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Preface

The definition of a colloidal particle is a micro/nanometer-sized solid particle
uniformly dispersed in a solution. In colloidal dispersions, there are two phase systems:
continuous phase and dispersed phase (ranging from 1 nm to 1 um). The colloidal
particle/nanoparticle is produced by considering various key factors such as particle
size, distribution, polarity, and surface properties. The stability of colloidal dispersion
has a role in homogeneous distribution with steric and electrostatic modifications.

Recently, colloidal and nanotechnological approaches have been considered as
advanced technologies. Nanotechnology is known as scientific and engineering
knowledge that makes it possible to use nanosized materials in special applications.
Nanotechnology has developed science and technology by producing superior products
and it has a multidisciplinary approach. Nanotechnological products have attracted
much attention with many new studies concentrating on colloids and nanoparticles

in biotechnology for biomedical and environmental applications. Materials science,
engineering, medicine, dentistry, drug delivery, etc. have all used this approach.
Knowledge of nanoscience and nanoengineering is being used to produce nanotech-
nology-based products such as nanoparticles, nanolayers, nanocomposites, nanofibers,
oil-in-water nanoemulsions, cyclodextrin-nanosponges, etc. Colloidal particles/
nanoparticles are preferred because of their biocompatibility and performance in
pharmaceutical applications. For this purpose, colloidal particles are also widely used
in the development of novel drug delivery systems for use in diagnosis and treatment.

Colloid Science in Pharmaceutical Nanotechnology is comprised of seven chapters
that provide an overview of colloidal particle and nanoparticle systems, their
physicochemical properties, and pharmaceutical applications. Some of the topics
covered are nanoparticle-based drug design, the miscibility of colloidal particles,
and the stability of nanoparticles. The preparation and characterization of colloidal
systems are discussed in detail. In this book, the authors focus on recent studies,
applications, and new technological developments of the fundamental properties
of colloidal particle systems. Readers will be able to access recent studies, applica-
tions, and new technological developments on colloidal systems. We sincerely thank
our authors who have contributed with experience and knowledge to this book.
Especially, our thanks go to Erbil Karakug, Emir Ersel Karakus and the editorial
team from IntechOpen for their assistance in preparing this book.

Selcan Karakus

Assistant Professor,
Department of Chemistry,
Faculty of Engineering,
Istanbul, Turkey

University-Cerrahpasa,
Istanbul, Turkey
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Chapter 1

The Viscosity Behaviour of
PEGylated Locust Bean
Gum/Rosin Ester Polymeric
Nanoparticles

Selcan Karakus, Merve Ilgar, Ezgi Tan, Yesim Miige Sahin,
Nevin Tasaltin and Ayben Kilislioglu

Abstract

In this study, PEGylated locust bean gum-rosin glycerol ester polymeric
nanoparticles (PEG-LBG/RE PNPs) were synthesized by using simple ultrasonic
irradiation method. The nanoparticles were characterized by using Fourier-
transform infrared spectroscopy (FTIR) and scanning transmission electron micros-
copy (STEM). The viscosity behaviors of nanoparticles were studied in different
conditions (pH, sonication time, and salt). The experimental results were calculated
by Huggins, Kraemer, Tanglertpaibul-Rao, and Higiro models to understand the
colloidal stability, the miscibility mechanism, and coefficients of nanoparticles. The
results confirmed that the homogenous distribution of nanostructure was related to
sonication time (30 min) and the presence of NaOH salt. With the addition of
NaOH, the nanosystem based on ionotropic gelation technique was made more
homogeneous. The results made us think that nanoparticles can be a good candidate
for drug delivery systems in biomedical and pharmaceutical applications.

Keywords: ultrasonic-assisted, locust bean gum, rosin glycerol ester,
polymeric nanoparticles

1. Introduction

Colloidal nanoparticles (CNPs) have attracted attention in industrial applica-
tions (food, pharmaceuticals, cosmetics, ink, rubber, and water treatment) due to
their biological, mechanical, and thermal properties and stability in solution. Their
superior properties depend on the high surface area, small size, and uniform mor-
phologies [1-3]. CNPs are prepared to use different methods such as sol-gel [4],
photochemical [5], electrochemical [6], laser ablation [7], ionizing irradiations [8],
and ultrasonic irradiation [9].

The ultrasonic irradiation synthesis of different morphologies of nanomaterials
consisted of metal/metal oxides, and polymeric materials have received consider-
able attention in the nanotechnology applications. The ultrasonic irradiation
(20 kHz to 10 MHz) method has been employed in the preparation of the high
purity, the uniform shape, and the nanosized distribution of nanomaterials.

3 IntechOpen
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This method causes the formation of the acoustic cavitations which consist of the
bubbles [10]. The growth and collapse of bubbles are related to the transfer of
energy at high pressures and temperatures due to the highly reactive free radicals
such as hydrogen radicals (He) and hydroxyl radicals (OHe¢). Bubbles generate three
zones, such as a hot spot (5000°C, 500 atm), a gas-liquid interface (300°C,

50 atm), and a bulk solution (25°C, 1 atm) [11].

In recent research, different structures of nanoparticles such as TiO, [12], ZnO
[13], starch [14], alumina/carbon core-shell [15], lipid-polymer hybrid [16], and
biopolymeric [17, 18] nanoparticles have been synthesized with the ultrasonic irra-
diation method. Generally, biopolymeric nanoparticles have used in the field of
foods encapsulation and drug delivery studies due to the biodegradability, biocom-
patibility, and low toxicity properties. Alginate [19], chitosan [20], carboxymethyl
cellulose/gelatin [21], Senegal gum [22], guar gum [23], xanthan gum [24], Senna
tora gum [25], and locust bean gum (LBG) [26] are natural biopolymers employed
in industrial processes [24]. Locust bean gum is a neutral polysaccharide and has a
mannose backbone with single side chain galactose units [25-27].

When the studies in the current literature are examined, it has been found that
there are very few studies on LGB based on nanoparticles [28-30]. It was found that
no studies were performed on the locust nanostructures containing rosin gum and
derivatives. In this work, the ultrasonic irradiation method was used for the prepa-
ration of novel PEGylated locust bean gum (PEG-LBG)/rosin glycerol ester (RE)
polymeric nanoparticles (PNPs) at room temperature. The present research work
was aimed at the colloidal stability, the viscosity behaviour, and miscibility of
binary polymer blends of PEG and LBG PNPs due to the intrinsic viscosity. The
intrinsic viscosity of the polymer is a significant molecular characteristic,
depending on the size of the polymer chain, molecular weight, and radius of rota-
tion of the polymer in dilute solution. The voluminosity (VE), shape factor (v), the
intrinsic viscosity [n], and Krigbaum and Wall miscibility parameter (Ab) of poly-
meric nanoparticles were calculated from different models such as Huggins,
Kraemer, Tanglertpaibul-Rao, and Higiro [17]. The values of intrinsic viscosities
were used to determine the rheological behaviour of the PEG-LBG/RE PNPs at
different conditions (pH, sonication time, and salt). The homogeneous distributions
of PEG with LGB had an influence on the blends ratio of PEG/LBG (1:1, 1:2),
sonication time (10-70 min.), temperature (25-35°C), and salts (NaOH, KOH,
CTAB). With the addition of NaOH salt, PEG-LBG/RE PNPs based on ionotropic
gelation technique were made into a more homogeneous solution. The PEG-LBG/
RE PNPs were characterized to examine surface morphologies using a Fourier-
transform infrared spectroscopy (FTIR) and scanning transmission electron
microscopy (STEM). The aim of this study was to provide an investigation of rosin
ester-based nanoparticle distributions in LGB and understand the role of polymer—
particle interactions with respect to nanoparticle concentration as well to use the
candidate nanocarrier for biomedical applications.

2. Materials and methods
2.1 Materials

Locust bean gum from Ceratonia siliqgua seeds (M.W. of approx. 310 kDa) was
purchased from Sigma Aldrich. Polyethylene glycol (PEG 400) was obtained from
Fluka (Switzerland). Ethyl acetate (anhydrous, 99.8%) was purchased from Sigma
Aldrich. Dimethyl sulfoxide (DMSO), potassium hydroxide (KOH), sodium
hydroxide (NaOH), and cetyltrimethylammonium bromide (CTAB) were



The Viscosity Behaviour of PEGylated Locust Bean Gum/Rosin Ester Polymeric Nanoparticles
DOI: http://dx.doi.org/10.5772 /intechopen.90248

purchased from Merck. Rosin glycerol ester was purchased from Pina Kimya (CAS:
8050-26-8, EC: 232-479-9, Turkey). All other reagents and chemicals were of ana-
lytical grade.

2.2 Preparation of PEG-LBG/RE polymeric nanoparticles

PEG-LBG/RE PNPs were synthesized using the ultrasonic irradiation method
(Ultrasonics Vibra-Cell, probe type, amplitude %30, a frequency of 20 kHz) with
different ratios of blends (PEG-LBG: 1:1, 1:2). In the procedure, two phases were
prepared such as the dispersion phase and the continuous phase.

The continuous phase: 125 mg LBG was dissolved in 50 ml of distilled water (60°C
for 20 min) and then added to 125 mg of PEG400 polymer solution at room
temperature.

The dispersion phase: 0.01 g RE was dissolved in 0.5 ml DMSO and then 7 ml ethyl
acetate was added to the solution.

7.5 ml of continuous phase and the dispersed phase was sonicated at room
temperature. 42.5 ml of continuous phase was then added slowly to the blends, and
the sonication procedure was continued for 30 minutes. The final solution was
evaporated at room temperature for 14 hours until ethyl acetate completely evapo-
rated in the solution. Polymer blends were also performed for different composition
ratios (PEG-LBG) such as 1:1 and 1:2.

2.3 Characterization parts

The dynamics viscosities of LBG, PEG-LBG, and PEG-LBG/RE were determined
by a programmable AND viscometer (SV-10, Sine-wave Vibro Viscometer, A § D
Company). PEG-LBG/RE PNPs were scanned in the dark field area with the wet
STEM detector by using FEI QUANTA S50 (A copper grid, Ted Pella, support films,
carbon type A, 300 meshes was utilized). STEM holder was cooled to 2°C and the
pressure was set between 700 and 1300 Pa. Samples were ground with KBr powder
and analyzed from 4000 to 600 cm ™" with a resolution of 4 cm ™" using 8 scans by
using a PerkinElmer FTIR emission spectrometer.

2.4 Calculations of the multi-concentration regression models

The changes in viscosity values of LBG, PEG-LBG, and PEG-LBG/RE PNPs were
investigated in a dilute solution (50 mL) at different ratios of polymer blends (PEG-
LBG: 1:1 and 1:2), temperatures (25 and 35°C), and sonication times (10-70 min) in

Formula Ref:
Specific viscosity ny=¢—1 1 [31]
Intrinsic viscosity = é‘l% (%) (2) [31]

Multi-concentration regression models:

Huggins ny/c = ] + ka[n]*C (e, Huggins constant) 3 [32]
Kraemer I n/ = [] + ka2 []*C (ka, Kraemer constant) (4) [33]
Tanglertpaibul-Rao e =1+ [7]C (5) [34]
Higiro Ny = €1C (6) [28]

Table 1.
The equations of the intrinsic viscosity, the specific viscosity, and the multi-concentration regression models.
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the presence of NaOH, KOH, and CTAB salts. The specific viscosities (1,,), the
intrinsic viscosities ([n]), and the multi-concentration regression models of PEG-
LBG/RE PNPs were calculated by using an AND viscometer (WinCT-Viscosity
software) in 50 ml solution at constant temperature [31-36] (Table 1).

In this study, the voluminosity (VE), shape factor (v), and Krigbaum and Wall
parameter (Ab) were calculated using the following Eqs. 7-10, respectively.
The polymer blends are miscible if Ab >0 and immiscible when Ab < 0. (b;,, the
experimental interaction parameter; by,, the theoretical interaction parameter):

0.5
=c (1.2;35 i 0.1) @)
(1] = vVE (8)
biy = Vbubn ©)
Ab = b1y — by (10)

3. Results and discussions
3.1 Colloidal stability and viscosity analysis
3.1.1 The multi-concentration regression models and salt factor

The intrinsic viscosity of [n] of PEG, LBG, PEG-LBG (1:1), and PEG-LBG/RE 1:1
nanoparticles was calculated using the multi-concentration regression models
(Huggins, Kraemer, Tanglertpaibul-Rao, and Higiro models) at room temperatures.
The correlation coefficient (R?), the intrinsic viscosity, and parameters of Huggins,

Huggins Kraemer Tanglertpaibul- Higiro
Rao
pH  [n] kx R [n] k R (n] R? [n] R?
(ml/g) 103 (ml/g) (ml/g) (ml/g)
A 4.70 0.213 0.99 6.73 1129 0.89 9.11 0.96 10.87 0.98
B 5.18 0.193  0.99 56.75 —0.075 0.87 41.32 0.98 12.68 0.99
C 2.25 0.445 0.96 71.95 —0.067 0.86 41.57 1.00 12.65 0.99
D 0.67 1.493  0.99 55.78 —0.073 0.87 43.94 1.00 10.97 0.99

Samples: (A) PEG, (B) LBG, (C) PEG-LBG/ (1:1), (D) PEG-LBG/RE (1:2), and (E) PEG-LBG/RE (1:1).

Table 2.
The intrinsic viscosity (ml/g) values of PEG-LBG blends and PEG-LBG/RE nanoparticles at room temperature
for different concentrations.

Vg (ml/g) v Ab (mL/g)2 Miscibility
PEG-LBG (1:1) 38 2.5> spherical 1.59 Miscible
PEG-LBG/RE PNPs (1:2) 42 — —0.64 Immiscible
PEG-LBG/RE PNPs (1:1) 35 2.5> spherical 1.56 Miscible

Table 3.
Voluminosity and shape factor of LBG, PEG-LBG, and PEG-LBG/RE PNPs.
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Figure 1.
The Huggins plots of PEG, LBG, PEG-LBG (1:1), and PEG-LBG/RE PNPs.
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Figure 2.
The Kraemer plots of PEG, LBG, PEG-LBG (1:1), and PEG-LBG/RE PNPs.

Kraemer, Tanglertpaibul-Rao, and Higiro models were given comparatively in
Table 2 (Figures 1-4). In this study, we focused on the effect of nanoparticles on
the morphology of immiscible polymer blends. We found that PEG-LBG/RE PNPs
(1:2) were immiscible due to the mixing ratio of PEG-LBG (Table 3).

The Huggins, Kraemer, Tanglertpaibul-Rao, and Higiro plots of the intrinsic
viscosities were calculated at different blend ratios, and the results showed the
critical role on relation between the intrinsic viscosities and the blend ratios.
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Figure 3.
The Tanglertpaibul-Rao’s plots of PEG, LBG, PEG-LBG (1:1), and PEG-LBG/RE PNPs.
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Figure 4.
The Higiro plots of PEG, LBG, PEG-LBG (1:1), and PEG-LBG/RE PNPs.

The Tanglertpaibul-Rao model and Huggins model (R* = 0.96-1.00) were the best
models to understand the intrinsic viscosity of PEG, LBG, PEG-LBG, and PEG-
LBG/RE PNPs. Behrouzian et al. [32] reported that the Tanglertpaibul and Rao
model was the best model for the intrinsic viscosity determination of cress seed gum
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Figure 5.
Plots of the intrinsic viscosity versus C of PEG-LBG/RE PNPs in the presence of salts (KOH, NaOH, and
CTAB).
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Figure 6.
Plots of [n] of PEG-LBG/RE PNPs at different temperatures (25 and 35°C).

solutions. Razavi et al. [37] reported that the best model was Tanglertpaibul and Rao
model for wild sage seed gum. In this study, the intrinsic viscosity of PEG-LBG/RE
PNPs in the presence of different salts (NaOH, KOH, and CTAB) was investigated
(Csalt, 0.1 M; Vsalt, 2 mL; Vsolution; 50 mL) at 25°C. The effect of NaOH, KOH,
and CTAB salts on the values of intrinsic viscosity of PEG-LBG/RE PNPs (1:1) was
presented in Figure 5.
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The pH values of the solutions (LBG, PEG-LBG, and PEG-LBG/RE PNPs) at
initial pH in KOH, NaOH, and CTAB salt additions were determined: pHipitia1, 5.75
PHinitian, 5.55; and pHipitial, 5.32, respectively. In the presence of salt, the values of
the intrinsic viscosity for the mixture were observed to change in two different salts
such as KOH (pHgipai. 5.93) and NaOH (pHginar: 5.72). The [n] values for PEG-LBG/
RE PNPs (1:1) did not exhibit distinctive changes in the presence of CTAB (pHginar:
3.87). Jiang et al. [38] reported that the interactions between blends were dependent
on the ionic strength at low salt concentration which was related to the increase of
salt concentration. Consequently the addition of NaOH and KOH showed the elec-
trostatic repulsion between charges along the backbone of the polymer blends.

3.1.2 Temperature and sonication time factor

The intrinsic viscosity decreased when the temperature increased, and the rela-
tion of the experimental results of PEG-LBG/RE PNPs with the temperature was
shown in Figure 6.

However, when PEG-LBG/RE PNPs were sonicated, the intrinsic viscosity
decreased for 30 minutes but remained constant after a period of time. These results
had proven that the sonication time changed the value of viscosity and was effective
on the blends (30% amp., 25°C) (Figure 7). The viscosity of Cu-ethylene glycol
(EG) nanofluids was proven to decrease with the sonication time [39]. In this study,
we found a similar situation, and demonstrated that sonication time changes the
viscosity, which has a role on the formation of nanoparticles.

3.1.3 The voluminosity, shape factor, and miscibility parameter
In this study, we investigated the relationship between the intrinsic viscosity and
the surface morphology, particle size, and shape. The shape factor was calculated

using the approach given as follows: (a) n < 2.5 indicates spherical shape, and (b)
n > 2.5 indicates ellipsoidal particles [40].

14 _

12+

10

4 T T T T T T T T T
0 19 20 a0 40

Sonication time (min)

Figure 7.
Plots of [n] of PEG-LBG/RE PNPs at different sonication times (30% amp., 25°C).
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Figure 8.
The FTIR spectrum of pure LBG, pure RE, and PEG-LBG/RE PNPs.

In this study, we predicted the size and shape factor of PEG-LBG (1:1), PEG-
LBG/RE PNPs (1:1), and PEG-LBG/RE PNPs (1:2) using the values of the intrinsic
viscosity, associated with the shape factor, which were used to determine the
change in the structure configuration. We calculated the shape and the Krigbaum
and Wall (Ab) parameters of PEG-LBG/RE PNPs (1:1) using the intrinsic viscosity
to determine the changes in the blends. We found that PEG-LBG/RE PNPs (1:1) had
a spherical-like configuration, and the amounts of PEG had a role on the miscibility
due to the interactions between the functional groups in the blends.

3.2 FTIR analysis

The FTIR spectra of pure LBG, pure RE, and PEG-LBG/RE PNPs were shown in
Figure 8.

