maximum saturation of the droplet surface. Eq. (3) is in good
agreement with many experimental data for oils of various fields. Figure 2 shows
the adsorption isotherm of asphaltenes on the surface of water droplets (T = 40°C)
[19] for North Caucasian oils and the calculated values according to Eq. (5), where
K ¼ 55,K0 ¼ 0:5.

To destroy the adsorption films in the flow volume, various demulsifiers (SAS)
are used, which are characterized by high surface activity during adsorption. The
mechanism of destruction of adsorption films consists in the diffusion transfer of
the demulsifier to the film surface, with further adsorption and penetration of the
film into its volume, the formation of defects and cracks in its structure, a change in
surface tension, and a decrease in strength properties, which qualitatively changes
the rheological properties of the films at the oil-gas interface water. Further separa-
tion of oil emulsions is determined by the frequency of droplet collisions, their
fixation on the surface, thinning, and rupture of the interfacial film.

Figure 2.
Dependence of the concentration of adsorbed matter on the surface on the concentration of asphaltenes
(points—experiment [19]).
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2.2 Thinning and destruction of the interfacial film taking into account the
Marangoni effect

When fixing two drops as a result of their collision, the resulting interfacial film
under the action of various kinds of forces is thinned to a certain critical thickness
and breaks with the further merging of two drops. Assuming that in a flat film of
circular cross section the laminar flow, the momentum transfer equation in
cylindrical coordinates is written in the form [7, 8].

� ∂P
∂r

þ η

gr2
∂
2Vr

∂θ2
þ η

g
∂
2Vr

∂x2
¼ 0 (6)

� 1
r
∂P
∂θ

þ 2η
gr2

∂Vr

∂θ
¼ 0 (7)

∂Vx

∂x
þ 1

r
∂ rVrð Þ
∂r

¼ 0 (8)

where P is the pressure in the film, Vr,Vx are the components of the flow
velocity in the film, and θ is the polar angle. The boundary conditions for solving
these equations are

x ¼ δ, � η
∂Vr

∂r
¼ dσ

dr
þ 1
RK sin θ

∂σ cos θð Þ
∂θ

(9)

The last condition determines the presence of convective flow in the film
according to the Marangoni effect [20–22]. The Marangoni effect can be considered
as a thermocapillary flow due to a change in the temperature in the film and a
convective flow due to a change in the concentration of the demulsifier and surface
tension. Then differentiating (7) with respect to θ

∂
2Vr

∂θ2
¼ r

2ηg
∂
2P
∂θ2

and substituting into Eq. (6), we obtain

η

g
∂
2Vr

∂x2
¼ ∂P

∂r
� 1
2r

∂
2P
∂θ2

(10)

Integrating Eq. (10) twice and using boundary conditions (9), we obtain

Vr ¼ g
η

∂P
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� 1
2r

∂
2P
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� �
x2

2
� δx

� �
� x

η

∂σ

∂r
þ 1
RK sin θ

∂σ cos θð Þ
∂θ

� �
(11)

Solving Eq. (8), taking into account (11), and provided that the value is negligi-
ble, we obtain

Vx ¼ dδ
dt

¼ � 1
r
∂

∂r

ðδ

0

rVrdx ¼ gδ3

3ηr
∂

∂r
r

∂P
∂r

� 1
2r

∂
2P
∂θ2

� �� �
þ

δ2

2ηr
∂σ

∂r
þ 1
RK sin θ

∂σ cos θð Þ
∂θ

� � (12)
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It should be noted that in [19] this equation was proposed in a slightly different
form, not taking into account the distribution of pressure and surface tension
depending on the angle θ. This wave equation determines the distribution of fluid
velocity in the film or the change in film thickness depending on the pressure and
distribution of surface tension. Neglecting the second derivatives ∂

2P=∂θ2 and ∂
2σ=∂r2,

we obtain

1
r
∂

∂r
r
∂P
∂r

� �
¼ 3η

gδ3
Vx � 3

2gδr
∂σ

∂r
þ 1
RK sin θ

∂σ cos θð Þ
∂θ

� �
(13)

Integrating Eq. (13) twice, provided that r ¼ RK and P ¼ P0 RKð Þ, we obtain

P rð Þ ¼ P0 RKð Þ þ 3Vxη

2δ3g
R2
K � r2

� ��
3
2gδ

Δσ rð Þ ln r
RK

þ r
RK sin θ

∂σ cos θð Þ
∂θ

� � (14)

where P0 RKð Þ is the external pressure at the periphery of the film. The force
acting on the interfacial film with a uniform distribution of matter along the radius
(Δσ rð Þ≈0) is

F ¼
ðRK

0

P rð Þds≈P0πR2
K þ 3πVx

2g
ηR4

K

δ3
� πR2

K

gδ sin θ
∂σ

∂θ
(15)

Putting that ΔP ¼ F � P0πR2
K , we define

Vx ¼ 2gδ3

3πηR4
K
ΔPþ 2δ2

3ηR2
K sin θ

∂σ

∂θ
(16)

Putting dδ=dt≈Vx, we define the equation of thinning of the interfacial film in the
form

dδ
dt

¼ 2gΔP
3πηR4

K
δ3 þ 2δ2

3ηR2
K sin θ

∂σ

∂θ
(17)

For ΔP we define the following expression ΔP ¼ PD þ PKð ÞπR2
K þ П, where

PD,PK is the dynamic and capillary pressure PK ¼ 2σ=gδ

� �
acting in the film; П is the

wedging pressure, defined both for a spherical drop and П ¼ � AR2
k

6δ3
for deformable

drops; and A is the van der Waals-Hamaker constant A � 10�21J
� �

[23, 24].
Given the foregoing, the equation of thinning of the interfacial film (17) can be

represented as

dδ
dt

¼ b1δ3 þ b2δ2 � b3δ, (18)

t ¼ 0, δ ¼ δ0

where b1 ¼ 2gPD
3ηR4

K
, b2 ¼ 2

3ηR2
K

2σ þ 1
sin θ

∂σ
∂θ

� �
, and b3 ¼ 1

9
Aarg
πηR4

K
. The general solution of

Eq. (18) will be presented in the form of a transcendental expression:
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ln
δ2

δ20

b1δ20 þ b2δ0 � b3
b1δ2 þ b2δ� b3

�

b2ffiffiffiffi
Δ

p ln
2b1δþ b2 �

ffiffiffiffi
Δ

p� �
2b1δ0 þ b2 þ

ffiffiffiffi
Δ

p� �

2b1δþ b2 þ
ffiffiffiffi
Δ

p� �
2b1δ0 þ b2 �

ffiffiffiffi
Δ

p� � ¼ �2b3t

(19)

where Δ ¼ 2
9η2R2

K

g2PDAar
πR4

K
þ 2 σ

3 þ Δσ
� �2h i

. Solution (19) is a complex expression for

determining the change in the thickness of an interfacial film δ tð Þ, in connection
with which we consider more specific cases:

a. For thin films, we can put that PD < <PK � П=πR2
K . In this case, the solution

of Eq. (18) will be presented as a special case (19):

δ tð Þ ¼ δ0 exp b3tð Þ
1þ β1δ0 exp b3tð Þ � 1ð Þ (20)

where β1 ¼ b2
b3
¼ 6πR2

k
Aarg

2σ þ 1
sin θ

∂σ
∂θ

� �
. For very thin films, solution (18) appears as

δ tð Þ≈ δ0 exp �b3tð Þ (21)

where β3 ¼ 2
3
PDgδ0
ηR2

K
. In the case of deformable drops, we have

δ tð Þ≈ δ0 � β2t (22)

where β2 ¼ Ag
9πηδ0R

2
K
.

b. For thick films, we can put that PD þ PKð Þ> > П=πR2
K
. It is important to note

that the main forces determining the discontinuity of the interfacial film at its
large thicknesses are the forces due to velocity pulsations, i.e., hydrodynamic
forces. Provided that PD > >PK, the decision is presented in the form

δ tð Þ ¼ δ0ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ β3t

p (23)

If PD < <PK, then we have

δ tð Þ ¼ δ0
1þ b2δ0t

(24)

The above solutions (20)–(24) can be used in practical calculations of the thick-
ness of the interfacial film for special cases. As follows from Eq. (20), the
Marangoni effect is a partial correction to the surface tension coefficient in the
coefficient b2, although it can have a significant effect on the nature of the flow and
on the velocity distribution in the interfacial films (12) and (16).

It should be noted that various chemical reagents and demulsifiers significantly
reduce the surface tension of the film and significantly increase the rate of thinning
of the interfacial film (Figure 3).

Figure 4 shows a comparison of experimental and calculated values according to
Eq. (17) for thinning the film thickness, and after reaching the critical value thick-
ness δ≤ δcr, the calculation according to formula (24) is most acceptable.
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2.3 Coalescence, deformation, and crushing of droplets in an isotropic
turbulent flow

The processes of coalescence and fragmentation of droplets are reversible
phenomena and can be described by similar equations.

Figure 3.
Change in the thickness of the interfacial film for various concentrations of demulsifier (g/l): 1, 0.02; 2, 0.01;
3, 0.005; 4, 0.002.

Figure 4.
Comparison of the calculated (17) and experimental values [25] of the thickness of the interfacial film versus
time at various concentrations (g/l) of the demulsifier (g/l): a, 0.2; b, 0.5; c, 1.0 (I, calculation according to
Eq. (24)).
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The crushing of droplets and bubbles in an isotropic turbulent flow is an impor-
tant factor for increasing the interfacial surface and the rate of heat and mass
transfer in dispersed systems. The crushing mechanism of deformable particles is
determined by many factors, among which it is important to note the following:

a. The effect of turbulent pulsations of a certain frequency on the surface of
droplets and bubbles on the change in shape.

b. Boundary instability on the surface of the droplet, determined by the
turbulization of the boundary layer or general instability as a result of
reaching the droplet size maximum value a ≥ amax.

c. The influence of the external environment, in which the droplet crushing is
defined as the equilibrium between the external forces from the continuous
phase (dynamic pressure) and the surface tension forces that resist the
destruction of the droplet. It should be noted that this condition can also
characterize the deformation of the shape of drops and bubbles.

d. As a result of mutual elastic collision with intensive mixing of the system. It is
important to note that not every collision of droplets and bubbles leads to
their coalescence and coalescence, and during an elastic collision, a droplet
can decay into fragments, thereby changing the size distribution spectrum,
although there is no work indicating the number of particles formed as a
result of such decay.

A general review of the fragmentation of droplets and bubbles is given in the
work [26], where issues related to the frequency of crushing and the nature of the
particle size distribution function are considered, although the analysis of the max-
imum and minimum sizes and the characteristic features of the effect of secondary
crushing processes on the change in the function of the multimodal distribution of
drops are not considered. Despite the many mechanisms for crushing droplets and
bubbles, an important parameter characterizing this process is the frequency of
crushing in a turbulent flow, the definition of which has been the subject of many
works. It should be noted that the mechanisms of coalescence and fragmentation of
droplets are similar and differ only in the dependence of energy dissipation on the
number of particles. Based on the analysis of surface energy and kinetic energy of a
turbulent flow, the following expression is proposed for the droplet crushing fre-
quency [26]:

ω að Þ ¼ C1a‐2=3ε
1=3
R exp � C2σ

ρcε
2=3
R a5=3

 !
(25)

In an isotropic turbulent flow, coalescence and fragmentation of droplets are
determined by their turbulent diffusion, represented as [18, 27].

DT ≈ α εR=λð Þ1=3λ, λ> λ0 (26)

DT ≈ α εR=λð Þ1=2λ2, λ< λ0

The process of coalescence and crushing can be considered as a mass transfer
process, in connection with which, the change in the number of particles taking into
account the diffusion coefficients at λ > λ0 and Pe < <1 can be written as [7–10].
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∂N
∂t

¼ α

r2
∂

∂r
μ2Pε

1=2
R r10=3

∂N
∂r

� �

t ¼ 0, r>R,N ¼ N0

t>0, r ¼ R,N ¼ 0
r ! ∞,N ¼ N0

(27)

The general solution of this boundary value problem under certain assumptions
will be presented as

N r, tð Þ ¼
X∞
n¼1

AnJ2 μn r=Rð Þ1=3
h i

exp ‐μ2nt
� �

An ¼ 2
R2

Ð R
0 N0J0 μn r=Rð Þ1=3

� �
rdr

J21 μ2n
� �

(28)

The frequency of coalescence and crushing is defined as

ω ¼ DT
∂N
∂r r¼Rj ≈C1

εR
a2
� �1=3

exp �C2 εR=a2
� �1=3

t
� �

(29)

We introduce the relaxation time for the coalescence of droplets in a turbulent
flow in the form

λ> λ0, τPT ¼ a2

εR

� �1=3

λ< λ0, τPT ¼ νc
εR

� �1=2 (30)

Then the coalescence frequency is defined as

ω ¼ DT
∂N
∂r r¼Rj ≈C1

εR
a2
� �1=3

exp �C2t=τPTð Þ (31)

Thus, if t < <τPT rapid coalescence and droplet coalescence occur, as a result of
which we have

ω ¼ C1
εR
a2
� �1=3

(32)

Similarly, it is possible to determine the frequency of coalescence and crushing
at λ < λ0 using the second Eq. (26); for the diffusion coefficient for a viscous flow,
the crushing frequency can be determined by the following expression:

ω að Þ ¼ C01N0a3
εR
νc

� �1=2

exp
σ

νcεRð Þ1=2aρc

" #
(33)

As follows from this equation, the frequency of fragmentation of droplets and
bubbles in a viscous region or in a liquid medium is inversely proportional to the
viscosity of the medium �ν�1=2

c , and the time for crushing droplets is taken in the
form τ � σ= ρcεRað Þ, although in [18] it is defined as τ � a2=3ε‐1=3R . For processes of
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h i

exp ‐μ2nt
� �

An ¼ 2
R2

Ð R
0 N0J0 μn r=Rð Þ1=3

� �
rdr

J21 μ2n
� �

(28)

The frequency of coalescence and crushing is defined as

ω ¼ DT
∂N
∂r r¼Rj ≈C1

εR
a2
� �1=3

exp �C2 εR=a2
� �1=3

t
� �

(29)

We introduce the relaxation time for the coalescence of droplets in a turbulent
flow in the form

λ> λ0, τPT ¼ a2

εR

� �1=3

λ< λ0, τPT ¼ νc
εR

� �1=2 (30)

Then the coalescence frequency is defined as

ω ¼ DT
∂N
∂r r¼Rj ≈C1

εR
a2
� �1=3

exp �C2t=τPTð Þ (31)

Thus, if t < <τPT rapid coalescence and droplet coalescence occur, as a result of
which we have

ω ¼ C1
εR
a2
� �1=3

(32)

Similarly, it is possible to determine the frequency of coalescence and crushing
at λ < λ0 using the second Eq. (26); for the diffusion coefficient for a viscous flow,
the crushing frequency can be determined by the following expression:

ω að Þ ¼ C01N0a3
εR
νc

� �1=2

exp
σ

νcεRð Þ1=2aρc

" #
(33)

As follows from this equation, the frequency of fragmentation of droplets and
bubbles in a viscous region or in a liquid medium is inversely proportional to the
viscosity of the medium �ν�1=2

c , and the time for crushing droplets is taken in the
form τ � σ= ρcεRað Þ, although in [18] it is defined as τ � a2=3ε‐1=3R . For processes of

211

Rheology of Structured Oil Emulsion
DOI: http://dx.doi.org/10.5772/intechopen.92770



droplet crushing with the number of particles N0 in a turbulent flow, the droplet
crushing frequency for a high droplet crushing rate, these expressions are simplified

to the form t< < a2=εRDð Þ1=3

ωD að Þ≈C1μ
2
pN0a3

εRD
a2

� �1=3
, λ> λ0 (34)

or for a viscous flow t< < νc=εRDð Þ1=2

ωD að Þ≈C2μ
2
pN0a3

εRD
a2

� �1=2
, λ< λ0 (35)

With an increase in the concentration of the dispersed phase, particle collisions
occur, accompanied by the phenomena of coagulation, crushing, and the formation
of coagulation structures in the form of a continuous loose network of
interconnected particles. With an increase in particle concentration, the effective
viscosity increases linearly if the particles of the dispersed phase are distant from
each other at sufficiently large distances that exclude intermolecular interaction and
are rigid undeformable balls.

