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Preface

Self-assembled colloidal systems are heterogeneous mixtures in which particles of one
phase, generally nanometric or micrometric in size (dispersed phase), are distributed
in another continuous phase. These particles spontaneously organize themselves

into ordered or functional structures due to physical and chemical interactions, such
as electrostatic interactions, hydrophobic/hydrophilic interactions, Van der Waals
forces, and hydrogen bonds. These microheterogeneous systems are of significant
interest in various scientific and technological fields because the particles assemble
into ordered structures through intrinsic interactions, often without the need for
external interventions. This self-assembly results in stable dispersions that can persist
for long periods and form a variety of structures, including micelles, vesicles, liquid
crystals, microemulsions, or nanoemulsions.

Thanks to these characteristics, self-assembled colloidal systems can be used to create
highly sophisticated materials, such as scalable chemical nanoreactors or replicas of
complex biological systems. As a result, they are employed in materials science, where
they serve as models for producing materials with specific properties. Additionally,
they are widely used in pharmacology, biotechnology, and medicine, particularly

in controlled drug release systems. Their stability and functionality also make them
valuable in the food and cosmetics industries, where they directly impact product
performance. Furthermore, these systems have been utilized in the production of
photonic materials, sensors, and optoelectronic devices.

One of the key advantages of these microheterogeneous systems is their ability to
form complex and functional structures from simple components, making the study
of soft matter a thriving field that sparks great interest in the scientific community.
However, challenges remain in achieving precise control over the self-assembly
process and extending the long-term stability of some of these aggregates.

This book is divided into two sections on micelles and mixed micelles, and micro-
emulsions and nanoemulsions. It discusses research and applications of these systems
in addressing various technical difficulties. Across different chapters, we explore the
characteristics and uses of these self-organized systems. We hope that readers find the
insights and suggestions provided by the contributing authors both interesting and
helpful.
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Chapter 1

Formation of Polymeric Micelle-
Mixed Micelles: The Drug Delivery,
and Radiotherapy Applications,
Interaction, and Investigation by
Laser Light

Bulend Ortac, Saliha Mutlu, Ahmet Hakan Yilmaz
and Sevil Savaskan Yilmagz

Abstract

Surfactant micelles consist of a hydrophilic head that faces the solvent and a
hydrophobic tail that faces the core. Mixed micelles, composed of several block
copolymers, enhance medication administration. This text discusses the physical-
chemical properties, in vivo and in vitro performance, and unique combinations of
single and mixed copolymer micelles. It also investigates multifunctional mixed
micelles that may respond to various stimuli for cancer treatment. Polymeric micelle-
mixed micelles exhibit potential in the field of cancer radiation therapy. The purpose
of encapsulating radiosensitizers in polymeric micelle-mixed micelles is to specifically
target cancer cells and minimize harm to the rest of the body. Additionally, we can
engineer polymeric micelle-mixed micelles to respond to specific conditions in the
tumor microenvironment, like changes in pH or enzyme activity. Imaging compounds
can be incorporated into mixed micelles to track the distribution and accumulation of
tumor medicine during radiation therapy. To summarize, these adaptable
nanocarriers can potentially enhance cancer treatment, specifically radiation therapy.
However, further investigation is necessary to optimize the use of polymeric micelle-
mixed micelles for irradiation. One technique that can determine the size distribution
of particles, including multiple distributions and sizes of polymer micelles, whether
single or mixed, is laser light scattering.

Keywords: polymeric micelle-mixed micelles, drug delivery, radiotherapy
applications, laser light interaction, nanomedicine
1. Introduction

Nanomedicine has emerged as a new field of medicine in the past 10 years. It
focuses on studying nanoscale systems, namely polymeric micelles (PMs), which

3 IntechOpen



Design and Applications of Self-Assembly Aggregates — From Micelles to Nanoemulsions

enhance the solubility and stability of medications that are enclosed within them. PMs
possess distinct properties due to their distinctive core-shell construction. These are
suspensions of amphiphilic chemicals that form themselves into a core-shell structure
in water. The core is hydrophobic and can hold hydrophobic medicines, while the
shell is hydrophilic and acts as a stabilizer. In addition, because of their diminutive
size, PMs can be assimilated by the intestinal mucosa together with the medicine, and
they convey the drug through the bloodstream to the desired therapeutic site. Fur-
thermore, PMs enhance the pharmacokinetic characteristics of the enclosed medica-
tion, exhibit a substantial capacity for carrying the medicine, and are produced by a
replicable, uncomplicated, and cost-effective process [1].

Polymeric micelles can be prepared using either natural or synthetic polymers [2].
Thanks to advancements in polymerization technology, it is now possible to create
copolymers with diverse topologies and specific physicochemical properties by
including hydrophilic, hydrophobic, and cationic blocks [3, 4]. Therefore, by modi-
fying the surface charge and size of polymeric micelles, as well as the release mecha-
nism of therapeutics, it is possible to create efficient delivery systems and optimize
other factors, such as cellular uptake, endosomal escape, and cellular release, which
have an impact on treatment effectiveness [5]. Figure 1 shows the polymeric micelles.

Micelles composed of conventional surfactants are less thermodynamically stable
in physiological solutions. As a result of this drawback, novel drug-delivery micelles
composed of block copolymeric chains of hydrophilic and amphiphilic monomer units
have been developed. In contrast to conventional micelles, polymeric micelles (PM)
are more stable due to their reduced CMC value [6]. In 1984, PM was initially
proposed by Ringsdorf et al. PM exhibited a category of micelles composed of block
copolymers comprising monomer units that are both hydrophobic and hydrophilic.
Spherical micelles are produced in aqueous environments when the chain length of
the hydrophilic block is increased beyond the range of the hydrophobic portion in AB-
type graft copolymers [7]. Self-assembly of amphiphilic polymers occurs in aqueous
environments, resulting in the formation of a fluid or solid core-shell structure. In the
case of solid core formation, the particles are referred to as nanospheres; conversely,
the formation of a fluid core results in PM. Containing the hydrophobic component,

Hydrophobic end Hydrophilicend

Figure 1.
Polymeric micelle structure arrangement in aqueous solution.
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the nucleus of PM is a dense region. Low-water solubility pharmaceuticals are
encapsulated in the core as a result of hydrophobic interactions. PM’s hydrophilic
outer surface is composed of an amphiphilic polymer [8]. The hydrophobic core is the
primary determinant of a PM’s solubility of medications that are less soluble in water.
The ability of a hydrophobic core to encapsulate drugs or compounds is predomi-
nately determined by the drug molecules’ compatibility with the hydrophobic internal
core [9]. Core-forming components encompass a wide range of polarity and structural
diversity to solubilize less soluble pharmaceuticals. The stability between pharmaceu-
ticals and the hydrophobic core is attributed to hydrophobic interactions, which result
in the formation of a thermodynamically stable complex [10]. PM’s outermost layer
(corona) is composed of the hydrophilic portion of the amphiphilic polymer. As for
the PM, corona ought to possess effective covert property. To accommodate targeting
constituents, the material must possess adequate hydrophilicity, surface charge, block
copolymer chain length, and reactive group [11, 12]. Corona is accountable for
safeguarding the drug against aqueous environments, facilitating its covert recogni-
tion and stability within the body via the reticuloendothelial system (RES), and
augmenting its vascular permeability [13, 14]. PMs have enhanced biocompatibility,
effective pharmacokinetics, and improved drug biodistribution as a result of these
characteristics. Consequently, the drug’s in vivo behavior can be autonomously regu-
lated via the outer envelope of the inner core [15]. PM is composed of a diverse array
of hydrophilic polymer blocks and typically ranges in molecular weight from 1 to

15 kDa. In general, solubilization can result in an enlargement of the hydrophobic
core, which contributes to an increase in PM size. Additionally, the size of the core
and corona can influence drug loading. Encapsulation efficiency can be enhanced by
utilizing hydrophobic blocks that exceed the size of the core. The amphiphilic star-
shaped unimolecular micelles in the PEO-b-PtBA block copolymer are capable of
functioning as delivery vehicles because the hydrophobic core provides a micro-
environment for the incorporation of drugs or other hydrophobic species and the
hydrophilic shell stabilizes the interface between the hydrophobic core and the
external medium.

Micelles are primarily colloidal dispersion sizes ranging from 5 to 100 nanometers.
The formulation possesses an extremely cosmic possibility of being developed into an
injectable dosage form due to its nanometric size. Cancer exhibits a vasculature that is
susceptible to leakage; therefore, nanosized formulations can readily permeate the site
of the tumor via the enhanced permeability and retention (EPR) phenomenon [16].
These substances consist of amphiphilic colloids. Using an amphiphilic or surface-
active agent, these colloids are generated at a specific temperature and concentration
[17]. At low temperatures and concentrations, these amphiphilic molecules coexist in
an aqueous medium. However, as the concentration increases, aggregation occurs.
The term for these aggregations is micelles. Critical micelle concentration (CMC) [18]
refers to the concentration at which micelle formation begins; critical micellization
temperature (CMT) [19] denotes the lower temperature at which amphiphilic mole-
cules exist as unimers and no longer as aggregates. A reduced CMC value leads to the
formation of stable micelles [20]. The critical micelle concentration (CMC) of mixed
micelles containing sodium dodecyl sulfate (SDS) and one of five nonionic surfactants
(Triton X-100, Tween 20, Tween 60, Tween 80, or Tween 85) was determined by
Cirin et al. It was discovered that nonionic surfactants whose tails are predominantly
longer and more hydrophobic exhibit more robust interactions with the hydrophobic
regions of SDS, thereby manifesting more robust synergism. A binary SDS-Tween 80
system exhibited the most pronounced synergistic effect. The antagonistic effect of
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the SDS-Tween 85 micellar system was likely due to the sterically rigid nature of the
material, which is likely caused by the double bond present in its three hydrophobic
tails (three C18 tails) [21]. Experimentally determined were the critical micelle con-
centrations of binary mixtures of surfactants and monocomponent surfactants at
various molar ratios of blending. The mole fractions of building units in the binary
mixed micelle, the interaction parameter, the molar surplus Gibbs energy, and the
molar Gibbs energy of micellization were all computed using these values [21]. The
mixed micelle structure is presented in Figure 2.

A spectrofluorimetric method was employed to examine the micellization of a
binary mixture of surfactants Triton X100 and Brij 58 in an aqueous solution, both
with and without Poloxamer 188. A probe molecule of pyrene was utilized in this
investigation. An increase in temperature induces synergistic interactions among the
micellar construction units in the binary mixed micelles Triton X100-Brij 58 [2]. An
aqueous NaCl solution containing 0.300 mol kg sodium chloride is utilized to
examine the formation of binary mixed micelles composed of sodium cholate (SC)
and hexadecyltrimethylammonium bromide (HDTAB) or sodium cholate (SC) and
dodecyltrimethylammonium bromide (DTAB). The SC steroid skeleton approaches
the hydrophobic interior of the micelle via its convex surface, as indicated by the 2D
ROESY spectrum [16, 22].

In the temperature range T = (278.15-318.15) K, the micellization of a binary
mixture of sodium deoxycholate (SD) and sodium cholate (SC) is investigated for an
aqueous solution devoid of additives (refer to a different system for the self-
association process) and for an aqueous solution containing methanol, NaCl, and
methanol + NaCl. Experimentally determined were the critical micelle concentrations
of binary mixtures of surfactants and monocomponent surfactants at various molar
ratios of blending [23]. The observed mixed micelle exhibits greater synergy between
SD-SC building units in the aqueous solution containing methanol (1.875% mol kg )
within the temperature range T = (278.15-318.15 K) compared to the mixed micelle in
the aqueous solution without the additive. At elevated temperatures, building units
SD-SC in a binary mixed micelle experience antagonism in an aqueous solution
(without additive).

[ ava
Hydrophobic N\/\/\‘ Hydrophilic

iR end
\J \/ Y

Figure 2.
Mixed micelle structure arrangement.
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The process of micellization in the ternary mixture of Tween-20, sodium
deoxycholate, and sodium cholate is investigated within the temperature range of
T = (278.15-318.15) K. The critical micelle concentration (CMC) of ternary mixtures
of the surfactants under investigation, as well as the critical micelle concentrations of
binary mixtures and individual surfactants, is determined experimentally. The char-
acteristics of the ternary mixed micelle are defined using the measured CMC values,
according to the regular solution theory. The nonionic surfactant is the primary
component in the ternary mixed micelle. The bile acid anions in the binary mixed
micelle with Tween 20 exhibit synergistic interactions, meaning they have negative
interaction coefficients of equal magnitude. Regardless of the composition of the
initial combination of surfactants, sodium deoxycholate is the primary bile salt
present in the mixed micelle. The inclusion of bile acid anions in the ternary micellar
pseudophase is what determines which bile acid anion can decrease the overall Gibbs
energy of the surfactant solution in water.

Ago = RT (x4lncme; + x3lncme; + x3lnemces) (1)

Eq. (1) is the molar Gibbs energy of the formation of three monocomponent
micellar pseudophases that are not mixed; that is, they form separate pure micellar
pseudophases. After mixing monocomponent micellar pseudophases (at constant
pressure and temperature), a ternary mixed micellar pseudophase is obtained, where
the change in Gibbs energy is the ideal Gibbs energy of mixing (2):

Agid

mix = RT(x1Inxq +x2Inx; + x3lnx3) 2)

If a real mixed micelle contains energetic and conformational states that do not
exist in monocomponent pure micelles, then there is an excess Gibbs energy com-
pared to an ideal mixed ternary micelle (3):

g f(ﬂijxixj) (3)

In Eq. (3) p is the interaction parameter from the binary mixed micelle; therefore,
data are needed for all possible combinations of binary micellar pseudophases that can
be derived from the ternary mixed micelle. Taking into account Egs. (1)-(3), the
change in the Gibbs energy of the formation of a real ternary mixed micellar
pseudophase is:

Agan =RT <x1 Incmeq + xy Inemey + x3lnemes + Agiffix +g° (ﬂljx,’xj)> (4)

as shown in Eq. (4). The molar standard Gibbs free energy of production of the
ternary mixed micelle, taking into account all three contributions, can be expressed as
follows:

The nonionic surfactant dominates the composition of ternary micelles consisting
of Tween 20, deoxycholic acid anion, and cholic acid anion. The molar excess Gibbs
energy of micelle production is negative in every composition of the ternary mixture
of surfactants. This indicates that the real ternary mixed micelles are more thermody-
namically stable than the hypothetical ideal mixed micelles. The concentration of
deoxycholic acid anion in the mixed micelle is significantly higher than that of cholic
acid anion, by a factor of several dozen. The distribution of bile acid anions in the
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micellar pseudophase determines the minimization of the molar Gibbs energy of the
formation of a mixed micelle. This is different from the thermodynamic stabilization
of a real micelle, which is related to the excess molar Gibbs energy. The ideal ternary
mixed micelle is a hypothetical concept [17].

The Gibbs-Helmholtz equation was derived from the underlying processes and
describes the self-association process. The presence of the enthalpy-entropy compen-
sation (EEC) effect requires the temperature dependence of the Gibbs free energy of
micellization. The EEC parameter b, which represents the enthalpy change when
entropy changes are zero, is consistently negative in the micellization process. Con-
versely, in the clouding point effect process, it is possible to see both positive and
negative values [18].

Anions of bile acids that form primary micelles via the hydrophobic effect and
interactions then form linear hydrophobic congeneric groups (LCG) in the Ink-
InCMC plane (where k is the RP-HPLC capacity factor and CMC is the critical micelle
concentration). Bile salts that establish H-bonds in the hydrophobic domain of pri-
mary micelles deviate from the norm concerning LCG from the Ink-InCMC plane. The
formation of linear hydrophobic congeneric groups of bile acid anion derivatives is
facilitated by the enthalpy-entropy compensation phenomenon and the self-
association (micellization) process [19].

O/W emulsion, dialysis, solid dispersion, and the microphase separation method
are a few of the numerous techniques utilized in the fabrication of polymeric micelles.
A suitable organic solvent system is utilized to dissolve the polymer and substance in
the solid dispersion method. A polymeric matrix was produced by evaporating the
organic solvent at reduced pressure. Bag dialysis is the method employed. In sum-
mary, for the solution of polymer and drug in a water-miscible organic solvent like
dimethylformamide (DMF), a reduced quantity of water is introduced while agitating
continuously. The resulting mixture is subsequently dialyzed against any excess
water. Emulsion formation with a continuous aqueous phase and an internal organic
phase was reported using the oil-in-water emulsion solvent evaporation method.
Compound emulsions are created through the simultaneous dissolution of the sub-
stance and polymer in an organic solvent that is immiscible with water, such as
acetone, chloroform, tetrahydrofuran, ethanol, or a mixture thereof. Subsequently,
medications are encapsulated within the inner portion of abruptly formed polymeric
micelles. Utilizing organic solvents like tetrahydrofuran (THF), the microphase sepa-
ration method entailed the addition of the substance and polymer. An aqueous solu-
tion was introduced dropwise while agitating both the drug and polymer solutions. To
dissolve the drug and polymer, the freeze-drying process utilized an organic solvent
such as t-butanol that can be freeze-dried. Following the addition of water to this
solution, it is freeze-dried [24].

2. Applications for polymeric micelles (PMs)

Applications for PMs in medication delivery have advanced significantly. The
main advantages of PMs are their strong core-shell structure, kinetic stability, and
innate capacity to solubilize hydrophobic medications [25]. The development and
remarkable advancement of polymer-based drug delivery systems and carriers have
eclipsed traditional pharmaceutical methods. Intelligent drug delivery systems are
being utilized, even though diffusion-controlled systems with polymer use were more
common in the past. Among the most desired benefits of intelligent systems

8



Formation of Polymeric Micelle-Mixed Micelles: The Drug Delivery, and Radiotherapy...
DOI: http://dx.doi.org/10.5772 /intechopen.1006095

employing polymer-based drug delivery are site-specific targeting, improved
bioavailability, stimuli-sensitive release, and feedback mechanisms. Numerous
biocompatible polymers have been developed in response to concerns raised by
biocompatibility over the widespread use of polymers in medication delivery. Addi-
tionally, novel polymers have emerged, and current polymers have been modified to
fit intelligent systems thanks to chemical engineering [26-28]. There are multiple
options for the production of distinct PM types, depending on the properties of the
polymer and solution. PMs are formed via a self-assembling process that is influenced
by the type of polymer employed. Different PMs can therefore be produced using di-
block, tri-block, multi-block copolymers, graft polymers, stimuli-sensitive polymers,
etc. Furthermore, the kind that forms can be greatly influenced by the solvent, pH,
polymer concentration and ratios, cosolvent, etc. When the lipophilic portion of the
amphiphilic polymer is oriented toward the micelle core and the hydrophilic portion is
directed outward, the system is referred to as a PM. When reverse micelles are
present, the lipophilic portion of the amphiphilic polymer is directed outward, and the
hydrophilic portion is directed toward the core. Solubilizates are added to surfactant
micelles to create mixed micelles. The lipid bilayer melts in the presence of surfac-
tants, forming mixed micelles, including polar lipids and surfactants [29]. Polymeric
micelles are encased in a single hydrophilic shell and have many compartments on
their hydrophobic cores. Micelles can be classified into a variety of shapes according to
their micellar architecture, including normal, snowman, two-hemisphere, cylindrical,
reverse, dumbbell, and so forth. Additionally, multicompartment systems exhibit a
variety of shapes, including disk-, worm-, raspberry-, and sheet-like forms [30]. A
subclass of these nanostructures known as micelles is produced above a certain con-
centration (called the critical micelle concentration, or CMC) and often take the form
of a sphere [31]. These structures consist of a hydrophilic corona that acts as a barrier
against the aqueous environment and a hydrophobic core that is perfect for holding
onto insoluble materials [32, 33]. In the case of polydisperse block copolymers (having
a distribution of MW and block length), mixed micelles—that is, micelles incorporat-
ing more than one type of amphiphile—are unavoidable [34]. However, they can also
be purposefully formed by mixing different block copolymers to adjust the solution
properties and achieve the desired micelle structure/composition, and function [35].
For instance, in pharmaceutical applications, mixed micelles made up of the relatively
hydrophilic Pluronic F127 PEO-PPO-PEO block copolymer and the relatively hydro-
phobic Pluronic P123 are used. The hydrophobic P123 creates an environment that is
favorable for the solubilization of drug molecules that are insoluble in water, while the
long PEO chains of F127 provide stability and even “stealth” qualities in aqueous
solutions [36]. The ingredient lists of numerous consumer products witness the fact
that low-MW surfactants are frequently used to generate mixed micelles [37, 38].
Ionic and nonionic surfactant combinations that work together to lower the critical
micellization concentration (CMC) and accomplish other advantageous qualities are
common examples. Block copolymers with low-MW surfactants form mixed micelles,
which have a variety of possible uses and distinct mechanisms of association. Interac-
tions between surfactants, specifically sodium dodecylsulfate (SDS), and Pluronic
PEO-PPO-PEO block copolymers have been explored more thoroughly [39-42].
Kancharla and colleagues examined the structure and composition of mixed micelles
that resulted from the interaction of ionic surfactant sodium dodecylsulfate (SDS)
with poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) block copolymers, also known as pluronics or poluxamers, in an aqueous solu-
tion. The analysis was conducted using small-angle neutron scattering (SANS)
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intensity data obtained at varying contrasts. Various polymers and their concentra-
tions have been investigated. The micelle core of the SDS + Pluronic mixed micelles is
predominantly made up of alkyl chains and contains polymers and a small amount of
water. Although this differs from earlier reports, it is in line with other experimental
findings. The structure of SDS + Pluronic P123 (EO19PO69EO19) assemblies is being
reported for the first time here. Here, interactions between the various components
are examined about the impacts on the composition, surfactant concentration, and
polymer hydrophobicity of the mixed micelle structure [43]. Figure 3 shows the
schematic illustration drug-loaded polymeric micelles.

Applications for amphiphilic polymer and surfactant mixtures are numerous and
include drug delivery systems, detergents, cosmetics, and pharmaceuticals. Many
unanswered problems surround the effects of surfactants on the structure and, in
particular, the kinetics of block copolymer micelles as well as the factors that govern
the solubilization kinetics. Using small-angle X-ray/neutron scattering, Myhre et al.
investigated the stability and solubilization kinetics of block copolymer micelles with
the addition of the surfactant sodium dodecyl sulfate (SDS). Two types of amphiphilic
polymers have been used to study the surfactant’s ability to dissolve polymer micelles
or create mixed micelles: poly(ethylene-alt-propylene)-poly-(ethylene oxide) (PEP1-
PEO20) and n-alkyl-functionalized PEO (C28-PEOS). It is known that PEP1-PEO20
micelles are frozen for a realistic timeframe, whereas the exchange kinetics of C28-
PEOS5 micelles are on the order of hours. In this work, we demonstrate that, even after
a prolonged duration, the addition of SDS to PEP1-PEO20 results in almost little
solubilization. On the other hand, Myhre et al. report that micellar disintegration and
mixed micelle formation happen on an hours-long timeline after adding SDS to C28-
PEOS5 micelles. To get detailed structural parameters over time, the SAXS data were
analyzed using a coexistence model of mixed and pristine micelles. They first notice a
quick stage of fragmentation or fission, which is followed by a gradual process of
reformation. At low-volume fractions, the latter process is virtually concentration-
independent, but at higher concentrations, it accelerates significantly. This could

Drug particles - _-_’. llfﬂ‘:_
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Figure 3.
Schematic illustration of the drug-loaded polymeric micelles.
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signify a shift from molecular exchange mechanisms dominating the system to fusion/
fission activities [44]. They have analyzed the creation of mixed micelles over time
following the addition of a surfactant to the solutions of polymer micelles using a
coexistence model for mixed micelles, surfactant micelles, and free surfactant chains.
They discovered that solubilization with SDS did not occur for the polymer micelles or
the PEP1-PEO20 system studied in this work for the SDS concentrations and period
evaluated (5 days). The hydrophobic block’s length and strong interfacial tension are
probably to blame for this. Depending on the SDS content, mixed micelles with SDS
were generated over 5-10 hours for hybrid micelles or C28-PEOS. It was discovered
that the breakdown process was a combination of two processes after it was examined
using a kinetic model that included two exponential functions. It was discovered that
the first procedure is a quick solubilization method that is heavily concentration-
dependent. This step is the dominant process above the CMC and is probably an
insertion/fusion-fission stage. The second process is a rearrangement stage that is
mostly mediated by unimer exchange at low SDS concentrations and by fusion/fission
mechanisms at higher concentrations. Despite these findings, more research is
required to determine the precise mechanism underlying the first phases of the solu-
bilization process. TRSAXS, which needs synchrotron radiation and a stopped-flow
device for quick mixing, can be used to do this [44].

Polymeric micelles can dissolve hydrophobic drugs and also possess a wide range of
properties for bio-applications. These properties are achieved by modifying the typi-
cally hydrophilic outer shell of the micelles, allowing for targeted drug delivery [45] and
controlled drug release [46]. Micelles formed from a single type of copolymer may have
shortcomings in various ways. Due to the limited number of building blocks, these
micelles are constrained in terms of their chemical and compositional diversity as well
as their nanoscopic structure. A well-established yet underutilized method to tackle
these problems is the combination of various polymers to create mixed micelles. It is
possible to enhance the current ideal characteristics and address some of the expected
limits of typical polymeric micelles with minimal effort in terms of synthetic proce-
dures. Previous studies have consistently demonstrated the significant benefits of mixed
micelles, including improved stability and enhanced effectiveness in encapsulating
drugs [35, 47-49]. Copolymers in aqueous conditions form mixed micelles, which are
useful for creating functional polymer nanostructures. These nanostructures have sev-
eral applications in nanomedicine, such as drug delivery and bioimaging. Gerardos and
her colleagues discuss the fundamental aspects of designing, structuring, and under-
standing the physicochemical features of mixed copolymer micelles [50]. Schematic
illustration of the drug-loaded mixed micelles is presented in Figure 4.

Mixed surfactant solutions are commonly regarded as mixes of solvents. Mixed
micellar aggregates are typically regarded as uniform blends of solvents that are
spread inside a solution. However, applying typical thermodynamic models used for
solvent mixtures to mixed micelles is not always straightforward. In their research,
Letellier et al. examined various instances of surfactant mixes to address this issue. A
significant challenge is determining the molar fraction of each surfactant in the
aggregate, particularly when a charged surfactant is used in the combination. This is
because the potential dissociation of the mixture’s components must be taken into
account both in the bulk solution and within the micelle [51]. The emergent micelles
exhibited superior performance compared to their precursor copolymers in most of
the experimental instances, highlighting the benefits of synergistic effects. Research
has shown that mixed micelle systems offer several advantages in terms of drug
entrapment effectiveness. These include increased drug loading capacity and
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Figure 4.
Schematic illustration of the drug-loaded mixed micelles.

improved micelle durability through enhanced hydrophobic interactions, H-bonding,
and other stabilizing factors. Additionally, mixed micelle systems provide better ther-
modynamic properties such as a decrease in critical micelle concentration and the
ability to easily incorporate multiple stimuli-sensitive properties, such as
pH sensitivity and temperature responsiveness. Therefore, it is imperative to conduct
further clinical studies on additional nanoformulations to obtain standardized data on
the behavior of vectors with similar chemical characteristics in humans. Additionally,
these studies will validate their superiority over the expensive and less feasible design
of new polymeric materials. In future conventional nanoformulations, polymeric
mixed micelles are anticipated to incorporate a broader range of copolymers that have
already been investigated in terms of their chemical composition and structure.
Research on non-viral gene carriers has made significant progress in recent
decades, resulting in the development of secure and efficient vaccines utilizing lipid
nanoparticles [52, 53]. Nevertheless, the modest achievements of this technique in
more intricate applications emphasize the pressing need for reliable delivery technol-
ogies to properly tackle forthcoming gene delivery obstacles. Efficient delivery sys-
tems for genetic material must fulfill several criteria: (i) ensuring stable packaging;
(ii) providing protection; (iii) facilitating safe carriage of the genetic payload; (iv)
achieving high efficiency; and (v) maintaining a safe profile [54]. In addition to lipid-
based delivery methods, cationic polymers are a promising class of materials. They
have the advantage of providing a wide range of chemical options and synthetic
flexibility while also having a well-defined structure and content [3, 55-57]. Amphi-
philic block copolymers have become prominent in the field of biomedicine as deliv-
ery methods, primarily because of their enhanced stability and efficiency [58-60].
Amphiphilic block copolymers, which consist of a hydrophobic segment and a hydro-
philic segment, can spontaneously form core-shell micelles through self-assembly
[61, 62]. To facilitate the transport of genes, positively charged particles are incorpo-
rated into the outer layer to create micelleplexes, which enhance the processes of
cellular uptake and endocytosis [63-65]. Nevertheless, cationic micelles can also cause
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lethal effects as a result of their high cationic surface charge density. By introducing a
“stealth” polymer, such as poly(ethylene glycol) (PEG) or poly(ethylene oxide)
(PEO), it is possible to diminish the harmful effects on cells, minimize the attachment
to proteins in the blood, and prolong the duration of circulation in the bloodstream
[66, 67]. Nevertheless, the advantageous impact of PEGylation is counterbalanced by
a decrease in cellular absorption, a widely recognized trade-off between toxicity and
effectiveness [68, 69]. Readministration of PEG antibodies in patients with a higher
presence of these antibodies leads to faster blood clearance [70, 71]. Therefore,
researchers are studying alternative hydrophilic polymers such as poly(N-acryloyl
morpholine) (PNAM) [72, 73], poly(2-oxazoline) [74, 75], and polysarcosine [76, 77].

Lin et al. [78] developed a new type of polymeric micelles using biocompatible poly-
mers, namely poly(ethylene glycol)-poly(lactide) (mPEG-PLA) and poly(ethylene gly-
col)-poly(e-caprolactone) (mPEG-PCL). These micelles were employed as nanocarriers
to encapsulate gambogenic acid (GNA). GNA-loaded mixed polymeric micelles (GNA-
MMs) were produced using the cosolvent evaporation method. A solution of GNA was
used to prepare mixed micelles by the cosolvent evaporation method. In summary, a
mixture of mPEG2000-PLA8000 (25 mg), mPEG5000-PCL5000 copolymers (75 mg),
and GNA (3 mg) was dissolved in 1.0 mL of acetone and heated to a temperature higher
than the boiling point of the organic solvent. The solution was thereafter injected into the
10.0 mL of doubly distilled water. Subsequently, the concoction was vigorously agitated
at ambient temperature for 2 hours, resulting in the formation of an oil-in-water emul-
sion. A vacuum was utilized to eliminate any remaining organic solvent and facilitate the
creation of mixed micelles. After the encapsulation process, the micelle solutions were
filtered using a filter [78]. Pluronic® block copolymers possess a distinctive structural
characteristic that is akin to that of amphiphiles. The structure PPOmPPOnPEOm
encompasses hydrophilic ethylene oxide (PEO) and hydrophobic propylene oxide (PPO)
blocks, as described by Nakashima et al. A wide variety of pluronic compounds are
readily accessible on the market, offering different ratios of propylene oxide (PO) to
ethylene oxide (EO) and varying molecular weights. These substances include numerous
unique and captivating characteristics that can be utilized in various sectors, including
foaming, detergency, emulsification, dispersion, stability, and lubrication [48, 79-81].
The study conducted by Ezhilrani et al. examined the impact of a hydrophilic-hydrophilic
binary micellar system, consisting of pluronic copolymers pluronic F127 and pluronic
L64, on the solubilization of the antibiotic ciprofloxacin. A binary micellar system
consisting of hydrophilic pluronic copolymers, specifically pluronic F127 and pluronic
L64, exhibited enhanced solubilization and spontaneous binding with the antibiotic cip-
rofloxacin compared to the individual pluronic. The use of salt enhanced the process of
drug encapsulation in the mixed micellar system [82].

Razavi et al. conducted a study on the development of a novel micelle that exhibits
a responsive connection to external stimuli and possesses the requisite water solubility
[83]. Using guest-host interactions, two homopolymers, polystyrene-beta-cyclodex-
trin (PS-p-CD) and polyethylene oxide-ferrocene (PE-FE), can form a supramolecular
micelle known as PS-B-CD/PE-FE. The findings indicated that the Lennard-Jones and
hydrophobic contacts exert significant influence on the process of micelle production.
The study revealed that the electrical field acts as a catalyst in the reversible assembly-
disassembly process of the micellar system. Additionally, we conducted a novel
investigation into the interaction between PS-p-CD/PE-FE micelles and the anticancer
medicines anastrozole (ANS) and mitomycin C (MIC) as a drug delivery system. The
analysis of the overall energy between PS-3-CD/PE-FE micelles and pharmaceuticals
indicates that the drug adsorption process is beneficial. The total energy values for the
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Micelle@ANS and Micelle@MIC complexes are —638.67 and — 259.80 kJ/mol,
respectively. The study’s findings provide a comprehensive insight into the process of
micelle synthesis, the response of micelles to electrical fields, and the behaviors of
drug adsorption by micelles. This simulation investigation was conducted using clas-
sical molecular dynamics calculations. The GROMACS 5.1.4 software package is
employed to conduct molecular dynamics (MD) simulations using the CHARMM
force field [84]. The force field values for beta-cyclodextrin, ferrocene, polymers, and
pharmaceuticals are derived from the CHARMMS36 force field [85]. The solvation of
each box simulation is done using TIP3P water, and any overall charge is balanced by
the addition of the required number of Na* and Cl™ ions [86]. The temperature is
regulated using the V-rescale thermostat at a constant value of 310 K, while the
pressure is maintained using the Berendsen barostat at a fixed pressure of 1 bar [87-
89]. The leap-frog approach is employed to solve Newton’s equations of motion using
a time-step of 2 femtoseconds [90]. The nonbonded contacts are limited to a radius of
1.4 nm, and the particle mesh Ewald method [91] is used to evaluate long-range
electrostatic interactions. The Linear Constraint Solver algorithm [92] is used to
restrict the vibrations of bonds that contain hydrogen atoms. Each simulation run has
a total simulation time of 75 nanoseconds. The MD trajectory is seen and analyzed
using the VMD (version 1.9.3) and GROMACS software [93]. The critical aggregation
concentration (CAC) in physical units (mg/ml) can be determined using Eq. (5),
allowing for a comparison with experimental data [94]:

n

CAC = ——
L3N,

(5)

The variables in the equation are as follows: # represents the quantity of surfactant
molecules present in the box, L is the length of one side of the simulation box, and N,
represents Avogadro’s number. The PS-p-CD/PE-FE micelle is generated through the
simulation of the self-assembly process. It is observed that a stable micelle maybe
formed at the nanosecond scale. The total energy analysis is employed to assess the
stability of the micellar system and the interactions between the host and guest poly-
mers. Our simulations indicate that the connection of PS-p-CD/PE-FE molecules is
mostly driven by the L-J interaction and hydrophobic effect. The aggregation of PS--
CD/PE-FE is significantly influenced by coulombic and hydrogen bonding interac-
tions. The newly developed micellar complex exhibits a high level of sensitivity to
external electric fields (EF). Varying strengths of EF can effectively regulate the rate
of self-disaggregation of these micelles. In the subsequent phase, the achievement of
the reversible assembly-disassembly transition of the micelle was made possible by
manipulating and regulating the EF. Our findings indicate that this particular EF-
respond supramolecular structure has the potential to function as nano-capsules for
medication delivery. The evaluation focuses on the adsorption mechanism of the PS-f-
CD/PE-FE micelle and two medicines, ANS and MIC, which are placed randomly
around the micelle. The drug adsorption process involves several crucial factors: Meng
et al. produced a mixed micelle consisting of Pluronic F127 and D-a-tocopheryl poly-
ethylene glycol succinate (TPGS) to enhance the transport of fluorescent dyes and
proteins across the blood-brain barrier (BBB). Rhodamine 123 (Rho123) and DiR were
loaded into mixed micelles made of Pluronic F127 and TPGS in a 4:1 ratio (FT). The
micelles were generated by thin-film hydration. Additionally, p-galactosidase (f-Gal)
was loaded into FT mixed micelles using self-assembly. The brain-targeting capacity
of FT mixed micelles was assessed using both iz vitro and in vivo experiments. The FT
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mixed micelles exhibited an average particle size of 20.03 nm and a low critical micelle
concentration (CMC) of 0.0031% in water. The release of Rho123 from Rho123-
loaded FT mixed micelles (FT/Rho123) in a laboratory setting demonstrated a
sustained-release characteristic. FT/Rho123 exhibited superior efficacy in accumulat-
ing into brain capillary endothelial cells (BCECs) and brain tissues. The model protein
p-Gal was effectively transported and stored in the brain through spontaneous loading
in the FT mixed micelles. Hence, the findings suggest that F127/TPGS mixed micelles
can serve as a proficient nanocarrier for delivering diagnostic and therapeutic medi-
cines specifically to the brain [95].

There is a large amount of research available on the use of PMs for drug delivery in
cancer treatment. PMs are considered a potential nanocarrier for delivering hydro-
phobic anticancer medicines. This information can be found in Table 1. Paclitaxel is
derived from the bark of Taxus brevifolia, a tree commonly known as the Pacific yew.
It exerts its effects on tubulin and hinders the process of cellular division, leading to
the demise of the cell [125]. It exhibits hydrophobic properties and requires transpor-
tation via nanocarriers like PMs. Polymeric micelles are primarily employed to
enhance the solubility of hydrophobic medicines. Therefore, polymeric micelles were
utilized to improve parameters such as water solubility, efficacy, and safety profile,
resulting in increased effectiveness. The toxicity of the drug administered via poly-
meric micelles was lower in comparison with the untreated paclitaxel. Kim et al. [96]
documented the administration of paclitaxel medication using PMs. The author syn-
thesized PMs using an amphiphilic diblock copolymer called mPEG-PDLLA, which
stands for monomethoxy poly(ethylene glycol)-block-poly (D, L-lactide). The author
then assessed the safety, pharmacokinetics, and tissue distribution of these polymeric
micelles in comparison to untreated paclitaxel. Cell line investigations were conducted
in vitro utilizing the OVCAR-3 cell line, derived from human ovarian cancer, and the
MCEF-7 cell line, derived from human breast cancer. The results indicated that the
IC50 values of polymeric micelles in both cell lines were 0.002 pg/mL, while the IC50
values of naive taxol were 0.002 pg/mL for ovarian cancer cell lines and 0.004 pg/mL
for breast cancer cell lines. The toxicity was decreased, and the anticancer activity was
enhanced [96]. Table 1 compiles several polymeric micelles and drug categories
employed for drug delivery in the literature.

3. Radiotherapy applications of polymeric micelles
3.1 Polymeric micelles for cancer therapy

Cancer poses a substantial worldwide healthcare obstacle, with surgery, chemo-
therapy, and radiotherapy remaining the mainstay therapeutic modalities [126, 127].
According to the World Health Organization (WHO), cancer resulted in approxi-
mately 10 million deaths worldwide in 2020, representing one out of every six deaths
[128]. The most predominant forms of cancer, ranked in descending order based on
the number of instances, include lung, breast, colorectal, prostate, skin, and stomach
cancers. Despite significant progress in cancer research, the achievement of a cure for
cancer remains a distant objective. The prevailing approach to systemic anticancer
therapy involves the use of conventional mono-chemotherapy agents to treat cancer.
This method involves the administration of drugs to directly eradicate cancer cells and
impede their growth. However, the lack of success can be partially attributed to the
use of only one method of treatment, which is unable to deal with the complex
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physiological conditions found in tumor microenvironments. These conditions
include the existence of various types of blood vessels, impaired lymphatic drainage,
increased fluid pressure between cells, and the rigid structure of the extracellular
matrix. Bholakant and his colleagues [129] have shown that traditional chemotherapy
remains the principal treatment for cancers. Nevertheless, it is linked to less-than-
ideal outcomes and notable negative consequences. The combination of chemotherapy
with numerous anticancer medications and/or other techniques has demonstrated
substantial promise in addressing typical obstacles associated with conventional che-
motherapy, such as tumor complexity and drug resistance. This technique enhances
the efficacy of treatment, diminishes toxicity, and generates advantageous synergistic
effects in the battle against cancer. Polymeric micelle-based delivery methods are
currently regarded as viable choices for advanced combination approaches in cancer
chemotherapy. These systems possess numerous intrinsic benefits, including a high
ability to dissolve drugs, ease of modification, stable and substantial drug carrying
capacity, relatively small size, high accumulation in tumors, and controlled release of
drugs. A comprehensive analysis was conducted on the recent progress in
multifunctional nanomaterials based on PM, which integrate several chemotherapy-
based approaches such as chemocombination, chemo-gene therapy, chemo-
phototherapy, and chemo-immunotherapy. The researchers [129] determined that
polymeric micelle-based delivery systems show great potential as effective approaches
for combining cancer chemotherapy treatments. This is due to their inherent advan-
tages, such as their ability to solubilize drugs effectively, ease of customization, stable
and high capacity for drug loading, small size, high accumulation in tumors, and
controlled release of drugs. They investigated the current advancements in
multifunctional nanomaterials based on polymeric micelles (PM) to combine chemo-
therapy-based techniques. These strategies include chemocombination, chemogene
therapy, chemophototherapy, and chemo-immunotherapy. Figure 5 shows polymeric
hybrid micelle to treat tumor tissue in micel.