The FTIR spectrum of pure LBG showed a broad absorption peak at 3250 cm ™"
(stretching of -OH group), 2952 cm ™" (stretching of ~CH), 1748 cm ™" (stretching of
C=0), and 1000-1100 cm " (stretching of C-O-H). Upadhyay et al. [41] and
Chakravorty et al. [42] found the FTIR spectrum data similar. The FTIR spectrum of
pure RE showed a peak at 3330 cm ' (stretching of -OH group), 1730 cm ™"
(stretching of C=0), and 1120 cm ! (stretching of C-O-H). As we have seen from the
FTIR results, we have demonstrated that the apparent OH peak of LBG disappeared
and that the rosin glycerol ester is coated with surrounding PEGylated LBG.

3.3 STEM analysis

According to the STEM image of PEG-LBG/RE PNPs (160.000x and 300.000x),
we can see that the interior structure of the polymeric nanoparticle is LBG with the
size lower than 50 nm. We are able to tell that these particles are small agglomerates
of it (Figure 9).

11
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Figure 9.
STEM image of PEG-LBG/RE PNPs (160.000x and 300.000x).

4, Conclusions

We prepared the novel PEG-LBG/RE PNPs with an average particle size of
100 nm using the ultrasonic irradiation. We dispersed the amphiphilic RE coated
with PEG-LBG blends in nanosize and spherical structure. We focused on the
miscibility of the blends, and shapes of the polymeric nanoparticles were calculated
using the values of the intrinsic viscosity in different conditions. We estimate that
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PEG-LBG/RE PNPs can be used to increase the therapeutic efficacy and biocom-
patibility of the nanodrug in pharmaceutical and biomedical studies.
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Chapter2

Magnetic and Quantum Dot
Nanoparticles for Drug Delivery
and Diagnostic Systems

Erandi Munasinghe, Maheshi Aththapaththu
and Lakmal Jayarathne

Abstract

Nanoparticles are being used tremendously in biomedical sciences due to their
promising chemical and physical properties. Magnetic nanoparticles and quantum
dot nanocrystals are two of the main nanoparticle types used in the biomedical
industry. The surface of these nanoparticles is further modified in order to obtain
biocompatibility and surface functionalization. Magnetic properties, fluorescence,
nanometer size, and availability of sites to modify its surface for bioconjugation
provide greater potential to use these nanoparticles in targeted drug delivery tech-
nique and diagnostics. As a result, these nanoparticles create massive developments
in the industrial operations. In this chapter, an overview of the nanoparticles used
in drug delivery and diagnostic systems will be discussed. In addition, advantages in
encapsulation of magnetic and quantum dot nanoparticles for bioconjugation and
different methods of drug delivery will be addressed.

Keywords: drug delivery, quantum dots, magnetic nanoparticles

1. Introduction

Among many synthetic compounds the general public comes across with,
in day-to-day life, nanoparticles are considered highly advantageous in various
applications. Nanoparticles in diagnostics and as drug delivery vehicles are coming
under the aforementioned beneficial applications in the field of biomedical science.
Various types of nanoparticles, for instance, gold nanoparticles [1] and iron oxide
nanoparticles [2], are being used in biomedical operations. Due to its magnetic
properties and nanometer size, magnetic nanoparticles such as magnetite (Fe;04)
[3] and maghemite (y-Fe,O;) [4, 5] are considered highly beneficial for diagnostics
and in drug delivery systems. On the other hand, inorganic nanoscale particles with
semiconductor properties are becoming very popular in such applications. These
semiconductor nanoparticles, called quantum dot nanoparticles, are equipped with
extremely favorable characteristics such as high fluorescence and photolumines-
cence. These nanoparticles have been tested to be used in diagnostics [6], and trials
were carried out at laboratory scale as therapeutics, that is, for drug delivery [7]. At
the same time, quantum dots are found to be more beneficial over regular chemo-
therapy, radiation, and ionizing radiation imaging [8] which are used in cancer
diagnosis and treatment.

17 IntechOpen



Colloid Science in Pharmaceutical Nanotechnology

2. Nanoparticles used in drug delivery and diagnostic systems
2.1 Magnetic nanoparticles

Magnetic nanoparticles are used widely in a variety of industrial applications in
environmental remediation [9], data storage [10], electronic device development
[11], and pharmaceutical industry [12, 13]. Its magnetic properties give a greater
potential in delivering the drugs at desired sites. The nanoscale size of the particles
gives the ability to permeate through membranes without the interference of
biological barriers. Therefore, the so-called properties make magnetic nanoparticles
an ineluctable component in the development of drug delivery systems.

2.1.1 Properties of magnetic nanoparticles

Several types of magnetic nanoparticles such as iron, nickel, and cobalt based
are available for industrial applications [14]. Due to the greater potential in surface
modification and higher magnetic properties, iron oxide nanoparticles are consid-
ered as the best magnetic candidate in the development of drug delivery systems.
These single-domain iron oxide magnetic nanoparticles are present in three differ-
ent phases, as magnetite, maghemite, and hematite («-Fe,O3) [15]. These nanopar-
ticles generally demonstrate super-paramagnetic properties at ambient conditions
even though their physical and chemical properties largely depend on the synthesis
procedure and particle size [16]. According to the motions and interactions of the
electrons available in the material, magnetism is divided in to five main classes as
diamagnetism, paramagnetism, ferrimagnetism, ferromagnetism, and antiferro-
magnetism [17, 18]. Iron oxide nanoparticles fall under ferromagnetic and ferro-
magnetic classes due to their strong collective magnetic interaction [18].

To be used in a biological environment, there are several concerns that the
magnetic nanoparticles should conquer. Colloidal and chemical stability of these
particles is the main consideration. The stability of magnetic nanoparticles is
extremely affected by intrinsic structural properties such as size, morphology, and
pH of the particles [19].

2.1.2 Synthesis of magnetic nanoparticles

Synthesis of iron oxide nanoparticles can be conducted in different procedures
using physical, chemical, or biological methods [18]. Chemical methods such as
coprecipitation, hydrothermal reactions, thermal decomposition, microemulsion,
sol-gel reactions, aerosol/vapor phase method, and electrochemical method are
the principal preparation procedures. These procedures have the ability to control
particle size, surface chemistry, and composition. Most simple, efficient, and
cost-effective methods among these procedures are coprecipitation and thermal
decomposition, which are also used widely due to the same reasons. In coprecipita-
tion, metal oxide particles are synthesized using a solution of the metal salt. In the
synthesis of iron oxide nanoparticles, aqueous Fe’* and Fe** are coprecipitated by
addition of a base, preferably, sodium hydroxide or ammonium [18].

2.1.3 Biomedical applications
As a result of its nanometer size, as small as 3 nm [20], magnetic nanoparticles
can reach the biological entities according to the interest. Cells with 10-100 pm size,

proteins as large as 5-50 nm or even genes which can be 2 nm wide and 10-100 nm
long, or viruses with size ranging from 20 to 450 nm can be targeted using these
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magnetic nanoparticles [21]. The property of magnetism, where these nanoparticles
can be manipulated by an external magnetic field, enhances its utility by providing
the ability to get these nanoparticles to where they are required. Magnetic nanopar-
ticles are used in various applications in the aspects of biomedicine and biology.
Magnetic separation has been of greater advantage in biological research, where
magnetic nanoparticles are labeled to desired biological substances. These have
proven superior sensitivity in cell sorting especially in immuno-magnetic selec-
tion of rare tumor cells in blood [22]. Moreover, these magnetic nanoparticles are
used in a vast number of biological operations such as targeted drug delivery [23],
hyperthermia [24], magnetic resonance imaging (MRI) [25], rapid diagnostics [26],
tissue engineering [27], magnetic particle imaging (MPI) [28], etc.

2.2 Quantum dot nanoparticles

Quantum dot nanocrystals are semiconductor nanomaterials with intrinsic
chemical and physical properties. These have unique semiconductor energy levels
that can be adopted by simply changing size, shape, and charge potential [29]. In
quantum dot nanoparticles, excitons are confined in all three dimensions. Quantum
confinement is a property of semiconductors where the diameter of the nanopar-
ticle approaches that of the Bohr exciton radius. These nanoparticles have particular
optical and electronic properties such as size-tunable absorption bands and emis-
sion colors due to the quantum confinement effect [30]. Quantum dot particles
are artificially synthesized from II to IV and III to V elements such as Cd, Te, Se,

Zn, etc. [31]. These are nanoscale structures typically with a diameter of 2-10 nm,
which make them a more reliable and influential candidate in most of the industrial
applications. Due to its small diameter, the surface atom to core atom ratio is high
[32]. When the surface atom to core atom ratio increases, the properties of surface
atoms dominate the properties of the whole particle. The semiconductor lattice of
quantum dots is terminating on the surface, and therefore, the surface atoms show
a different chemical behavior than the core atoms [33]. This ultimately makes the
quantum dots more beneficial in industrial and biomedical operations.

2.2.1 Properties of quantum dot nanoparticles

These nanocrystals display fluorescence and produce distinctive colors which
can be determined by the nanocrystal particle size. Fluorescence is a form of
luminescence, where a substance absorbs light or other electromagnetic radiation
and emits light of a longer wavelength than the absorbed light [34]. In general,
luminescence is defined as the emission of photons from the excited electronic
state. In contrast, when the atoms of the material absorb energy, these atoms are in
the excited state. These excited atoms release absorbed energy as photons, which
ultimately discharge light [35]. These quantum dot nanoparticles exhibit extraordi-
nary photoluminescence with increased brightness and stability [36, 37].

As presented in Figure 1, there are several types of quantum dots as core type
[38], core-shell type [39], and alloyed type (bimetallic) [40], which are classified
based on their composition and structure. Core-type quantum dots contain single
component inorganic core and can be chalcogenides of metals such as PbS, CdTe,
CdSe, etc. [38]. These can be further modified with another layer around the core
using many substances, according to the application’s requirement. Typically,
in biomedical applications, these core structures are stabilized with an organic
layer around the core in order to obtain a hydrophobic or hydrophilic surface. The
electroluminescent and photoluminescent properties of these core-type quantum
dots can be refined by basically altering the crystal size [12].
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Types of quantum dots used in drug delivery [44].

Core-shell-type quantum dots, such as CdTe/CdSe [41], CdSe/ZnS [42], CdSe/
CdS, etc., are comprised of an inorganic core and an inorganic shell, generally a
higher bandgap semiconductor around the core. Core-shell structures of quantum
dots are more effective and have an intense brightness, as a result of the diminished
chemical damage that can be happened to the fluorescence core. It is believed that
inorganic core-shell quantum dots are more robust than organically passivated
core-type quantum dots [43].

Alloyed quantum dots are synthesized by alloying two semiconductors with
different bandgap energies. This type emits colors by just altering the composition
rather than changing the crystallite size as a result of both homogenous and gradi-
ent internal structures [44].

2.2.2 Synthesis of quantum dots

Among several methods utilized to synthesis quantum dots, hydrothermal
synthesis [45, 46], and organometallic synthesis [47, 48] are the mainly used two
techniques. Other methods, for instance, polyol-hydrolysis [49], electron beam
irradiation [50], microwave-assisted aqueous synthesis [51], photochemical
synthesis [52], UV irradiation [53], and chemical precipitation [54], are also less
commonly used for quantum dot synthesis. CdTe quantum dots are highly used
in biomedical applications compared to other types of quantum dots. Generally,
CdTe quantum dots demonstrate inferior biocompatibility and stability in biologi-
cal systems. Therefore, methods have developed to modify the surface of CdTe
quantum dots during synthesis by capping the quantum dots using different sta-
bilizers such as trioctylphosphine (TOP)/trioctylphosphine oxide (TOPO) [55],
etc. Particularly, quantum dots which are capped with stabilizers containing thiol
groups [56] make the quantum dots highly biocompatible and more stable inside
biological environment [57, 58]. The CdTe quantum dots, which are synthesized in
aqueous medium using thioglycolic acid [59], cysteine [60], and glutathione [61],
provide high luminescence, stability, and surface functionalization to conjugate
biomolecules.

2.2.3 Biomedical application

Recently, quantum dots are used in many biotechnological appliances [6, 62].
These fluorescent nanocrystals are utilized in many immunofluorescence assays
[63], tissue engineering [64], DNA array technology [65], and other cell biology
techniques [66] where fluorescence measurements are occupied. Single-molecule
level studies of living cells [67] and targeted drug delivery for cancer treatment
[68] are some other applications in medicine. There are many advantages of using

20



Magnetic and Quantum Dot Nanoparticles for Drug Delivery and Diagnostic Systems
DOI: http://dx.doi.org/10.5772/intechopen.88611

quantum dots in biotechnology. As the fluorescence of quantum dots is intense
than other conventional dyes classically used in immuno-labeling and staining of
proteins, quantum dots are currently being used in immunoassays as fluorophores
[69] and in immuno-staining of cells [70], DNA [71], etc.

3. Advantages and advances in encapsulation of nanoparticles for
bioconjugation

Bare nanoparticles often show undesirable properties in biological systems.
These nanoparticles are often hydrophobic or hydrophilic, susceptible to oxidation
and agglomeration. The main concern with magnetic nanoparticles is that they may
fail to exhibit their super-paramagnetic properties inside or when conjugated to
biological systems. This reduction of magnetism occurs as a consequence of their
high chemical reactivity and extraordinary surface energy [16]. With the inten-
tion of maintaining nanoparticles in the colloidal condition during storage and
to increase their constancy and biocompatibility, bare nanoparticles are further
modified. Generally, surface modification is performed using polymers or surfac-
tants which are hefty or charged molecules compared to the nanoparticles. These
modifications provide several advantages such as increased physical and chemical
stability. Therefore, the agglomeration and oxidation which are the most problem-
atic concerns in biomedical applications can be minimized or limited. Ultimately,
these modifications make the nanoparticles biocompatible with enhanced surface
activity. Following modifications, with the use of functional groups available on the
surface of nanoparticles, targeted biomolecules can be anchored on nanoparticles
[72]. Magnetic nanoparticles acquire higher surface energy due to its tremendous
specific surface area of exposed atoms on its surface [73].

Simply, modification of magnetic nanoparticles can be achieved by surface
coating of the nanoparticle with either organic or inorganic materials. Inorganic
materials include silica [74] and carbon [74]. Silica is a widely used compound for
surface modification of iron oxide nanoparticles. As a result of its low cytotoxic-
ity, silica modified nanoparticles are considered as an excellent combination to
be used in biological applications. Silica coatings provide reduced agglomeration
along with enhanced stability which ultimately ensures biocompatible-modified
magnetic nanoparticles [75]. Organic material coating involves the addition of
the material on to the nanoparticle, and the surface structure of the nanoparticle
is totally undisturbed. There are many organic materials used for this strategy.
Some of them are dextran [76], chitosan [77], alginate [78], and polymers such as
polyethylene glycol (PEG) [79], polyvinyl alcohol (PVA) [80], and polyvinylpyr-
rolidone (PVP) [81].

4. Different methods of drug delivery

In drug delivery systems and diagnostics, nanotechnology has become a leader
in the current decade. Since the 1980s there has been a considerable number of
research on using nanotechnology in drug delivery systems [82, 83]. Due to its
unique properties, such as smaller nanoscale size, magnetism, and fluorescence,
nanotechnology-based drug delivery systems have defeated the problems and
barriers of drug therapy in the pharmaceutical industry. Studies demonstrate
many nanoparticulate drug careers, namely, liposomes [84], microemulsions [85],
nano-suspensions [86], and nanoparticles [87]. These can be administrated through
parenteral, tablets, capsules (as hard gelatin or soft gelatin), and as oral liquid [88].
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These nanoparticles are extraordinary carriers for drug delivery for cancer treat-
ment since they are not uptaken by phagocytosis by the immune system due to its
nanoscale size [89].

Nanotechnology-based drug delivery has now come into a point where it has
developed a smart drug delivery system. The theory behind smart drug delivery
technique is, when the nanoparticle system is provoked by biological, chemical,
or physical stimuli (biomolecules, pH, light, temperature, etc.), physicochemical
properties of nanoparticle system change rapidly [90]. These smart drug delivery
systems can be programmed to release drugs according to the stimuli, and the flow
rate of drug release can be regulated according to the environmental condition. It
can also predict the drugs required and switch on and off the release of drugs [91].
These advances have made the system more effective and have reduced the toxicity
and side effects of the nanoparticulate drug admonition.

4.1 Types of drug delivery

There are several drug delivery methods such as oral method [92], injection-
based method [93], transdermal delivery [94], pulmonary drug delivery [95], and
carrier-based method [96].

In oral drug delivery, formulations used in oral drug administration range from
simple tablets to modified control release tablets. This involves the use of various
polymers and hydrogel-based formulations [92]. Injection-based drug delivery
provides fast systemic effects bypassing first pass metabolism. Using this method,
the drugs can be administered in unconscious or comatose patients, and drugs hav-
ing short half-life can also be infused continuously [93]. Pulmonary drug delivery
involves the administration of drugs by inhalation through the mouth or nose. The
alveolar epithelial gets contacted with the drugs, and this provides a good surface
especially for lipid-soluble drugs [95]. In transdermal drug administration, adhe-
sive patches containing the drugs are applied on the skin. The drugs pass the skin
surface by diffusion and enter the systemic circulation by percutaneous absorption
[94]. Carrier-based drug delivery is a novel method which has been experimenting
over decades in order to escalate the efficiency and diminish the detrimental side
effects of carrier systems. This method serves improved selectivity, effectiveness,
and safety of drug administration [96].

4.1.1 Carrier-based drug delivery systems

Carrier-based drug delivery system utilizes several carriers such as liposomes,
microemulsions, micellar systems, aquasomes, and nanoparticles.

Liposomes are drug carriers with a spherical structure, constructed from one
or several amphiphilic phospholipids and cholesterols. Using liposomes as vehicles
in drug delivery provides various conveniences compared to other systems. These
carriers are created as small structures (80-100 nm), with bilayers of phospholipids
and cholesterols with an aqueous interior. As a result, lipophilic drugs can be encap-
sulated in the lipid bilayer and hydrophilic drugs in the aqueous interior [85]. Using
liposomes are considered as a low-toxic method with minimal side effects, and the
drug can be applied without deteriorating its performance [84].

Microemulsions are a thermodynamically stable mixture of two immiscible
liquids consisting of two phases called dispersed and continuous phase. These mix-
tures are typically stabilized with a surfactant and may have droplets with a size of
5-100 nm length [85]. Similar to emulsions, microemulsions can also be constructed
as water in oil or oil in water. In drug administration, dispersed or continuous
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phases are determined by the hydrophilicity of the drug. Microemulsions provide
increased solubility and stability of drugs enhancing high absorption rate through
biological membranes.

Composed of copolymers and amphiphilic macromolecules with distinct
hydrophobic and hydrophilic properties, polymer micelles form nanoscopic
supramolecular core-shell structures. These structures show different types of
morphologies, such as spheres, rods, vesicles, tubules, and lamellae. Core-shell
structure of these particles grants a number of positive factors to be used in drug
delivery applications [85]. As a result of the copolymers used in the formation of
the micelles, the half-life of the system is expanded. Another consideration is that
water-insoluble drugs can be solubilized by encapsulating the drug within the
core structure. Due to its nanoscopic size, the permeability is intensified making it
convenient for injections [97].

Aquasomes are spherical particles with 60-300 nm in size. These are used as
vehicles for drug delivery as well as to deliver antigens to evoke antigen-specific
immune responses [85]. These nanoparticles are comprised of a nanocrystalline
core, which is responsible for the structural stability, and an oligomer coating,
which protects the system from dehydration. As shown in Figure 2, the drugs or
biomolecules of interest are adsorbed on the oligomeric coating of the aquasomes,
making them conducive for drug delivery [98].

