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Preface

Research is to see what everybody has seen and think what nobody has thought (Albert
Szent-Gyorgyi).

Natural products are a major source of efficient drugs. Yet many natural com-
pounds have major therapeutic limitations due to their low aqueous solubility, low
permeability, short half-life, and low bioavailability to humans. These limitations
can be overcome by advanced pharmaceutical technologies. This book presents
innovative technologies and approaches for improving the bioavailability and thera-
peutic efficacy of natural products.

In Chap. 1, Proha et al. review the use of pharmaceutical technology for modulat-
ing the pharmacokinetics of natural products. In Chap. 2, Jain and Chella focus on
particle engineering technologies, dispersions, complexation-based technologies,
and nanotechnologies to enhance the solubility of natural products (Fig. 1). In Chap.
3, Ahuja et al. review the use of polymeric nanocarriers to deliver natural products
for cancer chemotherapy.

In Chap. 4, Rana and Kumar discuss chemistry, pharmacology, and therapeutic
delivery strategies of tea constituents. In Chap. 5, Sharma explains how galantamine
therapy could improve cognition and function in Alzheimer’s patients. In Chap. 6,
Prabakaran et al. review paclitaxel delivery systems. In Chap. 7, Kumar et al. pres-
ent components and methods of preparation of phytosomes for herbal drug delivery.
Finally, in Chap. 8, Dewangan reviews the use of albumin as a natural versatile car-
rier for various disease treatments.
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Fig. 1 Strategies to enhance the solubility of natural products. From Jain and Chella in Chap. 2

We extend our thanks to all the contributing authors and reviewers who made an
excellent contribution to deliver the chapters and answer all the queries in time
frame. This edited book is the result of the impactful work of all of them. We are
extremely grateful to Melanie van Overbeek, Assistant Editor at Springer Nature,
for her excellent support during this whole process.
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Chapter 1
Pharmaceutical Technology for Improving
the Bioavailability of Natural Products

Shweta Paroha, Rikeshwer P. Dewangan, and Pravat K. Sahoo

Abstract Therapeutic importance of natural products have been widely explored
since ancient time for benefit of human health although the clinical uses of these
natural products still a challenge for scientific community. Seventy percent of the
therapeutic agents obtained from natural source are hydrophobic in nature. Natural
product demonstrated several biological activities and excellent safety index there-
fore, used by mankind all over the world in healthcare as functional foods, medi-
cine, pharmaceuticals and nutraceuticals. However poor aqueous solubility,
instability and poor bioavailability following oral administration hindered its medi-
cal applicability. Literature demonstrated, many natural products exhibited excel-
lent in-vitro pharmacological activity whereas, no or less activity in-vivo because of
poor gastrointestinal absorption.

Pharmaceutical technologies are employed to improve poor aqueous solubility
and bioavailability of natural products. Bioavailability of natural products drasti-
cally improved with the advancement in the technology. Conventional approaches
for solubility and bioavailability enhancement involves particle size reduction, salt
formation, solid dispersion and cyclodextrin complexation. In the past decades,
novel drug delivery system paid much attention towards improvement in bioavail-
ability and pharmacokinetics of natural products which involves phytosome tech-
nology, solid lipid nanoparticles, liposome, polymeric nanoparticles, nanocapsules,
micelles, nano-suspension, nano-emulsions and self-emulsifying drug delivery sys-
tems. In this chapter, we review different approaches that have been conducted for
bioavailability enhancement of the natural products.

Keywords Bioavailability - Natural products - Healthcare - Aqueous solubility -
Pharmacokinetics - Phytosome - Cyclodextrin - Pharmaceutical technology
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1.1 Introduction

At present, 80% of population in the world is using therapeutic agents, which are
either directly or indirectly obtained from plants origin (Atul Bhattaram et al. 2002).
The therapeutic application of natural products known for benefit of human health
since concept of medicine started. But the medical applicability of these natural
products is restricted due to hindered bioavailability. In most of the case this is
because of low solubility and less membrane permeability of natural products (Md.
Akhlaquer et al. 2011; Mukherjee et al. 2015). The potency of natural product
depends on effective delivery to the target site to achieve desired therapeutic out-
come. Many natural products have great potential but demonstrated less therapeutic
action because of low solubility, eventually impaired bioavailability (Kesarwani
et al. 2013). Most natural product administered by oral route which demonstrated
poor bioavailability due to less gastrointestinal tract absorption eventually retarded
therapeutic efficacy (Li et al. 2012). Development of suitable dosage forms of natu-
ral product is still a challenging due to several regions including limited solubility
and less membrane permeability. The biological half-life plays a critical role in
therapeutic efficacy of a molecule, for instance, drug with low half-life possess low
bioavailability then the higher one. Similarly, the hepatic metabolism of the drug
molecules undergoes more renal elimination resulting in low bioavailability
(Rahman et al. 2013). Various literatures reported pharmaceutical technology plays
a critical role in improving bioavailability of natural product either by conventional
method or by novel drug delivery system (Kesarwani et al. 2013; Mukherjee
et al. 2015).

Since last one decade novel drug delivery system emerged as successful method
to improve bioavailability of natural product by encapsulating the active pharma-
ceutical ingredients into the nano-cargo which includes phytosome, liposomes,
nanoparticles, nanoemulsion, transferosomes, ethosomes, lipid based systems,
microspheres (Kesarwani et al. 2013; Mukherjee et al. 2015). Many of the natural
product including, quercetin, naringenin, curcumin, hesperetin, andrographolide,
ellagic acid, resveratrol, genistein, ginkgolide, bilobalide sinomenine, piperine,
glycyrrhizin, showed improved bioavailability when these natural product delivered
by using novel carriers (Bhattaram et al. 2002; Kesarwani et al. 2013; Mukherjee
et al. 2015). In conventional method of bioavailability reducing particle size is a
crucial parameter. Report suggested reducing particle size to less than 500 nm,
improve absorption of the active pharmaceutical ingredients from gastrointestinal
tract by passive transport mechanism (Kesarwani et al. 2013; Mukherjee et al.
2015). In this chapter we are discussing about pharmaceutical technology including
conventional as well as novel approaches, which has been used for improvement in
oral bioavailability of various natural products.



1 Pharmaceutical Technology for Improving the Bioavailability of Natural Products 3
1.2 History of Bioavailability Enhancers

Bioavailability enhancers emerged since ancient system of medicine “Ayurveda”, in
which ginger, black pepper and long pepper are collectively known as “Trikatu”
means three acrids (Johri and Zutshi 1992; Kesarwani et al. 2013). Bioavailability
enhancers do not have drug activity its own, but it is a drug facilitator, which when
used in combination they enhance the activity and/or bioavailability of a drug mol-
ecule. Yogavahi in Ayurveda describe Pippali (P. longum) and Maricha (P. nigrum),
contains “piperine” (1-piperonylpiperidine) which is well known of its bioavailabil-
ity enhancing effect. Piperine potentiates bioavailability of many drugs including
sulfadiazine, phenytoin, rifampicin, sparteine, propranolol and vasicine (Atal et al.
1981; Bano et al. 1987, 1991).

In 1979, the term ‘bioavailability enhancer’ was coined by Indian researcher at
Regional Research Laboratory, Jammu (RRL, now known as Indian Institute of
Integrative Medicine, Jammu). The group of Indian researchers performed a series
of experiment and scientifically stablished piperine as first bioavailability enhanc-
ing agent. It was reported that, in the Institute various Ayurvedic formulations has
been validated for treatment of various diseases and observed that the most of
Ayurvedic formulations consists of either Trikatu or at least one ingredient of
Trikatu that was Piper longum (P. longum). In this study, 210 formulations were
reviewed out of 370 formulations and thus the fact of Trikatu that can increase the
efficacy of formulations was stablished. Based on the experiment, it was found that
one of the ingredients, ‘P. longum’, ‘Piper’ improved the bioavailability of various
drug which was facing poor intestinal absorption problem (Bano et al. 1991).
Bioavailability of curcumin was increased by ninefold when used with piperine
(Bano et al. 1991). In subsequent research it was found that piperine was able to
increase bioavailability of various drug compounds ranging from 30% to 200%
(Kesarwani et al. 2013).

1.3 Need for Bioavailability Enhancement

When a drug is administered by intravenous route it showed maximum bioavail-
ability while in oral route bioavailability problem observed because of incomplete
absorption and/or first pass metabolism. Therefore, there is a need of molecule
which has no activity its own but when it combines with drug molecule, the bio-
availability of the drug molecule could improve. Most of the natural products have
high hydrophobicity and large molecular size which is major limitation for impaired
bioavailability when administered by oral route. Due to hydrophobicity the mole-
cule not absorbed through biological membrane (Kesarwani et al. 2013). Many
natural products demonstrated excellent activity when tested in-vitro but exert no or
less activity in-vivo. This is mainly due to poor absorption leading to impaired bio-
availability. Sometimes it was observed that the active constituents of the natural



4 S. Paroha et al.

product lost their activity by gastric juice (Kesarwani et al. 2013). To overcome
these challenges and to achieve optimal efficacy of the natural product the bioavail-
ability enhancement is required.

1.4 Conventional Approaches
for Bioavailability Enhancement

1.4.1 Particle Size Reduction

Particle size reduction is one of the old and widely used techniques for increase in
solubility and bioavailability of drug substance. Reduction in particle size offers
most promising technique to improve the bioavailability of hydrophobic drugs
because it increases surface area, increase wettability of drug and enhanced satura-
tion solubility. Therefore, this is routinely used method for bioavailability enhance-
ment (Williams et al. 2013). ‘Nanonization’ is a term used for reduction of particle
size of a drug to sub-micron range (Al-Kassas et al. 2017). Micronization is a tech-
nique for reduction of particle size which is commonly employed to enhance the
solubility of biopharmaceutics classification system, class II drugs (Leleux and
Williams 2014). By using this technique the drug particle size can be obtained
between 2 and 5 mm while very few particle obtained in the range of below 1 mm
size. The micronization processes involves pressure, attrition, friction, impact or
shearing (Khadka et al. 2014). High-pressure homogenization, jet mills, ball mills
are commonly used processing method for micronization of drugs substance
(Khadka et al. 2014; Rasenack and Miiller 2004). Digoxin is obtained from the
leaves of a digitalis plant and commonly used to treat heart failure. The medical
applicability of digoxin is limited due to its poor bioavailability. Jounela et al. per-
formed bioavailability study of digoxin tablet in healthy human volunteers prepared
with three different particle sizes i.e., 7 pm, 13 pm, and 102 pm. The study was
evaluated by cross-over design and alcoholic solution of digoxin was used as refer-
ence standard. The in-vivo result demonstrated that bioavailability of digoxin tablet
for particle size 7 pm and 13 pm was 78-97%, while 39% for particle size 102 pm
(Jounela et al. 1975). This, study indicated particle size is an important determinant
for dissolution and bioavailability of a drug.

1.4.2  Use of Surfactant and Solubilizing Agent

Enhancement in solubility of a hydrophobic drug by use of surfactant and/or solu-
bilizing agent is also a commonly used technique, especially in case of liquid dos-
age form for oral or iv. administration (Kalepu and Nekkanti 2015). The of
surfactant and/or solubilizing agent also used to prevent precipitation upon dilution


https://www.drugs.com/monograph/digoxin.html
https://www.drugs.com/cg/heart-failure.html

1 Pharmaceutical Technology for Improving the Bioavailability of Natural Products 5

with water (Kawakami et al. 2006). Most commonly used solubilizing agent are
ethanol, polyethylene glycol 400, propylene glycol, glycerin and sorbitol. Taxol®,
a marketed formulation of paclitaxel used for treatment in cancer, is an iconic exam-
ple of formulation prepared by using this approach. Each mL of Taxol® solution
contains 527 mg of purified cremophor® as surfactant, 49.7% (v/v) dehydrated
alcohol as solubilizing agent and 6 mg paclitaxel. Later, due to hypersensitivity
reaction of cremophor® other formulation of paclitaxel excluding cremophor® has
been tried and get approval by food and drug administration i.e. Abraxane®,
Genexol® (Hennenfent and Govindan 2005; Oerlemans et al. 2010). Docetaxel is
an anticancer drug which is about two times more potent as paclitaxel in inhibiting
microtubule depolymerization in-vitro system (Lavelle et al. 1995). The formula-
tion of docetaxel (Taxotere®) is also used Tween-80 as a surfactant and ethanol as
solubilizing agent.

1.4.3 pH Modification and Salt Formation

A pH-dependent solubility is observed in ionizable drugs and about 70% of drugs
are shows ionization properties (Kalepu and Nekkanti 2015). Solubility of these
drugs depends on ionization constant i.e. weakly basic drug are soluble when pH is
less than its pKa while weakly acidic drug are soluble when pH is greater than its
pKa (Serajuddin 2007). The pH dependent solubility is widely explored technique
for formulation of hydrophobic drugs while salt formation is reported to improve
stability and crystallinity of drugs (Kalepu and Nekkanti 2015; Serajuddin 2007).
There are many hydrophobic marketed drugs which has been formulated by pH
modification method and lactic acid used as pH modifier to improve solubility
(Kalepu and Nekkanti 2015). Berberine is a naturally occurring quaternary ammo-
nium alkaloid used to treat gastroenteritis in traditional Chinese medicine (Baird
et al. 1997). In current investigation berberine has been also demonstrated as clini-
cally effective in treatment of cardiovascular and metabolic diseases (Lan et al.
2015; Moghaddam et al. 2013; Zhang et al. 2010). The commercial available salt
form of berberine is bebeerine chloride (Lu et al. 2019). Berberine chloride exists in
various chemical form i.e. berberine anhydrate, berberine monohydrate, berberine
dihydrate, and berberine tetrahydrate. The berberine anhydrous and berberine
monohydrate can be transforms to berberine dihydrate at relative humidity above
12% whereas the berberine dihydrate can be transforms to the berberine tetrahy-
drate at relative humidity above 70% (Nakagawa et al. 1978; Yoshimatsu et al.
1981). The formation of salt cocrystal of berberine chloride with citric acid showed
much stability against various humidity conditions which demonstrated a promising
approach as alternate dosage form of berberine chloride tablets (Lu et al. 2019).
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1.4.4 Solid Dispersion

Solid dispersions is a widely used technique to improve the oral bioavailability of
hydrophobic drugs by reducing particle size, increasing wettability and eventually
bioavailability (Vasconcelos et al. 2007). The product of solid dispersion is amor-
phous in nature which are mainly prepared by two method like melting and solvent
evaporation method (Vasconcelos et al. 2007). There are several natural products
which oral bioavailability has been improved by using solid dispersion technique.

Curcumin is a widely used natural product with diverse pharmacological activi-
ties but showed poor bioavailability. Wan et al. developed solid dispersion formula-
tion of curcumin by solvent evaporation technique for improvement in its oral
bioavailability. The pharmacokinetic study in rat demonstrated 7.6-fold increase in
oral bioavailability at a dose of 50 mg/kg equivalent to curcumin. For instance, area
under curve value was 1192.34 and 156.36 (ng/mL h) for the solid dispersion and
free curcumin, respectively (Wan et al. 2012). Additionally, 5.4-fold increase in
half-life 2.65 h for the solid dispersion versus 0.49 h for free curcumin) was observed
(Wan et al. 2012). In another investigation, Chuah et al. reported an amorphous
solid dispersion of curcumin prepared by using lecithin, hydroxypropyl methyl cel-
lulose and isomalt through hot melt extrusion method. In-vivo pharmacokinetic
study in rat revealed that 12.8-fold increase (area under curve value 20,685 for
amorphous solid dispersion versus 1615 for free curcumin ng/mL/min) in bioavail-
ability at oral dose of 20 mg/kg (Chuah et al. 2014).

Silymarin, obtained from the seeds of Silybum marianum, used as hepatoprotec-
tive agent which showed poor oral bioavailability. For improvement in its bioavail-
ability solid dispersion formulation has been prepared by the solvent-fusion method
with Gelucire 44/14 as capsules dosage form. Result demonstrated, 13-fold increase
in oral bioavailability which was 7643.01, 4891.7 and 587.53 gm/mL h, for
silymarin-Gelucire capsules, silymarin commercial product capsules and silymarin
capsules, respectively (Hussein et al. 2012).

Paclitaxel is a natural occurring anticancer agent used against many solid tumors
(Gupta et al. 2014; Nehate et al. 2014). Shanmugam et al. prepared solid dispersion
tablet of paclitaxel prepared by using fluid bed technology and to evaluate its phar-
macokinetics in beagle dogs. It was reported that relative percentage bioavailability
of paclitaxel solid dispersion tablet increased by 132.25% as compare to Oraxol™
solution at an oral dose of 60 mg/kg (Shanmugam et al. 2015). Wang et al. prepared
solid dispersions of ginkgo biloba extract prepared by hot-melt extrusion method
for improvement in oral bioavailability. Pharmacokinetic study has been performed
in rat and reported that area under curve value of ginkgolide, bilobalide, ginkgolide
B, quercetin, ginkgolide C, isorhamnetin, isorhamnetin and kaempferol signifi-
cantly enhanced following oral administration of solid dispersions of ginkgo biloba
extract (Wang et al. 2015). This result suggested that the solid dispersion formula-
tion of ginkgo biloba extract could be one of the potential options for delivery of
ginkgo biloba extract in further trial.
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1.4.5 Cyclodextrin Complexation

Cyclodextrins consist of cyclic oligosaccharides obtained from starch containing
lipophilic cavity inside and hydrophilic surface outside having (a-1,4)-linked o-D-
glucopyranose unit (Khadka et al. 2014). There are several types of cyclodextrins
available depending on (a-1,4)-linked a-D-glucopyranose unit including a, B, v, S,
and e having six, seven, eight, nine and ten units of a-D-glucopyranose (Brewster
and Loftsson 2007). Application of cyclodextrin in the field of drug delivery appli-
cation includes enhancement of solubility of drug, improve bioavailability, increase
stability, masking taste of drug and prevention of gastrointestinal irritation (Singh
et al. 2011). Uekama et al. first time developed inclusion complex of digoxin with
y-cyclodextrin and demonstrated 5.4 times higher bioavailability of the complex as
compare to free digoxin after 24 h in dog following oral administration (Uekama
et al. 1981). Data indicated enhanced oral dissolution and absorption of the com-
plex, which suggested decrease in dose of digoxin therapy (Uekama et al. 1981). In
another investigation, 3 and y-cyclodextrin complex of artemisinin, a antimalarial
drug, has been prepared with 1:1 ratio each, and its bioavailability evaluated in
comparison with its a normal commercially preparation (Artemisinin 250®). The
study was performed in 12 healthy human volunteers aged between 22 and 44 years
and body weight between 60 to 87 kg. It was reported that f and y-cyclodextrin
complex of artemisinin had higher bioavailability as compare to Artemisinin 250®
(Wong and Yuen 2001).