Polymeric micelles have emerged as a highly promising advancement in the field
of chemotherapy for the treatment of cancer in the past few decades [130]. These
micelles have a hydrophilic outer shell and a hydrophobic core, which gives them

Drug-loaded mixed
micelles injection

Figure 5.
Polymeric hybrid micelle to treat tumor tissue in mice.
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several advantages, such as their small size, ability to self-assemble, stability in both
physical and chemical aspects, compatibility with living organisms, lengthy circula-
tion time in the bloodstream, and ability to carry and release a large number of drugs.
The enhanced accessibility of building block copolymers that generate polymeric
micelles also empowers researchers to fabricate the optimal drug delivery system. The
production of these polymeric micelles relies on a range of non-covalent interactions,
including concentration and temperature, block lengths, and preparation processes.
Stimuli-sensitive micelles, a type of polymeric micelles, have gained increasing atten-
tion in recent years due to their ability to target specific sites and improve the
effectiveness of medication release. Recent studies have shown that stimuli-sensitive
micelles possess strong stability, high drug loading capacity, efficient drug delivery,
specific site release, and minimal side effects. These micelles can adapt to the complex
microenvironment found in tumors, including changes in pH, reductive responses,
and enzyme activities, as well as external factors such as visible lights, UV irradia-
tions, and temperature.

Of all the nanoparticles, polymeric micelles have recently garnered significant
attention from scientists. Polymeric micelles are formed through the self-assembly of
polymers and possess a distinctive amphiphilic structure. Due to the inherent physical
and chemical properties of polymeric micelles, they are poised to emerge as a superior
choice in the field of pharmaceuticals, particularly for the treatment of cancer. Poly-
meric micelles are characterized by their small size, typically measuring less than
100 nm. They will find it far more feasible to infiltrate the compact tumor and gain
access to the human body. When present in human blood vessels, their tiny size will
result in a more limited distribution. Therefore, they could prevent the obstruction of
the circulatory system or the clumping together of particles during transportation.
Chemical modifications can be applied to polymeric micelles to introduce various
functional groups that serve distinct objectives.

Polymeric micelles possess an amphiphilic architecture. Because the human body is
made up of mostly water, polymeric micelles can be effective carriers for hydrophobic
medications. These drugs can be contained in the inner core of the micelles, where they
are more soluble, while the hydrophilic outer shell of the micelles helps facilitate the
entry of the drug-carrier system into the human body. To enhance the compatibility of
polymeric micelles with various medications and complex solid tumors or cancer disor-
ders, it is necessary to carry out additional chemical treatments to increase the perfor-
mance of these micelles. Furthermore, achieving precise control over the conditions
necessary to create an efficient micelle with diverse functional groups has emerged as a
crucial objective in the field of drug administration. In addition, due to the intricate
microenvironments seen in tumors and cancer sites, optimizing drug loading capacity
and release selectivity has become another crucial goal in their research [130].

Majumder and his colleagues [131] discuss the design and results of different types
of polymeric micelles that respond to stimuli in their study. Their goal was to address
the importance of polymeric micelles in anticancer therapy. Polymeric micelles have
become significant in efficiently transporting and directing hydrophobic medications.
They are more readily producible in comparison with other types of nanoparticles.
Although there have been notable advancements in polymeric micelles, maintaining
the stability of the formulation continues to be a challenging task. The engineering of
polymeric micelles has undergone tremendous advancements throughout time,
resulting in improved drug loading and targeting capabilities. Several polymeric
micelles have undergone therapeutic studies, and while they showed significant
enhancements in animal models, their success rate in human trials has been rather
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low. Conversely, other formulations continue to demonstrate encouraging outcomes.
In this review, we incorporated the latest advancements in the realm of polymeric
micelles. However, the effective transition of a polymeric micelle from an animal
model to the human patient population is still pending clinical translation. Polymeric
micelles have garnered significant interest as a highly effective nanocarrier for anti-
cancer drugs due to their ability to efficiently target drugs, selectively accumulate in
tumors, exhibit biocompatibility, and offer flexible design components. This allows
for manipulation of the core and shell of the micelles to suit various applications,
including the use of intrinsic or extrinsic stimuli to control the release of the drug
cargo. Polymeric micelles offer several advantages, such as the ability to load poorly
water-soluble drugs, selective and efficient accumulation in solid tumors, potential
reduction in unwanted toxicities, biodegradability and biocompatibility, and the abil-
ity to achieve controlled release of a drug over an extended period with a single
administration. These benefits improve patient compliance and cost-effectiveness.
Nevertheless, polymeric micelles have significant drawbacks, such as their vulnera-
bility to degradation in a diluted environment and interaction with various biological
components and proteins, as well as limited capacity for drug loading. Various tech-
niques have been examined to address these difficulties, such as enhancing the inter-
action and compatibility between the micellar core and drug to achieve a high drug
load and controlled release, cross-linking the micellar shell, and employing hydro-
philic polymers like PEG to confer a stealth effect on the nanostructures. Several
techniques exist for the synthesis of polymeric micelles. Dialysis is the prevailing
technique employed at the laboratory scale to effectively eliminate organic solvents
from the formulation. However, it is a time-consuming process, and scaling it up is
anticipated to be challenging.

Various techniques can be used to analyze the micelles and assess their stability in a
controlled environment, as well as anticipate their physical and chemical properties
and stability within a living organism. Polymeric micelles have an adjustable structure
that can be manipulated using a diverse range of bioactive chemicals. These molecules
are specifically targeted toward the blood vessels associated with tumors and can be
triggered to release drugs in response to certain stimuli. This leads to a higher level of
effectiveness in the accumulation of drugs within tumors. Polymeric micelles offer a
distinct advantage for delivering drugs. Nevertheless, it is crucial to meticulously
evaluate the architecture and formulation of the polymer to ensure a suitable com-
patibility with the medicine.

The purpose of the review [132] by Afsharzadeh and her colleagues is to present a
comprehensive analysis of co-delivery systems that utilize polymeric nanoparticles for
cancer therapy. These systems include polymeric micelles, dendrimers, poly-d,1-
lactide-co-glycolide, polyethylenimine, poly(l-lysine), and chitosan. The researchers
concluded that coadministration of anticancer medications can aid in the prevention
of adverse effects associated with single-agent chemotherapy, such as drug resistance
in cancer. The superiority of co-delivering drugs and genes via nanocarriers over
solitary chemotherapy for the treatment of cancer is now indisputable. Nevertheless,
co-delivery approaches continue to face numerous obstacles, such as those about
loading, capacity, stability, release kinetics, biocompatibility, and tumor targeting
efficacy. In the present era, numerous polymeric nanoparticles (NPs) have been
developed with the purpose of co-delivering anticancer pharmaceuticals. Each NP
possesses distinct advantages. However, optimization of these polymeric-based
nanoparticles (NPs) is necessary for their particular application, which entails con-
trolling therapy more precisely through the targeted delivery of smaller amounts of
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effective anticancer agents. Furthermore, the advancement of novel copolymers as co-
delivery systems provides the potential to address the shortcomings of polymeric NPs
that are presently accessible. Regarding forthcoming developments in co-delivery
systems, it is anticipated that comprehensive systematic inquiries will be undertaken
to comprehend and optimize the circumstances governing the sequential release and
efficient loading of the respective therapeutic agents. Enhancing the understanding of
the factors that influence the efficacy of co-delivery strategies will soon enable logical
and methodical advancements in co-delivery systems for both drugs and genes,
resulting in improved therapeutic outcomes. It appears that future research should
concentrate primarily on carrier-therapeutic agent interactions or interactions
between therapeutic agents. When considered collectively, advancements in co-
delivery systems will ultimately result in the provision of cancer patients with excep-
tionally efficacious therapies.

The advent of light-irradiation systems in the medical field, including endoscopic
procedures, lasers, and optical fibers, has enabled the development of novel diagnostic
protocols and light-sensitive drug-based selective therapies. Photochemotherapies,
also known as photodynamic therapy (PDT), produce active molecular species,
including singlet oxygen and free radicals, through the light irradiation of photosen-
sitizers. These transient species are exceptionally deleterious to living organisms.
Furthermore, certain photosensitizers accumulate preferentially in tissues undergoing
proliferation. Utilizing this specificity property, several oncologic and ophthalmic
conditions are treated.

Gibot and colleagues demonstrated in their study [133] that the physical chemistry
stability of the systems under evaluation persisted regardless of dilution or aging. Due
to this, their potential use as vectors in nanomedicine is critical. This stability was
maintained exceptionally well in the presence of various blood components, which is
consistent with their use via injection followed by a passive concentration increase in
tumors over a few days due to their enhanced permeability and retention effect. In
conclusion, the utilization of PDT on spheroids confirmed findings derived from two-
dimensional cell culture and demonstrated that encapsulating Pheo in the proposed
polymers significantly increased photocytotoxicity. However, minor variations in the
performance of the nanovectors were emphasized: PEO(2000)-b-PCL (2800) dem-
onstrated the highest efficiency in two-dimensional cell culture, while PEO(2400)-b-
PDLLA(2000) excelled in three-dimensional experiments. One potential explanation
for the discrepancy could be attributed to the varying durations of each experimental
variety. As elucidated in the text, notwithstanding the favorable outcomes observed
with PEO-PDLLA, its premature cargo release precludes its classification as a viable
nanovector. In 2D cell culture, PEO-PCL has been demonstrated to be more effective
than PEO-PS; however, in this instance as well, 3D experiments demonstrated that
PEO-PS induced the greatest spheroid dissociation. Consequently, after this proof of
concept, in vivo experiments shall be conducted to evaluate the effectiveness of said
vectors for PDT in authentic physiological circumstances; this will furnish valuable
insights for the in vitro assessments.

According to Jin et al. [134], they did a thorough review that includes many
different examples of polymeric micelles being used in the field of anticancer drug
delivery. However, the potential of passive targeting with polymeric micelles is
constrained by the heterogeneity of the tumor microenvironment (TME). To circum-
vent this, polymeric micelles were endowed with a variety of functionalities. Chemical
modification of the micelle-forming block copolymers permits the incorporation of
diverse functionalities. As a consequence, the development of polymeric micelles
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capable of active targeting and triggering drug release in response to specific stimuli
presented by the tumor microenvironment could be advanced. While developing
functional polymeric micelles, numerous factors must be taken into account, such as
systemic toxicity, targeting, drug release, therapeutic efficacy, and biodistribution.
Despite rapid advancements in the laboratory, the application of polymeric micelles to
clinical practice has been less than stellar.

The approval of drug delivery systems utilizing micelles is limited to a select few
by the Food and Drug Administration (FDA). The prolonged time between bench and
bedside translation is due to several obstacles that require meticulous investigation.
The primary reason is the absence of preclinical tissue culture systems that accurately
simulate biological conditions to forecast the performance of polymeric micelles in
terms of therapeutic activity and targeting efficiency. Thus, additional development
of evaluation instruments is required to expedite the clinical application of polymeric
micelles. The advancement of multifunctional polymeric micelles has resulted in an
increased complexity of their structure, which subsequently presents challenges in
terms of replicable synthesis and scaling up. Clinical translation maybe impeded by
the difficulty of establishing a dependable manufacturing process that meets regula-
tory standards. Despite the aforementioned obstacles, further research will be
conducted on multifunctional micelles that are better designed, and a greater number
of accumulated cases will be translated into clinical trials. Furthermore, it is impera-
tive that forthcoming functionalities effectively capitalize on a micellar drug-free
therapeutic area. By integrating chemistry, medicinal science, and clinical research,
this multidisciplinary discipline has the potential to facilitate the transition of poly-
meric micelle-based drug delivery systems from concept to clinical practice. Never-
theless, substantial progress remains for these organizations due to the absence of
comprehensive toxicity evaluations on innovative polymer micelles. As a result, newly
developed micelles should be subjected to exhaustive toxicity and long-term human
application testing.

For cancer-targeted drug delivery, reduction-responsive polymeric micelles were
developed in a study by Wan and his colleagues [135]. These micelles were triggered
with copolymers of TPGS3350-SS-DTX and TPGS3350-folate to overcome the short-
comings of conventional nanotechnology-based drug delivery systems, including
short circulation time in blood, a lack of tumor targeting, and slow drug release in the
interior of cancer cells, among others. The utilization of TPGS3350 as a micelle layer
served to stabilize the micelles and prolong their circulation time in the blood. Tumor
cells can consume these micelles via the folate-receptor-mediated endocytosis path-
way, following their accumulation at the tumor site via the EPR effect. Following that,
rapid drug release was accomplished within cancer cells by utilizing a high concen-
tration of glutathione (GSH) present within the cells. The functions exhibited by the
micelles developed in this research comprised active targeting, prolonged blood cir-
culation, rapid intracellular drug release, and more. The collaborative functions
observed in micelles have the potential to substantially enhance the efficacy of che-
motherapeutic agents while concurrently mitigating their deleterious side effects, as
evidenced by the research findings. Moreover, this work develops a drug delivery
strategy to investigate the clinical viability of utilizing reduction-responsive micelles
in chemotherapy. In summary, this study developed reduction-responsive polymeric
micelles to achieve targeted and efficient drug delivery. Micelles containing folate
were used to specifically target cancer cells. Following the uptake of TSD/TF micelles
by tumor cells, the disulfide linkages in TPGS3350-SS-DTX could be cleaved by the
cancer cells’ abundant GSH, thereby facilitating rapid drug release. In contrast to
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conventional drug formulations, the anticancer activity of TSD/TF micelles was man-
ifestly enhanced, according to the results of this study. As a consequence, clinical
applications of the reduction-responsive polymeric micelles developed in their
research appear promising.

Therapeutic and imaging applications have been sparked by gold nanoparticles
(AuNPs). Due to their nontoxicity and nearly threefold greater X-ray attenuation per
unit weight compared to iodine, AuNPs are appealing for imaging applications.
AuNPs and other therapeutic agents can sensitize tumor cells to ionizing radiation.
Gold-loaded polymeric micelles (GPMs) were synthesized to fabricate a nanoplatform
capable of generating computed tomography (CT) image contrast, sustaining sub-
stantial tumor accumulation, and functioning as a radiosensitizer all at once. The
amphiphilic diblock copolymer poly (ethylene glycol)-b-poly(e-caprolactone) was
utilized to encapsulate AuNPs measuring 1.9 nm in diameter within the hydrophobic
interior of micelles. Mean hydrodynamic diameters of 25-150 nm and modest poly-
dispersity were characteristics of the end products. GPMs enhanced the demarcation
of tumor margins via computed tomography for 24 hours after being administered
intravenously as pool contrast agents. By utilizing a radiation research infrastructure
for small animals, radiation therapy was thus guided by GPM-enhanced CT imaging.
The median survival time of tumor-bearing rodents was observed to be 1.7 times
longer when gold was utilized in conjunction with radiation therapy, as opposed to
when gold was used in isolation. It is anticipated that the application of these capabil-
ities to support and improve the effectiveness of radiation therapy in human cancer
patients could be possible. Al Zaki and colleagues [136] present the creation of a
multifunctional micelle that accomplishes significant tumor accumulation, generates
CT image contrast, and displays extended circulation times in animal and cellular
models at sublethal radiation doses. Additionally, the micelle functions as a sensitizer
for radiation therapy. Gold-loaded polymeric micelles (GPMs) with adjustable hydro-
dynamic dimensions between 25 and 150 nanometers were successfully synthesized
via microemulsion synthesis. The highly concentrated clusters of 1.9 nm AuNPs are
integrated into the hydrophobic core of the GPMs, which are produced by employing
the amphiphilic diblock copolymer poly-(ethylene glycol)-b-poly(e-caprolactone)
(PEG-b-PCL). This is illustrated in Figure 6. They initially assessed the capacity of
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Figure 6.

G(;gIZen—loaded polymeric micelles (GPMs) ave illustrated schematically. PEG-b-PCL, an amphiphilic diblock
copolymer, stabilizes gold nanoparticles as they self-assemble into the hydrophobic interior of micelles. The number
of individual gold nanoparticles in each GPM vavies from hundreds to thousands, contingent upon their
dimensions. Adopted from Ref. [136].
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GPMs to accelerate radiation-induced double-stranded DNA breaks iz vitro. The
capability of GPMs to generate contrast for CT blood pools and tumor imaging was
then evaluated. In conclusion, we examined whether, in murine tumor xenograft
models, the radiosensitization of cells increased viability.

An agent that increases the susceptibility of cancer cells to radiation therapy is
referred to as a radiosensitizer. Through the disruption of cancer cell DNA and subse-
quent death, radiation therapy reduces tumor size by employing high-energy radia-
tion. Therapeutic agents that destroy or impede the proliferation of cancer cells, such
as chemotherapy, or agents that exclusively induce cell death upon interaction with
radiation, can function as radiosensitizers. Paclitaxel (PTX), 17-allylamino-17-
demethoxygeldanamycin (17-AAG), and rapamycin (RAP) are all contained within
the multidrug-loaded polymeric micelle Triolimus. In the present investigation,
Tomoda and his colleagues [137] assessed the i vitro and in vivo radiosensitizing
properties of Triolimus. Triolimus’ radiosensitizing effects on A549 cells were dose-
dependent; even at modest radiation doses (2 Gy), Triolimus inactivated significantly
at 2 nm. A greater degree of radiosensitization was noted in comparison with PTX or
radiation alone, with no increase in acute toxicity. Based on the findings presented, it
is advisable to conduct additional research on the combination of Triolimus and
radiation therapy. High drug dosage ratio Triolimus can be produced via a straight-
forward freeze-drying process. In vitro and in vivo experiments demonstrated the
potential of Triolimus as an innovative radiosensitizer. While additional research is
necessary to elucidate the mechanisms underlying radiosensitization, chemotherapy
regimens that combine Triolimus and radiation therapy may be effective in the treat-
ment of cancer.

Hydrogels, produced from a network of percolated micelles, can achieve drug
delivery. An instance of a polymer-based system is poly(D, L-lactic acid-co-glycolic
acid)-b-poly(ethylene glycol)-b-poly(D, L-lactic acid-co-glycolic acid). This polymer
forms a hydrogel that is responsive to changes in temperature. The researchers found
that this technique enhances the therapeutic application of gemcitabine in cancer
chemoradiotherapy. Gemcitabine possesses anticancer and radiosensitization
characteristics. The study reported the utilization of a gemcitabine palmityl deriva-
tive. A noteworthy characteristic is the occurrence of micelle formation in the hydro-
gel by this palmityl derivative of gemcitabine, which can be categorized as a polymer
prodrug. These micelles and aggregates demonstrated sustained release. In addition,
during in vitro testing, the micelles were rapidly taken up by the 4 T1 tumor cells.
Through in vivo research, it was discovered that a solitary administration of the
hydrogel-containing micelles, combined with three times the amount of X-ray
exposure, effectively suppressed the tumor in the mouse model with generated
tumors [138].

4. Interaction and investigation of polymeric micelles by laser light

The laser light scattering method was used to examine the thermodynamic coexis-
tence of simple and mixed micelles in different solutions containing taurocholate (TC)
and lecithin (L). The light scattering setup comprised a Lexel Co. model 95 argon-ion
laser from Palo Alto, CA; a Brookhaven goniometer from Brookhaven Instruments
Corporation in Holtsville, NY, equipped with a temperature-controlled cuvette holder
for light scattering; and a toluene index matching bath. The experiment involved
doing light scattering measurements at a wavelength of 5145 A and a sample
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temperature of 37°C. Light scattering is a technique used to analyze the variations in
the intensity of scattered light. It provides valuable information about the sizes and
heterogeneity of the particle populations. The scattered intensity of each TC-L solu-
tion was measured and standardized by the scattered intensity from toluene when the
total lipid concentration was below 10 g/dL. This significant discovery not only offers
an improved method for determining the molecular mass of micelles but also provides
more insights into the interpretation of micellar lipid interactions. Since conjugated
cholate is the sole physiological bile salt containing three hydroxyl groups, this finding
serves as a foundation for further exploration of the interactions among various
simple bile salt micelles, mixed bile salt-L micelles, and coexisting simple micelles and
mixed micelles [139]. Mixed micelles are formed by mixing a solution of poly(methyl
methacrylate)-b-poly(ethylene oxide) (PMMADb-PEO) in toluene. This is caused by
the hydrogen-bonding complexation between poly(methyl methacrylate) (PAA) and
poly(ethylene oxide) (PEO). They studied the changes in mixed micelles by
employing a mixture of static and dynamic laser light scattering (LLS) techniques.
The LLS measurements were performed using an ALV/DLS/SLS-5022F spectrometer
equipped with a multi-t digital time correlation (ALV5000) and a cylindrical 22 mW
UNIPHASE He-Ne laser (A0 = 632 nm) as the light source. In the context of LLS, they
successfully determined the weight-average molar mass (M,,), the root-mean-square
radius of gyration (Rg *)z "/ (also denoted as (R)), and the second virial coefficient
A2 by analyzing the angular dependence of the absolute excess time-average scatter-
ing intensity, referred to as the Rayleigh ratio Rvv(q) [23]. Using laser light scattering,
they investigated the development of PS-b-PAA/PMMA-b-PEO mixed micelles. Xie
et al. investigated the relationship between the molar ratio of PEO to PAA. The
analysis of their findings indicates that the interaction between PAA and PEO in the
central region, as well as the separation between PS and PMMA in the outer layer,
influences the development of the system. When segregation becomes the dominant
factor in complexation, mixed micelle undergoes a long-term standing process and
transforms into a hyperbranched structure [140].

Laser light scattering and isothermal titration calorimetric techniques were used to
analyze the aqueous solution of PEO with varying amounts of SDS. Dynamic light
scattering measurements were conducted using a Brookhaven BI200 goniometer and
BI9000 digital correlator. The light source is an argon-ion laser with a wavelength of
488 nm that can be adjusted in power. The time correlation function was analyzed
using the inverse Laplace transform of REPES, which was provided by the GENDIST
software package. The addition of monovalent salt does not modify the hydrodynamic
characteristics of polyethylene oxide (PEO) in an aqueous solution. The presence of a
monovalent anionic surfactant, such as SDS, causes surfactant monomers to bind
cooperatively to PEO backbones. This binding occurs when SDS concentrations are
between 4.0 mM (critical aggregation concentration) and 16.5 mM (saturation con-
centration). As the concentration of SDS increases, the hydrodynamic radius of PEO
unimers initially decreases and then increases. When the concentration of SDS is
below the critical aggregation concentration (CAC) and above the C2 concentration,
there is no binding interaction between SDS and PEO. Additionally, both Rh values
remain unaffected by the SDS concentration. However, the relationship between the
Rh (hydrodynamic radius) of PEO unimers and aggregates exhibits distinct patterns
at different SDS concentrations, specifically between the critical aggregation concen-
tration (CAC) and C2. In the case of unimeric PEO, SDS monomers link together with
PEO chains by a process called polymer-induced micellization. As the concentration of
SDS increases, the size of the resulting micelles decreases, while the PEO segments get
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hydrated and attach themselves to the surface of the SDS micelles. The size of the PEO
chains increases, indicating this attachment. Nevertheless, as a result of the rise in the
aggregation number and the electrostatic repulsion caused by the charged head groups
of SDS, the hydrodynamic radius (Rh) of the large aggregates formed by SDS/PEO
increases with the concentration of SDS, specifically between the critical aggregation
concentration (CAC) and C2 [141, 142]. The researchers examine the impact of the
drug aceclofenac (ACF) on the characteristics of three mixed micellar systems. The
three systems consisted of pluronic L64 + F127 (nonionic-nonionic), pluronic

L64 + CTAB (cetyltrimethylammonium bromide) (nonionic-cationic), and L64 + SDS
(sodium dodecyl sulfate) (nonionic-anionic) combinations. The dynamic light scat-
tering (DLS) measurement revealed that the addition of ACF increased the size of
the individual micelle of pluronic L64 from 98 to 168 nm. The cationic mixed micelle
with ACF had a size of 329 nm, while the anionic mixed micelle had a size of 291 nm.
This indicates that the mixed micelles had higher entrapment efficiency compared to
the single micelles. Pluronic block copolymers are recognized for their ability to
exhibit phase behavioral characteristics. Therefore, they are widely employed in
medication delivery applications. Their structure consists of both hydrophilic poly-
ethylene oxide (PEO) and hydrophobic polypropylene oxide (PPO) pieces inside a
single entity. The groups are organized in a certain structure, denoted as (PEO)n
(PPO)m (PEO)n. They are accessible in a diverse spectrum of options, which vary
based on different PO/EO ratios and molecular weights. Due to their amphiphilic
properties, these substances have garnered interest from researchers in multiple
disciplines, particularly for their potential to solubilize and deliver hydrophobic
medicines [143, 144].

The alterations in the size of micelles caused by the medication aceclofenac in the
mixed micellar system were quantified using dynamic light scattering with a zeta
nanosizer, ZS (Marvern Panalytical, UK). The measurements were recorded at a
temperature of 25.0 & 0.1°C. A 4 mW He-Ne laser with a wavelength of 633 nm was
employed as the light source. The samples were consistently kept at a scattering angle
of 1730. Three different mixed micellar systems were investigated to observe the
interplay of ACF. The solubilization of ACF was significantly increased in all three
mixed micellar systems compared to their respective single micellar systems. The
findings indicated that the ionic mixed micelles have more efficient interactions with
ACF compared to the nonionic mixed micelles. In addition, the anionic mixed pair has
a superior effect compared to the cationic pair. The results of the conductivity studies
indicate that the interactions between ionic mixed micelles are thermodynamically
possible, as evidenced by the counter ion binding constant and free energy of
micellization. Furthermore, the higher negative value of the anionic mixed micelle
(—27.8 kJ/mol) compared to the cationic mixed micelle (—25.4 kJ/mol) demonstrates
that the former is more stable than the latter. The aforementioned study suggests that
by using mixed micellar formulations, a surfactant can be adjusted to enhance the
solubilization of ACF compared to single micellar solutions. Furthermore, when it
comes to ACF, it is more advantageous to use an anionic mixed micellar system
instead of a cationic mixture. These findings can be applied to other drug systems that
repel water.

Li et al. produced mixed micelles using Pluronic P105 (P105) and poly(ethylene
glycol)-phosphatidyl ethanolamine conjugate (PEG-PE). The research focused on
examining the interaction between Pluronic and PEG-PE. CMC was measured using
the laser dynamic light scattering method (DLLS) using DynaProTitan equipment
(Wyatt Technology Corp., USA). A comparison was made between the changes in
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light intensity, and it was seen that there was a significant rise in the scattering
intensity, which suggested the creation of micelles [145, 146]. The combination of
Pluronic P105 and PEG-PE in mixed micelles exhibited synergistic effects. A negative
value was seen for the parameter f, and the lowest CMC was achieved with an
appropriate composition ratio. However, the synergy diminished as the quantity of
PEG-PE rose. The observed behavior was ascribed to the adverse interactions between
Pluronic and PEG-PE. The results demonstrated that the molar ratio significantly
influenced the stability of mixed micelles. When a medicine contained in micelles is
injected into the bloodstream, it becomes highly diluted, potentially leading to the
dissociation of the micelles into individual molecules [147].

Despite the ongoing efforts of experts, cancer continues to cause millions of deaths
worldwide. Currently, chemotherapy and radiotherapy remain the conventional
approaches for treating malignancies. Nevertheless, the presence of inefficiencies and
severe side effects typically results in decrease in patient compliance [148-152].
Therefore, clinical settings increasingly recognize innovative developments like pho-
todynamic therapy (PDT) as the preferred option for tumor treatment. This approach
offers the benefits of effectively eliminating specific tumor areas while avoiding harm
to surrounding tissue with great accuracy in terms of both space and time [153, 154].

Nano-agents with a photoactivity “on-off” switch can protect against phototoxicity
until they reach the target region, greatly enhancing photodynamic therapy. Neverthe-
less, the proportion of nano-agents that were concealed in living organisms varied and
was directly linked to the light-induced toxicity caused by laser exposure. Conse-
quently, the optimal timing for laser irradiation was uncertain to enhance the effective-
ness of the treatment against tumors. The researchers connected low-molecular-weight
chitosan and hydrophobic polymethylacrylamide derivatives using GSH cleavable 3,
3'-dithiodipropionic acid to create polymeric micelles (Ce6-CSPD). The nano-agent
Ce6-CSPD/DOX can suppress both the photoactivity and fluorescence of the photosen-
sitizer chlorin e6 (Ce6) and doxorubicin (DOX) in physiological conditions through
homo-fluorescence resonance energy transfer (homoFRET). The dynamic fluorescence
intensity can be used to guide the timing of laser irradiation, ensuring maximum
effectiveness of anticancer therapy. This provides chances to assess the efficiency of
chemo-photodynamic therapy in a timely and accurate manner. The development and
metastasis of tumors were suppressed by the generation of deadly reactive oxygen
species (ROS) with the use of near-infrared laser irradiation in the presence of PDT
[155, 156]. Hence, nano-agents with the ability to turn the photoactivity “on” and “off”
can suppress the photoactivity of the photodynamic reagent before it reaches the
intended areas. This has significant potential in the field of cancer therapy [157-160]. Lu
et al. [151] employed MOF nanoparticles as quenchers for photosensitizers. The MOF
structures were capable of being efficiently dissolved by intracellular reducing agents.

Capillary electrophoresis (CE) uses laser-induced fluorescence (LIF) detection, a
very sensitive method. The laser possesses the benefits of superb monochromaticity
and high intensity, making it an ideal choice as an excitation light source for on-
column detection in capillaries with reduced inner diameters. Curcuminoids can be
detected with excellent sensitivity and specificity using laser-induced native fluores-
cence (LINF) due to their ability to emit native fluorescence when exposed to violet-
blue light. A common 445 nm laser diode was utilized as an excitation source to create
a confocal laser-induced fluorescence (LIF) detector. The LINF method that was
created was tested and proven to be precise, linear, and accurate. A comprehensive
CE-LIF system was built utilizing a commercially available 445 nm laser diode as the
excitation source. The laser with a wavelength of 445 nm is ideal for exciting
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curcuminoids, and using LINF detection can successfully prevent interference from
other components in the samples. Additionally, the combination of Trition-X 100/SDS
mixed micelles can increase the sensitivity for analyzing curcuminoids by inducing
fluorescence synergism [161, 162].

To monitor nanocarriers, numerous researchers utilize nanocarriers that are
marked with radiotracers or containing near-infrared fluorescence (NIRF) dye. The
study involves the synthesis of new amphiphilic copolymers, specifically methoxy
poly(ethylene glycol) (mPEG)-cyanine-poly (> — caprolactone) (PCL) (mPEG-Cy-
PCL). mPEGCy-PCL possesses the ability to conduct near-infrared fluorescence
(NIRF) imaging, and photothermal treatment (PTT) on cancer cells, and act as self-
assembling nanocarriers. Cy-based micelles can encapsulate doxorubicin (Doxo@Cy-
micelle) and accomplish near-infrared fluorescence (NIRF) image-guided drug
administration. Doxo@Cy-micelles are nanoscale micelles that promote the concen-
tration of Doxo in tumor locations while reducing adverse effects. Doxo@Cy-micelles
demonstrate a remarkable photothermal treatment (PTT) and a collaborative chemo-
therapeutic effect on cancer by the laser-induced release of Doxo from micelles,
ultimately leading to reduced rates of cancer recurrence. The results indicate that
micelles containing Cy are highly effective nanocarriers for near-infrared fluorescence
(NIRF) imaging and the combined use of photothermal chemotherapy in cancer
treatment (Figure 7 shows an example application model). A new micelle, called
Doxo@Cymicelle, was created using multifunctional copolymers, specifically
mPEGCy-PCL. This micelle can be employed for both drug delivery and NIR fluores-
cence imaging-guided PTT concurrently [163]. The Doxo@ Cy-micelle is a type of
nanomedicine that can increase the concentration of Doxo specifically in tumor sites
while reducing the occurrence of unwanted side effects. Furthermore, upon laser
irradiation, the Doxo@Cy-micelles not only absorb the laser energy but also transform
it into heat, leading to the destruction of the micelles. The Doxo@Cymicelles achieved
demonstrated the successful release of Doxo through remote laser activation, resulting
in highly effective combined treatment of cancer using both chemotherapy and pho-
totherapy. The findings suggest that the Empty@Cy-micelles were primarily respon-
sible for the majority of the heat produced during laser irradiation. Organic dyes
readily undergo photodegradation when exposed to laser irradiation. If Cy maintains
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Figure 7.
Photothermal treatment on cancer cells with light-sensitive material-loaded micelle by laser light.
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its optical properties throughout the treatment, it will be feasible to confirm the heat
produced during laser exposure. The photodegradation of the Doxo@Cy-micelles was
observed during laser irradiation by measuring the reduction in specific absorbance at
a wavelength of 650 nm. Following a laser irradiation period of over 10 minutes, it was
shown that the Doxo@Cy-micelles retained their optical characteristics. This indicates
their ability to produce sufficient heat to eliminate cancer cells. Additionally, the
polymer mPEG-Cy-PCL was found to effectively shield the Cy dyes from rapid
photodegradation. Another possibility is that the self-assembled micelles had a higher
concentration, causing the thermal radiation to be retained within the micelles. This
could explain the observed high-energy efficiency and reduced heat dissipation [164].
Moreover, laser irradiation resulted in a higher release of Doxo from the Doxo@Cy-
micelles. In the absence of laser irradiation, the release of Doxo from the Doxo@Cy-
micelles was 31% after 12 hours, suggesting that the Doxo@Cy-micelles effectively
reduce unwanted drug release. On the other hand, the Doxo@Cy-micelles exhibited
significant enhancements in the rate at which the drug was released when exposed to
laser irradiation (reaching up to 71.3%).

5. Conclusion

Nanomedicine, a new subspecialty of medicine, has emerged over the past decade.
The study of nanoscale systems, namely polymeric micelles (PMs), which improve the
solubility and stability of pharmaceuticals that are contained within them, is the
primary empbhasis of this research. PMs are distinguished by their core-shell architec-
ture, which results in the possession of unique properties. These are suspensions of
amphiphilic compounds that, when placed in water, develop a core-shell structure on
their own. In contrast to the hydrophilic shell, which serves as a stabilizer, the core is
hydrophobic and can contain hydrophobic drugs. In addition, because of their small
size, PMs can be digested by the intestinal mucosa together with the medication, and
they transport the medication through the bloodstream to the therapeutic site that is
sought. Additionally, PMs improve the pharmacokinetic properties of the medication
that is contained within them, demonstrate a significant capacity for transporting the
medication, and are manufactured through a procedure that is reproducible, easy, and
economical. In the last few decades, polymeric micelles have shown great promise as a
breakthrough in the chemotherapy sector for the treatment of cancer. The hydrophilic
outer shell and hydrophobic core of these micelles give them many benefits, such as
their small size, ability to self-assembly, stability in both physical and chemical
domains, compatibility with living things, ability to stay in the bloodstream for longer,
and ability to transport and release a large amount of medication. Laser light has the
potential to induce drug release from polymeric micelles. The disruption of the micelle
structure through the integration of photosensitive elements, such as light-sensitive
linkers or photothermal agents, enables the targeted release of the encapsulated drug
from a designated site within the organism. It is possible to engineer polymeric
micelles to contain fluorescent pigments or other imaging agents. Laser light can
subsequently excite these agents, enabling imaging and sensing applications. Certain
types of polymeric micelles are engineered to undergo photothermal therapy, a pro-
cess in which they transform laser light into heat. These micelles generate localized
hyperthermia, a therapeutic approach for cancer and other ailments, through their
ability to accumulate selectively in target tissues and absorb laser light at specific
wavelengths.
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Chapter?2

Micellar Polymer Flooding

Abdelaziz El-Hoshoudy

Abstract

This chapter discusses one of the crucial chemical-enhanced oil recovery systems
associated with a combination of micellar and polymer flooding during the tertiary
recovery process. Generally, polymer flooding relies on increasing displacing fluid
viscosity to improve mobility ratio and sweeping efficiency. on the other hand,
micellar flooding aims to decrease O/W interfacial tension, so improve displacement
efficiency. The combination of both techniques and investigating their synergistic
effect during the flooding process is a crucial issue that helps petroleum engineers
assign the optimum flooding technique through reservoir management. The current
trends and updated technologies in this field as well as previous literature will be
discussed highlighting the sides of their advantages and limitations.

Keywords: enhanced oil recovery (EOR), micellar flooding, polymer flooding,
wettability alteration, interfacial tension (IFT)

1. Introduction

Petroleum reservoirs yield approximately 33-50% of the initial oil reserves,
resulting in substantial quantities of remaining oil that become the focal point of
various Enhanced Oil Recovery (EOR) methods [1, 2]. EOR methods aim to enhance
reservoir performance by aiding the movement of oil through the porous rock forma-
tion [3]. The utilization of chemical flooding techniques in oil reservoirs has proven
to be a highly effective approach for improving oil recovery from depleted reservoirs
operating at reduced pressures following secondary water flooding. Chemical
Enhanced Oil Recovery (EOR) methods involve the injection of substances not
naturally present in the reservoir to augment oil displacement [4]. Chemical flooding
encompasses a range of displacement agents, including polymers, surfactants, and
the combination thereof referred to as micellar/polymer flooding. Furthermore, it
encompasses the use of acids, foaming agents, and solvents. Additionally, the com-
bined approach of alkaline/surfactant/polymer (ASP) flooding has gained notable
attention in various petroleum applications, including EOR, oil remediation, and the
dispersion of oil spills [5]. Surfactants and polymers are the primary constituents
employed in chemical flooding, hence, chemical flooding is commonly referred to
interchangeably as micellar/polymer flooding. Micellar Polymer Flooding (MPF)
represents an innovative approach within the realm of EOR. It leverages the com-
bined benefits of both micellar flooding and polymer flooding, resulting in a syner-
gistic strategy aimed at optimizing oil recovery from reservoirs. The MPF technique
integrates a viscosifying agent, typically a water-soluble polymer, to enhance sweep
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efficiency significantly. By elevating the injected water viscosity, these water-soluble
polymers effectively control mobility, isolate high-permeability regions within the
reservoir, minimize oil bypass, and enhance the sweeping efficiency, particularly for
less viscous crude oils [6, 7]. In certain specific conditions, the introduction of a sur-
factant into the polymer solution reduces capillary forces by reducing the IFT at the
O/W interface. This alteration in IFT can lead to the re-mobilization of trapped oil,
modify the surface’s wettability, create emulsions, and ultimately improve displace-
ment efficiency and oil production. This is particularly beneficial for recovering oil
that is typically left unrecovered in conventional waterflooding methods [8]. In the
absence of a polymer within the surfactant injection, the surfactant tends to chan-
nel and penetrate the oil bank, resulting in a highly ineffective reservoir sweep [9].
Moreover, the surfactant itself leads to an elevation in the relative permeability of
water, a change that necessitates compensation by reducing water mobility through
the addition of polymer. Additionally, incorporating polymer into both the surfactant
injection and the subsequent drive slug serves to alleviate the impact of permeability
variations and ultimately enhances the overall efficiency of the reservoir sweep.
Consequently, including polymers within a surfactant slug is nearly indispensable to
maintaining a favorable mobility balance [10]. This concern has been documented in
prior research, laboratory experiments, and practical field tests, dating back to the
initial investigations conducted by Marathon Oil Company in the 1960s [11]. Despite
the extensive efforts invested by oil companies, and universities, throughout the
1970s and 1980s, which significantly expanded our understanding of chemical micel-
lar/polymer flooding, ongoing research aimed at enhancing practical techniques
persisted. This research encompassed several key areas: (1) simplifying the flooding
process, (2) enhancing the efficiency of flooding chemicals, and (3) developing
novel chemicals such as polymers, surfactants, and micellar/polymer flooding agents.
In the forthcoming chapter, we will delve into the core principles, mechanisms, and
practical applications of Micellar Polymer Flooding, shedding light on its potential,
advantages, and limitations, with a particular focus on its capacity to alter wettability
and potentially transform the oil and gas industry.

2. Principles of micellar polymer flooding (MPF)

MPF principles revolve around the integration of surfactants and polymers to
enhance oil recovery from reservoirs. MPF combines the well-established mechanisms
of micellar flooding and polymer flooding to create a synergistic approach. Surfactants
are used to form micelles in the presence of oil and water, lowering the interfacial
tension between these phases and solubilizing trapped oil. The addition of polymers
increases the injected fluid viscosity, improving mobility control and sweep efficiency.
Synergy between surfactants and polymers results in enhanced oil displacement and
recovery. MPF’s success is rooted in its ability to optimize the solubilization of oil,
mobilize it efficiently, and control its movement through the reservoir, making ita
promising method for maximizing oil production in various geological settings.