Nanoparticles are solid colloidal particles with 1-1000 nm size [18]. Currently,
a number of different types of nanoparticles along with various macromolecules
are used for drug delivery. Nanoparticles in different structures are produced
depending on their configuration and utility such as nanotubes [99], nanowires
[100], nanoshells [101], quantum dots [102], nanopores, nanobots [103], nano-
erythrocytes [104], etc. Drugs or biomolecules are attached to the nanoparticles by
adsorption, covalent attachment, or entrapment [18]. To be included in the drug
development process, utilization of potentially toxic compounds or organic solvents
in the nanoparticle synthesis procedure is inadvisable [44]. The components used
in synthesis should ideally be biodegradable and safe for in vivo use. Further, these
complexes should not induce immunological responses, and also, these should be
stable under storage conditions [105]. In drug delivery, magnetic nanoparticles
are being used in several approaches. The first approach is localized drug delivery,
where the magnetic nanoparticles attached to the appropriate drug and adminis-
tered systemically. When the magnetic field is applied on the required site of the
body, these drug-containing magnetic nanoparticles will accumulate on the dis-
eased site, and the drugs will be released for treatment [106]. The second approach
is the usage of an alternate magnetic field to generate heat by magnetic nanoparti-
cles which are conjugated to drugs via thermos-liable linker molecules [107]. These
magnetic nanoparticles have the ability to generate heat when an alternate magnetic
field is focused on a diseased site. Thus, under the alternate magnetic field, these
thermos-liable linkers get cleaved, releasing the drugs [108].

Lala_?#rﬂmrhale . Tl}l::l..d":'}.l :.: ::
Hydrg:'!?patilr —— l . Drug .//- Drug
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Figure 2.

Preparation of aquasomes [98].
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5. Conclusion

Recent advances of nanotechnology which is used in biomedical science have
given a great opportunity for the consumers to utilize the technology in a very
efficient manner. Special focus on smart drug delivery technique which provides
utmost advantages can prove this statement without hesitation. Nanoparticles,
being considered as highly useful components in drug delivery, therapeutics, and
diagnostics, can also affect its users negatively as a result of its inherent toxicity and
inferior levels of biocompatibility. Even though different types of nanoparticles
show diverse levels of toxicities, current appliances have made precautions to
minimize its toxic effect and increase biocompatibility, by encapsulation. Magnetic
nanoparticles and quantum dot nanoparticles, as discussed in this chapter, are used
widely in the aforementioned applications with modified surface fabrications.

The future prospects of nanotechnology in biomedical applications could lead to a
highly sophisticated user-friendly technology where smarter appliances will reach
consumers with the least challenges which they encounter in the present systems.
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Abstract

Chlorophenol (CP) is the organic-chloride compound which widely used as
pesticides. Industrialization and modern agriculture release a vast amount of
chlorophenol to the environment. Adsorption behavior and retention of chlorophe-
nol in the environment still not cleared. Interaction of 2-chlorophenol (2-CP) with
silica surface was investigated with different reaction conditions. The study was
conformed that outer-sphere complexation of 2-CP with silica surface and different
surface speciation was observed at different pH conditions. Maximum adsorption
(1.5 x 10~® mol m™~*) was observed around neutral pH conditions. 2-CP adsorption
on silica surface followed the first order kinetics, and it indicates multilayer forma-
tion through capillary condensation. FTIR spectral analysis reveals the formation of
a bidentate complex on the silica surface with 2-CP.

Keywords: adsorption, chlorophenol, complexation, FTIR, silica

1. Introduction

Industrialization and sophisticated agricultural techniques discharge many
chlorinated compounds into the environment as primary organic pollutants [1].
Chlorophenols (CP) is designated as the most toxic organic pollutants in the list
of hazardous wastes since these have a strong resistance to physical, chemical, or
biological treatments [2, 3]. CPs have been used in agriculture, industry, and public
health since 1920s [2]. Uses of malathion introduce 2-chlorophenol (2-CP) to the
environment as one of the main toxic organic pollutant [4, 5].

2-CP is toxic, resistant to microbial attack, and accumulates in the food chain
even from chlorophenol treated materials [6]. Accidental spillage, misuse, and
improper disposal have resulted in ground water pollution [6, 7].

2-CP is lethal to a variety of organisms at the level of 1 mg dm ™ [8]. Direct
exposure of 2-CP is fatal, and the long term exposure of 2-CP may cause cancers
and affect the function of the liver and immune system [3].

Although the production and the use of these are banned in some countries,
chlorophenols are found in many parts of the world due to abundant usage and their
environmental transportation. Owing to the toxicity and persistence of chloro-
phenol the controlling its levels and reducing the diffusion in the environment
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is necessary. In literature, the standard concentration levels for chlorophenols in
industrial effluent and waters is set to 2 and 0.1 pg L™", respectively [9].

The fate and the diffusion of CPs depend on the neutral and ionic forms
(speciation) of them. pH value of the aqueous phase governs the partition of the
CP between different environments. Neutral form of CPs exhibit low solubility in
water and high sorption capacity in soils, whereas the ionic form of CPs enhances
the solubility in water and mobility in aqueous phase [10].

Adsorption is the major technique used for the removal or reduction of chlo-
rinated compounds. Clays have been widely used as adsorbent due to their high
specific surface area [10]. There are several reports appeared in the literature on
the usage of different clay minerals as an absorbent for the removal of chlorinated
pollutants [11]. These studies have proven to be very useful in describing the
macroscopic nature of adsorption and adsorption kinetics. In-situ spectroscopic
measurements further provide information on the adsorbate configurations and
possible intermediates involved in some surface mediated reactions [12]. The stabil-
ity of adsorbate’s configuration and intermediates depends on numerous factors
such as the structure of the surface and a complex formed, the coordination number
of the metal atom in the complex, the thermodynamic equilibrium constant of the
reaction, pH of the medium, etc. [13].

Surface properties of the adsorbents play central role in the adsorption process.
The porosity of the surface and functional groups present on the surface are the
main factors that govern the adsorption process [14, 15]. The efficiency of the clay
mineral in the adsorption has been thoroughly investigated by several researchers
[16]. Functional groups present in the organic compounds or the charge of the
metal jons interest favorably with the specific properties of the mineral to enhance
the adsorption. The adsorption process is influenced by many factors such as the
chemical form of the adsorbate, solution pH, time of contact, adsorbate concentra-
tion, the amount of adsorbent, particle size, presence of competing adsorbates and
others [17, 18].

Adsorption is one complex process involves in clay minerals with the association
of contaminants. It is a mass transfer process from the aqueous phase to the solid
phase accompanied by chemical and physical forces [19]. Physical characteristics of
clay minerals are the governing factors in the adsorption process. Silica is reported
as popular model adsorbent in the adsorption studies as it is the major constituent
of natural clays by restricting the adsorption on one component. Low cost, non-
toxicity, and the structural arrangements of them favor the adsorption of toxic
contaminants. Silica is used as a model of soil adsorbent due to prevalence in the
environment and well-characterized surface properties. The surface area of silica is
an essential factor because the extent of the available surface is correlated with the
surface reactivity [20].

The objective of this research is to investigate the adsorption behavior and
configurations of 2-CP with silica surface using UV-visible and FT-IR spectroscopic
methods.

2. Materials and methods

Colloidal silica was obtained from Fluka (Switzerland). All the other chemicals
were purchased from Sigma Aldrich. Stock solutions of 2-CP and 20 g dm ™ sus-
pension of silica were prepared in deionized water. The suspension was stirred for
12 hours for equilibrating. The ionic strength of the suspensions was varied in the
range of 0.0001-0.01 mol dm ™ using 0.10 mol dm > NaNOj solutions. All experi-
ments were repeated for silicate suspensions with different ionic strength conditions.
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An aliquot of silica suspensions was pipetted out to Duran 100 mL sealed type labo-
ratory glass bottle and initial solution pH values were adjusted in the pH range from 2
to 12. Known amount of 2-CP was added to silicate suspensions. Then the system was
sealed and was stirred for 1 hour. The final concentration of 2-CP was determined. The
effect of the initial concentration of 2-CP and effect of contact time was studied.

The treated solid silica sample was recovered after the centrifugation and
used for the FT-IR measurements after subsequent dying for appropriate times to
eliminate water from samples. FT-IR measurements were carried out using JASCO
FT-IR 410 spectrometer.

3. Results and discussion
3.1 Effect of pH and ionic strength

Variation of the adsorption density with pH is shown in the Figure 1. Similar
pattern was observed at different ionic strength conditions.

When examining the values of initial and final pH, initial pH was higher than
the final pH after adsorption under acidic condition and vice-versa under basic con-
dition. Therefore, it will predict the different types of surface interactions between
2-CP and hydroxyl groups present on silica which are responsible for the changing
in solution pH due to the adsorption process [20-22].

Under the acidic conditions, 2-CP interacts with surface silanol groups releasing
—H,0 molecule to the medium resulting increase the final pH [20]. Surface interac-
tions between 2-CP and silanol groups in the acidic condition are shown in Figure 2.

The surface interactions between silanols and 2-CP under basic conditions are
shown in Figure 3. Decrease of final solution pH is due to the releasing of —HCI
molecule to the medium by forming a bi-dentate diphenolate complex. This obser-
vation further conformed by spectroscopic studies.
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Figure 1.
Adsorption density of 2-CP as a function of initial pH with different background ionic strength conditions
with NaNO,.
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Figure 2.
Proposed surface complexation of 2-CP with silica surface at acidic conditions.
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Figure 3.
Proposed surface complexation of 2-CP with silica surface at basic conditions.

According to Figure 1, the adsorption density increased significantly from pH 2
to 7 and then decreased gradually solution pH up to 12. The maximum adsorption
capacity was observed around pH 7.

Experimental results revealed that surface charge of the species present in the sys-
tem at different pH conditions governs the surface interactions between the silica and
adsorbate, resulting in variation in adsorption densities [23]. Further, the important
parameters such as dissociation constant and the point of zero charges of adsorbent
affect the adsorption amount [18]. Point of zero charge (pHzpc) of silica is 3.5 [24].
Surface charge of silica is positive below the pHzpc and negative above the pHzpc.
Dissociation constant (pK,) of 2-CP is 8.10 [25-27].

According to the pK, value, 2-CP dissociated into negative charge ions over the pH
range of 9-12, and it remains as neutral molecule in the pH range of 2-7.8. Further, most
of the silanol groups were neutral around pH 6. Dominant silanol groups were posi-
tively charged in the pH range of 2-3 and negatively charged in the pH range of 8-12.

The dissociation of 2-CP showed a negative effect on the adsorption mechanism
due to the repulsive forces between negatively charged silanol groups and 2-CP
ion. Therefore, the adsorption amount was low in the pH range of 10-12. Surface
interactions between the less number of undissociated 2-CP and silica molecules
showed a significant amount of adsorption even under the extreme acidic and basic
conditions. However, the adsorption density was higher in the acidic region than in
the alkaline area because the surface interactions were feasible due to the absence of
molecules. Favorable surface interactions between neutral 2-CP and silanol groups
showed a higher amount of adsorption density around pH 6 [28].

Furthermore, according to Figure 1, it shows that adsorption density was
inversely proportional to the ionic strength of the medium. Effect of ionic strength
on the adsorption process indicated that adsorption on to variable charge mineral
surfaces could form outer-sphere complexes via electrostatic interactions [20, 29].
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Outer-sphere complexation is sensitive to the changes of ionic strength due to the
competition with counter ions in the background electrolytes [30]. Competition
between counter ions and adsorbate was more significant at higher ionic strength
conditions than at lower jonic strength conditions. These facts prove the formation
of outer-sphere complexes upon the adsorption of 2-CP onsilica [30].

3.2 FTIR investigation

Adsorption configuration between surface silanols groups and 2-CP at differ-
ent pH conditions further confirmed by FT-IR spectral studies. Figure 4(a) shows
the FT-IR spectra of untreated silica along with the adsorbed 2-CP at different
solution pH conditions. Spectrum is divided into two parts of 500-1800 cm™,
and 2800-4000 cm™" for simplicity as no bands were observed between 1800 and
2800 cm L. The spectrum of untreated silica is shown in line (A).

In the spectrum A, the bands for Si-OH bending modes at ~1080-1270 cm™’,
Si-OH deformation mode at ~811 cm™" and Si-O stretching mode at ~915 cm™
were observed. In addition to these characteristic bands, a band appeared at
~1637 cm ™" could be attributed to the H-O-H bending vibration of physically
adsorbed water as the broad band further supports this at ~3475 cm™" [21, 31].
The band at 3743 cm ™ is typical for isolated O-H stretching vibration, and it
indicates that the presence of isolated OH groups on the surface [32]. It was
observed that the adsorption of 2-CP onto silica surface influence the IR spec-
trum of the untreated silica. For better comparison, IR spectra of silica surface
treated with 2-CP at pH 5 and 9 are shown in lines (B) and (C), respectively,
in Figure 4(a). These spectra were measured after 3 hour equilibration time
of the silica with 2-CP at respective pH. Upon adsorption of 2-CP, new bands
appeared at 1280, 1482 and ~3030-3070 cm ™" with an observation of complete
disappearance of the isolated O-H groups at 3743 cm™" while all the other bands
of untreated silica showed significant losses in their intensities. These observa-
tions suggest that the 2-CP chemisorbed on the surface [33, 34]. This behavior
of chemisorption is further explained in Figure 4(b) where the difference
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Figure 4.

(a) FTIR spectra of (A) barve silica, (B) silica treated with 2-CP at pH 5 and (C) silica treated with 2-CP at
pH 9. The bare silica samples prepare at pH 5 and 9 gave coincident spectra. All the spectva ave plotted in the
same scale for direct comparison. Scale is broken between 1800 and 2750 cm™ as no bands were observed in the
region. (b) Difference spectrum at pH 9. The positive bands are characteristic for 2-CP on the surface while
negative bands indicate the loss of surface sites due to chemisorption of 2-CP.
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spectrum (2-CP adsorbed—bare silica) is depicted. Negative bands at ~811, 915,
1270, 1637, 3475 and 3743 cm™" suggest the loss of original nature of Si-O(H)
moieties upon adsorption of 2-CP while the positive bands appeared at ~1280,
1482 and 3070 cm™ clearly shows the presence of 2-CP on the surface [21]. The
disappearance of 3743 cm ™" bands indicated that the isolated hydroxyl groups
are one of the major adsorption sites for 2-CP. Reduced intensities of other
characteristic bands of silica further suggest the interaction of 2-CP with the
surface. The new bands appeared at 1280, 1482 and 3050 cm™" are assigned

to the C-O stretching, C—C stretching of the benzene ring, and aromatic

C-H stretching modes, respectively, of 2-CP [31]. It should note here that the
1280 cm™" band appeared at pH 9 is more intense compared to that observed at
pH 5 even though the amount adsorbed (64%) was lesser than that observed at
pH 5 (74%) [33, 34].

The IR observations can further explain the variation of solution pH with the
adsorption. Figure 5(a) shows the results in the 1400-1800 cm ™" region for the
untreated (bare: dash-dot line) silica, and silica treated with 2-CP at pH 5 (line A)
and 9 (line B).

As described earlier, the intensity of the band due to H-O-H bending mode of
silica at 1637 cm ™" decreased in intensity and shifted to around 1630 cm™" upon
adsorption of 2-CP in both cases. When the pH of the medium was 9, the band at
1637 cm™" lost its intensity with the appearance of a new band at 1607 cm ™. Also,

a clear change was observed in the band at ~1482 cm™. A new band appeared

at 1495 cm™" with a remaining shoulder at ~1477 cm™" and a second shoulder at
~1452 cm™" was observed. These observations suggest that different type of bond-
ing species are involved in these two pH conditions. The new band appeared at
1495 cm ™" along with the shift in the band at 1637-1607 cm™" reveal the formation
of catechol type intermediate [35, 36]. The bands at 1495 cm ™ can be attributed to
the C-C stretch of the above catechol type intermediate and that the appearance of
strong band at 1280 cm ™' (Figure 4, line C) might indicate the presence of more-
oriented C-O bonding in the same species of the above. The shift in 1482 cm™" band
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Figure 5.

FTIR spectra in 1400-1800 cm ™" region (a) 2-CP and (b) 4-CP, bare silica: dashed-dot line, (A) silica treated
with 2 and 4 CP at pH 5 and (B) silica treated with 2 and 4 CPs at pH 9. The bare silica samples prepare at
pH 5 and 9 gave coincident spectra. All the spectra ave plotted in the same scale for divect comparison.
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to 1477 cm ™" and another shoulder peak at ~455 cm™ indicate the changes in the
electronic environment of the benzene ring due to the formation of catechol inter-
mediate in which that can be in bi-dentate or bridging configuration to the silica
surface. The experiments done with 4-CP further confirmed the formation of this
intermediate and the results are shown in Figure 5(b). The adsorption of 4-CPon
silica at different pHs showed quite similar spectra and the bands at 1607 and
1495 cm ™" did not appear. Further, the band shift at 1637 cm ™" was negligible. 4-CP
cannot form catechol type intermediate upon adsorption hence giving no bands
around the above frequencies. Study on the adsorption of 2-CP vapor on fused silica
at high temperature revealed that the formation of catechol type intermediate spe-
cies by the bonding of 2-CP via Cl atom and phenolic oxygen and formation of such
species are proved by the observation of a band at ~1600 and 1494 cm ™ [25, 35, 37].
Though the pH 9 of the medium is higher than pKa of 2-CP (8.52) the above
observations clearly show the supportive information for the proposed adsorbed
species. When the pH is higher than pKa, anionic species formed may have a high
tendency towards interacting with silica by the elimination of H,O and HCI mol-
ecules [33]. However, previous studies on the adsorption of 2-CP on fly ash and
Ca-montmorillonite showed the reduction in the adsorption capacity when the pH
was higher than pKa where the dissociated organic molecules experience the repulsion
from the negatively charged surface [38]. In the present study, the amount adsorbed at
pH 5 was ~74% while that at pH 9 was 64%. Despite that repulsion and ~10% reduc-
tion in the adsorption, the step of the elimination of Cl atom may make some favor-
able path for the remaining (or dissociated) 2-CP to interact with the Si-O sites [39].

4, Conclusions

Adsorption of 2-CP on silica surface was examined under different pH condi-
tions. The maximum adsorption capacity of 1.5 x 10™° mol m ™~ on silica surface was
observed at pH 7. There are different adsorbed species were predicted in different
pH conditions. The interaction between colloidal silica (SiO,) and 2-CP was inves-
tigated in an aqueous medium with the emphasis of Fourier Transform infrared
(FT-IR) spectroscopy.