In a number of works, depending on the crushing mechanism, the following
formulas are proposed for the crushing frequency [28–32]:

ω að Þ ¼ C3a�2=3ε1=3R
2ffiffiffi
π

p
� �

Γ
3
2

C4σ

ρcε
2=3
R a5=3

 !
,

ω að Þ ¼ C5ε
1=3
R erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C6

σ

ρcε
2=3
R a5=3

þ C7
ηdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρcρdε
1=3
R a4=3

q
vuut

0
B@

1
CA, (36)

ω að Þ ¼ a5=3ε19=15R ρ7=5c

σ7=5
exp �

ffiffi
2

p
σ9=5

a3ρ9=5c ε6=5R

� �
, ; ω að Þ ¼ C8nerfc C9

σ3=2

n3d3Tρ
3=2
c a3=2

� �1=3

, .

The last equation determines the frequency of droplet crushing in the mixing
devices and depends on the mixing parameters [20, 33]. For multiphase systems
with a volume fraction of droplets φ, the crushing frequency can be determined in
the form

ω að Þ ¼ ε1=3R

a2=3 1þ φð Þ exp �C11
1þ φð Þ2σ
ρda5=3ε

2=3
R

 !
(37)

The crushing rate of droplets in an isotropic turbulent flow is characterized by
the crushing rate constant, defined as

Re d < 1, kR ¼ A0
ε1=3R

a2=3
exp � A1σ

ρcε
2=3
R a5=3

 !
(38)

Re d > 1, kR ¼ A0
ρca2=3ε

1=3
R

ηc
exp � A1σ

ρcε
2=3
R a5=3

 !
(39)

In principle, the expression given in brackets characterizes the ratio of surface
energy Eσ � πa2σ=a � πaσð Þ to turbulent flow energy
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ET � πa2 ΔPð Þ, ΔPT ¼ C1ρc εRað Þ2=3
� �� �

and characterizes the efficiency of the

crushing process

Eσ

ET
� σ

ρcε
2=3
R a5=3

(40)

Analyzing Eqs. (29)–(31), it can be noted that the crushing frequency in an
isotropic turbulent flow for a region λ> λ0 is mainly determined by turbulence
parameters (specific energy dissipation, scale of turbulent pulsations), medium den-
sity, surface stress, and for a viscous flow λ< λ0, in addition, viscosity of the medium.
It is important to note that the fragmentation of droplets and bubbles in an isotropic
turbulent flow is preceded by a deformation of their shape, and with significant
numbers and sufficiently small numbers, they can take on forms that cannot be
described. The equilibrium condition between the surface forces and the external
forces of the turbulent flow (40) can also characterize the initial conditions of particle
deformation. Coalescence of droplets and bubbles plays an important role in the flow
of various technological processes of chemical technology and, above all, in reducing
the interfacial surface, in the separation of particles of different sizes, accompanied
by their deposition or ascent. The mechanism of coalescence of droplets and bubbles
is determined by the following steps: (a) mutual collision of particles with a certain
frequency in a turbulent flow; (b) the formation of an interfacial film between two
drops and its thinning; (c) rupture of the interfacial film and drainage of fluid from
one drop to another, merging and the formation of a new drop. Mutual collisions of
particles in the flow volume occur for various reasons:

a. Due to convective Brownian diffusion of the finely dispersed component of
particles, which is characteristic mainly for laminar flow at low Reynolds
numbers.

b. Due to turbulent flow and turbulent diffusion

c. Due to additional external fields (gravitational, electric, electromagnetic, etc.).
If the Kolmogorov turbulence scale λ0 is smaller or comparable with the size of
the droplets in the viscous flow region, then the process is accompanied by a
turbulent walk, similar to Brownian, which results in the appearance of
turbulent diffusion. However, turbulent diffusion may be characteristic of
large particle sizes at large distances λ, due to the high intensity of turbulent
pulsations and the heterogeneity of the hydrodynamic field.

d. Due to the effect of engagement as a result of convective transfer of small
particles in the vicinity of the incident large particle. As a result of the
deposition or ascent of large particles, due to the formation of a
hydrodynamic wake, the capture of small particles by large particles
significantly increases, which leads to gravitational coalescence if they fall
along lines close to the center line. For the processes of droplet coalescence,
the capture coefficient plays an important role, which determines the
deviation of the real particle capture cross section from the geometric

ϑ ¼ I

π Lþ Rð Þ2N0V∞
(41)

where I is the mass flow to the surface of the selected particle, ϑ is the capture
coefficient, L is the characteristic distance scale, and V∞ is the velocity of the
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The last equation determines the frequency of droplet crushing in the mixing
devices and depends on the mixing parameters [20, 33]. For multiphase systems
with a volume fraction of droplets φ, the crushing frequency can be determined in
the form

ω að Þ ¼ ε1=3R
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The crushing rate of droplets in an isotropic turbulent flow is characterized by
the crushing rate constant, defined as
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In principle, the expression given in brackets characterizes the ratio of surface
energy Eσ � πa2σ=a � πaσð Þ to turbulent flow energy
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Analyzing Eqs. (29)–(31), it can be noted that the crushing frequency in an
isotropic turbulent flow for a region λ> λ0 is mainly determined by turbulence
parameters (specific energy dissipation, scale of turbulent pulsations), medium den-
sity, surface stress, and for a viscous flow λ< λ0, in addition, viscosity of the medium.
It is important to note that the fragmentation of droplets and bubbles in an isotropic
turbulent flow is preceded by a deformation of their shape, and with significant
numbers and sufficiently small numbers, they can take on forms that cannot be
described. The equilibrium condition between the surface forces and the external
forces of the turbulent flow (40) can also characterize the initial conditions of particle
deformation. Coalescence of droplets and bubbles plays an important role in the flow
of various technological processes of chemical technology and, above all, in reducing
the interfacial surface, in the separation of particles of different sizes, accompanied
by their deposition or ascent. The mechanism of coalescence of droplets and bubbles
is determined by the following steps: (a) mutual collision of particles with a certain
frequency in a turbulent flow; (b) the formation of an interfacial film between two
drops and its thinning; (c) rupture of the interfacial film and drainage of fluid from
one drop to another, merging and the formation of a new drop. Mutual collisions of
particles in the flow volume occur for various reasons:

a. Due to convective Brownian diffusion of the finely dispersed component of
particles, which is characteristic mainly for laminar flow at low Reynolds
numbers.

b. Due to turbulent flow and turbulent diffusion

c. Due to additional external fields (gravitational, electric, electromagnetic, etc.).
If the Kolmogorov turbulence scale λ0 is smaller or comparable with the size of
the droplets in the viscous flow region, then the process is accompanied by a
turbulent walk, similar to Brownian, which results in the appearance of
turbulent diffusion. However, turbulent diffusion may be characteristic of
large particle sizes at large distances λ, due to the high intensity of turbulent
pulsations and the heterogeneity of the hydrodynamic field.

d. Due to the effect of engagement as a result of convective transfer of small
particles in the vicinity of the incident large particle. As a result of the
deposition or ascent of large particles, due to the formation of a
hydrodynamic wake, the capture of small particles by large particles
significantly increases, which leads to gravitational coalescence if they fall
along lines close to the center line. For the processes of droplet coalescence,
the capture coefficient plays an important role, which determines the
deviation of the real particle capture cross section from the geometric

ϑ ¼ I
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where I is the mass flow to the surface of the selected particle, ϑ is the capture
coefficient, L is the characteristic distance scale, and V∞ is the velocity of the
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medium unperturbed by the sphere of flow. The relationship between the Sher-
wood number and the capture coefficient in convective diffusion has the form

Sh ¼ 1
2
Peϑ 1þ R

L

� �2

The capture coefficient is defined as

ϑ≈
4
Pe

1�NL

N0

� �
b ∗ 1þ b0Peð Þ, Pe< < 1;

ϑ≈ 1�NL

N0

� �
Pe�2=3 1þ 0:73Pe‐1=3

� �
, Pe> > 1

(42)

Here NL is the concentration of particles on the surface of a sphere of radius
r = L, bi coefficients;

e. Due to the heterogeneity of the temperature and pressure fields, which
contribute to the appearance of forces proportional to the temperature and
pressure gradients and acting in the direction of decreasing these parameters.
As a result of the action of these forces, the finely dispersed component of the
dispersed flow is characterized by their migration due to thermal diffusion
and barodiffusion, which also contributes to their collision and coalescence.

f. In addition to the indicated phenomena, physical phenomena (droplet
evaporation, condensation) contribute to coalescence, accompanied by the
emergence of a hydrodynamic repulsive force (Fassi effect) of the
evaporating droplets due to evaporation (Stefan flow) or when the droplet
condenses by the appearance of a force acting in the opposite direction. For

an inviscid flow and a fast droplet coalescence rate t< < a2=εRKð Þ1=3,
expressions (29) and (31) are transformed

ωK að Þ≈C1μ
2
pN0a3

εRK
a2

� �1=3
, λ> λ0 (43)

or for a viscous flow t< < νc=εRKð Þ1=2

ωK að Þ≈C2μ
2
pN0a3

εRK
νc

� �1=2

, λ< λ0 (44)

where λ0 ¼ ν3c=εR
� �1=4 is the Kolmogorov scale of turbulence and εR is the

specific energy dissipation in the fluid flow and dispersed medium in the
presence of coalescence εRKð Þ or fragmentation of particles εRDð Þ, depending on
the number of particles in the flow and on their size. These expressions for a
two-particle collision of the i–th and j–th drops can be transformed to the form

ωK að Þ≈C1μ
2
pN0

εRK
α2

� �1=3
a2i þ a2j
� �3=2

, λ< λ0

ωK að Þ≈C2μ
2
pN0

εRK
νc

� �1=2

a2i þ a2j
� �3=2

, λ< λ0 (45)

As follows from this expression, the collision frequency of particles is inversely
proportional to their size ω � a�2=3 and increases with increasing concentration of
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particles in the volume. In these equations (43) μ2p there is a degree of entrainment

of particles by a pulsating medium, and for drops of small sizes μ2p ! 1, and for

large drops – μ2p ! 0. As follows from formula (45), with increasing viscosity of the
medium and particle size, the collision frequency of particles in an isotropic turbu-
lent flow decreases, and, naturally, the probability of the formation of coagulation
structures is extremely low. For large Peclet numbers Pe> > 1, using stationary
solutions of the convective diffusion equation for fast coagulation, the coalescence
frequency can be expressed as

ωk ¼ C1N0
εr
νc

� �
aU

� �1=2
a2 (46)

where C1 ¼ 8
ffiffi
π
3

p
μ2pa.

By introducing the Peclet number for isotropic turbulence in the form

Pe ¼ U∞
a

νC
εR

� �1=2
, this expression can be rewritten in the form

ωK ¼ C1N0Ua2Pe�1=2 (47)

Thus, with an increase in the number Pe, the number of particle collisions
decreases, which prevents the formation of coagulation structures. For finely
dispersed particles, the number Pe can be expressed as Pe ¼ a

D _γ, which, for isotropic

turbulence, is transformed to a form Pe ¼ a1 νC
εR

� �1=2
_γ ¼ a1

ηC
εRρC

� �1=2
τ
ηC
, i.e., the Pe

number is proportional to the shear stress. Therefore, with τ ! τP, the number Pe
becomes infinitely large, which creates the conditions for the formation of
coagulation structures.

Coalescence of droplets and bubbles is characterized by the following stages:
rapprochement and collision of droplets of different sizes in a turbulent flow with
the formation of an interfacial film between them. It should be noted that the
transfer of droplets in a polydisperse medium is mainly determined by the hydro-
dynamic conditions and the intensity of the flow turbulence. Under conditions of
isotropic turbulence, the collision frequency of droplets depends on the specific
dissipation of the energy of the turbulent flow and the properties of the medium
and the dispersed phase.

2.4 Deformation of drops and bubbles

The deformation of droplets and bubbles, first of all, is characterized by a
violation of the balance of external and surface stresses acting on the droplet in a
turbulent flow. In the simplest case, with insignificance of gravitational and resis-
tance forces, such forces are hydrodynamic head and surface tension. The pressure
forces are proportional to the velocity head FD � ρcU

2 , and the surface tension force
is proportional to capillary pressure Fσ ¼ 2σ

ae
. If the Weber number We � FD

Fσ
< < 1,

then for small numbers Re d < < 1, drops and bubbles have a strictly spherical
shape. Under the condition of FD ≥Fσ either We≥ 1, Re d > 1 the surface of the
droplet loses stability and it deforms, taking the shape of a flattened ellipsoid of
revolution at the beginning, and with a further increase in the number Re d andWe,
it assumes various configurations up to the stretched filament, which are not ame-
nable to theoretical investigation and description (Figure 5). It should be noted that
in dispersed systems, there is a certain maximum size amax, above which the drop-
lets are unstable, deform, and instantly collapse, and the minimum size amin, which
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and barodiffusion, which also contributes to their collision and coalescence.
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� �1=4 is the Kolmogorov scale of turbulence and εR is the
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As follows from this expression, the collision frequency of particles is inversely
proportional to their size ω � a�2=3 and increases with increasing concentration of
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particles in the volume. In these equations (43) μ2p there is a degree of entrainment

of particles by a pulsating medium, and for drops of small sizes μ2p ! 1, and for

large drops – μ2p ! 0. As follows from formula (45), with increasing viscosity of the
medium and particle size, the collision frequency of particles in an isotropic turbu-
lent flow decreases, and, naturally, the probability of the formation of coagulation
structures is extremely low. For large Peclet numbers Pe> > 1, using stationary
solutions of the convective diffusion equation for fast coagulation, the coalescence
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p
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number is proportional to the shear stress. Therefore, with τ ! τP, the number Pe
becomes infinitely large, which creates the conditions for the formation of
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Coalescence of droplets and bubbles is characterized by the following stages:
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the formation of an interfacial film between them. It should be noted that the
transfer of droplets in a polydisperse medium is mainly determined by the hydro-
dynamic conditions and the intensity of the flow turbulence. Under conditions of
isotropic turbulence, the collision frequency of droplets depends on the specific
dissipation of the energy of the turbulent flow and the properties of the medium
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The deformation of droplets and bubbles, first of all, is characterized by a
violation of the balance of external and surface stresses acting on the droplet in a
turbulent flow. In the simplest case, with insignificance of gravitational and resis-
tance forces, such forces are hydrodynamic head and surface tension. The pressure
forces are proportional to the velocity head FD � ρcU

2 , and the surface tension force
is proportional to capillary pressure Fσ ¼ 2σ
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. If the Weber number We � FD

Fσ
< < 1,

then for small numbers Re d < < 1, drops and bubbles have a strictly spherical
shape. Under the condition of FD ≥Fσ either We≥ 1, Re d > 1 the surface of the
droplet loses stability and it deforms, taking the shape of a flattened ellipsoid of
revolution at the beginning, and with a further increase in the number Re d andWe,
it assumes various configurations up to the stretched filament, which are not ame-
nable to theoretical investigation and description (Figure 5). It should be noted that
in dispersed systems, there is a certain maximum size amax, above which the drop-
lets are unstable, deform, and instantly collapse, and the minimum size amin, which
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determines the lower threshold for the stability of droplets; i.e., under certain
conditions, the flows of droplets that have reached these sizes cannot be further
fragmented. The maximum particle size characterizes the unstable state of droplets
and bubbles, which depend on the hydrodynamic conditions of the dispersed
medium flow and, under certain turbulent flow conditions, are prone to shape
deformation and fragmentation of a single drop. Usually, deformation of a drop’s
shape to an ellipsoidal shape is estimated by the ratio of the small axis of the
ellipsoid to the large χ ¼ a0=b0.