Munjal et al. performed a study on oral bioavailability of different formulation of
curcumin including, aqueous suspension, nanosuspension, micronized suspension,
hydroxypropyl-p-cyclodextrin, inclusion complex, amorphous solid dispersion,
spray dried curcumin milk composite and combination with piperine in rats at an
oral dose of 250 mg/kg curcumin. In pharmacokinetic study, aqueous suspension
observed to have area under curve and C,,,x, 26.9 ng/mL h and 28.9 ng/mL h, respec-
tively. The study demonstrated significantly improved oral bioavailability in terms
of area under curve, which was 446%, 567% and 251% and in terms of C,,,, which
was 270%, 415% and 405% for the amorphous solid dispersion, hydroxypropyl--
cyclodextrin inclusion complex and nanosuspension, respectively (Munjal et al.
2011). However, no significant difference in C,,,, and area under curve has been
observed with micronized suspension and piperine while milk composite decreases
oral bioavailability (Munjal et al. 2011). So, a clear impact of different formulation
on bioavailability has been observed which indicates hydroxypropyl-p-cyclodextrin
formulation of curcumin is superior over other formulation in terms of oral
bioavailability.

Rutin is a phenolic flavonol glycoside which consisted several pharmacological
effects including antioxidant, inhibition of xanthine oxidase and hyaluronidase. It is
also used as antineoplastic agent (Pathak et al. 1991). Despite 10 hydroxyl groups
in its structure, rutin has poor aqueous solubility. Miyake et al. prepared
hydroxypropyl-p-cyclodextrin complex of rutin in a molar ratio of 1:1, with knead-
ing method by using ethanol-water as a solvent for improvement of its oral
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bioavailability. The study demonstrated 2.8-fold increase in oral bioavailability by
hydroxypropyl-p-cyclodextrin complex of rutin in beagle dogs after 200 mg/kg
equivalent to rutin dose administration. For instance, area under curve value
observed to be 642.62, 202.58 and 224.70 ng/mL h, for hydroxypropyl-p-
cyclodextrin complex, B-cyclodextrin complex and free rutin, respectively (Miyake
et al. 2000). This study suggested hydroxypropyl-p-cyclodextrin complex could be
a suitable delivery option for rutin which provide improved solubility, fast dissolu-
tion, increased gastrointestinal absorption and thus increased oral bioavailability. In
another study, bioavailability of naringenin has been improved by using
hydroxypropyl-p-cyclodextrin complex. It was reported that 400-fold solubility and
11-fold transport across gut epithelium of naringenin observed by hydroxypropyl-
B-cyclodextrin complexation (Shulman et al. 2011). In-vivo pharmacokinetic data in
rat showed 7.4-fold increase in area under curve value and 14.6-fold increase in C,,,
at an oral dose of 20 mg/kg (Shulman et al. 2011). Similarly, to improve oral bio-
availability of Z-ligustilide, hydroxypropyl-p-cyclodextrin complexation has been
prepared by the kneading technique with stoichiometry to complex was 1:1 (Lu
et al. 2014). The pharmacokinetic data demonstrated enhancement in area under
curve which was 3465.72, 2877.11 and 1990.68 ng/mL h, at a dose of 100 mg/kg,
400 mg/kg and 20 mg/kg for hydroxypropyl-pB-cyclodextrin complex, free
Z-ligustilide (400 mg/kg) and free Z-ligustilide (20 mg/kg), respectively (Lu et al.
2014). Theresults clearly suggested that Z-ligustilide- hydroxypropyl-p-cyclodextrin
complex is effective for delivery of Z-ligustilide in terms of stability and pharmaco-
logical efficacy.

1.5 Nanotechnology Approaches
for Bioavailability Enhancement

1.5.1 Phytosome Technology

Phytosome is a novel technology came into focus in 1989. Phytosome made up of
two terms, “phyto” and “some”. The term “phyto” stands for plant or herb whereas
“some” stands for body or cell-like structure (Kidd 2009). A phytosome is a molec-
ularly combined form of phosphatidylcholine and polyphenol. A bond between
these molecule is formed which eventually increase oral bioavailability of polyphe-
nols because of its amphiphilic nature (Alam et al. 2013). These water soluble phos-
phatidylcholine molecule showed improved dispersal ability in aqueous
environments and lipid soluble part directed towards epithelial cell membrane (Kidd
and Head 2005; Kidd 2009; Semalty et al. 2010).

Based on the observation of polyphenols showed strong bonding ability to phos-
pholipids in their intact plant tissues a group of Italian scientist started working on
polyphenol formulation preparations which showed poor bioavailability when taken
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orally (Kidd 2009). That reported the bioavailability of these polyphenol formula-
tion preparations increased while conversion into phytosome.

Siliphos® which is a silybin-phosphatidylcholine has been the first clinically
available product prepared by using phytosome technology. Siliphos® showed
improved bioavailability of silymarin and marked hepatoprotective activity (Kidd
and Head 2005; Kidd 2009; Song et al. 2008). Silymarin which is a combination of
silybin, silidianin and silicristin after forming complex with phosphatidylcholine
demonstrated increased pharmacological activity and improved oral bioavailability
(Alam et al. 2013). Pharmacokinetic study demonstrated after equal dose adminis-
tration plasma C,,, of silybin was <35 ng/mL, whereas, 112 ng/mL for the silybin
complex after 4 h (Alam et al. 2013; Gabetta et al. 1988).

Curcumins which is well known polyphenols has various therapeutic activity
including anti-inflammatory, antioxidant, anti-malignant, but its clinical applicabil-
ity is hindered owing to its poor oral bioavailability (Kidd 2009). To overcome these
limitations Andrea et al. reported phospholipid complexes of curcumin with
enhanced bioavailability (Giori and Franceschi 2009; Kidd 2009). Meriva®, is phy-
tosome product of curcumin reported to have fivefold higher bioavailability as com-
pared to native curcumin extract (Giori and Franceschi 2009; Kidd 2009). In
addition to this, curcumin after incorporation into the phytosome complex showed
improved hydrolytical stability (Giori and Franceschi 2009). Belcaro et al. demon-
strated decreased joint pain after administration of curcumin-phosphatidylcholine
phytosome complex in osteoarthritis patients and reported Meriva®, is a safe and
therapeutic effective drug for complementary treatment of osteoarthritis and
improvement of quality of life of the patient (Belcaro et al. 2010a, b).

Resveratrol, chemically 3,5,4-trihydroxystilbene is a polyphenol obtained from
grapes reported to have cardiovascular benefit (Hung et al. 2000; King et al. 2006),
estrogenic activity (Sharma et al. 2007) and anti-cancer activity (Jang et al. 1997).
Resveratrol showed high absorption while taking orally but due to rapid metabolism
restrict its clinical applicability due to impaired bioavailability (Mukherjee et al.
2011). Mukherjee et al. developed a complex of resveratrol with hydrogenated soy
phosphatidyl choline and reported enhanced bioavailability of the drug (Mukherjee
et al. 2011). There are several natural products phospholipid complexes reported to
have improvement in oral bioavailability which are summarized in Table 1.1.

1.5.2 Solid Lipid Nanoparticles

Solid lipid nanoparticles are novel drug delivery system consists of a solid lipid
matrix encapsulating drug molecule which stabilized in aqueous solution by emulsi-
fiers. Solid lipid nanoparticles demonstrated several advantages over other conven-
tional formulations, including improved bioavailability, enhanced solubility,
stability, improved half-life, reduced side effect and tissue targeting effect (Kumar
and Randhawa 2013; Lin et al. 2017).
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In solid lipid nanoparticles the solid lipids which commonly used are highly
purified glycerides, glyceride mixtures or waxes because it does not melt at body
temperature. Safety is a major concern for nanoformulation when administered via
oral route in the body (Fu et al. 2014; Hunter et al. 2012). Therefore, in solid lipid
nanoparticles, the lipid matrices used are the natural or synthetic lipids including
triglycerides, glyceryl monostearate, glyceryl behenate, glyceryl palmitostearate,
fatty acids, waxes and steroids which can degrade in the body. The drug can be
encapsulated in the solid lipid matrix which can encapsulate both hydrophilic as
well as lipophilic drug depending on processing techniques, solubility and type of
lipid used.

Paclitaxel which is clinically used against a variety of cancers including ovarian,
lung, breast, and Kaposi’s sarcoma, but bioavailability of paclitaxel is very less
which was found to be less than 1% (ten Tije et al. 2003). The less bioavailability of
paclitaxel is because of enzyme cytochrome P450 in liver and P-glycoprotein in the
gut wall (Hendrikx et al. 2013). Solid lipid nanoparticles proved to be an effective
delivery system to overcome this problem and provide better therapeutic efficacy of
the drug. Baek et al. reported a surface modified paclitaxel loaded solid lipid
nanoparticles in which hydroxypropyl-p-cyclodextrin has been used as solubilizing
agent of the drug (Baek et al. 2012). The study demonstrated that the C,,, and
lymph node concentrations of the paclitaxel loaded solid lipid nanoparticles were
(1.44 mg/mL and 11.12 ng/mg, respectively) which were higher than that of the
control solution (0.73 mg/mL and 0.89 ng/mg, respectively). The drugs and solid
lipid nanoparticles were given by oral route at 25 mg/kg (Baek et al. 2012; Zafar
et al. 2014). In an another study, Pooja et al. demonstrated wheat germ agglutinin-
coated solid lipid nanoparticles for oral delivery of paclitaxel and reported that
paclitaxel showed prolonged residence time (Pooja et al. 2016). Study demonstrated
that higher area under the curve of wheat germ agglutinin-coated solid lipid nanopar-
ticles was 30 mg/mL h, as compared to conventional solid lipid nanoparticles,
16 mg/mL h, and free control, 8 mg/mL h, after oral administration at 25 mg/kg in
rats (Liu et al. 2011; Pooja et al. 2016).

Curcumin which is a lipophilic polyphenol obtained from rhizome of curcuma
longa reported to have anti-inflammatory, antioxidant, anti-amyloid, antimicrobial,
and anticancer effects (Minassi et al. 2013). Curcumin is also used to treat parkin-
son’s disease, malignancy and alzheimer’s disease (Lee et al. 2013). Due to rapid
metabolism and poor aqueous solubility the bioavailability of curcumin is less than
1% when administered via oral route (Prasad et al. 2014). Kakkar et al. developed
curcumin-loaded solid lipid nanoparticles and demonstrated a study on mouse
model having Alzheimer’s disease with treatment by aluminum chloride (a neuro-
toxicant) via oral route. The solid lipid nanoparticles showed better results (97%
and 73% recovery in lipid peroxidation and acetylcholinesterase) as compared to
the curcumin treated group (15% recovery in lipid peroxidation and 22% recovery
in acetylcholinesterase) at oral dose of 50 mg/kg (Kakkar and Kaur 2011; Kakkar
et al. 2013a).

In another experiment Bhandari et al., developed isoniazid loaded solid lipid
nanoparticles for improvement in pharmacokinetic profile of the drug. Developed
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solid lipid nanoparticles was very small in size (48.4 nm) hence bypassed reticulo-
endothelial system resulted in prolonged circulation times. Pharmacokinetic studied
of the prepared solid lipid nanoparticles on rat demonstrated significant improve-
ment (p <0.001) in bioavailability in plasma which was 6 times and in blood 4 times
higher as compared to native drug after a single dose (25 mg/kg) oral administration
(Bhandari and Kaur 2013). Negi et al. prepared lopinavir encapsulated solid lipid
nanoparticles based on glyceryl behenate by using hot self nanoemulsification
method for improvement in oral bioavailability. The study demonstrated 3.56-fold
increase in oral bioavailability of the solid lipid nanoparticles over native drug after
10 mg/kg oral dose in rat (Negi et al. 2014). Efavirenz is very lipophilic compound
used clinically for treatment of human immunodeficiency virus which exhibited low
oral bioavailability (40-50%) (Baert et al. 2008; Chiappetta et al. 2010). Gaur et al.
developed efavirenz encapsulated solid lipid nanoparticles and demonstrated
improved plasma peak concentration (C,,x) (5.32-fold) and increase in area under
curve (10.98-fold) as compared to efavirenz suspension (Gaur et al. 2014).

There are several research literatures published that reported natural products
encapsulating solid lipid nanoparticles which are widely explored for treatment of
cancer, central nervous system related disorders and other diseases. Tables 1.2 and
1.3 are illustrating different solid lipid nanoparticles used for cancer and central
nervous system related disorders, respectively, administered through oral route.

1.5.3 Liposome

Liposomes are spherical particles made up of phospholipids which can encapsulate
both lipophilic as well as hydrophilic drug. Liposome consists of hydrophilic head
and lipophilic tail in same molecule. The advantages of liposome delivery system
for a drug includes protection from external stimuli, enhance water solubility and
improve delivery efficacy (Allen and Cullis 2004; Dutta et al. 2019). In delivery of
natural products, liposome delivery has been proved to be beneficial in improving
ingredients bioavailability, increased intracellular uptake with altered pharmacoki-
netics profiles (Ajazuddin and Saraf 2010). Some report demonstrated liposomes
can improve the therapeutic activity and improve safety profile as a drug delivery
system because of its ability to deliver the therapeutic agent at desired site and for
prolonged periods of time (Barragan-Montero et al. 2005; Cai et al. 2013).
Silymarin is a natural origin lipotropic drug which showed impaired bioavail-
ability through oral administration. El-Samaligy et al. developed silymarin encapsu-
lated hybrid liposomes prepared by reverse evaporation method by using lecithin,
cholesterol, stearyl amine and Tween 20 as excipients for oral improvement of sily-
marin. It has been demonstrated that prepared liposome showed enhanced hepato-
protective activity with decrease level of serum glutamic oxalacetate transaminase
and serum glutamic pyruvate transaminase, upon buccal administration in rats. The
formulation composition intended to improve oral bioavailability (El-Samaligy
et al. 2006a; El-Samaligy et al. 2006b). Paclitaxel is a natural product used
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Table 1.2 Formulations of orally administered solid lipid nanoparticles loaded with drugs or
natural compounds against cancers and their benefits

Active Surface Average | Outcomes offered
ingredient Lipid type decoration | size (nm) | by SLNs References
Paclitaxel Stearic acid HPCD 251 Improved AUC in | Baek et al.
plasma and lymph | (2012)
node
Paclitaxel Monoglycerides, WGA 150-198 | Increased AUC Pooja et al.
triglycerides,and and MRT (2016)
stearic acid
Docetaxel Tristearin Tween 80 189-215 | Improved Cho et al.
and TPGS sustained release | (2014)
and AUC
Doxorubicin | Precirol ATO 5 Soy lecithin | 217 Increased AUC Patro et al.
and and reduced (2013)
poloxamer cardiotoxicity
188
Doxorubicin | Monostearin PEG-stearic | 153-160 | Improved Yuan et al.
acid bioavailability and | (2013)
prolonged
circulation time
Vorinostat Compritol 888 ATO | None ~100 Enhanced C,,,, Tran et al.
and AUC (2014b)
Tamoxifen Monostearin and Tween 80 130-244 | Improved Hashem
stearic acid and bioavailability et al. (2014)
poloxamer
188
Y-Tocotrienol | Compritol 888 ATO | None 105 Increased intestine | Abuasal
permeation and etal. (2012)
AUC
Cantharidin | Monostearin None 121 Improved Dang and
bioavailability Zhu (2013)
Ferulic acid | Compritol 888 ATO | None 86 Increased C,, Zhang et al.
and half-life (2016)
Ferulic acid | Stearic acid Chitosan 183-229 | Tumor growth Thakkar
suppression et al. (2015)

Reproduced with permission of Elsevier from Lin et al. (2017)

Abbreviations: AUC area under curve, HPCD hydroxypropyl-p-cyclodextrin, MRT mean resi-
dence time, PEG polyethylene glycol, TPGS D-a-tocopheryl poly(ethylene glycol) succinate,
WGA wheat germ agglutinin

clinically under the brand name Taxol®, has exhibited excellent antitumor proper-
ties against various solid tumors. The clinical use of the paclitaxel is limited due to
low aqueous solubility, impaired bioavailability and associated toxicity (Gupta et al.
2014; Nehate et al. 2014). Xu et al. developed paclitaxel encapsulated liposomes
prepared by thin film hydration method by using hydrogenated soy phosphatidyl
choline, cholesterol, polyethylene-2000-distearoyl-a-phosphatidylethanolamine,
and tocopherol as excipients for improvement in oral bioavailability of paclitaxel. It
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Table 1.3 Formulations of orally administered solid lipid nanoparticles loaded with drugs or
natural compounds against CNS-related disorders and their benefits

Average
Active size Outcomes offered
ingredient Indication Lipid type | (nm) by SLNs References
Apomorphine | Parkinson’s Tripalmitin | 63-155 | Increased Tsai et al.
disease bioavailability and | (2011)
brain distribution
Sumatriptan | Migraine Tripalmitin | 192— Improved Hansraj et al.
301 AUCbrain/ (2015)
AUCplasma ratio
and photophobia
Rizatriptan Migraine Precirol 220 Improved brain Girotra and
ATO 5 uptake and Singh (2017)
photophobia
Sulpiride Psychosis Stearic acid | 256 Increased gut Ibrahim et al.
and Dynasan permeability (2014)
118
Quetiapine Psychosis Dynasan 175 Enhanced C,,,, and | Narala and
118 bioavailability Veerabrahma
(2013)
Venlafaxine | Major depressive | Monostearin | 186 Increased AUC in | Zhou et al.
disorderand both plasma and (2015)
anxiety brain
Chrysin Alzheimer’s Stearic acid | 240 Improved memory | Vedagiri and
disease loss Thangarajan
(2016)
Resveratrol | Neurodegenerative | Stearic acid | 134 Increased Pandita et al.
disorders bioavailability and | (2014)
half-life
Resveratrol | Neurodegenerative | Precirol 258 Increased C,,,x and | Ramalingam
disorders ATO 5 AUC and Ko
(2016)
Curcumin Alzheimer’s Compritol 135 Reduced Kakkar and
disease 888 ATO neuroinflammation | Kaur (2011)
Curcumin Alzheimer’s Compritol 135 Improved AUC and | Kakkar et al.
disease 888 ATO brain distribution | (2013a)
Curcumin Alzheimer’s Monostearin | 135 Increased jejunum | Ji et al.
disease permeability and (2016)
bioavailability
Curcumin Alzheimer’s Monostearin | 452 Increased C,,,x and | Ramalingam
disease AUC etal. (2016)
Curcumin Alzheimer’s Palmitic acid | 412 Increased AUC and | Ramalingam
disease half-life and Ko
(2015)
Curcumin Cerebral ischemia | Compritol 135 Increased AUC in | Kakkar et al.
888 brain and cognition | (2013b)

Reproduced with permission of Elsevier from Lin et al. (2017)
Abbreviations: AUC area under the curve, CNS central nervous system, SLN solid lipid

nanoparticle



1 Pharmaceutical Technology for Improving the Bioavailability of Natural Products 15

has been demonstrated that area under curve of paclitaxel liposomes and stealth
liposomes increased 1.91- and 3.39-fold, respectively as compared to free pacli-
taxel. The stealth liposomes were long circulating which showed a half-life of 5.6 h,
13.7 h, and 34.2 h for free paclitaxel, conventional liposome and stealth liposomes,
respectively (Xu and Meng 2016). In another experiment Ingle et al. developed
“liposils” in which a silica coating on the surface of conventional paclitaxel contain-
ing liposome has been done to improve stability of the liposome. It was demon-
strated that the paclitaxel liposils were exhibited long circulation half-life, 3.06 h,
4.27 h, and 18.55 h for free paclitaxel, paclitaxel liposome and paclitaxel liposils,
respectively (Ingle et al. 2018).