Effect of ionic strength on the adsorption was significant as the adsorption capac-
ity was inversely proportional to the ionic strength of the medium. Experimental
results confirmed the formation of outer-sphere complexes during the adsorption
process. FTIR spectroscopic studies revealed the direct interaction between 2CP and
silica via catechol type bidentate complex by eliminating HCI while the experiments
with 4CP further confirmed the formation of such an adsorbate configuration. In the
future, these observations can also apply to identify degradation pathways of 2-CP in
natural soil system in different environmental conditions.
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the Biological Organization and
Functions

Camillo La Mesa and Gianfranco Risuleo

Abstract

It is common to entities having sizes in the nano/micro-scale range be that, real
or bio-intended systems, to undergo the action of many different forces, imparting
them colloid stability. Ubiquitary electrostatic contributions, sometimes dominant,
may overlap with steric stabilization ones; their combination effectively takes place
in most cases. The two effects are jointly responsible, for instance, for the control
of many phenomena such as: adhesion onto cells of alien agents, cellular separa-
tion during morpho-functional evolution, uptake of exogenous materials into cells
and tissues. We evidence here, how the combination of these forces operates, and
indicate the procedures leading to their effectiveness, when required for purposes
inherent to biomimicry.

Keywords: biological systems, biomimetic systems, surface charge density,
sterical stabilization, adhesion

1. Introduction

It took a long time before the characteristics peculiar to biological organisms,
were considered on the more solid grounds dictated by Physics and Chemistry. It
is enough to remind the violent criticism raised by many outstanding scientists
against D’Arcy Thompson book “On growth and form”, dating the second decade of
the last century. The successful fate of the book urged biologists to account not only
for the taxonomic rules inherent to biological organisms and to focus, much more
reasonably, on the physical forces, geometrical, and morphological constraints
responsible for biological organization, growth and functions. It is convincingly
stated there that “In the growth of a shell, for instance, we can conceive no simpler
law than this, that it shall widen and lengthen in the same unvarying proportions:
and this simplest of laws is that which Nature tends to follow. The shell, like the
creature within it, grows in size but does not change its shape; and the existence of
this constant relativity of growth, or constant similarity of form, is of the essence,
and may be made the basis of a definition, of the equiangular spiral.” [1]. To the best
of our knowledge this is the first effort to explain the growth of animal shapes in
terms of geometry and topology, and to account for the modes in which organisms
self-organize, following the rules dictated by their own genome. With respect to the
gene/body shape one should consider the phenomenon of epistasis, i.e., the effect
of one gene modulated by the genetic background [2]. Originally this definition
meant that the phenotypic effect of one gene is affected by one or more different
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genetic loci. Thus, epistatic mutations have different “combinatorial” rather than
individual effects. This was originally a genetics concept but, nowadays, is of com-
mon use in biochemistry, computational biology and evolutionary biology. Epistasis
stems from interactions between or, reciprocally, within genes and this leads to non-
linear effects. Therefore, it has a dramatic influence on the shape of evolutionary
landscapes, which leads to profound consequences for evolution and evolutionary
potentials of the phenotypic traits [3].

The statements of D’Arcy Thompson’s statement become convincing also if
applied to the micro/nanoscale range. Here, the role played by physical forces at
short distances comes in full evidence, that is: when the biological organization
modes in their lower stage, as in dispersed cells, are considered (however, in a fully
organized, functional organism, the role of physical forces may become extremely
complex). The stability and, eventually, the organization of such objects is dictated
by the overlapping, or dominance, of van der Waals, vdW, electrostatic, osmotic,
elastic, steric and many other forces. Their combination with what is dictated by
gene expression, leads to an optimal topology-ruled shape that a biological system,
be it a cell or a tissue, not to speak of a whole organism, assumes. In what follows we
put in evidence the role of major contributions when the stabilization in dispersed
form is required, or naturally occurs.

To proceed along this line, we discuss separately the physical origins of both
electrostatic and steric effects. Examples based on real biological systems, shall
be given and the pathways inducing/reducing the onset, or disappearance, of
these effects will be discussed. We must be aware that the action of many forces is
required to attain a preferred organization mode in cells and tissues, where elec-
trostatic interactions are prevalent, safe the enzyme/substrate where VAW forces
are prevalent. We also know that the mentioned forces are dominant, in the terms
dictated by energy costs, not considering their modulus (provided the sum of all
AG terms is <0). This fact, combined with the genetically driven rules, fulfills
requirements needed for optimal biological activity and functions. In what follows
we describe, in sequence, the quintessential features of both electrostatic and steric
forces, which are required to understand how important they are in living systems.
In the final part of this chapter we mention some pertinent examples on the role
that electrostatic and steric effects may jointly play.

2. Electrostatic aspects

Sufficiently high electrical potentials, y, are responsible for the kinetic stability
of colloids. These facts avoid the onset of undesired effects, such as sedimentation
[4], creaming [5], and/or clustering [6]. The foundations of colloid stability date
to the 1940s of the last century and are formalized in DLVO theory, which applies
to real dispersions. The original theory combines electrostatics and statistical
thermodynamics, and is formalized in the well-known Poisson-Boltzmann, or P-B,
equation. The effects considered in that theory are responsible for the stabilization
of clays [7], inorganic colloids as AI(OH); [8], latexes [9], cells, vesicles, viruses,
etc. [10-13]. Note that counter-ion condensation onto DNA, and biopolymers in
general, is expressed in terms of the same theory [14, 15].

The balance of attractive vs. repulsive electrostatic forces depends on the sign of
their surface potentials, y’s. On this line, Parsegian and Gingell showed that charged
surfaces of the same sign, eventually differing in modulus, may never become
attractive. Conversely, particles/surfaces bearing opposite sign attract or repel,
depending on experimental conditions [16]. That statement was demonstrated for
the surface charge densities of colloid A and B, termed 6,4 and 65, (with 64 # o5)
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separated by a distance 0 < x < L. If the upper and lower limits of the derivative,
hereafter indicated as [d(zey/KT)/dx] . o and [d(zey/KT)/dx]|. _ 1, respectively,
differ in sign, the corresponding function must be null somewhere between the
integration limits. As a consequence, like-charged surfaces always repel, whatever is
x, o or y. The question to be addressed is how to find rational procedures reducing
that unescapable fate.

In what follows, we indicate how to face the problem and to control, or mini-
mize, repulsions. Imagine having two large cells, each characterized by a given 6.
We suppose that the respective surface charge densities are equal in modulus. The
potential that one cell exerts on the other is y. In the P-B equation, the difference
among the respective exponentials, that is, exp*®"*") is considered. Proper
transformation in hyperbolic form reduces the function to [17]

exp VKD _ exp=@VKT) = 3 sinh (zew/KT) 1)

which is easily linearized if zeys < < KT. In words, the Euler-based approximation
underlying Eq. (1) holds in linear perturbation regimes. The theory relies on the
fact that the effect of y decreases with distance from the source (i.e., where charges
are located), and fulfills the law stating

= ylexp ™ ©))

Implicit in the equation is the statement that, a distance x from a surface
of well-defined potential, y decreases and its decay depends on the number of
charges; more properly, on the concentration in excess of positive, or negative, ions.
In words, it is as if we were in presence of a double layer, of length 1/k, located a
distance x apart from the source. To reduce the effect of y on its surroundings, thus,
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Figure 1.
Excess concentration of positive ions, (N+—N-), vs. distance, d. dx is the double layer thickness. The surfaces
have different charge density. The difference among them, is do. The same holds in case of excess negative charges.
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it is enough adding salt in excess. The potential is screened and repulsion between
particles substantially minimized. In this way, colloids do not “feel” each other as it
was before adding swamping electrolytes.

The problem can be properly addressed discussing the case of surface charge
density, . As a consequence of Eq. (1), y decreases with distance. On moving from
a reference point, x°, to x, o decreases. The system behaves as a capacitor, and the
local, punctual, concentration of ions, p, decreases with x. This is expressed by
writing the integral of ¢ from x° to the point of interest as

c:—jpdx (3)

The meaning of Eqgs. (2) and (3) is visualized in Figure 1. Atlong, on a molecular
scale, distances the value of the integral in Eq. (3) approaches the equilibrium ionic
concentration, and electro-neutrality is thus ensured. Therefore, (N*—N") values in the
above figure refer to the excess of counter-ions around a given charged body. Swamping
electrolytes reduce the effect of potential at long distances and favor coalescence.

In many procedures intended for food chemistry, for instance, salting is by far
the preferred route to reduce repulsive forces between entities in the given medium
and to induce phase separation [18].

3. Sterical stabilization

The role that such effect plays in controlling colloid stability, with particular
emphasis to biological systems is considered [19]. The concept was originally
intended to latexes stabilization, and later extended to bio-systems. The term “steri-
cal stabilization” indicates that macromolecules protect particles from flocculation,
or coagulation. It applies to systems in which stabilizers are surface bound to the
particles in question, which would flocculate if not protected. Sterical stabilization
is intended to systems in which binding to a given surface is permanent. When
binding is covalent, the drawbacks inherent to depletion [20, 21], which occurs
when the stabilizer is weakly bound and may transfer toward the bulk, are miss-
ing. In that case, stabilizers partition between the particle surface and the bulk.
This favors the onset of osmotic gradients, detaching stabilizers from the particle’
surface with coagulation of no longer stabilized colloids. Predicting sterical
stabilization is cumbersome if all these effects are not accounted for. As a matter
of fact, polymer moieties protruding outward a given particle are solvated, some-
times charged; their state, conformation and degrees of freedom jointly depend
on polymer-medium interactions. In other words, entropic contributions are not
only due to changes in conformational degrees of freedom, as proposed by van der
Waals’s school [22, 23]. More precisely, the Gibbs energy, due to entropic and also
enthalpy-based terms [24-26], is the result of different contributions.

We consider the following entropic terms

ASior = ASconform + DSy + other AS terms 4)

where the subscripts indicate conformational, solvation, and all other contri-
butions, respectively. We do not consider, in a first stage, terms due to charging/
discharging of polar moieties. Neither shall we consider osmotic repulsion, which
is significant when the “coronas” surrounding the nanoparticles are compact. The
requirements needed to have effective repulsion between polymer moieties, and in
coronas stabilization too, crucially depend on the solvent. It is not casual, thus, that
different stabilizers are needed to disperse colloids in polar, or non-polar, media.
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The original hypothesis by van der Waals, which relies only on conformational
entropy, is not convincing, since the contribution due to the solvent cannot be null.
In fact, the solvent features are responsible for a number of formulation possibili-
ties, including those intended to bio-systems.

To come in more details on the basics of steric stabilization, we report some
details describing the first stages of surface anchoring, i.e., polymer wrapping. That
process is responsible for macromolecule binding thereon, and not only. We describe
below that effect, without entering in much details as to whether binding is covalent
or not. Imagine a homo-polymer binding onto a solid surface; in consequence of
that, units in the chain face outward, and may bind in a second place. The only
physical restriction is that chains cannot enter the particle but may substantially
adsorb thereon in many points. The process depends on polymer affinity toward the
surface; in words, surface coverage is dictated by thermodynamics. We assume that:

a.polymers and colloidal nano-particles, NPs, are mono-disperse;
b.polymer size is << NPs radius;

c. wrapping units are much shorter than the fully extended polymer one;
d.different parts of the same polymer may wrap;

e. partition between bulk and surface-bound states may occur.

We impose X; to be the overall mole fraction of polymer molecules in the medium;
it is either free or interacting with particles. The latter is the sum of wrapping and
protruding parts. Interacting polymers are divided in two classes, i.e., wrapped, o, and
protruding, e (=1 — a), states. The equilibrium between such states, K, is defined as

Kye=o/e=a/(1 - (5)

As in most classical books on Colloid Chemistry ([27, 28], and references
therein), Eq. (5), defines the ratio of wrapped to protruded states, and gives a bind-
ing probability, P, for adsorbed segments. For an ith state, it is defined as

Pi _ ki eXP—[(ﬂ+w)ali/KT] eXP—[n/I(T] (6)

where P; refers to a state characterized by a length /;, and width equal to a.
We assume the latter to be the cross section of the main chain, Figure 2. Terms w
and 7 are energies per unit volume. Their balance depends on the dominance of
attractive/repulsive forces acting on the NP surface. 7 is a rotational energy, when
the pre-exponential k; is a proper weighing factor. P; depends on the balance of
all energy terms acting in the first layer around particles. The forces acting in the
corona depend on the average local polymer concentration, calculated layer by
layer. This statement is due to the fact that the content of polymer sub-units in a
layer depends on surface curvature, and/or bulkiness, as well [29]. Expectedly,
the solvation is not uniform along the protruding polymer chains. Similar cases
occur when polymer coverage is close-grained and does not allow surface adsorp-
tion of other species. Thus, poly-oxy-ethylene glycols, PEO’s, and structurally
related polymers (mostly PEO-PPO-PEO block co-polymers) are widely used to
avoid protein adsorption and find application if biomedical-intended NPs must
not adsorb albumin or lysozyme, otherwise easily nucleating onto the mentioned
NPs [30-32]. This common application is in use, others are mentioned below.
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Polymer-polymer interaction term
B 8L
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//',"';rl'au:v adsorption term ""*\\
Figure 2.

Polymer adsorption for loops sizes << NP diameter. The surface adsorption term, has energy = w. Polymer-
polymer interactions at the NP surface, 7z, ave attractive or vepulsive. At saturation wrapping has reached its
maximum value. Above that threshold, w and r energies balance.

Figure 3.

Reconstructed liposomes with DNA compacted on the outer surface. The lower left arrow indicates lipid
head groups; the upper one random coils represents compacted DNA. Protruding whips indicate PEO chains
anchored to the bilayer. Such chains ave hydrated, elastic, densely packed, and do not allow other species to
come in contact with liposomes.

Figure 3 describes how to get the stabilization of synthetic liposomes against
coalescence and is widely used in transfection technologies.

4. Biological implications

Physics and Chemistry allow to clarify some items of biology, despite substantial
problems, due to a terrific increase in complexity inherent to living systems. As a
matter of fact, these consist of many parts substantially differing from each other,
in reciprocal relation. A first glance to a biological sample allows to observe some
organization details. Understanding the hierarchy of active forces, packing modes,
and processes taking place in bio-systems is discouraging, unless systematic efforts
are stricken out. Therefore, most attempts to relate cell complexity to a number of
forces acting therein are not trivial. Such attempts require going from simplicity to
complexity, and to focus only on the essential modes of interaction. To focus only
on the electrostatic and steric effects is a promising starting hypothesis. The first
accounts for forces decaying with distance in a predictable way, irrespective of the
medium [33]. The second conveys the impression that the geometry dictated by
an arrangement of springs, or semi-rigid protrusions, facing outward the particle
surface implies repulsion [34]. This fact is more convincing if we account for the
additional role of osmotic forces [35], quite often associated to steric stabilization.

Cells always systematically trigger surface charges, acting as a physical barrier
against the entry of exogenous material. Passive diffusion is not enough [36], unless
it is substantially assisted by other transfer pathways. Imagine having the necessity
to insert a nucleic acid in the cell. It is absolutely necessary to make use of chaperons,
capable to overcome the protecting action of electric barriers [37]. This action relies on
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transfection technologies capable to neutralize/invert the charge of hosts to be trans-
ferred through membranes, thus favoring uptake. For instance, DNA is neutralized, or
adsorbed on oppositely charged vesicles, and transferred into the hosting cells [38-42].
Attraction between cells and transfectants is electrostatic in nature, and its action favors
fusion with the cell membrane. It is a phenomenon comparable to the behavior met
when viruses enter a cell [43-45]. This mimicry overlaps with other physical effects, due
to membrane curvature elasticity [46, 47], its fluid state [48], and so forth [49].

It is known that steric stabilization has a large effect on macrophage uptake
in vitro [50]. This effect is tuned by the fixed thickness of aqueous layers, at least
in lipid-based chaperones. To ensure long-lasting circulation to immuno-liposomes
(and avoid their biodegradation), combination of sterical stabilization with a supe-
rior targetability is attained by attaching monoclonal antibodies. These are formed
directly on the distal ends of liposome-grafted PEO chains [51, 52]. Similar effects
are attained when the more rigid poly-L-lysine is used as sterical stabilizer. In this
case, electrostatic effects, due to pH-sensitive charging/discharging of the peptide
moieties, are significant. The coupling of antibodies to membranes allow anchor-
age even in mild basic conditions without the need for antibody derivatization. On
the same line, lipo-plexes sterically stabilized with PEO derivatives are used [53].
Relevant are some reports on doxorubicin-loaded liposomes, previously stabilized by
adsorption of heparin; these systems show a marked antitumor activity. Heparin is
also a coating material stabilizing and protecting liposomes against adverse immune
reactions [54], or, in presence of adjuvants, induces drug accumulation at the tumor
site [55]. The above list is far from being exhaustive and indicates that steric stabili-
zation, in conjunction with other contributions, is responsible for advanced applica-
tions in most fields of bio-medicine and molecular medicine [56-60].

5. Final remarks

The “visions” of nature have been different throughout the development of
natural sciences. Often physicists, chemists and biologists had a different, sometimes
conflicting, way of looking at nature and investigating natural phenomena. One
example for all: physical and chemical phenomena (reactions) were considered
essentially irreversible in the “classical” history of natural sciences. On the contrary,
biological phenomena were considered reversible, and fluidity, change of shape
and behavior were dominant. It is not a coincidence that one of the masterpieces of
theoretical biology written by J. Monod (1910-1976), one of the most authoritative
biologists of last century is entitled “Chance and necessity” [61]. As the title suggests,
chance seems to rule the biological phenomena: how life arose, the “plasticity”
of many biological events. But, necessity is the driving force; a sort of constraint,
impeding the same phenomena to escape the stringent laws permitting the comple-
tion of a fully functional living organism. Indeed, these strict laws are often repre-
sented by physico-chemical (essentially weak) interactions that give a determinant
contribution to biological organization and functions. In other words, one could
confidently conclude that Occam razor in its popular acceptation, once again, holds
true: if there are competing ideas, the simplest one is possibly the correct one.

This formulation is not actually the Occam’s razor, but rather the law of maximum
parsimony. Occam’s razor states that in the case of competing hypotheses making the
same predictions, the solution with the fewest assumptions is most likely to be true,
provided that hypotheses predicting different solutions are not discarded by default.
Ockham stated this principle in various ways, but the most popular version, “Entities
are not to be multiplied without necessity” (originally “Non sunt multiplicanda entia
sine necessitate.”) was formulated by the Irish Franciscan philosopher John Punch.
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Chapter 5

Self-Microemulsifying System

Mansi Shah and Anuj G. Agrawal

Abstract

Oral route is preferred for drug administration; however according to the
recent scenario 40% of new drug candidates have poor water solubility and low
bioavailability. One of the biggest challenges in drug delivery science is to improve
low oral bioavailability problem which is associated with the hydrophobic drugs
due to their unprecedented potential as a drug deliver with the broad range of
application. Self-emulsifying systems have been proved as highly useful technolog-
ical innovations to vanquish such bioavailability problem by virtue of their dimin-
utive globule size, higher solubilization tendency for hydrophobic drugs, robust
formulation advantages, and easy to scale up. Self-microemulsifying systems are
isotropic mixers of oil, surfactant, drug and co-emulsifier or solubilizer, which
spontaneously form transparent micro-emulsions with oil droplets ranging between
100 and 250 nm. Micro emulsified drug can be easily absorbed through the lym-
phatic pathway and it bypasses the hepatic first-pass effect. Self-microemulsifying
system is a thermodynamically stable system and overcomes the drawback of
layering of emulsions after sitting for a long period of time. The present literature
gives exhaustive information on the formulation design and characterization of
self-microemulsifying systems.