The volumetric deformation of droplets and bubbles is based on a three-
dimensional model and results in a change in the shape of a spherical particle to an
ellipsoidal one. Moreover, the drop is subjected to simultaneous stretching and
compression with a constant volume. In the literature there are a large number of
empirical formulas describing the deformation of drops and bubbles. Compared to
multidimensional deformation, volumetric deformation is the simplest case with
the preservation of a certain shape symmetry (Figure 6).

It is important to note that for any deformation of the droplet shape, the surface
area of the particle increases with a constant volume of liquid in the droplet, which
is an important factor in increasing the interfacial surface.

In [8, 18], the fluctuation frequency of oscillations of the droplet surface using
the Rayleigh equation as a result of the influence of turbulent pulsations of a certain
frequency on the surface of droplets and bubbles on the shape change is defined as

ω kð Þ ¼ 2σ
π2ρca3

� �
kþ 1ð Þ kþ 2ð Þk k‐1ð Þ

kþ 1ð Þρd=ρc þ 1

� �� �1=2
(48)

where is k the wave number. For k = 2 using this formula, one can obtain
formulas for determining the frequency corresponding to the fragmentation of

Figure 5.
Schematic representation of the deformation of a drop to an ellipsoidal shape.

Figure 6.
The characteristic forms of deformation of a spherical drop and bubble.
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bubbles ρd < < ρcð Þ ω að Þ ¼ 2
ffiffi
6

p
π

σ
ρca3

� �1=2
and drops ρd > > ρcð Þ ω að Þ ¼ 4
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result, for minor deformations, the droplet shape is determined by the
superposition of linear harmonics

r t, θð Þ ¼ R 1þ
X
k

Ak cos ωktð ÞPk cos θð Þ
" #

(49)

where Pk cos θð Þ is the Legendre function; Ak are the coefficients of the series,
defined as Ak ¼ Ak0 exp �βktð Þ; and βk is the attenuation coefficient, defined as

βk ¼
kþ 1ð Þ k‐1ð Þ 2kþ 1ð Þηd þ k kþ 2ð Þ 2kþ 2ð Þηc

ρd kþ 1ð Þ þ ρck½ �R2

Expression (49) for small numbers Red is represented as

r t, θð Þ ¼ R 1þ ξ cos θð Þ½ � (50)

where ξ cos θð Þ ¼ λmAcRe 2
dP2 cos θð Þ � 3

70 λm
11þ10γ
1þγ Ac2 Re 3

dP3 cos θð Þ þ … , and R
is the radius of the spherical particle. Here λm ¼ φ γð Þ, and in particular for gas
bubbles in an aqueous medium λm ¼ 1=4, for drops of water in air λm ! 5=48, etc.
Putting that

We ¼ AcRe 2
d we get

ξ cos θð Þ ¼ λmWeP2 cos θð Þ � 3
70

λm
11þ 10γ
1þ γ

We2 Re �1
d P3 cos θð Þ þ :… (51)

As a parameter characterizing the deformation of droplets and bubbles, we
consider the ratio of the minor axis of the ellipsoid a to the major b, i.e., χ ¼ a=b.
Having plotted that for θ ¼ 90∘,P2 cos 90∘ð Þ ¼ �0:5,P3 cos 90∘ð Þ ¼ 0, from
Eqs. (50) and (51), we can write a ¼ R 1þ a0Weð Þ, and for θ ¼ 0∘,P2 cos 0ð Þ ¼
1:0,P3 cos 0ð Þ ¼ �1 we define b ¼ R 1þ β0Weþ β0We2

� �
, where a0 ¼ 0:5λm,

β0 ¼ λm, β1 ¼ 3
70 λm

11þ10γ
1þγ Re �1

d .
Then, putting that χ ¼ a=b, we finally obtain the expression for the dependence

of the degree of deformation on the number We in the form

χ ¼ 1þ a0We
1þ β0Weþ β1We2

(52)

where We is the Weber number. This expression is characteristic for describing
small deformations of droplets. As a result of using experimental studies [33] on the
deformation of the shape of bubbles in a liquid medium with different numbers Mo
and to expand the field of application of Eq. (51), the following expression is
proposed:

χ ¼ 1þ 0:06We
1þ 0:2Weþ β1We2

(53)

where β1 ¼ 0:005 2� lnMoð Þ with a correlation coefficient equal to r2 ¼ 0:986 .
Figure 7 compares the calculated values according to Eq. (53) with experimental
data [33].
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determines the lower threshold for the stability of droplets; i.e., under certain
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compression with a constant volume. In the literature there are a large number of
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multidimensional deformation, volumetric deformation is the simplest case with
the preservation of a certain shape symmetry (Figure 6).
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In [8, 18], the fluctuation frequency of oscillations of the droplet surface using
the Rayleigh equation as a result of the influence of turbulent pulsations of a certain
frequency on the surface of droplets and bubbles on the shape change is defined as
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where is k the wave number. For k = 2 using this formula, one can obtain
formulas for determining the frequency corresponding to the fragmentation of
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As follows from Figure 8, expression (53) satisfactorily describes the
deformation of droplets and bubbles for the region of variation We< 10 and
10�4 ≤Mo≤ 7.

Figure 7.
Dependence of the degree of deformation on the number for various numbers equal to 1, 7; 2, 1.4; 3, 0.023;
4, 0.0001.

Figure 8.
Comparison of the deformation model (56) of water droplets (pure water in the first graph, glycerol in the
second graph) with existing models and experimental data.
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Considering only the first term of expression (53) and setting that P2 cos θð Þ ¼
0:5 3 cos 2θ‐1ð Þ, we obtain

r ¼ R 1� λ0
2
Weð3 cos 2θ � 1

� �
(54)

If θ ¼ 0 and r ¼ a0, then expression (54) can be written as

a0 ¼ R 1‐λ0Weð Þ (55)

and if θ ¼ π=2 and r ¼ a0, then we have b0 ¼ R 1þ λ0=2Weð Þ. Then the relative
deformation of the drop is defined as

χ ¼ a0
b0

¼ 1� λ0We
1þ λ0=2ð ÞWe

(56)

Here λ0, the parameter is determined empirically, using experimental data in the
form

λ0 ¼ 1
12

1� 3
25

We
Re d

� �
(57)

In [34], this model was used to study the deformation of drops, and a
comparison is made with other existing models, the results of which are shown in
Figure 8.

The authors of [34] note that model (56) is the best compared to existing
models.

3. The structural viscosity of oil emulsions

The structural viscosity of a dispersed medium associated with the content of the
dispersed phase, as well as with various physical phenomena of interaction between
particles, varies from the molecular viscosity of a Newtonian fluid in the absence of
dispersed particles φ ¼ 0ð Þ to shear or bulk viscosity at high particle concentrations
φ ! φ∞ð Þ. Moreover, as experimental studies have shown, the region of the onset of
structure formation is clearly distinguished on the curve of viscosity change. The
structural viscosity is influenced by the processes of coagulation of particles,
accompanied by the formation of coagulation structures in the form of a continuous
grid. In most cases, taking these factors into account results in constructing a
viscosity model depending on the volume fraction of particles η ¼ f φð Þ or on the
fraction of particles and shear stress η ¼ f φ, τð Þ and shear rate. The rheological oil
models of various fields, reflecting the relationship between stress and shear rate
through structural viscosity or consistency, obey different laws, exhibiting different
properties: visco-plastic, viscoelastic, or having exponential functions. With an
increase in the number of particles per unit volume, the effective viscosity of non-
Newtonian oil transforms into structural viscosity, which reflects the nature of the
formation of this structure. Under certain conditions, rheological models for oil of
various fields can be represented by the equations of Bingham (τ ¼ τ0 þ η _γ), Casson
(τ1=2 ¼ τ1=20 þ k1=2 _γ1=2), Herschel-Bulkley (τ ¼ τ0 þ k _γn), or many other rheological
equations. Despite the wide variety of rheological models, in some cases, different
models describe the same experimental measurements with equal accuracy. In
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addition, rheological models differ in the nature of the dependence of the effective
viscosity on the content of asphaltenes, resins, and paraffin.

3.1 The dependence of the viscosity of oil emulsions on the water content

One of the important rheological parameters of emulsions is their dynamic
viscosity, which depends on the volume fraction, size, and shape of the droplets, on
the ratio of the viscosity of the droplets to the viscosity of the medium λ ¼ ηd=ηc
(mobility of the surface of the droplets), on the shear stress in concentrated emul-
sions, etc. Viscosity is the main parameter of structured disperse systems that
determines their rheological properties. With an increase in particle concentration,
the effective viscosity increases linearly if the particles of the dispersed phase are
distant from each other at sufficiently large distances that exclude intermolecular
interaction and are rigid undeformable balls (Table 1).

A large number of empirical formulas for calculating the viscosity of dispersed
media are given in the work [40, 41]. At high concentrations of particles in the
volume, taking into account the hydrodynamic interaction of particles, some
authors use a modification of the Einstein equation

ηef ¼ ηC 1þ 2, 5φþ a0φ2 þ a1φ3 þ ::…
� �

(58)

where ai are the coefficients that take into account physical phenomena in a
dispersed flow, which in different works take different values.

As a semiempirical expression for calculating the effective viscosity of suspen-
sions, which describes the experimental data well over a wide range of particle
concentrations, the Moony formula [7, 8] can be noted

ηef=ηC ¼ exp κ1ϕ= 1�κ2ϕð Þ
� �

(59)

where κ1 and κ2 are coefficients equal to κ1 ¼ 2, 5 and 0, 75≤ κ2 ≤ 1, 5. This
formula for φ ! 0 provides the limit transition to the Einstein formula.

No. Formulas for viscosity Links

1 ηef ¼ ηc 1þ 2:5φð Þ, φ<0:01 Einstein’s formula

2 ηef ¼ ηc 1þ 2:5φþ 6:2φ2ð Þ, φ<0:1 [35]

3
ηef ¼ ηc 1� φ

φ∞

� ��2:5φ∞
, φ∞ ≈0:64 [36]

4
ηef ¼ ηc 1� φ

φ∞

� ��2 [37]

5
ηef ¼ ηc 1� φ

φ∞

� ��2:5φ∞ ηdþ0:4ηc
ηdþηc

[38]

6 ηef ¼ ηc exp 2:5 ηdþ0:4ηc
ηdþηc

φþ φ5=3 þ φ11=3
� �h i

[38]

7 ηef ¼ ηc 1þ 2:5φ ηdþ0:4ηc
ηdþηc

� �
[38]

8 ηef ¼ ηc exp
2:5φ
1þk1φ

� �
, 0:75< k1 < 1:5 [38]

9 ηef ¼ ηck1 φ=φ∞ð Þ1=3 1� φ=φ∞ð Þ1=2 þ 1
h i

[39]

10
ηef ¼ ηck1 1þ 0:75φ=φ∞ 1� φ=φ∞ð Þ�1

h i2 [39]

Table 1.
Empirical formulas for calculating the effective dynamic viscosity of disperse systems.
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Taylor has generalized this equation to the effective viscosity of emulsions

ηef ¼ ηC 1þ 2, 5ϕ
ηd þ 0, 4ηC
ηd þ ηC

� �
(60)

where ηd and ηc are the viscosities of the dispersed phase and the medium.
For the effective viscosity of a disperse system, Ishii and Zuber offer the

following empirical formula

ηef=ηC ¼ 1� φ=φ∞

� �� ��m (61)

where φ∞ is the volume fraction of particles corresponding to their maximum
packing, φ∞ ¼ 0:5� 0:74, and m ¼ 2:5φ∞ ηdþ0, 4ηcð Þ= ηdþηcð Þ. In this formula, the value
φ∞ ¼ 0:62 is the most suitable for most practical cases. Kumar et al. [7, 8] for wide
limits changes φ from 0.01 to 0.75 suggested the following formula:

ηef
ηC

¼ exp 2:5
0:4ηC þ ηd
ηC þ ηd

ϕþ ϕ5=3 þ ϕ11=3
� �� �

(62)

This formula was tested for various liquid–liquid systems and gave the most
effective result with a relative error of up to 20%. Many models express the depen-
dence of the viscosity of a disperse system on the limiting concentration of particles
φp, at which the flow stops on the limiting shear stress. In addition to the above
models, there are many empirical and semiempirical expressions in the literature
for calculating the viscosity of concentrated systems, although the choice of a model
in all cases is based not on the structure formation mechanism, but on the principle
of an adequate description of experimental data.

In the literature you can find many other rheological models, using which you
can give various dependencies to determine the viscosity of the system [7, 8].

ηef � η0
η0 � η∞

¼ f _γθwð Þ, η ¼ η∞ þ η� η∞
1þ α0τð Þm , η ¼ η∞ þ η� η0

1þ α0 _γ
m þ α1 _γ

(63)

Here γ ¼ ∂V=∂y� is the shear rate, τ0 is the limit value of the shear stress, k� is the
consistency coefficient, and η�∞ is the viscosity for the suspension in the absence of
interaction between the particles.

The empirical models presented are used for specific applications and represent
formulas for adequate approximation of experimental data, although we note that
attempts to find a general rheological equation for different systems are considered
impossible in advance. It is important to note that effective viscosity also depends
on particle sizes. However, if we assume that the volume fraction of particles per
unit volume is equal to φ ¼ N0πa3=6 (N0 is the number of particles per unit
volume), then any expressions that allow us to determine the effective viscosity of a
dispersed medium in an indirect order through the volume fraction of particles
express the dependence of viscosity on particle size. Effective viscosity does not
significantly depend on large particle sizes. Figure 9 shows the dependence of the
effective viscosity on the volume fraction of suspension solid particles for their
various sizes, calculated by the formula

ηef ¼ 1þ 2:5φþ 1:5φ exp
0:45φ

φ� φ∞ð Þ2
 !

(64)
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For small particle sizes, the dependence of effective viscosity on particle sizes
becomes more noticeable, where the dependence of viscosity on particle sizes is
described by the expression

ηef ¼ 1þ 2, 5φþ 3
4
φ exp

mφ

φ� φ∞ð Þ2
 !

, m ¼ 2:2þ 0:03a (65)

The correspondence of this dependence to experimental data is shown in
Figure 10.

As follows from the experimental data and from this formula, the effective
viscosity of a dispersed system substantially depends on the volume fraction and
particle size. Moreover, with increasing particle size, the effective viscosity also
increases. In all likelihood, in this case, coagulation structures and aggregates are
not formed, but a simple dense packing of particles is formed.

The effective viscosity of the disperse system grows up to a critical value, which
affects the speed and nature of the flow (Figure 10). Coagulation structures are
formed due to intermolecular bonds between particles, and if liquid interlayers
remain between the particles, then the thickness of this interlayer significantly
affects the strength of the coagulation structure. The change in the effective viscos-
ity of non-Newtonian oil from the pressure gradient, accompanied by the formation

Figure 9.
The dependence of the effective viscosity of suspensions on the fraction of particles and their sizes: 1, 90–105 μm;
2, 45–80 μm; 3, 30–40 μm.

Figure 10.
The calculated (solid curves) experimental (points) of the relative viscosity of the dispersed system from the
volume fraction of solid spherical particles and their sizes: 1, a = 0.1 μm; 2, 0.5 μm; 3, 1.0 μm; 4, 1.5 μm.
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and destruction of the structure due to particles of asphaltenes, based on
experimental data, is determined by the empirical formula [8, 42].

ηef � η∞
η0 � μ∞

¼ exp �30z6
� �

(66)

where η0, μ∞ is the initial τ≤ τPð Þ and final viscosity of the oil τ> > τP, z ¼ grad P:
Figure 11 shows the change in the viscosity of the destroyed structure, although the
formation of the same structure also occurs only in the opposite direction; i.e., the
system is characterized by thixotropy of the structure.