Chen et al. developed curcumin encapsulated liposomes coated with N-trimethyl
chitosan chloride to improve its bioavailability through thin-film dispersion method.
The study in rat demonstrated that the liposome showed two-fold increases in area
under curve. The N-trimethyl chitosan chloride coated liposome exhibited long cir-
culation half-life 3.85 h, 9.79 h and 12.05 for curcumin suspension, conventional
liposome and N-trimethyl chitosan chloride coated liposome, respectively (Chen
et al. 2012). In another study Takahashi et al. developed curcumin loaded liposome
through micro-fluidization technique for improvement in its bioavailability.
Pharmacokinetic study in rat demonstrated that four-fold increase in C,,,, (liposo-
mal curcumin 319.2 versus free curcumin 64.6 pg/L plasma). Five-fold increase in
area under curve (liposomal curcumin 26502.8 versus free curcumin 5342.6 pg/min
plasma) (Takahashi et al. 2009).

Quercetin is a plant flavonoid, which contains different pharmacological activi-
ties including, antioxidant, anti-inflammatory, anti-cancer, anti-aging. However, its
medical applicability is restricted due to poor solubility, instability and poor bio-
availability (Cai et al. 2013). Wong et al. developed liposomes co-encapsulated vin-
cristine and quercetin to improve bioavailability of the quercetin through thin film
hydration method. The study demonstrated tenfold increase in C,,,x (19.20 for lipo-
somal quercetin versus 2.07 nmol/mL of free quercetin). The formulation exhibited
long circulation half-life 1.49 h and 14.20 h for free quercetin and the liposome,
respectively (Wong and Chiu 2011).

Liposomes are generally prepared with phospholipids and useful in altering
pharmacokinetics profile natural products and another drug molecule. A variety of
natural products encapsulated liposomal formulations has been prepared which are
summarized in Table 1.4.

1.5.4 Polymeric Nanoparticles

Polymeric nanoparticles are widely used as biomaterials in drug delivery applica-
tion because of their favorable properties in terms of design, biodegradability, bio-
compatibility, broad structures which enable to encapsulate both hydrophobic and
hydrophilic drug within it (Khalid and El-Sawy 2017). There are several types of
polymer employed for preparation of the nanoparticles, zincluding,
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Table 1.4 Formulations of orally administered liposomes loaded with natural products for
improvement in bioavailability

Natural Main
product | excipients Technique Major outcome References
Silymarin | Lecithin, Reverse Enhanced hepatoprotective El-Samaligy
cholesterol, evaporation activity (decrease SGOT and et al. (2006a,
stearyl amine SGPT) upon buccal b)
and Tween 20 administration in rats. The
formulation composition intended
to improve oral bioavailability
Paclitaxel | SPC, Thin film AUC,, of PTX liposomes and Xu and
cholesterol, | hydration stealth liposomes increased Meng (2016)
PEG2000- 1.91- and 3.39-fold, respectively
DSPE, as compared to free PTX. The
tocopherol stealth liposomes were long
circulating showing a half-life
(tip) 5.6 h, 13.7 h, and 34.2 h for
free PTX, conventional liposome
and stealth liposomes,
respectively
Paclitaxel | HSL, HEL, Thin film The PTX liposils were exhibited | Ingle et al.
UEL, hydration long circulation half-life (t;,) (2018)
cholesterol, 3.06 h, 4.27 h, and 18.55 h for
stearyl amine free PTX, PTX liposome and
PTX liposils, respectively
Curcumin | SPC, TPGS, | Thin-film Two-fold increase in AUC. The Chen et al.
PF127, dispersion TMC coated liposome exhibited | (2012)
cholesterol long circulation half-life (t;,)
3.85h,9.79 h and 12.05 for
curcumin suspension,
conventional liposome and TMC
coated liposome, respectively
Curcumin | Soybean Microfluidization | Four-fold increase in C,,, (LEC | Takahashi
lecithins, PC, 319.2 vs curcumin 64.6 pg/L et al. (2009)
PE, PI, PA plasma). Five-fold increase in
AUC, 120min (LEC 26502.8 vs
curcumin 5342.6 pg/min plasma)
Quercetin | ESM, Thin film Ten-fold increase in C,, (19.20 | Wong and
cholesterol, | hydration for liposomal quercetin vs Chiu (2011)
PEG2000- 2.07 nmol/mL of free quercetin).
ceramide The formulation exhibited long

circulation half-life (t;,) 1.49 h
and 14.20 h for free quercetin and
the liposome, respectively

Abbreviations: SGOT serum glutamic oxalacetate transaminase, SGPT serum glutamic pyruvate
transaminase, PEG polyethylene glycol, SPC hydrogenated soy phosphatidyl choline, DSPE
distearoylL-a-phosphatidylethanolamine, PTX paclitaxel, HSL hydrogenated soya lecithin, USL
unsaturated soya lecithin, HEL hydrogenated egg lecithin, UEL unsaturated egg lecithin, 7TPGS
D-a-tocopheryl polyethylene glycol succinate, PC phosphatidylcholine, PE phosphatidylethanol-
amine, PI phosphatidylinositol, PA phosphatidic acid, LEC liposome-encapsulated curcumin, ESM
egg sphingomyelin
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Fig. 1.1 Representation of curcumin-loaded rice bran albumin nanoparticles formulation pre-
pared by anti-solvent precipitation method. The dose dependent in-vitro cytotoxicity of curcumin-
loaded rice bran albumin nanoparticles versus free curcumin was evaluated in MCF-7 cells and
extent of growth inhibition was measured after 48 h. The inhibition was calculated with respect to
controls. In-vivo pharmacokinetics parameters (area under curve, C., Tima) Of these two cur-
cumin formulations were evaluated in rat after 20 mg/kg oral administration of the formulations.
Reproduced with permission of Elsevier from (Liu et al. 2018)

poly(lactic-co-glycolic acid) (Dubey et al. 2016), poly(lactic-co-glycolic acid)-
polyethylene glycol (Saneja et al. 2019), bovine serum albumin (Alam et al. 2015;
Dubey et al. 2015), polycaprolactone (Youssouf et al. 2019), chitosan (Cheng et al.
2019). There are various types of nanoparticles reported to have improved bioavail-
ability of natural product. Sun et al. developed curcumin encapsulated polybutyl-
cyanoacrylate nanoparticles by emulsion polymerization method for improvement
in its oral bioavailability. It was demonstrated that polybutylcyanoacrylate nanopar-
ticles 1.7-fold increase in area under curve which was 419.62 pg/L h for curcumin
nanoparticles, at dose 50 mg/kg oral versus 244.81 curcumin suspension, at a dose
of 250 mg/kg oral in rat. The formulation exhibited long circulation half-life 3.85 h
and 5.29 h for curcumin suspension and curcumin polybutylcyanoacrylate nanopar-
ticles, respectively (Sun et al. 2012). In another experiment, curcumin loaded rice
bran albumin nanoparticles has been developed by successive titrations method for
increased in-vitro bioactivity and in-vivo bioavailability which is depicted in
Fig. 1.1. It has been demonstrated that the prepared formulation exhibited 10.2-fold
increase in area under curve that was 1715 ng/mL h for curcumin nanoparticles,
versus 168 ng/mL h for free curcumin, at dose of 20 mg/kg, oral each in rat (Liu
et al. 2018).

In the 1990s, betulinic acid, which is a pentacyclic triterpenoid was discovered
as anticancer agent after screening 2500 plant extracts (Pisha et al. 1995). However,
the medical applicability of betulinic acid has limited due to its poor aqueous solu-
bility and short half-life (Saneja et al. 2017b). To overcome this limitation, Saneja
et al. developed a long circulating nanoparticle loaded with betulinic acid by using
polylactide-co-glycolide-monomethoxy polyethylene glycol through emulsion-
solvent evaporation method for improvement in anti-tumor efficacy and bioavail-
ability of the drug. The result demonstrated that, the nanoparticles exhibited 1.8-fold
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increase in area under curve which was 19232.82 ng/mL h for betulinic acid
nanoparticles while 11841.31 ng/mL h for free betulinic acid, at oral dose of 10 mg/
kg each, in BALB/c mice. At the same time the formulation exhibited long circula-
tion half-life which was 1.12 h and 8.08 h for betulinic acid and betulinic acid
nanoparticles, respectively (Saneja et al. 2017a). In another study betulinic acid
loaded poly(lactic-co-glycolic acid) nanoparticles has been developed and reported
that the prepared nanoparticles showed 6.2-fold increase in area under curve which
was 838.43 pg/mL h for betulinic acid nanoparticles while 133.81 pg/mL h free
betulinic acid, at a dose of 100 mg/kg each, in rat. The formulation exhibited
improved long circulation half-life of 10.73 h and 11.11 h for betulinic acid and
betulinic acid nanoparticles, respectively (Kumar et al. 2018).

Agueros et al. developed paclitaxel loaded cyclodextrin-poly(anhydride)
nanoparticles by using inclusion-solvent evaporation method for improvement in its
bioavailability. It was reported that comparative area under curve has been observed
which was 79.2 pg/mL h for Taxol® at a dose of 10 mg/kg i.v. while 65.9 pg/mL h
for paclitaxel -cyclodextrin nanoparticles at a dose of 10 mg/kg oral in rat. Half-life
reported was 4.54 h for Taxol®, and 1.48 h for paclitaxel -cyclodextrin nanoparti-
cles, after oral administration (Agiieros et al. 2010). In another study paclitaxel
loaded poly(lactic-co-glycolic acid) nanoparticles emulsified with D-a-tocopheryl
poly(ethylene glycol) succinate, reported to have 9.7-fold increase in area under
curve which was 8510 for paclitaxel nanoparticles while 872 ng/mL h Taxol®, at a
dose of 10 mg/kg after oral administration, in rat (Zhao and Feng 2010). Similarly,
bioavailability of berberine, quercetin and silymarin has been improved by deliver-
ing these phytomedicine by using polymeric nanoparticles. Yu et al. developed ber-
berine loaded poly(lactic-co-glycolic acid)-polyethylene glycol nanoparticles by
Solvent evaporation method and reported that the nanoparticles showed threefold
increase in area under curve at a dose of 50 mg/kg oral each, in rat (Yu et al. 2017).
In another investigation quercetin loaded poly(n-butylcyanoacrylate) nanoparticles
was developed by emulsion polymerization method. The prepared quercetin
nanoparticles showed threefold increase in area under curve as compared to free
quercetin, at oral dose of 50 mg/kg in rat (Bagad and Khan 2015). Along with these,
silymarin encapsulated nanoparticles has been prepared which showed 3.66-fold
increase in area under curve as compared to the free silymarin at oral dose of 30 mg/
kg in rat (Zhao et al. 2016). Various types of natural products encapsulated poly-
meric nanoparticles have been prepared which are summarized in Table 1.5.

1.5.5 Miscellaneous Delivery System

There are several drug delivery systems has been developed for improvement in
bioavailability of the natural products. Bapat et al. developed nanocapsules of cur-
cumin by using lipid in which D-a-tocopheryl poly (ethylene glycol) succinate used
as a stabilizer for improved oral bioavailability. The advantage of lipid nanocapsules
is it can provide high drug loading and prolonged drug release. The lipid
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Table 1.5 Formulations of orally administered polymeric nanoparticles loaded with natural
products for improvement in bioavailability

Particle
Natural size
product | Polymer Technique (nm) Major outcome References
Curcumin | PBC Emulsion 93.8 1.7-fold increase in Sun et al.
polymerization AUC) , (pg/L h) (2012)
(419.62 for curcumin
NP, at dose 50 mg/kg vs
244 .81 curcumin
suspension, at dose
250 mg/kg in rat).
Curcumin | RBA Successive 120 10.2-fold increase in Liu et al.
titrations AUC., (ng/mL h) (2018)
(1715 for curcumin NP,
vs 168 free curcumin, at
dose of 20 mg/kg each
in rat)
Betulinic | PLGA-mPEG Emulsion- 147 1.8-fold increase in Saneja
acid solvent AUC,, (ng/mL h) et al.
evaporation (19232.82 for BANP, | (2017a)
vs 11841.31 free BA, at
a dose of 10 mg/kg
each, in BALB/c mice).
Betulinic | PLGA Emulsion- 257.1 6.2-fold increase in Kumar
acid solvent AUC,., (pg/mL h) et al.
evaporation (838.43 for BANP, vs | (2018)
133.81 free BA, at a
dose of 100 mg/kg
each, in rat).
Paclitaxel | Cyclodextrin, Inclusion- 179- Comparative AUC,_, Agiieros
poly(anhydride) | solvent 310 (pg/mL h) (79.2 for et al.
evaporation Taxol® 10 mg/kg i.v., | (2010)
vs 65.9 PTX-CD NP
10 mg/kg oral in rat).
Half-life (t;,,) 4.54 h for
Taxol®, i.v. and 1.48 h
for PTX-CD NP, oral
Paclitaxel | PLGA, TPGS Solvent 288 9.7-fold increase in Zhao and
evaporation AUC,, (ng/mL h) Feng
(8510 for PTX NP, vs (2010)

872 Taxol®, at a dose
of 10 mg/kg oral each,
in rat)

(continued)
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Table 1.5 (continued)

Particle
Natural size
product | Polymer Technique (nm) Major outcome References
Berberine | PEG-lipid— Solvent 149.6 | 3.4-fold increase in Yu et al.
PLGA evaporation AUC,., (ng/mL h) (2017)
(3499.68 for berberine

NP, vs 1029.03 free
berberine, at a dose of
100 mg/kg oral each, in

rat)
Quercetin | PBCA Emulsion 166.6 | 3-fold increase in Bagad and
polymerization AUC, , (pg/mL h) Khan

(313.97, 248, 104.22 for | (2015)
QT-PBCA +P-80 NP,
QT-PBCA NP and free
quercetin, respectively
at a dose of 50 mg/kg
oral each, in rat)
Silymarin | Poloxamer 188 | Emulsion 107.1 3.66-fold increase in Zhao et al.
solvent AUC,, (pg/mL h) by | (2016)
evaporation silymarin NP as
compared to the free
silymarin at a dose of
30 mg/kg oral each, in
rat

Abbreviations: PBC polybutylcyanoacrylate, NP nanoparticles, RBA rice bran albumin, PLGA-
mPEG polylactide-co-glycolide- monomethoxy polyethylene glycol, BA Betulinic acid, PLGA
poly(lactic-co-glycolic acid), TPGS D-a-tocopheryl poly(ethylene glycol) succinate, PTX pacli-
taxel, QT quercetin, CD cyclodextrine, PBCA poly(n-butylcyanoacrylate)

nanocapsules was prepared by antisolvent precipitation method demonstrated 12.2
fold increase in area under curve which was 1174.42 pg/mL h for the nanocapsules,
while 95.64 pg/mL h for free drug in rat at a dose of 100 mg/kg (Bapat et al. 2019).
In another study, W/O/W multiple emulsion of salvianolic acid extracts has been
investigated for improvement in oral bioavailability. It was demonstrated that the
prepared multiple emulsion showed 22.8 fold increases in area under curve which
was 119.77 pg/mL min as compared to 5.25 pg/mL min for native salvianolic acid
in rat at a dose of 20 mg/kg (Song et al. 2017). Berberine is an anticancer natural
product that is used for treatment lymphoma but has poor oral bioavailability.
Elsheikh et al. developed novel cremochylomicrons for improvement in oral bio-
availability of the berberin via thin film hydration method and reported 2.7 fold
increase in area under curve (35.09 pg/mL h while 12.75 pg/mL h for free drug) in
rat at oral dose of 100 mg/kg (Elsheikh et al. 2018).

Self-emulsifying drug delivery systems played crucial role in solving low bio-
availability issues of hydrophobic drugs which can solubilize the drug and enabled
them for oral administration as unit dosage form (Gursoy and Benita 2004; Kohli
et al. 2010). Self-emulsifying drug delivery system are isotropic mixtures of drug
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substance, lipids, surfactants and cosolvents (Gursoy and Benita 2004). A self-
emulsifying drug delivery system droplet ranges from a few nanometers to many
microns. ‘Self-microemulsifying drug delivery systems’ contains droplets size
ranging from 100 and 250 nm while ‘Self-nano-emulsifying drug delivery systems’
is recently coined term in which droplet size range less than 100 nm (Singh et al.
2009). Quercetin a flavonoid having effective anticancer effects, but poor aqueous
solubility and less intestinal absorption it showed poor oral bioavailability. To
address this limitation, Tran et al. developed self-nano-emulsifying drug delivery
systems’ formulations containing quercetin by using castor oil, Tween-80, cremo-
phor. In-vivo pharmacokinetic study in rat demonstrated that self-nano-emulsifying
drug delivery systems formulation showed 33.5 fold increase in area under curve
which was 45.35 pg/L h while 1.35 pg/L h for free drug at an oral dose of 15 mg/kg
(Tran et al. 2014a). There are several types of delivery system reported for effective
bioavailability enhancements of natural products are summarized in Table 1.6.