Keywords: self-micro emulsifying systems, bioavailability, lipid base formulation,
surfactant

1. Introduction

An advance in in-vitro screening methods such as conjunctional chemistry is
leading to publicizing of many potential chemical components with high therapeu-
tic activity. Such rapid identification of highly potent pharmaceutical lead com-
pounds has optimized pharmacodynamic properties but sub-optimal
biopharmaceutical characteristics [1]. Most of the drugs are lipophilic in nature and
has poor water solubility. Such low water solubility becomes the major challenge
in successful development of their oral formulation. Also several drug compounds
has low oral bioavailability which further enhances the challenge for the formulator
scientist [2, 3]. More than 40% of drugs are lipophilic in nature with poor water
solubility. To resolve such challenges, many approaches have been reported to
improve the solubility and enhance the oral bioavailability which includes the
formation of cyclodextrin complex, lipid based drug delivery system, solid disper-
sions, micronization, etc. [4, 5]. Among these methods, self-emulsifying systems is
one of the most optimistic approaches to enhance the oral bioavailability of poorly
water-soluble drugs since it maintains the drug in a solubilized state in the gastro-
intestinal tract [6]. A stable self-micro emulsifying system consists of mixture of
drug, oil, surfactant and co-surfactant. Upon dilution with water it results into fine
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oil-in-water emulsion with a droplets diameter less than 50 nm [7, 8]. The micro-
emulsion droplet of self-micro emulsifying systems entraps the drug molecule
completely with 100% efficacy, thus self-micro emulsifying systems shows high
potential to deliver low water soluble drug [9]. Rapid emulsion formation helps to
keep the drug in a dissolved form and small droplet size offers a considerably larger
interfacial surface area which further accelerates the absorption rate of drug with
limited solubility. Moreover, the droplets can be rapidly dispersed in blood as well
as lymph and the lymphatic drug transport can avoid the first-pass effect [10]. This
feature makes self-micro emulsifying systems a significant choice for oral delivery
of lipophilic, low bioavailable drugs having ample of lipid solubility [11-14]. Self-
emulsifying systems is a broad term which produces emulsions with a droplet size
ranging from a few nanometers to several microns. A self-micro emulsifying system
indicates the formulations forming transparent micro-emulsions with oil droplets
ranging between 100 and 250 nm. Term self-nano emulsifying system is used to
characterize the system which results into emulsion with globule size less than

100 nm [15, 16].

2. Self-micro emulsifying systems
2.1 Classification of lipidic formulations

Lipidic formulations are classified as Type I, II, III, and IV based upon excipients
used. Type I formulations are non-self-emulsifying whereas Type II, III, and IV
formulations are self-emulsifying. Type of emulsion formed after dilution of self-
emulsifying system with water, depends upon the excipients used in formulation.
Digestibility of lipidic compositions is also affected by these ingredients. Elements
of lipidic systems are represented in the proceeding portion [17, 18]. Classification
system of lipid formulation is shown in Table 1.

Type I: Drug with tri-, di- or monoglyceride in lipid based compositions is called
as type I formulations. Dilution of type I formulations with aqueous media creates

Formulation Excipients Properties Pros Cons

Typel Oils lacking of Not dispersing, ~ Simple, Formulation has
surfactants (e.g. tri-,di- it needs Compatibility is poor solvent
and mono glycerides) digestion. excellent for capacity unless drug

capsule. is highly lipophilic.

Type II Oils and water-insoluble = SES formed Unlikely to lose Turbid o/w
surfactants. without water-  solvent capacity on dispersion

soluble dispersion (particlesize0.25—
components 2 mm)

Type 111 Qils, surfactants and co  SES/SMES clear or almost Possible loss of
solvents (both water formed with clear dispersion; solvent capacity on
insoluble and water- water-soluble drug absorption dispersion; less
soluble excipients) components without digestion  easily digested

Type IV Water-soluble Formulation Formulation has Likely loss of
surfactants and Co disperses good solvent solvent capacity On
solvents(no oils) typically to capacity for many  dispersion; might

forma micellar  drugs not be digestible
solution
Table 1.

The Lipid Formulation Classification System: characteristic features, pros and cons of the four essential types of
Tipid® formulations.
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coarse dispersion and is not readily dispersible. Initial digestibility by pancreatic
lipase/co-lipase to engender more amphiphilic species is a pivotal necessity for their
oral absorption. For potent drugs or drugs with high oil solubility, Type I formula-
tions are preferable.

Type II: These formulation contain drug with oil and water insoluble surfactants
(Hydrophilic lipophilic balance <12), and are also called as self-emulsifying sys-
tems. Self-emulsification is mainly acquired at the surfactant concentration above
25% w/w. Surfactant greater than 60% w/w that is at higher Concentration, there is
formation of liquid crystalline gel phases at the o/w interface because emulsification
is impeded. Such systems generate droplets size above 300 nm, when dispersed in
water it developed emulsion which is opaque in nature.

Type III: Type III formulations consist of drug, oil, surfactants, and co-solvents
for both water-soluble and water insoluble. Ethanol, polyethylene glycol and pro-
pylene glycols are selected as co-solvents. Such systems generate droplets size below
300 nm, when dispersed in water and are called as self-micro emulsifying systems.
The obtained emulsion is either optically clear or somewhat opalescent dispersion.

Type IV: Type IV formulations consist of drug, water soluble surfactants, and
co-solvents. Oil is absent in this type of formulation.

2.2 Suitable drug candidate identification for self-emulsifying systems

Drugs that belong to the Class II and Class IV of biopharmaceutical classification
system offer potential platform to enhance the oral bioavailability. Log P of the drug
indicates the potential utility of lipid based formulation. Maintenance of drug solu-
bility in gastrointestinal tract is the foremost challenges to oral formulation and
especially the increased drug solubility at the absorption site of the gut [19]. Lipo-
philic drug composite that manifest dissolution rate limited absorption, self-
emulsifying systems can provide an improvement in absorption in terms of rate and
extent, that results in consistent blood time profiles [7, 20]. Problem of poor solu-
bility and low bioavailability of drug across all categories of biopharmaceutical
classification system can be resolved by formulating into self-emulsifying system,
as shown in Table 2 [21].

For an oral absorption Lipinski’s rule of five has been widely proposed as a
qualitative predictive model. In the discovery setting, the ‘rule of five’ predicts that
if there are more than five H- bond donors, it shows poor absorption or poor
permeation [22].

Whether solubility and log P are sufficient to identify probable drug candidates
for such formulations that question arises and also it is noted that biopharmaceuti-
cal classification system and Lipinski’s rule of five classification system are useful,
particularly at inceptive screening stage, they have some constraint. For recognize
the suitable lipid based formulation approach aqueous solubility and log P alone are
improbable enough because they do not adequately predict potential in- vivo
effects.

BCS class Hurdles overcome by SES

Class I Gut wall efflux, Enzymatic degradation.

Class II Solubility and bioavailability.

Class III Enzymatic degradation, bioavailability and gut wall efflux.

Class IV Solubility, bioavailability, Enzymatic degradation, gut wall efflux.
Table 2.

SES as a solution to various problems to different classes of drugs.
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2.3 Choice of self-microemulsifying excipients for formulations

Self-emulsifying formulation produces dispersion in gastrointestinal tract by
using different excipients. Isotropic mixtures of oils, surfactants, solvents, and co-
solvents/surfactants comprise self-emulsifying formulation and it emulsifies in gas-
trointestinal tract under a gentle agitation [23].

Depending upon the type of dispersion produced after dilution with water
phase, self-emulsifying formulations are further classified as self-emulsifying sys-
tems, self-micro emulsifying systems and self-nano emulsifying systems. Emulsion
which is slightly hazy, opalescent or opaque colloidal coarse dispersion is called as
self-emulsifying systems. Micro-emulsion which is clear or pellucid, slightly hazy,
opalescent, non-opaque colloidal dispersion with droplet size below 150 nm are
called as self-micro emulsifying systems. Nano-emulsion which clear or pellucid,
slightly hazy, opalescent, non-opaque or substantially non-opaque colloidal disper-
sion with droplet size below 20 nm in diameter called as self-nano emulsifying
systems [24]. For the formulation, excipient should be chosen from the list of
generally regarded as safe “GRAS” excipients published by USFDA or from other
inactive ingredients approved and published by regulatory agencies.

2.3.1 Active pharmaceutical ingredient

Active Pharmaceutical Ingredient should be soluble in oil phase as this have an
impact on the self-micro emulsifying systems to maintain the active pharmaceutical
ingredient solubility. Drugs with the low solubility in aqueous media or lipids are
strenuous to convey through self-micro emulsifying systems. Exceedingly good
solubility in one of the components of self-micro emulsifying systems is require
preferably oil phase, if very high dose of drug liked to be administered. For self-
micro emulsifying systems, high melting point of drug with log P value around 2 is
not appropriate and for self-micro emulsifying systems, lipophilic drugs with the
log P values more than 5 are good candidate [19, 25].

2.3.2 Lipids/oils

In self-emulsifying formulations, oil represents the most important constituent
as it solubilizes prominent amounts of the lipophilic drug. Oil promotes self-
emulsification and extends the fragment of lipophilic drug transported through the
intestinal lymphatic system. Absorption of lipophilic drug from the gastrointestinal
tract is enhanced depending upon the molecular nature of the triglyceride used in
formulation [26, 27]. Regardless of the noteworthy potential that these lipid excip-
ients have, very few of lipid based formulations has reached to the pharmaceutical
market. This may be due to the insufficient data concerning the relatively compos-
ite physical chemistry of lipids and scrutinize about formulated drug chemical and
physical stability. Incorporation to these studies, its impact on drug absorption is
also essential and which depends on interaction of a lipid-based formulation with
the gastrointestinal tract environment [28]. Natural edible oils, comprising
medium-chain triglycerides, are not commonly preferred in this regard owing to
their poor ability to dissolve large amounts of lipophilic drugs [29]. For designing of
self-emulsifying systems, varying degrees of saturated and hydrolyzed long and
medium chain triglycerides are used. These semi synthetic derivatives form good
emulsification systems when used with a large number of solubility enhancing
surfactants approved for oral administration. There is polarity deference between
the long chain triglyceride and medium-chain triglyceride, a wide micro-emulsion
area has been achieved in phase diagram if medium chain triglyceride is used. More
is hydrophobic long chain triglyceride, more difficult it becomes to emulsify.
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2.3.3 Surfactants

The self-emulsifying system demand incorporation of comparatively large
amounts of surfactant in addition to the oil, to convey drug in the formulation.
Permeability of the intestinal membrane and affinity between lipids and intestinal
membrane will be improved due to effect of surfactant. Surfactants improve the
permeability by partitioning into the cell membrane and disrupting the structural
organization of the lipid bilayer dominates to permeation enhancement [30]. The
two major affairs that command the selection of a surfactant enclose first safety and
second hydrophilic lipophilic balance. To formulate self-emulsifying systems,
Hydrophilic lipophilic balance of surfactant provides important information. High
emulsifying performance is achieved if the emulsifier used in formulation of self-
emulsifying systems has high hydrophilicity and hydrophilic lipophilic balance.
Therefore, for effective absorption at the site, drug is present in solubilized form for
a longer period of time and prevents precipitation of drug substance in gastrointes-
tinal tract lumen [31]. Generally single alkyl chains are more penetrative, so surfac-
tants such as polysorbates and triglyceride ethoxylates are found to be less toxic.
Usually the surfactant concentration ranges between 30 and 60% of the total for-
mulation in order to form stable self-micro emulsifying systems [32].

2.3.4 Co-surfactants/co-solvents

Stress of interface is decrease in the presence of co-surfactant and it allows the
interfacial film sufficient flexibility to take up different curvatures required to
form self-micro emulsifying systems over a wide range of composition [33]. The
mixture with higher surfactant and co-surfactant: oil ratio assists the formation of
self-micro emulsifying systems. Disadvantage of alcohol and other volatile co-
solvents is that they get evaporated through the shell of soft or hard gelatin capsules
and results into precipitation of drug (Table 3) [34, 35].

2.4 Mechanism of self-emulsifying systems

The mechanism by which self-emulsification occurs is not yet well understood.
The entropy change of dispersion is greater than the energy required to increase the
surface area of the dispersion at that time self-emulsification is occurring. In a
conventional emulsion formulation, a free energy is an energy that required
developing a new surface between the two phases i.e. oil and water and it can be
narrated by

Oils Surfactants Co-surfactants/
co-solvent

Cotton seed oil Polysorbate 20 (Tween 20) Span 20

Soybean oil Polysorbate 80 (Tween 80) Span 80

Corn oil Polyoxy 35 castor oil (Cremophor RH40) Capryol 90

Sunflower oil Polyethylene glycol

Castor oil D-alpha Tocopheryl polyethylene glycol 1000 succinate Ethanol

(TPGS)
Peanut oil Lauroglycol
Sesame oil Isopropyl alcohol
Table 3.

Example of Oil, Surfactant and Co-surfactant/Co-solvent.
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where G is free energy, N is the droplets number, r is globules radius, and o is
the interfacial energy [22, 26]. The oil and water phase of the emulsion separates
upon reduction in the interfacial area and free energy of the system. Conventional
emulsifying agent stabilizes the emulsion by forming a monolayer around the
emulsion droplets and reduces the interfacial energy, thereby provides a barrier to
coalescence. For the formulation self-emulsifying systems free energy requires is
either very low or positive or negative then, the emulsion process occurs irrepress-
ible. Very low energy requires for emulsification, it involves destabilization through
diminution of interfacial regions. It is necessary to not have any resistance to the
surface shearing of the interfacial structure to occur the emulsification. Through the
emulsification water penetrates into the various liquid crystals or phases. As soon as
binary mixture of oil/non-ionic surfactant comes in contact with aqueous phase,
formation of interface between the oil and aqueous phases occurs. Aqueous phase
penetrates through this interface and starts solubilizing with oil phase till the limit
of solubilization is reached at the interface. There is relationship between the emul-
sification properties of the surfactant and phase inversion behavior of the system.

Upon mild agitation of self-micro emulsifying systems, water penetration occurs
quickly and leads to the interference of interface and droplets will be formed as
micro-emulsions are thermodynamically stable; equilibrium exists within the sys-
tem although there is continuous exchange of matter between the different phases
[36]. Interchanging of matter usually occurs in two different ways like amalgam-
ation of small droplets followed by the parting of larger droplet into small droplets
and fragmentation of droplets which later coagulate with other droplets [37].

Self-emulsifying drug delivery system also poses accountability in contempt of
its many assets namely

i. Drug chemical instability

ii. Large amount of surfactant used in formulation causes irritancy in
gastrointestinal tract

iii. Precipitation of lipophilic drugs take place when volatile co-solvent is
incorporated [38].

2.5 Formulation design
Formulation of self-micro emulsifying systems involves the following steps.
1.Screening of excipients.
2.Establishment of pseudoternary phase diagram.
3.Development of self-micro emulsifying systems.
4. Characterization of self-micro emulsifying systems.
2.5.1 Screening of excipients
Selection of the most satisfactory excipients that can be used in the preparation

of self-micro emulsifying systems depends on the solubility studies. Solubility of the
drug is tested in various oils, surfactants, and co-surfactants [39]. Shake flask
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method is generally used to performed these type of studies. In these studies excess
amount of drug is added to the excipient and then flask is shaken for 48 hours in
water bath shaker at room temperature. After 48 hours samples are subjected to
centrifugation, then filtered through 0.45 pm filters and drug content is examined
[40, 41]. The objective of these solubility studies is to choose oil, surfactant, and
co-surfactant that show maximum solubility to the drug. Another objective is
accomplishment of optimal drug loading with minimized entire volume of the
formulation [42].

To check the emulsification ability, screening of surfactant and co-surfactant is
done by mixing known amount of surfactants with equal portion of selected oil and
surfactant, and homogenized. The idea about ease of emulsification is obtained
when the mixture is added to double distilled water and the number of flask
inversions required to form homogenous emulsion is noted [43]. Then, the obtained
dilution is tested for turbidity, percentage transmittance and clarity. The surfactant
that shows high percentage transmittance at lower flask inversions with high emul-
sification efficiency is generally selected. Similarly, co-surfactants representing
higher emulsification efficiency are selected for self-emulsifying formulation [44].

2.5.2 Construction of pseudoternary phase diagram

Micro-emulsion is formed by the spontaneous emulsification method and can
be depicted with the help of phase diagrams. Construction of phase diagram is a
useful approach to study the complex series of interactions that can occur when
different components are mixed ternary phase diagram is used to study the phase
behavior of three components. Ternary phase diagram represents the system with
three components oil, water, and surfactant. But in case of self-micro emulsifying
systems, the additional component like co-surfactant/co-solvent addition is most
common. Ternary diagram contains three corners that correspond to the 100% of
the particular component. In case of addition of fourth component, the ternary
diagram can be termed as pseudoternary phase diagram [45]. For building of
pseudoternary phase diagram, components of micro-emulsion are examined for
emulsification efficiency at various compositions. Emulsions, micro-emulsions,
micelles, inverted micelle structures may be form and the degree of formation of
these structures can be determined with the formation of ternary phase diagram
[46, 47]. The fixed ratio is typically formed by the fusion of surfactant and co-
surfactant and it may be the mixture of oil and surfactant. This is mixed with the
specific volume of the third phase like oil or co-surfactant; then the other compo-
nent i.e. water is added in a gradual amounts and with every addition the solution is
tested for the clarity, dispersibility, time for self-emulsification, and flowability.
The total concentration of all components in each mixture is 100%. In
pseudoternary phase diagram, the samples which formed clear solution is denoted
by suitable symbols in the phase diagram. The area that is formed when these points
are joined indicates the mono-physic micro-emulsion existing area and wide area
indicates the good emulsification efficiency [48, 49].

The following points may be useful to read and to understand ternary diagram in
an easy way. The three corners of the typical ternary diagram represent three
components, that is, A, B, and C. The arrow towards BA indicates increase in
proportion of A from 0% concentration (at point B) to 100% concentration (at
point A), the arrow towards AC indicates the increase in proportion of C from 0%
concentration (at point A) to 100% concentration (at point C), and similarly the
arrow towards CB indicates the increase in proportion of B from 0% concentration
(at point C) to 100% concentration (at point B). It shows in Figure 1, composition
at point O can be known by the following procedure [50].
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Figure 1.
Typical ternary diagram indicating the composition of A, B, and C at point O.

i. A line is drawn parallel to CB from point O towards AB. The point where this
line intersects with AB indicates the percent composition of A at point O (X).

ii. Then, percent composition of B at point O can be known by drawing a line
that is parallel to AC towards BC. The point where this line intersects with
BC indicates the percent composition of B at point O (Y).

iii. Similarly, the percent composition of C, at point O can be known by
drawing a line that is parallel to AB towards AC (Z).

2.5.3 Preparation method of self-micro emulsifying systems

Self-micro emulsifying systems is prepared by adding drug into the mixture of
oil, surfactant, and co-surfactant and then vortexed. In some methods, first drug is
dissolved in one of the excipients and later on other excipients are added to this
prepared solution. Then, the solution is appropriately mixed and turbidity mea-
sured. After 48 hours at climatic condition, the solution is heated if required for the
development of clear solution [51, 52].