The viscosity of disperse systems also depends on the size and deformation of
the particle shape, and with increasing size, the viscosity increases. Despite the large
number and variety of viscosity models of disperse systems, the main studies are
devoted to the construction of empirical models without taking into account the
mechanism of phenomena that describe experimental data with a certain accuracy.
The nature and properties of coagulation structures significantly affect the basic
properties of a dispersed medium. It is very difficult to determine the viscosity of
composite materials, where the formation of certain structures is an important and
necessary problem, where the viscosity depends on the concentration of the com-
ponents included in this system, molecular weight, temperature, and many other
parameters.

The viscosity of free-dispersed systems increases with increasing concentration
of the dispersed phase. The presence of particles of the dispersed phase leads to a
distortion of the fluid flow near these particles, which affects the viscosity of the
dispersed system. If the concentration is negligible, then the collision of the parti-
cles is excluded, and the nature of the fluid motion near one of the particles will
affect the fluid motion near the others.

The work [43] provides a formula for calculating the viscosity of an oil emulsion
for its various types

ηef
ηC

¼ exp 5φð Þ 1� 3φþ bφð Þ (67)

Here ηef , ηC are the dynamic viscosities of the emulsion and oil, φ is the volume
fraction of droplets, and b is an emulsion type factor, moreover, b = 7.3 for highly

Figure 11.
The dependence of the viscosity of the structured system on the nature of its destruction at various values of the
pressure gradient.
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concentrated emulsions, b = 5.5 for concentrated emulsions, b = 4.5 for medium
concentration emulsions, b = 3.8 for diluted emulsions, and b = 3.0 for very diluted
emulsions. Figure 12 shows the calculated curves of the dependence of the viscosity
of the oil emulsion on the volumetric water content.

It is important to note that, in addition to the above factors, the viscosity of
emulsions is associated with the presence of deformable drops and bubbles in them,
and at high concentrations of drops with the formation of coagulation structures
(flocculus), leading to rheological properties. The work [44] considers possible
options for calculating the viscosity of emulsions taking into account structural
changes. If we introduce the stress relaxation time in the form

τ ¼ ηCR
σ

2λþ 3ð Þ 19λþ 16ð Þ
40 λþ 1ð Þ (68)

then the viscosity of the emulsions can be calculated by the formula

ηef ¼
ηC

1þ τ _γ2
� � 1þ 1þ 2:5λ

1þ λ
φþ 1þ φ

5 λ� 1ð Þ
2λþ 3

τ _γ2
� �� �� �� �

(69)

Here γ ¼ ηd=ηC and τ is the shear stress. For small quantities τ _γ < < 1, this equation
takes the following form

ηef
ηC

¼ 1þ 2:5λ
1þ λ

φ (70)

and, when λ ! ∞, i.e., for particulate matter, ηef=ηC ¼ 1þ 1:25φ. Figure 13
shows the visual nature of the change in the viscosity of emulsions depending on the
shear stress and the volume fraction of drops. The following formula is given in [45]

Figure 12.
The dependence of the viscosity of the oil emulsion on the water content: (1) highly concentrated emulsions,
b = 7.3; (2) concentrated emulsions, b = 5.5; (3) for average emulsion concentrations, b = 4.5; (4) for diluted
emulsions, b = 3.8; (5) for highly diluted emulsions, b = 3.0.
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for calculating the viscosity of monodisperse emulsions depending on the droplet
size and their volume fraction

ηef
ηC

¼ 1þ ηC þ 2:5ηd þ ηds þ ηdið Þ=a
ηC þ ηd þ 0:4 ηds þ ηdið Þ=aφ (71)

Here ηds is the interfacial shear viscosity, ηdi is the dilatant viscosity, and a is the
droplet size.

3.2 The dependence of the effective viscosity of oil on the content asphaltenes

An experimental study of the effect of the content of asphaltenes and resins in
oil on its rheological properties and viscosity was proposed in [46–48].

Using the results of these studies, it can be noted that the presence of
asphaltenes, resins, and paraffins in oil, which change the properties of oil, signifi-
cantly affects their movement and transport. First of all, this affects the stress and
shear rate and the increase in viscosity of non-Newtonian oil. In Figure 14, the
dependence of the effective viscosity of Iranian oil on shear rate by various rheo-
logical models is proposed [47].

The table below shows the values of the main coefficients included in these
rheological models at various temperatures [47] (Table 2).

Of all the models, a satisfactory approximation to the experimental data gives
the expression (T = 25°C)

η ¼ 45:86 _γ0:75

Given this expression, a rheological dependence satisfying the experimental data
can be represented as

τ ¼ τ0 þ 45:76 _γ1:75 (72)

The dependence of the coefficient of consistency on temperature can be
expressed by the following equation:

k ¼ 399:2 exp �0:081Tð Þ

Figure 13.
Spatial interpretation of the nature of the change in viscosity of emulsions at λ ¼ 0:5.
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Figure 14.
Approximation of the dependence of viscosity on shear rate by various rheological models: (1) Casson model,

τ ¼ τ1=20 þ k1=2 _γ1=2
� �2

; (2) Bingham model, τ ¼ τ0 þ η _γ; (3) exponential function, τ ¼ k _γn; (4) experiment.

Temperature

25°C 45°C 60°C

Model τ0,Pa k,Pas n τ0,Pa k,Pas n τ0,Pa k,Pas n

Casson 8.13 4.11 – 0.57 2.2 – 0.15 1.53 –

Power law – 54.65 0.77 – 9.26 0.88 – 3.86 0.9

Bingham 61 17.23 – 8.66 4.81 – 3.13 2.33 –

Table 2.
Coefficients of rheological models at T = 25, 45, and 60°C.

Figure 15.
The dependence of the coefficient of consistency on temperature.
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Figure 15 shows the dependence of the coefficient of consistency on
temperature.

The dependence of oil viscosity on the content of asphaltenes (% wt.) in oil
using experimental data is expressed by the formula (Figure 16)

η ¼ η0 1þ 0:25φþ k0φ2� �
(73)

Provided that φ< 10% this expression coincides with the Einstein formula.
In [49], similar studies were conducted for West Siberian oils for the concen-

tration of asphaltenes in oil from 4 to 72% (mass.). This work presents experimental
studies of the effective viscosity of non-Newtonian oil as a function of asphaltene
content at various temperatures (Figure 17). As follows from Figure 17, the region
of transition from Newtonian to non-Newtonian properties with an increase in the
content of asphalt-resinous substances I is limited by an abrupt change in the
viscosity of oil for all temperatures. Obviously, this is explained by the fact that
when the content of asphaltenes is 38–46% (mass.) in West Siberian oil, an abrupt
change in the effective viscosity of the oil, structural and mechanical strength, the
temperature of the transition to the state of a non-Newtonian fluid, and molecular

Figure 16.
Dependence of oil viscosity on the content of asphaltenes in it at temperatures: 1–25°C (k0=0.022); 2–45°C
(k0=0.003).

Figure 17.
Characteristic stages of structure formation in oil depending on the content of asphaltenes: I, dispersed oil; II,
area of formation of structures; III, structured oil system, 1, viscosity; 2, fluidity.
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weight occurs, which is due to the formation of coagulation structures, aggregates,
up to the frame throughout the volume. A spasmodic change in viscosity during the
period of structure formation (Figure 17) and destruction of the structure
(Figure 11) is a characteristic feature of non-Newtonian oils, which complicates the
character of the description of the entire viscosity and mobility curve of the oil
system. The process of formation of coagulation structures is associated with an
increase in the probability of interaction and collision of particles with an increase
in their concentration in the volume. In the next section, problems of coagulation,
coalescence of drops and bubbles, and many issues related to solving this problem
will be described in detail.

As follows from Figure 17, as the structure formation and the concentration of
asphaltenes increase, the mobility or fluidity of the oil system decreases, and the
fluidity of the system is defined as

ln θ ¼ ln η∞
ln ηef

(74)

Figure 18 shows the experimental data on the change in viscosity of West
Siberian oil depending on the asphaltene content [4].

The equation describing the experimental data on the viscosity of oil in large
intervals of changes in the content of asphaltenes is presented in the form

ln μef ¼ ln η0 þ b0φþ b1δ φð Þ þ b2 1� exp �b3φ6� �� �
(75)

Here φ is the mass fraction of asphaltenes in oil; b0–b3 are the coefficients
determined experimentally and depending on temperature; b1 is the maximum
value of the delta function; δ φð Þ is the delta function, defined as

δ φð Þ ¼ 1
exp 72:5 φ� 0:45ð Þð Þ þ exp �72:5 φ� 0:45ð Þð Þ (76)

and η0 is the initial viscosity,

η0 ¼ 2:05x10�8 exp
6075

T þ 273

� �
(77)

Figure 18.
The dependence of the effective viscosity on the content of the dispersed phase of tar-asphaltene at temperatures:
1–84°C; 2–112°C; 3–144°C. (I—Region of spasmodic structure formation).
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The value of the delta function characterizes the viscosity jump in the region of
structure formation. In particular, the main property of the delta function is as follows

δ φ‐φ0ð Þ ¼ 0, φ 6¼ φ0

∞, φ ¼ φ0

� �
(78)

The expression of the partial approximation of the delta function can be
represented

δ φð Þ ¼ 1
exp b1 φ‐φ0ð Þð Þ þ exp �b2 φ‐φ0ð Þð Þ (79)

Here b1 and b2 are the coefficients that determine the width of the base of the
delta function, and φ0 is the coordinate of the center of the jump. Figure 19 shows
various types of delta functions.

Thus, the use of the delta function allows one to describe all the spasmodic
phenomena occurring during the formation and destruction of structures in non-
Newtonian oil. At the same time, satisfactory results are obtained by using an
exponential function of a higher order, which allows one to obtain a smoothing
effect in the region of the jump.

The use of aromatic and other solvents partially dissolves asphaltenes, thereby
reducing or eliminating the formation of coagulation structures, which improves
the rheological properties of dispersed petroleum media. As follows from Figure 18,
for a given oil, if the asphaltene content is less, the formation of coagulation
structures is excluded, although there may be other conditions for different oil
fields. An analysis of various studies on the influence of asphalt-resinous substances
on the rheology of non-Newtonian oil of various fields leads to conflicting results,
although in all cases there is an increase in viscosity as a result of structure forma-
tion. It should be noted that in addition to asphaltenes, the rheological properties of
the oil disperse system are affected by the content of water and solid phase in it.

4. Evolution of the droplet distribution function in an oil emulsion

Coalescence and fragmentation of droplets significantly change the dispersion of
oil emulsions, which is characterized by the evolution of the probability distribution

Figure 19.
Delta functions: 1 and 2, positive values of the function δ φð Þ> 0with centers φ ¼ 0:45, 0:65; 3, negative values
of the function δ φð Þ<0 with center φ ¼ 0:55.
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phenomena occurring during the formation and destruction of structures in non-
Newtonian oil. At the same time, satisfactory results are obtained by using an
exponential function of a higher order, which allows one to obtain a smoothing
effect in the region of the jump.

The use of aromatic and other solvents partially dissolves asphaltenes, thereby
reducing or eliminating the formation of coagulation structures, which improves
the rheological properties of dispersed petroleum media. As follows from Figure 18,
for a given oil, if the asphaltene content is less, the formation of coagulation
structures is excluded, although there may be other conditions for different oil
fields. An analysis of various studies on the influence of asphalt-resinous substances
on the rheology of non-Newtonian oil of various fields leads to conflicting results,
although in all cases there is an increase in viscosity as a result of structure forma-
tion. It should be noted that in addition to asphaltenes, the rheological properties of
the oil disperse system are affected by the content of water and solid phase in it.

4. Evolution of the droplet distribution function in an oil emulsion

Coalescence and fragmentation of droplets significantly change the dispersion of
oil emulsions, which is characterized by the evolution of the probability distribution

Figure 19.
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function over time and size, described by the Boltzmann kinetic equation and the
stochastic Fokker-Planck Equation [7, 8, 49, 50]. Changing the size and shape of
water droplets in an oil emulsion as a result of their coalescence, deformation, and
crushing significantly affects the rheological parameters, in particular, the effective
viscosity of the emulsion. Coalescence and crushing of water droplets in emulsions
can occur simultaneously. Then the rate of change in the number and size of
particles per unit volume is determined by the rates of their coalescence and
crushing

dN
dt

¼ Uk �Ud (80)

where N is the current number of drops in the volume and Uk and Ud are the
rates of coalescence and fragmentation of the drops. At a fast droplet crushing rate,
the particle distribution function is asymmetric with respect to the maximum and is
characterized by a single maximum independent of shear rate, although with slow
coagulation, the particle size distribution function can have several maxima and
minima, i.e., be multimodal. Moreover, each maximum will characterize the pri-
mary, secondary, etc. coagulation of particles of a dispersed medium.

During slow coagulation of solid particles, it is important to construct the evo-
lution of the distribution function over the residence time and size, which gives a
complete picture of the change in the number and size of particles over time. In
[1, 2], the Fokker-Plank equation is used to construct the evolution of the particle
distribution function. The stochastic Fokker-Planck equation describes disperse
systems with a continuous change in the properties of the medium and the size of
dispersed inclusions. Although the processes of coalescence and fragmentation are
characterized by an abrupt change in the properties of particles (sizes), in principle,
for a sufficiently long period of time, a change in the average properties can be
assumed to be quasicontinuous with an infinitely small jump. In particular, it can be
assumed that the average size of droplets and bubbles varies continuously over time
and obeys the equation of the change in the average particle mass over time:

dm
dt

¼ ω að Þm (81)

Many experimental studies on the fragmentation and coagulation of particles in a
turbulent flow show that the average particle size is set at the minimum or maximum
level, which corresponds to the aggregative stability of a dispersed medium. Given
the above, in Eq. (81) should be considered as the reduced mass relative to the
extreme values of the particles, i.e., m ¼ π

6 ρd a‐aminð Þ3 for crushing and

m ¼ π
6 ρd a‐amaxð Þ3 for coalescence. In particular, based on Eq. (81), we obtain the

expression for changing the size of the droplets when they are crushed in the form

da
dt

¼ �K ω, að Þ a‐aminð Þ ¼ m0 �m1a ¼ f að Þ,m0 ¼ Kamin,

m1 ¼ K, t ¼ 0, a ¼ a0
(82)

being a time-continuous process where K ω, að Þ ¼ ω að Þ=3≈ C1
3 φ

k0 _γn‐1
a2

� �1=3
for a

power non-Newtonian fluid and K ω, að Þ ¼ C1
3 φ _γ for a visco-plastic fluid.

Thus, considering the change in particle size as a continuous function, the
Fokker-Planck equation in the simplest case, taking into account (82), can be
written as [8, 49, 50].
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where B is the coefficient of stochastic diffusion.
The solution to this equation presents great difficulties associated with specify-

ing the form of the function f(a), although some particular analytical solutions of
Eq. (83) depending on the nature of the function can be found in [8, 49, 50].

The solution of Eq. (83) by the method of separation of variables will be
presented in the form
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Solutions (84) and (85) characterize the evolution of the probability density
distribution function of droplets in size and in time. The asymptotic value of the
distribution for i t ! ∞ s is obtained from solution (84), taking into account the
properties of the Laguerre function, in the form

P∞ rð Þ ¼ CRrθ exp � ka20r
2

2B

 !
¼ CPRaθ exp �ba2

� �
(86)

CPR ¼ 2a�θ
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2m
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, b ¼ k=2B

Having introduced some simplifications taking into account the initial distribu-

tion in the form of a lognormal function P0 að Þ ¼ A0 að Þ exp �m0 ln a� α0ð Þ2
� �

and

the limiting distribution (86) taking into account the experimental data for the
family of distribution curves with a number m, with some assumptions in a more
simplified form, we obtain

P a, tð Þ ¼
X∞
n¼0

An tð Þ exp �mn tð Þ ln a� αs nð Þ2
h i

(87)

where αs n ¼ ln as is the parameter corresponding to the logarithm of the
maximum value of each extremum.