1.6 Conclusion

Natural products extensively used by human being for health benefits since concept
of medicine starts. In the present scenario, many natural products have been used
worldwide in the field of healthcare system that involves phytoextracts or phyto-
chemicals as major active ingredients. However therapeutic efficacy of these active
ingredients depends on bioavailability specially when administered via oral route.
Poor aqueous solubility, poor gastrointestinal tract absorption and rapid degradation
of these active ingredients, represent a major challenge for its pharmacological
activity. Literature demonstrated that there are many natural products whose solu-
bility, bioavailability and pharmacological efficacy have been significantly enhanced
by involving pharmaceutical technology both conventional as well as novel
approaches. In the conventional approaches, cyclodextrin complexation was found
to be better choice for improvement in water solubility and bioavailability.
Cyclodextrins have a unique structure with hydrophobic central cavity which can
accommodate a variety of lipophilic drugs. Reports indicated many natural products
including, digoxin, artemisinin, curcumin, rutin and naringenin exhibited signifi-
cant improvement in bioavailability. Novel drug delivery systems are attracting
much attention due to their ability to facilitate gastrointestinal absorption, protec-
tion of active ingredients from enzymatic degradation and eventually improvement
in the bioavailability. Quercetin, naringenin, curcumin, artemisinin, berberine, betu-
linic acid, salvianolic acid, silymarin, paclitaxel, apomorphine, quetiapine, venla-
faxine, chrysin and resveratrol are some of the therapeutic agent that have multiple
biological activities and their bioavailability has been improved by using novel drug
delivery systems which can be further investigated in human trials. Phospholipid
based delivery systems like solid lipid nanoparticles, phytosomes, liposome, and
noisome represents very effective delivery option for natural products as compare to
the conventional approach. Therefore, novel drug delivery systems may be useful to
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achieve desired pharmacological efficacy at lower dose which could also be accom-
plished with reduced side effects.
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Chapter 2
Solubility Enhancement Techniques
for Natural Product Delivery

Harsha Jain and Naveen Chella

Abstract The products extracted from the natural source are of great importance as
they are useful for the treatment of a variety of ailment and thus they are an impor-
tant source of pharmaceuticals. The major drawbacks with the use of these natural
products are their isolation from the source in pure form, the variability in the con-
tent of samples, poor aqueous solubility, and decreased oral bioavailability. Poor
aqueous solubility of the natural product is the major obstacle involved with the
development of any formulation and causes of low bioavailability and thus the
delivery of drugs at a sub-optimal level. Poorly soluble components require a high
amount of them to be incorporated into the formulation to get the required concen-
tration in the body to elicit a pharmacological effect.

Different strategies are being used for the enhancement of their aqueous solubil-
ity of an active product of natural origin. In the current chapter major focus was on
particle engineering technologies, dispersions, complexation based technologies,
and nanotechnology related aspects were discussed as these already proven their
efficiency in terms of solubility improvement and commercialization with synthetic
molecules. Nanotechnology offers great advantages for solubility improvement as
surface to volume ratio increases. Particle engineering includes particle size reduc-
tion that improves their surface area and thus enhances solubility. Complexation
using different complexing agent improve solubility as well as stability of natural
products. Nanosuspension or Nanocrystals are emerging technologies where, higher
dose drugs also can be used with utilizing lesser quantity of stabilizer. Selection of
an appropriate method for solubility improving also results in improved bioavail-
ability and a reduction in dosage frequency as well as patient improved compliance.
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2.1 Introduction

Natural products derived from the living organism such as plant, animal and micro-
organisms are a great source of a variety of pharmaceuticals. They exert nutritional
and health benefits and thus used in the pursuit of health and well-being (Cragg and
Newman 2013). They cover a variety of therapeutic compounds and thus are useful
in the treatment of many diseases since very old time. Because of the diversity in
their structure and steric properties, these products are of great importance as they
offer selectivity as well as an affinity towards molecular receptors (Guo 2017; Hong
2011). During the last few decades, the use of the natural product in pharmaceutical
industries has increased tremendously due to their safety over the synthetic mole-
cules (Siddiqui et al. 2014). Studies have shown that compounds generally obtained
from natural sources such flavonoids, terpenoids and others like some natural oils
possess variety of function that to treat many chronic and severe conditions. Few
examples include, artemisinin for antimalarial activity (Klayman 1985), agathosma
betulina for antihypertensive activity (Etuk 2006), Taxol derivatives for anticancer
activity (Cragg and Newman 2005), ranunculus ternatus for anti-tuberculosis (Deng
et al. 2013) and curcumin for anti-infective, analgesic and anti-inflammatory activ-
ity (Garg 2005). Besides a wide range of utility of natural products, there are certain
limitations like structural complexity, isolation or extraction of pure active mole-
cule, poor aqueous solubility, poor stability in in vitro and in vivo conditions and
uncontrolled-release which are hindering their development as clinical candidate.

The present chapter mainly emphasized on the significance of solubility in dos-
age form design, and about the different methods or strategies such as particle engi-
neering, complexation, and nanotechnology for enhancement of aqueous solubility
of these natural substances.

2.2 Solubility

Solubility is the property of any substance or solute molecule to get dissolved into
the solvent and plays a significant function in achieving the desired concentration in
the blood or in plasma as to have high bioavailability (Lachman et al. 1976; Martin
1993). Solubility is a key parameter in the journey of drug compound from discov-
ery to development phase at various stages (Krishnaiah 2010; Sharma et al. 2009).
In the initial stages of drug discovery from natural products, if the drug has poor
aqueous solubility, it may limit the extraction efficiency of the natural molecules as
water being the universal solvent. Later during preclinical development, making
formulations suitable for administration to selected animal models also creates
problem. Solubility is the rate limiting parameter for the drug which are adminis-
tered orally to achieve required concentration in blood plasma to elicit a therapeutic
or pharmacological response (Wen et al. 2015). Another problem with these poorly
soluble drugs is that, they frequently require high amount of dose to attend thera-
peutic concentrations in blood plasma upon administration.
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The slower dissolution and slower absorption guided by poor aqueous solubility
leads to lower bioavailability and reduced therapeutic efficacy. Lack of sufficient
bioavailability leads to the withdrawal of their development from pipeline (Kalepu
and Nekkanti 2015). Hence, pharmaceutical scientists were working on various
technologies and strategies for enhancing the solubility and thereby enhancing their
bioavailability, therapeutic potential and clinical application (Kumari et al. 2012;
Lipinski et al. 1997; Savjani et al. 2012).

2.2.1 Factors Influencing the Solubility of Substances

The rate and amount of solute to be dissolved in a particular solvent relies on many
factors, such as physicochemical properties of the substance being dissolved
(including chemical nature, type of surface functional groups present, purity of the
substance, melting point, crystallinity) temperature, pressure, pH of the media,
polarity of the solvent (Recharla et al. 2017).

2.2.1.1 Effect of Particle Size and Shape

Smaller particle sizes possess higher effective surface area and increased surface to
volume ratio which may improve the solubility. The reduced particle size shows
only higher dissolution rate. However, the maximum amount of compound dis-
solved will be same (Morales et al. 2016). Furthermore, symmetrical molecules
exerts low solubility when compared with asymmetrical (Merisko-Liversidge et al.
2003; Mosharraf and Nystrom 1995).

2.2.1.2 Effect of Molecular Weight

In general, substances with higher molecular weight are considered as poorly solu-
ble compounds. While in other cases like organic compounds, the solubility depends
on branching of carbon atoms. The more will be the branching of carbon atom
higher will be the solubility of that compound. Therefore, the branched polymer
shows higher solubility than that of the linear polymer having the identical molecu-
lar weight (Ravve 2013; Small 1953).

2.2.1.3 Effect of Temperature

Solubility of many substance increases as temperature increases (either liquid or
solid). The reason is that the kinetic energy of particles increases with the rise in
temperature and this elevated temperature allows the molecules of solvent to break
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the solute molecules more effectively which are held together by intermolecular
forces of attraction (Chaudhary et al. 2012; Kadam et al. 2009).

2.2.1.4 Effect of Molecular Polarity

Polarity of a molecule is related to its intermolecular interactions which intern
effects the other properties like melting point, boiling point and solubility of the
compound. As a rule of thumb, like dissolves like polar compounds will be solubi-
lized by polar solvents and vice versa. As water is more polar in nature, behaves as
good solvent for most of the polar molecules.

2.2.1.5 Effect of Solid State Forms

Amorphous forms of natural bioactive compounds possess greater aqueous solubil-
ity when compared with crystalline form. In case of crystalline molecules also,
different polymorphic forms possess different solubilities. The structural arrange-
ments into the crystal lattice can potentially affect the various physicochemical
properties of any bioactive molecules (Chawla and Bansal 2008; Huang and Tong
2004). Similarly, there is variation in solubility of molecule from hydrates to anhy-
drous form.

2.2.1.6 Effect of pH Condition of the Medium

Solubility can also be affected by the pH condition of solvent present in surrounding
depending on the pKa of the compound. Various compounds either hydrophilic or
lipophilic will show difference in solubilities at different pH conditions (Horter and
Dressman 2001).

2.2.1.7 Presence of Excipients

Stabilizers also named as surfactants or emulsifiers are used in many pharmaceuti-
cal dosage forms to maintain the stability. The surfactants contain both hydrophilic
and lipophilic group in their structure and these are used to reduce the surface or
interfacial tension that exist between air water or water and oil interface to enhance
the solubility and stability of the compounds (Park and Choi 2006).
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2.3 Strategies for Solubility Enhancement

There a large number of existing methodologies are used for improving solubility of
poorly aqueous soluble drugs. The techniques for improving aqueous solubility are
selected based on different factors such as various physiochemical properties related
to drug, nature of excipients, and type of dosage form (Vemula et al. 2010). Some
of the strategies for improving the water solubility of natural products were dis-

cussed in Table 2.1 with advantages and limitations.

Table 2.1 Methods of solubility enhancement of natural products

Method

Advantages

Limitations

References

Particle engineering
(Micronization, Nano
suspension and Nano
crystals)

No need to alter the
chemical structure to
increase solubility of drug
substances

Agglomeration due to
developed charges

Scale up feasibility

Decreased wetting

Sutradhar
et al. (2013)

Complexation

Enhanced solubility and

Not suitable for large

Loftsson and

stability dose drugs as it may | Brewster
Odor and taste masking increase bulk (1996)
Reduction in irritation
Conversion to dry powders

Solid dispersion Improved wettability Physical instability Chiou and
Increased surface area rapid Riegelman
absorption and enhanced (1971)
bioavailability

Nanotechnology Improved surface to Cost and stability Miiller et al.

(Solid lipid nanoparticles, | volume ratio (2000a)

liposomes, polymeric
micelles, SNEDDS)

Possibility of targeted
delivery

Scale up feasibility

Reduction in side effects
along with improved
solubility

Micellar solubilization

Thermodynamic stability

Easy and reproducible to
produce in large scale

Provides longer circulation
time

Also provides enhanced
penetration due to use of
surfactants

Possibility of site specific
drug delivery

Use of higher
surfactant
concentration may be
toxic

Rangel-Yagui
et al. (2005)
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2.3.1 Particle Engineering

Particle engineering mainly refers to obtaining the optimal particle size and size
distribution, along with morphological and surface characteristics. This technique is
mainly utilized to improve solubility, dissolution rate and thereby bioavailability
(Blagden et al. 2007). Micronization or conventional size reduction with the help of
high pressure homogenization or milling is an age old technique engaged in phar-
maceutical industry for solubility and dissolution improvement. This augmented
surface area as a result of particle size reduction will increase dissolution as per
Noyes—Whitney equation (Khadka et al. 2014). But, it has very limited effect on
solubility which is more dependent on solid state characteristics of drug substance.

However, reducing the size of particles further to nanometer range has showed
improvement in solubility (especially kinetic solubility) as per Ostwald-Freundlich
equation (Sun et al. 2012; Williams et al. 2013). Further, use of polymers and sur-
factants to stabilize the system will also help in improving the solubility.
Nanosuspensions/nanocrystals are the well reported technologies in the literature
for improving the solubility of many natural products such as curcumin (Gao et al.
2011), Zerumbone (rhizomes available from the Zinigiber zerumbet) (Md et al.
2018), resveratrol (Hao et al. 2014), quercetin (Sun et al. 2010).

Top down or bottom up approaches are used to prepare nanosuspension or nano-
crystals. This was discussed in detail in section “Preparation of Nanosuspension”.

2.3.2 Complexation

Complexation is one of the most constructive method for enhancing the aqueous
solubility, dissolution and bioavailability of poorly soluble drugs. Complexation is
an intermolecular association of substrate (drug) and ligand molecules or ions either
by strong coordinate covalent bonds or by relatively weak non-covalent forces like
hydrophobic interactions or dipole forces, hydrogen bonding, electrostatic interac-
tions and Van der Waals forces. Complexes are diversified based on the type of
substrate and ligand involved. However, inclusion complexes in which hydrophobic
drug molecules (guest) are encapsulated or included into the hydrophobic internal
cavity of host molecule gained much interest in pharmaceutical industry due to their
ease of preparation, scalability and successful commercialization. Cyclodextrin,
cyclosophoraoses, and chitooligosaccharides are the few examples of host mole-
cules used in improving the solubility of natural products (Chaudhary et al. 2012;
Kim et al. 2008; Kumar et al. 2013b).

2.3.2.1 Cyclodextrin Based Complexes
Cyclodextrins are the oldest compounds discovered (100 years ago) and most used

material for improving the solubility, dissolution and thereby bioavailability of
many hydrophobic drugs. The hydrophilic functional group on the surface makes
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them water soluble whereas hydrophobic cavity allows the incorporation of either
compete structure or part of the structure of non-polar compound enabling the
improvement in solubility (Singh et al. 2002). Cyclodextrins are majorly composed
of monomers of glucose organized themselves in the shape like donut ring having a
hydrophilic part outside and hydrophobic cavity inside as shown in Fig. 2.1.

Further, detailed discussion on the structural properties, types of cyclodextrin,
modified derivatives of cyclodextrin and their relevant physicochemical properties
along with applications in drug delivery were discussed by many authors (Challa
et al. 2005; Loftsson and Duchéne 2007; Loftsson et al. 2005; Tiwari et al. 2010;
Zhang and Ma 2013). There are about 35 products (either solids or liquid dosage
form) in the market based on cyclodextrin complexation for solubility and bioavail-
ability improvement throughout the world (Brewster and Loftsson 2007; Jansook
et al. 2018). Modified cyclodextrins like hydroxypropyl derivatives of f cyclodex-
trin and y cyclodextrin, methylated p-cyclodextrin, maltosyl f-cyclodextrin, and the
sulfobutylether f cyclodextrin with improved physicochemical properties were also
found to have applications in drug delivery (Brewster and Loftsson 2007).

Cyclodextrins also behave as permeation enhancers as they carry the drug mol-
ecules across the aqueous membrane barrier that exists before the non-aqueous bio-
logical membranes (Del Valle 2004; Loftsson and Brewster 1996; Loftsson and
Duchene 2007; Stella and Rajewski 1992). The present chapter focuses on the prep-
aration methods and discussion of few case studies with respect to natural products.
Natural cyclodextrins like, a- cyclodextrin, f-cyclodextrin and y-cyclodextrin were
included in the generally regarded as safe (GRAS) list by FDA and other modified
derivatives such as hydroxypropyl - cyclodextrin and sulfobutylether p- cyclodex-
trin were included in the inactive ingredient database of FDA.

Various methodologies were reported in the literature for preparing the cyclodex-
trin complexes with drug molecules. Few techniques that are mostly cited in the
literature and have commercial feasibility were discussed here.

Fig. 2.1 Structure of lipophilic cavity
cyclodextrin

Hydrophilic
surface
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Physical Mixture or Blending Technique

A physical mixture of cyclodextrin and hydrophobic molecule can be prepared by
simple mechanical mixing (Del Valle 2004).

Kneading Method

Kneading involves preparing a paste of cyclodextrin by macerating with small
quantity of water or hydro alcoholic solutions. The hydrophobic drug is then added
to the prepared paste and kneading is done for a specific period. The resultant mix-
ture is dried and passed through a sieve if necessary to convert it into dry powder. At
the laboratory scale, mortar pestle can be used for kneading. But at industrial scale,
kneading is performed on extruders. Kneading is the most widely preferred and
simple technique used for the preparation of inclusion complexes (Loftsson and
Duchene 2007; Singh et al. 2010).

Microwave Irradiation Method

Microwave irradiation method can be used for industrial scalability purpose as the
method is novel, requires smaller reaction times, and gives higher practical yield. In
general, equimolar ratio of complexing agents and drug are taken in a round bottom
flask containing water, organic solvent or mixture of both. This mixture is kept in
microwave oven at 60 °C for the completion of reaction. After this, free drug and
complexing agent are removed from the reaction mixture by using suitable solvent.
The resulting product is separated by using Whatman filter paper and dried at 40 °C
(Nacsa et al. 2008).

Lyophilization/Freeze-Drying Method

Lyophilization or freeze-drying is accounted as an appropriate method for the prep-
aration of cyclodextrin complex. This technique allows the absolute amputation of
solvent from the solution during primary drying. This method is more suitable for
molecules which are thermo labile in nature as the drying takes place at lower tem-
peratures and at lowered pressure (Savjani et al. 2012). This technique can be con-
sidered as an optional or alternative method for solvent evaporation. It also involves
molecular mixing of the hydrophobic drug along with hydrophilic carrier i.e. cyclo-
dextrin in a same solvent (Loftsson and Duchene 2007). The resultant product will
be dry, porous and amorphous in nature. Some of the main limitation of this method
is that it requires the use of specialized equipment and time-consuming process.
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Supercritical Anti-solvent Precipitation Process

In this method, the drug and cyclodextrin are dissolved in a mixture of organic sol-
vents depending on solubility. Then, supercritical CO, and the drug cyclodextrin
solution sprayed into vessel simultaneously at a constant rate. During this, solvent
will be extracted by supercritical CO, and complex will be precipitated as dry powder.

Borghetti GS et al., reported about 4.6 folds and 2.2 folds improvement in solu-
bility of natural anti-oxidants such as quercetin after complexation with
B-cyclodextrin by spray drying and physical mixing methods respectively. The
authors also considered the effect of operating conditions on the complexation effi-
ciency using factorial design. Quercetin- f-cyclodextrin complex was prepared in
1:1 molar ratios per phase solubility studies and the yield was found to be 77% in
case of spray drying (Borghetti et al. 2009). Zhang et al. studied the impact of com-
plexation on the water solubility of astilbin with a, 3, and y-cyclodextrin determined
through phase solubility study and UV — visible spectral analysis. The formation
constant (Ka) of astilbin complexes with all three cyclodextrin was calculated. They
observed that, complexation with cyclodextrin increased its aqueous solubility. The
solubility of astilbin in complex with f-cyclodextrin prepared by the freeze-drying
technique was improved by 122.1 fold, and there is also improvement in their dis-
solution profile. The stability of astilbin complexes was found in increased order of
a-cyclodextrin < y-cyclodextrin < p-cyclodextrin (Zhang et al. 2012). In another
study, Trollope L et al., showed 44 folds enhancement in solubility of resveratrol
after complexation with hydroxypropyl p-cyclodextrin and 63-fold after complex-
ation with randomly methylated B-cyclodextrin (Trollope et al. 2014).