2.1 Polymer flooding

On the contrary, polymer flooding entails injecting water-soluble polymers into
the reservoir. This process boosts the water viscosity being injected, which enhances
sweep efficiency and controls mobility. The increased viscosity of the fluid being
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injected diminishes the ratio of water-oil mobility, resulting in improved oil dis-
placement and heightened recovery. Polymers are used in processes aimed at alter-
ing permeability through selective plugging and as agents for controlling mobility
[1]. The size of the polymer slug used during flooding typically falls within the
range of 0.5-2.0 g/1. The volume of polymer solution injected can vary up to 50%

of the pore volume, depending on the specific process design. Developing efficient
polymer structures is of paramount importance in the context of oil and gas extrac-
tion. Polymer flooding represents the most widely utilized chemical method for
EOR in both sandstone and carbonate reservoirs. To date, the literature references
or reports more than 290 field projects involving polymers. Among these, studies
of over 200 polymer floods have shown an average injection rate of 19-150 pounds
per acre-foot and concentrations ranging from 50 to 3700 parts per million (ppm)
[12]. Dabbous [13] Performed flood tests in diverse porous materials and demon-
strated that introducing polymer before injection could enhance flooding efficiency.
Additionally, the pre-injection of polymer did not impact the oil displacement prop-
erties of the micellar fluid, suggesting that it primarily reduced surfactant adsorp-
tion on the rock in the studied polymer-micellar system. Farouq-Ali and Thomas
[14] reported average incremental oil recoveries of approximately 5%, suggesting
the utilization of biopolymers like xanthan gum, either in powdered or gel form, as
arecommended approach. Du and Guan [15] found that in low-permeability reser-
voirs, the injectivity of floods significantly decreased with the addition of polymer,
leading to poor overall performance. El-hoshoudy et al. [16-26] performed polymer
flooding experiments using synthetic polymers, biopolymers, and their modified
composites incorporating vinyl monomers and nanoparticles like silica and other
metal oxides. The outcomes indicated increased recovery factors in sandstone
reservoirs. Additionally, they conducted simulation studies both on a computational
basis and at the field scale.

2.2 Surfactant (Micellar) flooding

Micellar flooding is a recognized EOR technique that hinges on the application
of surfactants to generate micelles within the reservoir. Micelles are colloidal struc-
tures created by surfactant molecules when water and oil are present [27, 28]. These
micelles possess a hydrophobic core and a hydrophilic shell, making them adept at
dissolving and mobilizing trapped oil within the reservoir. The surfactant molecules
reduce IFT at the O/W interface, facilitating more efficient oil displacement [29, 30].
Surfactants are amphiphilic surface-active molecules, characterized by.

1. Amphiphilic Nature: Surfactants are inherently amphiphilic, possessing both
hydrophilic (water-loving) and hydrophobic (water-repelling) components. So,
they interact with aqueous and non-aqueous media, making them versatile in
various applications.

2. Hydrophilic Head and Hydrophobic Tail: The hydrophilic head can be of different
types (anionic, cationic, amphoteric, or nonionic), influencing how the surfac-
tant interacts with different substances. The hydrophobic tail usually consists of
long hydrocarbon chains.

3. Adsorption at Interfaces: Surfactants tend to adsorb at the interface between dif-
ferent phases, such as oil/water (O/W) interfaces.
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4. Critical Micelle Concentration (CMC): CMC is the total concentration of surfac-

tants above which micelles are formed, i.e., above the CMC surfactants are present
in monomeric and micellar state, below CMC it can be approximated that surfac-

tants are in monomeric state. At CMC, surfactants spontaneously form micelles. In
micelles, the hydrophobic tails are in the center, shielded from water by the hydro-
philic heads. This phenomenon is critical in reducing the free energy of the system.

5. Interfacial Tension (IFT) Reduction: By forming micelles and adsorbing at inter-

faces, surfactants reduce the interfacial tension between two phases. IFT reduction
is crucial in processes like emulsification, where surfactants help in mixing oil and
water, and in detergency, where they help remove dirt and grease from surfaces.
The understanding of these properties and behaviors of surfactants is fundamen-
tal in fields such as chemistry, petroleum engineering, and enhanced oil recovery
(EOR) where they are used in a wide range of applications from detergents to drug
delivery systems [10, 31]. Surfactant flooding involves injecting a dilute solution
of surfactant into underground petroleum reservoirs. This process leads to IFT
reduction at the O/W interface, generally improving the movement of residual oil
trapped within the pores of the reservoir rocks [32]. Key characteristics of a favor-
able surfactant for EOR applications in reservoirs involve the following aspects.

a.Low Adsorption on Reservoir Rocks: to maintain its efficacy in the reservoir.
High adsorption can lead to loss of surfactant and reduced efficiency in
reducing IFT.

b.Long-term Stability at Reservoir Conditions: Surfactants must be stable over
large temperatures scale and under the specific conditions of the reservoir,
including brine salinity and hardness. The stability ensures that the surfactant
retains its effectiveness throughout the EOR process.

c. Compatibility with Reservoir Fluids: The surfactant must be compatible with
the reservoir fluids, particularly in its tolerance to divalent (Ca®*) and (Mgz*)
cations. These ions are commonly present in reservoirs and can significantly
impact the performance of surfactants.

d.IFT Reduction: One of the primary roles of surfactants in EOR is to decrease
the IFT between oil and water to extremely low levels, typically around
0.001 mN/m. This action significantly raises the capillary number (Nc) by
several orders of magnitude, reducing capillary forces and altering the oil
contact angle. As a result, the wettability of the reservoir is modified, leading
to improved mobilization of trapped oil and ultimately enhancing the overall
oil recovery process [33].

e. Correlation with Capillary Number (N.): The capillary number (N,) isa
dimensionless number that quantifies the relative effect of viscous forces over
capillary forces in a porous medium, like reservoir rocks. IFT correlated with
capillary number (Nc) through Eq. (1) [34].

Ne=HY 1)
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A higher capillary number indicates that viscous forces dominate, which is desir-
able in EOR as it implies easier displacement of oil by water. Surfactants play a crucial
role in this by reducing the IFT (o), thus increasing the capillary number and enhanc-
ing oil displacement.

a.Altering Rock Wettability: Changing the matrix wettability to favor more water-
wet conditions can lead to an increase in the rate at which brine is imbibed into
the rock. In addition, Tailor the attributes of polymer systems to suit various
purposes, encompassing particle scattering, emulsion steadying, foam forma-
tion, and altering reservoir wetting. Generally, an ideal surfactant for reservoir
applications should minimize adsorption to reservoir rocks, be stable under
reservoir conditions, compatible with reservoir fluids, and effectively reduce
IFT to increase the capillary number for efficient oil recovery. Formulating
middle-phase microemulsions using a suitable combination of surfactant and
co-surfactant or solvent can result in achieving extremely low interfacial tension
(IFT) values [34]. Anionic surfactants are widely used in chemical-EOR methods
due to their lower tendency to adsorb on negatively charged sandstone rock sur-
faces [10]. Conversely, the implementation of surfactant flooding in enhanced oil
recovery procedures is often regarded as financially impractical and continues to
pose difficulties, particularly in environments characterized by elevated salinity
and high temperatures, primarily because of the following limitations.

1. The retention of chemicals within porous media through adsorption, as ob-
served by Somasundaran and Zhang [35], plays a significant role in determin-
ing the economic viability of oil recovery or remediation processes.

2. Surfactant aggregation: The formation of surfactant aggregates is associated
with a limited ability to withstand the presence of divalent ions, high salinity,
and elevated temperatures exceeding 90°C.

3.Following the findings of Taugbel et al. [36] and Berger and Lee [37], high-
performance surfactants are effective at significantly reducing the interfacial
tension between oil and water. However, they do not promote capillary-driven
imbibition when employed in water flooding processes.

2.2.1 Types of Winsor Type phase behavior

In a water-oil system, a portion of the surfactant monomers will tend to cluster
or aggregate at the interface between the oil and water phases. This aggregation
of surfactant molecules serves to decrease the interfacial tension between the two
immiscible phases. Interestingly, it’s worth noting that only a relatively small quantity
of surfactant is required to reach a point where the interface becomes saturated with
surfactant molecules. Winsor’s Type phase behavior refers to a classification system
developed by Winsor to categorize the equilibrium phases formed when oil, water,
and surfactants are mixed. This classification is especially relevant in the study of
microemulsions and their applications, such as EOR processes. Winsor identified
three main types of phase behavior [8].

1. Winsor Type I: occurs at low electrolyte concentrations when the surfactant hasa
higher solubility in water than in oil. This leads to the creation of an oil-in-water
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(O/W) microemulsion, where the oil phase is dispersed as small droplets within
a continuous water phase. In this type of microemulsion, the microemulsion
structure coexists with an excess oil phase, indicating the presence of both water
and oil phases in equilibrium. O/W microemulsions are commonly encountered
in various applications, including emulsification processes and the formulation
of certain types of products like creams and lotions in the cosmetics industry.

2. Winsor Type II: In the scenario described, when the surfactant concentration
exceeds the CMC and the electrolyte concentration is high, the micelles exhibit
a stronger attraction to the oil phase. In this situation, the micelles can incor-
porate or solubilize brine into the oleic (oil) phase, leading to the formation of
a water-in-oil (W/Q) microemulsion, in which, the micellar structures coexist
with an excess water phase, indicating the presence of both water and oil phases
in equilibrium. This behavior can have important implications in processes such
as emulsification and microemulsion-based enhanced oil recovery, where the
ability to create stable W/O microemulsions can be advantageous for specific
applications.

3. Winsor Type III: occurs by the creation of a central microemulsion phase, which
exists alongside surplus water and oil phases. This phenomenon takes place when
the surfactant can distribute itself equally between oil and water, resulting in a
bicontinuous microemulsion. Comprehending the phase behavior as described
by Winsor is essential in developing efficient surfactant systems for various uses,
such as EOR. In EOR, the appropriate microemulsion can greatly improve oil re-
covery effectiveness by aiding in the release of oil trapped within reservoirs. The
phase containing the micelles, which also dissolves the other phases, is termed
the microemulsion phase and is known for its thermodynamic stability. Phases
that are not part of the microemulsion are referred to as excess phases. These
are categorized as pure when they lack micelles, or impure if they contain some
micelles. In a specific electrolyte concentration range, a bi-continuous micellar
structure emerges, leading to the formation of a middle microemulsion phase
alongside the excess oil and water phases, a condition identified as Winsor’s
Type III phase environment.

4. Winsor Type IV: In situations with elevated surfactant concentrations, a solitary
microemulsion phase emerges, sometimes termed Winsor’s Type IV phase con-
figuration by certain researchers. This phase is distinguished by the creation of
a cohesive microemulsion, which does not coexist with separate, excess water or
oil phases, unlike the preceding types. This unique phase behavior occurs when
the concentration of the surfactant is sufficiently high to completely blend the
oil and water components into a single, homogenous microemulsion [8]. A de-
piction of the microemulsion systems for Types I, II, and III is shown in Figure 1.

Several instances of technically successful surfactant field projects, conducted
at both laboratory and field scales, have been recognized in the scientific literature
[38]. In their study, Boneau and Clampitt [39] carried out core flood experiments in
sandstones that exhibited similar characteristics in terms of porosity, permeability,
and pore structure. They used a surfactant and observed that in the oil-wet sand-
stones, tertiary oil recoveries varied between 55% and 65%, while in the water-wet
sandstones, they ranged from 90-95%. In Lawson’s research Lawson et al. [40], an
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Figure 1.
Winsors microemulsion systems [8].

investigation was carried out regarding the adsorption of both nonionic and cationic
surfactants on sandstones and carbonates. The adsorption of carbonates was lower
compared to sandstone. Regarding cationic surfactants, the adsorption isotherms
followed Langmuir’s behavior, and it was observed that multivalent cations led to an
increase in adsorption. As reported by Chou and Bae [41], solutions of oligomeric
surfactants, when used at concentrations approximately one-tenth of that of active
surfactants, exhibit several distinguishing characteristics. These include greater
solubilization capacity, reduced IFT, increased optimal salinity, enhanced viscosity
and salt tolerance, and decreased adsorption loss. In a study conducted by Bae [42],
a micellar flooding project was implemented in Chevron’s Glenn Pool Field located
in Oklahoma. The project resulted in the recovery of one-third of the remaining oil
saturation from shallow, low-permeability sandstone reservoirs. Wu [43] researched
optimizing surfactant flooding. The primary focus of the study was onshore sand-
stone reservoirs, with specific emphasis on optimizing chemical concentrations, and
slug sizes and addressing issues related to adsorption. Berger and Lee [44] developed
anovel approach in which they synthesized anionic surfactants by simultaneously
alkylating and sulfonating aromatic compounds. This innovative family of anionic
surfactants exhibits the ability to achieve ultra-low interfacial tensions even at low
concentration levels. Additionally, they possess a high tolerance to salt levels, and
their use can help minimize issues related to emulsions and corrosion. In their study,
Li et al. [45] observed that surfactants featuring branched hydrocarbon chains led to
a significant reduction in both advancing and receding contact angles, approximately
by 300. This effect highlights an enhanced efficiency in promoting water-wetting.
The researchers attributed this phenomenon to two main factors: the increased
structural rigidity of the surfactant’s branched hydrophobic tail and a broader area
of coverage provided by these molecules. Bhui et al. [32] utilize fluorescence spec-
troscopy as a method to investigate the behavior of micellar flooding in Enhanced
Oil Recovery (EOR) processes. Cao et al. [46] studied the spontaneous imbibition
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of aqueous surfactant solutions into preferentially oil-wet carbonate cores. Zhao
etal. [34] employ naphthenic aryl sulfonate for in-situ emulsification as a strategy to
enhance oil recovery, leveraging its blocking and entrainment effects.

2.3 Micellar/polymer flooding (MPF)

In surfactant flooding, the formation of emulsions, whether oil in water (O/W) or
water in oil (W/O), is due to low IFT, which enhances displacement efficiency. These
emulsion droplets merge to create an oil ganglia in the surfactant front, making the oil
bank mobile. In contrast, the primary mechanism in polymer flooding is to enhance
sweep efficiency. Therefore, in micellar-polymer (MPF) flooding, the key mecha-
nism is the combined effect of these two processes — the mobilization of oil through
surfactant-induced emulsion formation and the improved sweep efficiency provided
by polymer flooding [10]. The screening criteria for micellar/polymer flooding con-
cluded as indicated in Table 1 [10]. Micellar Polymer Flooding (MPF) has exhibited
promising outcomes in both laboratory experiments and field applications. Numerous
case studies have highlighted its effectiveness across diverse reservoir types, such as
sandstone and carbonate formations. Often, MPF has resulted in considerable incre-
mental oil recovery, establishing it as a valuable component in the array of Enhanced
Oil Recovery (EOR) techniques.

Few micellar/polymer flooding projects are conducted, as they include low-tension
waterflooding, and sequential micellar/polymer flooding [10]. Figure 2 provides an
overview of the research papers and articles related to micellar polymer flooding as
documented in the Scopus database based on their relevant keywords. In the mid-
1960s, Mobil initiated a low-tension field test in a water-flooded section of the Loma
Novia field, located in Duval County, Texas, as noted by Sheng in 2013. Additionally,
the Cities Service Oil Company, in collaboration with the Energy Research and
Development Administration, carried out a field demonstration project of MPF flood-
ing in the El Dorado field, situated in Butler County, Kansas [10]. Osterloh and Jante
[47] stated that surfactant adsorption is reduced in the presence of polymer, making
Micellar Polymer Flooding (MPF) highly advantageous and optimal for Enhanced Oil
Recovery (EOR) operations. Schramm [48] introduced the concept of “Low Tension
Polymer Flood”, a technique that combines polymer flooding with micellar flooding.
In this process, the polymer is designed to move ahead of the surfactant, leading to
reduced water mobility at the front and enhanced surfactant activity. The use of eth-
oxylated sulfonate and scleroglucan (a type of polymer) as LTPF chemicals has shown
promising results, particularly in conditions of high temperature and salinity. These
chemicals demonstrated effective recovery characteristics, achieving 66% recovery,

Screening parameter Value

CL" ions Concentration <20,000 ppm

Divalent cations (Ca™, Mg*?) concentration <500 ppm

Reservoir Temperature, °C <90-95°C

Oil Viscosity, cP <35cP

Absolute permeability >10mD
Table 1.

The screening standavrds for micellar/polymer flooding (MPF).
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Figure 2.
An overview of the published literature as documented in the Scopus database.

and exhibited low surfactant retention, with only 0.18 mg/g of rock in core samples up
to 2.9 m. One notable benefit of the simultaneous injection of surfactant and polymer,
as observed in LTPF, is likely the improvement in sweep efficiency.

Al-Ghailani et al. [1] A novel combination for EOR involves the use of surfactin,
a biosurfactant, and schizophyllan, a biopolymer, assisted by sodium carbonate
(Na,COs) as an alkali agent. Surfactin, known for its surface-active properties,
helps reduce O/W-IFT, enhancing oil mobilization. Schizophyllan, as a biopolymer,
increases the viscosity of the flooding solution, improving sweep efficiency in the res-
ervoir. The addition of sodium carbonate, an alkali, further aids the process by alter-
ing the rock wettability and potentially generating in-situ soap, which can improve oil
recovery. This combination presents a unique and environmentally friendly approach
to EOR, utilizing naturally derived materials. de Castro Dantas et al. [3] Examined
the impact of injecting a high water content microemulsion formulation on rock-
fluid interactions and the wettability of Botucatu sandstone rock. Fernandes et al.
[8] developed fully implicit (FI) approaches that are key for accurately detecting the
phase behavior of polymer/microemulsions under simulated reservoir conditions.
These approaches offer a detailed and comprehensive overview of the developed
numerical models, which are specifically tailored for simulating the phase behavior
of polymer/micellar systems. For those interested in a deeper understanding of these
methods, further reading on the subject would provide valuable insights into the
intricacies of these models and how they effectively simulate complex fluid interac-
tions and phase behaviors in reservoir environments.

Gao et al. [49] reported a blend of hydrolyzed polyacrylamide and sodium petro-
leum sulfonate has been utilized not only for enhancing oil displacement but also as
a corrosion inhibitor. This dual-function approach leverages the unique properties of
both compounds: hydrolyzed polyacrylamide, known for its effectiveness in improv-
ing oil recovery through boosting the viscosity of the flooding solution, and sodium
petroleum sulfonate, recognized for its surfactant properties and ability to reduce
corrosion in the oil recovery infrastructure. This combination thereby serves a dual
purpose in Enhanced Oil Recovery (EOR) operations, optimizing oil displacement
while simultaneously protecting equipment from corrosion.
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3. Synergies of micellar and polymer flooding

The synergies between micellar and polymer flooding present a significant
advancement in EOR techniques. Micellar flooding, involving the injection of sur-
factants, effectively reduces O/ W-IFT, facilitating the mobilization of trapped oil.
However, its efficiency can be limited by poor sweep efficiency due to the surfactant’s
tendency to flow through high permeability paths. This is where polymer flooding
complements the process. By injecting polymers, the viscosity of the displacing water
is improved, improving sweep efficiency, and ensuring a more uniform displacement
front. This combination allows for the extensive mobilization of oil by micellar flood-
ing while ensuring a more effective sweep of the reservoir by polymer flooding. The
result is an enhanced overall oil recovery, making the synergy of these two methods a
powerful tool in EOR operations. The synergy between surfactants and polymers can
be summarized as follows:

3.1 Enhanced solubilization

The surfactants in the micellar phase solubilize oil and reduce interfacial tension,
making it easier to mobilize and displace trapped oil. The addition of polymers increases
micellar phase viscosity, further improving its ability to carry and transport oil droplets.

3.2 Mobility control

Polymers, by increasing the injected fluid viscosity, create a favorable mobility
contrast between the reservoir fluids and injected fluid. This mobility control helps
push the micellar phase deeper into the reservoir, ensuring better sweep efficiency
and minimizing bypassed oil zones.

3.3 Shear-thinning behavior

Many polymer solutions exhibit pseudoplastic behavior, which means their
viscosity is reduced under shear forces. This property allows for easier injection of the
micellar polymer solution through the reservoir, reducing energy consumption and
wellhead pressures during the injection process.

4. Design of micellar/polymer injection scenario

Due to initial challenges with injectivity and ongoing issues in this domain, signifi-
cant attention was given to a water-quality monitoring program. This program was
established to rigorously track the quality of injected fluids, with testing scheduled
daily. The objective was to ensure that the characteristics of the water being injected
met the necessary standards and conditions for optimal performance. Regular
monitoring allowed for the early detection and mitigation of potential problems
that could impact the effectiveness of the injection process, such as the presence of
contaminants or deviations in desired chemical composition. This proactive approach
was crucial in maintaining the efficiency and success of the injection operations [10].
Designing a micellar/polymer injection scenario requires a careful balance of vari-
ous factors to optimize EOR. Firstly, surfactant selection for the micellar solution is
critical. These must be capable of forming stable microemulsions with reservoir oil,
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Figure 3.
Injection pattern for micellar/polymer injection.

reducing interfacial tension effectively. The concentration of surfactants needs to be
tailored to reservoir conditions, ensuring optimal emulsification without excessive
adsorption on reservoir rocks. Next, the choice of polymer and its concentration is
crucial for increasing the injected fluid viscosity, thus enhancing sweep efficiency.
This needs to be compatible with the surfactant system and resilient to reservoir con-
ditions such as temperature and salinity. Additionally, the injection strategy as shown
in Figure 3 including the sequence and ratio of micellar and polymer solutions- must
be meticulously planned. This involves deciding whether to inject them simultane-
ously or sequentially and determining the appropriate volumes and injection rates.
The scenario design also considers reservoir characteristics like permeability, poros-
ity, and existing water saturation, as well as the economic aspects to ensure a cost-
effective and efficient recovery process. Overall, the design of a micellar/polymer
injection scenario is a complex task that combines chemical engineering, reservoir
engineering, and economic analysis to achieve the best possible EOR results.

5. Reservoir wettability

EOR through rock’s wettability alteration is a well-established technique in the
industry. Accurate determination of a reservoir’s original wettability is crucial; incor-
rect assessment can result in suboptimal decisions regarding EOR field applications
that utilize surfactants. Therefore, selecting the appropriate surfactant, based on the
initial reservoir wettability, is essential to maximize the effectiveness of the EOR pro-
cess. The surfactant chosen must align with the reservoir’s characteristics to ensure it
effectively modifies the wettability, thereby enhancing oil recovery by facilitating the
release and mobilization of oil trapped in the reservoir. Wettability Change stimulates
capillary pressure changes, and residual oil saturation [50, 51]. Jadhunandan and
Morrow [52] explored the connection between wettability and oil recovery through
water flooding in various Berea core samples. The research revealed that as the wet-
tability shifted from predominantly water-wet toward oil-wet, the efficiency of oil
recovery by water flooding initially rose and subsequently declined. Johannesen and
Graue [53] introduced a methodical approach to examine the recovery of oil in chalk,
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focusing on how it is influenced by wettability. Zhao et al. [54] projected a hypotheti-
cal model for wettability change following primary drainage, suggesting that regions
of the pore space that come into direct contact with oil undergo a change in their oil/
water contact angle in preparation for water flooding. According to this model, the
areas of the pore space that are initially in contact with oil alter their wettability,
potentially becoming more oil-wet or less water-wet. This change in wettability is
crucial for enhancing oil recovery during subsequent water flooding. However, the
regions of the pore space that remain filled with water retain their original water-wet
characteristics. This differentiation in wettability within the reservoir can signifi-
cantly influence the efficiency of water flooding as an EOR method, as it affects the
distribution and flow of injected water and its ability to displace oil. Noruzi et al. [55]
offer an in-depth overview of the current state of wettability modification techniques
in sandstone and carbonate reservoirs:

6. Evaluation of micellar characterization

Various techniques and analyses were conducted to inspect the micelles criteria.
The (IFT) was assessed using a spinning drop tensiometer. Contact angles were
measured under both static and dynamic conditions using tensiometers. The size
of the micelles was determined using a Zetasizer Nano at a temperature of 40°C.

The micelles solubilization capacity is measured by light absorbance with a UV-Vis
spectrophotometer. Rheological studies of the microemulsion were conducted using a
Haake Maars rheometer (Thermo Scientific) [3, 34].

7.Flooding setup

The flooding setup for micellar polymer flooding is a critical component of EOR
operations. It involves a meticulously designed system for injecting a combination of
micellar and polymer solutions into the reservoir [20]. The setup typically includes
injection wells strategically placed within the reservoir to introduce the fluids into the
subsurface. Micellar solutions, containing surfactants, are injected to alter the wettabil-
ity of the reservoir rock and mobilize trapped oil. Monitoring and control systems are
integrated to manage injection rates, pressures, and fluid compositions, optimizing
the injection process. Extensive subsurface data, reservoir characteristics, and fluid
properties are considered during setup design to tailor the EOR approach to the specific
reservoir conditions. The flooding setup for micellar polymer flooding is a sophisticated
engineering solution aimed at maximizing oil recovery from challenging reservoirs.
Micellar polymer flooding is an enhanced oil recovery (EOR) technique used in the oil
industry to improve oil recovery from reservoirs. It involves the injection of surfactants
and polymers to increase the displacing efficiency and recover more oil. On the lab
scale, the micellar polymer flooding set-up comprises the following components:

1. Core Samples: prepare core samples from a representative rock formation similar
to the reservoir you want to study. These core samples should be cylindrical and
should have the same properties as the reservoir rock.

2.Core Holder: A core holder is used to hold the core sample in place during the
flooding experiment. It allows you to control the flow of fluids through the core.

54



Micellar Polymer Flooding
DOI: http://dx.doi.org/10.5772/intechopen.114288

3. Injection Pump: used to inject the micellar polymer solution into the core sample.
Ensure the pump can deliver a constant and controlled flow rate.

4. Injected Fluids: comprise all fluids used in the injection scenario, as follows.

* Micellar Solution: Prepare a micellar solution by mixing surfactants, typically
anionic or nonionic, with water. The surfactants reduce interfacial tension,
allowing the oil to be displaced more easily.

* Polymer Solution: Prepare a polymer solution by dissolving a suitable polymer
in water. The polymer improves sweeping efficiency by increasing the injected
fluid viscosity.

5. Pressure and Flow Measurement Instruments: Install pressure gauges and flow
meters at various points in the system to monitor pressure drop and flow rates
during the flooding experiment.

6. Porous Plate and Filter: used to ensure that the injected solutions are properly
mixed before they enter the core sample. This helps in the uniform injection of
the micellar polymer solution.

7.Data Acquisition System: Set up a data acquisition system to record pressure, flow
rates, and other relevant data during the experiment.

8. Injection and Production Lines: Connect injection and production lines to the core
holder to facilitate fluid injection and oil recovery.

The experimental procedure involves injecting the micellar polymer solution into
the core sample and monitoring the pressure and flow rates over time. The goal is to
observe the displacement of oil from the core sample and measure the incremental
oil recovery achieved through the micellar polymer flooding process. It’s crucial to
maintain controlled experimental conditions, including temperature, pressure, and
flow rates, to simulate the reservoir conditions as accurately as possible. Data col-
lected during the lab-scale experiment can help in optimizing the micellar polymer
flooding technique for field-scale applications.

8. Future prospects

1. The creation of novel models and fully implicit methods for surfactant-polymer
flooding, encompassing all significant phase behavior categories.

2. Application Expansion: MPF may find broader applications in various types
of reservoirs, including unconventional resources like shale oil and gas, where
maximizing recovery is critical.

3.Environmental Considerations: As sustainability becomes increasingly impor-
tant, MPF’s ability to improve oil recovery with fewer wells and reduced environ-
mental impact will make it an attractive option for environmentally conscious
operators.
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4.Integration with Digital Technologies: The integration of digital technologies,
such as artificial intelligence and machine learning, can optimize MPF processes
by predicting reservoir behavior and automating decision-making.

5. Pilot Projects: More pilot projects and field trials will provide valuable data and
real-world insights, further demonstrating MPF’s effectiveness.

In summary, the future of micellar polymer flooding holds significant potential
for the oil and gas industry. Advances in technology, environmental awareness,
and the need for sustainable resource management are likely to drive the continued

development and adoption of MPF as a valuable tool for maximizing oil recovery
from reservoirs.

9. Conclusion

Micellar Polymer Flooding (MPF) indeed represents a pioneering and promis-
ing approach to EOR within the gas and oil industry. By effectively combining the
benefits of both micellar and polymer flooding techniques, MPF offers a compelling
solution for improving oil recovery from reservoirs. This approach addresses several

key challenges in the industry and has the potential to revolutionize oil production in
several ways:

1.Improved Recovery Efficiency: MPF can significantly enhance the displacement
of trapped oil within reservoirs. The combination of surfactants to reduce IFT

and polymers to increase fluid viscosity leads to improved sweep efficiency and
oil recovery rates.

2. Sustainable Resource Utilization: As the global energy demand continues to rise,
itis crucial to optimize oil production from existing reservoirs while minimizing
environmental impacts. MPF provides a more efficient method for accessing and
recovering oil, contributing to sustainable energy production.

3. Economic Viability: Enhanced oil recovery techniques like MPF can increase the
profitability of oil production operations. Higher oil recovery rates translate into
increased revenue and extend the economic life of reservoirs, making it an at-
tractive option for operators.

4. Technological Advancements: As technology continues to advance, the under-
standing and application of MPF are expected to improve further. Ongoing
research, experimentation, and field trials will likely refine the methodology and
lead to even greater success in maximizing oil recovery.

5.Environmental Benefits: By recovering more oil with fewer wells and reducing
the need for excessive drilling, MPF can help mitigate environmental impacts
associated with oil and gas extraction, including habitat disruption and green-
house gas emissions.

Overall, as the oil and gas industry seeks more efficient and sustainable methods
of resource extraction, Micellar Polymer Flooding is poised to play an increasingly
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vital role. With further development, field trials, and the integration of emerging
technologies, MPF has the potential to contribute significantly to sustainable energy
production, resource optimization, and the ongoing evolution of the industry. As
such, it represents a promising path toward a more efficient and environmentally
responsible future for oil recovery.

Abbreviation

EOR enhanced oil recovery

MPF Micellar polymer flooding

IFT interfacial tension

CMC critical Micelle concentration

Nc capillary number, dimensionless quantity
U viscosity, Cp

14 the Darcy velocity of the driving fluid

o the oil-water IFT
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Chapter 3

Preferential Solubilization of
Fragrances in Micelles with
Ditferent Geometric Shapes

Vera Tchakalova

Abstract

Surfactant self-assembled aggregates, the main components of consumer products,
offer a solution for the solubilization of fragrances, which is crucial to the consumer’s
product choice. The interactions between surfactant aggregates and fragrances are
complex: surfactants influence fragrance release and performance, whereas fragrances
affect the macroscopic properties of the formulation by changing the aggregate’s
shape and size. The present chapter describes studies on the solubilization of some
fragrance ingredients in spherical and cylindrical micelles for a better understanding
of their influence on micellar structure, viscosity, conductivity, and solubilization
capacity. Turbidity, conductivity, and viscosity measurements were performed
simultaneously in order to monitor the solubilization of fragrance molecules and the
geometric transition of the surfactant aggregate.

Keywords: solubilization, turbidity, viscosity, maximum additive concentration,
perfumery ingredients, micelles

1. Introduction

Most home and personal care consumer products, such as detergents, all-purpose
cleaners, dishwashing products, shower gels, shampoos, and liquid soaps, represent
aqueous surfactant solutions with different surfactant concentrations that are, in
general, composed of a mixture of anionic and nonionic surfactants. All of these
products solubilize fragrances—complex olfactive mixtures of volatile ingredients—at
different concentrations, depending on the application field. Consumers are highly
sensitive to the olfactive profile, and often, the fragrance is the predominant factor in
the choice of a given product. In many countries (in South America, for example), the
olfactive profile and fragrance intensity are the main criteria for the perception of
cleanliness and personal hygiene.

However, most perfumery compounds are strongly hydrophobic, hence possessing
low solubility in water. Their hydrophobic character hampers their incorporation in
water-based fragrance formulations. Amphiphilic association structures such as sur-
factant molecular aggregates offer a solution to the solubilization problem of oily
synthetic perfumes and have been the subject of intensive investigation over the last
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decade [1-6]. Scientific interest has been stimulated by subtle issues arising from the
understanding of the solubilization phenomenon (e.g., the chemical nature and
hydrophobicity of the perfume itself [1, 2, 4], the influence of the surfactant structure
and its properties [1, 3, 7, 8], the perfume location in surfactant aggregates [5, 9-14],
or the interfacial curvature change of the surfactant assembly with the addition of
perfume [8, 15, 16]). The fragrance ingredients represent small molecules (MW

< 500 g/mol) that often combine two or more chemical functionalities, making them
powerful “troublemakers” or efficient “helpers” in aqueous surfactant solutions. They
can induce change in product properties such as turbidity, phase separation, viscosity,
and others. The fragrance ingredients are distributed in the surfactant palisade layer
(at the hydrophobic/hydrophilic interface) or the hydrocarbon part of the surfactant’s
aggregates in different proportions, depending on the surface affinity and the level of
hydrophobicity. In a previous study [17], we attempted to classify the fragrance
ingredients in surface activity by using the parameter EACN,;; (equivalent alkane
carbon number for mixture) to express the relative fragrance interfacial activity with
respect to a reference oil. We established a rule according to which fragrance ingredi-
ents with an EACN,,;, of <5.5 possess surface activity and preferential partitioning
into the palisade surfactant layer of the droplets. Thus, fragrance ingredients having
an EACN;, of >5.5 are highly apolar and prefer to be localized in the micellar core.

The shape, size, charge, and diffusivity of the surfactant micelles also have an
important role in successful fragrance solubilization. The most frequent practical
problems are undesired product turbidity and viscosity changes induced by fragrance
solubilization even at relatively low fragrance concentrations (0.25 to 1%wt in per-
sonal and home care products and up to 2%wt in some fragrance boosters). Fragrance
content is limited not only by legislation but also by solubilization. Therefore, studies
of fragrance solubilization mechanisms, rates, and limits, along with their conse-
quences on the macroscopic properties of a product, are valuable for the consumer
goods industry.

The solubilization limit, characterized by the so-called Maximum Additive Con-
centration (MAC), is a measure of the solubilizing capacity of surfactant aggregates
for a given solute. The value of the MAC is affected by and mainly dependent on
parameters such as the surfactant assembly itself and the hydrophobic character of the
guest molecule, as well as temperature, pH, and electrolytes. Numerous studies have
reported the maximum solubilization of fragrance ingredients in solutions containing
different types of surfactants (nonionic, anionic, and cationic) and mixtures of [1-4],
focusing on the type of surfactant and not on the surfactant aggregate shape. None-
theless, few studies have answered the following questions:

1. What is the solubilization capacity of surfactant aggregates with different
geometries for fragrance molecules with different functionalities?

2.Which micelle geometry must be chosen for the specific solubilization of a
fragrance with known hydrophobicity/surface activity?

The answers to these questions could help in the creation of compatible (surfactant
self-assembly architecture-fragrance) combinations while avoiding technical issues.

The solubilization capacity of rod-like surfactant aggregates for different additives
was investigated by Hoffmann and Ulbricht [18]. They studied the solubilization of
hydrocarbons (linear and aromatic), linear alcohols, and esters (with different chain
lengths) in aqueous surfactant solutions of tetradecyltrimethylammonium bromide
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(cationic surfactant) in the presence of equimolar quantities of sodium salicylate.
They reported that linear alkanes at a low hydrocarbon-to-surfactant ratio induced a
drastic decrease in light scattering, indicating a transformation from rod-like to
spherical micelles. The aromatic hydrocarbons did not always show the same behavior
at low concentrations (<10 mM). The authors mentioned that the effect was corre-
lated to the chain length of the molecules. The alkanes could induce the formation of a
coacervate phase, and the transition from rod to sphere could be observed at a higher
solute concentration (>20 mM). The authors also studied the behavior of alcohols and
demonstrated that those with a chain length less than that of n-pentanol reduced the
rods to spheres, whereas the longer chain length alcohols stabilized the rods. The
transformation of rods to spheres has been demonstrated at low concentrations (up to
15-20 mM) for both ionic (cationic) and nonionic micelles.

The esters behaved more as hydrocarbons than as alcohols. For example,
ethylhexanoate had a similar effect as n-hexane. The esters can be solubilized in a
relatively high concentration in the rod-like micelles before reducing the size of the
rods. Thus, in contrast to that of alkanes, the solubilization of alcohols in surfactant
self-assemblies is enhanced when the micelles are spherical, whereas cylindrical
micelles allow the solubilization of alkanes better than they do of alcohols. The authors
explain the observed phenomenon as an entropic gain due to geometric constraints:
the required interfacial area per molecule in spherical micelles is higher than in rod-
like micelles, but the hydrophobic core volume is smaller. Therefore, the spherical
micelle allows better solubilization of surface-active molecules such as some alcohols
and poorer solubilization of highly hydrophobic molecules such as hydrocarbons.
Rod-like micelles can accommodate more hydrophobic molecules in the core, but the
interfacial area is closely packed, which avoids almost any contact between the water
and the hydrocarbon and lacks space for the cosurfactants.

At higher concentrations, the behavior of the short alcohols, solubilized in cylin-
drical micelles, was shown to be different: their solubilization caused the appearance
of lamellar phases or the coexistence of a micellar solution and a lamellar phase. In this
case, the authors distinguished the I-type of lamellar phase, which is formed mainly as
a result of interactions between the surfactant and the cosurfactant and possesses a
high solubilization capacity.

All of these micellar changes induced by the solubilization of solutes with different
hydrophobicities and surface activities are important for industrial applications
because they cause considerable viscosity and turbidity changes. The reduction in the
size of the rod-like micelles would tend to decrease the solution viscosity, whereas the
increase in the size of the micelles and the micelle-to-liquid-crystalline phase transi-
tion would increase the solution viscosity. For this reason, it is important to verify
whether the same effects are observed with more complex molecules such as fra-
grance ingredients.

Perfumery ingredients cannot simply be classified in groups of hydrocarbons,
alcohols, or esters. Often, they have a mixed structure composed, for example, of
terpene and alcohol, or a combination of phenol and alcohol or aldehyde. In addition,
in general, the concentrations used in consumer goods are higher than those applied in
the previously mentioned studies (varying from 0.1 to 1%wt and exceptionally to 2%
wt, which corresponds to a range of ~4 to ~150 mM). Therefore, it is not obvious that
fragrance solubilization in spherical and cylindrical micelles would follow the rules
established for linear hydrocarbons, alcohols, and esters.

Here, we report our studies on the solubilization of fragrance ingredients in spher-
ical and cylindrical micelles, in which we aimed to determine the solubilization rate
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and solubilization capacity of micelles for these complex molecules. The effects of
solubilization on the macroscopic properties, viscosity and conductivity, were also
investigated. The correlation between the interfacial activity of perfumery ingredients
and turbidity and viscosity is discussed. We chose to use a simple solubilizing system,
composed of the anionic ethoxylated surfactant sodium lauryl ether sulfate (SLES,
EO2), which is the main surfactant in rinse-off products [19]. The data were obtained
with an experimental setup designed specifically for the investigation of solubilization
capacity or the elaboration of phase diagrams [20]. Turbidity, conductivity, and
viscosity measurements were performed to determine the solubility of the fragrances
and the phase transition borders in case of surfactant aggregate shape evolution.
Polarized microscopy was applied to confirm the existence of liquid crystalline phases.

We believe that this study would be useful in providing guiding principles for the
formulation of successful fragranced surfactant-based products.

2. Experimental section
2.1 Materials

The basic formulation in many personal care products consists of a mixture of
anionic and nonionic surfactants in water [21]. For the anionic surfactant, we used SLES
with two ethoxylated groups on average (Texapon® N70, Cognis GmbH, Germany).

The perfumery ingredients phenethyl alcohol, eugenol, linalol, lilial®, hexyl
salycilate, and limonene are high-purity products (>98%) supplied by Firmenich SA.
Their chemical structures and hydrophilicity/hydrophobicity classification are shown
in Table 1. As can be seen from the log P or EACN,,;; values, the hydrophilic proper-
ties of the perfumery ingredients follow the order phenethyl alcohol > eugenol >
linalol > lilial > limonene > hexyl salycilate.