Figure 20 shows the evolution of the distribution function of the fragmentation
of a non-Newtonian viscoelastic drop (oil) in an aqueous medium.

The spectrum of large and small droplets is practically shifted relatively to each
other [8, 49] (Figure 20).

It is important to note that the fluctuation of the distribution function on the left
side of the curve indicates secondary, tertiary, etc. the nature of droplet crushing,
and on the right side - about their multiple coalescence. However, after some time,
when the resources of the large-droplet or small-droplet spectrum are exhausted,
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the spectrum begins to behave like a single-humped one. In practice, the behavior
of multi-hump distributions in the model representation is confirmed when the
distribution is represented by the sum of two or more distribution functions. The
character of the evolution of the distribution function and the change in the coeffi-
cient of turbulent diffusion can also be significantly affected by the deposition of
particles from the turbulent flow. The distribution spectrum varies significantly
with a change in the droplet deposition rate. In conclusion, we note that the phe-
nomena of coalescence and fragmentation of droplets are spasmodic. In the case of
small jumps, such processes are satisfactorily described by the Fokker-Planck equa-
tion. Obviously, jumps should become smaller and more likely, so the diffusion
process can always be approximated by a jump process, but not vice versa.

5. Discussion of results and conclusions

The content in the composition of crude oil of various particles of the dispersed
phase significantly affects the rheological parameters of the liquid. The main phe-
nomena in the processes of coalescence of water droplets in oil emulsions are the
destruction of the adsorption film on the surface due to asphalt-resinous substances,
the thinning and rupture of the interfacial film between the droplets, and the
coalescence of droplets.

The formation and formation of the adsorption layer is described by Eq. (5), a
comparison of which with experimental data gives satisfactory results. The equation
for estimating the thickness of the adsorption layer is given in (4). To study the
thinning of the interfacial film, Eqs. (17) and (18) are derived that take into account
the presence of dynamic, capillary, proppant pressure and the Marangoni effect.
Particular cases of solving proposed Eqs. (20)–(24) are presented. Comparison with
the experimental data on the thinning of the interfacial film [38] for West Siberian
oils (Figure 5) showed that for large values of the film thickness, Eq. (20) with
coefficients equal to b3 ¼ 1:2:10�3 is the most suitable, and coefficient β1 is shown in
Table 3.

For very thin films δ≤ δкр, expression (21) with a coefficient b3 ¼ 0:098 is
suitable, and the change in surface tension is described by the formula
σ ¼ 3:6þ σ0 � 3:6ð Þ exp �23:1Cð Þð Þ � 10�3,Н=м.

Figure 20.
The characteristic distribution of the distribution function during crushing drops in size and time equal to 1,
10 min., and 2, 20 minutes.
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After reaching the critical value of the thickness δ≤ δкр, spontaneous thinning
and interfacial film breaking occur (Figure 5). As follows from formulas (17)–(23),
a proppant pressure, inversely proportional to the film thickness and depending on
the asphaltene content in oil and the concentration of demulsifier, plays an impor-
tant role in thinning and rupture of an interfacial film.

The presence of two-dimensional pressures and the complexity of its distribu-
tion on the film surface, taking into account Eq. (14), show that, when it is thinned,
the presence of the Marangoni effect to some extent helps to stabilize oil emulsions,
i.e., has an inhibitory effect on tearing the film. As follows from Eq. (20) and the
formula for determining the coefficient, the Marangoni effect contributes to the
temporary stabilization of the interfacial film, since at any point where the film
becomes thinner due to the influence of external forces, a local increase in surface
tension occurs, which counteracts the thinning. The process of thinning and rupture
of the film is random (spontaneous) in nature, and the probability of its rupture is
inversely proportional to its thickness.

The main physical phenomena that occur in oil emulsions are the coalescence of
droplets in the presence of asphalt-resinous substances in the oil, leading to struc-
ture formation. An analytical solution of the equation of diffusion transfer of drop-
lets in an isotropic turbulent flow determines the coalescence and fragmentation
frequencies of droplets (29–31).

The paper proposes many expressions for determining the structural viscosity of
oil from the content of water droplets, as well as the empirical or semiempirical
dependences of the oil viscosity on the content of asphalt-resinous substances (73)
for Iranian oil and (81) for West Siberian oil. Theoretical and experimental studies
have shown that the value of the structural viscosity of oil during structure forma-
tion sharply increases, and when the structure is destroyed, it sharply decreases
(Figure 11).

Based on the Fokker-Planck equation, the evolution of the distribution
function of water droplets in an oil emulsion as a function of size and time is studied
(84) and (85).

The intensification of the processes of flow and separation of oil emulsions is
associated primarily with the rheological properties of the oil emulsion and
turbulization of the flow. High-frequency turbulent pulsations contribute to the
mechanical weakening of the adsorption and interfacial film and intermolecular
bonds between its components, a decrease in the strength and destruction of the
film as a result of their deformation (tension, compression), and improvement of
the conditions of mutual effective collision (increase in the collision frequency) and
coalescence.
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Nomenclature

A van der Waals-Hamaker constant;
b1, b2, b3 coefficients in Eq. (18)
a diameter of drops
C concentration
cP heat capacity
D molecular diffusion coefficient
DT droplet diffusion coefficient
d pipe diameter
f resistance coefficient in pipes
F the force acting on the interfacial film
Fg hypergeometric function
H height of the intermediate layer
g acceleration of gravity
I mass flow to the surface of a drop per unit time
P a, tð Þ size distribution function of the probability of droplets
RK interfacial film radius
R drop radius
P pressure
T temperature
VP particle velocity
V flow rate in the film
U flow rate

U2 mean square velocity

t time
Г the concentration of adsorbed matter
δ film thickness
_γ shear rate
δ0 initial film thickness
Δ the thickness of the adsorbed layer
ε the porosity of the intermediate layer
εR specific energy dissipation
νC kinematic viscosity of the medium
η film viscosity
ηc dynamic viscosity of the medium
ηd dynamic viscosity of a drop
ηef effective viscosity of emulsions
λ coefficient of thermal conductivity
μP the degree of entrainment of drops by a pulsating medium
μ eigenvalues
σ surface tension
П proppant pressure
ρC medium density
ρd droplet density
τP relaxation time
τ shear stress
φ volume fraction of droplets in the stream
ω collision frequency

Mo ¼ g η4c
ρcσ3

Δρ
ρc

Morton’s number

Pe ¼ Uar
D

Peclet number
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Re ¼ Vpd
νc

Reynolds number

We ¼ ρcU
2a

σ
the Weber number

Indices:
0 initial conditions
p particle
c medium
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Abstract

In this experimental work, the adsorption of partially hydrophilic silica 
nanoparticles, SiO2 has been investigated to determine the degree of silica nanopar-
ticle aggregation in the porous media. An integrated quantitative and qualitative 
method was used by flowing silica nanoparticles into Buff Berea cores and glass 
micromodel. Water wet Buff Berea cores were flooded with 5 pore volumes of 
0.05% silica nanoparticles solution followed by 10 pore volumes of brine post flush 
subjected to 30 and 60°C. The pressure drops increased rapidly at the initial stage 
of silica nanoparticles injection indicated the adsorption had taken place. Pressure 
drops reached the maximum value of ~3.1 psi and between 26.6–82.6 psi at 30 and 
60°C respectively. Pressure drops gradually declined and stabilized in between ~0.4 
and ~0.7 psi after couple of pore volumes of brine post flush, suggesting complete 
reversible and irreversible adsorption. Micromodel test provide qualitative informa-
tion where the straining or log-jamming observed in the form of gelled-like suspen-
sion when silica nanoparticles in contact with brine. The adsorption is considered 
reversible when the suspension decreased after post flooded with brine. Silica 
nanoparticles used in this experimental work shows minimal aggregation that can 
be beneficial as improved oil recovery agent.

Keywords: nanotechnology, nanoparticles, silica nanoparticles, aggregation, 
adsorption, porous media, core flooding, micromodels, permeability impairment

1. Introduction

The advancement of nanotechnology attract researchers interest for its applica-
tion in oil and gas that include the application for enhanced oil recovery, explora-
tion, drilling, completion, well logging, chemical stabilizer, conformance control, 
heavy oil, stimulation and fines migration control [1–13]. The unique properties 
of nanoparticles comprises of extremely high surface area compared to their 
small sizes, thermally stable, high potential to alter the wettability of the reservoir 
formations, modify rock surface charges and associated impact on the rheological 
properties of suspensions [14] that showed potentials to enhance extraction of 
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1. Introduction

The advancement of nanotechnology attract researchers interest for its applica-
tion in oil and gas that include the application for enhanced oil recovery, explora-
tion, drilling, completion, well logging, chemical stabilizer, conformance control, 
heavy oil, stimulation and fines migration control [1–13]. The unique properties 
of nanoparticles comprises of extremely high surface area compared to their 
small sizes, thermally stable, high potential to alter the wettability of the reservoir 
formations, modify rock surface charges and associated impact on the rheological 
properties of suspensions [14] that showed potentials to enhance extraction of 
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hydrocarbons. Silica nanoparticles, SiO2 for example, can be found in most non-
toxic inorganic materials which also the main component of sandstone rock, and is 
more environmental friendly compared to chemical based materials. Nanoparticles 
have showed remarkable performance in fixing the formation fines during fractur-
ing activities [12]. Several studies suggested the nanoparticles has the effect of 
strengthening the attractive forces with regards to the repulsive forces and prevent 
the detachment of fines particles from the pore walls [15].

Nanoparticles are very small in nature with size range between 1 and 100 nm 
[16] which permits this tiny particles to flow in the porous media and show distinc-
tive behavior which fascinating from petroleum engineering perspective. During 
nanoparticles transport in porous media, the physicochemical attraction between 
particles and the pore walls can lead to adsorption or retention that occurs as 
reversible and irreversible [17, 18]. Adsorption in porous media can create major 
issue and need to be control to avoid significant formation damage. Abdelfatah 
described; three different mechanisms were taken place when nanoparticles interact 
in the pores. These interactions are surfaces deposition, mono-particle plugging and 
multi-particles plugging [19]. The surface deposition interactions are dominated by 
five type of forces; the attractive potential force of Van der Waals, repulsion force 
of electric double layers, Born repulsion, acid–base interaction, and hydrodynamics 
[20]. The adsorption of nanoparticles and the pore walls will occur when the total 
force is negative, where the attraction is larger than repulsion between nanopar-
ticles and pore walls.

The mono-particle plugging or screening or mechanical entrapment occur when 
larger particle block at the narrow pores. Injecting large volume of nanoparticles 
can lead to mono-particle plugging. Multi-particles plugging or log-jamming mech-
anism is similar to mono-particle plugging but the blocking occurs at pore channel 
larger than nanoparticles size. Log-jamming happen when nanoparticles flow from 
pores to narrow pore throat. Nanoparticles interaction between the particles itself 
can cause aggregation and gelation and the significantly block the pore throat if 
the aggregate size much bigger than pore throat. The adsorption of nanoparticle on 
the pore walls also depends on the type and pH of nanoparticles, rock clay content 
as well as the rock wettability [21]. The advantage of nanoparticles adsorption, 
instead, it contributed to the alteration of rock wettability that is desirable for 

Figure 1. 
Nanoparticles interactions mechanisms in porous media [19].
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enhanced oil recovery [22–25]. Nanoparticles specifically silica nanoparticles on 
the other hand, are not stable in salts water and aggregates at elevated temperature, 
high concentration and at high injection rates that can lead to substantial perme-
ability impairment [17, 24, 26–28]. Figure 1 shows the illustration of nanoparticles 
interactions mechanisms in porous media.

This experimental work investigates the aggregation of partially hydrophilic 
silica nanoparticles, SiO2 in porous media. The standard method for silica nanopar-
ticles concentration measurement using UV-Vis spectrophotometer is not suitable, 
and hence more reliable quantitative and qualitative methods were developed. 
Core flooding pressure drops and particles size analysis of treated Buff Berea 
cores provide quantitative information supported by qualitative measurement of 
Field Emission Scanning Electron Microscope (FESEM) and micromodel test. The 
pressure drops value showed closed agreements with particles size during silica 
nanoparticles injection and brine post flush, visualization of silica nanoparticles in 
micromodel. FESEM analysis suggested the partially hydrophilic silica nanoparti-
cles used in this experimental work showed minimal aggregation with insignificant 
permeability impairment.

2. Materials and methods

2.1 Materials for core flooding

2.1.1 Nanofluids

Partially hydrophilic silica nanoparticles (SiO2) supplied by commercial nano-
materials company using code name NPN-ST. This nanoparticles was selected based 
the requirement of this research work in terms of size and solubility in water and 
selected solvent. NPN-ST supplied at 30% active concentration with average size of 
12 nm and pH 5. NPN-ST was diluted in mutual solvent at 0.05% concentration and 
the solution undergoes sonication in ultrasonic bath for at least 40 minutes.

NPN-ST stability in the carrier fluid before and after 24 hours aged at room 
temperature and 60°C was determined through visual observation, turbidity test 
and particle size distribution measurement. The particle size of NPN-ST slightly 
increased from 24 nm to ~27 nm and 35 nm after kept for 24 hours at room tem-
perature and at 60°C respectively. The incremental of particle size is minor which is 
within the accepted size required for this study.

The turbidity reading is in the low range between 0.95 and 1.98 NTU. Figure 2 
shows the particles size distribution and visual observation of NPN-ST after 
24 hours sustained as clear solution and did not show any forms of precipitation. 
Figure 3 shows the Transmission Electron Microscopy (TEM) image of NPN-ST 
solution at 20 and 100 nm scale which comparable with most common silica 
nanoparticles materials.

2.1.2 Fluid samples

Formation brine used in this study is mixture of major ion salts prepared in 
deionized water. CaCl2, MgCl2, KCl and NaCl salts were mixed in the appropriate 
proportions to make up 1.5 wt% formation water salinity. Brine sample was filtered 
with the Millipore vacuum filter through a 47 mm, 0.45 micron nominal pore 
opening cellulose filter. Table 1 shows the brine composition of synthetic formation 
water.
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deionized water. CaCl2, MgCl2, KCl and NaCl salts were mixed in the appropriate 
proportions to make up 1.5 wt% formation water salinity. Brine sample was filtered 
with the Millipore vacuum filter through a 47 mm, 0.45 micron nominal pore 
opening cellulose filter. Table 1 shows the brine composition of synthetic formation 
water.
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2.1.3 Core samples

Buff Berea cores of 3.8 cm in diameter and 7.5 cm in length (and 2 sets of core 
with 14.0 cm in length), permeability range between 200 and 400 mD that con-
tained mixture of clays were used in this study. Five sets of core flood tests were 
conducted and details of core properties assigned for each experiment are listed in 
Table 2. Table 3 shows the Buff Berea core detail mineralogy measured by X-Ray 
Diffraction (XRD) test.

Figure 3. 
Image of 0.05% NPN-ST under transmission electron microscopy (TEM): (a) at 100 nm scale and  
(b) at 20 nm scale.

Salts Weight for 1 L (g)

NaCl 20.92

KCl 0.31

MgCl2.6H2O 0.08

CaCl2 0.10

Table 1. 
Salt composition for formation brine.