Another study done by Upreti M et al., revealed significant improvement in the
aqueous solubility of Steviol glycosides after complexation with y- cyclodextrin.
The solubility study indicated, the concentration of Baudioside (reb) A, C and D in
water was observed as 1.43%, 2% and 4% in presence of cyclodextrin against 0.8%
and 0.1-0.2% in absence of cyclodextrin respectively. Thermal and spectroscopic
analysis confirmed the stable interaction between glycosides and cyclodextrin
(Upreti et al. 2011).de Lima Petito et al., formulated red bell pepper extracted carot-
enoids into 2-hydroxypropyl-p-cyclodextrin complexes to improve the aqueous
solubility of carotenoids and thereby their use in food. The pure carotenoid extract
was completely insoluble in water whereas, carotenoid after complexation with
cyclodextrin showed solubility of 8.00 + 2.6 mg/mL for the sample1:4 compared to
3.53 mg/mL with physical mixture in same ratio (de Lima Petito et al. 2016).
Nanringenin shows greater potential in the treatment of hyperlipidemia but its effi-
cacy is hampered owing to poor aqueous solubility. Shulman and others tried to
enhance the aqueous solubility of Naringenin by preparing inclusion complex of
naringenin with hydroxypropyl-p-cyclodextrin. The resulting complex showed
about 400 times enhancement in the solubility of naringenin (Shulman et al. 2011).
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2.3.2.2 Cyclosophoraoses Based Complexes

Cyclosophoraoses are the category of unbranched cyclic oligosaccharides produced
by all the members belong to rhizobiaceae, mainly separated from Rhizobium legu-
minous arum biovartrifolii (Abe et al. 1982). Cyclosophoraoses comprises of
unbranched cyclic f-(1,2)-D-glucans, having 17 to 25 ring size range in their degree
of polymerization (Breedveld and Miller 1994). Initially, these are grown in peri-
plasmic as well as extracellular media of fast-growing soil bacteria. Generally,
cyclosophoraoses are synthesized in periplasmic space and transferred to the extra-
cellular space. These play a key role in maintaining the osmolarity, in the formation
of root nodules during nitrogen fixation and also provide attachment for bacterial
cells to the host (Lee et al. 2004; Miller et al. 1986). Cyclosophoraoses gained much
attention as they have ability to form inclusion complexes with a range of hydropho-
bic molecules. Besides, these molecules are also used to encapsulate a range of
molecules and act as solubility enhancers for the poorly soluble molecules. They
can be utilized in naive form or by modifying their functional groups such as suc-
cinyl, sulfonyl, methyl, butyryl, and carboxymethyl groups.

Kim et al. demonstrated enhancement in the aqueous solubility of atrazine by
3.69 times at 20 mM concentration of cyclosophoraoses after formation inclusion
complex. They also suggested the potentiality of biological and environmental
applications of cyclosophoraoses in removing very less soluble unhealthy materials
from aqueous solutions due to presence of a large number of residues of glucose
extracted from rhizobial species (Kim et al. 2019). Jeong, D et al., investigated the
effect of complexation on the solubility of fisetin using novel cyclosophoroase
dimer and compared with that of B-cyclodextrin fisetin complex. Cyclosophoraose
dimer was synthesized by modification of cyclosophoraose produced from
Rhizobium species. Nuclear magnetic resonance and Fourier-transform infrared
spectroscopy studies confirmed the structural modification was successful.
Solubility studies indicated, about 6.5-fold raise in solubility of fisetin compared to
pure drug and about 2.4 fold improvement compared to f-cyclodextrin fisetin com-
plex. Fisetin cyclosophoraose complex also showed higher cytotoxicity against
HeLa cells compared to its counterpart indicating enhanced bioavailability. The
authors concluded that, the synthesized cyclosophoraose dimer can become an
effective alternate to cyclodextrin for the successful delivery of fisetin (Jeong et al.
2013). Piao et al. also explored the effect of hydroxypropyl cyclosophoraoses com-
plex on the solubility of a-naphthoflavone and suggested that, hydroxypropyl
cyclosophoraose act as a novel host carrier with the ability to potentially interact
with different polyaromatic compounds and also with a-naphthoflavone in improv-
ing the solubility (Piao et al. 2014). Luteolin is a bio flavonoid exuded from alfalfa
reported to possess anti-cancer effects. However, luteolin use was precluded by its
low water solubility. The solubility issue of this compound was addressed by mak-
ing complex with cyclosophoraoses oligosaccharide by Sanghoo Lee and others
(Lee et al. 2003).

The cyclosophoraoses complexes were prepared by solvent evaporation method
similar to cyclodextrin complexation.
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2.3.2.3 Chitooligosaccharide Based Complexes

Chitooligosaccharide, also called as chitosan oligomers, is obtained by either chem-
ical or enzymatic hydrolysis of chitosan. Readers can refer to the literature for
detailed description of various synthetic procedures for preparation of chitooligo-
saccharide from chitin (Aam et al. 2010; Lodhi et al. 2014). Compared to chitosan,
these oligosaccharides have less molecular weight, low viscosity, and better solubil-
ity that offers the advantage of complex development with natural products for their
solubility enhancement (Xia et al. 2011).

Zhou and co-workers prepared a complex of hesperidin with chitooligosaccha-
rides by spray-drying method. The prepared complex showed an interaction between
aromatic group of the hesperidin and chitooligosaccharide via hydrogen bond.
Because of such interaction between hesperidin and host molecule, the resulting
complex showed significant improvement in aqueous solubility (3.8 fold at 1:10
ratio) and better antioxidant activity than native hesperidin. The authors also
reported that, the solubility was increased with increasing carrier to drug ratio (Cao
et al. 2018).

Cao, R et al., studied about the complexation of naringin with chitooligosaccha-
ride at different mole ratios (1:1, 1:5, 1:10) and also evaluated the effect of these
complexes on the solubility of naringin. Complexes were prepared by spray drying
method and characterized by scanning electron microscopy, 'H nuclear magnetic
resonance (NMR), fourier-transform infrared spectroscopy analysis (FT-IR).
Further, the authors also determined their solubility, antioxidant activity and anti-
bacterial property in comparison to pure naringin. FT-IR and NMR studies con-
firmed the formation of complexes and involvement of hydrogen bond between
naringin and chitooligosaccharide. The complex showed significant improvement in
solubility and antioxidant activity with superior anti-bacterial activity (Cao
et al. 2019).

2.3.2.4 Phospholipid Complex

Phospholipid complexation results in formation of hydrogen bond between drug
and phospholipid. The resulting complex will self-assemble in aqueous media. The
amphiphilic nature of the phospholipid helps in enhancing the solubility of drug
molecule in both aqueous and non-aqueous media leading to improved solubility,
enhanced permeation and thereby improvement in bioavailability (Loftsson 2017).
Phospholipids are amphiphilic molecules derived from soyabean, milk, egg yolk
and marine organisms and comprise of a glycerol backbone esterified with fatty
acids at 1 and 2 position and with phosphate in position 3 (van Hoogevest 2017,
Zhou and Rakariyatham 2019). Based on the backbone present these are classified
into Glycero phospholipids, Sphingo phospholipids and sterols (Lu et al. 2019;
Singh et al. 2017). Phospholipid complexes are prepared in different stoichiometric
ratios of drug (natural product) to lipid (1:1, 1:2 and 1:3). These are prepared using
solvent evaporation, co-grinding method, mechanical dispersion, super critical fluid
process, co-solvent lyophilization and anti-solvent precipitation (Kuche et al. 2019).
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Zhang, K et al., studied the effect of phospholipid complexation on the aqueous
solubility, bioavailability and hepato protective activity of quercetin. The authors
prepared quercetin-phospholipid complex and analyzed by Fourier-transform infra-
red spectroscopy, Differential scanning calorimetry, X-ray diffraction and water/n--
octanol solubility. Oral bioavailability and hepatoprotective activity was studied in
SD rats. The resulting quercetin-phospholipid complex showed about 13 folds
improvement in aqueous solubility and 1.6 folds enhancement in n-octanol solubil-
ity (Zhang et al. 2016a). Saoji et al., showed about 12 folds improvement in the
solubility of standardized Centella extract compared to pure extract and physical
mixture of extract and phospholipid. The complexation also resulted in significant
increase in dissolution and permeability that resulted in improved efficacy of the
extract as tested in animal models (Saoji et al. 2016). Li et al., reported enhance-
ment in the solubility of ferulic acid using phospholipid complexation. Complex
was prepared in different ratios of drug to phospholipid (2:1, 1:1, 1:2, 1:3, and 1:4)
using Soy lecithin by rotaevaporation method. The resulting complex showed sig-
nificant improvement in solubility of ferulic acid from complex (1.68 +0.01 mg/ml)
to the pure drug (0.67 + 0.02 mg/ml). The enhanced solubility resulted in improved
bioavailability and cellular melanogenesis inhibition activity (Li et al. 2017).

2.3.3 Solid Dispersion

Solid dispersion is one of the renowned systems for the improvement of solubility,
dissolution and thus bioavailability of hydrophobic drugs. Natural products being
poorly soluble in aqueous solvent are less bioavailable also. Thus, solid dispersion
may serve as one of the approach to augment the water solubility, dissolution and
bioavailability of natural actives with poor aqueous solubility (Kumar et al. 2013a).
Solid dispersion can be described as “the dispersion system containing single or
more active ingredients in an inert matrix of carrier that can be prepared by the melt-
ing or fusion method, solvent or melting-solvent method” (Aggarwal et al. 2010;
Dhirendra et al. 2009). Formulating solid dispersions for natural products with poor
aqueous-solubility reduces the issue related to solubility and increases their bio-
availability also. Solid dispersions majorly increases the dissolution rate and few
carriers may improve the solubility which may be ascribed to size reduction, supe-
rior wetting, change in drug crystallinity and presence of water soluble carriers
(Craig 2002).

2.3.3.1 Methods of Preparation of Solid Dispersion

Various methods like fusion method, kneading, spray drying, melt extrusion, sol-
vent evaporation; lyophilization and co-precipitation were reported in the literature
for preparing solid dispersions. Only methods which have commercial application
such as spray drying and co-precipitation and hot melt extrusion (Huang and Dai
2014) were discussed in the following section.
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Hot Melt Extrusion

Hot melt extrusion technology is a well-established technology used in the food and
plastic industry since 1930s. Recently, it found application in pharmaceutical indus-
try to prepare dispersions. Essential elements of hot melt extruder include barrels
that enclose single or twin screws for the transport of material through a die. This
barrel is subjected to heating to a temperature which is equivalent to the melting
point of drug and carrier. Due to the heat and force applied on the material by the
screws, the polymer will be plasticized and the drug will be molecularly dispersed
or dissolved depending on the nature and extruded from die cavity. The molten mass
will be cooled to room temperature, crushed, sieved and stored in desiccators for
further use (Shah et al. 2013).

Spray Drying

Spray-drying is considered as one of the most frequently employed as a solvent
evaporation technique to formulate solid dispersions. It includes dissolving of the
drug substance and carrier material, followed by spraying it into spraying chamber
with a stream of heated air flow to evaporate the solvent. Spray drying completes in
three steps namely, atomization, drying, and collection of the powder. During atom-
ization, a fine mist with a large surface area is sprayed into a spraying chamber. Heat
is transferred and immediate removal of the solvent occurs because of the formation
of fine droplets. After atomization of liquid, the droplets enter in the drying chamber
in which hot air evaporates the solvent. After drying, the air stream carries particles
out of the drying chamber and into a separation device. Centrifugal force is used in
a cyclone in order to separate powder from the air stream and the resultant powder
product is collected in the collector (Arunachalam et al. 2010; Baghel et al. 2016).

Co-precipitation

In co-precipitation method, drug and polymer are dissolved in a common solvent
and vortexed if necessary to get a transparent solution. Then, anti-solvent (mostly
water) was added drop wise to the organic solvent to induce precipitation. The pre-
cipitate was filtered, dried and stored in dessicator (Tran et al. 2019).

Kanaze and coworkers developed a solid dispersion system for flavonone agly-
cone drugs naringenin and hesperetin by solvent evaporation method using polyvi-
nylpyrrolidone as carrier material. The prepared dispersions of polyvinylpyrollidone
and naringenin-hesperedin (80/20 w/w) were compressed into tablets and filled as
such in capsules for further use. These are evaluated for drug release and their sta-
bility under accelerated condition (45 °C and 75% RH) for 3 months. The authors
reported faster release of drug from capsules compared to tablets and both the for-
mulations are stable up to 3 months without any precipitation (Kanaze et al. 2010).
Teixeira and coworkers prepared ternary solid dispersions of curcumin containing
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Aerosil®-Gelucire®50/13 using spray drying method and studied the impact on the
solubility and oral bioavailability of curcumin. The results shown that there was an
approximately 3600 times enhancement in aqueous solubility of curcumin.
Furthermore, the anti-inflammatory activity due to increase in gastrointestinal
absorption (Teixeira et al. 2016). Khan et al., prepared the solid dispersions of nar-
ingenin by solvent evaporation and kneading methods with different carriers such as
soluplus and inulin in various ratios of drug to the carrier (1:4, 3:7,2:3 and 1:1). The
aqueous solubility of naringenin was increased significantly from solid dispersion
compared to pure drug (390 and 270 times with soluplus and inulin respectively). In
vitro drug release indicated complete release of drug from SDs in 2 h compared to
only 15% release at the end of 8 h. In vivo pharmacokinetic studies also indicated
significant improvement in area under the curve compared to pure drug (Khan et al.
2015a). Other natural compounds reported in literature, whose solubility was
enhanced using solid dispersion technology include ellagic acid (Li et al. 2013a),
quercetin (Li et al. 2013b) and curcumin (Li et al. 2013c; Seo et al. 2012).

2.3.4 Nanotechnology

Nanotechnology is being used to develop nano-based system for the delivery of
various therapeutic compounds or drugs for medicinal purposes. Therapy based on
the nanoparticulate drug delivery system is widely explored in the management of
many ailments by modifying pharmacokinetic and pharmacodynamic properties.
Based on the type of material used, nanoparticulate drug delivery system has been
differentiated into polymer based, lipid based and hybrid drug delivery system.
Nanotechnology can be used for the problem associated with some natural com-
pounds like poor aqueous solubility and bioavailability (Ansari and Farha Islam
2012; Bhadoriya et al. 2011; Watkins et al. 2015). Nanoparticles are described as
the dispersions of particulate or solid particles possess size range of 10—100 nm.
The drug in such a system may be entrapped, encapsulated, dissolved, or adsorbed
on to nanoparticle matrix. Different strategies can be used through which nanopar-
ticles for poorly aqueous soluble molecules can be formulated (Gunasekaran
et al. 2014).
The major advantages of nanoparticulate drug delivery system include:

* Increased effective surface area with reduced particle size, thus higher solubility
and dissolution.

e Increased chemical or metabolic stability.

* Increased penetration, permeability and thus promotes targeted delivery.
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Fig. 2.2 Polymer based nanoparticles nanocapsules and nanospheres

2.3.4.1 Nano Particles

Based upon the type of material used as delivery vehicle in preparation of nanopar-
ticles, they are generally categorized into the following classes.

(a) Polymer nanoparticles
(b) Lipid nanoparticles

Polymer-Based Nanoparticles

These are colloidal particles of polymer having submicron size into which, the drug
is completely encapsulated in their matrix or adsorbed or conjugated on polymeric
surface. They can be further classified as nanocapsules and nanospheres on the basis
of the method used for preparation. Nanocapsules are submicron ranged nanopar-
ticles in which the drug molecule is restricted to a cavity which surrounded by a
membrane of polymer, whereas, in nanospheres the drug is uniformly dispersed or
distributed within the polymeric matrix system (Fig. 2.2). The polymeric nanopar-
ticles are used for their targeted delivery, enhancement of stability and solubility of
poorly water soluble molecules (Jawahar and Meyyanathan 2012; Kumari et al.
2010b). Anwer et al., and coworkers developed PLGA based nanoparticulate sys-
tem of quercetin, a flavonoid in order to enhance the aqueous solubility and thera-
peutic effects. The data suggested significant improvement in solubility of quercetin
using PLGA nanoparticles and concluded that, these can be used for quercetin
delivery (Anwer et al. 2016). Lee et al., improved water solubility of milk thistle
silymarin by 7.7-folds using nanocapsules. These nanocapsules were prepared
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using chitosan and poly-y-glutamic acid by ionic gelation method. The improved
solubility further resulted in enhanced anti-microbial activity of silymarin (Lee
et al. 2017).

Lipid Based Nanoparticles

Lipid based nanoparticles are nano-sized structure comprising of core having lipid.
Lipid nanoparticles can be prepared by mixing an oil phase into phospholipids as an
emulsifier. The oily core is used to incorporate hydrophobic drugs and lipid-
conjugated prodrugs (Puri et al. 2009). Hydrophobic drugs are easily loaded into the
lipid and after administration these lipids will cause stimulation of bile acids which
will act as surfactants and aids in dispersing poorly soluble drugs in physiological
fluid resulting in improved solubility (Chella and Shastri 2017; Feeney et al. 2016).
Various types of lipid-based carriers are used in drug delivery. Among them, widely
used lipid-based carriers systems are solid-lipid nanoparticles and nanostructured
lipid carriers.

Solid Lipid Nanoparticles

Solid lipid nanoparticles are an attractive and alternative delivery system to conven-
tional colloidal carriers like liposomes and conventional emulsion based system.
Solid lipid nanoparticles are defined as an aqueous colloidal dispersion of particles
composed of solid lipids, that are stabilized, in aqueous dispersion by surfactants or
polymers (Miiller et al. 2000b). These formulation mainly contains solid lipid con-
tent (about 0.1-30%) as base material i.e. lipid such as triglycerides, mixtures of
complex glyceride or waxes, surfactant or stabilizers such as polysorbate, lecithin,
bile salts, polyvinyl alcohol and the drug substances to be incorporated. These may
be prepared by different methods which majorly include micro emulsion, solvent
evaporation, high-speed homogenization, ultra-sonication, phase inversion, solvent
injection and membrane contractor technique (Mehnert and Mider 2012; Shah et al.
2019) (Fig. 2.3).