Fragrance ingredient Functionality log P* EACN,ix *
Phenethyl alcohol L s \J/ M Aromatic alcohol 1.41 1.96
Eugenol [ Phenylpropene 2.14 2.99
Linalol ’3},: _/ Terpene alcohol 2.94 4.33
SN
Lilial P N Aromatic aldehyde 3.90 5.70
SN
Limonene 7 N\oud Cyclic terpene 4.38 6.00
—{ vl
N/ O\
Hexyl salicylate o Phenyl ester 5.06 6.39

“The values of log P and EACN,,,;.. are given in Ref. [19].

Table 1.
Chemical functionality, log P, and EACN,,;, of the different perfumery raw materials used in this study.
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2.2 Experimental procedure

In this study, a multiparameter scan analysis method was used to obtain the
maximum solubilization capacity of micellar surfactant phases for different fragrance
molecules. This analysis method allows the simultaneous determination of different
physicochemical parameters such as transient turbidity, viscosity, or conductivity
after a concentration jump during titration. The experimental setup, “Multi Parameter
Scanning Instrument v.2 (MPS-2),” supplied by Scanalys® (Sweden), is schematically
presented in Figure 1. The working principle is to measure and record several param-
eters at a time, while controlling the temperature and composition. This setup com-
bines several devices (controllers) to measure transient conductivity, pH, turbidity,
and viscosity. The inspection window with a polarizer filter allows visualization of the
formation of the liquid crystalline phase during the experiments. The precise descrip-
tion of the experimental setup is given in Ref [20].

Small quantities of a perfumery ingredient were added to the continuously stirred
surfactant system. The titration was performed by steps of 0.25%wt fragrance ingredient
concentrations with automatic syringes. The time between each fragrance ingredient
addition was set to 10 min. This time was sufficient for the complete solubilization of each
portion of 0.25%wt up to high concentrations. The experiments were performed at a
temperature of 25°C. Turbidity and conductivity were measured continuously every 5 s.
These two parameters measured at the same time during solubilization allowed us to
know immediately and precisely the effect of fragrance on the surfactant system.

2.2.1 Conductivity

Conductivity, measured simultaneously with turbidity, was used to determine the
interfacial curvature change of the surfactant structure or the presence of a two-phase
solution. On the one hand, a phase transition of the surfactant aggregates from micel-
lar to a more organized structure (such as hexagonal or lamellar phase) would reduce
the mobility of the counterions of the charged surfactants and hence would tend to
decrease the conductivity of the solubilizing surfactant structure. On the other hand,
above the solubility limit, the water-based solution will be in equilibrium with an

L1

Cryostat

T i - P

Figure 1.

Schematic presentation of scanning instrument MPS-2. L1 and L2 indicate the automatic syringes; 1—4 corrvespond
to the different measurement devices; 5 is the light beam for turbidity measurement; S means sample, and P
represents the window with polarization filters.
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excess oil phase whose conductivity is lower than that of the water. As a result, a
decrease in the overall solution conductivity in combination with a strong increase in
turbidity would allow determination (confirmation) of the MAC.

2.2.2 Rheology

The viscosity measurement was used to detect the change in shape and size of the
micelles, as well as the phase transitions, which can occur during the solubilization of a
perfumery ingredient into surfactant aggregates. The viscosity of each fragrance/surfac-
tant system was measured on a C-VOR 150 rheometer from Bohlin Instruments by using
the cone-plate technique. The measurements were performed with an increasing shear
rate from 0.01 to 100 s~ . The plate temperature was controlled with a Peltier unit at 25°C.

The viscosity of the water/surfactant/perfumery ingredient is mainly governed by
the viscosity of the continuous phase, that is, the surfactant phase in the aqueous
solution [16, 22]. In addition, the rheological behavior of the different surfactant
aggregates is variable [23].

3. Results and discussion
3.1 Formulation and identification of surfactant aggregates

From our previous studies and from the literature [24], we know that at low
concentrations, SLES forms spherical (or globular) micelles. With increasing surfac-
tant concentration, they transform into cylindrical micelles, followed by hexagonal
phases and finally lamellar phases. In order to determine the phase boundaries pre-
cisely, we plotted the viscosity as a function of surfactant concentration at a fixed
shear rate (52s™ ') and temperature (25°C) (Figure 2). The slope change on the
viscosity curve corresponds to the phase boundaries. When SLES forms spherical
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Figure 2.
Phase behavior and viscosity for SLES.
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micelles, viscosity remains unchanged. Above 23%wt SLES, viscosity increases due to
a phase transformation in rod-like micelles. Above 28%wt SLES, the cylindrical
micelles are forced to pack into a hexagonal phase and the viscosity is superior to
10 Pa.s. Finally, above 45%wt SLES, lamellar phases are formed with a viscosity lower
than that of the hexagonal phase.

For the purpose of our study, we chose to work with the concentrations 10%wt
SLES (spherical micelles) and 23%wt SLES (cylindrical micelles) for the single sur-
factant system [25].

3.2 Solubilization of fragrance ingredients in spherical and cylindrical micelles:
general trends

We investigated the solubilization of six fragrance ingredients (Table 1) with
different hydrophobicities and surface activities into SLES aggregates with two
different micellar geometries: spherical (or globular) and cylindrical micelles.
Turbidity, viscosity, and conductivity as a function of the fragrance ingredient
concentration are presented in Figures 3 and 4 for all ingredients solubilized in 10%wt
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Figure 3.

Turbidity (gold symbols), viscosity (black symbols), and conductivity (gray symbols) of surfactant solutions
containing 0.25%wt perfumery ingredient, (A) eugenol, (B) linalol, (C) phenethylol, and 10%wt SLES (left
column) and 23%wt SLES (vight column,).
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Figure 4.

Turbidity (gold symbols), viscosity (black symbols), and conductivity (gray symbols) of surfactant solutions
containing 0.25%wt perfumery ingredient, (A) lilial, (B) limonene, (C) hexyl salicylate, and 10%wt SLES (left

column) and 23%wt SLES (vight column,).

Fragrance ingredient

10%wt SLES

23%wt SLES

Cr. Conc (%) Transition Cr. Conc (%) Transition
Eugenol 2.0 Sph - Cyl 2.0 Cyl - Hex
5.5 Cyl - Lam
Linalol 3.0 25 Cyl - Hex
Phenylethyl alcohol — — 5.0 Cyl - Lam
_ — 10.0 Lam - Cyl
Lilial — — 4.0 Cyl - Lam
Table 2.

Structural transitions of micellar phases induced by fragrance ingredient solubilization.

SLES (left column) and 23%wt SLES (right column). For each ingredient, the changes in
turbidity, viscosity, and conductivity could be compared as a function of the fragrance

concentration.
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The morphological transitions induced by the solubilization of the fragrance
ingredients in the different micellar solutions are summarized in Table 2. As shown,
the fragrance alcohols strongly influenced the micellar aggregates by changing their
geometry and, consequently, the viscosity of the solutions.

Eugenol induced two different aggregation changes at 2 and 5.5%wt in the 10%wt
SLES solution. These changes could be observed as slope changes on the conductivity
and viscosity curves, whereas turbidity increased continuously. The first transition
should correspond to the spherical to cylindrical micelle transition and the second to
the cylindrical to lamellar phase transition. The lamellar phase was identified from the
texture on the microscopic images taken under polarized light. Solubilized in cylin-
drical micelles (23%wt SLES solutions), eugenol led to the formation of a hexagonal
phase at 2%wt concentration. This fragrance ingredient is highly surface active with a
very strong influence on the interfacial curvature of the microemulsion droplets in
both spherical and cylindrical micelles.

Linalol solubilization led to a continuous increase in turbidity and viscosity in the
solutions with spherical micelles. Conductivity at low linalol concentrations slightly
increased and then started to decrease progressively. Phase transitions were not
observed. The influence of linalol on the interfacial curvature seems less important
than that with eugenol. In the solutions with cylindrical micelles, the effect of linalol
solubilization was stronger. A clear phase transition from cylindrical micelles to the
hexagonal phase was observed. The hexagonal phase was identified by microscopy in
polarized light. Turbidity increased significantly, and viscosity maintained a constant
high value, a characteristic property of the hexagonal phase.

The solubilization of phenylethyl alcohol in the solutions with spherical micelles
induced a progressive, slight increase in viscosity and turbidity that was related to the
change in micelle size. The conductivity curve went through a maximum value and
then started to decrease similar to the curve for linalol. Linalol and phenylethyl
alcohol could be solubilized up to very high concentrations in the spherical micelles
without a significant perturbation of the macroscopic properties of the solutions.
However, solubilization of phenylethyl alcohol in the cylindrical micelles (at 23% wt
SLES) induced a couple of transitions at 5 and 10%wt fragrance concentrations. The
turbidity and viscosity curves both underwent a maximum. At lower concentrations
(<5%wt phenylethyl alcohol), a transparent viscous solution was obtained, which
should contain cylindrical micelles. In the range from 5 to 10%wt phenylethyl alcohol,
an intermediate lamellar phase was formed, and at concentrations >10%wt
phenylethyl alcohol, an isotropic transparent gel was obtained until the critical con-
centration of 26%wt phenylethyl alcohol, at which point a phase separation was
achieved.

The solubilization of lilial in the spherical micelles, observed on the turbidity and
the viscosity curves, did not induce strong changes in the surfactant aggregate shape.
However, the conductivity curve changed the shape strongly: from a constant value at
the low concentrations of lilial, it started to decrease progressively above 1.5%wt lilial,
indicating some charge or ion mobility reduction. The absence of a liquid-crystalline
phase and the high solution turbidity, combined with the strongly decreasing con-
ductivity, indicated a phase separation in microemulsion in equilibrium with an oil
excess phase. Integrated into the cylindrical micelles (at 23%wt SLES), lilial induced
different transitions. The conductivity curve (Figure 4A, right) is more complex than
the curve corresponding to the spherical micelles, containing a minimum at low lilial
concentrations and a maximum at higher lilial concentrations. The minimum at 3%wt
lilial, indicating the branching of the cylindrical micelles, correlated very well with the
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viscosity peak. At above 5%wt lilial in the cylindrical micellar phase, the system
turned into a lamellar phase. The value of the conductivity of the lamellar phase was
higher compared with that of the hexagonal phase, obtained at 2.5%wt eugenol in
cylindrical micelles. This difference between both types of liquid crystalline phases is
well correlated to their viscosity and the mobility of the free electrolyte ions in the
solution. The turbidity increased continuously without abrupt changes.

The solubilization of limonene and hexyl salicylate increased the turbidity contin-
uously and the viscosity slightly without changing the morphology of the phase and
the micelle shape at both surfactant concentrations. The conductivity kept an almost
constant value in the whole range of fragrance ingredient concentrations. Limonene is
an aromatic hydrocarbon and did not transform the cylindrical micelles into spherical
ones, but rather stabilized the cylinders. This effect is in agreement with the studies of
Hoffmann and Ulbricht [18] concerning aromatic alkanes. Hexyl salicylate is a phenyl
ester and, as was found by Hoffmann and Ulbricht for the esters, it behaved similar to
limonene without induction of any micelle shape transition or morphological change.
We did not observe the reduction in turbidity (light scattering in [18]) reported by
Hoffmann and Ulbricht due to a transformation of cylindrical to spherical micelles
observed during the solubilization of the alkanes, short-chain alcohols, and esters in
the range of their concentrations (up to 20 mM) and even at higher concentrations.
Possible reasons for the disparity in results could be a) the mixed functionalities of the
fragrance molecules or b) the starting high concentration (0.25% > 10 mM). To clarify
the reasons for the different observations, we performed experiments in which hex-
ane and decane were solubilized in the cylindrical micelles (23%wt SLES), expecting
to reproduce the transformation effect. However, only a continuous increase in the
turbidity and viscosity was observed (Figure 5).

Comparison of the turbidity of the solutions containing hexane, decane, and hexyl
salicylate in cylindrical micelles (23%wt SLES) demonstrated that hexyl salicylate
solubilization is similar to that corresponding to decane solubilization. The inset in
Figure 5 shows the behavior at low concentrations (<1%wt oil). Some reduction of
the turbidity could be observed for the three oils, but the effect was negligibly weak
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Figure 5.

Turbidity as a function of the oil concentration of solutions at 23%wt SLES, solubilizing hexane (gray symbols),
hexyl salicylate (gold symbols), and decane (black symbols). Inset: Turbidity as a function of oil concentration
(< 1%uwt oil).
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and did not induce viscosity changes. Therefore, the transformation should happen
only at very low concentrations or it should take longer than our experimental time, as
was reported in [26] for the solubilization of triolein in cylindrical micelles of nonionic
surfactant (3 to 16 days).

3.3 Solubilization rate and MAC
3.3.1 Turbidity (n)

The solubilization capacity, expressed by the MAC, was defined as the highest
concentration of fragrance molecules that could be incorporated into the micellar
structure at a given surfactant concentration before the two-phase separation. A
typical experimental turbidity curve as a function of time and fragrance ingredient
concentration is presented in Figure 6. The sequence of turbidity peaks corresponds
to the stepwise addition of the fragrance ingredient [1, 3, 4]. When the solubilization
limit is reached, a strong asymptotic and irreversible increase in turbidity takes place
[20, 27], as shown in Figure 6, revealing the coexistence of two phases (i.e., excess oil
phase in equilibrium with a microemulsion or liquid crystalline phase). The separation
of the perfume-surfactant system in two phases is confirmed by centrifugation. This
critical fragrance ingredient concentration is considered the MAC of the current
surfactant system.

The turbidity of the surfactant solution before the fragrance addition is denoted as
1o. As soon as the perfumery ingredient is injected, the turbidity jumps strongly
because of the spontaneous formation of a two-phase solution. During the process of
mixing and solubilization, the turbidity exponentially decreases and reaches a con-
stant value B, as depicted in the inset for Figure 6 [27]. After each titration of a
perfumery ingredient, the turbidity plateau B could theoretically recover the initial
value 1 of the surfactant solution (obtained before the turbidity peak), indicating the
absence of any structural or size change in the solubilizing surfactant aggregate.
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Figure 6.
Turbidity (n) experiments on a 10%wt SLES solution (n°) in which successive amounts of a fragrance ingvedient
(0.25%wt) are added. (inset) turbidity change during the solubilization of 0.25%wt fragrance.
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In practice, oil solubilization always leads to swelling of the micelles and a consequent
increase in their size, and as can be observed from Figure 6, the turbidity plateau B
reaches a value higher than 1y, indicating an increase in micelle size or number.

The turbidity decay as a function of time (Figure 6 inset) was fitted by using the
following model:

T](t) = AexP [_T<t - tpeak)] +B (1)

where 1) is the turbidity (NTU), t is the solubilization rate (s, and A and B are
constants. Att — oo, — B =1ngand att = tpeaks NMmax = A + B.
If the turbidity results are presented in the form:

] e [ele ) @

Mmax —

the solubilization rate t (s~ 1) can be determined as the curve slope, assuming that
15 N> Nmax> aNd tpeqi are experimental values for all molecules.

The constant nj is the turbidity value at the end of the solubilization process of each
injected fragrance quantity. If the solubilization does not induce any change in the
micelles, the value of n, should be equal to that before the injection of the fragrance
(no)- Increasing the solute concentration causes the micelles to swell and increase in
size, which should lead to an increase in turbidity. Therefore, the plateau value
should be directly related to the droplet radius and density (interactions).

As can be observed from Figure 7, the solubilization rate depends not only on the
type of micelles but also on the type of perfumery ingredients. The solubilization rate
values (Table 3) required to solubilize 0.25%wt fragrance ingredient seem to be
significantly sensitive to the perfume type in the spherical surfactant aggregate
geometry. In contrast, in cylindrical micelles, the solubilization rate has similar and
low values for all perfumery ingredients.

According to the theory of solubilization [28], the solubilization rate should be
dependent on the oil properties via the parameters V,; (oil molecular volume), D
(diffusion coefficient in the surfactant solution), and Ccq (0il solubility in water):

ﬁ = Voil X Doil X Coil (Table 4)
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Figure 7.

Normalized turbidity as a function of time to solubilize 0.25%wt perfumery ingredient in (A) spherical (10%wt
SLES) and (B) cylindrical (23%wt SLES) micelles: Phenethyl alcohol (black), eugenol (ved), linalol (gray), lilial
(green), limonene (violet), hexyl salicylate (blue).
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Fragrance ingredient (s (in spherical micelles) (s (in cylindrical micelles)
Phenethyl alcohol 0.1020 0.003
Eugenol 0.0120 0.005
Linalol 0.0170 0.004
Lilial 0.0010 0.004
Limonene 0.0060 0.006
Hexyl salicylate 0.0004 0.004
Table 3.

Solubilization rate of the different perfumery raw materials studied in spherical and cylindrical micellar phases of
SLES (10%wt SLES and 23%uwt SLES, respectively).

Fragrance ingredient Mvol (cm?/mol) D (cm?/s) Wsolubility (mg/L) B (cm?/s)
Phenylethyl alcohol 119.8 1.35E-05 21990.00 2.92E-07
Eugenol 154.9 1.05E-05 754.00 7.45E-09
Limonene 179.3 9.05E-06 683.70 7.20E-09
Linalol 217.3 7.47E-06 7.86 6.24E-11
Hexyl salicylate 162.1 1.00E-05 4.58 5.46E-11
Lilial 215.7 7.52E-06 6.01 4.39E-11
Decane 194.9 8.33E-06 0.05 5.93E-13
Table 4.

Maximum additive concentration of the different perfumery raw materials studied in spherical and cylindrical
micellar phases of SLES (10%wt SLES and 23%uwt SLES, respectively).

At the end of the solubilization process of each fragrance portion, the value of nj
was determined and presented as a function of the fragrance concentration. From this
curve, the value of the MAC was found for each perfumery ingredient as the concen-
tration at which the turbidity slope increases asymptotically. Therefore, this is the
maximum fragrance concentration that can be incorporated in the current micellar
system. The values of MAC are reported in Table 5. The results indicate that solubili-
zation into spherical micelles is highest for phenethyl alcohol, followed by linalol and

Fragrance ingredient MAC [%wt]
10%wt SLES 23%wt SLES
Phenethyl alcohol 13.1 4.7
Eugenol 6.0 2.3
Linalol 10.7 32
Lilial 2.4 6.4
Limonene 22 37
Hexyl salicylate 3.1 6.7
Table 5.

Maximum additive concentration of the different perfumery raw materials studied in spherical and cylindrical
micellar phases of SLES (10%wt SLES and 23%uwt SLES, respectively).

75



Design and Applications of Self-Assembly Aggregates — From Micelles to Nanoemulsions

eugenol and then hexyl salicylate, lilial, and limonene. In the cylindrical micellar
phase, the order of the MAC values changes: hexyl salicylate is the most solubilized,
followed by lilial, phenethyl alcohol, and limonene and then linalol and eugenol. These
results clearly indicate preferential solubilization of the fragranced molecules with
surface activity in surfactant aggregates with spherical geometry. The highly apolar
fragrance molecules are preferentially solubilized by the cylindrical surfactant aggre-
gates. Our results confirmed the preferential solubilization effects observed in [18] for
the perfumery ingredients.

Notably, increasing the surfactant concentration in the aqueous solution is not a
sufficient factor to increase the MAC value, in particular for fragrance alcohols (such
as eugenol and linalol).

In our previous studies [17], we introduced the parameter EACN,;,, a key indica-
tor for the interfacial solubility of the perfumery ingredients and mixtures. We found
that fragrance molecules leading to a low EACN,,;; value, EACN,;; < 5.5, have an
affinity for the interfacial domain within the surfactant aggregates, whereas those
having a higher EACN,;, value, EACNy;, > 5.5, are solubilized into the apolar core of
the surfactant structures. The correlation of the solubilization rate T and MAC to the
EACN,,ix parameter for the perfumery molecules is presented in Figure 8A and B.
The curves indicate that perfumes with high surface activity such as phenethyl alco-
hol, eugenol, and linalol (EACN,,,;; = 1.96, 2.99, and 4.33 respectively; see Table 1) are
solubilized faster and at higher quantity than the highly hydrophobic perfumes in the
spherical micelles. The cylindrical micelles are preferred by the three hydrophobic
perfumery ingredients, lilial, limonene, and hexyl salicylate (EACN,,;; = 5.7, 6.0, and
6.39, respectively; see Table 1). The observed phenomenon is closely related to the
results of the previous studies concerning the correlation between the packing
parameter, the interfacial concentration of the fragranced molecules, and the
EACN,,;, values [17, 29].

For fragrance alcohols, it was commonly observed [8, 13, 15, 30] that these mole-
cules (including eugenol and linalol) act as cosurfactants and penetrate into the
palisade layer of the surfactant self-assembly. As a consequence, the larger the hydro-
philic region of the micelle, the higher the solubilization/incorporation of the fra-
grance molecule with surface activity between the surfactant head groups. For
geometric reasons, as was clearly explained by Hoffmann and Ulbricht [18], the
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Figure 8.

Solubilization rate t (A) and MAC (B) of perfumery ingredients in spherical (10%wt SLES) (4) and cylindrical
(23%wt SLES) () micelles as a function of EACN,;y.

76



Preferential Solubilization of Fragrances in Micelles with Different Geometric Shapes
DOI: http://dx.doi.org/10.5772 /intechopen.114289

spherical shape requires that the area per surfactant head group is 4, > 3a, where ay is
the cross section of the hydrophobic surfactant chain. The rod-like shape requires that
a, >2a,. Therefore, the surface, accessible to the surface-active molecules, is higher in
the spherical micelles. Moreover, the adsorption of fragrance molecules at the inter-
face leads to a decrease in electrostatic repulsion between the SLES head groups and
thus to closer packing of the palisade layer. This effect could also be observed as a
decrease in conductivity. The consequence is transition from spherical to rod-like
micelles [31]. For these reasons, phenethyl alcohol, eugenol, and linalol can be solubi-
lized in higher quantities in spherical than in cylindrical micelles.

On the other hand, the highly hydrophobic perfumery ingredients such as hexyl
salicylate and limonene, localized mostly in the micellar core, have a negligible influ-
ence on the packing parameter, mostly by oil penetration, between the hydrophobic
surfactant chains. As is mentioned in [18], the solubilization of non-surface-active
hydrophobic molecules in spherical micelles is limited to the micellar core and leads to
swelling of the micelle without important curvature changes. The micelles swell until
the limit of the packing surface area is reached, and the addition of more fragrance
molecules induces a two-phase separation.

The relative turbidity, equal to the ratio Bi-no/ng after the solubilization of each
portion i of fragrance and before reaching MAC, is presented in Figure 9 as a function
of the volume fraction of fragrance in the surfactant solutions of spherical (A) and
cylindrical (B) micelles. The curves can be sufficiently well fitted by a linear model:

ﬂx_TIO:

ad, (3)
No

where @, is a perfumery ingredient volume fraction and « is a constant, deter-
mined by the curve’s slope. The turbidity values considered here correspond to solu-
bilization in a single phase (spheres or cylinders). Any phase transitions are excluded.
Approaching the phase boundaries, the turbidity changed exponentially as a function
of the perfumery ingredient volume fraction.

Turbidity is a measure of the light scattered by the aggregates dispersed in the
aqueous solutions. The relationship between turbidity and the properties of the scat-
tering system is defined by the following equation [32]:
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Figure 9.

Relative turbidity as a function of the fragrance volume fractions in SLES aqueous solutions: (A) 10%wt SLES and
(B) 23%uwt SLES. Symbols are experimental points, and lines are fitting curves with linear dependence:
Phenylethyl alcohol (black), eugenol (ved), linalool (gray), lilial (green), limonene (violet), hexyl salicylate
(blue).
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where R is the droplet radius, A is the light wavelength, and R, is:
20 (dn\’
Rﬂ/2 = /1_4141 (d_d’) prhere¢s(0) (5)

where 7 is the refractive index, @ is the volume fraction of the scattering objects
(micelle + oil), S(0) is the structure factor, and Vpere is the volume of droplets. These
equations show that the turbidity is a function of micelle characteristics, as well as of
oil characteristics directly via the refractive index increment Z—z and indirectly via the
droplet size.

dn _3 ap( 0 g¢
=2 (a5 +5%) ©)

¢, and ¢, are the oil and surfactant volume fractions, respectively, and ¢ is the
total volume fraction of the scattering particles, A = (&, — &,)/(¢, +2¢,) and B =
(& — ew)/ (& + 2¢e,), with & being the dielectric constants of oil, water, and surfac-
tant, assuming that n* = .

Thus, o should be dependent on the oil properties directly via the refractive index
increment (dielectric constant of the oil) and indirectly via the droplet’s radius, both
parameters closely linked to the hydrophobicity (polarity) and surface-active charac-
teristics of the fragrance ingredients.

3.3.2 Viscosity (u)

Figure 10 depicts the dependence of the specific viscosity on the oil volume
fraction for all fragrance ingredients solubilized in (A) spherical micelles and (B)
cylindrical micelles. The viscosity changes induced by fragrance solubilization depend
on both the micellar system used and the type of fragrance ingredient, as can be
observed from the graphs.
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Figure 10.

Relative viscosity as a function of the fragrance volume fractions in SLES aqueous solutions: (A) 10%wt SLES and
(B) 23%uwt SLES. Phenylethyl alcohol (black), eugenol (ved), linalool (gray), lilial (green), limonene (violet),
hexyl salicylate (blue).
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The correlation between the specific viscosity and the volume fraction of oil for the
solutions at 10%wt SLES and at fragrance ingredient concentrations up to 2%wt
(Figure 10C) follows a linear relation:

Hots _ 1= yo, %)

s

with coefficient y being similar for all fragrance ingredients and having values in
the range from 7 to 15. According to the slope coefficient value, the fragrance ingre-
dients could be arranged in the following order: eugenol > linalol > phenylethyl
alcohol> hexyl salicylate > lilial > limonene.

For the solubilization in the cylindrical micelles (at 23%wt SLES), the correlation
between the specific viscosity and the volume fraction of oil (Figure 10D) cannot be
fitted with linear relation but follows an exponential relationship:

Hors 9 exp(6®y) (8)
H

with coefficient § sensitive to the fragrance ingredients properties and having
values in a large range from 0 to 175, following the order eugenol > lilial > linalol >
phenethyl alcohol > hexyl salicylate > limonene.

Therefore, the influence of solubilization on solution viscosity in spherical micelles
for all of the fragrance ingredients studied is weaker than that on the viscosity of the
cylindrical micellar solutions. In addition, the strong effect in the cylindrical micelles
is observed mainly for surface-active molecules. Eugenol is the fragrance molecule
with highest impact on the viscosity of the solutions, whereas limonene is the mole-
cule with the lowest impact.

Reduction of the viscosity (not related to reduction in turbidity) was observed only
with surface-active ingredients (phenethyl alcohol and lilial) at very high fragrance
ingredient concentration. This finding is related to the melting of the lamellar phase
and the transition to micelles. Eugenol (at 2%wt) and linalol (at 3%wt) induce the
transition of cylindrical micelles to the hexagonal phase, and the viscosity maintains
its high value.

4, Conclusion

The study of the maximum solubilization of various fragrance molecules covering
the entire range of hydrophobicity into aqueous micellar solutions containing anionic
surfactant revealed a preference of the perfumery ingredients for a given surfactant
aggregate’s geometry. Correlation between the interfacial affinity of the fragrance
molecules and the geometric shape of the surfactant aggregates appropriate for their
solubilization is reported.

The perfume ingredients having a micellar core affinity, EACN,y;, > 5.5, are better
solubilized in the cylindrical micelles because the solubilization of these fragrance
molecules is reduced to a hydrophobic core volume. Phase transition of the surfactant
structure is not induced by the solubilization of the highly hydrophobic oils, and thus,
the viscosity of the surfactant solution is not modified or slightly increased. Once the
MAC of the micellar system is achieved, cloudiness indicates the coexistence of two
phases: microemulsion in equilibrium with oil.
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In contrast, the perfume ingredients having an interfacial solubility, EACN
< 5.5, are better solubilized in spherical micelles due to their ability to strongly affect
the interfacial curvature. The incorporation of these types of fragrance molecules
modifies the intermolecular interactions between the head groups of the surfactants
themselves and the guest oil. Consequently, the dynamic surfactant-perfume aggre-
gates tend to turn from spherical to cylindrical micelles to liquid crystalline phases.
The mixed chemical functionalities of the fragranced molecules do not allow their
classification simply into groups of alkanes, alcohols, and esters: the effects of the
transition of rod-like to spherical micelles accompanied by a decrease in the viscosity
observed by Ulbricht et al. with alcohols, esters, and alkanes were not observed.
Moreover, the three molecules considered as alcohols, phenethyl alcohol, eugenol, and
linalol, revealed very different behavior when solubilized in spherical and cylindrical
micelles; the strongest interfacial influence was observed with eugenol. Phenylethyl
alcohol expressed a nontypical alcohol behavior in the cylindrical micelles with a
transition from lamellar to micellar phase at very high fragrance ingredient
concentration.
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Chapter 4

Nano Emulsions: A Novel Targeted
Delivery of Cancer Therapeutics

Gudikandula Krishna and Dasari Thrimothi

Abstract

The primary focus in the management of cancers is the administration of
therapeutic medicines to the specific tumor locations. The therapy of cancer is
significantly hindered by the presence of medicines with high lipophilicity, limited
absorption, and non-specific toxicity. Nano emulsions are a type of heterogeneous
particle system that has demonstrated its reliability in the realm of nanotechnology.
Oil in water nano emulsions possess the potential to significantly transform tradi-
tional cancer treatment due to their hydrophobic core, small size, and exceptional
durability. Nano emulsions has notable characteristics such as the ability to encapsu-
late medications with low solubility, the capacity to selectively target tumor cells, and
the ability to overcome multidrug resistance (MDR). These traits have demonstrated
significant advantages in the treatment of several cancer types. Currently, research-
ers are conducting experiments and studies to investigate the efficacy and safety of
several nano emulsion formulations in the therapeutic treatment of malignancies. The
purpose of this chapter is to provide an overview of the current uses of nano emul-
sions in the specific delivery of anticancer drugs.

Keywords: nanotechnology, nano emulsions, cancer therapy, targeted delivery,
formulation

1. Introduction

The primary challenge in cancer diagnosis and therapy lies in achieving precise
and effective drug delivery to cancer cells while minimizing their harmful impact on
adjacent healthy cells. Chemotherapy medications exert their effects by selectively
killing rapidly dividing cells, including hair follicles, red blood cells, bone marrow,
lymphatic cells and gut epithelia. Consequently, these drugs are not suitable for
prolonged treatment. The lack of specificity of chemotherapy medications can result
in fatal harm to nearby healthy cells that are actively dividing [1]. In contrast, many
extremely promising medications are eliminated from the development process
because they have low solubility in water [2]. Therefore, creating an effective delivery
system that can specifically target cancer cells and transport therapeutic and imag-
ing chemicals to tumors is imperative. This will enhance the chances of early-stage
diagnosis and successful treatment. Nano systems such as nanoparticles, liposomes,
micelles, nano capsules, and nano emulsions have emerged as nanocarriers for deliv-
ering hydrophobic medicines to specific locations.
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Nano emulsions are a mixture of two liquids that do not mix well (such as oil and
water), with an average droplet size ranging from 50 to 200 nanometers [3]. Nano
emulsions, called nanosized micelles or micellar nanoparticles, are stabilized using
surfactants, known as emulsifying agents. Emulsifying agents are molecules that have
both hydrophilic and hydrophobic properties. They can lower the tension between
two liquid phases that do not mix, such as oil and water. This is achieved by selec-
tively attaching to the interfaces between these phases. Emulsifying agents possess a
polar head group that selectively aligns with polar liquids like water and a nonpolar
hydrocarbon tail that prefers nonpolar liquids like oil. They exhibit transparency or
translucency and possess a substantial surface area due to their diminutive particle
size. Nano emulsions are often formulated using excipients recognized by the United
States Food and Drug Administration (FDA) as Generally Recognized as Safe (GRAS)
grade. Nano emulsions offer a significant benefit by enabling the encapsulation of
hydrophobic pharmaceuticals within their hydrophobic core. This results in enhanced
drug loading and delivery capabilities. The solubility of the poorly water-soluble
medication resveratrol was enhanced by the nano emulsion, including ethyl oleate,
Tween 80, and PEG400, through increased drug loading within the nano emulsion.
Nano emulsion effectively shields the medication from enzymatic breakdown and
hydrolysis by enclosing it in the core. Additionally, it hinders the identification of the
drug by macrophages, which are part of the mononuclear phagocytic system (MPS),
resulting in an extended circulation period. The extended circulation duration enables
the Nano emulsions to aggregate more extensively in regions with compromised and
permeable blood vessels, such as tumors, by leveraging the enhanced permeability
and retention (EPR) phenomenon [4].

2. The cancer burden is increasing

The prevalence of cancer is increasing globally. The global incidence of cancer was
14 million in 2012, resulting in 8 million deaths. However, it is projected that these
figures will rise to 22 million new cases and 13 million deaths per year by 2030 [5].
Changes in the economy, society, and way of life are the causes of the increase as well
as aging populations. Cancer and human development are strongly correlated with
socioeconomic status (Figure1) [5].

The worldwide prevalence of cancer is not increasing uniformly [5, 6]. Due to the
uneven rates of globalization in economics and lifestyle practices, there are disparities
in the exposure to causal factors during transitions. Cancer is the primary cause of
mortality in numerous affluent nations and is projected to become the top cause in
middle- and low-income nations shortly. Currently, cancer is more prevalent in high-
income areas, whereas mortality rates are higher in middle- and low-income areas.
The majority of the projected rise in cancer prevalence is anticipated to take place in
middle- and low-income nations, which are the least equipped to address this issue.

A significant challenge in many cancer treatments is the effective delivery of
medicines to the tumor site while minimizing adverse effects. The effectiveness of
therapies throughout the body has relied on their physical and chemical charac-
teristics, such as size, ability to diffuse, and how well they bind to plasma proteins.
However, tumors have a complex and diverse network of blood vessels that tend to
push medications away from them. This impedes the precise administration of drugs
to the specific location of the tumor. In addition, the traditional methods of admin-
istering anticancer treatments pose several challenges, including the emergence of
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Figure 1.
Represents the global incidence prediction of cancer from 2022-2050. Source: World Health Organization (cancer
tomorrow).

multidrug resistance (MDR) in cancer cells, significant toxicity to non-tumor cells,
and low specificity [7].

Furthermore, most medicines designed for cancer treatment have a significant
degree of hydrophobicity. Nanocarriers have developed as viable drug delivery
carriers to address the challenge of incorporating hydrophobic drugs and delivering
them to specific tumor locations. The utilization of nanocarriers has experienced a
substantial rise in recent years due to their multiple favorable qualities in medicine
delivery. Drug delivery mechanisms are called nanocarriers, typically consisting of
colloids with a smaller particle size than 500 nanometers [8]. Nanocarriers includ-
ing nanoparticles, dendrimers, liposomes, Nano emulsions and nano capsules can
effectively utilize the tumor microenvironment to enhance the therapeutic efficacy of
the anticancer medicine they carry [9].

Nano emulsions are a type of colloidal drug carrier system consisting of submi-
cron droplets, typically ranging from 10 to 1000 nm [10]. They are one of the various
nanocarrier systems available. Nano emulsions are formed of two immiscible liquids
and have a spherical nanoscale structure. They can exist in three forms: oil-in-water
(O/W), water-in-oil (W/O), or bi-continuous. Nano emulsions provide numerous
favorable characteristics that make them suitable for application as innovative drug
carrier systems. Nano emulsions are tiny, enabling them to easily traverse the highly
vascularized tumor environment and accumulate within it.

Furthermore, their spherical shape grants them a substantial surface area that
can enhance adsorption capabilities. Moreover, the O/W Nano emulsions include
alipophilic core that effectively encapsulates medicines with high hydrophobicity.
Furthermore, these substances are harmless, resistant to change, non-irritating,

capable of significantly enhancing the drug’s ability to be absorbed by the body, and
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suitable for precise targeting at specific locations [11]. Primarily, due to the sustained
and regulated medication release pattern, it is possible to reduce the dosage and
frequency of injections over the entire course of treatment [12]. Nano emulsions

have unique characteristics that make them an innovative vehicle for the precise and
regulated administration of cancer treatments. The present chapter focuses on devel-
oping Nano emulsions for precise and controlled administration of anti-cancer drugs,
explicitly targeting cancer cells. Additionally, it explores the potential applications of
these Nano emulsions in treating different cancer types. Finally, the chapter provides
a comprehensive overview of current and finished clinical trials investigating the
practical application of nano emulsion formulations with efficacy and safety.

3. Nano emulsions — A brief overview

Recently, Nano emulsions have been employed for targeted drug delivery to
specific locations. For more than ten years, researchers have investigated the poten-
tial uses of Nano emulsions in various methods of drug administration, including
oral [7], parenteral [8], transdermal [7], ophthalmic [9], pulmonary [10], nasal
medication [11] and nasal vaccine delivery [12]. Furthermore, researchers have
investigated the potential of utilizing nano emulsion as a carrier for delivering a
diverse range of drugs, including parenteral nutrition, analgesics, anesthetics,
steroids, chemotherapeutics and tumor vaccines. Here are a few examples of com-
mercially available nano emulsion products. Soybean oil, egg yolk phospholipid,
and glycerin-based emulsions have been extensively utilized in healthcare settings
for parenteral nutrition, such as in the products Intralipid® and Vitalipid®. These
lipids offer a plentiful supply of crucial fatty acids, including omega-3 and omega-6
fatty acids, linoleic acid, calories not derived from glucose, and vitamins E and K. In
addition, Nano emulsions have been extensively utilized as colloidal carriers for the
precise administration of various chemotherapeutic medications and diagnostic and
imaging agents.

Furthermore, nanoparticles can be customized with precise ligands to target
cells, tissues, or organs selectively in conjunction with a fluorescent dye for imaging

Figure 2.
Represents the internal structuve of oil-in-water nano emulsion’s.
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purposes. The extensive investigation of these versatile nanoparticles is focused
on their use in cancer treatment. Nanoparticles are linked with versatile compo-

nents to facilitate drug detection and targeted administration for cancer treatment
(Figure 2) [13].

4. Nano emulsion and anticancer therapy

Cancer is a group of diseases that include the abnormal and uncontrolled
development of cells [14]. Cancer arises from molecular-level changes in genes,
where various subsets of genes experience genetic modifications, such as the activa-
tion of oncogenes or the inactivation of tumor suppressor genes. Consequently,
there is an uncontrolled growth of cancer cells, infiltration of tissues, and impair-
ment of organ function [15]. Tumor tissues exhibit robust angiogenesis and a high
density of blood vessels to support their growth. However, they also have a flawed
vascular structure and limited lymphatic drainage, which collectively contribute to
the phenomenon known as the enhanced permeation and retention (EPR) effect [16,
17]. Tumor genes frequently exhibit genetic change during their development rather
than remaining constant. The inherent intricacy of the tumor microenvironment
and the presence of P-glycoprotein (Pgp) typically serve as obstacles to conventional
chemotherapy by impeding the drug’s access to the tumor mass. Delivery of thera-
peutic medications in vivo encounters many physiological barriers, such as hepatic
and renal clearance, enzymolysis and hydrolysis, and endosomal/lysosomal degrada-
tion (Figure 3) [18, 19].

Several chemicals are being investigated for their potential use in medication
delivery, particularly cancer therapeutic technology. Formulating pharmaceutical
items with optimal therapeutic efficacy and minimal or insignificant adverse effects is
beneficial. An inherent drawback of anticancer medications is their limited specificity

Imaging agent

o L[] by, _ Radionucleotide
MRI o e .: &
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Figure 3.
Represents the a visual of a multi-purpose nano emulsion system.
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for tumor tissue, leading to significant adverse effects and diminished success rates in
achieving a complete cure. Hence, the typical medication delivery system has signifi-
cant challenges in effectively targeting the aberrant cells [14]. Furthermore, the effec-
tiveness of anticancer medications is constrained by their inadequate characteristics,
including low solubility, a limited therapeutic range, and excessive toxicity towards
healthy tissues. These factors may contribute to the failure of cancer treatment

[20, 21]. Nano emulsions can transport a concentrated number of chemotherapeutic
medications to malignant tissues without causing harm to cells and organs in the
body’s overall circulation. They have demonstrated significant efficacy in medication
delivery for cancer treatment. Nano emulsions can be easily detected using a range

of imaging modalities, their application in therapeutic targeting and their capacity

to enhance drug bioavailability. The incorporation of lipophilic anticancer medicines
into oil-in-water Nano emulsions has demonstrated significant benefits. The oil phase
of the emulsion functions as a solubilizer for the lipophilic chemical, increasing the
drug’s solubility in an emulsion system.

Consequently, a smaller quantity of the medication must be provided in contrast
to a solution including water. The discomfort caused by intravenously injected medi-
cations can be reduced by using a lipid emulsion. This method involves exposing the
tissue to a lower drug concentration and eliminating the use of a carrier that irritates
the tissue [22].