Figure 2. 
Particle size and visual observation of NPN-ST at initial and after 24 hours aged at room temperature and 
60°C.
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2.2 Core flooding procedure

The dry weight of the core was measured before brine saturation. Core was 
saturated in desiccator with formation brine until all air trapped were removed. The 
core was then put in saturator for further saturation at 2000 psi for 24 hours. The 
saturated weight of the core was measured after saturation to calculate the core pore 
volume (PV) by gravimetric method. The core was carefully unloaded from satura-
tor, into core holder and subject to 1500 psi confining pressure applied with mineral 
oil using automatic confining pressure pump. The back pressure was set at 200 psi 
and temperature set at 30 and 60°C. The core was flooded with brine for at least 2 
pore volumes or until pressure stabilize at 0.5, 1.0 and 1.5 ml/min. The derived pres-
sure drops data were used to calculate absolute permeability to water using Darcy’s 
Law. The core flooding test was conducted using Formation Response Test (FRT) 
equipment model 3100. Core flooding equipment consists of:

• 12-inch core holder (1.5-inch diameter)

• Backpressure regulator

• 3 accumulators (1000 ml volume)

• A system of valves operated pneumatically via a computer

• An injection system, incorporating an electronically-controlled Quizix pump

Core 
ID

Diameter 
(cm)

Length 
(cm)

Porosity 
(%)

Air 
permeability 

(md)

Pore 
volumes 

(ml)

Test 
temperatures 

(°C)

B1–10 3.84 7.40 23.35 386.79 20.10 30

B3–21 3.84 7.44 23.20 328.89 20.02 30

L1 3.84 14.18 N.D.1 N.D.1 37.90 30

B7-16 3.84 7.44 23.50 325.42 19.82 60

L2 3.84 14.55 N.D.1 N.D.1 38.89 60
1Not determine.

Table 2. 
Buff Berea core properties.

Core Calculated whole rock composition (weight %)

Quartz Plagioclase K-Feldspar Calcite Dolomite Siderite Pyrite

Buff 
Berea

79.2 4.3 1.9 0.4 1.1 0.9 1.0

Clay fraction Clay fraction (clay typing, weight %)

Kaolinite Chlorite Illite Mixed 
layer 
(I/S)

Smectite Total clay

36.2 19.7 33.2 7.9 2.5 10.7

Table 3. 
Buff Berea core X-ray diffraction (XRD) data.
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Core Calculated whole rock composition (weight %)

Quartz Plagioclase K-Feldspar Calcite Dolomite Siderite Pyrite

Buff 
Berea

79.2 4.3 1.9 0.4 1.1 0.9 1.0

Clay fraction Clay fraction (clay typing, weight %)
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layer 
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Table 3. 
Buff Berea core X-ray diffraction (XRD) data.
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• Automated auto sampler

• A balance to a data logger

Figure 4 shows the schematic of core flooding equipment.
After brine injection, 5 pore volumes of 0.05% SiO2 NPN-ST was injected into 

Buff Berea core at 0.5 ml/min and aged for 24 hours. The core was flooded with brine 
for 10 pore volumes at 0.5 ml/min or until stable pressure drops is obtained. Finally, 
core is subjected to 2 pore volumes of brine at 0.5, 1.0 and 1.5 ml/min to determine 
the final permeability to water. The effluent during NPN-ST and brine post flush 
injection were collected every 5 ml per tube and analyzed for particle size using light 
scattering method. After completion of core flooding test, each of the treated Buff 
Berea cores were dried and cut into three sections (inlet, middle and outlet) for Field 
Scanning Electron Microscope (FESEM) analysis. The attachment and aggregation 
of silica nanoparticles under FESEM were determined by comparing the photomi-
crographs of untreated core (obtained from same core cut with treated cores).

Figure 4. 
Schematic of core flooding equipment.

Figure 5. 
Schematic of micromodel system.
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2.3 Micromodel test

Figure 5 illustrates the micromodel experimental set up that comprised of 3 main 
components; the injection port and lines, that include the differential pressure set up 
(bypassed for this study), a flow cell represents as porous network (45 mm × 15 mm 
dimension) with 2.5 Darcy permeability that made of borosilicate glass and the slide 
made of polypropylene. The flow cell is placed under NIS-Element AR microscope 
which has 2X, 4X, 8X and 20X zoom lenses connected to a computer for image view-
ing. Six region of interest (ROI) have been identified at inlet, middle and outlet site 
of the micromodel. The images were taken by using microscope at 2X resolution.

Figure 6 shows the ROIs used for this micromodel experiment. The pore and 
grain size of micromodel is categorized as fine, medium and coarse. The pore and 
grain size output indicate the overall ROIs studies. Table 4 shows the micromodel 
pore and grain size determined by using Annotations and Measurement tool on 
microscope software. 30 ml of 0.05% NPN-ST was injected at 0.001 ml/min fol-
lowed by 40 ml of 1.5 wt% brine at 0.1 ml/min into the glass micromodel and aged 
for 1 week. After 1 week, 30 ml of brine was injected and the micromodel image of 
each ROI was analyzed.

3. Results and discussion

3.1 Core flooding test

For this study, 0.05% NPN-ST concentration was selected based on gravity-
assisted flow (GAF) reported in previous work [29]. Injection rate was fixed at 

Properties Fine Medium Coarse

Pore size (μm) 36.33–87.76 90.3–191.4 205.37–441.46

Grain size (μm) 110.27–186.08 209.82–305.02 387.13–705.90

Table 4. 
Micromodel pore and grain size.

Figure 6. 
Region of interest (ROI) at inlet, middle and outlet of the micromodel porous network.
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• Automated auto sampler

• A balance to a data logger
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0.5 ml/min throughout the injection to eliminate the permeability impairment 
caused by nanoparticles injection at high rates [27]. The recorded pressure drops 
during initial brine, NPN-ST and brine post flush injection enable the interpreta-
tion of silica nanoparticles adsorption or plugging inside the porous media. Figure 7 
shows the pressure drop profiles of water wet Buff Berea core; B1–10, B3–21 and L1 
when injected with 0.05% NPN-ST at 30°C. B1–10 core flood results showed rapid 
increased in pressure drops from ~0.28 psi to maximum ~1.09 psi after 2.6 pore 
volumes of NPN-ST injection. The rapid increased of pressure drops at initial stage 
of silica nanoparticles injection caused by multilayer adsorption and gradual strain-
ing effects [17, 18]. After 2.6 pore volumes, the pressure drops gradually declined to 
~0.87 psi that indicates the adsorption process had completed. The pressure drops 
start to increase rapidly to maximum ~1.16 psi during brine post flush which con-
firmed the NPN-ST multilayers adsorption. The pressure drops gradually declined 
after 2.4 pore volumes brine post flush and stabilized and reached steady state at 
0.37 psi after six pore volumes that indicate no further detachment and straining of 
NPN-ST.

B3–21 and L1 core generated slightly higher pressure drops at initial stage and 
during post flush but with similar trend with B1–10 core. The pressure drops of L1 
core increased rapidly from ~0.5 psi to maximum ~2.3 psi. After 1.56 pore volumes 
of NPN-ST injection, the pressure drops declined and stabilized at ~1.9 psi and fur-
ther declined during brine post flush and stabilized at ~0.77 psi. Multilayer adsorp-
tion and gradual straining effects of B3–21 generated the highest pressure drops 
from ~0.27 to maximum 3.11 psi compared to B1–10 and L1 core. Nevertheless, 
B3–21 reached steady state at 0.4 psi, which slightly higher compared to B1–10 core. 
Figure 8 shows the pressure drop profiles of Buff Berea core B7–16 and L2 when 
injected with 0.05% NPC-ST at 60°C. After brine injection, sharp increase in pres-
sure drop from ~0.20–0.24 psi to maximum ~ 0.9–1.53 psi was observed. After 2.7 
pore volumes of NPC-ST injection, the pressure drop temporary decline until sharp 
increase in pressure drop to maximum value of 82.61 and 26.61 psi for B7–16 and L2 
core respectively. The maximum pressure drops observation occurred for less than 1 
pore of NPN-ST injection until the pressure drop gradually declined and stabilized 
at ~ 0.28–0.30 psi. Pressure drop at 60°C showed more rapid increasing in pressure 

Figure 7. 
Pressure drops of buff Berea Core B1–10, B3–21 and L1 during (I) initial brine injection, (II) 0.05% NPN-ST 
injection and (III) brine post flush at 30°C.
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drops in comparison with 30°C during NPC-ST injection, but the permeability 
impairment is slightly lower at 60°C.

The permeability before and after silica nanoparticles injection were calcu-
lated using the pressure drops data during brine injection and calculated using 
Darcy’s law.

  k =   Q𝜇𝜇L _ A𝛥𝛥P    (1)

where k (D), Q (cm3/sec), µ (cP), L (cm), A (cm2) and ΔP (atm) is permeability, 
flow rate, water viscosity, core length, core area and pressure drops respectively.

Table 4 shows the calculated permeability impairment of Buff Berea core B1–10, 
B3–21, L1, B7–16 and L2 after NPN-ST injection. The permeability impairment of 
each treated cores were calculated using the following equation:

  Permeability impairment,  k  imp   =  [  
 ( kw  i   −  kw  f  ) 

 _  kw  i  
  ] x 100%  (2)

where kimp, kwi and kwf is permeability impairment, initial permeability and final 
permeability respectively.

The calculated permeability impairment for B1–10, B3–21, L1, B7–16 and L2 are 
28.6, 30.3 and 26.2% for 30°C and 19.6 and 16.4% at 60°C respectively as shown in 
Table 5. The permeability impairment between cores at designated temperature 
showed close values and slightly lower compared with other silica nanoparticles 
investigated in previous study [25–27]. Permeability impairment at 60°C is lower 
compared to 30°C indicated the silica nanoparticles used in this study is suitable for 
high temperature application.

3.2 Field scanning electron microscope (FESEM) analysis

FESEM photomicrographs of untreated core and cores injected with NPN-ST 
were compared to confirm the silica nanoparticles adsorption on core surface. At 
500 nm magnification, untreated core displays as uniform surface as shown in 
Figure 9. Spherical shape of silica nanoparticles were detected on surface of B3–21 

Figure 8. 
Pressure drops of buff Berea Core B7–16 and L2 (I) initial brine injection, (II) 0.05% NPN-ST injection and 
(III) brine post flush at 60°C.
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drops in comparison with 30°C during NPC-ST injection, but the permeability 
impairment is slightly lower at 60°C.
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core with average particle size between 30 and 36 nm. Some aggregation of silica 
nanoparticles was observed at the inlet and middle core section and can be consider 
as minimal aggregation. Clear image of spherical silica nanoparticles adsorbed on 
the surface of L1 core observed at the inlet, middle and outlet section which also 
consider minimal aggregation. For both B1–10 and L1 core, most of the spherical 
particles was observed at the outlet section of the core where the non-adsorb silica 
nanoparticles was flushed out during post brine injection. Figures 10 and 11 shows 
the FESEM photomicrographs at inlet, middle and outlet section of B1–10 and L1 
core at 500 nm magnification.

On the other hand, no clear silica nanoparticles image detected for B7–16 and L2 
core at inlet and middle section. Most of the spherical shape which also formed as 
aggregates observed at the outlet core section but the high charging during FESEM 
analysis caused unclear photomicrographs image as shown in Figures 12 and 13. 
Further analysis of aggregation of silica nanoparticles inside the porous media 
showed the aggregation could be substantial when in contact with residual water in 
the core. High aggregation can cause serious pore plugging and ultimately reduce 
the permeability. The silica nanoparticles spherical shape attached with each other 
and formed aggregates as shown in Figure 14.

3.3 Particle size of core flood effluents

The particles size of silica nanoparticles and post flush effluents provide indi-
rect relationship with silica nanoparticles aggregation in the porous media. The 

Core 
ID

Test 
temperature 

(°C)

Initial core 
permeability, kwi 

(mD)

Final core 
permeability, kwf 

(mD)

Permeability 
impairment, kimp  

(%)

B1–10 30 247.8 176.8 28.6

B3–21 30 229.3 159.9 30.3

L1 30 234.8 173.3 26.2

B7–16 60 193.9 155.9 19.6

L2 60 253.5 211.9 16.4

Table 5. 
Permeability impairment of buff Berea core B1–10, B3–21, L1, B7–16 and L2.

Figure 9. 
FESEM photomicrographs of untreated buff Berea core at 500 nm magnification.
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measured effluent particle size during NPN-ST is smaller compared to brine post 
flush as shown in blue line in Figures 15–17. Most of silica nanoparticles aggregates 
were flushed out, while the majority of larger particles size was detected during 
brine post flush as shown in orange line in Figures 15–17. The measurement of 
particles size provides useful information for this experimental work where the 
larger particles size corresponds with high pressure drops and vice-versa.

3.4 Micromodel test

The qualitative method using glass micromodel flooding test allow the in-situ 
visualization during silica nanoparticles injection and brine injection that enable 
the image capture for aggregation analysis. The micromodel porous network before 
fluid injection is shown Figure 18. Silica nanoparticles particles propagate in the 
porous media that captured at the respective ROIs marked in red circle as shown in 
Figure 19. Gelled liked suspension was observed in the porous network when the 
silica nanoparticles in contact with brine that indicate aggregation marked in red 
arrow as shown in Figure 20. The size of aggregation at respective ROIs was mea-
sured according to fine, medium and coarse.

The aggregation phenomena associated with the sharp increase in pressure drops 
observed during core flooding test when silica nanoparticles injected into water 

Figure 10. 
FESEM photomicrographs of buff Berea core B1–10 treated with NPN-ST.

Figure 11. 
FESEM photomicrographs of buff Berea core L1 treated with NPN-ST.

Figure 12. 
FESEM photomicrographs of buff Berea core B7–16 treated with NPN-ST.
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core with average particle size between 30 and 36 nm. Some aggregation of silica 
nanoparticles was observed at the inlet and middle core section and can be consider 
as minimal aggregation. Clear image of spherical silica nanoparticles adsorbed on 
the surface of L1 core observed at the inlet, middle and outlet section which also 
consider minimal aggregation. For both B1–10 and L1 core, most of the spherical 
particles was observed at the outlet section of the core where the non-adsorb silica 
nanoparticles was flushed out during post brine injection. Figures 10 and 11 shows 
the FESEM photomicrographs at inlet, middle and outlet section of B1–10 and L1 
core at 500 nm magnification.

On the other hand, no clear silica nanoparticles image detected for B7–16 and L2 
core at inlet and middle section. Most of the spherical shape which also formed as 
aggregates observed at the outlet core section but the high charging during FESEM 
analysis caused unclear photomicrographs image as shown in Figures 12 and 13. 
Further analysis of aggregation of silica nanoparticles inside the porous media 
showed the aggregation could be substantial when in contact with residual water in 
the core. High aggregation can cause serious pore plugging and ultimately reduce 
the permeability. The silica nanoparticles spherical shape attached with each other 
and formed aggregates as shown in Figure 14.

3.3 Particle size of core flood effluents

The particles size of silica nanoparticles and post flush effluents provide indi-
rect relationship with silica nanoparticles aggregation in the porous media. The 

Core 
ID

Test 
temperature 

(°C)

Initial core 
permeability, kwi 

(mD)

Final core 
permeability, kwf 

(mD)

Permeability 
impairment, kimp  

(%)

B1–10 30 247.8 176.8 28.6

B3–21 30 229.3 159.9 30.3

L1 30 234.8 173.3 26.2

B7–16 60 193.9 155.9 19.6

L2 60 253.5 211.9 16.4

Table 5. 
Permeability impairment of buff Berea core B1–10, B3–21, L1, B7–16 and L2.

Figure 9. 
FESEM photomicrographs of untreated buff Berea core at 500 nm magnification.
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measured effluent particle size during NPN-ST is smaller compared to brine post 
flush as shown in blue line in Figures 15–17. Most of silica nanoparticles aggregates 
were flushed out, while the majority of larger particles size was detected during 
brine post flush as shown in orange line in Figures 15–17. The measurement of 
particles size provides useful information for this experimental work where the 
larger particles size corresponds with high pressure drops and vice-versa.