Nanostructured Lipid Carriers

Nanostructured lipid carriers are developed to deal with shortcomings of solid lipid
nanoparticles. Their preparation can be done by the mixing of both solid lipid as
well as liquid lipids. Nanostructured lipid carriers also offers some advantages over
the other polymeric nanoparticles that includes reduced toxicity, increased stability
of drugs, biodegradability, release of drugs in controlled manner, and avoidance of
use of organic solvents during formulation. Furthermore, nanostructured lipid carri-
ers increase the drug loading capacity when compared with solid lipid nanoparti-
cles. These lipid carriers have been used as delivery carriers for hydrophilic and
hydrophobic drugs and also for natural products (Tamjidi et al. 2013). Various
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methods used to prepare of nanostructured lipid carriers are mainly high-pressure/
shear homogenization, micro emulsion, emulsification sonification, solvent diffu-
sion, phase inversion, solvent evaporation, solvent injection membrane contractor,
solvent displacement method (Salvi and Pawar 2019). High-pressure homogeniza-
tion through which scale up is possible is the widely used method to prepare nano-
structured lipid carriers (Fig. 2.4).

Fang and coworkers prepared solid lipid nanoparticles, nanostructured lipid car-
riers and lipid emulsions of tryptanthrin (a lipophilic alkaloid) to overcome the
insolubility issue and improve the targeting. Out of all the lipid nanoparticles, nano-
structured lipid carriers produced smaller particles with high partitioning efficiency
due to amorphous core. All the lipid particles showed sustained release with zero
order kinetics (Fang et al. 2011). Zhang, Y et al., prepared nanostructured lipid car-
rier of trans-ferulic acid and compared its oral bioavailability with solid lipid
nanoparticles. Trans-ferulic acid is phenolic acid with antioxidant, anti-inflammatory
and also cardio protective effects. It has very poor solubility resulting in poor oral
bioavailability. Nanostructured lipid carriers were prepared using glyceryl behenate
as solid lipid and ethyl oleate as liquid lipid by micro emulsion method. Significant
improvement in bioavailability of trans-ferulic acid from nanostructured lipid carri-
ers was observed and the authors attributed the improvement was due to increased
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solubility of trans-ferulic acid from nanostructured lipid carriers. The authors also
reported nanostructured lipid carriers were more stable compared to solid lipid
nanoparticles (Zhang et al. 2016b).

2.3.4.2 Nanosuspension Based Approach

Nanosuspension is submicron colloidal dispersion of drug having size in the nano
range and stabilized by surfactants or polymers firstly reported by Muller et al.,
(Miiller et al. 2011). High melting point makes it difficult to dissolve the crystal
structure in any of the solvent and leads to poor solubility, slower dissolution and
thereby poor oral bioavailability. Nanosuspension offers various advantages such as
higher drug loading (can be used to drugs with high dose), use of low concentrations
of surfactant, avoids the use of toxic co-solvents and has scale up feasibility over
other nanoparticles. These are also used to deliver insoluble drugs (both in water
and oil) with high melting point (Rabinow 2004). Enhancement in solubility of
drugs from nanosuspension is attributed to increased surface area as a result of
reduced particle size.

Preparation of Nanosuspension

The major approaches employed in the preparation of nanosuspension include top-
down approach, bottom-up approach and combination technologies. In top-down
approach, starting material having larger size are reduced to nanoscale size. Top
down approach technology uses either high energy milling like high-pressure
homogenization or low energy milling technology like media milling. The bottom-
up approach includes self-association of small molecules. These technologies gen-
erally include precipitation techniques like anti-solvent precipitation, precipitation
under sonication and flash nanoprecipitation method. Combined technologies uses
bottom up approach such as precipitation followed by top-down process such as
homogenization (Patel and Agrawal 2011; Zhang et al. 2017). There are various
other technologies also mentioned in the literature including supercritical fluid tech-
nology, emulsion diffusion method emulsification-solvent evaporation technique,
melt emulsification method, and Nanojet technology (Ahire et al. 2018; S. Pawar
et al. 2017).

Precipitation Method (Bottom-Up Approach)

In precipitation method, the material i.e. active pharmaceutical ingredient is primar-
ily dissolved in suitable solvent to prepare a solution followed by addition of this
mixed solution with an anti-solvent along with sufficient quantity of surfactant.
Progressive mixing of this drug solution to the anti-solvent leads to supersaturation
of solution to form amorphous nanoparticles (Kocbek et al. 2006; Verma et al. 2009).
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Homogenization (Top-Down Approach)

High-pressure homogenization is generally carried out with piston-gap homogeniz-
ers. Homogenization may be done in aqueous media known as dissocubes technique
as well in non-aqueous media also called as Nano pure technology. In aqueous
media, bioactive material, water, and surfactants are mixed to prepare coarse sus-
pension. This mixture of coarse suspension is then pushed with small piston through
a homogenization gap. The particles having nano size diameter are produced by
either shear forces, vacuum forces or may be because of collision between particles.
In non-aqueous media, the homogenization is performed using same piston gap in
very less amount of water or even completely free from water (Verma et al. 2009).

Media Milling Technique (Top-Down Approach)

In this technique, the particles with nanosize are produced due to collision between
excipients and milling media. The size of particles can be reduced by high shear
forces (Zhang et al. 2014).

Shen G et al., reported significant improvement in the solubility of herpetosper-
mum caudigerum lignans using nanosupension technology. Herpetrione and herpe-
tin are the most profuse ingredients having anti-hepatitis B virus and hepatoprotective
effects. However, they found less clinical application due to their low bioavailability
as a result of poor aqueous solubility. Their nanosuspension is prepared by using
combination of precipitation and homogenization technology. The resulting nano-
suspension showed particle size of 286 nanometers with PDI of 0.215 and solubility
was improved by 4-5 folds compared to pure drug at pH 1.2 and 7.4. The authors
concluded that, this nanosuspension can be helpful tool to improve the solubility,
dissolution rate and thereby bioavailability of poorly soluble drugs with pH depen-
dent solubility (Shen et al. 2016). Improvement in the aqueous solubility of querce-
tin was observed by karadag and others with the help of nanosuspension prepared
using high pressure homogenization combined with spray drying technique
(Karadag et al. 2014).

2.3.5 Emulsion-Based Approach

Emulsions are considered as biocompatible carriers that allow the encapsulation of
various lipophilic molecules into the oil droplets. This carrier system provides plat-
form to improve the delivery of lipophilic drugs by solubilizing the drug molecule,
and by reducing toxicity. Oil in water emulsion can entrap the high amount of lipo-
philic drugs with high efficiency. Moreover, emulsions can be modified further to
improve their specificity and targeting ability. The emulsion-based delivery can fur-
ther classified into nanoemulsion, micro emulsion, and self-emulsifying delivery
system (McClements et al. 2007).
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2.3.5.1 Nano Emulsions

For poorly water-soluble lipophilic compounds delivery through nanoemulsion can
be a potential strategy to enhance their aqueous solubility (Chen et al. 2011).
Nanoemulsion comprising of an oil phase and aqueous phase with some stabilizers
also as known as emulsifiers is proven as a promising carrier for the delivery of
poorly soluble drugs. The mean droplet size of nano emulsion ranges from
50-100 nm, which generally exist either as oil-in-water form or water-in-oil.
Decreased particle size promotes more surface area of particles and thereby
improves the aqueous solubility and stability of the incorporated drug. Nanoemulsions
can be formulated by employing low energy techniques or high energy techniques
(Koroleva and Yurtov 2012).

Li et al. developed a nanoemulsion system using high-pressure homogenization
method for polymethoxyflavones to increase solubilization capacity (Li et al. 2012).
In order to make soluble formulations of curcumin with improved solubility, bio-
availability and photostability, nanoemulsion of curcumin were formulated by
Onoue and coworkers (Onoue et al. 2010). In comparison with naturally occurring
curcumin, nanoemulsion greatly improved the aqueous solubility. It was found that
approximately nine fold enhancement of bioavailability in plasma following oral
administration in the rat model when studied. Yen C-C et al., reported improvement
in solubility, anti-inflammatory activity and oral bioavailability of andrographolide
from nanoemulsion composed of a-tocopherol, cremophor EL, ethanol, and water.
Nanoemulsion formulations markedly increased the solubility and permeability of
andrographolide with sixfolds improvement in bioavailability. Further, the prepared
nanoemulsions also showed stronger anti-inflammatory effect than pure drug and
respective AG suspension (Yen et al. 2018).

2.3.5.2 Self-Emulsifying Drug Delivery Systems

Self-emulsifying drug delivery systems is an attractive tool for increasing aqueous
solubility of low water soluble drugs. This system has an capability to disperse and
form spontaneous colloidal structures when exposed to gastrointestinal fluids. This
system comprises a mixture of drug, oil phase, surfactant, and co-surfactant (Sapra
et al. 2012). This can be differentiated based on droplet size into two major catego-
ries such as self-nano emulsifying drug delivery systems having droplet size in
between 100-200 nm and Self-micro emulsifying drug delivery systems having less
than 100 nm droplet size (Pouton 1997). Another modification of this system is
solidified self-emulsifying drug delivery systems where the liquid material is
adsorbed onto carriers for improved stability.

Quercetin, a flavonoid exhibit potential chemo protective action but has low bio-
availability due to poor water solubility. Tran and coworkers tried to enhance the
solubility of quercetin by developing this delivery system using Cremophore RH
40, castor oil and Tween 80. The data obtained suggested that this formulation can
improve the solubility and oral bioavailability of quercetin (Tran et al. 2014). Other
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natural products whose solubility was improved using self-emulsifying drug deliv-
ery systems technology include resveratrol (Balata et al. 2016), naringenin (Khan
et al. 2015b), curcumin (Dhumal et al. 2015).

2.3.6 Liposomes Based Approach

Liposomes are vesicles having spherical geometry, mainly composed of one or
more phospholipid bilayer membrane that surrounds interior aqueous core.
Phospholipid molecules possess a hydrophilic head having affinity for aqueous
phases, and a hydrophobic tail end (Brandl 2001). A liposome is a promising carrier
to encapsulate both hydrophilic and lipophilic compounds. Liposome exerts large
number of applications in drug delivery, cosmetics, and improving the efficacy of
natural products. The liposome offers great advantages like improved solubility of
drugs, improved stability, controlled and targeted drug delivery, reduced toxicity
induced by drug, increased circulation time, and improved therapeutic efficacy
(Akbarzadeh et al. 2013) (Fig. 2.5).

Perillaldehyde, is a bioactive compound obtained from Perilla frutescens.
However, the potentiality of this compound was reduced due to poor aqueous solu-
bility and delivery to non-specific site. Liposomal preparation of perillaldehyde
results in the significant improvement in its aqueous solubility as well relative bio-
availability when compared with native free form (Omari-Siaw et al. 2016).
Resveratrol, potential natural active compounds possess limited therapeutic index
because of low aqueous solubility and inadequate bioavailability. Joraholmen and
co-workers prepared liposomal formulations of resveratrol coated with chitosan to
overcome all these shortcomings and to get better delivery of resveratrol from topi-
cal formulation (Jgraholmen et al. 2015).

Coimbra and others studied various natural compounds namely caffeic acid
(derivatives), pterostilbene (derivatives), carvacrol (derivatives), N-(3-oxo-
dodecanoyl)-1-homoserine lactone and thymol for their anti-inflammatory activity
but they are poorly soluble and possess less stability. They encapsulated these

Q% Hydrophilic head

Q0 0g 'g.CO—» Hydrophobic tail
o9

Q Drug molecule
-

Fig. 2.5 Typical structure of liposomes
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natural compounds into liposomes and studied the effect of liposomal formulation
on their solubility and stability. Results have shown that these low soluble drugs can
be incorporated into liposomes and their solubility can be increased (Coimbra
etal. 2011).

2.3.7 Micellar Solubilization

Micelles are spontaneously formed colloidal carriers in nano size range (20-80 nm)
composed of hydrophobic core and hydrophilic shell. These are made up of amphi-
philic molecules with the unique self-assembling ability and capacity to load hydro-
philic and hydrophobic molecules for a wide variety of therapeutic applications in
diagnostics and drug delivery (Rangel-Yagui et al. 2005). Formulating micelles can
be used as a powerful strategy to improve the solubility and stability of the drugs
and other natural compounds. These can be called as polymeric micelle, mixed
micelle and lipid —polymer hybrid micelle based on the nature of carrier materials
used in the formulation such as polymers, polysaccharides, surfactants are and lip-
ids either alone or in combination respectively. Micelles can be formed in water
solution when the concentration of these copolymer reaches more than the critical
micelle concentration (Adams et al. 2003) (Fig. 2.6).

Micelles are being used in the delivery of drugs as nanocarrier system for the
solubility improvement of several low soluble drugs (Chen et al. 2011). The aug-
mentation in aqueous solubility of quercetin was achieved by formulating nanomi-
celles with PEGylated lipid (Xu et al. 2015). The bioavailability and stability of
vitamin D has been increased developing re-assembled casein micelles
encapsulating vitamin D using ultrahigh-pressure homogenization method (Haham
et al. 2012). Casein micelles were also used to solubilize the curcumin and used as
a nanocarrier for targeting cancer cell in drug delivery resulting in improved aque-
ous solubility and stability of native curcumin (Esmaili et al. 2011; Sahu et al. 2008)

(Table 2.2).
Hydrophilic head
Hydrophobic tail

Aqueous solution

P
%

Fig. 2.6 Micellar structure



2 Solubility Enhancement Techniques for Natural Product Delivery

55

Table 2.2 List of few natural products along with solubility improvement methods

S. Drug/natural

no. | product Type of carriers References

1 Curcumin Chitosan and alginate based polymeric | Hernandez-Patlan et al.
nanocapsules (2019)

2 Taxifolin Polymeric nanoparticles Zu et al. (2014)

3 Quercetin Poly-D,L-Lactide nanoparticles Kumari et al. (2010a)

4 Reseveratrol Solid lipid nanoparticles Summerlin et al. (2015)

5 Quercetin Lipid nanocapsule Barras et al. (2009)

6 Piperine Selfemulsifying drug delivery system Shao et al. (2015)

7 Ferulic acid Liposome Qin et al. (2008)

8 Boswellic acids | Selfemulsifying drug delivery system Anshuman Bhardwaj et al.

(2016)

9 Resveratrol Micelles Atanackovi¢ et al. (2009)

10 | Curcumin Nanocrystal Rachmawati et al. (2013)

11 | Apigenin Nanocrystal Al Shaal et al. (2011)

12 | Hesperetin Nanoparticles Kaur and Kaur (2014)

13 Genistein Micelles Kwon et al. (2007)

14 | Zerumbone Nanosuspension Md et al. (2018)

15 | Piperine Nanosuspension Zafar et al. (2019)

16 | Silymarin Nanosuspension Jahan et al. (2016)

2.3.8 Other Technologies
2.3.8.1 Co-solvency

The water solubility of poorly soluble natural bioactive compounds can be enhanced
with addition of some solvents that are miscible with water. These solvents are
termed as co-solvents. The most common liquids that are used as co-solvents
include ethanol, glycofural, glycerin, and (PEG 400) polyethylene glycols. The co-
solvent system works based on decreasing the interfacial tension that exist in
between the non-polar solute and polar solvent. Many co-solvents are either hydro-
gen bond acceptor or donor. Their water soluble groups promote water miscibility,
whereas hydrophobic groups help in reducing intermolecular attraction of water
molecule. The mechanism of improving solubility is the disruption the self-
association of water molecules thereby reducing ability of water molecules to
remove out non-polar and hydrophobic substances. The solubility of ginger bioac-
tive compounds was improved by addition of 20-50% ethanol as co-solvent
(Mulligan et al. 2001).

2.3.8.2 Hydrotrophy

Hydrotrophy utilizes the addition of a large quantity of some derivative solute that
ultimately improves the solubility of the less water soluble compounds. In hydrot-
rophy technique, the solubility of the poorly soluble substance can be improved by



56 H. Jain and N. Chella

using various hydrotropic agents like urea, sodium citrate, sodium benzoate. In
hydrotrophy, use of an organic solvent can be diminished by alternative use of
hydrotropic. Hydrotropic technique is one of the most potential solubilization meth-
ods used for the formulations of poorly aqueous-soluble drugs (Jain et al. 2010).
The extraction of limonin, a bioactive compounds that belongs to limonoids obtained
from sour orange was done by using sodium salicylate and sodium cumene sulpho-
nate used as hydrotrophic agents (Dandekar et al. 2008; Mangal et al. 2011).

2.3.8.3 Bioconjugation Technique

Bioconjugation is the covalent linkage between two molecules at their side ends.
This strategy is also used to improve solubility, stability, and biocompatibility of
proteins, peptides and enzymes as well. Water soluble or amphilphilic molecules
such as polyethylene glycol, hyaluronic acid and others are being used to overcome
the problem of poor solubility of various natural products.

Bioconjugation with Polyethylene Glycol or PEGylation

Hydrophilic polymers like polyethylene glycol are being used to enhance solubility
of various poorly soluble compounds. Polyethylene glycol has been conjugated to
taxol, which is a potent chemotherapeutic agent employed for the treatment of
breast and ovarian cancer. The conjugate has shown approximately six times more
solubility than that of the parent drug without losing the taxol activity (Greenwald
et al. 1996). Another example of conjugation with polyethylene glycol is camptoth-
ecin, which is an active topoisomerase-1 inhibitor increased solubility with better
cell uptake and diminished efflux activity (Yu et al. 2005). Dihydroartemisinin, a
derivative of artemisinin demonstrates anti-cancer activity. However, its clinical
potential is hampered by low solubility and rapid metabolism. The conjugation of
dihydroartemisinin with polyethylene glycol significantly improved its solubility by
approximately 160 folds compared to pure drug (Dai et al. 2014). Other natural
products which are conjugated to polyethylene glycol for improved solubility
include curcumin (Kim et al. 2011), camptothecin and Tacrolimus (Li et al. 2013d)
(Fig. 2.7).