5. Different types of cancer and their nano emulsions
5.1 Nano emulsions for the treatment of cancer

Nanotechnology has demonstrated its efficacy as a viable approach for cancer
therapy, prompting researchers to concentrate on treating various cancer forms.
The subsequent part provides a concise overview of the latest breakthroughs in the
prevalent types of cancer (onco).

5.2 Nano emulsion for treatment of colon cancer

Colon cancer accounts for a significant proportion of global cancer mortality [23].
Under this group, the sub-classification comprises hereditary non-polyposis colorec-
tal cancer, familial adenomatous polyposis, colitis-associated cancer, and spontaneous
colon cancer [24]. Surgical intervention and the administration of medicinal plants,
immunotherapy, radiation, and chemotherapy are commonly employed in managing
colon cancer. However, the survival rate declines around five years post-surgery as a
result of recurrence and metastasis, indicating that the primary cause of mortality is
not the tumor itself [25]. Cancer migration and invasion are facilitated by epithelial-
mesenchymal transition (EMT), a process in which epithelial cells transform into
mesenchymal cells, resulting in alterations in cell structure and enhanced adhesion
and migratory capabilities [26].

Tomatoes contain lycopene (LP), which has several valuable properties, including
protection against chronic illnesses, anti-leukemia proliferation activity and cells
associated with colon cancer, and the ability to further induce cell cycle arrest on
some tumor cells [27]. If LP’s low stability and bioavailability were not a problem, its
mechanism might be used in cancer therapy [28]. The study’s goal was to solve the
given challenge by creating a nano emulsion using LP. Gold nanoparticles (AN) are
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also encapsulated in the nano emulsion formulation. In addition to its role as a drug
carrier, AN can be combined with cell receptor ligands supplied for particular cell
targeting [29]. However, because AN promotes the migration of human fibroblast
cells, excessive quantities of the substance can be hazardous [30]. Polymeric materi-
als, liposomes, or other lipid-based assemblies, including LP-derived chemicals, can
be added to lessen this effect [31].

The emulsifier in this particular formulation is Tween 80®, an aqueous AN solu-
tion in the water phase and the oil phase is oil with LP. The human colon cancer line
HT-29 can utilize it. The effectiveness of the formulation is demonstrated by the study
of the impact on the cell line of AN alone, LP alone, and AN and LP combined [23].

The toxicity of AN is influenced by its size; the greater its impact on HT-29 cells,
the smaller the AN. The number of early apoptotic cells may rise with an increase
in the volume of LP incorporated. The number of late apoptotic, early apoptotic, and
necrotic cells increases with combined therapy and the Nano emulsions. However, the
application of Nano emulsions causes necrotic and apoptotic cells. Only the stability
of the Nano emulsions is enhanced by the emulsifier; it has no appreciable effect on
cells. Low AN and LP dose-treated Nano emulsions cause cells to undergo apoptosis
and increase the expression of PARP-1 and Bax while reducing procaspases 3 and 8 as
well as Bcl-2 expression, tumor indicators [23].

5.3 Nano emulsions for treatment of ovarian cancer

Chemotherapeutics containing platinum (Pt) are employed in various cancer
therapies. Carboplatin and cisplatin, which both have platinum (Pt) in their composi-
tion, exhibit superior efficacy in improving survival rates compared to all other treat-
ments for ovarian cancer [32]. DNA structure is broken by PT chemicals that create
intra- and inter-strand cross-connections [33]. As Pt activity ultimately results in the
death of healthy cells, it also hurts cells other than cancerous ones. Additionally, can-
cer cells can establish defense mechanisms against Pt, such as triggering enzymes or
DNA repair pathways or encouraging the existence of membrane pumps. Treatments
for ovarian cancer, therefore, always take this into account, as does the tumor’s
sensitivity to platinum [34].

Formulations to address issues with toxicity and resistance have been developed
thanks to the evolution of nanomedicine. However, the procedure is complicated
because of the characteristics of Pt, especially its lipophilicity [35]. Nano emulsions
can enhance pt-related drug delivery and efficiency by combining large hydrophobic
medicines with particular ligands to enable targeted delivery. This study created a
Nano emulsions to contain myrisplastin, a new platinum Pt-based medication with
the pro-apoptotic compound C6-ceramide [36].

Additionally, an EGFR-binding peptide, a surface ligand, and an imaging agent
called gadolinium were added to the Nano emulsions. The purpose of this work was
to examine the effects of this Nano emulsions on ovarian cancer cells, namely SKOV3,
A2780, and A2780CP [34].

Epidermal growth factor receptor (EGFR)-expressing SKOV3 cells were resistant
to cisplatin, with an inhibitory concentration (IC50) of 18 uM, according to a cytotox-
icity screening. By encapsulating myrisplatin instead, cytotoxicity rose considerably,
both in Nano emulsions with and without targets. The toxicity of the targeted Nano
emulsions is double that of the non-targeted formulations. When ceramide is added
to the encapsulation, the cytotoxicity changes significantly, indicating that the two
compounds work in concert. Cisplastin is 50.5 times less effective than the intended
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Nano emulsions of myrisplatin and ceramide. Myrisplatin caused higher harmful
effects in A2780 and A2780CP (not expressing EGFR) than cisplatin [34].

Zeng et al. created vitamin E Nano emulsions with paclitaxel that might block P-gp
transport and change the expression of Bac & BCL-2, two factors linked to tumor
drug resistance. The human ovarian cancer cell line A2780, resistant to paclitaxel,
was used to evaluate their impact. Taxol reduced the potential of mitochondria and
increased the antiproliferation action. According to the authors, vitamin E-derived
multifunctional Nano emulsions combined with anticancer medications may effec-
tively treat cancer multidrug resistance [37].

5.4 Nano emulsions therapy for prostate cancer

Prostate cancer (PrC) has been the cause of an increase in fatalities over the past
ten years, with 70% of treated patients experiencing a recurrence and eventual
transition to an incurable state [38]. Tumor-initiating cells (TICs), also known as
cancer stem cells (CSCs), are the primary cause of cancer metastasis and treatment
resistance [39]. Research indicates that cancer cells that exhibit CSC markers—par-
ticularly CD133 and CD4—not only show a correlation with medication resistance
but also continue to multiply following treatment [40]. Drug resistance in CSCs may
result from increased drug efflux transporter expression, anti-apoptotic pathway
activation, apoptotic mechanism deactivation, and enhanced DNA damage and repair
process efficiency [41].

Prostate cancer therapy has an issue since it targets populations of rapidly pro-
liferating cancer cells rather than subpopulations like CSCs. Additionally, cell lines
with high passage numbers are used in preclinical investigations to assess anti-cancer
medicines in developing drugs to treat prostate cancer. The genomic and epigenomic
characteristics these cell lines adopt have little to nothing in common with the initial
tumor [42]. The cell line (PPT2) used in this work is obtained from a patient with
prostate cancer with a deficient passage number, preserving the cell’s immaturity
and stem-like characteristics. Because PPT2 cells have genes linked to anti-apoptotic
signaling and drug resistance, they are an ideal model for research on CSC-targeted
therapy [43].

A commonly employed medicine in the treatment of prostate cancer is Abraxane®.
A paclitaxel pro-drug called Abraxane® was created to improve its solubility using a
formulation of human serum albumin-bound nanoparticles. However, issues with
MDR cancer cells have been observed with paclitaxel [41]. Drug resistance can be
effectively combated with SBT-1214, a new-generation taxoid. Docosahexaenoic
acid (DHA), a naturally occurring polyunsaturated fatty acid (PUFA) with a strong
affinity for its primary bloodstream transporter (human serum albumin), can be
conjugated with this chemical to assist target cancerous cells. The combination of
DHA and paclitaxel led to a slight reduction in ABC and P-gp transporters [44].

The Nano emulsions formulation, named DHA-SBT-1214, created in this research
incorporates phospholipids and fish oil. The medication’s affinity for fish oil will
enhance drug encapsulation. The Nano emulsions is hypothesized to target the CSC-
initiated PPT2 cell line by utilizing the EPR effect, ultimately leading to the death of
cancer cells [41].

Drug development targeting cells specific for tumor initiation may benefit from
using patient-derived CSC-enriched PPT2 cells. By combining DHA with SBT-1214,
the formulation can remain in the bloodstream for longer. Incorporating the hydro-
phobic medication into a Nano emulsions formulation leads to efficient drug delivery.
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Consequently, adding PEG to the surface modifies it and prolongs the duration of
drug circulation, thereby promoting accumulation due to the enhanced permeability
and retention (EPR) effect. The effective cellular internalization indicates that the
Nano emulsions formulation can deliver its payload with greater efficiency than the
drug solution [41].

5.5 Leukemia through nano emulsions

Cancer is a prominent contributor to global mortality, with leukemia being the
primary cause of cancer-related fatalities in children. Nano emulsions have been
employed as biocompatible systems in this particular scenario to encapsulate pharma-
ceuticals and enhance therapeutic outcomes by reducing hazardous side effects.

Various researchers have employed lipid Nano emulsions as a practical approach
for encapsulating drugs in the context of cancer therapy. Moura and colleagues
produced lipid Nano emulsions that could attach to LDL receptors to concentrate
chemotherapeutic drugs in tissues like tumor tissues that overexpress the low-density
lipoprotein receptor. Because the uptake of the Nano emulsions is substantially higher
than that of the free drug, boosting the toxicity against tumoral cells, the authors
encapsulate methotrexate for leukemia treatment and evaluate them in vitro [45].

Winter et al. synthesize and evaluate chalcone-encapsulating Nano emulsions for
leukemia both in vitro and in vivo. The authors show similar anti-leukemic effects for
the free chalcones and the Nano emulsions, demonstrating that the Nano emulsions
produced cause cancer cells to undergo apoptosis in vitro. On the other hand, chal-
cones-loaded Nano emulsions were less hazardous to VERO cells than free chalcones.
In vivo observations revealed similar outcomes. Oxidative stress and weight gain were
observed to be reduced by free chalcones, along with an inflammatory response [46].

5.6 Breast cancer: nano emulsions therapy

Worldwide, breast cancer represents 23% of all newly identified cases in women
and 13.7% of cancer-related deaths. The scarcity of chemotherapeutic medications
is the disparity in their concentration between tumors and other organs, leading to
higher toxicity levels due to their lower accumulation in tumors. Several strategies
have been developed to improve the treatment of this ailment in patients.

A viable treatment for breast cancer may involve using natural substances, such
as the Nigella sativa L. essential oil used in the Nano emulsions created by Periasamy
and associates [47]. By causing apoptosis in MCF-7 breast cancer cells, this Nano
emulsions has anti-cancer capabilities in vitro. For breast cancer treatment, this Nano
emulsions may help encase active medications [47].

The technique of utilizing local administration and the invention of C6 ceramide
Nano emulsions has been employed to treat breast cancer. The authors want to specifi-
cally target malignancies and pre-tumor lesions in a localized manner while minimiz-
ing the adverse effects on the entire body by utilizing both local administration and
medication distribution by Nano emulsions.

The researchers created Nano emulsions containing ceramide and enhanced
their sticky properties by modifying the surface with chitosan. The concentration
of C6 ceramide required to reduce the viability of MCF-7 cells by 50% (EC50) was
reduced by a factor of 4.5 when it was nanoencapsulated compared to when it was
in solution. Additionally, when tributyrin, a pro-drug of butyric acid, was included
in the oil phase of the Nano emulsions, a further decrease of 2.6-fold was seen.
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When administered intraductally, the Nano emulsions resulted in a more extended
localization of the medication in the mammary tissue for over 120 hours compared
to its solution [48]. Natesan and his colleagues utilized chitosan to manufacture
Nano emulsions [49]. The researchers enclosed camptothecin within Nano emulsions
and evaluated their performance both in laboratory settings (in vitro) and in living
organisms (in vivo), demonstrating the superior effectiveness of the formulations in
comparison to the unbound drug [49].

5.7 Melanoma nano emulsions therapy

Melanoma, the most lethal type of skin cancer, accounts for about 80% of deaths
associated with skin cancer. The primary issue related to the management of mela-
noma is the limited effectiveness of current treatment methods, primarily due to the
inadequate response of chemotherapeutic drugs and the inherent resilience of mela-
noma cells. Conventional therapies for advanced melanoma and spreading melanoma
typically yield unsatisfactory outcomes, resulting in severe adverse reactions and
low overall survival rates. Consequently, researchers are investigating more recent
combinations of anti-melanoma medications and advanced approaches, including
nanotechnology, such as Nano emulsions.

Paclitaxel-encapsulating lipid Nano emulsions that bind to low-density lipoprotein
(LDL) receptors were created by Kretxer and colleagues. This reduces drug-associated
toxicity and increases the antitumoral effect. Additionally, simvastatin association
was evaluated in mice with melanoma, showing that this medication enhanced
antitumoral activity in conjunction with paclitaxel Nano emulsions but not with free
paclitaxel. This could be attributed to the fact that statins strengthen the expression
of LDL receptors, which are responsible for the internalization of lipid Nano emul-
sions [50]. Several other authors incorporated cholesterol derivatives, specifically
7-ketocholesterol, into lipid core Nano emulsions and evaluated their effects in vivo
using a murine melanoma cell line. The results demonstrated that the Nano emul-
sions significantly reduced tumor size by over 50%, increased the necrotic area, and
decreased the vasculature within the tumor. The cellular uptake of the cholesterol
Nano emulsions by tumor cells was facilitated via the LDL receptor, indicating a
process of internalization. Notably, a single administration of these Nano emulsions
resulted in the death of 10% of melanoma cells [51].

Monge-Fuentes and colleagues employed an alternative method, specifically pho-
todynamic treatment, utilizing acai oil in Nano emulsions. The Nano emulsions was
used as a photosensitizer both iz vitro and in vivo. Treatment was applied to B16F10
melanoma cell lines and NIH/3 T3 normal cells, resulting in a significant 85% cell
death, specifically in the melanoma cells. However, the normal cells maintained a high
level of viability. C57BL/6 mice with tumors administered acai oil Nano emulsions
exhibited a significant reduction in tumor volume by 82% [52].

5.8 Nano emulsions therapy for lung cancer

Paclitaxel (PTX) is a chemotherapeutic agent frequently employed in treating
lung, breast, ovarian malignancies and pancreatic. It can disrupt the disintegration
of microtubules during cellular division resulting in mitotic arrest, apoptosis and
suppression of cell activities [53]. PTX exhibits a minimal ability to dissolve in water,
necessitating the development of other formulations, such as Taxol®, which incorpo-
rates Cremophor-EL® and ethanol. Nevertheless, Cremophor-EL® is recognized for
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its hazardous properties, necessitating the exploration of targeted compounds for this
formulation [54].

The potential of hyaluronic acid (HA) for effectively delivering PTX to cancer
cells has been studied. It has a negative charge and selectively attaches to a cluster of
differentiation 44 (CD44), a tumor cell marker that is abundantly expressed [55].
This study aims to assess the effectiveness of a Nano emulsions carrier carrying HA
and PTX, namely the HA-complexed PTX Nano emulsions (HPNs), in targeting
tumors that express CD44 in a non-small lung carcinoma cell line (NCI-H460) [56].

With a low polydispersity index indicating formulation homogeneity, a size that
permits a long half-life and zeta potential suitable to stabilize the formulation, and the
intended spherical morphology, HPN showed excellent physical-chemical particle
properties. Tumor weight evaluation revealed that HPN and PTX Nano emulsions
both slowed the growth of tumors but that HPN’s targeted component, HA, improved
the effectiveness of treatment. The body weight results indicate no significant altera-
tions observed in the groups who received PTX Nano emulsions and HPN. This
finding confirms that these treatments are less harmful to healthy tissues [56].

Chang et al., investigate the anti-cancer potential of Curcuma longa Linnaeus’s
curcuminoid preparations. They created Nano emulsions to investigate the inhibi-
tory mechanism linked to the anti-cancer effect against lung cancer cells. The cell
cycle progression in lung-cancer cells was delayed at the G2/M phase by both the
Nano emulsions and curcuminoid extract therapies, although the specific biological
mechanism may vary. H460 cells exhibit a higher vulnerability to apoptosis than A549
cells when exposed to curcuminoids and their applications in Nano emulsions across
various cancer cell lines [57].

6. Nanotheragnostics: a use for nano emulsions

Nanotheragnostics is a novel approach that harnesses the capabilities of
nanotechnology for the specific goals of diagnostics and imaging. The objective of this
technique is to develop nanoscale molecules that can perform both therapeutic and
diagnostic activities [58].

Researchers have placed a particular emphasis on the treatment and diagnostics of
cancer, and this method is linked to several nanotechnological approaches including
Nano emulsions [58]. Recent progress in this domain has facilitated the analysis of
individual tumors, forecasting Nano emulsions -tumor interactions and the develop-
ment of personalized nanomedicines for therapy [58].

In this way, Fernandes et al. created perfluorohexane Nano emulsions as a novel
contrast agents and drugs delivery systems for in vivo ultrasound and photoacoustic
cancer imaging. These Nano emulsions provide deeper tissue penetration and higher
spatial resolution than traditional optical methods. This neural enhancement offers a
non-intrusive option for cancer imaging and therapy in patients [59].

A similar approach was taken by Wu et al., who created magnetic Nano emul-
sions hydrogels that cause magnetic tumor regression by heating malignancies to a
ferrofluid temperature [60]. In addition, Niravkumar et al., designed Nano emul-
sions that contained three different acid platins: dipalmiplatin, distearyplatin and
dimyrisplatin. The researchers created Nano emulsions containing fatty acids that
specifically attach to utilize receptor-mediated endocytosis and the folate receptor «
(FR-a) to transport Pt via mechanisms of resistance of the cell surface. FR-a is seen in
high levels in various cancerous diseases including ovarian cancer [61]. Roberts et al.,
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employed sonophore molecules to conduct multispectral optoacoustic tomography
(MSOT) on malignancies. They merged near-infrared and strongly absorbing dyes
incorporated into Nano emulsions, facilitating the non-invasive iz vivo detection of
malignancies via MSOT.

7. Conclusions

Nano emulsions are extensively investigated for their potential to deliver cancer
drugs. However, the FDA approves no cancer treatment products for clinical usage.
Nevertheless, some Nano emulsions products are presently being examined in clinical
trials. The challenges above arise due to quality control, material safety, and scale-up
operations. The design and development of multifunctional Nano emulsions at a more
significant size, capable of carrying out several activities, pose substantial challenges.
Before their clinical application, it is imperative to thoroughly evaluate the in vivo
distribution, safety, and metabolism of Nano emulsions and their functional moi-
eties. In addition, the concurrent optimization and evaluation of passively targeted
Nano emulsions could provide valuable insights into the impact of design factors on
multifunctional Nano emulsions.
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Chapter 5

Nanoemulsions for Oil and Gas
Applications

Nouf Aljabri

Abstract

As the oil and gas industry continues to evolve, the utilization of advanced materials
becomes crucial for maximizing efficiency and productivity. Nanoemulsions (NEs)
have emerged as a promising solution for various downhole applications. Their unique
properties, enhanced stability, and improved performance have led to applications in
enhanced oil recovery, drilling fluids, fracturing fluids, and produced water treatment.
However, while NEs offer significant advantages, production costs, stability during
transportation and storage, as well as scale-up challenges must be carefully considered.
This chapter aims to provide an overview of NEs for oil and gas applications, discussing
the current benchmark, potential implementation, properties, and various applica-
tions. Furthermore, it will provide recommendations and insights on how to effectively
implement NEs in the field. It is important to recognize that the ongoing research and
development efforts hold the potential to further revolutionize the oil and gas applica-
tions and contribute to a more sustainable processes and operations.

Keywords: EOR, asphaltene cracking, drilling fluids, anti-corrosion, scaling inhibitor,
fracturing fluids, economic feasibility, scale-up

1. Introduction

Surfactants play a vital role in numerous downhole applications within the oil
and gas industry. Nevertheless, they frequently face challenges related to stability
when exposed to reservoir conditions. These conditions include temperature levels
surpassing 70°C, pressures exceeding 3000 psi, and the presence of high ionic
strength reaching up to 120,000 ppm [1, 2]. Moreover, the presence of hardness ions,
such as calcium and magnesium, can form insoluble complexes with the injected
chemicals (e.g., surfactants), leading to a drop in the injected chemicals’ efficiency.
Surfactants also exhibit the tendency to be absorbed near the well-bore owing to
their interaction with rocks, which vary based on the specific surfactant and rock
properties [3, 4]. One approach to overcoming this absorption is to flood the well with
additional quantities, which raises concerns for both the economy and the environ-
ment. Approximately 15 years ago, literature in the oil and gas industry explored the
use of nanoscale materials to enhance the performance of conventional chemicals.
Since then, technologies and materials have evolved to tackle these challenges.
Nanoemulsions (NEs), with their enhanced stability and unique properties, offer
a potential solution to these challenges [5]. They have several important properties
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that contribute to their efficiency in oil and gas applications. Their small droplet

size (20-200 nm) and larger interfacial area contribute to increased contact with

the target substances, significantly improving performance [6]. Additionally, they
exhibit unique rheological behavior and transparency, making them highly desirable
in applications where precise control over fluid properties is essential [7]. A notable
advantage of NEs in oil and gas applications is their significantly lower concentra-
tion requirement compared to commonly used surfactants. This characteristic plays
a crucial role in reducing adsorption near the well-bore as well as the conventional
Enhanced oil recovery (EOR) cost. Consequently, it brings forth numerous benefits
for applications in the oil and gas sector, such as improved oil recovery, remediation
of oil spills, and enhanced drilling fluids. As a result, the utilization of NEs has the
potential to contribute to process optimization, enhanced environmental sustain-
ability, and safer operational practices. Ongoing research and development in NEs
technology have shown great potential for addressing future challenges in this sector.
This chapter provides a review of the utilization of NEs to transform numerous oil
and gas applications, showcasing the current state of the art, plausible mechanisms,
and ongoing efforts to maximize NEs performance. Moreover, it discusses NEs’
implementations and, more importantly, the limitations that need to be considered in
order to fully unlock the potential of NEs.

2. NEs properties

Nanoemulsions have emerged as a potential game-changer in the realm of oil-field
applications [8-10]. NEs, offering distinctive characteristics, effectively overcome
the limitations encountered during the use of conventional surfactants and polymeric
surfactant injections. This enables NEs to provide numerous advantages in various
applications, as follows:

1. Stability: The small particle size of NEs, usually ranging between 20 and 200 nano-
meters, enhances stability by reducing the rate of coalescence and gravitational
separation. This enhanced stability has the potential to facilitate prolonged contact
between the injected fluid and the trapped hydrocarbon, ultimately leading to
more effective oil recovery, cuttings decontamination, and spill remediation.

2. Interfacial Tension: NEs reduces the interfacial tension (IFT) between the oil and
water phases. This property enables better oil displacement, as lower IFT (10-
2-1 mN/m) enhances the ability of the injected fluid to spread and displace the
trapped oil. Consequently, NEs show enhanced performance in reducing residual
oil saturation within reservoirs.

3. Mobility: The nano-scaled size of NEs’ droplets (10-100 nm) contributes to their
low viscosity, which enables efficient flow through porous media. This increased
mobility improves sweep efficiency, ensuring a higher proportion of trapped oil
is recovered. NEs can effectively traverse pores and throats in geological forma-
tions, maximizing the potential for oil recovery.

4. Compatibility: NEs provide an eco-friendly alternative in the field of downhole ap-
plications. By minimizing the usage of surfactants and other additives, NEs reduce
the environmental impact typically associated with emulsion-based methods.
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5.Improved coverage: The nanoscale droplets offer enhanced coverage and chemical
adhesion, suggesting effective prevention against corrosion and scale formation.

3. NEs applications for oil and gas applications
3.1 Enhanced oil recovery

Enhanced oil recovery (EOR) techniques have remained crucial in the oil and
gas industry due to their ability to extract more hydrocarbon from swept oil fields.
Customized injection processes, including thermal, chemical, and gas methods, are
usually employed based on reservoir characteristics (Figure1). Among these tech-
niques, Chemical EOR (CEOR) methods, specifically surfactant flooding, have been
widely used for a decade (1). However, the surfactants do have some limitations such
as high viscosity, retention, and adsorption (2). To overcome these challenges, the
exploration and development of NE have been pursued as they offer potential advan-
tages over traditional surfactants for EOR. The unique properties of NEs, including
reduced interfacial tension and improved viscosity control, contribute to enhancing
the mobility of oil and displacing it from porous rocks. Consequently, NEs might help
to significantly increase the overall recovery rate. In a recent study by Mandal and
Kumar, an NE for EOR was developed using Tween-40 as an anionic surfactant-based
NE [12]. This NE’s formulation exhibited an average droplet size ranging from 18 to
30 nm, making it ideal for efficiently navigating and recovering trapped oil from the
fine pores within oil-bearing formations [12].

In an experiment on flooding using a sand pack system, a small amount of NE
slug was injected, leading to about 30% increase in recovery compared to water
flooding [12]. The flooding characteristics of NEs, consisting of 0.50 wt % Tween
40 and 0.03 wt % silica nanoparticles, were also studied using a Cartesian Cuboidal
Single porosity grid model. The saturation of oil decreased from around 81-86% to
21.83% and 20.70% for the NE and silica-boosted NE, respectively [12]. Modified
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Figure 1.

Commonly used methods for EOR. Represented from Bello et al. [11].
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relative permeability curves confirmed the change in wettability. Notably, the use of
silica-stabilized NE resulted in a 21% reduction in oil saturation compared to a 14%
reduction with conventional NE [12]. It is worth mentioning that the utilization of
silica-stabilized NE has resulted in a 21% reduction in oil saturation, while the reduc-
tion is only 14% in the case of conventional NE [12].

The mechanisms behind the EOR demonstrated by NEs have been investigated
and discussed extensively in literature [9]. The mechanisms through which NE
enhances oil recovery include interfacial tension reduction, wettability alteration,
mobility control, and emulsification. Despite the comparatively low concentrations
of surfactants in the NEs formulation, these NEs function as active interfacial agents,
demonstrating a reduction in IFT values. This reduction in interfacial tension helps in
mobilizing trapped oil droplets and facilitates their flow toward production wells [8].
Wettability alteration is another mechanism that can enhance oil recovery by modify-
ing the reservoir’s rock wettability (Figure 2) [13]. NEs can adsorb onto rock surfaces,
changing the wetting behavior from oil-wet to water-wet and improving oil displace-
ment and sweep efficiency. NEs can also function as agents for controlling mobility
by thickening the injected fluids, thereby improving oil recovery (IOR). Due to their
properties, NEs are theorized to have the potential to mobilize highly viscous crudes
and contribute to improved oil recovery. Furthermore, NEs can solubilize trapped oil
within reservoir pores, increasing the overall recovery factor. However, the success of
NE-based EOR depends on factors such as surfactant selection, reservoir conditions,
reservoir rock properties, and injection strategies. Further research and field-scale
testing are necessary to optimize the application of NE technology for enhanced oil
recovery and to overcome any associated challenges.

3.1.1 Selection parameters for EOR

Selecting the appropriate surfactant variant for EOR is of utmost importance in
augmenting oil extraction from reservoirs by reducing interfacial tension, modifying
wettability, and enhancing fluid displacement. The use of nonionic surfactant-based
NEs demonstrated an array of advantages at lab-scale, including efficient solubi-
lization, controlled release, and improved oil transport, specifically in carbonate
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Figure 2.

A summary of the commonly proposed mechanisms for the EOR with the aid of nanoscale materials (a) IFT
reduction, (b) wettability alteration, (c) viscosity enhancement, and (d) disjoining pressure. Represented with
permission from [8].
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formations. Results from coreflood tests have shown that NE does not agglomerate,
even in rock samples with permeabilities of less than 0.1 mD [14]. This suggests that
NE particles remain dispersed within the fluid and do not form clusters that could
obstruct the pore spaces within the rock. Consequently, this mitigates the possibility
of potential formation damage caused by agglomeration.

The hydrophilic-lipophilic balance (HLB), along with the surfactant type, is crucial
in the successful design of NEs for EOR. The HLB value determines the distribution of
surfactants at the oil-water interface and, as a result, determines the type of NE formed.
HLB value below 6, and oil-soluble surfactants form water-in-oil (W/O) emulsions.
Conversely, a value above 8 and water-soluble surfactants lead to oil-in-water (O/W)
emulsions [8]. The concentration of stabilizers should also be carefully considered to
ensure optimal NE stability. Recent research in the field suggests that the ideal surfac-
tant concentration for EOR is, on average, 1.5-2 wt% [8, 10]. This facilitates the accu-
mulation of surfactant molecules at the interface. As the thickness of the surfactant film
increases, the radius of the droplets also increases, resulting in decreased flocculation.

It is of utmost importance to conduct a bottle test under reservoir conditions to
verify the stability of the formulated NE for EOR. This critical test aims to assess how
the produced NE reacts when exposed to formation water and reservoir temperature.
To examine the performance of different formations, it is necessary to introduce
either carbonate or another type of ground rock into one of the tubes, depending on
the targeted lithology. Simultaneously, another tube should only include the brine
and NE formulation while the third tube should be supplemented with an equivalent
amount of crude oil. All three test tubes should be properly sealed and incubated in
a vacuum oven set at the targeted formation temperature, preferably >90°C. This is
to assess the performance of NE under diverse conditions. The tube containing brine
and NE will reveal important information on the synergetic influence of salinity and
temperature on the produced NE. Moreover, the pressure tube, which includes NE,
brine, and rocks, helps us identify any potential adsorption phenomena. On the other
hand, the tube containing the crude from the formation provides valuable insight
into the solubilization between NE and crude. It is highly recommended that this test
be conducted for at least a month with continuous monitoring to detect any visible
phase separation. The monitoring process should be coupled with daily dynamic
light scattering (DLS) analysis to identify any flocculation tendencies. In addition,
it is essential to examine the interfacial tension (IFT) and assess the effect of the NE
formulation on reducing IFT. It is preferable to aim for exceptionally low IFT values,
ranging from 10~ to 10~* mN/m [15]. Evaluating the NE as an IFT reducer should
involve conducting equilibrated IFT measurements on the incubated sample contain-
ing the crude and NE phases. To evaluate the impact of the NE on rock wettability,
both static and dynamic contact angle tests should be conducted. Furthermore,
addressing the correlation between droplet size, time, and temperature is crucial to
control any undesirable agglomeration. Another parameter worth screening is the
surface charge of the droplets, as it helps to identify the potential existence of repul-
sive forces between the NEs. Additionally, the in-depth analysis of fluid compatibility
within the reservoir matrix becomes crucial to confirm the effectiveness of NEs in
displacing trapped oil. It is recommended to employ representative core samples and
fluids mimicking the targeted formation properties. When conducting a coreflood
test, it is necessary to apply reservoir temperature and pressure to comprehend the
behavior of the NE within the formation. Typically, brine is initially injected to estab-
lish a recovery baseline, followed by NE flooding to determine additional recovery
potential. Once the coreflood is completed, the cores can be precisely sliced and

107



Design and Applications of Self-Assembly Aggregates — From Micelles to Nanoemulsions

Stability test SEM
(Long-term stability IFT Reducer or —
under reservoir wettability modifier (}]Nu ;i[g]:?eraths
conditions) should be detected)
- Z b N 5
Crude solubilization
Droplet size (improved solubilization
(< 100 nm) for at least 48 hours)
‘ Coreflood experiment
Zeta potential (Simulating reservoir

i (£30 - £50 mv) conditions)

Figure 3.
Overview of different characterization techniques utilized for assessing the formulation of NEs for EOR.

characterized by a scanning electron microscopy (SEM) to identify any agglomera-
tion that might have occurred, subsequently affecting the porosity of the cores. These
studies are essential to develop a fundamental understanding of the process. Figure 3
provides an overview of characterization techniques that can be utilized to assess the
formulation of NEs when considering their application in EOR.

3.1.2 NE injection

The NE Injectivity can be significantly improved by adjusting the injection
pressure. In order for the injection process to be successful and simultaneous, it is
important for the bottom-hole pressure (BHP) to exceed the reservoir pressure [16].
If the BHP falls below the reservoir pressure, it creates resistance against the injected
NE, which prevents effective injection [16]. However, it is essential to consider any
potential negative effects of pressure on the stability of the injected NE. Therefore,
conducting a coreflood experiment on cores from either the chosen formation for the
trial or a similar one is recommended. This experiment should consider the influence
of reservoir pressure, injection pressure, fluid compatibility, and rock petrophysics to
obtain valuable insights. It is noteworthy to highlight that preserving the long-term
stability of NEs in the reservoir might present a challenge. Thus, factors such as pH,
divalent ions, and shear forces can lead to the breakdown of emulsions and need to be
carefully addressed.

3.2 Fracturing fluids

Hydraulic fracturing is a widely utilized technique in the oil industry to enhance
oil recovery from reservoirs. This method plays a vital role in extracting hydrocarbons
from tight reservoirs. It involves the use of “fracturing fluids” or “frac fluids” to facili-
tate the creation and expansion of fractures within the reservoir rock, enabling the
release of trapped hydrocarbons. NEs are explored as fracturing fluid carrier systems
due to their decreased viscosity compared to conventional fluids. This characteristic
allows for enhanced fluid flow, leading to reduced pumping pressures essential for
fracturing operations. The improved flow features of NEs enable effective trans-
portation and placement of proppants within fractures, thus contributing to greater
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well productivity. Economically point of view, NEs offer multiple advantages. Their
decreased viscosity and improved fluid flow properties result in decreased require-
ments for slickwater (water enriched with sand and chemicals) and chemicals during
fracturing operations. Consequently, the reduced volume of fluids leads to cost
savings associated with water sourcing, transportation, and disposal. Furthermore,
the enhanced stability and efficient proppant transportation achieved with NEs

can significantly enhance well productivity, maximizing the return on investment.
Zhou et al., have proposed an innovative approach to enhance hydraulic fracturing
and achieve EOR simultaneously. The results demonstrated that the addition of a
mere 0.10 wt% of nanoemulsion to the drag reducer (FR-900) solution resulted in
a significant 12.79% increase in oil recovery. These findings emphasize the potential
of utilizing this novel technique to optimize fracturing operations and improve oil
extraction efficiency [17].

Moreover, the utilization of NEs can effectively mitigate the damage caused by
water locking in tight sandstone reservoirs during hydraulic fracturing. Water locking
refers to the adverse impact arising from the introduction of a substantial amount
of water into such reservoirs. Zhou et al. conducted a study wherein they suggested
a flowchart to evaluate the compatibility between fracturing fluids containing NEs
and working fluids. According to the results, the incorporation of NEs into the
working fluid modifies the wettability of the reservoir rocks. This alteration leads to
areduction in the absorption and retention of external fluids, thereby aiding in the
alleviation of water-locking damage [18]. Nevertheless, a comprehensive evaluation is
imperative due to environmental issues, including the possibility of water contamina-
tion and toxicity, prior to the widespread adoption of this solution.

3.3 Corrosion inhibitors

Corrosion refers to the deterioration of materials caused by chemical, biological,
biochemical, or electrochemical reactions with the environment. It poses a chal-
lenge to oil and gas infrastructure, leading to pipeline leaks, equipment failures, and
environmental contamination [19]. The financial impact of corrosion is substantial,
with a high cost of repair, replacement, and maintenance annually within the oil and
gas sector. It can occur through various mechanisms, such as uniform corrosion, the
most common type, which involves the even degradation of a material surface. Pitting
corrosion, on the other hand, leads to localized corrosion and the formation of small
cavities or pits on metal surfaces. Crevice corrosion usually takes place in the gaps
between tubulars, while galvanic corrosion arises when dissimilar metals come into
contact [20]. A relatively recent concern in the oil and gas industry is the concept of
terbo-corrosion. Terbo-corrosion is a term that describes the interaction of corrosion
with turbulent flow conditions. It occurs primarily in pipelines, where the high veloc-
ity of oil or gas facilitates the erosion of protective barriers and promotes corrosion
[21]. It can result in rapid deterioration and heightened vulnerability of infrastruc-
ture, demanding focused attention to corrosion control strategies. Thus, the corrosion
control methods are applied to overcome the corrosion adverse impact.

Anti-corrosion fluids play a crucial role in preventing and mitigating corrosion.
One commonly used example is corrosion inhibitors, which act by forming a protec-
tive layer on the metal surface, thereby inhibiting the electrochemical reactions that
cause corrosion. Another example is oxygen scavengers, which reduce the amount
of dissolved oxygen in the fluid, minimizing the possibility of corrosion [22].
Furthermore, biocides are used to control the growth of microorganisms that can
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contribute to microbial corrosion. These anti-corrosion fluids control the corrosion
via one of the following mechanisms: (1) barrier protection, (2) inhibitor, and (3)
passivation [23, 24]. The barrier protection to create a barrier between the pipes or
tubulars and the environmental trigger. This barrier prevents the contact of cor-
rosive agents with the metal, thereby minimizing the reactions that lead to corrosion
[25]. The corrosion inhibitors are usually used as additives to the drilling fluids to
impede the corrosion process. These inhibitors can neutralize or reduce the activity
of corrosive species, slowing down the rate of corrosion. They achieve this by form-
ing a protective layer on the metal surface or by altering the electrochemical reac-
tions involved in the corrosion process. Lastly, the passivation involves the formation
of a thin layer of oxide on the metal surface, which acts as a protective film. This
oxide layer is usually formed by the reaction of the metal with certain components in
the fluid, creating a stable and corrosion-resistant surface [26, 27].

While anti-corrosion fluids provide significant benefits in combating corrosion,
they have certain limitations that need to be considered. For instance, the long-term
effectiveness of corrosion inhibitors may diminish over time. Additionally, the
inhibitors’ performance can vary depending on the specific environment or fluid
composition. Oxygen scavengers may also require careful monitoring as they can
deplete quickly, necessitating regular replenishment. Moreover, some anti-corrosion
fluids may have adverse environmental impacts, requiring proper handling and
disposal [26, 28]. Therefore, the anti-corrosion encapsulation in NE was suggested to
prolong its anti-corrosion efficiency. The nanosized droplets enable a greater surface
coverage, resulting in improved protection against corrosive agents. Moreover, the
incorporation of corrosion inhibitors actively impedes the corrosion process, extend-
ing the lifespan of metallic structures and reducing maintenance costs. The efficacy
of Shirazi thyme, a green corrosion inhibitor, in acidic media, was investigated by
encapsulating it in NE droplets measuring 20 nm in size [29]. The encapsulated
thyme extract demonstrated a corrosion inhibition efficiency of 94%, surpassing
the 76% efficiency of using thyme without encapsulation. Surprisingly, a mere
concentration of 40 ppm proved sufficient to achieve an impressive 94% efficiency,
in contrast to the requirement of 800 ppm without the process of encapsulation. The
unencapsulated thyme extract adheres to the surface through physical adsorption,
while the encapsulated thyme tends to engage in a physical-chemical interaction with
the surface. Interestingly, the unencapsulated thyme extract displayed adsorption of
free energy equal to —23 kJ-mol ', whereas the encapsulated extract in NEs exhibited
improved adsorption of —30 kJ-mol™* [29]. The hypothesis suggests that the sodium
dodecyl sulfate (anionic surfactant, SDS) present in the formulation exhibits a strong
inclination to be adsorbed onto the metals. Once adsorbed, the micelles break apart
to release the thyme. However, more research is deemed necessary to tackle obstacles
associated with cost-effectiveness, assessment of environmental impact, and seamless
incorporation into existing industry practices.