3.4 Micromodel test

The qualitative method using glass micromodel flooding test allow the in-situ 
visualization during silica nanoparticles injection and brine injection that enable 
the image capture for aggregation analysis. The micromodel porous network before 
fluid injection is shown Figure 18. Silica nanoparticles particles propagate in the 
porous media that captured at the respective ROIs marked in red circle as shown in 
Figure 19. Gelled liked suspension was observed in the porous network when the 
silica nanoparticles in contact with brine that indicate aggregation marked in red 
arrow as shown in Figure 20. The size of aggregation at respective ROIs was mea-
sured according to fine, medium and coarse.

The aggregation phenomena associated with the sharp increase in pressure drops 
observed during core flooding test when silica nanoparticles injected into water 

Figure 10. 
FESEM photomicrographs of buff Berea core B1–10 treated with NPN-ST.

Figure 11. 
FESEM photomicrographs of buff Berea core L1 treated with NPN-ST.

Figure 12. 
FESEM photomicrographs of buff Berea core B7–16 treated with NPN-ST.



Nano- and Microencapsulation - Techniques and Applications

250

wet Buff Berea core. The treated micromodel was aged for 1 week to investigate the 
degree of aggregation. Post brine injection flushed out some of the silica nanopar-
ticles suspension as shown in Figure 21. The size of aggregation size at respective 
ROIs was measured to compare with the initial stage of brine injection. The reduc-
tion of gelled-size aggregates results corresponds with the declined in pressure 
drops during brine post flush injection. Gel-liked suspension remains adsorbed in 
some parts of the porous network and strained on the pore walls. In relation, during 

Figure 13. 
FESEM photomicrographs of buff Berea core L2 treated with NPN-ST.

Figure 14. 
FESEM photomicrographs of silica nanoparticles aggregation in the outlet section of buff Berea core.

Figure 15. 
B3–21 core effluent particles size during NPN-ST injection and brine post flush.
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core flooding test, silica nanoparticles adsorption and straining will reduce the core 
permeability and block the fluid pathways.

The size of aggregation during initial brine and post flush is shown in Figure 22. 
Overall the aggregation size is reduced during brine post flush but some part 
formed bigger aggregates that possibly occurred when brine keep in contact with 
nanoparticles blocked in the porous network. Significant aggregates appeared after 
1st and 2nd stage of brine injection at specified ROIs (ROI 1, ROI 2, ROI 3, ROI 4, 
ROI 5 and ROI 6), classified into fine, medium and coarse aggregation size. At 
initial stage, fine aggregates size during 1st and 2nd brine injection at each ROIs was 
not significant from one another. Since their size are relatively small, they are found 
abundantly in suspension mode (unattached to wall) which prone to propagate in 
the porous network. Medium aggregates size during 1st and 2nd brine injection 
indicate size reduction from the front (ROI 1/ROI 4) to end (ROI 3/ROI 4). After 
a week, the aggregates size at each ROIs decreased at about 5% and below. The 
medium size range during 1st and 2nd brine injection was insignificant which fall 
between 100 and 170 μm and 60–180 μm. Coarse aggregates size during 1st and 2nd 

Figure 16. 
L1 core effluent particles size during NPN-ST injection and brine post flush.

Figure 17. 
L2 core effluent particles size during NPN-ST injection and brine post flush.
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brine injection indicate size reduction from the front (ROI 1/ ROI 4) to end (ROI 3/ 
ROI6). After one week aging, the aggregates size decreased at about 10% and below 
at ROI 3/ROI 5 for 1st brine injection, then decreased at ROI 1, ROI 3 and ROI 5 for 
2nd brine injection. The coarse size range during 1st/2nd brine injection are signifi-
cant which fall between 190 and 340 μm and 160–430 μm.

4. Conclusions

In this study, partially hydrophilic silica nanoparticles adsorption and aggrega-
tion in porous media has been demonstrated through quantitative and qualitative 

Figure 18. 
Micromodel porous network before fluid injection.

Figure 19. 
Micromodel porous network during silica nanoparticles injection. Silica nanoparticles flowed through porous 
media marked in red circle at ROI 1, ROI 2, ROI 3, ROI 4, ROI 5 and ROI 6.
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analysis. Four water wet Buff Berea cores treated with 0.05% silica nanoparticles 
at 30 and 60°C were evaluated. Micromodel added qualitative information through 
visualization of silica nanoparticles aggregation in the porous network. The results 
derived from the experimental work concluded as follows:

• The permeability impairment of treated core at 60°C is slightly lower 
compared to 30°C. The sharp increase in pressure drops at 60°C during 
initial silica nanoparticles provided important information of potential log- 
jamming effect that caused by aggregation of nanoparticles when in contact 
with water.

Figure 20. 
Micromodel porous network during brine injection and in contact with silica nanoparticles. Gelled-like 
suspension formed at most of the porous area marked in red arrow.

Figure 21. 
Micromodel porous network during brine injection (after 1 week ageing). Most of the gelled like suspension 
pushed out from the porous network. Some adsorbed silica nanoparticles strained inside the porous network.
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analysis. Four water wet Buff Berea cores treated with 0.05% silica nanoparticles 
at 30 and 60°C were evaluated. Micromodel added qualitative information through 
visualization of silica nanoparticles aggregation in the porous network. The results 
derived from the experimental work concluded as follows:

• The permeability impairment of treated core at 60°C is slightly lower 
compared to 30°C. The sharp increase in pressure drops at 60°C during 
initial silica nanoparticles provided important information of potential log- 
jamming effect that caused by aggregation of nanoparticles when in contact 
with water.

Figure 20. 
Micromodel porous network during brine injection and in contact with silica nanoparticles. Gelled-like 
suspension formed at most of the porous area marked in red arrow.

Figure 21. 
Micromodel porous network during brine injection (after 1 week ageing). Most of the gelled like suspension 
pushed out from the porous network. Some adsorbed silica nanoparticles strained inside the porous network.
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• From FESEM photomicrographs, most of the silica nanoparticles aggregates 
observed at the outer section of the treated core that has been pushed out 
during brine post flush and some remains adsorbed inside the core showed as 
spherical shape with little aggregates.

• The particles size of core flooding effluents during silica nanoparticles are smaller 
that supported the high pressure drops value. In contrast, the particles size is 
much larger during brine post flush supported with low pressure drops value.

• In general, the permeability impairment after silica nanoparticles injection is 
insignificant and the silica nanoparticles concentration can be further opti-
mized that can be beneficial as improved oil recovery agent with minimum risk 
of formation damage.

Figure 22. 
The average size of silica nanoparticles at fine, medium and coarse classification (a) during initial brine 
injection (b) brine post flush after 1 week aging.
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• From FESEM photomicrographs, most of the silica nanoparticles aggregates 
observed at the outer section of the treated core that has been pushed out 
during brine post flush and some remains adsorbed inside the core showed as 
spherical shape with little aggregates.

• The particles size of core flooding effluents during silica nanoparticles are smaller 
that supported the high pressure drops value. In contrast, the particles size is 
much larger during brine post flush supported with low pressure drops value.

• In general, the permeability impairment after silica nanoparticles injection is 
insignificant and the silica nanoparticles concentration can be further opti-
mized that can be beneficial as improved oil recovery agent with minimum risk 
of formation damage.

Figure 22. 
The average size of silica nanoparticles at fine, medium and coarse classification (a) during initial brine 
injection (b) brine post flush after 1 week aging.
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Chapter 9

Microemulsion Formulation of
Botanical Oils as an Efficient Tool
to Provide Sustainable
Agricultural Pest Management
Abhishek Sharma, Saurabh Dubey and Nusrat Iqbal

Abstract

Microemulsion formulation is among the most suitable carrier for the delivery of
bioactive and, therefore, has excellent potential for industrial applications. The
microemulsion system is thermodynamically and kinetically stable. Due to the smaller
droplet size of the microemulsion system, the bioactive covers a larger surface of the
target pest. Botanicals and essential oils, in particular, are green options to control
various soil and seed-borne pathogens. Each oil contains several bioactive constituents
that practically avoid microbe-resistance against it. Nevertheless, to improve the
handling and shelf-life of botanicals, microemulsion formulation is the best option
available. The current chapter provides the insight of a microemulsion system and
explores the possibility of botanical oil-based biopesticides for a sustainable agro-
ecosystem. We believe that botanical oil microemulsion could be a better alternative
to synthetic pesticides and opens a new corridor for the promotion of the greener way
of plant protection in India and across the globe.

Keywords: botanicals, essential oil, microemulsion, pathogen, formulation

1. Introduction

Essential oils from aromatic plants are a competent source of pesticides that have a
diverse role in pest management like insecticides, fungicides, growth-regulators,
deterrent, and repellent activities [1]. Essential oils’ role in pharmacology or thera-
peutic activities and cosmetics is quite known. In recent years, the essential oil is being
used in pest management applications and regularly used by the farmers to promote
organic farming in an environmentally friendly way [2]. Essential oils of aromatic
plants are rich in bioactive compounds viz., terpenes, terpenoids, flavonoids, pheno-
lics, etc. These constituents have different physicochemical properties and stability,
but their utilization in pure form is not feasible. Hence, a suitable delivery system is
needed to enhance its bio-efficacy and stability during the application.

Various formulations of bioactive compounds are available in the market, but
they have certain limitations like un-stability, high in cost, complex compositions,
non-targeted delivery, and post-application wastage. It is, therefore, compelling to
look upon the carrier system that overcomes the limitations mentioned above. In
recent years, researchers have reported that microemulsion (ME) formulation is the
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most suitable carrier for the delivery of bioactive constituents of essential oils and
has excellent potential for industrial applications. The microemulsion system is not
only thermodynamically and kinetically stable but also possesses a small droplet size
(preferably below 100 nm). It means the formulation can incorporate a large
amount of bioactive essential oil in the disperse phase. Due to these characteristic
features, essential oil-based ME favors a stabilized and intelligent approach for the
delivery of their active ingredients into the targeted site and results in enhanced
bio-efficacy. In this chapter, we will discuss the essential oil-based ME and their role
in pest management.

2. Microemulsion systems: a brief background about the origin
and characteristic features

Hoar and Schulman gave the concept of microemulsion in the 1940s. They
prepared the first microemulsion by dispersing oil in an aqueous solution of surfac-
tants and co-surfactants, which finally provides a transparent solution [3].

The microemulsion, as defined by Danielsson and Lindman, in 1981 [4]. The
definition was as given below:

“a microemulsion is a system of water, oil, and an amphiphile which is a single
optically isotropic and thermodynamically stable liquid solution.”

In microemulsion systems, surfactants and co-surfactant play an essential role,
which stabilized the system by reducing the interfacial surface tension between two
immiscible liquids and compensates the dispersion entropy and make the system
thermodynamically stable.

2.1 Types of microemulsion systems

After the 5 years of microemulsion concept, Winsor studied the phase behavior
of water, oil, and surfactant and classified microemulsion system in different
phases, also known as Winsor phases as shown in Figure 1:

Figure 1.
Phases of the microemulsion system.
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a. Oil in water (o/w) microemulsion: In this system, oil is dispersed in a water
medium, and the surfactant is in high concentration in water medium and
low surfactant concentration in oil medium.

b. Water in oil (w/o) microemulsion: In this system, water is dispersed in oil
medium. The surfactant is a high concentration in the oil phase and
surfactant-low in the aqueous phase (Winsor II).

c. Bicontinuousmicroemulsion (transition state from o/w to w/o): A three-phase
system where a surfactant-rich middle-phase coexists with both water and
surfactant (Winsor III or middle-phase microemulsion).

d. Single-phase homogeneous mixture: single-phase isotropic micelle solution

2.2 Characteristics features of ME

The microemulsion system is a competent and stabilized carrier system for all
types of active constituents. The characteristic features of microemulsion are:

• Thermodynamically stable

• Isotropic

• Transparent colloidal system

• Easily penetrate

• Long shelf-life

• Zero interfacial tension

• Easy to prepare

• Droplet size is tiny, i.e., 1–100 nm

2.3 Theories of micro emulsion formation

Three theories explain the microemulsion formation and stability.
i. Interfacial or Mixed film theory: According to this theory, the
microemulsion is formed due to the formation of oil and water complex inter-
face reduction by surfactant and co-surfactants. This theory depends on the
reduction of interfacial tension and expressed as [Eq. (1)]:

ϒi ¼ ϒo=w �ψ (1)

Ψ = spreading pressure; ϒi = interfacial tension; ϒo/w = interfacial tension
between oil and water.
Interfacial of oil and water reduced to zero and increases the spreading pressure.

ii. Solubilization theory: According to this theory, oil or water reverse micelle
structures solubilized and form the monophasic system.

iii. Thermodynamic theory: According to this theory, microemulsion forma-
tion is a spontaneous process that depends upon the lowering of interfacial
tension on the addition of surfactants and co-surfactants, and mixing of one
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phase to another contributes in enhancing the entropy which results into
reduction of droplet size. The following thermodynamic equation expresses
this theory as (Eq. (2):

ΔGf ¼ γ Δ A� T Δ S (2)

ΔGf = free energy of formation; γ = surface tension of the oil–water interface;
ΔA = change in the interfacial area after microemulsion; ΔS = change in entropy of
the system after mixing; T = is the temperature.

2.4 Preparation methods

There are two methods to develop a microemulsion system of very low interfa-
cial tension at the correct ratio of surfactants and co-surfactants. There are two
methods of microemulsion preparation:

I.Phase inversion method. In this method, phase inversion occurs after the
addition of excess dispersed phase in the surfactant system under
temperature control. During phase inversion, the particle size of any drug or
agrochemical reduced, which results in active release kinetics. This method is
also called the phase inversion temperature method. Because after the cooling
phase, inversion will occur from w/o to o/w. short chains of surfactants
promote this inversion (Figure 2).

II.Phase titration method. This method is also known as a spontaneous
emulsification method and can represent with the help of phase diagrams.
The phase diagram is handy in studying the various interactions that occur
while mixing different components of the microemulsion. The phase diagram
is constructed to find out the zones of the microemulsion, and each corner
represents 100% of each element. The phase diagram is built at fixed
surfactant and co-surfactant weight ratios and titrated with water at room
temperature. The formation of the transparent monobasic system is
established by physical appearance (Figure 3).

3. Factor affecting the particle size of active entity (drug or
agrochemical) in microemulsion

The microcavities in microemulsion by surface-active agents causes a cage-like
effect and check the particle agglomeration [5]. The stability of microemulsion
drops depends upon the following factors.

Figure 2.
Diagrammatic representation of the phase inversion method of microemulsion.
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I. The viscosity of the microemulsion: The size of particle in a microemulsion
is depended upon the viscosity of the mixture after adding all the surface-
active agents and water and expressed by the following equation [Eq. (3)]:

ηr ¼ η=ηo ¼ 1þ 5=2ȹ (3)

where, ηr = relative viscosity; η = viscosity of the dispersion; ηo = solvent viscos-
ity; ȹ = volume of droplets.

In the microemulsion system, breaking up of droplets gives droplet volume
fractions up to 0.2, the expected relative maximum viscosity is 1.5, which results in
droplet interactions and destabilizes the microemulsion system [5].

II. The ratio of water to surface-active agents: The water level inside the
spherical micelles gives the radius measurement by the following expression
[Eq. (4)] and Figure 4.

r ¼ 3 Vm=s (4)

where, Vm is the dispersed volume of water; s is the interfacial area by
surfactant molecules.

As the water level is high, it lowers the stability due to less capability of surface-
active agents to protect the more substantial drop — consequently, particles
undergo coagulation and flocculation. Therefore, the size of the droplet depends
upon the ration of water to surface-active agents (ώ).

III.Nature of surface-active agents and concentration of aqueous reactants:
An increase in surface-active agents decreases the particle size. The surface-
active agents stabilized the microemulsion by reducing the ration of water to
surface-active agents (ώ). Therefore, surface-active agents control the
droplet size as well as provide stability to the microemulsion system.