Bioconjugation with Hyaluronic Acid

Hyluronic acid, a natural polysaccharides can also be used as conjugating agent
with many natural compounds to increase their solubility as well as stability.
Solubility of curcumin was significantly improved by making bioconjugate with
hyaluronic acid. This conjugate improved solubility upto 7.5 mg/ml when compared
with free drug with 0.1 mg/ml solubility (Hani and Shivakumar 2014). Another
natural products which is conjugated to hyaluronic acid include dihydroartemisinin
(Kumar et al. 2019) for improved solubility.
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Fig. 2.7 Schematic representations of different strategies of solubility enhancement of natural
products

2.4 Conclusion

Natural products are a great source of therapeutics and are being used as alternative
medicines since ancient times. These products have been employed for treating the
variety of human ailments as they possess many health promoting outcomes.
However, there clinical application is limited by their poor aqueous solubility, poor
stability followed by poor oral bioavailability. Many formulation strategies includ-
ing particle engineering, complex formation, dispersion based techniques and
nanoparticulate carriers that can improve solubility, stability and hence bioavail-
ability was discussed in the present chapter. Each technique as their own pros and
cons. Careful selection of proper formulation strategy based on their physicochemi-
cal properties, enhancement of solubility required and final dose and dosage form
required will leads to optimum results. Development of suitable delivery system not
only improves its efficacy but a delivery system with good scale up feasibility will
also lead to increased use of natural products for the benefit of mankind.
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Chapter 3

Delivery of Natural Products Using
Polymeric Particles for Cancer
Chemotherapeutics

Rahul Ahuja, Neha Panwar, Jairam Meena, Debi P. Sarkar,
and Amulya K. Panda

Abstract Cancer is a major cause of deaths throughout the world. According to
World Health Organization, cancer lead to the loss of about 9.6 million lives in the
year 2018 with low and middle income countries accounting for 70% of these
deaths. With its ability to grow in an uncontrolled manner and spreading out to dif-
ferent sites in the body, cancer is seen as that dreaded disease with no cure or treat-
ment. Several promising cancer chemotherapeutic advancements have emerged but
these came along with unavoidable limitations like toxicity, limits on the adminis-
tered dosage as well as affordability for the people who most need them. Natural
products with anticancer potential have also emerged as an immensely attractive
option to treat cancer. The use of natural products has been credited to doubling of
human life span in twentieth century. Furthermore, of all the anti-cancer agents
approved and pre-new drug application candidates till date, more than 60% are of
natural origin or a derivative thereof. However, an estimated 4 in 10 of the new
chemical entity proposed against cancer turns out to be lipophilic. Problems of low
aqueous solubility, low bioavailability and non-specific action still pose as major
stumbling blocks in their advancement. Recently, polymeric nanocarriers have been
used to deliver cancer chemotherapeutics to circumvent the associated limitations
and improve their efficacy. Polymers like polylactic acid/poly lactic-co-glycolic
acid are have a long history of use in medical field. These are safe and biodegrad-
able with about 20 products approved by the Food and Drug Administration and
European Medicine Agency for use in humans. The polymeric nanocarriers with
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their versatility offer solution to many of the hurdles of natural product delivery for
cancer chemotherapy.

In this chapter, we briefly discuss about the characteristics acquired by a cell
progressing towards carcinogenesis. We then explore some of the conventional che-
motherapeutic strategies that have been in use for the treatment of cancer. Moving
further we discuss about the emergence of natural products in the cancer chemo-
therapy field. We examine how their non-toxic nature and ability to target multiple
mechanisms has garnered attention. We conclude by reviewing about the use of
polymeric nanocarriers to deliver natural products. We discuss some of the advan-
tages offered by them and how they can be used to circumvent the limitations asso-
ciated with the delivery of natural products for cancer chemotherapy. With this
chapter we hope to shed light on how delivering anticancer natural products via
polymeric nanocarriers can offer a safe and patient compliant strategy for the treat-
ment of cancer.

Keywords Cancer - Chemotherapy - Biodegradable polymer - Nanocarrier -
Nanoparticle - Poly (lactic acid)-poly (Lactide-co-glycolic acid)

Abbreviations

DNA  deoxyribonucleic acid
PLGA poly lactic-co-glycolic acid
RNA  ribonucleic acid

3.1 Introduction

Cancer has been the one of the major fatal disease claiming about 1 in every 6
deaths occurring globally. In the year 2018 an estimated 9.6 million lives were lost
due to cancer. About 70% of these deaths occurred in low and middle income coun-
tries (WHO n.d.). It is marked by deregulated cell growth forming a tumoral mass.
The capability of new blood vessel formation not only provides them with contin-
ued oxygen and nutrient supply but also grant cancer its dreaded metastastic poten-
tial leading it to further spread in other sites of the body ultimately culminating in
death. Chemotherapy has been the most successful choice for treatment of cancers.
It is based on targeting abnormal cancer cells but unfortunately also damages
healthy cells of the body (Danhier et al. 2012; Perez-Herrero and Fernandez-
Medarde 2015). As an alternative to conventional chemotherapeutics, the use of
natural products with anticancer properties has gained much appreciation. Their
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natural origin, relatively non-toxic nature and pleiotropic effects have been largely
responsible for this attention. A wide variety of natural products like epigallocate-
chin gallate, curcumin, resveratrol and many others have been investigated for their
anticancer action. About 6 in 10 drugs approved and pre-new drug application can-
didates against cancer are from a natural product or derived from them (Demain and
Vaishnav 2011). However, most of them face challenges due to low solubility, sta-
bility, poor permeability and with approximately 40% of the new chemical entity
emerging against cancer being lipophilic, they face major hurdles in their further
development (Arora and Jaglan 2016; Siddiqui and Sanna 2016).

The application of synthetic polymeric nanocarriers for cancer chemotherapy
has drawn a lot of attention in the scientific community. Polymers like poly lactic
acid or poly lactide-co-glycolide have a long been used in biomedical applications
(Frazza and Schmitt 1971; O’Hagan and Singh 2003). They are Food and Drug
Administration (FDA) as well as European Medical Agency approved (Danhier
et al. 2012). They offer many advantages due to their unique properties like tunable
particle size, increased stability, high surface area to volume ratio, possibility of
surface functionalization in addition to being biocompatible and biodegradable.
Roughly about 20 products based on these polymers are in market for various indi-
cations like periodontal disease, diabetes, schizophrenia including cancer
(Schoubben et al. 2019). The particulate delivery systems prepared using these
polymers can be fine-tuned to enable targeted delivery of the bioactive molecules.
Moreover, the well-established production methods offer uniform preparation and
scalability.

Over the recent years many promising anticancer products have been delivered
using polymeric nanocarriers to improve upon their potential. The use of polymeric
nanocoarriers to deliver these natural products can circumvent the limitations asso-
ciated with them. They can gain access to the leaky tumor vasculature due to mere
small size or can be surface decorated for targeted delivery. They can be used to
formulate particles with different size, shape and porosity. Different molecular
weight polymers can be formulated to prepare particles with desirable release pro-
files (Anderson and Shive 2012). Various molecules can be decorated on surface to
enable selective delivery of bioactive molecules. Molecules to be grafted are
selected so as to bind to specific overexpressed receptors on tumor cells. This
reduces off-target effects as well as the dose required to achieve the desired effect.
Apart from safety, delivery using poly lactic acid or poly lactide-co-glycolide based
particulate systems offers other advantages like protection of therapeutic agents
from cellular enzymes, better stability during storage and lower toxicity. Thus, the
use of polymeric nanocarriers for delivering anticancer natural products seems to
offer a safe and patient compliant method for cancer treatment.

In this review, we briefly discuss certain characteristics associated with cancer
moving on to the various chemotherapy options available for cancer treatment. We
then discuss the emergence of natural products in cancer chemotherapy field and the
possible mechanisms that have been elucidated for few compounds. Finally, we end
our discussion with the impact of polymeric nanocarriers on chemotherapy field and
how they have been used to improve upon the various limitations offering the opti-
mal and safest solution to cancer.
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3.2 Derailment of Normal Functioning in Cancer

Cancer is a major health complication affecting millions of lives every year. One in
six deaths globally occur due to cancer. World Health Organization (WHO) ranks
cancer as the second leading cause of death with an estimation of 9.6 million deaths
in 2018 (WHO n.d.). Low and middle income countries account for the major pro-
portion of cancer deaths being as high as 70%. According to WHO (2014) as of year
2010, estimation of the total annual economic cost for cancer stands at around
$1.16 trillion. Cancers of lung, colorectal, stomach, liver and breasts constitute the
leading cause of deaths (WHO 2014, WHO n.d.).

When normal regulatory mechanisms of a cell breakdown and it start to grow in
an uncontrolled manner, a cancerous transformation is said to have occur. Malignant
neoplasm, a subset of neoplasms is often simply referred to as cancer. Cancerous
cell can be defined as having certain key attributes which are discussed below

(Table 3.1).

Table 3.1 Features acquired by cell progressing towards carcinogenesis

Capability

acquired Description of process Example Reference

Uncontrolled Enhanced growth factor Mutations affecting Davies and Samuels

proliferation of | release, receptors sensing certain serine/ (2010) and Hanahan

cells growth signals up regulated, threonine kinases like | and Weinberg
activation of cell survival B-Raf (2011)

pathways

Evading growth | Response to regulatory Defects in Amin et al. (2015)
Suppressors anti-growth signalling lost, retinoblastoma protein
cells continue to grow and
divide, loss of contact
inhibition
Resisting Overexpression of anti- Defects in protein p53 | Hanahan and
apoptosis apoptotic proteins, down Weinberg (2011)
regulation of pro-apoptotic and Joerger and
proteins, cell survival Fersht (2016)
Immortal Expression of enzymes Mutations in A”TERT | Jafri et al. (2016)
replicative telomerase, indefinite cell promoter
capacity division
Nutrient and Formation of new blood Up regulation of Kessenbrock et al.
oxygen vessels, increased pro- VEGF (2010)
maintenance angiogenic factors, cell

survival

Invasion and
metastasis

Increased cell motility, cells
escape primary site, cause
secondary carcinoma

Loss of E-cadherin

Mendonsa et al.
(2018)

B-Raf Rapidly Accelerated Fibrosarcoma Homolog B, p53 transformation-related protein 53,
ATERT human telomerase reverse transcriptase, VEGF vascular endothelial growth factor,
E-cadherin epithelial cadherin
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3.2.1 Uncontrolled Proliferation of Cells

The growth and division in a normal cell is a tightly regulated phenomenon. The
positive growth promoting signals are carefully balanced by negative feedback
mechanisms. This is of extreme importance in order to ensure a coordinated growth
of a healthy organism as a whole. When a cell breaks free of these controls and
divides uncontrollably, it is said to have turned cancerous.

Sustained chronic growth is probably the basic foundational trait of a cancer cell.
Cancerous cells may start producing growth factors themselves, up regulate recep-
tors responding to growth signals or may even instruct tumor associated stroma to
release growth factors (Bhowmick et al. 2004; Cheng et al. 2008; Lemmon and
Schlessinger 2010). They may then constitutively activate downstream signaling
pathways independent of growth signals (Hanahan and Weinberg 2011). For exam-
ple, mutations affecting a serine/threonine-protein kinase named B-Raf, can result
in constitutive signalling via mitogen activated protein kinase pathway and are
known to occur in a significant proportion of human melanomas. Phosphoinositide
3-kinase (PI3-kinase) mutants activating the PI3-kinase signaling have been detected
in a wide variety of cancers (Yuan and Cantley 2008; Jiang and Liu 2009; Davies
and Samuels 2010).

The negative feedback mechanisms are equally important in a cell to counter the
positive growth inducing signals to maintain the healthy state. Defects in these,
axiomatically predispose the cells to an uncontrolled growth. For instance, certain
mutations in ras genes result in decreased hydrolysis of guanosine triphosphate to
guanosine diphosphate thereby keeping Ras proteins in constitutively active from
(Amit et al. 2007; Hanahan and Weinberg 2011). Similarly, defects in phosphatase
and tensin homolog protein, via abolishment of its function result in phosphoinosit-
ide 3-kinase signal amplification and thus tumorigenesis (Yuan and Cantley 2008;
Jiang and Liu 2009).

3.2.2 Evading Growth Suppressors

There exist a number of mechanisms in a cell which function as a regulatory break
to cell division. Various tumor suppressors function to limit uncontrolled cell prolif-
eration and hence tumor development. These play an important role in determining
whether a cell should proceed through division or not. Any defect which obliterates
their function leaves the cell without any negative control and uncontrolled prolif-
eration results. For example, retinoblastoma gene encodes a protein that functions
to majorly transduce extracellular inhibitory signals. Defects in this gene are respon-
sible for many cancers. It also serves as target of DNA oncoviruses like simian virus
40, adenovirus and human papillomavirus which act to inhibit its activity (Burkhart
and Sage 2008). Another important tumor suppressor named ‘tumor protein p53’
largely responds to various intracellular stress signals. It can cause cell cycle arrest
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due to stresses like DNA damage giving time for repair or cause apoptosis if the
damage is irreparable. Any alterations in this protein are the responsible for a wide
range of cancers. (Sherr and McCormick 2002; Deshpande et al. 2005).

Contact inhibition is another important feature of normal cells which enables
coordinated growth and development. In simple terms, it can be described as cells
when they come in contact based on the density of cells around them are inhibited
from further division in culture conditions, thus forming monolayers. Loss of this
key property results in tumor formation. Merlin for instance, a NF2 gene product,
seems to have a role in controlling contact dependent inhibition as it functions by
coupling cell-surface adhesion molecules to the transmembrane receptor tyrosine
kinases. Defects in Merlin have shown to be mitogenic and promote tumorigenesis.
(Okada et al. 2005; Curto et al. 2007). Similarly, a protein in liver named liver
kinase B1 functions to inhibit uncontrolled proliferation organizing the epithelial
structure and maintaining tissue integrity. Defects in the function of this protein can
destabilize epithelial integrity and make them susceptible to the effects of oncogene
overexpression (Hezel and Bardeesy 2008; Partanen et al. 2009).

Cytokine signaling alterations like those of can also lead to cancer development.
For example, a cytokine named ‘Transforming growth factor beta 1’ is unique as it
can have either tumor suppressive or tumor promoter functions. It is affected not
only by mechanisms operating within the tumor but also by tumor-stroma interac-
tion. It is known to activate epithelial to mesenchymal transition resulting in the
problematic malignancy that cancer cells possess (Massague 2008; Ikushima and
Miyazono 2010).

3.2.3 Resisting Apoptosis

Normal cells undergo regulated programmed cell death as a mechanism to balance
cell division and also as a defense strategy to remove damaged/dangerous cells. It
plays an important role during development by getting rid of unwanted cells in tis-
sues. Apoptosis and autophagy, both are forms of programmed cell death.

At times, a situation arises when the cell decides commit suicide for the broader
benefit of the organism. For, instance apoptosis is responsible for the morphological
development like the formation of digits during embryonic development. Also if a
cell is infected by foreign organism which can hijack its machinery and spread to
other cells, in order to prevent that spread, the infected cell may undergo apoptosis.
The cell signaling machinery working to activate apoptosis can be extrinsic pathway
and intrinsic pathway. Extrinsic pathway senses signals from outside the cell while
intrinsic pathway senses signals originating from within the cell activating different
caspases (cysteine-dependent aspartate-directed proteases). Both of them converge
to activate effector caspase named ‘caspase 3’ leading to classic apoptosis charac-
teristics like membrane blebbing, nucleic acid fragmentation, chromatin condensa-
tion and eventual consumption of cell (Lowe et al. 2004; Adams and Cory 2007,
Hanahan and Weinberg 2011).



3 Delivery of Natural Products Using Polymeric Particles for Cancer Chemotherapeutics 73

Apoptosis is controlled by regulatory proteins belonging to B-cell lymphoma 2
family. They may be pro-apoptotic or anti-apoptotic. In a normal cell, pro-apoptotic
proteins are blocked by interactions with anti-apoptotic proteins. However, when
pro-apoptotic proteins are activated they impede the anti-apoptotic members, thus
tipping the balance in favor of pro-apoptotic members and the cell undergoes apop-
tosis (Willis and Adams 2005). Various stresses encountered by cancer cells like up
regulation of oncogenes, down regulation of tumor suppressors and DNA damage
can induce apoptosis. Thus, it acts as an intrinsic obstacle to cancer development
(Adams and Cory 2007; Hanahan and Weinberg 2011). In tumorigenesis, the cells
amass strategies to inhibit apoptosis, rendering their continued survival no matter
the danger. Loss of function of tumor protein p53 which acts as a critical damage
sensor is one mechanism to block apoptosis. Similarly, overexpression of anti-
apoptotic proteins or down regulation of pro-apoptotic proteins can circumvent
apoptosis in cancer cells. Several studies have shown impaired apoptosis in tumors
progressing to high grade malignancy (Lowe et al. 2004; Adams and Cory 2007).

Autophagy is another mechanism which must be overcome during tumor devel-
opment. It works to maintain the overall health by degrading cellular organelles and
rechanneling catabolites to be used for biosynthesis in case of stresses like nutrient
deprivation. The organelles are engulfed into vesicles called autophagosome which
then fuse with lysosome and are degraded. Recent studies show that autophagy and
apoptosis are interconnected via their regulatory circuits. For instance survival sig-
nals transducing their effect via pathways regulating cell cycle function to inhibit
autophagy in addition also lead to impeding apoptosis (Levine and Kroemer 2008).
White and Dipola reported that an important interconnection is the Beclin-1 protein
(member of apoptotic regulatory proteins) which serves to induce autophagy.
Beclin-1 gene, if inactivated results in suppressed autophagy and increased suscep-
tibility to tumorigenesis (White and DiPaola 2009).

Necrosis though undervalued for its role in cancer can also be a contributory fac-
tor. The cells undergoing necrosis release pro-inflammatory signals and interleukin-
1 alpha recruiting inflammatory cells and stimulating neighboring cell proliferation.
Immune inflammatory cells can help tumor development if they acquire capabilities
of angiogenesis and proliferation (Galluzzi and Kroemer 2008; Grivennikov
et al. 2010).

3.2.4 Immortal Replicative Capacity

In normal condition, a cell is able to pass through a limited number of cell division
cycles. Cell senescence is the non-proliferative but viable state of a cell while crisis
is characterized by cell death. Both of them act as natural barriers to proliferation
(Greenberg 2005). In contrast to normal cells, cancer cells acquire uncontrolled
replicative potential giving rise to macroscopic tumors.

Tandem hexanucleotide repeats called telomeres at the ends of chromosomes
shorten with subsequent cell divisions and slowly lose the ability to protect
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chromosomal ends ultimately compromising cell viability. The length of the telo-
mere dictates how many cell division a cell can pass through before losing protec-
tive function and leading to cell death. Consequently, if somehow a cell is able to
maintain the length of telomeres, it could undergo divisions indefinitely thus giving
rise to cancer. Telomerase, an enzyme capable of adding telomere repeats to the
ends of chromosome, is expressed in cancers granting them the expansive replica-
tive potential. It has been seen that transient telomere deficiency seems to facilitate
tumor progression. Absence of telomerase in early stages may allow the acquisition
of tumor promoting mutations and their expression later may confer them with lim-
itless replicative capacity leading to cancers (Chin et al. 2004; Raynaud et al. 2010).