3.4 Anti-scaling

Scales form due to the precipitation of minerals found in fluids present in oil
and gas reservoirs [30]. These minerals, such as calcium carbonate, barium sulfate,
and iron sulfide, can attach themselves to various production equipment, includ-
ing pipelines, well-bore completions, and surface facilities [31-33]. This scale
deposition not only influences flow efficiency but also disrupts flow dynamics,
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potentially resulting in reduced production rates, increased energy consumption,
and, ultimately, diminished economic gains [34]. In addition to negatively impacting
production, scaling presents significant operational challenges. Scale formations have
the potential to obstruct or completely block pipelines, leading to costly production
shutdowns that may require cleaning or replacement of affected tubulars. As a result,
it becomes essential to employ anti-scaling measures to ensure the preservation and
effectiveness of oil and gas production systems. Earlier methods such as chemical
inhibitors, dissolvers, and mechanical treatments have demonstrated partial effec-
tiveness in combating scaling [33, 35, 36]. However, these methods often encounter
disadvantages such as exorbitant expenses, limited efficiency, and environmental
apprehensions. Hence, there arises a necessity for developing new methodologies and
materials that offer remarkable performance compared to conventional approaches.
There are multiple advantages associated with NEs-based anti-scalants and corrosion
inhibitors compared to traditional methods. First, their small droplet size enables
better dispersion and coverage of the active ingredients, thereby enhancing their
overall effectiveness. Second, the NEs possess a controlled release mechanism that
potentially ensures a sustained and prolonged action, thereby minimizing the need
for frequent treatment. This characteristic not only improves the treatment efficiency
but also reduces the operational costs involved in monitoring and maintenance tasks.
Additionally, the composition of NEs can be tailored to target specific scale-forming
minerals, allowing for a more precise and targeted approach. By customizing the
formulation, the inhibitory effect can be optimized for diverse applications, resulting
in higher inhibition efficiency and reduced chemical consumption. Furthermore, the
low dosage requirements of NEs-based anti-scalants make them economically viable
and environmentally friendly alternatives. Del et al. presented an innovative delivery
system known as phosphino-poly (carboxylic acid) (PPCA) based NEs. This delivery
vehicle exhibits significant potential in efficiently handling mineral scale accumula-
tion in oil reservoirs, particularly those that are depleted or prone to water sensitivity
[37]. The stability of NEs with a PPCA content of up to 3% was found to be satisfac-
tory over an 8-hour span at 100°C [37]. To assess the injectivity and absorption of
PPCA NE, a sandpack test was conducted on porous media. The results indicated that
only 4% of the total formulation was adsorbed, confirming the anti-scale inhibitor
encapsulation efficiency [37]. A separate study conducted by Luo et al. demonstrated
the production of degradable anti-scaling NEs using orthogonal experiments as an
experimental approach [38]. The results obtained indicated an inhibition rate of over
89.6%, exhibiting no precipitation with the formation water. Mady and Kelland have
extensively reviewed the influence of nanotechnology including the NEs on forma-
tion control and other downhole applications [39]. With the continuous progress of
research in this domain, we anticipate additional breakthroughs in NE technology,
which will pave the way for enhanced and multifaceted approaches to corrosion
control and anti-scaling.

3.5 Asphaltene cracking

Asphaltene, a heavy molecule present in crude oil, is a diverse blend of aromatic
hydrocarbons [40]. Its intricate structure and considerable molecular weight hinder
its solubility in traditional hydrocarbon solvents. Consequently, when mixing
crude oil with lighter hydrocarbons or gas during the oil production process,
the precipitation of asphaltene can occur, which poses significant challenges for
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extraction [41]. This deposition of asphaltene leads to reduced production rates,
pipeline obstructions, and equipment damage, thereby creating substantial hurdles
for the oil and gas industry. These intricate organic compounds tend to aggregate
and can precipitate and attach themselves in specific conditions, resulting in

solid formations that impede oil flow, diminish reservoir permeability, and cause
operational inefficiencies [41]. Thermal, mechanical, and chemical methods are
employed as standard approaches to alleviate asphaltene deposition [42]. Thermal
cracking is a process that involves subjecting asphaltenes to elevated temperatures,
resulting in the breakdown of complex structures into smaller, more manageable
fragments [43]. Mechanical techniques, on the other hand, rely on physical forces
such as agitation, shear stress, or ultrasound to disrupt the aggregated asphaltenes
[44]. Chemical cracking methods employ various solvents or additives to dissolve
or disperse the asphaltenes [45]. When compared to conventional methods, NEs
offer several advantages for asphaltene cracking. The small droplet size and large
interfacial area of NEs greatly enhance the contact between asphaltene molecules
and cracking agents, leading to faster and more efficient cracking reactions.
Additionally, the dispersion of cracking agents within the emulsion results in a
more uniform distribution, thus increasing the effectiveness of asphaltene cracking
throughout the targeted zone.

Several case studies and research findings have provided substantial evidence
supporting the potential of NEs in the cracking of asphaltenes. An example
includes a study conducted by Alhreez and Wen, where they successfully dem-
onstrated the controlled release of the asphaltene inhibitor from NE as an effec-
tive cracking agent in a laboratory-scale asphaltene deposition system [46]. The
outcome of this study showcased a significant reduction in deposition tendencies.
Additionally, Alhreez and Wen have recently pioneered a new approach that
employs NEs as carriers for asphaltene inhibitors. The outcomes of their experi-
ments, conducted using X-ray Diffraction (XRD) and Transmission Electron
Microscopy (TEM), further supported the theory that the release of dodecylben-
zene sulfonic acid (DBSA) from the NE destabilizes asphaltenes [47]. The process
led to an augmentation in the separation between aromatic rings and aliphatic
chains, accompanied by a decrease in the size of aromatic sheets and clusters.
These alterations in the structure caused a decline in the aromaticity of asphaltene,
resulting in enhanced solubility of aromatic compounds and improved release of
asphaltene aggregates. Figure 4 illustrates the likely mechanism of NE adsorp-
tion on the asphaltene sheets, followed by the subsequent release of DBSA and its
impact on asphaltene [47]. The efficiency of asphaltene cracking controlled release
was evaluated by Alhareez et al. where the findings demonstrate that the controlled
release system effectively reduced asphaltene content, achieving an inhibition rate
of approximately 84%, while also exhibiting an elongated release profile [48]. The
data suggest that the destabilization of asphaltene particles is primarily caused by
the release kinetics of dodecylbenzenesulfonic acid (DBSA) from NEs. This mecha-
nism entails several steps, beginning with the adsorption of asphaltene aggregates
or clusters at the water-in-oil (w/o) interface. Subsequently, DBSA NEs adsorb onto
the asphaltenes both within the bulk phase and at the w/o interface. Finally, DBSA
gradually releases from the NEs, resulting in the fragmentation of larger asphaltene
clusters into smaller nanosized particles. As a result, this process yields a well-
dispersed solution [48]. To advance in this field, it is essential to dedicate research
efforts toward formulating strategies that facilitate the expansion and execution of
operations in oil and gas fields.
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asphaltene. Represented from Alhareez and Wen [47].

3.6 Drill cuttings decontamination

The drilling process heavily relies on drilling fluids or mud to serve various pur-
poses, including the cooling of the drill bit, transportation of cuttings to the surface,
and management of well pressure. Nonetheless, when these drilling fluids come
into contact with geological formations, they tend to become contaminated with
solid particles, hydrocarbons, heavy metals, and other hazardous substances [49].
Consequently, the generated drilling cuttings, which consist of rock fragments and
solids, also become contaminated. To mitigate the environmental impact associated
with drilling activities, it becomes crucial to decontaminate the drilling cuttings.

The main objective of this process revolves around removing contaminants from the
cuttings while also recuperating any reusable or recyclable materials. By adopting this
approach, the potential harm inflicted on the surrounding ecosystems gets minimized,
ensuring compliance with environmental regulations. Thermal desorption stands

out as a commonly employed technique for drilling-cutting decontamination [50].
Thermal desorption provides numerous benefits in terms of efficiency and effective-
ness. It has the capability to process large quantities of cuttings, and the resulting soil
or rock is often suitable for reuse or proper disposal in accordance with environmental
regulations. Nevertheless, it is crucial to meticulously manage the energy consumption
and emissions associated with this procedure to minimize its carbon footprint and
overall environmental impact, as well as ensure scalability. Besides thermal desorption,

113



Design and Applications of Self-Assembly Aggregates — From Micelles to Nanoemulsions

other techniques are available for the decontamination of drilling cuttings, such as
solvent extraction and solidification/stabilization [51]. Solvent extraction involves

the use of solvents to dissolve and separate contaminants from the cuttings, while
solidification/stabilization entails the mixing of binders and additives with the cut-
tings to immobilize the contaminants and prevent their migration extraction [52]. The
incorporation of NEs in the decontamination process of drilling-cutting fluids offers
numerous advantages, which makes it a highly promising solution for preserving the
cleanliness and effectiveness of these fluids [53]. NEs exhibit exceptional dispersing
properties that facilitate the dissolution and dispersion of both organic and inorganic
pollutants typically found in drilling-cutting fluids. By leveraging the minute droplet
size of NEs, organic contaminants like hydrocarbons can be efficiently disintegrated,
thereby enhancing their solubility [53]. In addition, NEs prove effective in dispersing
inorganic pollutants, such as heavy metals and salts, effectively preventing their accu-
mulation and mitigating potential harm to drilling equipment. The utilization of NE
has been successfully demonstrated in decontaminating drilling cuttings, as evidenced
by the results indicating its ability to modify wettability and facilitate the desorption of
oil and other contaminants from rock surfaces [54].

Lim et al. investigated the potential application of NEs for the removal of
oil-based mud and mud cake during well-bore cleaning [55]. The experiments
encompassed a range of factors such as temperature, pressure, electrolytes, bridg-
ing agents, acidity, and polymers. The cleaning process involved several steps,
including the reduction of interfacial tension, emulsification and solubilization
of oil, improvement in wettability, and efficient separation of oil from water and
solids. The findings of the study clearly indicated the high effectiveness of NEs in
the cleaning of mud and cuttings, regardless of the tested conditions. Interestingly,
results were obtained within a time frame of less than 10 minutes [55]. This dis-
covery emphasizes the immense possibilities of NEs within the oil and gas sector,
particularly concerning sustainable methods and operational efficacy. Given the
industry’s persistent drive toward environmentally friendly and efficient practices,
the adoption of NEs for drill-cutting decontamination stands out as a promising
and vital advancement. As the industry perseveres in its pursuit of sustainability
and operational efficiency, the integration of NEs in drill-cutting decontamination
proves to be a promising and essential innovation.

3.7 Well-bore stabilization

Shale hydration pertains to the process by which shale formations in the oil and
gas industry absorb water [56]. When shale comes into contact with water-based
drilling fluids, it tends to absorb water, resulting in swelling and weakening of the
rock structure. Consequently, this can lead to damage in the formation, diminished
stability of the well-bore, and ultimately hinder drilling and production activities
[56]. Numerous factors such as pressure, temperature, and mineral composition play
arole in shale hydration. The effective management of shale hydration holds great
importance in ensuring successful drilling and completion operations in shale forma-
tions. As a potential solution to tackle well-bore instability problems caused by shale
hydration, researchers are exploring the use of NEs containing soluble silicate and
organosilanes. These NEs establish a hydrophobic barrier on shale surfaces, acting as
a protective shield during high-temperature drilling. Furthermore, in shale disper-
sion tests, the NEs exhibited a remarkable shale recovery rate of 106.4%, surpassing
that achieved by water at a rate of 20% [57]. This study indicates that NEs have the
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ability to ensure the stability of well-bores in shale formations with great efficiency.
Additionally, the contact angles of diiodomethane on shale samples were observed
to be below 2° and slightly increased as the shale cuttings acquired more hydropho-
bic properties [57]. This observation signifies that dilodomethane droplets swiftly
expanded upon contact with the samples, highlighting a significant affinity toward
oil. The potential of NEs in enhancing drilling effectiveness and averting well-bore
impairment has been established.

Utilizing NEs at high temperatures (> 150°C) can yield a compact, superhy-
drophobic coating on ceramic sheets, resulting in notable advantages. This coating
effectively minimizes filtration loss by 84.3% and enhances the robustness of shale
by 2.86% following immersion in the NE at 180°C for 48 hours [58]. Furthermore, it
significantly diminishes water absorption in shale cuttings, thereby elevating water
resistance by 91.56%. The obtained data demonstrates thermal stability and dynamic
water repellency even at elevated temperatures. The composition of this film com-
prises modified silica structures, namely nanofilaments and nanospheres [58]. The
ongoing research in the field is dedicated to exploring advanced imaging techniques,
surface modification strategies, and improved modeling approaches in order to gain a
comprehensive understanding and optimize the wettability of well-bores [58].

4. Limitations and areas of improvements

The discovery highlights the significant potential of NEs in the oil and gas indus-
try, particularly in terms of sustainable practices and operational efficiency. While
promising findings are often observed in laboratory-scale experiments, implementing
NEs for field use poses additional challenges. One such challenge is the formulation
of NEs at the rig site, where limited infrastructure for chemical production and NE
preparations creates obstacles. However, the primary hurdle lies in maintaining the
stability and performance of the NEs over long distances and extended periods of
time. Proper attention must be devoted to the transportation, storage, and injection
of NEs into reservoirs to prevent droplet aggregation and phase separation. Hence,
the development of robust techniques for inline characterization and injection
becomes crucial to optimize particle size and parameters like flow rate and pres-
sure, thereby augmenting the success of scaled-up applications. The development of
robust and long-lasting NEs capable of withstanding extreme temperatures, pres-
sures, and salinities presents an additional challenge. Furthermore, the selection of
appropriate constituents for NE formulations is crucial to ensure their stability at
minimized costs. In addition, conducting extensive field trials and testing is highly
recommended to gather sufficient data on NE performance in downhole environ-
ment. Recent research efforts have prioritized enhancing the stability, scalability, and
environmental aspects of NE technology. The following recommendations can be
considered for the successful field implementation.

* Comprehensive Feasibility Studies: Conduct thorough feasibility studies to evaluate
the applicability and potential benefits of NE technology in specific reservoirs
and production processes.

o Testing and Validation: Prioritize pilot-scale testing and validation before full-
scale implementation. This ensures a proper understanding of the technology’s
behavior and helps identify any potential setbacks early on.
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* Regular Monitoring and Optimization: Continuously monitor and optimize the
performance of NE applications to ensure their efficiency and effectiveness in
different operational conditions.

5. Conclusion

In summary, NEs application in the oil and gas production process holds immense
promise for improving operational efficiency and performance. This advanced
formulation, created by finely dispersing oil and water using surfactants, stabilizers,
and high or low-energy mixing techniques, allows for enhanced oil displacement and
increased sweep efficiency, leading to a potential improvement in production rates.
Moreover, the small droplet size of the NEs provides a larger interfacial area, enabling
better contact with the reservoir rock and creating an effective displacement of oil.
The use of NEs also offers environmental benefits, as it reduces the needed chemical
quantitates compared to the utilization of pristine chemicals. However, one of the key
setbacks in utilizing NEs is maintaining their stability and compatibility with other
chemicals commonly used in oil-field operations. Nanoemulsion formulations must
ensure that they remain stable under harsh conditions, such as high temperatures and
salinity, to ensure their effectiveness. Additionally, compatibility with existing chemi-
cals and hydrocarbons in the oil and gas reservoirs is crucial to prevent any negative
interactions that may hinder the desired outcomes. Further research and development
are necessary to optimize the formulation and application of NEs in different reser-
voir conditions. By addressing setbacks and implementing recommended strategies,
the industry can unlock the full potential of NEs, leading to improved progress in the
field of oil and gas production.
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Chapter 6

Nanoemulsions: A Recent Drug
Delivery Tool

Vaibhav Changediya

Abstract

The use of nano/sub-micron particles in food, cosmetic, and pharmaceutical
technology is becoming more and more popular. In particular, this interest has
been growing in tandem with improved stabilization and emulsification methods.
High-energy and low-energy spontaneous emulsification techniques are the two
primary categories of nanoemulsion preparation techniques. Stability ranging from
a few hours to years is influenced by important characteristics related to preparation
procedures and components used. Nanoemulsions do not worry about issues like
creaming, coalescence sedimentation, and flocculation because of their small droplet
size. Ostwald ripening for them is the primary destabilizing process, though. This
chapter provides a thorough overview of nanoemulsions including an explanation of
their preparation techniques and assessments.

Keywords: nanoemulsion, spontaneous emulsification, Ostwald ripening, creaming,
flocculation

1. Introduction

Recently, there has been a lot of interest in lipid-based formulations as a way to
increase the permeability and bioavailability of poorly soluble drugs. As a result,
many innovative drug delivery strategies have been used, and in each case, the nano-
emulsion is essential to the active pharmaceutical ingredient’s transport to the target
organ or location. Among many different technologies, nanoemulsions have proven to
advance drug delivery systems more than others.

These are considered the best alternatives for raising the oral bioavailability of
drugs listed in the Biopharmaceutical Drug Classification System (BCS) under classes
IT and IV. A nanoemulsion is a clear solution of two nonsoluble liquids, such as water
and oil, that is thermodynamically stable and stabilized by an interfacial layer of
surfactant molecules. Nanoemulsions are a novel approach to medicine administra-
tion that uses emulsified water and oil systems with mean droplet sizes ranging from
50 to 1000 nm.

The main distinctions between emulsions and nanoemulsions are the size and
morphology of the particles dispersed in continuous phases. The particle size in typi-
cal emulsions is 1/20 um, but in nanoemulsions, it is 10/200 nm. A nanoemulsion is a
kinetically stable liquid that consists of an oil phase and a water phase that possesses
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the appropriate surfactant. The dispersed phase has a low oil/water interfacial ten-
sion and is primarily composed of tiny particles with sizes ranging from 5 to 200 nm.
They are regarded as the greatest alternative colloidal dispersions with exact ratios
of an oil phase, an aqueous phase, a surfactant, and a co-surfactant are called nano-
emulsions. To create the nanoemulsions, both high energy and low-energy emulsi-
fication procedures were applied. While low-energy emulsification methods take
advantage of the system’ physicochemical properties, which exploit phase transitions
to produce nanoemulsion, high-energy emulsification methods utilize high shear
mixing, high/pressure homogenization, or ultrasonification. Because oil, surfactant,
and co-surfactant nanoemulsions are nontoxic and nonirritating, the Food and Drug
Administration (FDA) has approved them for consumption by humans as “generally
recognised as safe” [1, 2].

2. Composition of nanoemulsion
The following are the primary elements used in the creation of nanoemulsions:
1. Oil (for the solubilization of drugs or lipophilic molecules)
2.Surfactant
3. Water
4. Co-surfactant (amplify the surfactant’s effect).

The stability of the system is greatly dependent upon and impacted by the
selection of the appropriate components for nanoemulsions. Thus, choosing them
carefully is essential. Surfactants and/or co-surfactants/co-solvents, along with an
oily phase and an aqueous phase, make up most nanoemulsions.

210il

Thus, oil is the most crucial ingredient in nanoemulsions. This facilitates the
completion of the intended tasks. As such, it may operate as a carrier for the lipo-
philic active pharmaceutical ingredients or act as an active agent in and of itself (the
essential oil in our study, for example). The selected oil’s characteristics, including its
polarity (low polarity oils are quickly disrupted by applied external force), viscosity
(low viscosity oils are disrupted by applied external energy more quickly, resulting
in the creation of tiny droplets more quickly), and interfacial tension (low interfacial
tension in the oil facilitates size reduction and reduces the energy required to shrink
the droplet size).

2.2 Surfactants

Without surfactants, the nanoemulsion system that stabilizes the thermodynamically
unstable mixing of two immiscible liquids by lowering interfacial tension and alter-
ing dispersion entropy would be incomplete. The primary criteria for the surfactants
used in the production of nanoemulsions are stability, high drug loading capacity,
efficacious emulsification, and safety. Rapid adsorption of an appropriate surfactant
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used in the nanoemulsion formulation onto the interface between the two immiscible
phases is necessary to prevent the coalescence of the nanodroplets and to dramatically
lower interfacial tension. The four subgroups of surfactants are cationic, nonionic,
zwitter-ionic, and anionic surfactants. Out of these four types, nonionic surfactants
are used the most since they are known to have high biological absorption, are less
sensitive to pH variations, and have a lower toxicity and irritating profile than ionic
ones. The lipids in the stratum corneum can also be fluidized and solubilized by non-
ionic surfactants, which enhances the skin’s capacity to absorb the applied solution.

The scale used to classify nonionic surfactants is called the hydrophilic-lipophilic
balance (HLB) which is a specific empirical expression of nonionic surfactants that
characterizes the relationship between the hydrophilic and hydrophobic portions
of the surfactant. In 1954, William C. Gryphon developed it. The values on the HLB
scale range from 0 to 20. In order to form water/oil nanoemulsions, surfactants
with HLB values between 3 and 6 are lipophilic (like SPANS) sorbitan monolaurate,
whereas those with HLB values between 8 and 18 are hydrophilic (like TWEENS)
polyoxyethylene sorbitan monolaurate. Co-surfactants are surfactants with an HLB
value greater than 20. It is not a random addition of surfactants; rather, the surface
becomes saturated with surfactants, and micelles begin to form when the critical
micelle concentration is reached. It is claimed that a mixture of surfactants makes the
nanoemulsion system more stable. The four subgroups of surfactants are cationic,
nonionic, zwitter-ionic, and anionic surfactants. Nonionic surfactants are the most
often used of these four types because they are less sensitive to pH changes and have
a lower toxicity and irritating profile than ionic ones. They are also well known for
having a high level of biological acceptability. The stratum corneum’s lipids can also
be fluidized and dissolved by nonionic surfactants.

They thereby enhance the skin’s capacity to absorb and permeate the applied
solution. William C. Gryphon developed a scale in 1954 that is used to group nonionic
surfactants.

2.3 Co-surfactant

Co-surfactant helps the surfactant in the nanoemulsion system emulsify the oil
in an aqueous phase. By combining with surfactants and penetrating the surfactant
layer, co-surfactants in these systems dissolve the interfacial film, provide the neces-
sary fluidity, reduce interfacial tension, and aid in the emulsification process. The
interfacial film is made more flexible by the addition of a co-surfactant because
surfactant alone frequently fails to produce temporary negative interfacial tension
and fluid interfacial film.

Co-surfactants can also aid in the solubilization of the oil by altering the oil-
water interface’s curvature. Because the interaction between the surfactant and
co-surfactant impacts how therapeutic compounds or lipophilic drugs partition into
the aqueous and oil phases, choosing the right co-surfactant is crucial. 1,2-Propylene
glycol, Transcutol® HP (diethylene glycol monoethyl ether), polyethylene gly-
col-400, and absolute carbohol. Alcohols may increase the miscibility of the two
phases because of the way they partition between the aqueous and oily phases. Thus,
ethanol, isopropyl alcohol, 1-butanol, and propylene glycol were selected as co-
surfactants. Additionally, because carbosol and polyethylene glycol 400 are generally
well-tolerated and show increased permeability when added to formulations, they
were selected. The selection of surfactants and co-surfactants in the preparation of
nanoemulsions is based on their % transmittance. Transcutol P (diethylene glycol
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monoethyl ether) had a higher % transmittance than propylene glycol. It was also
found that transcutol P (diethylene glycol monoethyl ether) worked well as a potent
permeation enhancer. It has been found that the surfactant’s performance during the
emulsification process is influenced by the co-surfactant concentration. Selecting

a co-surfactant involves a number of factors, one of which is assessing the phase
diagram’s nanoemulsion area. The capacity of the ratio of surfactant to co-surfactant
to form nanoemulsions is significantly influenced by the size of the nanoemulsion
area in the phase diagram [3-5].

3. Methods of preparation of nanoemulsion

The stratum corneum (SC), the top layer of the epidermis, acts as a powerful
barrier to the applied components, as was previously discussed. This issue makes it
difficult for the formulations to penetrate the skin. Consequently, numerous solu-
tions including micro and nanosystems were explored and developed in order to get
around this problem. Adding the active substance or ingredients to a nanoemulsion
carrier was one of the better ways. An emulsion with droplets ranging in size from
20 to 200 nm is called a nanoemulsion. It is a colloidal system with two phases that
are incompatible with one another: an aqueous phase and an oily phase. The system’s
dispersion of the oily component into the aqueous phase is referred to as an oil-in-
water (oil/water) nanoemulsion.

To maintain physical stability over the long term without any flocculation or
coalescence in the system. A nanoemulsion is a transparent or translucent liquid-
in-liquid dispersion system that is stable both thermodynamically and kinetically.
Nanoemulsions offer an advantage over regular emulsions in that they are able to bet-
ter encapsulate medications in the body. The ability of the nanometer-sized droplets
to impede phase separation, coalescence, and flocculation improves the dispersibility
of the system. Better long-term stability follows as a consequence [6, 7].

3.1 Phase inversion method

Chemical energy from phase changes that happen during the emulsification
process produces fine dispersion. The required phase transitions are provided by
changes in the polymer chain or composition at constant temperature. Predicated on
the notion that temperature affects the solubility of polyoxyethylene/type surfac-
tants. The surfactant monolayer exhibits a notable positive temperature change with
constant composition at low temperatures. When temperatures rise, this surfactant
becomes lipophilic and produces an oil-swollen micellar solution phase due to sponta-
neous curvature brought on by dehydration, as shown in Figure 1.

3.2 Phase inversion temperature (PIT)

This method changes the composition without changing the temperature. It is
important to note that nonionic surfactants, including polyethoxylated surfactants,
have temperature-dependent solubility. Emulsification is the process of changing
the affinities of surfactants for water and oil that are dependent on temperature.
Heat causes polyethoxylated surfactants to become lipophilic due to the dehydration
of polyoxyethylene groups. As a result, this circumstance validates the applicability
of the PIT method for producing nanoemulsions. To make nanoemulsions with this
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Figure 1.
Method of preparation of nanoemulsion.

method, the sample temperature must achieve the PIT (hydrophile-lipophile bal-
ance) or PIT level.

The PIT method produces the smallest droplet sizes and interfacial tensions that
are feasible. This method improves emulsification by utilizing extraordinarily low
interfacial tensions at the HLB temperature. It has been observed, therefore, that
despite spontaneous emulsification at the HLB temperature, emulsions are incred-
ibly delicate because of the incredibly fast coalescence rate. It has been reported that
stable, fine emulsion droplets can be formed by rapidly cooling the emulsion to a
temperature near PIT [8-10].

3.3 Phase inversion composition (PIC)

This method keeps the temperature constant while changing the composition.
Nanoemulsions can be made by progressively adding water or oil to the water/surfac-
tant or oil/surfactant mixture. The PIC technique is more appropriate for large-scale
production than the PIT method since adding a single component to an emulsion is
easier than producing a sudden change in temperature. When more water is supplied
to the system, the water volume increases, and the system reaches a transition compo-
sition. As stated otherwise, the surfactant’s spontaneous curvature goes from negative
to zero as its polyoxyethylene chains get more hydrated. The transition composition
achieves a balance between the lipophilic and hydrophilic properties of the surfactant,
much like the HLB temperature, as shown in Figure 1.

3.4 Sonication method

Sonication is the most efficient way to make nanoemulsions. This method reduced
the droplet size of conventional emulsions or microemulsions by using a sonication
process. This method can only be used to generate small batches of nanoemulsions;
large batches cannot be prepared this way. Even though ultrasound can create emul-
sion directly, it is best to create coarse emulsion before applying acoustic power since
breaking an interface requires a lot of energy. Due to its low product throughput, the
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ultrasonic emulsification process is mostly utilized in laboratories to create emulsion
droplets as thin as 0.2 micrometers, as shown in Figure 1 [11].

3.5 Ultrasonic system

“Sonotrodes” (sonicator probes) are composed of piezoelectric quartz crystals
that may expand and contract in response to alternating electrical voltage and provide
the energy input for ultrasonic emulsification. Cavitations, which occur when the
sonicator probe’s tip mechanically vibrates the liquid, are the main process that
produces ultrasonically generated effects. Cavitation is the formation and collapse of
vapor cavities in a moving liquid. This type of vapor cavity arises when fluctuations
in local velocity cause the local pressure to decrease to the temperature of the flowing
liquid. When these cavities collapse, strong shock waves are produced that break up
the scattered droplets by radiating across the solution along the radiating face of the
tip, as shown in Figure 1.

3.6 Microfluidizer

When making emulsion, much higher pressures can be reached—up to about
700 Mpa. This is accomplished at the nozzle of the microfludizer, in the interaction
chamber, where two jets of crude emulsion from different channels collide with one
another. The process stream is delivered by a pneumatically powered pump that can
pressurize the on-site compressed air (150/650 Mpa) to a maximum of 150 Mpa. A
high-pressure flow stream driven via microchannels and into an impingement spot
results in an impressive shearing motion. This has the potential to create a very fine
emulsion.

3.7 High/energy emulsification method

Systems known as nanoemulsions are incapable of self-formation or equilibrium.
This is why mechanical or chemical energy must be added to them in order for
them to form. Among the mechanical energy input tools utilized in the creation of
nanoemulsions are high-pressure homogenizers, high-shear stirring, and ultrasonic
generators. These mechanical devices generate strong forces that separate the oil and
water phases to form nanoemulsions. In high-energy technologies, the input energy
density is approximately 108/1010 W kg/1. In the shortest length of time, the system
obtains the energy required to generate uniform, small-sized particles. High/pressure
homogenizers are the most widely used instruments for producing nanoemulsions
because of their ability to achieve this.

3.8 High-pressure homogenizer

It is the method for producing nanoemulsions that is most frequently utilized.
Nanoemulsions with particle sizes as small as 1 nm can be produced using this tech-
nology by employing a piston homogenizer or a high-pressure homogenizer. During
the process, a small aperture is used to force the macroemulsion through at a pressure
of 500-5000 psi. When cavitation, severe turbulence, and hydraulic shear come
together, the process creates incredibly small droplet-sized nanoemulsions.

This process can be continued until the final product reaches the desired
polydispersity index (PDI) and droplet size. The uniformity of droplet size in
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nanoemulsions is specified by PDI. Higher PDI in nanoemulsions is connected with
lower droplet size uniformity. A PDI of less than 0.08 indicates a monodisperse
sample; a PDI of more than 0.3 indicates a narrow size distribution; and a PDI
between 0.08 and 0.3 indicates a broad size distribution. However, the production of
small droplets at the submicron level requires a large amount of energy. This energy
combined with the increasing temperatures during the high-pressure homogenization
process, could cause the components to degrade. Enzymes, proteins, and nucleic acids
are a few examples of molecules that heat can damage.

3.9 High/shear stirring

This method uses high-energy mixers and rotor/stator systems to prepare
nanoemulsions. The droplet sizes of the internal phase can be significantly decreased
by increasing the mixing intensity of these devices. However, creating emulsions with
an average droplet size of less than 200-300 nm could be difficult [12-16].

3.10 Low/energy emulsification method

Nanoemulsification can also be accomplished with low-energy methods, resulting
in more homogeneous and smaller droplets. These methods such as phase inversion
temperature and phase inversion component, produce smaller and more homoge-
neous droplets by making use of the physicochemical properties of the system. The
types of oils and emulsifiers that low-energy techniques can employ are restricted,
such as proteins and polysaccharides, even though they are frequently more effec-
tive at creating minute droplets than high-energy approaches. To solve this problem,
large amounts of artificial surfactants are used in low-energy methods to produce
nanoemulsions; nonetheless, this limits their range of uses, especially for many food
processing as shown in Figure 1.

3.11 Spontaneous nanoemulsification

It benefits from the chemical energy replacement during the emulsification
process, which is based on dilution with the continuous phase and usually proceeds
at constant temperature without any phase transitions in the system. This method
can produce nanoemulsions at room temperature, hence no specialized equipment
is required. Essentially, the following variables influenced it: bulk and interfacial
viscosity, phase transition region, surfactant concentration, surfactant structure,
and interfacial tension. In the pharmaceutical industry, systems developed with this
method are usually called self-emulsifying drug/delivery systems (SEDDS) or self-
nano/emulsifying drug/delivery systems (SNEDDS). When water is mixed with an
oil phase that has a water-soluble component, oil droplets naturally form. The process
is driven by the movement of a chemical that dissolves in water from the oil phase to
the water phase. This leads to interfacial turbulence, which helps oil droplets form
naturally, as shown in Figure 1 [17-19].

4, Patents related to nanoemulsion

As the most effective type of intellectual property protection, patents are
crucial to a nanotechnology company’s expansion. Patents will be crucial to the
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success of the global nanotechnology revolution, just as they were to the growth
of the biotechnology and information technology industries. In fact, patents are
already influencing the young, quickly developing field of nanoscience and small
technologies. A company’s long-term survival will depend on its ability to get
legitimate and defendable patent protection as it develops nanotechnology-related
products and processes and starts looking for commercial uses for its ideas, as
stated in Table 1 [20-49].

5. Evaluation of nanoemulsion
5.1 Determination of encapsulation efficiency

To determine the amount of drug entrapped in the formulation, a weighed
quantity of the formulation is ultrasonically dispersed in an organic solvent to release
the drug, which is then extracted into a suitable buffer. Once the right dilutions are
made and compared to an adequate blank, the extraction is subjected to spectro-
photometric analysis at the drug’s A,y to determine the drug content. The drug’s
loading efficiency (LE) and entrapment efficiency (EE) can be calculated using these
formulas. Drug LE represents the amount of drug in the achieved product (mg)/
total product weight (mg) x 100, while drug EE represents the amount of drug in
the obtained product (mg)/total quantity of drug added (mg) x 100. To assess drug
concentration, high-performance liquid chromatography (HPLC) in reverse phase
can also be employed [50-57].

5.2 Determination of particle size and polydispersity index (PDI)

Photon correlation spectroscopy (PCS) is used to measure the PDI and particle
size of nanoemulsions using a Malvern Zetasizer. PCS calculates the variation in
light scattering over time brought on by particle Brownian motion.

The fundamental tenet of PCS is that smaller particles accelerate larger ones. The
laser beam is distorted by the submicron particles present in the solution. The rate at
which particle diffusion causes the laser scattering intensity to vary around a mean
value at a fixed angle depends on the particle size. The calculated photoelectron time
correlation function yields a line width distribution histogram that is associated with
particle size. A weighed quantity of formulation is combined with double or distilled
water to generate a homogenous dispersion, which is then used to measure the
particle size. The PDI and particle size must be measured using this mixture imme-
diately. A 0 (zero) PDI represents a monodisperse system while a 1 PDI represents a
polydisperse particle dispersion [20].

5.3 Determination of zeta potential

The zeta potential is a method for figuring out a particle’s surface charge in a
liquid. Zeta potential is a helpful tool for predicting dispersion stability; the pres-
ence and adsorption of electrolytes, as well as the physicochemical properties of the
drug, polymer, and medium, all affect its value. The Malvern Zetasizer apparatus
is employed for its measurement. Zeta potential is determined by diluting the
nanoemulsion and calculating its value using the electrophoretic mobility of the oil
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Patent application title Patent App. No. Date
Nanoparticles and nanoemulsions 14/893,123 2017/12/05
Nanoemulsion therapeutic compositions and methods of using the 12/567571 2015/02/24
same
Antimicrobial nanoemulsion compositions and methods 8236335 2012/08/07
Antimicrobial nanoemulsion compositions and methods 8232320 2012/07/31
Topical compositions and methods of detection and treatment 20120039814 2012/02/16
Cancer vaccine compositions and methods of using the same 20110280911 2011/11/17
Methods of using nanoemulsion compositions having anti/ 20110200657 2011/08/18
inflammatory activity
Stable nanoemulsions for ultrasound/mediated of drug delivery and 20110177005 2011/07/21
imaging
Method for the preparation of nanoparticles from nanoemulsion 20110135734 2011/06/09
Antimicrobial nanoemulsion compositions and methods 20110070306 2011/03/24
Nanoemulsion formulations for direct delivery 20110045050 2011/02/24
Lyophilized nanoemulsion 20110015266 2011/01/20
Nanoemulsion vaccines 20100316673 2010/12/16
Nanoemulsion of resveratrol/phospholipid complex and method for 20100297199 2010/11/25
preparing the same and applications thereof
Per fluorocarbonnanoemulsion containing quantum dot nanoparticles 20100233094 2010/09/16
and method for preparing the same
Compositions for treatment and prevention of acne, methods for 20100226983 2010/09/09
making the compositions, and methods of use thereof
Nanoemulsion therapeutic compositions and methods of using the 20100092526 2010/04/15
same
Stable mixed emulsions 20100069511 2010/03/18
Antimicrobial nanoemulsion compositions and methods 7655252 2010/02/02
Antimicrobial nanoemulsion compositions and methods 20100003330 2010/01/07
Nanoemulsion influenza vaccine 20090304799 2009/12/10
Nanoemulsion adjuvants 20090291095 2009/11/26
Oil/in/water nanoemulsion, a cosmetic composition, and a cosmetic 20090208541 2009/08/20
product comprising it, a process for preparing said nanoemulsion
Nanoemulsion therapeutic compositions and methods of using the 20080317799 2008/12/25
same

PCT/ 2008/11/18

AU2008/001714

Nanoemulsion vaccines 20080254066 2008/10/16
Nanoemulsion vaccines 20080181905 2008/07/31
Nanoemulsion vaccines 7314624 2008/01/01
Nanoemulsion compositions having anti/inflammatory activity 20070036831 2007/02/15
Nanoemulsion formulations 20020155084 2002/10/24
Nanomulsion based on nonionic and cationic amphiphilic lipids and 6039936 2000/03/21

uses thereof
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Patent application title Patent App. No. Date

Solid fat nanoemulsions as vaccine delivery vehicles 5716637 1998/02/10

Solid fat nanoemulsions as drug delivery vehicles 5576016 1996/11/19
Table 1.

Patents on nanoemulsion.

droplets. It is believed that a zeta potential of +30 mV suffices to ensure the nano-
emulsion’s physical stability.

5.4 Morphological study of nanoemulsion

The morphology of nanoemulsions is analyzed using transmission electron
microscopy (TEM). In a transmission electron microscope (TEM), an electron beam
is directed at a thin foil specimen. Upon interaction with the material, these incident
electrons become unscattered, elastically scattered, or elastically scattered electrons.
The distances between the objective lens and the specimen and between the objective
lens and its image plane regulate the magnification.

The electromagnetic lenses focused the scattered or unscattered electrons and
projected them onto a screen to produce a contrast/amplitude image, a phase/contrast
image, an electron diffraction image, or a phantom image with distinctly darkened
parts, depending on the density of unscattered electrons. At higher magnifications,
diffraction modes can be used in conjunction with bright field imaging to reveal the
size and structure of nanoemulsion droplets. To immobilize the sample for TEM
investigation, a suspension of lyophilized nanoparticles or a few drops of nanoemul-
sion are prepared in double-distilled water and placed onto a holey film grid. The
excess solution must be squeezed off the grid and dyed after immobilization [21, 22].

5.5 Atomic force microscope (AFM)

These days, the surface morphology of nanoemulsion formulations is studied
using a relatively new technique called AFM. Nanoemulsions are diluted with water
and then applied to a glass slide in order to conduct AFM. After that, the coated drops
are dried in an oven and scanned at 100 mV/s.

5.6 In vitro drug release study

Performance of drug formulation drug release studies conducted iz vitro can
help estimate in vivo. The in vitro release rate of a medication is usually studied using
a United state pharmacopoeia (USP) dissolving apparatus. Dried nanoparticles or
nanoemulsion containing 10 mg of medication were applied to dialysis membrane
pouches and placed in a flask containing buffer after being dissolved in buffer. This
experiment is run at 37 + 0.5° with a stirring speed of 50 rpm. Samples are removed
on aregular basis and are always replaced with the same volume of fresh dissolving
media.

Spectrophotometry is used to detect the absorbance of materials at a certain wave-
length after they have been suitably diluted. The absorbance of the sample is used to
compute the percentage of drug release at different time intervals using a calibration
curve.
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5.7 In vitro skin permeation studies

With the Keshary-Chien/diffusion cell, permeation investigations can be studied
both in vitro and in vivo. For permeation studies, the abdominal skin of adult male
rats weighing 250 + 10 g is frequently utilized. The donor and recipient chambers of
the diffusion cell are separated by the rat skin. Twenty percent ethanol-infused fresh
water is added to receiver chambers that are kept at 37°C and rotated at 300 rpm all
the time. The formulas are kept in the donor room.

At predetermined intervals, such as 2, 4, 6, and 8 hours, a predetermined volume
(0.5 ml) of the receiver chamber’s solution was removed for gas chromatographic
analysis. Each time, the sample was quickly replaced with an equivalent volume of
brand-new solution. Three runs are made for each sample. The total amount of medi-
cation absorbed via rat skins at each time interval is plotted against a function of time
following cumulative adjustments. In steady-state conditions, the plot slope is utilized
to calculate medicine penetration rates [23].

5.8 Stability studies

The purpose of stability studies is to assess how stable a medicinal ingredient is in
the presence of various environmental factors, including temperature, humidity, and
light. The formulation is stored for 24 months in a dispersed and freeze/dried state
before the stability studies of the nanoemulsion are carried out in accordance with
the guidelines set forth by the International Conference on Harmonization. There are
three storage conditions that are utilized: ambient (25 + 2°/60 + 5% RH), refrigerated
(5 £ 3°), and freeze (—20 + 5°). The necessary quantity of nanoemulsion is stored in
glass vials with hermetically sealed closures. Samples are removed and analyzed for
characteristics such as loading, particle size, EE, and the in vitro drug release profile at
predetermined intervals [24].

5.9 Shelf life determination

Expedited stability studies are performed to determine the shelf life of a
nanoemulsion. The formulations are stored at three distinct temperatures and relative
humidity levels (30°, 40°, and 50 + 0.5°) for almost 3 months. After a predetermined
period of time (0, 30, 60, and 90 days), samples are taken out and analyzed using
HPLC at Amax to find out how much medication remains. The samples that are
removed at zero time are known as control samples. This determines the order of
the reaction. Next, using the following equation, the reaction rate constant (K) for
the deterioration is calculated at each elevated temperature based on the slope of the
lines: An Arrhenius plot with slope = —K/2.303 is produced by plotting the logarithms
of K at different elevated temperatures against the reciprocal of absolute temperature.
This data yields the plot value of K at 25°, which is then used to calculate shelf life by
plugging the value into the calculation t0.9 = 0.1052/K25. Here, t0.9—also referred to
as shelf life—is the amount of time required for a 10% degradation of the drug [25].