2.5.4 Characterization of self-micro emulsifying systems
2.5.4.1 Visual inspection

The assessment of self-emulsification is possible by visual evaluation. After
dilution of self-micro emulsifying systems with water, the opaque and milky white
appearance indicates the formation of macro emulsion whereas the clear, isotropic,
transparent solution indicates the formation of micro-emulsion [53, 54]. Precipita-
tion of drug in diluted self-micro emulsifying systems is evaluated by visual inspec-
tion. The stable formulation is obtained when drug precipitation is not noticeable. If
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the formulation contains water soluble co-solvents then precipitation is common
outcome and it can be avoided by enhancing the concentration of surfactant
[55, 56].

2.5.4.2 Droplet size

This is a crucial factor in self-emulsification performance because it determines
the rate and extent of drug release, as well as the stability of the emulsion [57]. The
droplet size is mainly dependent on the nature and concentration of surfactant.
Photon correlation spectroscopy, microscopic techniques or a coulter nanosizer are
mainly used for the determination of the emulsion droplet size [58, 59].

2.5.4.3 Turbidity measurement

This recognizes efficient self-emulsification by determine the dispersion
reaching equilibrium quickly in a consistent time [60]. Orbeco-Helle turbidity
meter is most commonly used for turbidity measurements. This turbidity meter is
connected to dissolution equipment and emulsification time, optical clarity of nano
or micro-emulsion formed is recorded after every 15 second. Turbidity can also be
discovered in expression of spectroscopic characterization of optical clarity [61].

2.5.4.4 Zeta potential measurement

This is used to identify the charge of the droplets. In conventional self-micro
emulsifying systems, the charge on an oil droplet surface is negative because of the
presence of free fatty acids. Zeta potential is generally measured by zeta potential
analyzer or zeta meter system [11]. Value of zeta potential indicates the stability
of emulsion after appropriate dilution. Higher zeta potential indicates the good
stability of formulation [62, 63].

2.5.4.5 Viscosity measurement

Viscosity of diluted self-micro emulsifying systems formulation is determined
by rheometers like brookfield, cone and plate rheometers fitted with cone spindle or
rotating spindle brookfield viscometer. During titration, the initial increase in vis-
cosity with subsequent decrease with the increase in water volume attributes to
water percolation threshold. This indicates the formation of o/w micro-emulsion
from w/o micro-emulsion with intermediate bi-continuous phase [64]. Micro-
emulsion can be determined by the graph plotted between shear stress and shear
rate. The Newtonian behavior indicates the presence of droplets of small and
spherical shape.

2.5.4.6 Determination of emulsification time

Efficiency of emulsification of various compositions of medium chain triglycer-
ide systems is determined by using a rotating paddle to assist emulsification in a
crude nephelometer [65]. This empowers an assessment of the time taken for
emulsification.

2.5.4.7 Cloud point determination

Cloud point is generally determined by gradually increasing the temperature of
water bath in which the formulation is placed and measured spectrophotometrically.
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The point where percentage transmittance decreases signifies the cloud point that is
the temperature above which the transparent solution changes to cloudy solution.
As the body temperature is 37°C, formulations should exhibit the cloud point more
than body temperature to retain its self-emulsification property. Phase separation
and decrease in drug solubilization are commonly observed at higher temperature
than the cloud point due to the susceptibility of surfactant to dehydration.

Cloud point is influenced by drug lipophilicity and other formulation

components [66].

2.5.4.8 Cryo-transmission electron microscopy studies

Transmission electron microscope is used to characterize the sample. In this
sample is taken on copper grid. Filter paper is used to form the thin liquid film on
the grid. The grid is extinguished in liquid ethane at —180°C and transferred to
liquid nitrogen at —196°C [67, 68].

2.5.4.9 Percent transmission

This test gives the indication of transparency of diluted self-micro emulsifying
systems formulation. It is determined spectrophotometrically after dilution of for-
mulation with water, keeping water as blank. The percentage transmittance value
near to 100% indicates clear and transparent micro-emulsion formation [69].

2.5.4.10 Small-angle neutron scattering

Size and shape of the droplets is determined using small angle neutron scatter-
ing. Small-angle neutron scattering experiments use the interference effect of wave
lets scattered from different materials in a sample with the different scattering
length densities.

2.5.4.11 Thermodynamic stability study

These studies are useful to evaluate the consequence of temperature change on
formulation. Formulation is diluted with aqueous phase and subjected to centrifu-
gation at 15,000 rpm for 15 min or at 3500 rpm for 30 min. The samples in which
the phase separation is not observed further subjected to freeze thaw cycles (—20
and 40°C temperature, respectively) and observed visually. The thermodynami-
cally stable formulations does not show any changes in visual description [70, 71].

2.6 Factors influencing formulation of self-micro emulsifying systems
2.6.1 Drug dose

Drugs with a very high dose are not acceptable for self-micro emulsifying sys-
tems unless they exhibit very good solubility in one of the excipients of self-micro
emulsifying systems, mostly in a lipophilic phase. The drugs having a little solubility
in water and lipids (log P values of approximately 2) are very difficult to deliver by
self-micro emulsifying systems.

2.6.2 Drug solubility

Solubility of the drug in oil phase is important parameter in self-micro emulsifying
systems formulation to maintain the drug solubility. A chance of precipitation is
probably higher if contribution of surfactant and co-surfactant is greater in
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formulation. Dilution of self-micro emulsifying systems will owe to decrease solvent
capacity of the surfactant or co-surfactant. An equilibrium solubility measurement is
carried out to predict the potential cases of precipitation in the gut region.

2.6.3 Polarity of lipid phase

Drug release from the self-micro emulsifying systems is mainly affected by the
polarity of the lipid phase. The polarity of the droplet is governed by the hydrophilic
lipophilic balance, the chain length and degree of unsaturation of the fatty acid,
the molecular weight of the hydrophilic portion and the concentration of the
emulsifier. Affinity of drug towards solvent is indicated by polarity. Rapid release of
the drug in the aqueous phase is high if the polarity is high.

2.7 Significance of self-micro emulsifying systems

1. Self-micro emulsifying systems have the same advantage as emulsions, of
facilitating the solubility of hydrophobic drugs. Macro-emulsions undergo
creaming over a period of time, whereas self-micro emulsifying systems being
thermodynamically stable can be stored easily [22].

2.Most of the self-micro emulsifying systems formulations are in capsule or
tablet dosage forms, thus occupying smaller volume, easy to administer and
hence improved patient compliance [72].

3.Self-micro emulsifying systems are advantageous over self-emulsifying
systems as the former is less dependent on bile salts for the formation of

droplets [73].

4.Drugs which have propensity to be degraded by the chemical and enzymatic
means in gastrointestinal tract can be protected by the formulation of self-
micro emulsifying systems as the drug will be presented to the body in oil
droplets [74].

5.Self-micro emulsifying systems have the ability to facilitate rapid oral
absorption of the drug, which results in quick onset of action [75].

6. Absorption of drug from self-micro emulsifying systems formulation is not
affected by food. The lipophilic contents of fatty diet, aids in absorption of
drug from these systems [76].

7.Self-micro emulsifying systems can be easily manufactured at large scale as it
requires simple and economical manufacturing facilities, such as simple mixer
with an agitator and volumetric liquid filling equipment [77].

8.Surfactants of high hydrophilic lipophilic balance like polysorbate 80 are
reported to increase the permeability of the drug when administered along with
the formulation due to the loosening effect of these on tight junctions [78].

2.8 Challenges in self-micro emulsifying systems formulation

1.In gastrointestinal tract fluid, diluted self-micro emulsifying systems undergo
precipitation of drug. An essential for the lipid formulations is that they should
allow keeping the drug in the solubilized form in the gastrointestinal tract.
Advantage of lipid-based formulation is abolished due to the precipitation of
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the drug. The precipitation tendency of the drug on dilution is higher due to
the dilution effect of the hydrophilic solvent. It thereby requires incorporation
of polymers to minimize drug precipitation in-vivo [79, 80].

2.Liquid self-micro emulsifying systems are difficult during handling, storage
and stability. Therefor formulating solid self-micro emulsifying systems seems
to be a logical solution for these problems [81]. Another hurdle in the
development of self-micro emulsifying systems and other lipid-based
formulations is the lack of good established in-vitro models for the assessment
of the formulations [79].

3.Conventional dissolution methods do not work, as these formulations
potentially are dependent on digestion of lipid in the gut, earlier to release of
the drug. In-vitro model replicating the digestive processes of the duodenum
has been developed to mimic the condition [81]. This model also needs more
clarification and validation before its strength are examined. Further,
development can be based on in vitro-in-vivo correlations.

4.Lipid excipients containing unsaturated fatty acids and its derivatives are
prone to lipid oxidation [81]. Inclusion of Lipid soluble antioxidant in
formulation of capsule [82]. Polymorphism associated with thermo-softening
lipid excipients requires specific process control in their application, in order
to minimize polymorphic changes of the excipient matrix.

2.9 Patented conventional self-micro emulsifying systems of lipophilic drugs

Self-micro emulsifying systems patent are shown in Table 4 [83-86].

Sr. no Summary of invention Application Patent number
1 Self-microemulsifying formulation Poorly water soluble compounds EP1498143A1
containing taxoid, surfactant, and Co- Taxoids having high molecular
surfactant [22]. weight, and slightly lipophilic. This

patent enhances oral bioavailability
of taxoids through
self-emulsification.

2 The self-micro emulsifying Increases bioavailability of poorly =~ EP1340497A1
Formulation consisting of poorly soluble drugs of paclitaxel and
soluble or insoluble drug, vitamin E, a docetaxel.

co-solvent, bile salt(s), TPGS, and a
surfactant [72].

3 Self-emulsifying pharmaceutical Improves bioavailability of poorly ~ EP2062571A1
Composition containing a lipophilic  soluble drugs such as cyclosporine,
drug, surfactant(s), and hydrophilic  tacrolimus, ibuprofen, ketoprofen,
carrier(s) [73]. nifedipine, amlodipine, and
simvastatin.

4 Formulation containing mitotane, The invention provides the SMES of ~ EP2435022A2
propylene glycol monocaprylate, mitotane, which overcomes the issue
propylene glycol dicaprate, and of its low solubility and low
polyoxyethylene sorbitanmonooleate bioavailability.
[74].
Table 4.

Patented conventional SMES of lipophilic drugs.
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3. Conclusion

Self-micro emulsifying systems drug delivery systems are effective approach for
increase the bioavailability of poor water soluble drug. Currently, several formula-
tions have been developed to produce modified emulsified formulations as alterna-
tives to conventional self-emulsifying systems, which provide faster and enhanced
drug release. Versatility of self-micro emulsifying systems could be proved if issues
like method to predict solubilization state of the drug in-vivo, interaction of lipid
systems with components of capsule shell and basic mechanism of transport of self-
micro emulsifying systems through gastrointestinal tract are adequately addressed.
Further research in developing self-micro emulsifying systems with surfactants of
low toxicity and to develop in-vitro methods to better understand the in-vivo fate of
these formulations can maximize the availability of self-micro emulsifying systems
in market.
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Chapter 6

Cyclodextrin Nanosponges:
A Promising Approach for
Modulating Drug Delivery

Sunil Kumay, Pooja Dalal and Rekha Rao

Abstract

Nanotechnology showed great promise and impact on administration of
therapeutic agents owing to its advantages over contemporary delivery systems.
Nanoscale carriers like nanosponges represent a novel category of hyper cross-
linked polymer structures with nanosized cavities which can be filled with variety
of active moieties (hydrophilic as well as hydrophobic). These nanocarriers can
circulate around the body until they found the specific target site and adhere on the
surface and release the active moiety in a predictable and controlled manner, result-
ing in more effective delivery of a given dosage. Nanosponge technology helps to
reduce drug associated side effects, improve stability, increase elegance and improve
the flexibility of formulations, administered orally, parenterally and topically.
Among nanosponges, cyclodextrin-based nanosponges (CDNS) are smart versatile
carriers studied widely for drug delivery applications. Statistically, it have presented
that approximately 40% of active moieties marketed currently and about 90% of
active moieties in their preliminary phase confront problems regarding to solubil-
ity. In the past decade, the number of studies describing CDNS has dramatically
increased. In the present chapter, scientists working in arena of nanotechnology can
get an idea of fabrication, characterization and therapeutic utilities of nanosponges.

Keywords: drug targeting, solubility enhancement, porosity, nanocarrier,
controlled release

1. Introduction

The development of new active moiety is very expensive and time consuming.
Currently, it is estimated the bringing a new portion of active moiety through dis-
covery, development, clinical trials and regulatory approval will take a decade and
cost approximately $120 million. Therefore, an attempt has been made to improve
the safety efficacy relationship of established drugs using a variety of methods, such
as individualized drug therapy, therapeutic drug monitoring and dose titration. The
delivery of active moieties at controlled rate and targeted delivery have attracted
the attention of research community and hence, pursued vigorously [1-4]. Further,
effective and safe delivery of therapeutic drug molecules has always posed challenge
for formulation scientists. For this purpose, numerous nanocarriers have been fabri-
cated and explored. Nanoformulations are highly multifunctional delivery systems
possessing a range of applications such as enhanced solubility, stability, specific
targeting, on-demand release and degradation within suitable period of time [5].
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Nanoformulations and nanoparticles have already been applied as carriers of active
moieties with great success; and they have an even greater potential for many appli-
cations, like gene therapy, anti-tumor therapy, radiotherapy and AIDS therapy, in
the delivery of virostatics, antibiotics, proteins and vaccines [6]. Among the various
novel forms of drug delivery nanovehicle, colloidal systems like nanosponges have
emerged as promising and potential carrier for promising drug delivery of tough
molecules in the past few decades [5] because other novel carrier systems have their
own drawbacks enlisted in Table 1.

Nanosponges are a new class of structures based on hyper reticulated poly-
mers that have cavities in the nanorange [7, 8]. Nanosponge technology offers
pay load of active moieties and thought to help in reducing side effects, increase
elegance, improve formulation flexibility and stability. These are non-mutagenic,
non-irritating, non-toxic and non-allergenic. In comparison with other nano-
structres, NS are insoluble in organic solvents and water. NS are non-toxic,
porous, biodegradable and highly stable (up to 300°C) [9]. These nanostructures
are able to transport both hydrophilic and lipophilic moieties and improve the
solubilization efficacy of drugs. Nanosponge based drug delivery system is used
to improve the performance of drugs administered orally, parenterally, pulmo-
nary and topically [10]. Many active moieties with different pharmacological
activities, structures and solubility have been encapsulated in NSs, including
camptothecin, paclitaxel, doxorubicin, dexamethasone, 5-fluorouracil, itracon-
azole, nelfinavir mesylate, progesterone, tamoxifen and resveratrol [11]. Further,
we acknowledge some excellent reviews that have been published earlier on
nanosponges [8, 12-15]. Some of the well-known nanosponges are titanium based
NS, silicon NS and cyclodextrin NS [16]. Nanosponges possess various attractive
features [17] like

* Can be employed to mask unpleasant flavors and to turn liquid substances to
solids

* Targeted site specific drug delivery.

* Being suitable aqueous solubility, the hydrophobic drugs can be encapsulated
in these, after mixing with cross-linker.

* Less harmful side effects (since small amount of the active moiety is in contact
with healthy tissue).

* Particle size can be varied by using different proportion of cross-linker to
polymer.

* Easy to scale-up.

* Simple method production

* The drug profile can be tailored from fast, medium to slow release as per need.

* Gives predictable release.

Despite of these advantages, nanosponges have some limitations also. Only small
molecules can be entrapped which depend on loading capacities [18]. Cyclodextrin

nanosponges can be categorized into four successive generations, on the basis their
chemical configuration and features (Table 2).
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S. No. Novel drug Limitations References
carrier systems
1 Microspheres Premature release of active molecules, deficient [19]
entrapment of active molecules, Expeditiously taken
up by reticular endothelial system (RES)
2 Liposphere Weak loading capacity, limited chemical and physical [20]
stability during storage, rapid drug leakage,
3 Polymeric Challenging large-scale up, polymer toxicity, [21,22]
Nanoparticle
4 Solid lipid Insufficient stability and reproducibility, problematic [23]
Nanoparticle sterilization, low payload
5 Nanolipid Carriers Sterilization difficulties [23,24]
6 Micelle Not good for hydrophilic drugs [25]
7 Dendrimers Polymer dependent biocompatibility [26]
8 Liposome Weak load capacity, poor chemical and physical [20,27]
stability on storage, rapid drug leakage,
9 Niosome Less skin penetration [28]
10 Transferosome Chemically unstable, very expensive [29]
1 Sphingosome Low entrapment efficacy, high cost of sphingolipids [30]
12 Ethosome Poor yield [31]
13 Phytosomes Low stability [32]
Table 1.
Novel drug carrier systems with their limitations.
Generation Category Sub category References
First Plain nanosponges Cyclodextrin-based urethane nanosponges [33-36]
ether nanosponges, cyclodextrin-based
carbonate nanosponges, ester nanosponges
Second Modified Fluorescent carbonate nanosponges, [37,38]
nanosponges fluorescent carboxylated nanosponges,
electrically charged CD-NSs, hydrophobic NSs
Thirrd Stimuli nanosponges pH responsive cross-linked CD based [39-41]
hydrogels, glutathione-responsive NSs,
aminocyclodextrin nanosponges
Fourth Molecularly Molecularly imprinted polymers based CD [42, 43]
imprinted nanosponges
nanosponges
Table 2.

Evolution of cyclodextrin based nanosponges.

2. Architecture of nanosponges

Typically, nanosponges have been constructed from cyclodextrin cross-linked
with organic carbonates. Nanosponges mainly comprise of three components- poly-
mer cross linking agent and drug moiety [44].

Nature and type of polymer used can impact the formulation and the perfor-
mance of NS. The selection of polymer relies on the nature of drug and purpose
for which drug is encapsulated. For drug targeting the polymer should possess
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the capacity to bind with specific ligands. The capacity of the polymer to be cross-
linked depends on its active and functional groups to be substituted [44]. Polymers
used for architecting the NS are include polyvinyl alcohol (PVA), ethyl cellulose,
polymethylmethacrylate, hyper connected polystyrenes, cyclodextrins and their
derivatives like methyl beta cyclodextrins, alkyloxycarbonylcyclodextrins [45].
Among these, cyclodextrins (CDs) have been the most popularly employed for
fabrication of nanosponges. These cone-shaped truncated cyclic oligosaccharides
are comprised of glucopyranose units aligned around the hydrophobic cavity that
may lodge guest moieties owing to inclusion complexes formation [46]. The basic
physicochemical features of CD have been discovered in the early 1950s and since
then they have been applied to improve the pharmaceutical and physicochemi-

cal properties, like stability, solubility and bioavailability of active moieties [47].
Conventionally, these nanosponges have been applied for decontamination of water
[48]. However, nowadays they have been investigated and employed as nanocarriers
for drug delivery in the field of pharmaceuticals.

Cyclodextrin complexes prepared with biocompatible hydrophilic polymers
have been reported to enhance the solubility of encapsulated categories in aqueous
media. Recently, it has been described that, by reacting cyclodextrins with cross-
linkers, a new hyper-crosslinked nanostructured material can be obtained; these are
termed as nanosponges [49].