IV.Temperature: Temperature plays a significant role in droplet size reduction. As
temperature decreases, the viscosity of the microemulsion increases, which
results in particle agglomeration. Elevated temperature decreases the solubility

Figure 3.
Diagrammatic representation of the titration method of microemulsion.
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of non-ionic surfactants due to de-hydration of hydrophilic groups at high
temperature. In the oil phase, on the other hand, active agents’solubility
increases in the oil phase. Therefore temperature optimization is critical in
droplet size reduction and microemulsion stabilization.

4. Microemulsion evaluation parameters

4.1 Physical appearance

For Physical appearance, microemulsion can be checked visually by the fluidity,
optical clarity, and uniform appearance.

4.2 Transmittance test

Transparency of microemulsion is the first sign of the microemulsion system.
The percent transmittance is measured by UV–visible spectroscopy.

4.3 Scattering Techniques

Microemulsion structures can be studied by scattering of x-ray radiations. This
technique identifies the nature of microemulsions weather; it is a diluted
monodispersed or polydispersed system.

4.4 Droplet size

The droplet size of the microemulsion is measured by dynamic light scattering
experiments or electron microscopy. Along with droplet size, it also gives polydis-
persity values of the microemulsion system.

Figure 4.
Diagrammatic representation of the effect of water on the surface-active agent on the stability of the
microemulsion.
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4.5 Active ingredient stability

The active ingredient stability is quantified by suitable analytical techniques like
HPLC, GC–MS, LC–MS, and others. According to the active constituents after
formulation development. The active constituent’s stability is crucial after formula-
tion development.

4.6 Viscosity measurement

Viscosity is the fundamental property of the microemulsion system. If any type
of viscosity change occurs, it will destabilize the microemulsion and leads to floc-
culation or phase separation.

4.7 Electrical conductivity

The electrical conductivity of formulated samples in microemulsion form was
checked after adding a surfactant, oil, and water components. A conductometer
does this measurement at ambient temperature and 1 Hz frequency.

4.8 In-vitro drug release

The bioactive content release study was carried out in Franz diffusion cell of
volume 20 ml. Two compartments are present- one is a receptor compartment, and
the other is the donor compartment. Receptor compartment is filled with buffer,
and the donor compartment is filled with a microemulsion sample and covered by a
cellophane membrane. At certain intervals of time the donor compartment is ana-
lyzed for active ingredient content.

4.9 Advantages

• Solubilize water-insoluble active constituents

• Enhanced bio-efficacy

• Slow-release delivery system

• Effective in both contact as well as systemic delivery

• Easy to form

• Smell masking of unpleasant active ingredients

• Easy to develop

• Protect the active constituents from hydrolysis and oxidation.

4.10 Disadvantages

• Use of high amount of surfactants and co-surfactants

• Limiting solubilizing capacity for high melting active constituents

• Microemulsion stability influenced by temperature and ph.
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5. Applications of microemulsion

Microemulsion are being used in many areas.

a. Drug delivery: Microemulsion formulation has been extensively used in drug
delivery. From the last few decades, the microemulsion system has been used
in a variety of drug delivery systems like oral, topical, parenteral, and oral.

b. Analytical applications: The microemulsion system is the suitable
solubilizing medium for hydrophobic constituents and then can be analyzed
for various constituent detection.

c. Biotechnology applications: Enzymatic reaction, immobilization of
proteins, and bioseparation can be done successfully in microemulsion
systems.

d. Oil recovery: The microemulsion system also helps in the improvement of oil
due to the high amount of surfactants.

Besides, the applications mentioned above, microemulsion formulation also find
its applications in the following fields:

• Cosmetics

• Coating of Textiles

• Detergents

• Environmental Remediation

• Agrochemicals

• Food

6. Botanical oil microemulsion in crop protection with emphasis
on essential oil

Several botanicals sources of phytochemicals offer great promise for insect pest
control. Six plant families with several representative species, Asteraceae,
Cladophoraceae, Labiatae, Meliaceae, Oocystaceae, and Rutaceae, appear to have
the most significant potential for providing future insect control in crops [6].

A most crucial source of phytochemical compounds against insect pests is the
essential oil. Essential oil is the mixture of volatile compounds generally produced
by Plant as secondary metabolites, constituted by hydrocarbons (terpenes and
sesquiterpenes) and oxygenated compounds (alcohols, esters, ethers, aldehydes,
ketones, lactones, and phenols) [7]. Bioactive chemical compounds of essential oils
have repellent properties against mosquitoes. Previous studies revealed that terpe-
noid groups are biologically active compounds for mosquito repellency. There are
20 active terpenoids with a functional group of negatively charged and containing
ester/ether bonds or an ethanol hydroxyl group and other positively charged end
containing alkane groups [8]. These bio-active chemicals have several properties,
which are categorized as repellents, feeding deterrents, toxins, and growth
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regulators. Five major categories of bioactive compounds are (1) nitrogen com-
pounds (primarily alkaloids), (2) terpenoids, (3) phenolics, (4) proteinase inhibi-
tors, and (5) growth regulators [9].

Many bioactive compounds (phytochemicals) have been discovered by the
researchers who have good repellent activity against insect pests [10]. These
botanical-based repellents not only have excellent repellency but also influences the
physiology of insect. These botanical bioactive agents (phytochemicals) can effec-
tively replace the presently available synthetic pesticides against the mosquito.

6.1 Issues with essential oils in agriculture

Essentials are potent pesticides. But still, exploitation of them in pure form is not
encouragable in the agriculture because of the following reasons:

a. Water solubility: Essential oils are water-insoluble due to fatty acids and
cannot be dispersed uniformly in water before application [11]. Non-
uniformity during use creates the problem of dispersion over the applied
areas. It is the main ineffectiveness of essential oil application.

b. Penetration: Essential oils in a pure form not penetrate in the targeted area
and wash off by rain or evaporated quickly by air [12].

c. Shelf life: In the pure form, shelf life of essential oil decreases and their
constituents starts degrading in the open atmosphere by light, pH,
temperature variations, etc. [13].

6.2 Microemulsion system: a practical approach to solve the inefficiencies
of essential oil in crop protection

Microemulsions are the thermodynamically stable isotropic solution of
nanodispersions of size 10–200 nm. These are highly stabilized solutions with
surfactants and co-surfactants [14, 15]. These microemulsion systems provide
effective delivery systems, give extended shelf life, easy to prepare, and can easily
scalable by low input of energy [16].

In microemulsion physio-chemical parameters of essential oil changes like
improvement insolubilization, better bioavailability, and enhance the rate of pene-
tration in targeted sites without any wastage [14, 17] in addition to this essential oil
bio-constituents spreading capacity in aqueous solution improves and gives uni-
form dispersion on targeted sites after application [18] and provide good bio-
efficacy [19]. Moreover, in microemulsion formulation, essential oil active ingredi-
ent degradation rate decreases and enhances their shelf life for an extended period
[20]. Further, due to the smaller droplet size in microemulsion also enhances wet-
ting, spreading, and permeability and uniformly deposited over leaf surfaces
[21, 22]. Characteristic features of essential oil microemulsion have been
highlighted in Figure 5.

6.3 Available essential oil microemulsions and targeted pest

Microemulsions can incorporate the natural oil or essential oil in a high amount
in water without any destabilization of active constituents. Essential oil gives a
superstability performance in microemulsion form as compared to emulsion forms
[23]. The essential oil has many potential active ingredients that give very good
bioefficacy in insect pests. Hence, essential oil could be a better alternative to
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synthetic pesticides. In microemulsion systems, essential oil active constituents
are protected in micelles and give a useful model of the delivery system against
different pest populations.

In the microemulsion system, droplet size is very small, i.e., in the range of 10–
100 nm. So, the translocation through vascular tissues is very easy in systemic, and due
to good adherence and spreadability, it gives equally good results in the non-systemic
mode of action.Table 1 shows the available microemulsions in crop protection.

Cinnamon (CM) essential has been reported as a potential alternative to chem-
ical fungicides. In CM microemulsion formulation rate of control of gray mold was
increased up to 20% with 500ug L-1 in comparison with the non-microemulsion
formulation. CM microemulsion postponed the ascorbic acid loss and cause no
significant influence on pear qualities such as color and taste [24].

The microemulsion system, along with stabilizers and surfactants, gives stable
physicochemical characteristics and excellent stability. Insecticidal bioassay indi-
cated that the acute LC50 to P. xylostella was 12.477mg/L. It will be environment-
friendly and shows potential alternative features to synthetic pesticide against P.
xylostella [25].

Neem, along with Karanja oil, has been termed as a natural pesticide
microemulsion system. This combination has been proven economical as well as the
stabilized formulation for an extended period and gives good bioefficacy against
different types of crop pest populations [26].

Essential oils give combinatory properties along with synthetic pesticides. Along
with stability, it also enhances the bio-efficacy against different insect pests.

Neem oil microemulsion by using biodiesel waste as co-solvent has been devel-
oped as an effective delivery system against different pests. These microemulsions
are eco-friendly, economical, and safe for non-targets. The developed
microemulsions highly stabilized and efficient at a low dose [27].

Lemongrass oil has been proved a right stabilizer as well as a dispersant in the
neem oil microemulsion system. The primary specialty of this formulation is that
these Neem ME formulations are free from any co-solvents. In the presence of
lemongrass stability of active ingredient, i.e., azadirachtin also increased, and HPLC
data shows a very less degradation after 14 days of storage at 54°C [28].

Figure 5.
Characteristics of essential oil microemulsion.
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S.No. Essential oil Active
constituents

Mode of
action

Insect pest References

1. Cinnamon oil Cinnamaldehyde
Cinnamyl Acetate
Caryophyllene
Linalool
Eugenol
Cinnamaldehyde
(3-phenyl-2-
propanal)

Fungicide Gray mold of pears [24]

2. Castor Oil Ricinoleicacid Herbicide Convolvulus arvensis [23]

Camphor Oil Pinene
Camphene
Limonene
1,8-Cineole
p-Cymene

Herbicide Convolvulus arvensis [23]

Peppermint Oil Menthol
Menthone
1,8-Cineole
Menthyl acetate
Isovalerate
Pinene
Limonene

Herbicide Convolvulus arvensis [23]

Jojoba Oil Gondoic acid Herbicide Convolvulus arvensis [23]

3 Peppermint Oil Menthol
Menthone
1,8-Cineole
Menthyl acetate
Isovalerate
Pinene
Limonene

Insecticide Sitophilus oryzae [29]

4. Thyme oil Borneol
Carvacrol
Linalool
Thymol
Tannin
Saponins
Triterpenic Acids

Fungicide Geotrichum citri (citrus
sour rot)

[30]

5. Eucalyptus oil Eucalyptol or 1,8-
cineol

Insecticide Sitophilus oryzae (L.) and
Tribolium castaneum
(Herbst)

[31]

6. Neem oil Azadirachtin Acaricides Tetranychus urticae [32]

7. Neem oil + lemon
grass oil

Myrcene
Citral
Citronellal
Geranyl Acetate
Nerol
Geraniol
Limonene

Insecticides — [28]

8. Natural pyrethrin Pyrethrin I
Pyrethrin II
Cinerin I
Cinerin II
Jasmolin I
Jasmolin II

Insecticides Aphis gossypii [33]
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Natural oil microemulsion along with botanical synergist (Prosopis juliflora) have
been proved the stability of active constituents in ME formulation. The HPLC data
showed that botanical synergist lowers the degradation rate of active components of
natural oil. Further, the bioefficacy results showed a prominent biocontrol against
Spodopteralitura at 400 PPM [38].

Clove (CO) and lemongrass oil (LGO) ME showed potential antifungal agents
against Fusarium oxysporum f.sp. lycopersici (FOL) without showing any sign of
phytotoxicity in tomato plants [36].

Eukalyptus (Eucalyptus globules) oil ME was developed along with Karanja
(Pongamiaglabra) and jatropha cakes (Jatropha curcas) to enhance the bioefficacy
against Triboliumcastaneum, a stored grain pest. The mortality data shows that
Eucalyptus oil ME with Karanja and jatropha cakes extract gives LC50 at 50 ppm,
and without extract, it LC50 at 100 PPM. The GC-ms data shows that degradation
% of a marker compound, i.e., 1, 8-cineole, also reduced in filtrate based ME. So,
this study discovered that essential oil stability and bioefficacy could be improved
in microemulsion by using these types of botanical extracts [37].

Previous studies revealed that essential oil microemulsion formulation with
optimum surfactants and botanical synergists or stabilizers could improve the

S.No. Essential oil Active
constituents

Mode of
action

Insect pest References

9. Betel leaf (Piper
betle L.) essential
oil

Cadinene
Sesquiterpene
Chavicol
Geraniol
Α-Thujene
Terpinolene
Chavibetol
Phenyl Propane
Trans Β-Ocimene
Safrole
Caryophyllene
Cineole
Cadinol
Eugenol
Camphene
Limonene
Pinene
Eugenyl Acetate

Fungicide Aspergillus species [34]

10. Chlorpyrifos +
jatropha and
karanj oil

Karanjin
Pongamol
Oleic Acid

Insecticides Stored Grain Pest [35]

11. Clove and
lemongrass oil

Myrcene
Citral
Citronellal
acetyl eugenol
beta-caryophyllene
vanillin
crategolic acid
tannins
Flavinoids

Fungicide Fusarium oxysporum [36]

12. Eucalyptus oil Eucalyptol or 1,8-
cineol

Insecticides Tribolium castaneum [37]

Table 1.
Literature survey on essential oil microemulsion for crop protection.
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stability as well as bioactivity against different crop pests. Therefore essential oil ME
could be the safest mode of a delivery system shortly. Advanced features of essen-
tial oil microemulsion are depicted in Figure 6.

6.4 Scope of work in promoting essential oil microemulsion in crop protection

Essential oil based microemulsion formulation is a promising tool for the bio-
control of the pests of economic importance. However, there are still some areas of
improvement that should be focused upon in order to promote oil based
microemulsion system in the agriculture sector.

1. The need for combinatory botanicals or synergists: Essential oil ME in pure
form requires a higher rate of application for controlling pest species, which
will increase the cost of formulation and limits its usage. So, there is an urgent
need for discovering new combinatory or synergistic constituents, which will
be very helpful in promoting essential oil ME.

Figure 6.
Advanced features of essential oil ME formulations over essential oil.
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2. Extraction and refinement of active components: There are many active
components present in the essential oils, and each gives some specific prop-
erty. So, many research studies are required to extract, isolate, and identify
these constituents. After refinement of most active components,
Microemulsion formulation will be straightforward and give much fold of
efficacy against various insect pests in an economical way.

3. Regulatory approval: The developed essential oil ME with high efficiency
shouldbe approved by regulatory systems so that the commercialization will
be easy and successfully used by the farmers.

4. Availability of raw material: Essential oil plant or tree sources should be
cultivated so that enough amount of raw material is available to scale up the
essential oil ME formulation.

5. Needs awareness: As we know, people are very used to synthetic pesticides
and less aware of these types of formulations due to lack of knowledge about
these formulations.

All these advanced formulations are only up-to the lab level. So, a proper system
of endorsement and awareness is required for the promotion of essential oil ME
formulation.

7. Conclusion

Microemulsion formulation is the most suitable thermodynamically stable formula-
tion for essential oils. Essential oils give maximum stability in microemulsions with
optimized surfactants and co-surfactants. Various essential oil microemulsions have
been formulated and found very useful for controllingmultiple agricultural pests. Many
studies revealed that essential oil stability and bio-efficacy could be further improved by
using eco-friendly stabilizers and botanical synergists. Essential oil microemulsion could
be a better alternative to synthetic pesticides and opens a new corridor for the promo-
tion of the greener way of plant protection in India and across the globe.
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O/W oil in water
w/o water in oil
ϒi interfacial tension
ΔGf free energy of formation
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ηr relative viscosity
HPLC high pressure liquid chromatography
GC-MS gas chromatography-mass spectrophotometer
LC-MS liquid chromatography-mass spectrophotometer
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