5.10 Thermodynamic stability studies

The majority of thermodynamic stability studies are carried out in three steps.
Initially, a cycle of heating and cooling is conducted to determine whether adjust-
ing the temperature affects the stability of the nanoemulsion in any way. The
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nanoemulsion is subjected to six cycles of temperature between 4° (the refrigera-
tion temperature) and 40° while the formulation is stored at each temperature for a
minimum of 48 hours.

The formulations that show stability at these temperatures are used in centrifuga-
tion experiments. The second technique involves centrifuging the manufactured
nanoemulsions for 30 minutes at 5000 rpm in order to check for phase separation,
creaming, or cracking. Those who showed no signs of instability could experience a
freeze-thaw cycle. The third technique is the freeze/thaw cycle, which entails freezing
and thawing nanoemulsion formulations three times at temperatures between —21°
and + 25°.

If a formulation shows no signs of instability, this test finds that it has good stabil-
ity. These mixtures are then subjected to dispersibility tests to determine how well
they self- or emulsify. This test determines that a formulation has good stability if it
exhibits no indicators of instability. The next step is to put these mixtures through
dispersibility tests to see how effectively they self- or emulsify.

5.11 Dispersibility studies

Dispersibility tests are performed utilizing conventional USP XXII dissolving
equipment to assess the effectiveness of self-emulsification or nanoemulsion forma-
tion. Each formulation is added to 500 ml of distilled water that is kept at 37 + 0.5°%

2.1 ml of each formulation is used. A typical dissolution paddle made of stainless steel
spins at 50 revolutions per minute to gently agitate the mixture. The nanoemulsion
formulations’ In vitro performance is assessed visually by the application of a grading
system that is explained below. Level A nanoemulsions seem clear or bluish and form
quickly—within 1 minute. Although they are somewhat less transparent, Grade B
nanoemulsions develop quickly and have a bluish-white appearance. Within 2 minutes,
grade C nanoemulsions, which are fine, milky emulsions form. Grade D emulsions are
slower and more dull, with a grayish-white look and a hint of oiliness [26].

5.12 Determination of viscosity

Viscosity measurement is a crucial component of a nanoemulsion’s physicochemical
assessment. Viscosity is measured using a number of tools, such as the Ostwald vis-
cometer, Hoeppler falling ball viscometer, Stormer viscometer, Brookfield viscometer,
and Ferranti/Shirley viscometer. Of all these devices, the Brookfield viscometer is the
one that is suggested for figuring out the viscosity of a nanoemulsion.

The assessment of viscosity verifies whether the system is an O/W or W/O
emulsion. Systems that exhibit low viscosity are classified as O/W types, whereas
those that exhibit high viscosity are classified as water-in-oil types. Nonetheless, the
survismeter has emerged as the most often utilized piece of apparatus since it assesses
the particle size, hydrodynamic volumes, contact angle, dipole moment, interfacial
tension, surface tension, and viscosity of the nanoemulsions.

5.13 Refractive index

The refractive index provides information on the transparency of the nanoemul-
sion and the transmission of light through the medium. The ratio of the wave’s phase
speed (vp) in the medium to its speed (c) in the reference medium is the formula
for determining a medium’s refractive index (n), and it is expressed as n = c¢/vp. The
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refractive index of the nanoemulsion can be determined by placing a drop on a slide
and comparing it to the refractive index of water (1.333) using an Abbes-type refrac-
tometer set at 25 + 0.5. In order for a nanoemulsion to be considered transparent, its
refractive index must equal that of water.

5.14 pH and osmolarity measurements

A pH meter is used to determine a nanoemulsion’s pH, whereas a microosmometer
uses the freezing point method to determine an emulsion’s osmolarity. Once 100 pl of
nanoemulsion has been transferred into a microtube, measurements are taken.

5.15 Dye solubilization

A water soluble dye is dispersible in an O/W globule as opposed to soluble in the
aqueous phase of the W/O globule. Similarly, an oil-soluble dye is dispersible in the
W/O globule but dissolves in the oily phase of the O/W globule. An O/W nanoemul-
sion will absorb color evenly when water-soluble dye is applied; however, if the
emulsion is W/O, the dye will only remain in the dispersed phase, and the color will
not absorb evenly [27].

5.16 Dilutability test

The stability of a nanoemulsion can be preserved when a continuous phase is
added in larger quantities which justifies the dilution test. Consequently, unlike O/W
nanoemulsions, W/O nanoemulsions do not dilute with water and instead experience
phase inversion into O/ W nanoemulsions. W/O nanoemulsion can only be diluted
with oil [28].
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Abbreviations

BCS biopharmaceutical drug classification system
HLB hydrophilic-lipophilic balance

SC stratum corneum

PIT phase inversion temperature

PIC phase inversion composition

PDI polydispersity index

SEDDS self-emulsifying drug/delivery systems
SNEDDS self-nano/emulsifying drug/delivery systems
LE loading efficiency

EE entrapment efficiency

HPLC high-performance liquid chromatography
PCS Photon correlation spectroscopy

TEM transmission electron microscopy

AFM atomic force microscope
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Chapter7

Polymeric Nano-Emulsion in
Functional Textile Finishing

Sana Javaid, Nadia Saleem and Shafi Ur Rehman

Abstract

Advancement in nanotechnology brings a revolutionary change in the field of
textile finishing. Textile finishing is a chemical or a mechanical process to impart
functional properties to the textile to provide comfort for wearer. Today's textile
manufacturers focus on the manufacture of smart and functional textiles that are
equipped with antifouling, anti-wrinkle, crease-resistant, water-repellent, flame-
retardant, and soil-repellent properties for consumers’ safety and well-being. A wide
variety of functional chemical finishes are available in the market to meet the ongoing
challenges in the textile sector. Nano-emulsions significantly contribute to a wide
variety of functional finishes to provide advanced hi-tech applications for present and
future textile consumers. Both natural and synthetic polymers have been utilized for
the synthesis of functional finishes by employing polymeric nano-emulsions on cot-
ton, wool polyester fiber as well as textile. Thus, nano-emulsions provide an inherent
property to textile and stimulate the economic growth of functional textile market.

Keywords: polymeric nano-emulsions, functional textile finishing, polymeric
nanoparticles, polymeric formulations, biomedical and industrial applications

1. Introduction

Emulsions comprise at least two immiscible liquids, presenting a dispersed phase
within a continuous phase. They are classified as microemulsions, nano-emulsions,
or macroemulsions, based on droplet size, appearance, and stability. Both macro-
emulsions and nano-emulsions demonstrate thermodynamic instability [1]. In the
late 1990s, various research groups introduced the term “nano-emulsion,” which
gained prevalence by the early 2000s coinciding with the declining use of the term
“mini-emulsion” [2]. The term “nano-emulsion” was initially coined by Calvo ina
1996 peer-reviewed journal article, referring to colloidal systems with droplet sizes
ranging from 200 to 250 nm [3]. Nano-emulsions denote the dispersion of minuscule
droplets, at the nanometer scale, of one immiscible liquid within another immiscible
liquid system, commonly oil and water, achieved through the assistance of surfactants
[4]. Nano-emulsions are extensively researched within the field of pharmaceutics for
their capacity to improve aqueous solubility [5-7]. These are characterized by their
ultrafine emulsion state, featuring droplets measuring less than 100 nm in diameter.
Unlike microemulsions, nano-emulsions exhibit metastable behavior, wherein their
structural configuration is contingent upon the specific preparation methodology
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employed [8]. Presently, the generally accepted range for defining nano-emulsion
systems predominantly spans droplet sizes of 20-200 nm [9]. In recent years, research
emphasis has centered on formulating nano-emulsions through distinct methodolo-
gies, broadly categorized as high-energy and low-energy methods [10]. Mechanical
equipment is required when using a high-energy approach [11]. The low-energy tech-
nique harnesses the intrinsic system’s own energy, leveraging alterations in surfactant
layer’s spontaneous curvature around the emulsion droplets [12, 13].

The usage of nanomaterials and nanotechnology-based processes is expanding
rapidly across all disciplines of research and technology. The textile sector is likewise
reaping the benefits of nanotechnology in its vast range of applications. Textile-based
products ranging from nanocomposite fibers, nanofibers as well as polymeric nano-
coatings are used to impart functional and performance properties to traditional
textile as well as for high-performance advanced textile applications. Nanoparticle
use during standard textile processing, such as finishing, coating, and dyeing, signifi-
cantly improves product performance and provides multiple functionalities [14].

Surface treatments can often modify regular textile materials with functional fin-
ishes for diverse applications, such as antibacterial, flame-retardant, and dirt release
effects. Functional textiles are described as a subclass of technical textiles that provide
specialized functional features [15]. Functional textiles are currently widely used in
arange of industrial and biomedical applications, such as fashion, pharmaceutical,
medical, and engineering.

There has been significant progress in natural and synthetic textile finishing
methods, smart fabrics, and high-performance functional textiles [16]. Textiles or
textile structures are widely used in high-performance technological fields, including
furniture, food packaging, protective textiles, automotive, aerospace, and medical
textiles [17]. The textile sector represents a major segment in the realm of nanotech-
nology research that stands as an early adopter to effectively showcase the practical
applications of nanotechnology for consumers. Textile-focused research centers on
leveraging nanoscale substances and creating nanostructures in manufacturing and
finishing processes [14].

Nanotechnology overcomes the limitations of existing methods for impart-
ing special properties to textiles [18]. The unique properties of synthetic textiles,
such as self-cleaning, water- and oil-repellent, antistatic, antibacterial, stainproof,
ultraviolet (UV) shielding, and moisture control, make them ideal for everyday use
without sacrificing the fabric’s toughness and breathability [19]. The growing desire
for long-lasting, visually appealing, and operationally superior textile goods, along
with a few sustainability issues, has enabled scientists to apply nanotechnology to
the textile industry [20]. Thus, the world economy greatly relies on textile industry
and textile manufacturers now focusing on the current aspects of growing needs of
textile consumers toward health, hygiene, technology, and biomedical significance.
Various functional treatment and methods have been utilized for the development of
functional textile and textile materials [21].

Various surface modification techniques, such as electrospinning, plasma
treatment, polymerization, microencapsulation, and sol-gel methodologies, have
previously been employed to confer new functional attributes like water repellency,
flame resistance, and antibacterial properties to textiles [22-24]. Thus, this chapter
explores various types of functional textiles based on polymeric nano-emulsions
in enhancing the inherent properties of the textile substrate. The role of nano-
emulsions for imparting scalable, controlled, and multiple functional properties to
textiles is gaining significant attraction among polymer and textile scientists and

142



Polymeric Nano-Emulsion in Functional Textile Finishing
DOI: http://dx.doi.org/10.5772/intechopen.1004397

.,

— < -‘5,
= . /
Conductive .

Water proof

UV-protected

Flame retardant

Molsture wicking

Figure 1.
Types of functional textile based on nano-emulsions.

manufacturers worldwide. Polymeric nano-emulsion via slow and sustained release
of active moieties to the textile fabric either woven or nonwoven greatly enhanced the
potential applications toward industry worldwide. From antimicrobial performance
to moisture management and ultraviolet (UV) protection, polymeric nano-emulsions
serve as versatile carriers, revolutionizing functional textile, as shown in Figure 1.

2. Types of functional textiles
2.1 Polymeric nano-emulsion in antimicrobial textile finishing

Antimicrobial textiles refer to a specially designed functional textile or textile
fabric designed to kill or repel the microorganisms [25]. Antimicrobial textiles are
classified according to their antimicrobial activity, such as antibacterial, antifungal,
or antiviral, as shown in Figure 2. Several antimicrobial textiles can protect against
germs, fungi, and viruses all at the same time. Antimicrobial chemicals can target
awide range of microorganisms [26]. In impoverished nations, pathogenic bacte-
rial infections caused by an improper handling of medical equipment and textiles
lead to increase in morbidity rates and significant deaths [27]. There is a substantial
demand for antimicrobial textiles in public settings, such as hotels, restaurants, and
transportation systems, due to concerns about potential infection sources like towels,
curtains, and carpets. These textiles can harbor various microorganisms that pose a
risk of transmission between individuals. Continuous laundering effectively reduces
microbial presence on fabrics; however, this is unfeasible in settings like hospitals
with constant shifts. To address this aspect, the development of antimicrobial textiles
is crucial, particularly for individuals working in sanitation and high-risk environ-
ments such as sewage treatment [28].

Bacterial infection in textile consumers is becoming more severe in moist and
humid environments that facilitate the abrupt growth and multiplication of micro-
organisms [29]. To prevent bacterial growth and multiplication, it is necessary to
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Types of functional textile finishing.

destroy their cell membrane by destroying their protein structure and DNA [30].
Textiles undergo antibacterial treatment to prevent the growth of microorganisms by
using biocidal chemical agents that cause the denaturization of bacterial colonies [31].

Antimicrobial textiles find applications in diverse domains, such as first aid, clini-
cal, and hygienic practices. Chitosan-based polymeric nano-emulsions in encapsulat-
ing various active reagents as core have been employed to impart bi- or trifunctional
properties to the textile as antimicrobial, antioxidant, and antifungal [32]. These
materials are also employed to convert advanced pharmaceutical nanocarriers into
conventional textiles, establishing wearable medication delivery methods. These
bifunctional textiles represent favorable innovations capable of enhancing dermal
penetration while minimizing the associated toxicity risks [33]. Textile functional-
ization with antifouling chemicals has enabled several biomedical uses, including
bandages, wound treatment, artificial sutures, body implants, and tissue scaffolding.
Nano-emulsion enhances textiles by immobilizing polymeric nanoparticles on their
surface by encapsulating active substances [34].

Various antimicrobial textile finishes containing synthetic agents (polyhexa-
methylene biguanide (PHMB), quaternary ammonium compounds (QACs), metals
(metal oxides and salts), triclosan, N-halamines, and peroxy acids) and natural
agents (chitosan, alginate, herbal products, essential oils, natural dyes, antimicrobial
peptides (AMPs), and sericin) have been commonly used. Depending on the killing
or inhibiting mechanism of the antimicrobial drugs, the effects might be long-lasting
or short-lived. In addition to the commonly used antibacterial coatings, numerous
nanotechnological techniques have been created. Because of their size, shape, surface
area, and morphological characteristics, nano-sized antimicrobial agents provide
greater benefits and efficacy than conventional antimicrobial agents [35].

Silver-doped polymeric nano-emulsions are widely used in cotton, polyester, and
wool as antimicrobial moiety. Silver nanoparticles (AgNPs) are highly poisonous to
bacteria but less hazardous to human cells. They are also durable and dyeable. Silver
(Ag) nanomaterials are known for their self-cleaning and antibacterial properties
[36]. Metal oxide nanoparticles, such as titanium, tin, zinc, gold, and copper, have
been used in both natural and synthetic fabrics [37]. Cotton fabric was functional-
ized with amino-doped titanium dioxide (TiO2) nanoparticles, by employing the
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two-step sol-gel and hydrothermal process, showed effective antibacterial activity
against gram-positive and gram-negative bacteria [38]. Natural chemicals, such as
cyclodextrins, can help create sustainable antibacterial textile finishes. The cyclic
oligosaccharides have a hydrophilic outer surface and a lipophilic inner chamber for
wide applications in textile as core-shell structure [39].

Colloidal solution of silver nanoparticles in polymer shell immobilized on cot-
ton fabric proved to create a significant antibacterial property without affecting
the dying properties of fabric [40]. Nano silver has been effectively applied to a
variety of natural and synthetic textiles due to its excellent antibacterial properties.
Silver nanoparticles integrated into nano shell of polypropylene (PP) significantly
enhanced the antibacterial performance compared to microscale polypropylene. The
silver has been integrated into the PP by melt mixing in a twin-screw extruder, and
fibers have been made. The fibers are found to be reasonable in terms of mechanical
qualities, and it has been discovered that more than five times the loading of micron-
sized silver particles is necessary to achieve the same antibacterial activity as nano
silver against both gram-positive and gram-negative bacteria [41]. The resultant
colloidal solution was employed on cotton fabric via pad-dry cure technique using
a cross-linker and characterized for further analysis through scanning electron
microsocopy (SEM) and transmission electron microsocopy (TEM). The bactericidal
action of silver nanoparticles was also studied against bacterial cell wall with sig-
nificant destruction to cell structure. Nano silver has broad-spectrum antimicrobial
properties in a polymeric colloidal solution, thus employed as a nano finishing agent
on fabric or fiber surfaces [42, 43].

2.2 Polymeric nano-emulsion in flame-retardant textile finishing

The phrase “Fire retardant fabrics” relates to technical textiles or textile products
that cause flame resistance or fire extinguishers’ phenomena [44]. Flame-retardant
materials are coated on various textile surfaces to protect from flaming by produc-
ing char layer on the surface, which protects the textile from burning, as shown in
Figure 3, respectively. Technical fabrics prioritize performance above esthetics and
comfort, which are typically associated with consumer textiles. Flame-retardant
materials were coated or immobilized on various textile substrates to provide pro-
tection against serious injury in workplace, home, hospital, industry, and military
purpose [45].

®
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a4
Pyrolysis - 1 |::> Products
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’ ‘ —  Char
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Figure 3.
Nano-emulsion based flame retardant coating in textile.
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Flame resistance and flame protection are two different terms. The amount of
fire hazard is measured by quantitative characteristics such as time and velocity of
burning, and heat release rate upon exposure to flame. Various parameters of textile
performance can be evaluated upon exposure to fire as melting and shrinkage of ther-
moplastic and synthetic fiber textiles, as well as the emission of smoke and poisonous
gases during combustion. These parameters are analyzed to consider the thermal
protection level of a specific textile [46, 47]. Silicone-based softeners are modified
as nano-emulsions with significant flame-retardant properties to polyester fabric by
unaltering the mechanical and thermal stability of the fabric [48]. Phosphorus and
halogenated components-based polymeric nano formulation can be employed for
flame-resistant functionalities to polymeric nanocomposite textile. Similarly, various
environment-friendly eco-treatments of textile provide the flame-retardant proper-
ties as banana peel and natural essential oil extracts [49, 50].

Lam et al. utilized zinc oxide nanoparticles (ZNO NPs) to impart flame-retardant
functional finishes to cotton textile [51]. Similarly, zinc oxide nanoparticles were also
used to impart a flame-retardant coating on bleached jute fiber. For this purpose, pad-
dry cure method was employed to coat functional finishes by using a cellulose acetate
as synthetic binder for durable flame-retardant finishes to jute fiber [52].

Amino-functionalized silica nanoparticles (AFS-NPs) with zinc oxide nanoparti-
cles were immobilized on cotton fabric having an epoxy polymeric shell. The resultant
polymeric formulation was characterized through structural, morphological, and
particle size analysis. Formulation was dip coated on textile followed by traditional
pad-dry cure technique with constant variables as temperature and pressure. Thus,
cotton textile showed a synergistic effect of surface hydrophobicity and flame
retardancy [53].

2.3 Polymeric nano-emulsion in ultraviolet (UV)-protective textile finishing

Ultraviolet (UV)-protective textile is specifically designed textile to protect
humans against risks of harmful UV radiation by sun in the surrounding environ-
ment. UV shielding agents and UV-protective finishes are applied to textile fabrics
and to impart anti-UV finishing both in woven and nonwoven textiles, as shown
in Figure 4, respectively [54]. UV radiation, surpassing visible light in energy, can
initiate harmful chemical reactions impacting human health. Materials like sports-
wear, functional textiles, and high-value technical textiles utilize UV protection
finishes due to the potential hazards of UV radiation across various spectral bands:
ultraviolet-C (UV-C) (190-280 nm) causes skin burns and cancer, ultraviolet-B
(UV-B) (280-320 nm) leads to skin damage and eye issues, while ultraviolet A
(UV-A) (320-400 nm) results in DNA damage, vision problems, immune system
impact, and premature skin aging. Garments and specialized textiles, including
wearable sensors and high-altitude clothing, incorporate these finishes to mitigate
UV-related risks [55].

The ultraviolet to infrared (IR) electromagnetic (EM) radiation spectrum of sun-
light. The UV wavelength is split into three parts: UV-A from 320 to 400 nm, UV-B
from 280 to 320 nm, and UV-C from 200 to 280 nm, with the energy per component
increasing dramatically. While the ozone layer entirely absorbs the UV-C area, the
UV-A and UV-B wavelength regions can reach the earth’s surface [56].

Textiles act as a barrier against UV radiation, offering varying levels of protec-
tion based on material type, weave, thickness, construction, and chemical finishes
[57]. UV-protective clothing relies on its ability to absorb, reflect, and disperse solar
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Nano-emulsion based anti-UV functional textile.

wavelengths, shielding the skin from harmful UV rays. High UV absorption and
reflection properties are crucial in these textiles to prevent UV-induced damage [58].
Transmittance, defining the ratio between incident and transmitted UV rays within a
specific wavelength range, determines a fabric’s UV protection efficacy [59].

When UV radiation interacts with a textile surface, it undergoes various effects.
Reflection occurs at the textile surface borders, while absorption takes place as the
radiation penetrates the material, transforming into different energy forms. The
transmitted portion, known as “transmission,” passes through the fabric and reaches
the skin [60].

Due to the limitations of traditional textiles in providing protection against diverse
environmental threats, the use of nanomaterials in the development of protective
textiles has expanded fast [61-65]. Various nanoparticles have been employed to cre-
ate useful fabrics [66-69]. TiO2 nanomaterial for UV protection textiles is one of the
specialized uses of nanomaterials for protective textiles [70]. UV protection fabrics
are required in these high ultraviolet radiation (UVR) hazard-prone industrial work
environments [71]. UV protection fabrics can also be employed in other industrial
sectors such as aircraft and automobiles [72]. UV protection textiles may be made
utilizing a variety of methods, including fiber/yarn selection, weaving parameters,
coating and textile finishing techniques, and so on [73]. Natural extracts of fruits,
vegetables, flowers, etc., have inherent anti-UV properties that are employed on
textile surface by encapsulating them in a polymer shell to impart multifunctional
characteristics’ finishing to the cotton, polyester, and wool [74].

Inorganic nanoparticles, such as Ti02, ZnO, silicon dioxide (SiO2), copper oxide
(CuO), aluminum oxide (Al,03), and reduced graphene oxide (rGO), are consid-
ered efficient materials for developing thermal and chemical stability, anti-UV, and
nontoxicity [75, 76]. Metal oxide nanostructures absorb UV photons equivalent
to or greater than their band gap energy via modifying textiles and polymers. The
band gap of nanostructures is in the UV region of the solar spectrum, and it hasa
high potential to absorb UV radiation due to its large specific surface area [77, 78].
Thus, UV radiation absorption may be increased depending upon surface area and
size at nanoscale [79]. Nano-sized TiO2 exhibits superior UV-protection properties
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compared to micron-sized pigment TiO2, with stronger absorption properties.

Its high absorption capacity and refractive index make it suitable for textiles and
polymers. Nano-sized TiO2 can reduce UV-A absorption near visible light due

to its negative blue shift on the absorption edge [80]. Emam and Abdelhameed
investigated the UV-blocking properties of cotton and silk textiles coated with
Materials of the Lavoisier Institute (MIL) metal organic framework (MOF). The
UV protection factor (UPF) of treated textiles increased linearly with MIL-MOF
and metal content. The incorporation of 10.4 g of MIL-MOF/kg on the textile
surface was adequate to obtain outstanding UV-blocking capability. Approximately
40% of the MIL-MOFs were washed away during the first five washing cycles;

yet, cleaned materials demonstrated effective UV blocking (UPF 26.7-36.2). In

situ synthesis was used to attach MOFs to the surface of textiles [81]. Silva et al.
discovered UV-blocking properties of chitosan-coated gold nanoparticles (AuNPs)
on soybean protein-based knitted rib textiles. Because of the low concentration
gold nanoparticle immobilization on soybean fabric, pure soybean knitted fabric
has a UPF of approximately 7, whereas gold nanoparticle incorporating fabric has a
UPF of around 14 [82]. Chitosan-treated cloth had a UPF of approximately 62, but
gold nanoparticle-containing chitosan coating had a UPF of around 289 (almost
40-fold higher than pure fabric) with little UV-A and UV-B transmission. Even
after numerous washing cycles, gold nanoparticle-containing chitosan-coated cloth
has exceptional UV-blocking properties [83].

Nanomaterials utilized in the creation of UV protection textiles can be synthesized
using a variety of techniques, such as the sol-gel method, chemical vapor deposi-
tion (CVD), and emulsion method [84]. Ran et al. developed UV-protected cotton
textiles using a CuO/BiVO4 (BVO) (bismuth vanadate) nanocomposite photo catalyst
immobilized by polydopamine (PDA) templating [85].

The utilization of ethyl cellulose (EC) nanoparticles as nanocarriers of active or
lipid-soluble chemicals, followed by their deposition on cotton textiles, developed a
UV-protective textile. Thermal behavior assessment, estimate of work of adhesion
(WA), and wash resistance tests were also used to investigate the EC/cotton affinity
and attachment mechanism of EC nanoparticles on cotton substrate. It is hypoth-
esized that entanglement of polymeric chains during EC nanoparticle deposition on
cotton fabric improves EC nanoparticle adherence on cotton substrate. The function-
ing of cotton textile was evaluated using the UV protection factor (UPF) measure-
ments that revealed a high UPF value (UPF = 45) [86].

2.4 Polymeric nano-emulsion in water-repellent and hydrophobic textile
finishing

Water-resistant textiles are frequently high-density woven fabrics consisting of
very fine threads or conventional materials treated with a hydrophobic finishing, as
illustrated in Figure 5 [87]. Waterproofing is the characteristic of a substance that
prevents fluids from penetrating it. Waterproofness may be assessed using one of the
two methods: one that simulates rain and the other (more frequent) that submits the
cloth to hydrostatic pressure. Specific surface finishing treatments are used to create
water- resistant fabrics. Waterproof materials are often achieved by surface finishing
procedures such as coating [88]. Covering is a broad phrase that refers to the applica-
tion of one or more layers of adhering polymeric goods to one or both sides of a textile
material to produce a film. Technologies employed for polymeric nano-emulsion in
hydrophobic functional finishing of textiles are as follows [89, 90].
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Figure 5.
Nano-emulsion based hydrophobic finishing in textile.

* Coating technology utilizes direct layering or superficial impregnation of
polymers, commonly applied as either a paste or a high-viscosity liquid during
the final phase of waterproof material production, yielding ultrathin coatings
spanning 10-100 pm.

* Laminating technology initiates with the creation of a primary laminating
layer (membrane or foam) subsequently distributed onto textile surfaces. With
membranes, like polytetrafluoroethylene (PTFE) at approximately 10-pm
thinness, ensuring the final film thickness remains within the 10-100 pm range,
this technique provides waterproofing to the fabric through a layered application
process [91].

Waterproof and water-repellent textiles find extensive functional applications
across diverse sectors like agriculture, biomedical, food and packaging industry [92].
Waterproof textile serves as breathable ground covers, tents, root protective bags,
greenhouse covers, and tree shelters in agriculture. Additionally, these textiles are
utilized in agricultural structures for leakproof water and liquid fertilizer tanks, flex-
ible water tanks, and packaging products [93]. Architectural textiles, characterized by
their lightweight and flexibility, durability and coatings or impregnation, are used to
enhance energy efficiency and cost-effectiveness while fostering innovative archi-
tectural design [94]. Textile membranes, composed of high-strength woven fabrics
like glass fibers, polyester (PES), or polyethylene coated with polyvinyl chloride
(PVC), silicone, or PTFE, facilitate temporary applications, such as tents, clear-span
structures, tension fabric structures, and air structures, serving purposes ranging
from exhibitions and leisure activities to short-term commercial spaces and storage
facilities [95].

Hydrophobic chemicals, such as paraffin waxes, silicones, silanes, and fluorinated
polymers, are traditionally utilized to impart water-resistant functionalities [96].
However, current studies indicate the feasibility of employing nano substances such
as Si02, ZnO, and TiO2 [97]. A standard parameter for a superhydrophobic water-
repellent coating on fabric is a contact angle of a drop greater than 150°, which is
known as the “Lotus-Effect” [98]. Hydrophobic/superhydrophobic surfaces on textile
are developed by producing rough structures on a surface or by changing a rough
surface with low surface free energy compounds. When water-repellent nano finishes
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are applied to a textile, the surface becomes hydrophobic and drops of water readily
fall off [99]. The water-repellent nano coatings greatly retain the fabric’s air perme-
ability and breathability [100].

The sol-gel technique produced a silane linkage by using silica as precursors. These
sol-gel coatings contain silica nanoparticles (200 nm), a perfluorooctanoic acid-free
(PFOA) fluoropolymer, 3-glycidoxypropyltrimethoxysilane, and tetraethyl ortho-
silicate. The dip-dry care approach was used to apply perfluorooctanoic acid-free
fluoropolymer-coated silica nanoparticles to the cotton fabric surface. The substrate
exhibited significant contact angles of 154° and 120° for water and n-dodecane,
indicating strong liquid repellency [101]. The layer-by-layer approach, with electro-
static self-assembly, was used to coat a cotton fabric, resulting in the creation of poly
(diallyldimethylammonium chloride) (PDDA) and ZnO/SiO, colloidal nanocom-
posite solutions. The number of deposition layers on the fibers showed the presence
of a ZnO/Si0, nanocomposite [102]. The titanium (IV) butoxide nanoparticles were
produced with boric acid as the functional ingredient. The pad-dry process facilitates
the application of sols to cotton textiles. This process improved the water-resistant
properties of the resulting cotton fabric. Furthermore, the treated fabric demon-
strated flame-retardant properties and high thermal stability [103]. Spraying an aque-
ous dispersion over the silk fabric provides the appropriate water- and oil-resistant
characteristics. Further dispersion of silica nanoparticles, quaternary ammonium
silane salt, organic fluoropolymer, and alkoxy silanes created the highest contact
angle on the textile surface due to immobilization on textile surface [104].

2.5 Polymeric nano-emulsion in conductive textile finishing

Conductive textiles are electrically conductive for various industrial applications.
Such textiles may be created by employing conductive fibers or putting conductive
layers over nonconductive fabrics [105]. The phrase “electrically conductive textiles”
refers to a diverse spectrum of textile fiber-based products with considerably varying
specific electrical conductivity. Electrically conductive textiles include conductive
fibers, yarns, fabrics, and finished goods [106]. A conductive thread that is commer-
cially accessible is often either a solid metal wire, such as copper or stainless steel, or
a nonconductive thread covered with a Bl mm thick metal film, usually silver [107].
Cotton, polyester, and nylon threads were rendered electrically conductive by cover-
ing their surfaces with silver nanowire meshes. The weight of the nanowire coating is
less than 5% that of normal silver thin-film coatings used in commercial conductive
thread [108].

Electrically conductive textile has attracted a large commercial market in wearable
electronic devices, such as pressure and gas sensors, energy storage devices, wearable
warm textile, and electromagnetic interference (EMI) shielding [109]. Layer-by-layer
self-assembling of electrically charged ions via dip-coating techniques is employed
to develop various types of conductive functional textile substrates, such as cotton,
polyester, and wool [110].

Various types of conductive materials as metal nanoparticles, MXenes, reduced
graphene oxide, and carbon nanotubes (CNTs) were employed on textiles via
dip-coating, layer-by-layer technique, and inkjet printing for conductive smart
textile applications [111]. Conductive textiles can be made directly from polymer
composite fibers that contain conductive agents [112-114]. Seyedin et al., for
example, created highly conductive polyurethane fibers by combining polyurethane
with poly(3,4-ethylenedioxythiophene), poly(styrenesulfonate) (PEDOT:PSS)
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in dimethyl sulfoxide (DMSO), followed by wet-spinning for textiles in the use of
strain sensors [114]. Graphene has significant applications in developing conductive
textile by coating two-dimensional (2D) thin-film structure that provides excellent
mechanical and thermal stability as well as durability without altering the inherent
textile properties [115].

Conducting fibers plays a key role in electronic textile, due to their unique
properties such as lightweight, flexibility, and durability, depending on the area
of application [116]. Such fibers can be employed as electrode material, electronic
transistors, light-emitting diodes (LEDs), and solar cells. Conductive textile fibers
are being employed in the aviation industry as a stronger and more flexible weight-
saving material and replace the heavy metal conductors by lightweight functional
fabric, which reduces the cost and fuel consumption [117]. Electrically conductive
fabrics have been investigated for use in a variety of applications due to their favor-
able features in terms of ESD (electrostatic discharge) coating, EMI protection, radio
frequency protection, and thermal expansion [118]. Various methods for producing
electrically conductive textiles, including conductive fiber/yarn manufacturing, coat-
ing, and binding of conductive fiber before and after woven textile manufacturing
and weaving of textile, have been developed. Thus, conductive textile has a variety
of industrial applications including antistatic, EMI shielding, electrical applications,
and infrared absorption [106].

Silver, copper, and zinc nanoparticles have been extensively studied by researchers
due to their unique antibacterial, conductivity, and UPF properties [119]. Adding
nanoparticles of AgO, ZnO, and Cu to cotton fabric enhances its qualities, including
antimicrobial, UPF, and conductivity [120]. A cost-effective and efficient method for
modifying cotton textiles has been developed, resulting in faster operations. Cotton
textiles loaded with AgNPs, AgNPs/ZnONPs, or AgNPs/ZnONPs/CuNPs formed
metallic and metal oxide nanoparticles. The presence of trimetallic nanoparticles
inside microstructure of cotton provides long-lasting antibacterial, UV protection,
and conductivity capabilities, resulting in multifunctional textiles. Nanoparticles
were produced and stabilized independently using polymethyl compound (PMC) and
functionalized polyethyleneimine (FPEI) in a single bath. Addition of PMC or FPEI
compounds to metal compound solutions changes their color from colorless to yellow
or dark green. Ultraviolet-visible (UV-vis) spectra show a maximum surface plasmon
peak at 410-415, indicating effective synthesis of AgNPs stabilized by PMC or FPEI
chains. Nanoparticles are effectively deposited on the surface of cellulose textiles,
resulting in changes in crystalline structure. Fabrics treated according to design
demonstrate multifunctional qualities and performance. After 20 washing cycles, the
treated cotton fabric retains good antibacterial qualities, as well as great ultraviolet
and electrical conductivity [121].

2.6 Polymeric nano-emulsion in moisture-wicking textile finishing

Wicking is the process of absorbing a liquid by capillary forces in a textile
structure. Its behavior is determined by the fibers’ wettability, the likelihood of film
formation, and the existence of capillary gaps [122]. In high-performance or critical
conditions, liquid management in textiles is vital. Wicking in textiles is a two-phase
imbibition phenomenon, in which a liquid (for example, water) displaces a gas or air
in a textile structure. It happens when the fibers are wettable, and water may move
through the gaps between the fibers via capillary action [123]. Wicking is defined as
the nonsaturated flow of liquid through the textile, i.e., the two-phase flow of liquid
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and air. This liquid movement can occur concurrently with vapor transport. Wicking
can occur with a restricted reservoir of liquid (for example, liquid from a droplet) or
an infinite reservoir of liquid (for example, imbibition) [124].

Moisture-wicking technology in textiles allows for rapid drying in hot and humid
environments by transferring liquid water and vapor from the body to the environ-
ment, creating a pleasant microclimate for the wearer [125, 126]. Researchers are con-
tinuously increasing the moisture-wicking qualities of fabrics to meet the increased
need for rapid drying performance [127]. Commercially available fabrics provide
varying amounts of personal moisture wicking. The most prevalent moisture-wicking
technology is high wicking fabrics made of profiled fibers, which use greater capillary
force to quickly remove perspiration from the skin [128].

Application of resin is considered a conventional treatment to impart wrinkle-
free or crease-resistant properties to textiles, as resin treatment affects the textile
breathability, mechanical stability, textile dyeing properties, and washing fastness
[129]. Some researchers have used nanostructured materials with wrinkle-resistant
properties to address the restrictions of employing resins. Polymeric nano formula-
tion employed as crease-resistant finishing via cross-linking agents stimulates the
durability as well as improves the textile inherent properties [130].

Synthetic reagents such as sodium hypophosphite and titania oxide nanoparticles
were also employed on textile to improve the wrinkle-free treatment as functional fin-
ishing agents. Titania oxide nanoparticles were also employed as co-catalysts to enhance
the functional properties and reduce the adverse effects. Furthermore, nano-TiO2 is
extremely resistant to high temperatures and pressures. Because of its enormous surface
area, nano-TiO2 has enough active sites to achieve acceptable reaction rates [131].

Lu et al. used ion-gel technology to create hydroxypropyl chitosan nanoparticles,
applied onsilk fabric in the presence of 1,2,3,4-butanetetracarboxylic acid (BTCA)
and sodium hypophosphite using conventional padding followed by drying and cur-
ing at certain temperature. According to Lu et al., silk fabric with chitosan nanopar-
ticles improved its wrinkle resistance [132]. In addition, Zulfiqar et al. synthesized
chitosan nanoparticles using ionic gelation process and immobilized the polymeric
nanoparticles to cotton fabric using the pad-dry-cure method. Thus, increased crease
resistance and anti-wrinkle property are due to the penetration of polycationic
nanoparticles into the interphase textile fabric [133].

3. Conclusion

In conclusion, the evolution of functional textiles through the application of
nanotechnology has revolutionized the textile industry, addressing challenges related
to hygiene, safety, and performance. This chapter comprehends the significant role of
polymeric nano-emulsions in functional textile finishes, providing a controlled and
durable application without compromising the inherent characteristics of the original
textiles. The diversified applications discussed, ranging from antimicrobial, flame-
retardant, UV-protective, and waterproof textiles to conductive and moisture-wick-
ing textiles, showcase the versatility and transformative impact of advanced textile
finishing methods. These innovations not only meet contemporary challenges posed
by bacterial infections, environmental factors, and specialized functional require-
ments but also contribute to the dynamic landscape of textile technology. With the
appearance of new technologies that may add specific functionalities and noticeable
characteristics to materials, the textile industry is experiencing a new revolution. The
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integration of nanotechnology emerges as a key driver in the continuous improve-
ment of textile functionalities, opening new frontiers for exploration and application
across various industries.
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Chapter 8

Thermodynamic and Kinetic
Stability of Cosmetic Nanoemulsions

Omolade Ajayi

Abstract

In designing cosmetics and personal care products, the evolution of nanoemulsions
has catalyzed groundbreaking advancements in enhancing the efficiency and delivery
of actives aimed at rejuvenating and fortifying skin health. The ability of nanoemul-
sions to encapsulate both hydrophilic and hydrophobic actives while navigating
biological barriers ensures their precise and targeted release, enhancing therapeutic
efficacy while mitigating adverse effects. This chapter aims to elucidate the pivotal
role of structural stability on the integrity, shelf-life, and functionality of these
formulations, thereby driving innovation and progress in the formulation and design
of highly effective cosmetics. By exploring the fundamental principles governing
stability within these formulations, this chapter seeks to elucidate the critical factors
shaping their design and longevity, ultimately paving the way for innovative advance-
ments in the field.

Keywords: nanoemulsions, thermodynamic stability, kinetic stability, cosmetics,
pharmaceuticals, skin care, formulation stability

1. Introduction

Emulsions are commonly used in cosmetics in the form of lotions and creams, and
are in fact, the most popular form of cosmetic products [1]. They are composed of two
(or more) immiscible liquid phases existing in a colloidal system, where one phase
(the internal/dispersed phase) is uniformly suspended as fine droplets within the
matrix of the other (the external/continuous phase). Most emulsions are bi-phased
and contain one oil phase and one water phase. Depending on the nature of the
dispersed and continuous phase, bi-phase emulsions are usually classified as either
water-in-oil (W/O) or oil-in-water (O/W). In these systems, the “oil phase” refers
to a non-polar substance or a mixture of hydrophobic materials such as plant oils,
waxes, silicones, fatty acids, fatty alcohols and so on, that are essentially immiscible
with water, while the “water phase” refers to water as a sole ingredient or an aqueous
solution of polar molecules that are readily soluble in water. With recent advance-
ments in emulsion technology, multiple emulsions can also be formulated in which
the droplet of the dispersed phase is an emulsion itself and contains smaller dispersed
droplets of another liquid phase [2]. Typically, these are referred to as double emul-
sions and could be W/O/W, O/W/0, W/O/0O, O/W/W, O/O/W, or W/W/O (where
W is water and O is oil) [3]. Emulsions can also be classified based on the droplet size
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of the dispersed phase. Under these classifications, the dispersed phase of nanoemul-
sions have extremely fine droplets of radius ranging from 20 to 200 nm and a narrow
droplet size distribution [1, 4-6]. Under this classification, other types of emulsions
known as microemulsions and macroemulsions exist and these have droplets sizes
larger than that of nanoemulsions. This chapter would be focusing on nanoemulsions
as they have been pivotal to advancement in the design and formulation of cosmetic
products with enhanced efficacy.