Selection of crosslinker depends on the structure of polymer employed and
active moiety to be incorporated [44]. Efficient crosslinkers help to transform
molecular nanocavities into three-dimensional nanoporous products. By varying
the degree of crosslinking, either hydrophobic or hydrophilic matrix can be formu-
lated and possesses ability to entrap targeted moieties. By taking epichlorohydrin
as a crosslinker, hydrophilic nanosponges can be developed, which can modify the
amount of active moiety release, increase the absorption of active moiety through
biological barriers and act as a potential system for immediate release formula-
tions. Other cross-linking agents, like pyromellitic anhydride, diphenyl carbonate,
diisocyanates, diarylcarbonates, glutarldehyde, carbonyldiimidazoles, 2,2-
bis(acrylamido) acetic acid and carboxylic acid dianhydrides result in hydrophobic
nanosponges [16, 50].

3. Engineering of cyclodextrin based nanosponges

Nanosponges are synthesized depending on type of delivery system, polymer
and nature of drug and solvents [14]. Various approaches used for formation of
nanosponges are (Table 3).

3.1 Techniques for synthesis of cyclodextrin based nanosponges

Several techniques have been reported for synthesis of nanosponges, however
melt method and solvent evaporation techniques have been widely reported in
literature for preparation of these porous colloidal nanostructures (Figure1).

An account of various methods that have been proposed is presented below:

3.1.1 Melt method

In brief way, the cross-linking agent is melted with CD and all components are
homogenized and heated at 100°C with stirring magnetically for 5 hrs. Then, above
matrix is allowed to cool. Frequent bathing is done to eliminate by-products and
unreacted components [47].
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Figure 1.
Various techniques for fabrication of nanosponges.

3.1.2 Solvent evaporation technique

In solvent evaporation method, the fusion step is avoided and solvents like
dimethylsulfoxide (DMSO) or dimethylformamide (DMF) are employed to solubi-
lize the cross-linking agent. Polymer is mixed with solvent (polar aprotic) and the
mixture obtained is put in solution of cross-linker and refluxed for 1-48 hrs. By add-
ing cold solution to a large surplus of distilled water, the product is achieved. Finally,
filtration is done to recover of the final product and is purified using Soxhlet extrac-
tion for prolonged periods. The product achieved is spherical and solid nanostruc-
tures with high water solubility either by non-inclusion or inclusion mechanism. The
size of NS can be reduced by high pressure homogenization where water suspension
of prepared nanosponges is homogenized at constant speed for 10 min [48, 49, 69].

3.1.3 Ultrasound-assisted synthesis

In ultrasound-assisted fabrication, in first, cyclodextrins are reacted with cross-
linking agents under ultrasound without solvents. Anhydrous -CD and DPC are
taken in a vial and put in an ultrasound bath, pre-filled with water (at 90°C) and
sonicated for 5 hrs. Furthermore, crystallization and purification steps are same as
in solvent evaporation and melt technique [70].

3.1.4 Microwave assisted synthesis

It is the simplest method for synthesizing of CDNS using microwave irradia-
tion, remarkably retards the reaction time. The resultant NS possess higher degree
of crystallization. In comparison to common melt method, microwave assisted
fabrication had exhibited four time reduction in reaction time. The process led to
production of particle homogeneous distribution and crystallinity [52].
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Figure 2.
Schematic representation of engineering of cyclodextrin based nanosponges.

3.2 Drug loading into blank NS

Crystal structure of the active moiety acts as one of the important criteria that
determine its complex efficiency with CD and nanosponges. Paracrystalline and
crystalline NS vary in the drug loading capacities. When compared, crystalline NS
result in higher drug pay load the paracrystalline NS [47, 58, 71]. The porous cross-
linked blank NS have numerous interactive sites for inclusion of drug moieties than
parent CD. Further, these possess numerous mesh polarities owing to hydrophobic
channels of CD which are enclosed by hydrophilic nanocavities of the polymeric
matrix, allowing for large interactions with guests of variable lipophilicities and
structures [72]. The resultant polymeric network of NS may be responsible for
NS protection and solubilization compared to original CD as shown in Figure 2
[58, 71]. The active moieties are entrapped into nanopores of blank nanosponges
by dispersing them within drug dispersion and consequently freeze drying. The
solvent evaporation is one another method reported for loading active moieties
into NS using organic solvents suitable for dissolving the active moiety. Finally, NS
are added to the prepared active moiety dispersion and triturated until the solvent
evaporates [47, 73, 74].

4. Analytical techniques to characterize nanosponges
4.1 Spectroscopic techniques

Spectroscopic analytical tools represent a complementary tool to evaluate nano-
sponges. The variation in properties such as fluorescence intensity, wave number,
absorbance and NMR shift of NS can be investigated by different spectroscopic
analytical tools.

4.1.1 Ultraviolet: Visible spectrophotometry

To analyze NS in solution (liquid medium), UV-Visible spectrophotometry is
a fast, simple, valuable and economic tool. The solubilization efficacy of various
molecules such as telmisartan (296 nm) [53], acetyl salicyclic acid (234 nm) [65],
resveratrol (303 nm) [55], repaglinide (283 nm) [75], quercetin (372 nm) [76] and
efavirenz (286 nm) [73] entrapped in NS have been analyzed using this tool.

Anandam and Selvamuthukumar checked payload, stability assay in simulated
intestinal fluid, in vitro release, metal chelating and photostability investigation for
quercetin NS via this spectrophotometeric tool (Amax 372 nm) [76].
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4.1.2 Fourier-transform infrared spectroscopy

It is major employed technique for characterization of nanosponges. In general,
measurements of FTIR absorption are carried out on dry samples, in the range
400-4000 cm ™" [77]. In case of nanosponges, during the reticulation (cross link-
ing), the vibrational modes of cross-linkers, polymers and moieties are displayed
from parent positions, broadening or disappearance of the prominent peaks of the
molecule, polymer and cross-linkers [78, 79].

In FTIR spectra of the placebo NS, bands that varies from 1700 to 1750 cm™" evi-
dences the carbonate bond. Although, the parent polymer for NS fabrication, §-CD
does not show peak at 1750 cm™" in FTIR spectrum [76]. Cavalli and his colleagues
explored the occurrence of carbonate bond (1700 cm™) in NS [80].

4.1.3 Raman spectroscopy (RS)

Nowadays, it is suggested as a useful analytical tool to study drug entrapment
in NS [81]. Not only this, it can be employed together with FTIR to provide a
better image to investigate interactions of active moiety and NS. Swaminathan
and his colleagues performed RS to investigate dexamethasone and nanosponge
interaction. On complexation with nanosponges, the prominent bands of the
dexamethasone at 1620, 1480, 1440, 950 and 680 cm ™' in Raman spectra of the
active moiety were substantially masked or displaced, advocating the inclusion
phenomenon [82].

4.1.4 Nuclear magnetic resonance

It is based on the principle of radiofrequency radiation absorption by atomic
nuclei having non zero spins in a high magnetic field [83]. Olteanu and co-workers
performed the physicochemical characterization of NS using 1H-NMR. High
alteration in the chemical shift (0.47-0.24 ppm) of repaglinide A ring protons was
observed. It was envisioned that inclusion in hydrophobic pores of CD and steric
hinderance owing to CD substitution, have been considered responsible for interac-
tion phenomenon [75].

4.2 Differential scanning calorimetry

It is a thermoanalytical technique to measure the change in physical or
chemical properties of nanostructures and their fabricating materials owing to
alteration in temperature. In general, thermal processes (both exothermic and
endothermic) are evidenced by the peak direction [84]. This tool explored the
exothermic and endothermic processes at the temperature range from —120 to
600°C [85-88]. The thermal behavior of the various drugs (dexamethasone,
furbiprofen, doxorubicin [80], Itraconazole [59], camptothecin [58], resverarol
[55], amino salicylic acid [65], gamma-oryzanol [89], telmisartan [53], curcumin
[54], acyclovir [37], quercetin [76] and meloxicam [64]) entrapped in the NS was
examined by DSC.

The complete disappearance of the therapeutic molecule fusion peak in graph
of the NS complex is commonly considered as a confirmatory evidence of the
encapsulation of therapeutic molecule within the NS cavity [90]. This may be due
to conversion of the crystalline nature to amorphous ones [91]. Other evidence for
confirming NS fabrication reported by research scientists include alterations in
temperature peak and shape of cyclodextrins, alongwith disappearance of active
moiety fusion peak and appearance of new peaks [92].
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4.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is crucial for supply of fundamental data for
NS characterization. Due to its very simplicity, relative reliability and rapidity, TGA
is widespread approach to solid-state characterization of nanosponges.

TGA chart of dexamethasone, quercetin, silibinin, apple polyphenols NS have
been explored. In drug loaded NS thermograms, endotherms of the pure drug
disappeared fully, evidencing the potential encapsulation of these molecules in
nanostructures [82, 93, 94].

4.4 X-ray diffraction techniques

It gives detailed information on phases, texture, structures and other structural
parameters (crystallinity, crystal defects and deformation) [95]. Unlikely thermal
techniques, sample does not suffer any physical or chemical changes during analy-
sis. Furthermore, XRPD studies can support the results of thermal methods. The
complete amorphization of the sample in DSC analysis, can be validated by this
technique.

Crystalline and paracrystalline nature of NS and porosity can be revealed using
this technique. A number of molecules (acetyl salicylic acid [65], camptothecin
[58], telmisartan [53], resveratrol [55], acyclovir [37], quercetin [76], meloxicam
[64], curcumin [54], and dexamethasone [82]) encapsulated in nanosponges have
been evaluated using this technique.

4.5 Microscopic techniques

Microscopy can be used as an imaging analytical technique for qualitative analy-
sis of NS with respect to their aggregation, size and shape. This section provides
information on the microscopic methods like AFM, SEM, TEM, and CLSM that are
properly used for NS characterization [96].

Scanning electron microscopy is used for observation of surface processes and
is capable of obtaining images of bulky samples with a greater depth. It is also
employed in solid state evaluation of nanosponges [97]. The topographic changes
(related to the interactions of the polymer, active moiety and cross-linking agent)
are provided [98]. Various pharmacological active molecules like resveratrol [55],
telmisartan [53], dexamethasone [82], and meloxicam [64] have been explored
microscopically using SEM.

A nanoscale imaging tool, TEM is used to visualize and characterize various
types of nanoparticles [99, 100]. It is relatively expensive and slow technique.
Surface morphology via TEM has also been performed for several NS such as
ibuprofen [36], quercetin [76], acyclovir [37], paclitaxel [57], dexamethasone [82],
camptothecin [58], resveratrol [55], acetyl salicylic acid [65].

Recently developed microscopic technique with high resolution, atomic force
microscopy (AFM) is used for viewing atoms and molecules [101]. AFM has been
applied to image the molecular nature of -CDNS in the distilled water and to
investigate their mechanical properties. The paracrystalline NS presented spheri-
cal colloidal structures (nearly 600 nm), whereas the crystalline NS presented the
spectacular crystal planes (nearby 500 nm) [82].

Confocal laser scanning microscopy (CLSM) is recently emerging tool to
improve the optical contrast and resolution of sample graph [102]. Lembo and his
co-workers examined carboxylated NS loaded with acyclovir for cellular uptake
of nanopreparation through CLSM. For this, fluorescent carboxylated NS were
prepared [37].
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4.6 Measurement of zeta potential

The zeta potential (ZP) is employed to measure the electrokinetic potential of
nanomedicines. Simply, it is used for quantifying the charge [103]. To investigate
the charge on the nanostructures, ZP must be carried out by suspending them in
distilled water or suspension medium [104]. CDNS have been evaluated via the
electrophoretic light scattering technique [53, 80, 105]. In practice, ZP predicts
surface charge and colloidal stability of nanomaterials.

5. Nanosponges in drug delivery

Owing to their versatile, biocompatible and nanoporous nature, nanosponges
have variety of applications in pharmaceuticals, cosmetics, agriculture, environ-
ment, food and polymer industry [55, 80, 106-108]. Among these, they have been
predominantly studied for drug delivery. Numerous active molecules including
lipophilic and hydrophilic actives and volatile oils can be conventionally entrapped
in these multifaceted nanostructures for solubility and stability enhancement and
for controlled delivery [7]. Hence, these novel carriers have attracted much interest
of formulation scientists as they hold promise in addressing other challenges like
poor bioavailability, permeation and therapeutic activity [69]. Cyclodextrin nano-
sponges have also been explored for drug delivery and drug targeting for cancer
management [40, 109, 110]. In the following sections, information regarding their
applications in pharmaceutical field has been summarized (Table 4).

Drug candidate Category Route of Remarks References
administration

Dexamethasone Anti-inflammatory ~ Oral, Parenteral Improved aqueous [80, 82]
solubility

Flurbiprofen Anti-inflammatory ~ Oral Improved aqueous [80]
solubility

Doxorubicin Antineoplastic Parenteral Enhanced aqueous [80]
solubility

Itraconazole Antifungal Oral, Topical Improved solubilization [59]
efficiency

Tamoxifen Antiestrogen Oral Enhanced [56]
pharmacokinetic activity
of drug

Resveratrol Antioxidant Oral, Topical Enhanced permeation, [55]

stability and cytotoxicity
against HCPC-1 cells

Paclitaxel Antineoplastic Parenteral In vitro enhancement of [57,111]
anticancer activity

Camptothecin Antineoplastic Parenteral Inhibits the adhesion and [58]
migration of tumor cells
Curcumin Anti-cancer Oral Higher solubilization [54, 112]
potential
Acetylsalicylic acid Analgesic Oral Controlled release [65]
Acyclovir Antiviral Oral, topical, Enhanced antiviral [37]
parenteral activity against HSV-1

(clinical isolates)
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Drug candidate Category Route of Remarks References
administration
Gamma-oryzanol Antioxidant Topical Improved antioxidant [89]
potential and
photostability
Repaglinide Hypoglycemic Oral Solubility enhancement [75]
agent
Apple Antioxidant Topical High degree of retention [93]
polyphenols antiaging and and protection
(Rutin, phloridzin anti-inflammatroy
and chlorogenic
acid)
Telmisartan Antihypertensive Oral Improved intrinsic [53]
solubility and
bioavailability
Efavirenz Anti HIV Oral Bioavailability [73]
enhancement
Lansoprazole Antiulcer Oral Prolonged drug release [113]
Tamoxifen and Anti-cancer — Dual drug delivery [114]
quercetin
Lysozyme Antihypcaalcemic Oral Inhibit depletion [105]
of calcium in
antibiotic associated
hypocalcemic
condition
Meloxicam Anti- Oral Controlled release [64]
inflammatory and
analgesic
Quercetin Antioxidant — Enhanced [76]
photostability and
anti-oxidant activity;
Improved dissolution
profile
Tazarotene Anti acne topical Improved bioavailability [115]
and skin retention of
drug
Levodopa Anti Parkinson’s Oral Prolonged release of [43]
disease drug
N,N Diethyl-Meta- Insect Repellent Topical Prolong the persistence [116]
Toluamide
Atorvastatin Anti- Oral Bioavailability [117]
Calcium hyperlipidemic enhancement
Rosuvastatin Anti- Oral Bioavailability [118]
hyperlipidemic enhancement
Strigolactones Anti-cancer — Targeted delivery to [66]
prostate cancer cells
Salvia officinalis Hypoglycemic Oral Enhancement of stability [119]
essential oil activity and hypoglycemic
activity
Rilpinavir Anti-retroviral Oral Increased in [74]
Bioavailability
Norfloxacin fluoroquinolone Oral Enhancement in [120]
antibiotic intestinal permeation

and antibacterial
activity
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Drug candidate Category Route of Remarks References
administration
Ellagic acid Antioxidant, Oral Enhancement in oral [121]
Anticancer bioavailability
Doxirubicin Anti-cancer Oral Site specific drug [122]
delivery
Babchi oil Anti-psoriatic Topical Enhanced [123, 124]

photostability, solubility
and anti psoriatic
efficacy

Imiquimod Anti-cancer Toipcal Enhanced skin retention [125]
and permeation

Table 4.
Active molecules encapsulated in cyclodextrin based nanosponges.

5.1 Improved stability

Cyclodextrin nanosponges can prevent degradation of drug molecules which
are susceptible to degradation when exposed to water, oxygen (air), heat or radia-
tion. Such interactions are being widely studied in nanosponges. The nanosponges
safeguard the drug molecules from oxidation, hydrolysis, racemization, polym-
erization and enzyme hydrolysis [126, 127]. A number of molecules including
L-DOPA, resveratrol, camptothecin and y-oryzanol and have been encapsulated in
nanosponges are reported for stability enhancement and reported [43, 55, 58, 89].
Anandam and Selvamuthukumar found that phototability of anti-oxidant drug
quercetin increased on incorporating into nanosponges. The main hindrance in its
utility is its photodegradation. In addition, dissolution rate of the biomolecule was
also remarkably enhanced in quercetin nanosponges.

5.2 Enhanced solubility

Poor solubility of BCS (Biopharmaceutical Classification System) class II drugs
possesses a challenge in their formulation. However, these drugs can be successfully
incorporated into cyclodextrin nanosponges with better efficacy. These nanocarriers
improve their aqueous solubility via formation of inclusion complexes by enhancing
their wetting and solubility in water. The drug dissolution enhancement conse-
quently enhances their bioavailability. Curcumin is a upcoming herbal active drug
having potential for treatment of various fatal diseases including cancer. Though,
it has higher efficacy and safety profile, its poor solubility and low bioavailability
limit its therapeutic application. Darandale and Vavia fabricated cyclodextrin based
nanosponges of curcumin to increase solubility and control its release. These nano-
sponges were obtained using dimethyl carbonate as linking agent. The prepared
nanoformulation showed enhanced solubility, prolonged drug release and reduced
cytotoxicity against MCF-7 cells. Besides this, other drug moieties which have been
successfully encapsulated in cyclodextrin nanosponges for improved dissolution
include doxorubicin [80], itraconazole [59], flurbiprofen, dexamethasone [80],
telmisartan [53], tamoxifen [56], repaglinide [75] and paclitaxel [111].

5.3 Reduction in volatility of essential oil and material handling benefits

Nanosponges have been reported to protect volatile oils against lost by evapora-
tion. These nanosponges can have resulted in long lasting effect due to slow release
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of chief volatile components of oils [72]. Further, volatile oil liquids (at room
temperature) can be difficult to handle and hence needed to be formulate into
stable solid formulations. Nanosponges may help to convert these substances into
amorphous or microcrystalline powders which are convenient to handle [49].

5.4 Modulated drug release

Judicious loading of therapeutic actives into nanosponges ensures a tailored
drug release. Developing controlled drug delivery systems is the topic of interest for
research community while maintaining therapeutic effectiveness of drug. Employing
these nanocarriers ensures optimal drug use with improved patient compliance
owing to reduced frequency of administration. Nanosponges showed strong potential
for providing sustained drug release in a controlled fashion. Shende et al., prepared
meloxicam loaded cyclodextrin nanosponges to enhance solubility and stability and
to prolong its release. In vitro and in vivo results demonstrated controlled release of
meloxicam from the nanocarrier for 24 hrs. It was discussed that slow release of drug
might have been due to large degree of cross linking that permitted the entrapment of
drug as inclusion complex in the nanosponges. Decrease in crystallinity and enhance-
ment in solubility also led to improve i vitro release behavior [64].

5.5 Drug targeting

Besides enhancing effectiveness of drug, drug targeting also helps in reducing
its adverse effects on healthy cells. By using nanosponges for drug delivery, drug is
released at the specific site preventing its circulation throughout the body. A limited
number of research papers were found on drug targeting using nanosponges. Harth
and Diaz have widely explored nanosponges for targeted drug delivery. Polyester
nanosponges were fabricated using special chemical “linkers” for delivery of
anti-cancer drugs. These linkers ensure that nanosponge bound selectively to tumor
cells, on injection. These nanosponges stick to the surface of tumor cells and release
the drug in a controlled fashion [128].

5.6 Oral drug delivery

Oral drug delivery has been well-established route of administration having high
patient compliance. However, delivery of molecules via this route poses challenges
owing to poor solubility, presystemic activation and inefficient intestinal perme-
ability. Cyclodextrin based nanosponges have emerged as potential carriers for oral
delivery without any compromise on safety issues. An excellent mini review on
cyclodextrin nanosystems for oral delivery of drugs have been recently published by
Adeoye and Cabral-Marques [129].

Zidan et al., have developed atorvastatin calcium for oral drug delivery by
encapsulating it in f- cyclodextrin nanosponges cross linked with carbonyldiimid-
azole. The prepared nanosponges were found to increase bioavailability of drug up
to 2.13-folds in comparison to its suspension. In addition, pharmacokinetic studies
revealed remarkable decrease in total cholesterol, LDL-C (Low Density Lipoprotein
Cholesterol) and triglyceride and improved level of HDL-C (High Density
Lipoprotein Cholesterol) leading to improvement of liver steatosis [117].

5.7 Topical drug delivery

Nanosponges can also be incorporated in cream and gels for topical delivery
of drugs. Although least explored, nanosponges may prove very promising
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for treatment of skin disorders via this route. Besides drug targeting nano-
sponges also improved drug delivery from topical gel, if entrapped successfully.
Nanosponges for topical delivery of drugs have been mentioned for resveratrol,
y-oryzanol, diclofenac sodium and babchi oil in literature [55, 89, 106, 124]. In
addition, this nanoformulation also helps to alleviate local irritation problem
associated with topical drugs. Conte et al., developed cyclodextrin nanosponges
with pyromellitic dianhydride as cross linker and loaded them in semi-solid
formulations for skin delivery. Skin permeation studies in diclofenac sodium
loaded nanosponge gel and cream gels significantly retarded the drug permeation
through skin while enhancing its concentration in viable epidermis and stratum
corneum, confirming the localization of highly penetrating drugs in external
layers of skin [11].

5.8 Pulmonary drug delivery

The pulmonary route is an alternative option to parenteral drug delivery,
however, for delivery via this route, the drug must be in the form of aerosol. The
nanosponges possess the advantage of reduced interparticle attraction forces and
better flow characteristics. Further, they possess low bulk density and small narrow
dynamic diameter resulting in their greater deposition in lower pulmonary area. For
pulmonary delivery, nanosponges of sodium cromoglicate, budesinide, bendroflu-
methazide using sugar excipients like trehalose and raffinose have been reported
[130-133].

Additionally, nanosponges have also been used for protein encapsulation,
enzyme immobilization and stabilization. The enzymes like isomerase, hydro-
lase, oxidoreductase, ligase, and transferase has been studied. Bovine serum
albumin when encapsulated as nanosponges resulted in prolonged release [13].
NS can also be employed as carrier of gases like carbondioxide and oxygen.
Oxygen loaded NS can be used to supply oxygen to hypoxic tissues in different
disorders [134].

6. Conclusion

Cyclodextrin nanosponges are colloidal nanoparticles made from inexpensive,
biodegradable materials and can be used for internal or external administration.
As such, these offer a versatile platform to address challenges like solubility, stabil-
ity and toxicity for therapeutically effective drugs. Cyclodextrin nanosponges are
developing rapidly in the field of nanotechnology possessing several applications
in drug targeting, delivery and research, as well as in other fields. Due to their
unique porous nature and size-dependent properties, they present the possibility
to develop new therapeutic options. Their ability to entrap drugs and controlled
release features offer a new mode in drug delivery resulting in higher levels of drug
targeting. Therefore, cyclodextrin nanosponges are a great promise to achieve the
goal of site specific and controlled delivery aspects and can open new perspectives
in the management of complex diseases, in coming future.
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Chapter7

Effect of Cyclodextrin
Derivatization on Solubility and
Efficacy of Drugs

Syed Havoon Khalid, Mehreen Bashiv, Sajid Asghar,
Taugeer Hussain Mallhi and Ikram Ullah Khan

Abstract

Cyclodextrins (CDs) possess cyclic structure having (a-1,4)-linked glucopyra-
nose units making them less vulnerable to enzymatic degradation as than the linear
dextrins. Commonly used natural CDs are a-CD, p-CD, and y-CD with truncated
cone-like appearance having lipophilic central cavity and hydrophilic exterior
surface. The problem of low aqueous solubility of natural CDs can be addressed
by reacting them with various reagents to produce water-soluble derivatives. CD
derivatives can be categorized in many ways depending upon their substituents,
biological activity, polarity, and size. The derivatization of natural CDs produces
noncrystalline and amorphous forms with higher water solubility that are physically
and microbiologically stable for prolonged time period. Variety of methods can be
used to determine average degree of substitution for a modified CD. Dissociation
by dilution is considered as major release mechanism of drugs from complex. Itis
essential to optimize the amount of CDs for a given preparation because they can
either retard or promote drug delivery through biological membrane.

Keywords: natural cyclodextrins, cyclodextrin derivatives, inclusion complex,
poorly soluble drugs

1. Introduction

Cyclodextrins (CDs), first isolated by Antoine in 1891, are categorized as cyclic
oligosaccharides in which glucose units are repeatedly connected through o-1,4-
glycosidic linkages. Their unique property is the availability of various hydroxyl
groups that serve as active site to form a variety of derivatives and linkages. CDs
possess the capability of forming inclusion complexes with various molecules by
incorporating them in their inner hydrophobic cavity, which not only alters the
biological and physicochemical properties but also expands their magnitude of
application [1-3].

Inclusion complexation is basically the formation of hydrogen bonds and Van
der Waals’ and hydrophobic interactions along with removal of water molecules
[4, 5]. CDs are getting popular as food additives, owing to their solubilizing and
protecting properties; they can be effectively used for incorporating vitamins,
flavors, fragrances, essential oils, and dyes. They not only provide the controlled
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release of drugs and other incorporated molecules but also mask the obnoxious
taste and odor [6-9].

The order of water solubility for commonly used cyclodextrins is as follows:
B-CD (18.5gL™") < a-CD (145gL™") < y-CD (232 gL™"). The crystal state of natural
CDs indicates strong molecular bonding (high crystal lattice energy) which in turn
results in low aqueous solubility. f-CD has limited application as a solubilizing agent
due to its low aqueous solubility, despite low cost, ease of availability, and appropri-
ate cavity size. The most likely justification of lower solubility of -CD is inadequate
hydration by water molecule due to intramolecular hydrogen bond interaction
offered by optimally arranged secondary hydroxyl groups [10]. Another possible
elucidation of low aqueous solubility is the formation of aggregates that leads to
unfavorable interactions with the hydrogen bonded structure of water molecule as
proposed by Colman and coworkers [11]. -CD shows Bs-type behavior in phase
solubility graph when added to the aqueous drug solution or suspension due to
precipitation of respective CD inclusion complex.

The solubilizing power of parent CDs can be enhanced by adopting many
different strategies, but the most interesting of them is the derivatization of CDs.
The hydroxyl groups of CDs can be substituted to yield a variety of derivatives with
significantly high aqueous solubility [12-14]. This chapter discusses the various
strategies to functionalize the CDs and the resultant improvement in the aqueous
solubility of formed complexes.

2. Functionalized CDs

Parent CDs can be modified through structural modifications by incorporating
hydrophilic moieties that will ultimately result in significant increase in aqueous
solubility. Furthermore, the inclusion complexes formed by modified CDs have
higher complexation efficiencies than that of parent CDs. Rekharsky and Inoue
reported various examples of thermodynamic parameters of inclusion complexes
involving derivatized CDs [5].

It is noteworthy that derivatization of CDs does not always enhance the
complexation. The inhibition and promotion of complexation solely depends
upon the type of substituents. Although the strong electrostatic force of attrac-
tion between the cationic substituents and organic anion was predicted to
promote complexation, paradoxical effect was observed when the complexation
of 2-naphthalene sulfonate was reduced with polyamine derivatives of p-CD. An
unfavorable entropic effect may be involved that results in decrease in com-
plexation [15]. On the other hand, a favorable electrostatic interaction occurs
that leads to formation of zwitterionic corona by substituting both cationic and
anionic groups at the primary face that will ultimately enhance the complexation
of amino acids [16].

The interdependence of numerous molecular parameters including type of
substituent at the CDs, contribution of hydrophobic, and charge character of the
guest moiety and competitive self-complexation (possible inclusion complexation
of substituent moiety inside the core of CD) was discussed in detail by Kean and his
coworkers [17]. While dealing with ionic species, electrostatic effects are usually
dominated which exert a paradoxical effect. Based on this status quo, the inclusion
complexation of charged CD with organic ions must be evaluated on the basis of
electrostatic interactions. The properties of modified CDs are governed by the loca-
tion of hydroxyl groups on the parent CDs that are going to be substituted. Three
different hydroxyl groups that exert different reactivities are located on the glucose
repeating unit of a CD molecule, including one primary hydroxyl group attached to
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C6 (at the narrow side) and two secondary hydroxyl groups attached to C2 and C3
(at wider side).
Most common derivatives of CDs are discussed in this section.

2.1 Methyl derivatives of CDs

There is variety of ways to perform methylation of native cyclodextrins:

Formerly methyl derivatives were synthesized by using either methyl iodide
or dimethyl sulfate [18]. These two reagents are highly toxic and unsafe so may
be detrimental to the environment as well as human being. Based on this status
quo, it is mandatory to seek new and novel synthetic method to replace these toxic
chemicals.

Dimethyl carbonate being eco-friendly could be an attractive alternate in this
scenario [19]. The synthesis involves addition of $-CD in dimethylformamide
solution followed by stirring until clear solution is obtained. Potassium carbonate
is added as catalyst followed by dropwise addition of dimethyl carbonate, and
mixture is allowed to stir for the next 48 hours. The catalyst and dimethyl carbonate
are removed to produce syrupy consistency. At the end, this concentrate is treated
with acetone followed by its removal by filtration. Finally, the product is treated
with ether two to three times, and after filtration white powdered product is
obtained as indicated in Figure 1.

An important feature of methyl p-CD is its degree of substitution that has
marked effect on drug solubilization, so it must be carefully investigated [20].
Table 1 gives the use of methyl derivatives of $-CD with effect on solubility and
efficacy of various drugs.

This pharmaceutically significant methylated derivative of p-CD has the
following advantages:

* Easy availability (as dry powder/aqueous solution 50%)

* Good water solubility

* Cost-effective

* High inclusion capacity for hydrophobic drugs
2.2 Hydroxypropyl CDs

The replacement of hydroxyl groups of CD by 2-hydroxypropyl moiety can be
done by the reaction of CD with propylene oxide in an alkaline aqueous solution

(Figure 2a) [31]. An isopropylene (oligomeric hydroxypropylene) side chain is
formed for high degree of substitution (Figure 2b).

i [
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] i +

, H .

]

| Py ' OMC, KGG L Nt
B e T | [
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Figure 1.
Synthesis of methyl p-CD [21].
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Author Drug Additives Effects
(if used)
Schipper et al. Insulin — Improved nasal absorption
(22]
Schipper et al. Salmon calcitonin — Enhanced nasal penetration
(23]
Sigurdsson et al. Dexamethasone — Localized drug delivery to anterior eye
[24] segment
Soares-Sobrinho Benznidazole PVP, Enhanced solubility, reduced toxicity
etal. [25] HPMC
Mathiron et al. Midazolam — Improved solubility, protective effect on
[26] drug degradation
Chaoetal. [27] Ofloxacin — Significant increase in solubility,
improved pharmacological efficacy
Vieira et al. [28] Efavirenz PVP Improved dissolution profile, increased
stability
Rassu et al. [29] Deferoxamine — Improved bioavailability, avoidance of
mesylate systemic exposure
Terauchi et al. Simvastatin — Improved solubility, effective bone

[30]

regeneration therapy

Table 1.
Effect of methyl derivatives of p-CD on solubility and efficacy of drugs.

The characterization of finally synthesized hydroxypropyl derivatives involves
determination of average number of substituents on the cyclodextrin molecule
(degree of substitution). According to latest US and European pharmacopoeias,
the acceptable range for DS is 2.8-10.5 for HPBCD. Degree of substitution can be
measured by a variety of techniques including near-infrared reflectance spectros-
copy, nuclear magnetic resonance (NMR), microcalorimetric titration [33], mass
spectrometry (MS), differential scanning calorimetry (DSC) [34], and reductive-
cleavage and methylation analysis.

Encapsin™ and Molecusol™ are the trade names of commercially available
form of hydroxyalkyl derivative (2-hydroxypropyl-p-CD). Various clinical trials
have been performed with this derivative besides its use in technological, toxico-
logical, and pharmaceutical experiments [35]. Being the most thoroughly studied
derivative, FDA has approved Sporanox™ by Janssen using the same derivatives
as molecular carrier. The hydroxypropyl derivative of p-CD and y-CD have been
widely used for solubility enhancement and leading to increase in efficacy of vari-
ous drugs as illustrated in Tables 2 and 3.

2.3 Sulfoalkylated CDs

Almost more than 180 articles had focused on the preparation and use of charged
(anionic) CD derivatives by the end of July 1998.The glucopyranose unit present in
the native CD ring could be directly substituted with charged moiety, or a neutral
spacer group may be used for the insertion [49]. Such functional groups can be
inserted at different degrees of substitution (DS) and have variable sizes, so the final
product of modified CD derivative may be influenced by electronic and steric factors.

The sulfopropyl and sulfobutyl derivatives of beta-CDs are produced by react-
ing native CD with propane sultone and butane sultone, respectively, in an alkaline
aqueous solution as shown in Figure 3.
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Figure 2.

Reaction scheme for HPBCD synthesis: (a) low DS, (b) high DS [32].

Author Drug Other additives Effects
(if present)
Kaur et al. 2004 Acetazolamide PVA, PVP, Improved solubility, effective drug
[36] HPMC, permeation, improved corneal transport
Carbopol 940

Chowdary et al. Celecoxib PVP, HPMC, Improved solubility, higher CE by ternary

[37] PEG complexation

El-Maradny Meloxicam PVP, L-ARG Improved solubility, quick pain relieving

etal. [38] effect, faster drug release with ternary
complex

Manali Shah Etoricoxib PVP, L-ARG Enhanced dissolution profile, improved

etal. [39] oral bioavailability

Asbahr et al. Finasteride PVP, chitosan Positive effect on drug solubility, inc. in

[40] bulk of formulation so can be used in solid
dosage forms

Mummidi and Isradipine PVP, HPMC, Marked increase in solubilizing efficiency,

Jayanthi [41] PEG improved dissolution with ternary
complexes

Pacheco et al. Albendazole PVA Enhanced solubility, improved intrinsic

[42] dissolution rate

Jadhav and Pore Bosentan Arginine (ARG) Enhanced solubility and dissolution profile

[43]

Table 2.

Effects of HPBCD on solubility and efficacy of drugs.
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Author Drug Other Effects
additives
(if present)
Zhou et al. [44] Baicalein — Higher drug absorption, better stability,
enhanced release profile
Soica et al. [45] Oleanolic acid, — Enhanced aqueous solubility, marked
ursolic acid antiproliferative activity
Misiuk and Bupropion — Improved release, rapid absorption,
Jasiuk 2014 [46] enhanced encapsulation efficiency
Misiuk et al. Ceftazidime — Improved aqueous solubility, improved
[47] stability as suggested by NMR study
Wathoni et al. Curcumin — Increased solubility, enhanced antioxidant
[48] activity
Table 3.

Effects of HPYCD on solubility and efficacy of drugs.

't S e hrydowice
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EoH R ]

Figure 3.
Synthesis of SBE-p-CD [50].

Sulfobutylated f-CD with seven substituents is considered as suitable deriva-
tive and is commercially available under the trade name of Captisol™ by CyDex.
Resveratrol is complexed with sulfobutylether derivatives of §-CD and increased
the anticancer activity with increase in solubility of resveratrol as well [51].

2.4 Sulfated CDs

A class of water-soluble CD derivatives having anti-angiogenic, biological,
and anticancer properties is sulfated CDs. As the tumor growth is dependent on
angiogenesis, the use of these derivatives could be a unique approach for the treat-
ment of solid tumors, as reported by Folkman et al. in early 1970 [52]. In addition
to these properties, they also possess antilipemic, antiviral, and anti-inflammatory
effects [53].

Reaction of CD in absolute dimethylformamide with pyridine sulfur trioxide
gives better yield of sulfated derivatives of CDs [54]. Besides their use as solubility
enhancers, these derivatives also provide protection against gentamicin-induced
nephrotoxicity and have no hemolytic properties, so can be effectively used in
clinical studies [55]. Figure 4 presents the scheme of preparation of sulfated
B-CD.
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Figure 4.
Synthesis of sulfated p-CD [56].

2.5 Guidelines regarding synthesis of CD derivatives

The following guidelines should be strictly followed during the synthesis of CD
derivatives in order to get the better solubility and complexing ability:

* Although the substituents at primary hydroxyl side may influence other uses,
they do not exert much effect on the complexation. The pH of the medium
is decisive that either the secondary hydroxyl side or primary side will be
substituted. Moderately basic medium will favor secondary hydroxyl sub-
stitution, whereas primary hydroxyl side will get substituted in strong basic
medium [57].

* To avoid the deformation of cavity shape, avoid the bulky substitution which
may crowd each other. Although the CD torus is made of anhydroglucose
repeating units which are quite rigid, they are connected to each other through
single glycosidic bonds. As torus is stabilized by hydrogen bonds between the
secondary hydroxyls on adjacent glucose unit, the stabilizing effect of hydro-
gen bonding is diminished by secondary hydroxyl substitution. Finally, the
anhydroglucose units may tilt out the defined torus shape due to introduction
of steric strain between substituting units present on the adjacent anhydroglu-
cose residues [35].

* The water-soluble CDs are used either in solid form or in concentrated solution
state. Some substituting groups have the tendency to incorporate in the core of
CDs, so they compete with active drug molecules for inclusion complexation.
Therefore, it is mandatory to select those substituents that are unable to fit in
the cavity of CDs [58].

* A glucopyranose unit of cyclodextrin ring contains how many substituted
hydroxyl groups are defined as its degree of substitution. One mole of glucopy-
ranose unit contains three reactive hydroxyl groups so the maximum possible
numbers of substituents are 18, 21, and 24 for a-, p-, and y- CDs, respectively.
Controlling the degree of substitution is important in producing the desired
properties in functionalized CDs.

3. Conclusion
Using different functional groups, modified CDs could play a pivotal role in

improving limited drug stability and boosting aqueous solubility and dissolution
behavior of drugs with poor water solubility. In order to use full potential of CDs as
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a drug delivery carrier, the nature and degree of functionalization play an impor-
tant role. However, the future research should focus on the use of green chemistry
for CDs’ functionalization, and the attention should also be paid to the toxicoki-
netic profiling of the modified CDs to establish their safety and efficacy at the same
time.
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