As contemporary living standards progress and an aging population becomes
more prevalent, a growing number of individuals are developing a keen interest in the
subjects of aging, and skin care products with anti-aging actives have become even
more appealing [7-11]. For example, due to their specific amino acid sequences, pep-
tides exhibit the potential to stimulate collagen production and cellular regeneration,
thereby offering promising anti-aging and skin-repair properties. Nanotechnology
has been shown to be an effective strategy for improving the bioavailability and
biostability of peptides [12].

Another class of actives derived from vitamin A, known as retinoids (such as
retinol, retinyl acetate, retinyl propionate, retinyl palmitate and tretinoin), are par-
ticularly effective at slowing the skin aging process. However, these actives have been
demonstrated to induce irritations, burning sensations, and even skin diseases such as
dermatitis [13]. Additionally, they are known to be chemically unstable, being easily
oxidized, and isomerized by heat, oxygen, and light due to their reactive conjugated
double bonds [14, 15]. Nanoemulsions have been shown to improve the stability and
reduce the irritations caused by retinoids [16-18]. Yang et al. developed nanoemul-
sions loaded with retinyl propionate and these were shown to exhibit highly enhanced
transdermal delivery of the active compared to conventional emulsions. The nano-
emulsions had droplet size <100 nm and were highly stable with a high retention rate
exceeding 80% after storage at elevated temperature (50°C) for 30 days [18].

Asides anti-aging benefits, skin care products are also essential to supporting one
of the skins most important function, which is to serve as a robust barrier against
trans epidermal water loss (TEWL) [19]. The effectiveness of this permeability
barrier is associated with the function of the stratum corneum (SC) lipid lamellae,
which forms the intercellular layer of the skin with a distinct and diverse composi-
tion compared to the lipids found in biological membranes, 50% of which is a
hydrophobic substance known as ceramides [20-24]. Depletion in the skin’s natural
ceramide content, corresponds with observable cutaneous signs such as dryness,
diminished elasticity, and increased roughness and even skin diseases such as atopic
dermatitis and psoriasis [25, 26]. In recent years, synthetic ceramides are increas-
ingly being used in cosmetic formulations to support the skin barrier, maintain skin
hydration, and protect the skin against potential damage [25, 27-29]. However, due
to their high molecular weight and extreme hydrophobicity, traversing the layers of
the skin is a challenging task for these ingredients [2, 30]. Tashiro et al. [31] showed
that nano focus technology could be pivotal to the formulation of ceramide based
cosmetic products. They developed a human-type nano-ceramide dispersion with
droplet size of about 20 nm for the purpose of improving ceramide permeation and
it performed more than 9 times better than conventional formulations. Guzman
etal. [32] also prepared stable nanoemulsions (droplet size of about 200 nm) for
the enhanced penetration of a highly hydrophobic ceramide-like molecule ((9Z)-N-
(1,3-dihydroxyoctadecan-2-yl)octadec-9-enamide). The emulsions showed good
long-term stability for several weeks. Their findings indicated that nanoemulsions can
be used as a highly promising tool for improving the bioavailability of hydrophobic
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molecules and consequently the efficacy of cosmetic formulations in which they are
encapsulated.

Another application of cosmetic nanoemulsions is in the topical administration
of epidermal growth factors which are cosmetic actives know to promote cellular
growth, proliferation, and differentiation beneficial for accelerated wound healing
and tissue regeneration. Due to their restricted percutaneous absorption, inconsistent
efficacy results have been obtained from the use of growth factors in cosmetic prod-
ucts. To address this, Sang et al. [33] developed a low-molecular-weight protamine
conjugated nanoemulsion-dispersed hydrogel, loaded with three growth factors. The
hydrogels showed significantly higher skin permeation than native formulations.

Research indicates that fundamentally, the effective transdermal delivery and
stability of these actives are two major factors that affect their application in cosmetic
formulation design.

2. Emulsion stability

Stability is the ability of a system to resist physical or chemical changes and
remain intact under varying conditions [34]. In chemistry, there are two main types
of stability: thermodynamic stability and kinetic stability. Thermodynamic stability
refers to the tendency of a system to reach and maintain a state of minimum energy at
equilibrium. In thermodynamics, a stable system is one that has achieved the lowest
possible free energy and a reaction that produces a thermodynamically stable product
ensures that the overall free energy of the system is decreased, and the system tends
to remain in this state over time. In addition, the second law of thermodynamics for
irreversible phenomena states that “In an irreversible or spontaneous change from
one equilibrium state to another (for example, the equalization of temperature of
two bodies A & B, when brought in contact), the entropy always increases” [35]. This
means that a reaction that produces a stable system ensures that the system reaches
the highest possible entropy under given conditions. Combining both conditions, a
thermodynamically stable system must be in a favorable state in terms of free energy
and entropy and its potential of undergoing spontaneous changes are minimized.

Kinetic stability on the other hand, refers to the resistance of a system to undergo-
ing transformation or reaction over time [36] because of the presence of a barrier
to a specific reaction rather than the thermodynamic favorability of the final state.
Systems with high kinetic stability possess a substantial high kinetic barrier, hinder-
ing the occurrence of spontaneous reactions (or destabilization) even in cases where
a destabilizing reaction is thermodynamically favorable (meaning the system is not
thermodynamically resistant to this destabilizing reaction under the conditions of
such reaction) [37]. Hence a system can exhibit various stability combinations: it
may be both thermodynamically and kinetically stable, it can be thermodynamically
unstable yet kinetically stable, it can be thermodynamically stable but kinetically
unstable, or it can be both thermodynamically and kinetically unstable. Since emul-
sions are comprised of two phases that are inherently immiscible, combining these
two phases into a stable mixture requires work to ensure either thermodynamic
stability or kinetic stability or both.

The stability of nanoemulsions directly influence their functionality in cosmetic
and pharmaceutical applications. For instance, in cosmetics, stable nanoemulsions
allow for controlled release of active compounds like peptides and epidermal growth
factors, ensuring optimal penetration into the skin for desired effects. Achieving and
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maintaining stability is fundamental to ensuring the efficacy of active compounds
throughout the shelf life and lifespan of these innovative formulations.

2.1 Thermodynamic stability of nanoemulsions

Consider Figure 1 where the two phases (oil and water) of an emulsion come in
contact.

The two phases are immiscible because the cohesive forces between the molecules
of either phase is greater than the adhesive forces between the two phases. Each phase
has uniform thermodynamic properties (both intensive and extensive) that are differ-
ent from the other phase. So, when both phases are brought together, there is repul-
sion between the molecules of both phases, and this creates tension at the contact
point of both liquids. To maintain thermodynamic stability, both liquids will tend of
maintain a small contact area as much as possible because the tension created is asso-
ciated with a concomitant increase in the free energy of the system [38]. This contact
area is also known as an interface and Gibbs likened this interface to a dividing line
[39]. The interfacial tension at this dividing line can be derived mathematically from
the second law of thermodynamics. Given the Gibbs free energy as:

G=U+pV-TS )

Where U is the internal energy (]), p is pressure (pa), V is volume (m®), Tis
absolute temperature (K), and S is the entropy (J/K).

Taking the oil phase as the dispersed phase, the emulsion formed is an o/w emul-
sion. With emulsification, the system changes from two separated phases to one
emulsified bulk with the droplets of the oil dispersed within the matrix of the water
(Figure 2) and multiple interfaces are formed around the oil droplets.

As more droplets are formed, the total interfacial surface area is increased, and
the free energy of the system also increases. The change in Gibbs free energy as the
system changes from two separate phases to emulsified at constant temperature is
given as:

Qil Phase

<«—— |nterface

Water Phase

Figure 1.
Schematic diagram showing the interface formed at the contact of two immiscible liquids (oil and water).
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Oil Phase

AG

. Emulsion

Water Phase

Figure 2.
Schematic diagram showing an emulsion formed from the oil phase droplets uniformly dispersed within the water
phase.

AG =AU + pAV +VAp —TAS )

The entropy (AS) is a measure of the extent of disorder in a system which is a mea-
sure of the extent of reduction in droplet size of the dispersed phase (or an increase in
the number of droplets). At constant pressure and composition, the change in Gibbs
free energy of the system is given as:

AG =(AU + pAV)~TAS = AH ~TAS 3)

Where AH is the change in enthalpy of the system. If the volume of the system
remains constant as the emulsion is formed (which is expected), the enthalpy of the
system is equal to the change in internal energy of the system which is equal to the
work (AW) done on the system to form the emulsion.

AG, =AW -TAS 4)

form

This work can be expressed as a function of the interfacial tension (y) and the
change in total surface area (AA) of the interface as the emulsion is formed

AW =yAA (5)
Therefore,

AG, =yAA—TAS 6)

form

As the droplet size of the dispersed phase decreases, the total interfacial surface
area increases, and the energy input increases ( YAA) . In the same way, the configu-
ration entropyterm (T AS) increases because the dispersion of the oil droplets is
accompanied by an increase in disorderliness within the system. Hence, an increase
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in entropy (favorable in terms of thermodynamic stability). However, with increas-
ing entropy, the configuration entropy term in Eq. (6) becomes increasingly negative
(hence thermodynamically favorable). The total change in Gibbs free energy of
formation (AGj,,, ) is hence higher than the free energy of the separated phases and
the formation of the nanoemulsion is thermodynamically unfavorable [5].

2.2 Controlling kinetic stability of nanoemulsions using surfactants

Being thermodynamically unstable, a nanoemulsion would breakdown over time.
As shown in Figure 3, the rate of breakdown is dependent on the height of the activa-
tion energy between the nanoemulsion and the separated phase.

Since the interfacial free energy change with reduction in droplet radius dominates
in nanoemulsion formation, stability of the emulsion can be achieved with reduction
in interfacial tension. This can be achieved with the addition of one or more surface
active agent (surfactants) which help to reduce the interfacial tension and form an
energy barrier between the phases [40, 41]. Ideally, with the use of surfactants, an
ultra-low interfacial tension, typically below 10> mN/m can be obtained [42]. In
addition to lowering interfacial tension, surfactants also contribute to kinetic stabili-
zation by creating a complex electric film on the surfaces of dispersed phase droplets
[1]. This energy barrier combined with the very small droplet size of nanoemulsions
make them very kinetically stable compared to other types of emulsions [43]. This
makes them very resistant to destabilization processes such as coalescence and floccu-
lation, but they are susceptible to Ostwald ripening over time [4, 44-48]. By carefully
selecting the particle size distribution, oil type, and emulsifier type, nanoemulsions

AG (emulsion) > AG (separated phases)

Activation
Energy
AG*

Nanoemulsion

AG

Oil Phase

Water Phase

Separated phases

Figure 3.
Schematic representation of the free energy of formation of a nanoemulsion.
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with extended kinetic stabilities lasting months or even years can be formulated.
Additionally, employing an oil phase with minimal water solubility aids in preventing
droplet growth through Ostwald ripening [34, 49-51].

Surfactants are a large class of chemicals but those used specially for emulsifica-
tion processes are known as emulsifiers and the type of emulsifier chosen for a
specific nanoemulsion system depends on how lipophilic the oil phase of the emul-
sion is. This is typically expressed in terms of its hydrophile-lipophile balance (HLB)
number; a number determined by calculating the percentages of molecular weights
for the lipophilic and hydrophilic portions of the surfactant molecule. The concept
was originally developed by Griffin in 1949 but numerous empirical formulas have
been developed to calculate the HLB of various surfactants based on the molecular
structure of different surfactants [40, 52-55]. Analytical experimental methods such
as gas chromatography and NMR spectroscopy have also been developed to determine
the HLB of surfactants [53, 56—-60]. To obtain a stable emulsion, the HLB of the emul-
sifier must be approximately equal to the HLB of the oil phase and the mechanism for
stabilizing the nanoemulsion relies on the chemical structure of the surfactant used.

In the Retinyl propionate loaded nanoemulsions developed by Yang et al. [18],
polysorbate-20 was chosen as the main emulsifier and was used at 5%. Positively
charged behentrimonium chloride was used at 1% as a co-surfactant to form an elec-
tric layer around the droplets and varying concentrations of hydrophobically modi-
fied Inulin was used to increase the viscosity of the water phase ensuring that the oil
phase droplets were densely packed. The superior stabilization property exhibited by
this nanoemulsion system was attributed to the densely-packed, sterically-hindered
and highly-charged interfacial layers achieved using multiple emulsifiers at the oil-
water interface [18].

The long-term stability of nano-emulsion, governed majorly by kinetics, make
them spectacularly appealing for cosmetic application and even though they
are inherently thermodynamically unstable, they are sometimes referred to as
‘Approaching Thermodynamic Stability’ [48]. Also, even though the droplet size of
nanoemulsions contributes to its desirable functionality, the stability of nanoemul-
sions is not exactly a function of how small the droplet size of the dispersed is.
Bernardi et al. [6] conducted thermal stress tests on five O/W nanoemulsions with
droplet sizes ranging from 45 nm to 303 nm and observed that the formulation with
the lowest droplet size (45 nm + 12) was the only one that showed signs of instability.
The formulation was composed of 10% rice bran oil, 20% surfactant blend (Sorbitan
Oleate/PEG-30 castor oil) and 70% water. Hence, irrespective of the amount of
surfactant used, the formulation method chosen, or the droplet size achieved, it
is important to conduct extensive long term stability studies on nanoemulsions to
establish the product’s effectiveness, shelf life and structural integrity over time.

3. Methods of formulating nanoemulsions

In addition to using surfactants to ensure kinetic stability of nanoemulsions,
formulation methods to ensure the droplet of the dispersed phase are small enough
and uniform within the matrix of the continuous phase is very crucial to maintaining
long-term stability of nanoemulsions. Due to their thermodynamic instability, nano-
emulsions cannot be formed spontaneously [48]. External energy input is required
to transform the two separate phases into a colloidal dispersion. At a minimum,
energy input surpassing the positive free energy related to increasing the contact
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area between the oil and water phases (AG = YAA) must be applied. Nanoemulsion
fabrication methods can be broadly classified as either high-energy or low-energy
approaches, depending on the underlying physicochemical mechanism of droplet
disruption.

3.1 High energy methods
3.1.1 Ultra-sonification

Ultrasonication, a prominent high-energy method in nanoemulsion formula-
tion, harnesses the power of high-frequency sound waves to create fine and uniform
droplets. During ultrasonication, the energy generated by ultrasonic waves induces
cavitation, creating microbubbles in the liquid [61]. The subsequent collapse of these
bubbles generates intense shear forces, breaking down larger droplets into smaller
nanoscale droplets. This technique is particularly effective for both oil-in-water and
water-in-oil nanoemulsions as it proves to be particularly valuable for formulating
drug delivery systems, improving solubility, and enhancing the therapeutic efficacy
of poorly water-soluble compounds [62]. The key advantage of ultrasonication lies in
its ability to produce nanoemulsions with a narrow droplet size distribution, enhanc-
ing stability and bioavailability. It allows for precise control over particle size, and
the intensity and duration of ultrasonication can be adjusted to achieve the desired
characteristics for a specific application [63].

3.1.2 High pressure homogenization

High-pressure homogenization is a robust method extensively employed in the
formulation of nanoemulsions, offering precise control over droplet size and distribu-
tion [64]. This technique involves subjecting the emulsion mixture to elevated pres-
sures (as high as 350 MPa), typically achieved by forcing it through a narrow valve or
aperture [65]. The intense shearing forces generated during this process result in the
reduction of larger droplets into smaller, nanoscale droplets. The process begins with
the preparation of an emulsion containing oil, water, and surfactants. As the emulsion
passes through the homogenization apparatus, the narrow valve or aperture generates
turbulent forces, breaking down larger droplets into smaller ones [65]. The pressure
applied ensures uniformity in droplet size, contributing to the stability and quality of
the resulting nanoemulsion. Despite its efficacy, it’s crucial to consider the potential
impact of high-pressure homogenization on the stability of sensitive compounds.

The process may generate heat as the formulation is exposed to high pressures, and
careful temperature control and pressure adjustment would be required to preserve
the integrity of bioactive ingredients. In summary, high-pressure homogenization
stands as a versatile and efficient method for nanoemulsion formulation, providing a
controlled environment to create stable and finely dispersed droplets.

3.1.3 Microfluidization

Microfluidization is a sophisticated patented technology employed in the
formulation of nanoemulsions [66]. It uses the same principles of high-pressure
homogenization but it can be used to prepare nanoemulsions with high oil content
(up to 50% oil) [67-69]. It involves forcing the emulsion through small channels
or chambers at high velocities, resulting in intense shearing forces and droplet size
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reduction. Microfluidization relies on the generation of high shear forces within the
microchannels or chambers. As the emulsion passes through these confined spaces

at elevated pressures, intense shearing occurs, breaking down larger droplets into
smaller nanoscale droplets. The pressure applied during microfluidization is a criti-
cal parameter. It can be precisely controlled to achieve the desired droplet size and
distribution, making this method suitable for producing nanoemulsions with specific
characteristics. The initial step in this process involves preparing an emulsion with oil,
water, and suitable surfactants or stabilizers. The emulsion is then forced through the
microfluidization equipment, typically composed of chambers with interaction zones
where high-pressure fluid dynamics occur. The intense shear forces and microscale
turbulence lead to the breakup of larger droplets, resulting in the formation of a
nanoemulsion with a narrow droplet size distribution [67-69].

While both microfluidization and high-pressure homogenization are similar
methods employed for particle size reduction and emulsification, they differ in their
underlying principles, equipment, and specific applications. Microfluidization relies
on intense shearing forces generated by the microscale turbulence within small chan-
nels or chambers while high-pressure homogenization involves forcing the emulsion
through a narrow valve or aperture at high pressures, creating shearing forces that
break down larger droplets into smaller ones. While microfluidization and high-
pressure homogenization share similarities, the specific design of the equipment, the
mechanisms of shearing, and the level of control over droplet size can vary between
the two methods. Also, microfluidization is considered energy-efficient compared
to other high-energy methods. The process generates less heat, which can be crucial
for preserving the stability of sensitive compounds. However, the need for a coarse
emulsion limits the scalability of microfluidization [70].

The choice between microfluidization and high-pressure homogenization often
depends on the specific requirements of the nanoemulsion formulation, and the
characteristics desired for the final product.

3.2 Low energy methods
3.2.1 High speed homogenization

High-speed homogenization is a very simple and widely employed method for the
fabrication of nanoemulsions, offering a robust and efficient approach to produce
finely dispersed and stable colloidal systems. In this method, a high shear force, usu-
ally around 6000-24,000 rpm [71], is applied to the emulsion system by a high-speed
rotor stator [71-73]. During the process, the intense mechanical forces generated by
the rotor cause disruption and breakup of the larger droplets present in the emulsion.
With elevated homogenization speeds, the solution experiences a greater energy
density, leading to a direct reduction in emulsion droplet size. Shear stress exhibits
an inverse relationship with emulsion droplet size, meaning that an increase in shear
stress results in a reduction in droplet size, ultimately producing the nanoemulsion
[72]. The rapid and repeated shearing action helps to achieve a more uniform distri-
bution of the components, leading to the creation of a stable nanoemulsion.

Parameters such as homogenization speed, duration, and formulation composition
can be optimized to tailor the properties of the resulting nanoemulsion, making this
method versatile enough for both laboratory and industrial scale. The efficiency and
scalability of high-speed homogenization contributes to its widespread adoption as a
reliable technique for nanoemulsion fabrication.
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3.2.2 Phase inversion methods

Phase inversion methods represent a versatile approach in the creation of nano-
emulsions, involving the manipulation of temperature and composition to induce
transitions between oil-in-water (O/W) and water-in-oil (W/Q) structures due to a
spontaneous curvature of the surfactant [73, 74]. The two primary phase inversion
methods are the Phase Inversion Temperature (PIT) method and the Phase Inversion
Composition (PIC) method [74]. PIT relies on altering the temperature to induce
phase transitions within the emulsion. By carefully adjusting the temperature, the
system can switch between O/W and W/O structures, leading to the formation of
nanoemulsions [59, 74]. PIC involves altering the composition of the dispersed phase
to induce phase inversion and nanoemulsion formation [74, 75].

It’s important to note that successful implementation of phase inversion methods
requires a deep understanding of the system’s components, their interactions, and the
specific conditions needed to induce phase transitions. Additionally, considerations
for the stability and shelf-life of the resulting nanoemulsions are crucial in practical
applications. Overall, phase inversion methods contribute significantly to the versatil-
ity and adaptability of nanoemulsion technology in cosmetic formulation design.

Modarres-Gheisari et al. [70] did a comprehensive comparison of the different
nanoemulsion fabrication methods and found that high speed homogenization had
the highest usage percentage due to its relative simplicity.

4, Conclusion

Due to their extremely fine droplets and the presence of surfactants, nanoemul-
sions have relatively large interfacial surface area but low interfacial surface tension
which has been shown to enhance the adsorption and controlled release of a vast
range of ingredients in cosmetic products such as potent skin-protecting actives,
antioxidants, rejuvenating plant extracts, UV filters as well as encapsulating vola-
tile essential oils and aromatic compounds for alcohol free perfume formulations.
Inherently, nanoemulsion formation is thermodynamically unfavorable but formulat-
ing stable nanoemulsions can be achieved with the use of one of more surfactants
which act as a barrier against instability. This energy barrier imparts kinetic stability
and is determined by factors like a proper balance of oil, water and surfactant content
in the system, electrostatic repulsion between the oil droplets and steric hindrance
provided by the surfactants.

Successful nanoemulsion formulation involves a balance between the choice of
surfactants and co-surfactants, and processing method. Moreover, the intended
application, whether in drug delivery through topical pharmaceutical products or
in cosmetics influences the selection of the most appropriate formulation method.
Continuous research and innovation in nanoemulsion technology continue to refine
these methods, expanding their applications and enhancing the efficiency of nano-
emulsion-based products for cosmetic applications.
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Chapter 9

The Nanoemulsion Technique, One
of the Most Promising Strategies
for Enhancing Drug Permeation
through Transdermal Route

Muhammad Rehan Malik, Asif Nawaz and Wajiha Noor

Abstract

Nanoemulsions are colloidal particulate systems that have gained significant
attention in pharmaceutical research due to their potential in enhancing drug perme-
ation through transdermal routes. This chapter provides a comprehensive overview
of nanoemulsions, including their definition, advantages over other dosage forms,
components, methods of preparation, and applications, with a focus on multiple
nanoemulsions. The advantages of nanoemulsions include increased absorption rate,
reduced absorption variability, improved drug bioavailability, and efficient delivery
of both hydrophilic and lipophilic drugs. Various components such as oil phase, sur-
factants, co-surfactants, aqueous phase, and co-solvents are discussed in detail, along
with their roles in nanoemulsion formulation. Methods of nanoemulsion prepara-
tion, including high-pressure homogenization, ultrasonic emulsification, high-shear
stirring, microfluidization, and membrane emulsification, are elaborated upon,
highlighting their respective advantages and limitations. Additionally, applications
of nanoemulsions in medicine, catalysis, and theranostics are explored, emphasizing
the potential of multiple nanoemulsions in drug delivery systems. Overall, nanoemul-
sions offer a promising approach for improving drug delivery efficiency and enhanc-
ing therapeutic outcomes.

Keywords: nanoemulsion, multiple nanoemulsion, method of preparation, topical
delivery cargo, biomedical applications
1. Introduction
1.1 Nanoemulsion

The nanoemulsion technique is one of the most promising strategies for enhancing
drug permeation through transdermal route. Submicron emulsions, ultrafine emul-

sions, and miniemulsions are the term used for nanoemulsion. It may be defined
as a system: A submicron sized colloidal particulate system, thermodynamically or
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kinetically stable isotopically clear dispersions of an oil phase and water phase. The
two immiscible liquids are stabilized by an interfacial film of a suitable surfactant and
co-surfactant molecules to form a single phase.

A variety of surfactants with different properties that may be ionic or non-ionic
have been used with such nanoemulsions. The most commonly used surfactants are
sorbitan esters, polysorbates (nonionic surfactants), potassium laurate, sodium lauryl
sulphate (anionic surfactants), quaternary ammonium halide (cationic surfactants)
etc. The first nanoemulsions were the Oil/water type emulsions, and their droplet size
varying from 50 to 1000 nm. The nanoemulsions may be: O/W (oil dispersed in aque-
ous phase), W/O (water dispersed in oil phase), and multiple emulsions (a type of
nanoemulsion that contain both O/W and W/O emulsions in the same system). Both
hydrophilic and lipophilic surfactants are used to stabilized such types of systems
(i.e., multiple emulsions) simultaneously [1].

1.2 Advantages of nanoemulsions over other dosage forms
1.Increased absorption rate due to vary small droplet size of the nanoemulsion.
2.Reduced absorption variability.
3.In O/W nanoemulsions, protection against oxidation and hydrolysis.
4. Lipophilic drugs delivery after solubilization.
5. Aqueous dosage form for water insoluble drugs.
6.Improved bioavailability of the drugs.
7.Both lipophilic and hydrophilic drugs are incorporated in nanoemulsions.

8. Efficient delivery system for drugs to increase efficiency there by reducing total
daily dose and side effects.

9. Nonirritating and non-toxic drug delivery vehicle for skin and mucous mem-
brane.

10. Control release of the drug through nanoemulsion (liquid film) whose thickness,
lipophilicity or hydrophilicity may also be controlled.

It not only improves existing emulsion systems, but it also opens up new possibili-
ties for other drugs to be formulated more specifically.

According to the research, nanoemulsion formulations exhibit better cutaneous
and transdermal drug transport capabilities with respect to in-vitro [2, 3] and in-vivo
[4, 5] as compared to emulsions [6] and gels [7].

Although nanoemulsion can be used to deliver drugs to patient in no of ways
but topical application of nanoemulsion is gaining attention. The mobility of the
drug in the vehicle, the release of the drug from the vehicle, and the permeation
of the drug into the skin are the three key factors that determine drug transdermal
permeation.
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Figure 1.
Design features of multiple nanoemulsions [12].

1.3 Applications of multiple nanoemulsion

Nanoemulsions are used in a variety of fields, such as medicine [8, 9], catalysis
[10], and theranostics [11]. Multiple nanoemulsions have distinct advantages for these
applications, such as specified phases and internal compartments that can be used to
encapsulate multiple cargos at the same time or serve as models for complex nanoma-
terials (Figure 1) Because of their unique structural features and small size, multiple
nanoemulsions have significant potential for current nanoemulsion and multiple
emulsion applications.

As compared to traditional nanocarriers, [13] optimized an O/W/O multiple
nanoemulsion for dermal delivery of antiviral drug aciclovir., which showed efficient
skin penetration and better physicochemical stability. Although hydrophilic drugs are
more prone to degradation after oral administration, so multiple nanoemulsions can
help improve bioavailability in this situation.

As aresult, a low-energy method was established by [14] to incorporate hydro-
philic anti-cancerous drug 5-FU by formulating multicore W/O/W nanoemulsions.
Their formulation showed improved efficacy and absorption efficiency when com-
pared to a simple nanoemulsion oral drug delivery system. This efficient drug deliv-
ery and ability to solubilize hydrophilic drugs was achieved by formulating multicore
nanoemulsions. The formulated multiple nanoemulsions have the ability to produce
a stable drug-delivery system with low surfactant concentrations, neutral pH, and a
variety of oils, allowing for long-term shelf stability and drug solubilization.

Both hydrophobic and hydrophilic drugs can be delivered and encapsulated by
formulating multiple nanoemulsions, which is not possible with many traditional
drug delivery methods [15, 16]. Furthermore, longer pharmacokinetic profile and
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lower required dosages of both hydrophobic and hydrophilic drugs have been shown
due to the durability of the multiple nanoemulsions as compared to conventional drug
delivery systems [14, 17].

1.4 Components of nanoemulsion

Drug, oil and aqueous phases, surfactants and co-surfactants are used to prepare
nanoemulsion. The physical and chemical properties of these components are taken
into account in the formulation, their efficiency and in-vitro and in-vivo stability.

1.4.1 Oil phase

The choice of other ingredients in nanoemulsions is highly dependent on oil phase.
It is critical to choose the right oil for nanoemulsion formulation in order to achieve
the desired properties. The oil to be selected for preparation of desired nanoemulsion
is highly reliant on the solubility of particular drug. A combination of fixed oil and
medium chain triglyceride can be used in order to achieve strong drug loading and

List of oils used in nanoemulsion

Sr. # Oils
1 Captex 355 (Glyceryl Tricaorylate/Caprate)
2 Captex 200 (Propylene Dicaprylate Dicaprate Glycol)
3 Captex 8000 (Glyceryl Tricaprylate (Tricaprylin)
4 Olive oil
5 Ethyl oleate
6 Isopropyl myristate (Myristic acid isopropyl ester)
7 Soya been oil
8 Glyceryl triacetate
9 Sefsol 218 (Caprylic/Capric Triglyceride)
10 Isopropyl myristate (Tetradecanoic acid)
1 Sesame oil
12 Corn oil
13 Intermediate Chain Triglycerides (Labrafac)
14 Peceol (Glyceryl Oleate)
15 Methyl decanoate
16 Labrafac (medium chain triglyceride)
17 Maisine 35-1 (1-Monolinolein)
18 Capryol 90 (Propylene Glycol Monocaprylate)
19 Capmul MCM (Glycerol monocaprylate)
20 Witepsol
21 Myritol 318
Table 1.

List of oils used as oil phase in nanoemulsion formulation [19].

182



The Nanoemulsion Technique, One of the Most Promising Strategies for Enhancing Drug...
DOI: http://dx.doi.org/10.5772/intechopen.1005267

emulsification. Only those oils should be used that resist auto-oxidation [18]. Due to
their high lipophilicity and good solvent ability, medium chain triglycerides (MCT)
(resistant to auto-oxidation) preferable over long chain triglyceride. Now adays,
semi synthetic medium chain triglyceride are mostly used instead of medium chain
triglyceride (Table 1) [19].

1.4.2 Surfactants

The type of surfactant used is determined by the type of nanoemulsion being pre-
pared. The selection of particular surfactant is highly dependent on hydrophile-lipophile
balance (HLB). Surfactants having low HLB value (<10) are lipophilic in nature and are
used to formulate w/o nanoemulsions, while surfactants having high HLB (>10) value
are hydrophilic in nature and are used to formulate o/w nanoemulsions (Figure 2).

To obtain nanoemulsions, sometimes a mixture of low HLB and high HLB sur-
factants can be needed. Surfactants are classified into 4 types to formulate a stable
naoemulsion [19].

¢ Jonic surfactants,
¢ Cationic surfactants,
¢ Non-ionic surfactants,

» Zwitterionic surfactants (Table 2).

1.4.3 Co-surfactants

When surfactant fails to produce a stable formulation, Cosurfactant is usually
used to lower the oil-water interfacial tension. Liquid crystalline phases form as
the surfactant film becomes too stiff. By entering into the surfactant monolayer
and destroying the liquid crystalline phases, co-surfactants increase the fluidity of
the interfacial film [19]. Actually, low concentration of co-surfactant is required to
formulate nanoemulsion. Short and medium chain alcohol (C3-C8) are often used as
co-surfactant. They actually reduce the interfacial tension and increase the fluidity of
interface of the nanoemulsion system (Table 3) [8].

Hydrophilic head

Hydrophobic _—» ~ 0

(lipophilic) tale Micelle 2‘
Aqucous
solution

Figure 2.
Surfactant molecular structure [20].
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List of surfactants used in nanoemulsions

Sr. # Name of surfactants
1 Tween 80 (Polyoxyethylene (20) sorbitan monooleate)
2 Tween 20 (Polyoxyethylene (20) sorbitan monolaurate)
3 Span 80 (Sorbitan monooleate)
4 Span 20 (Sorbitan monolaurate)
5 Span 60 (Sorbitan monostearate)
6 Cremophor RH 40 (Polyoxyl 40 hydrogenated castor oil)
7 Poloxamer 407 (Poly (ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol).
8 Poloxamer 188 ((Poly (ethylene glycol)-block-poly(propylene glycol)-block-poly (ethylene glycol).
9 PEG 400 (Polyethylene glycol 400)
10 PEG 4000 (Polyethylene glycol 4000)
11 PEG 6000 (Polyethylene glycol 6000)
12 Capryol 90
13 Emulphor-620
Table 2.

List of surfactants used to formulate nanoemulsions [19].

1.4.4 Aquous phase

The nature of aquous phase also affect the droplet size and stability of nanoemul-
sion, like pH, electrolytes and ionic content of aquous phase. Distal water, ringer’s
solution, simulated gastric and intestinal fluids and phosphate buffer saline will also
be used as aquous phase for nanoemulsion preparation. Similarly pH of aquous phase
also effect stabilty and phase behavior of nanoemulsion, specially when a drug having
pH dependent solubility is used in the formulation [8].

1.4.5 Co-solvents

Sometimes co-solvents are also used to formulate nanoemulsion so that to improve
solubilty of either drug or hydrophilic surfactent in the oil phase. They make the for-
mulation more lipophilic by lowering the water’s dielectric constant. Organic solvents
are mostly used as co-solvents such as glycerol, gasoline, propylene glycol (PG), and
polyethylene glycol (PEG) [8].

1.5 Methods of nanoemulsion preparation

High and low energy methods are usually used to prepare nanoemulsion or combi-
nation of both. In case of high energy methods, a large distracting force is applied by
means of mechanical devices like ultrasonicators, microfuidizers, and high-pressure
homogenizers. This result in the production of vary small size droplets. However,
Low-energy approaches do not use an external force to produce nanoemulsions;
instead, they depend on the system’s intrinsic physiological properties. The high
energy methods are discussed one by one [8, 21].

184



The Nanoemulsion Technique, One of the Most Promising Strategies for Enhancing Drug...
DOI: http://dx.doi.org/10.5772/intechopen.1005267

List of co-surfactants used in nanoemulsion

Sr. # Name of co-surfactants

1 Propyl alcohol (CH;CH,CH,OH)

2 Ethyl alcohol (CH;CH,0H)

3 Transcutol P (Diethylene glycol monoethyl ether)

4 Propylene glycol (Propane-1,2-diol)

5 Glycerin or Glycerol (CH,OHCHOHCH,OH)

6 Polyglyceryl oleate (poly (oxyethylene) 1,2,3-propanetriyl ester)

7 Propylene glycol laurate (propylene glycol dodecanoate)

8 Apricot kernel oil PEG-6 esters (O-CH,-CH,) nwheren = 6

9 Propylene glycol monolaurate (CH;(CH,)10COOCH,CH(OH)CH,0H)

10 Medium chain mono- and diglycerides of caprylic acid (2,3-dihydroxypropyl octanoate (for
monoglyceride); 1,2,3-propanetriol, di(caprylate) (for diglyceride)

1 Diethylene Glycol Monoethyl ether (2-(2-ethoxyethoxy) ethanol))

Table 3.

List of co-surfactants used in nanoemulsion [19].

1.5.1 High-pressure homogenization

This technique can be used to create nanoemulsions with droplet sizes as small as
1nm (Figure 3). In high-pressure homogenization process, many forces are involved
in the creation of nanoemulsion which was achieved by using high pressure homog-
enizer or piston homogenizer. Cavitation, a lot of turbulence, and hydraulics are a few
of them. For the development of nanoemulsion droplets of small size, this process
necessitates the use of high energy. Different techniques may be used to improve
emulsification. Instead of using a single surfactant, mixture of several surfactants is
more applicable so that to reduce surface tension. In order to achieve further small size
droplets of the formulation, surfactants may be dissolved in the disperse phase rather
than dispersion medium [23]. This method is applicable at both large- and small-scale
production of naoemulsion. The method is appealing and effective, but high energy
loss as the temperature rises during the manufacturing process (Figure 4) [24, 25].

1.5.2 Ultrasonic emulsification

Actually, ultrasonic emulsification is very effective at decreasing the size of
droplets. The energy for ultrasonic emulsification is provided using sonotrodes called
sonicator probes. It has a piezoelectric quartz crystal that expands and contracts
in response to changing electric voltage. A mechanical vibration is produced as the
sonicator tip comes in contact with the formulation, resulting in cavitation. The
formation and collapse of vapors cavities in formulation is known as cavitation.
Therefore, ultrasound can be used directly to formulate nanoemulsion. This method
is mostly applicable on small scale production of nanoemulsion, where emulsion
droplet sizes as small as 0.2 pm can be achieved [8]. This method is preferred because
less concentration of surfactant and less energy is required to formulate nanoemul-
sion of homogenous nature, compared to other methods [26].
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Figure 3.
Methods of nanoemulsion preparation [22].
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Figure 4.
Pressure homogenizer [24].

1.5.3 High-shear stirring

Nanoemulsions were first made with high-shear mixers and rotor-stator devices
(Figure 5). High shear stirring is also known as high shear mixer, high shear homog-
enizer, rotar-stator mixer and high shear reactor. The internal phase droplet size can
be reduced dramatically by raising the mixing strength in these machines, but it is dif-
ficult to prepare emulsions with average droplet sizes <200-300 nm. Colloid mills are
used to achieve increase shear stress during dispersion. The most famous are Silverson
flow mixers, which have different configurations for rotors and stators to accomplish
more effective emulsification [28].

Ist of all as a result of high rotar speed, a high rotational speed is generated inside
crumbling unit and the emulsion molecules are sucked into the rotor-stator assembly.
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Figure 5.
Ultrasonic homogenizer [27].

Figure 6.
high-shear mixer [30].

After this the emulsion is thrown away to the periphery by centrifugal force, caus-
ing extreme turbulance, agitation, and dispersion in the gap between inner rotor
and outer stator. Meanwhile, the emulsion flow at high speed over the stator’s outer
opening and leave the assembly. When the efficiency of high- shear stirring decrease
dramatically while using viscous media in emulsion, the portion of internal phase
increased and size of globules may exceed to 1 micrometer [29].

1.5.4 Microfluidization

In this process a device known as microfluidizer which employs a high-pressure
positive displacement pump (500-20,000 psi), is used to produce nanoemulsion of
vary small size (Figure 6). This positive displacement pump, pump the fluid into
a specially designed chamber (consist of microchannels) at very high speed. After
that, the product pushes through microchannels into a collission area, where very
small particles in the nm range are formed. In this method, a microemulsion that has
already been prepared is inserted into the microfluidizer, resulting in a nanoemulsion
with the desired properties is obtained (Figure 7) [31].

1.5.5 Membrane emulsification

Membrane emulsification has gotten a lot of attention in the last 10 years, and it
has alot of possible applications. In this process, the internal phase is squeeze out
through microchannels or small pores in a membrane having a uniform pore-size
distribution into the dispersion medium using a low pressure. The size of the result-
ing globules is mainly determined by the membrane used, rather than agitation. This
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method is highly applicable because of its easiness, use of less surfactant conc and
lower energy requirement, and very small/uniform particle-size distributions. This
technique is used to formulate both o/w and w/o emulsions [32].

2. Conclusion

Nanoemulsions represent a versatile and promising platform for drug delivery,
offering numerous advantages over traditional dosage forms (Figure 8). The ability to
encapsulate both hydrophilic and lipophilic drugs, along with their enhanced bioavail-
ability and controlled release properties, makes nanoemulsions an attractive option for
pharmaceutical formulations. Furthermore, the development of multiple nanoemulsions
opens up new possibilities for complex drug delivery systems with specified phases and
internal compartments, allowing for the encapsulation of multiple cargos simultane-
ously. Despite the challenges associated with nanoemulsion formulation and preparation,
ongoing research efforts continue to explore novel methods and applications to further
enhance their effectiveness and utility in various fields. Overall, nanoemulsions hold
great promise for advancing drug delivery technologies and improving patient outcomes.
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Self-assembled colloidal aggregates are made up of nano- or micrometer-sized particles
dispersed in a continuous phase that organize into ordered structures due to intrinsic
physical and chemical interactions, like electrostatic forces, hydrophobic/hydrophilic
interactions, Van der Waals forces, and hydrogen bonds. These systems are stable and

form a wide variety of structures, including micelles, vesicles, liquid crystals, and
emulsions. Their ability to create sophisticated materials makes them valuable in various
fields, including materials science, pharmacology, biotechnology, medicine, food
technology, and cosmetics Despite their advantages, challenges remain in achieving
precise control over the self-assembly process. Design and Applications of Self-Assembly

Aggregates - From Micelles to Nanoemulsions is a collaborative effort by different authors,

exploring research on these microheterogeneous systems and their diverse applications.
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