3.2.5 Nutrient and Oxygen Maintenance

Angiogenesis is simply described as the development of new blood vessels. In a
normal adult, the development of vessel system enters in quiescent state with excep-
tion to processes like wound healing and menstrual cycle in females. It is regulated
by a variety of proteins that bind to cell surface receptors either stimulating or
impeding vessel formation.

Angiogenesis is a very crucial part of cancer progression as the new vessels serve
to provide cells with continuous supply of nutrients and oxygen to stay alive and
proceed to tumor development. In absence of this supply, cancer cells are bound to
die off. For example, vascular endothelial growth factor (VEGF) acts on endothelial
cells and is known to promote not only angiogenesis but also cell migration. Both
hypoxia and oncogene signaling which are exhibited by cancerous cells can up reg-
ulate its expression. Further, sequestration of VEGF in extracellular matrix keeps
them in latent form which can later be activated and released by matrix degrading
proteases (Carmeliet 2005; Kessenbrock et al. 2010). Additionally, chronic activa-
tion of fibroblast growth factor family members have been shown to induce tumor
angiogenesis in a variety of cancers (Ronca et al. 2015).

On other hand, thrombospondin-1 protein works to counter the pro-angiogenic
effects by inducing endothelial cell apoptosis and impeding cell migration and pro-
liferation. The loss of thrombospondin-1 is seen as the trigger tipping the balance
towards pro-angiogenic factors in tumor progression (Huang et al. 2017). Thus, loss
of angiogenesis inhibitors can also result in increased growth of tumors whereas
increased levels of anti-angiogenic factors can impede the growth of tumors. This
has been the basis for the design of various angiogenesis inhibitors in the market.

Furthermore, a diverse population of cells originating in bone marrow is now
known to contribute to the process of tumor angiogenesis. Cells of immune system
can gain access to premalignant or progressed tumors and help to induce and sustain
angiogenesis enabling further tumor growth and invasion. They may also protect
these tumors from drugs targeting endothelial signaling. Particularly, tumor associ-
ated macrophages form a notable part of these infiltrating immune cells and not only
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promote angiogenesis in a variety of cancers but are also linked to resistance to
cancer therapies (Qian and Pollard 2010; Goswami et al. 2017).

3.2.6 Invasion and Metastasis

The major complication in cancer which makes it arduous to treat is its capability of
invasion and metastasis. This enables it to reach distant sites and causing cancer in
sites far away from the primary sites. Invasion and metastasis is responsible for the
progression carcinomas to high grades of malignancy and is the major cause for
cancer mortality. Some of the cells in tumor mass tend to exhibit alteration in their
shape and attachment to nearby cells or extracellular matrix enabling them to gain
access to nearby vessels. These then travel via lymphatics and blood vessels escap-
ing the primary sites and lodge themselves into distant sites. Here they again start to
proliferate and form secondary tumors. This multistep process is often termed as
invasion-metastasis cascade (Hanahan and Weinberg 2011).

E-cadherin molecule is responsible for the maintenance of stable cell junctions.
They form adherens junctions among adjacent epithelial cells. Loss of this molecule
is associated with most cancers. In fact reconstitution of E-cadherin is suppressive
to invasive phenotype of many cancers (Cavallaro and Christofori 2004; Berx and
van Roy 2009). Additionally, molecules linked to cell migration are often found to
be up regulated in many cancers. In many invasive carcinomas, down regulation of
E-cadherin is accompanied by increased expression of a transmembrane protein
called N-cadherin which induces pro-migratory and invasive signals via fibroblast
growth factor receptor interaction (Cavallaro and Christofori 2004).

Cancer cells are extremely smart in embodying a process involved during
embryogenesis and wound healing. This empowers them with features enabling
invasion and metastasis. The regulatory mechanism by which transformed epithelial
cells acquire capabilities to invade and disseminate to distant sites is called
‘epithelial-mesenchymal transition’ (EMT) (Klymkowsky and Savagner 2009;
Thiery et al. 2009). This involves the loss of cell-cell adhesive interaction and cell
polarity and acquiring migratory properties similar to those in mesenchymal stem
cells. Several regulatory transcription factors like Slug, Snail, Zeb1/2, and Twist
which are involved in EMT are also known to play similar roles during embryogen-
esis. They are overexpressed in a number of cancers and even elicit metastasis if
ectopically expressed. These factors also evoke signals leading to repression of
E-cadherins thus disrupting adherens junctions, altering the cell morphology and
increasing motility (Micalizzi et al. 2010; Taube et al. 2010). As in early develop-
ment process, the signals inducing their expression comes from the neighboring
cells, in cancer cells too, the interaction with the associated stromal cells can induce
the EMT inducing transcription factors (Sleeboom et al. 2018; Karnoub et al. 2007;
Micalizzi et al. 2010).
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3.3 The Advent of Chemotherapy

Up until mid-1900s, surgery and radiation therapy were the only available options
for cancer treatment. But these were only effective against local cancers and ineffec-
tive against metastatic cancers. As it was realized that even a single surviving cancer
cell in the body could give rise to recurrent cancers so drugs which could reach all
the cells of the body became the focus of research in finding solution to cancer. This
gave rise to the field of chemotherapy.

Chemotherapy is a major field devoted to the treatment of cancer. Usage drugs
for the treatment of cancer is referred to as ‘chemotherapy’. These drugs are cyto-
toxic and act on rapidly dividing cells. Most chemotherapy treatments are not too
specific to cancer cells and target all the rapidly proliferating cells. As a conse-
quence they harm the tissues bearing high replication rate like those of bone mar-
row, gut intestinal lining, oral mucosa and hair follicles. Due to the associated side
effects and limitations on dose that can be administered in a single sitting, chemo-
therapy regimens are given in repeated steps killing a fraction of cells each time.

Despite the limitations associated with chemotherapy, it still remains the indis-
pensable choice for cancer treatment even today. With concerted efforts of the sci-
entific community, there is hope to find new anticancer drugs with improved efficacy
and limited toxicity (He et al. 2017).

Various types of chemotherapeutic agents effective against cancer have been
devised. Some of them are discussed below (Table 3.2).

3.3.1 Alkylating Agents

They are the oldest class of agents used against cancers and date back to 1949 FDA
approval of mechlorethamine. As an option against refractory tumors and capability
to treat some malignancy, they still occupy a significant place (Puyo et al. 2014).
Most of the alkylating agents are cell-cycle specific with their effect most pro-
nounced during the resting phase of cells.

The cytotoxic effects are exerted mainly by alkylation of DNA bases and impair-
ing processes like replication and transcription. Depending on the nature of alkylat-
ing agent, alkylation may occur at different sites in DNA and most give rise to a
mixture of adducts. Treatment with nitrosoureas can also lead to the production of
isocyanate derivatives which can alkylate proteins and lead to their inactivation.
Thus, proteins may also serve as targets of alkylation (Puyo et al. 2014). They
include nitrogen mustards, ethylene imines, nitrosoureas, hydrazines, alkyl alkane
sulfonates and platinum compounds.
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Table 3.2 Types of chemotherapeutic agents for cancer therapy

Chemotherapeutic
agent Example Description Reference
Alkylating agents Nitrogen mustards, | Alkylate DNA bases Puyo et al. (2014)
ethylene imines, impairing crucial cell
alkyl alkane processes like replication
sulfonates and transcription
Antimetabolites Fluorouracil, Mimic natural metabolites Mehrmohamadi
mercatopurine and disrupt cell metabolism | et al. (2017)

Antimitotic agents

Taxanes, vinca

Inhibit cell division by

Cortazar et al.

alkaloids stabilizing or destabilizing (2012) and van
microtubules Vuuren et al. (2015)
Topoisomerase Doxorubicin, Inhibit topoisomerase Mordente et al.
inhibitors ironotecan enzyme leading to single or | (2017)
double strand breaks in DNA
Ribonucleotide Hydroxyurea, Limit the supply of Mannargudi and
reductase inhibitors | gemcitabine, deoxyribonucleotide Deb (2017)
clofarabine triphosphates required for
DNA synthesis
Oncogene inhibitors | Panitumumab, Repress the overexpressed Pento (2017) and
Erlotinib oncogene proteins Yang et al. (2017b)
Angiogenesis Bevacizumab, Inhibit the formation of new | El-Kenawi and
inhibitors sunitinib blood vessels limiting the El-Remessy (2013)

supply of food and oxygen

and Pento (2017)

DNA deoxyribonucleic acid

3.3.2 Antimetabolites

Probably, the earliest rationally designed drugs against cancer were those developed
against nucleic acids. These analogs of nucleic acids (DNA or RNA) are referred to
as ‘antimetabolites’. Being similar to natural metabolites, these act as mimics and
get into the metabolism of the cell, thereby functioning to disrupt it. They act at
specific cell stage in cell cycle i.e. synthesis (S) phase.

Methotrexate (aminopterin) was the first purine analog approved in 1953. In
1962, first pyrimidine analog, 5-Fluorouracil saw approval. Since then several
purine and pyrimidine analogs like Pemetrexed, Clofarabine, Pralatrexate,
Hydroxyurea, gemcitabine and others have been developed for use in cancer treat-
ment. (Peters 2014; Balboni et al. 2019). Drugs such as 6-mercaptopurine and
6-thioguanine are purine analogs whereas drugs like 5-fluorouracil, floxuridine,
cytarabine and gemcitabine are pyrimidine analogs. This category also includes
adenosine deaminase inhibitors like cladribine, nelarabine and pentostatin as well
as folic acid antagonist like methotrexate.
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3.3.3 Antimitotic Agents

These are another class of cell cycle specific inhibitors used in cancer chemotherapy
and act at the mitotic (M) phase of cell cycle. As the name suggests, these agents
work by inhibiting the mitosis of cancer cells. They act by targeting the microtu-
bules which are important for aligning the chromosomes during cell division. By
resisting this process, these activate the spindle assembly checkpoint (SAC) which
ceases the cell division and the cell subsequently undergoes apoptosis (van Vuuren
et al. 2015).

These include drugs that stabilize microtubules like taxanes and epothilones and
those that destabilize microtubules like vinca alkaloids (Cortazar et al. 2012; van
Vuuren et al. 2015).

3.3.4 Topoisomerase Inhibitors

During the process of replication or transcription of DNA, it may become over-
wound or under wound. Enzymes that catalyze the cycle of breakage and rejoining
of DNA backbone and correct these topological problems are called ‘topoisomer-
ases’. Thus, these are crucial in maintaining the stability of genome.

Inhibiting this process may result in single stranded or double stranded breaks
compromising genome integrity. This stress is sensed by the cell and it eventually
leads to apoptosis. Topoisomerases serve as important targets for various drugs
against cancer. These include anthracycline, doxorubicin, etoposide, ironotecan and
topotecan (Mordente et al. 2017).

3.3.5 Ribonucleotide Reductase Inhibitors

Continuous supply of deoxyribonucleotides is essential for maintenance of nucleic
acid integrity within a cell with their levels being altered depending on the stage of
cell cycle. Alterations in their supply can result in hampered genome integrity if
they are not present in appropriate levels. The enzyme ribonucleotide reductase
catalyzes the reduction of ribonucleotides to deoxyribonucleotides thus acting to
supply the building blocks required for DNA synthesis. It is involved in the rate
limiting step of de novo pathway of deoxyribonucleotide triphosphates biosynthesis
(Aye et al. 2015).

Uncontrolled proliferation of cancer cells must be supported by appropriate
deoxyribonucleotide triphosphate supply and in order to achieve this many cancer
cells are known to acquire increased ribonucleotide reductase expression.
Ribonucleotide reductase inhibitors work by limiting the supply of DNA building
blocks thereby inhibiting the cancer cell growth. These include agents like hydroxy-
urea, gemcitabine and clofarabine (Aye et al. 2015; Mannargudi and Deb 2017).
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3.3.6 Oncogene Inhibitors

As earlier described, activation of various oncogenes can be the cause of cancer.
Targeting these oncogenic proteins to repress their function is another strategy to
mitigate cancer. The inception of this strategy began with the usage of retinoic acid,
a metabolite of vitamin A, to treat acute promyelocyte leukemia (APL). APL
involves reciprocal translocation between the promyelocyte leukemia gene (PML)
and Retinoic acid receptor alpha gene (RARalpha). The resulting PML/RARalpha
protein acts to repress cell differentiation. Administration of retinoic acid induces
differentiation of cells by inactivating the fusion protein (Uray et al. 2016).

Monoclonal antibodies targeting various oncogenic receptors have also been
developed. For example, Panitumumab targets epidermal growth factor receptor
(EGFR) expressed on colon cancer cells. Cetuximab is another EGFR targeting
antibody. Trastuzumab is used to treat human epidermal growth factor receptor 2
(HER?2) positive breast cancer and other cancers expressing HER-2 protein. It acts
at extracellular HER-2 protein impeding the EGFR activity (Pento 2017).

Small molecule inhibitors like gefitinib and erlotinib targeting overexpressed
EGFR have also been in use in treatment of cancers like non-small cell lung cancer
(NSCLC) (Yang et al. 2017b; Rawluk and Waller 2018).

3.3.7 Angiogenesis Inhibitors

When cancer cells start growing in uncontrolled manner, their demand for nutrients
and oxygen soar. This exorbitant call is then supplied by the new sprouting vessels
that are induced by various pro angiogenic mediators like growth factors, cytokines
and matrix degrading enzymes. Conversely, inhibiting the growth of vessels can
starve cancer cells and impede their unlimited growth.

This class includes agents like bevacizumab which target vascular endothelial
growth factor (VEGF) and inactivates the VEGF receptor thereby inhibiting blood
vessel formation and restricting their growth (Pento 2017). Another example is an
epidermal growth factor receptor (EGFR) Tyrosine Kinase Inhibitor (TKI), Iressa,
capable of impeding pro-angiogenic factor expression in tumors (El-Kenawi and
El-Remessy 2013). Sunitinib is another example which is a multiple receptor TKI
which prevents the response of tumors to VEGF by inactivating receptors for VEGF,
platelet-derived growth factor and stem cell factor (Kit) (Roskoski 2007; El-Kenawi
and El-Remessy 2013).

Despite many chemotherapeutic treatment options available against cancer, even
today most of the cancer treatment therapies are not only expensive and toxic but
many a times also have very low effectiveness. In addition repeated administrations
due to dose considerations and side effects add to the patient discomfort. In such a
scenario investing in natural compounds is a very attractive recourse against cancer
which offers higher efficacy at a low cost and fewer side effects (Barr et al. 2016;
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Granja et al. 2017). In the following section we explore various natural products that
have proven to be promising alternative chemotherapeutics and how they can be
bettered in providing the optimal and patient compliant cancer treatment.

3.4 Emergence of Natural Products
in Cancer Chemotherapy

Natural products have intrigued the cancer chemotherapy field and captured its
attention in the recent time. Their natural origins, non-toxic nature as well as their
ability to act via multiple targets are some of the attributes that have been largely
responsible for this interest. Co-administration of natural products with conven-
tional chemotherapeutics has also been implicated in alleviating toxicity and reduc-
ing dosage of conventional drugs (Conklin 2005; Lee et al. 2011). As conventional
agents directed against single targets often prove to be unsuccessful, natural prod-
ucts are emerging as the ideal candidates against the war on cancer. They are
increasingly proving to be successful in impeding proliferation of tumor cells,
inducing their apoptosis and cell cycle arrest as well as suppressing angiogenesis
and metastasis thereby attacking cancer from multiple sides in order to attain better
treatment against carcinogenesis (Arora and Jaglan 2016). Moreover, greater than
50% of chemotherapeutic drugs are from natural source or its derivatives (Watkins
et al. 2015; Saneja et al. 2017b).

Green tea, for instance, is a popular beverage and is proclaimed to have many
health benefits. A polyphenol, epigallocatechin gallate (EGCG), occurring in green
tea is largely credited for the beneficial effects with anticancer effect drawing a huge
amount of attention. EGCG have been shown to possess anticancer properties in
many studies. It also shows induction of apoptosis, cell cycle arrest and inhibition
of proliferation. It has been implicated in affect multiple signaling pathways
involved in survival and proliferation of tumor cells as well as reducing the expres-
sion of invasion promoting proteins (Gan et al. 2018).

Curcumin, another nutracuetical, is popular in South and Southeast Asia and
used as a food flavoring agent. This bright yellow compound from turmeric has been
investigated in the past decades for its anticancer potential. It has been shown to
control cancer by acting on a multitude of targets ranging from various transcription
factors, protein kinases, growth factors to inflammatory cytokines and oncogenic
proteins. The results of an inverse molecular docking study showed that curcumin is
capable of binding to multitude of protein targets ranging from metalloproteinase-2,
folate receptor B, mitogen-activated protein kinase 9, apoptosis-inducing factor 1 to
epidermal growth factor receptor. Furthermore, several potentially new targets were
identified which included deoxycytidine kinase, tyrosine-protein phosphatase non-
receptor type 11, macrophage colony-stimulating factor 1 receptor and death-
associated protein kinase 2 (Furlan and Konc 2018).
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Resveratrol, a polyphenolic phytoalexin antioxidant present in red grapes is
another compound that has been emerging due to its anticancer properties. It like
other natural compounds has also been shown to be effective in a wide range of
cancers like breast, prostate and colon to name a few by its effects on a variety of
transcription factors, proteins or receptors involved multiple processes like apopto-
sis, cell survival, cell cycle arrest or angiogenesis (Rauf et al. 2018). In one study
resveratrol treatment of tongue and liver carcinoma cells led to a reduction of blood
vessel promoting factors like hypoxia-inducible factor-1 alpha and vascular endo-
thelial growth factor expression. Another study concluded that resveratrol was capa-
ble of inducing apoptosis in renal carcinoma cells by down regulating anti-apoptotic
factors like B-cell lymphoma 2 (Bcl-2) and up regulating pro-apoptotic factors like
Bcl-2 associated X protein (Bax) (Zhang et al. 2005; Liu et al. 2018b).

Though how natural products exert their anticancer properties is not fully eluci-
dated, we try to shed light on the possible ways by which some of the products have
been reported to act on the system to put a brake on carcinogenesis.

3.4.1 Curcumin

Curcumin, a principal curcuminoid, is a polyphenolic compound derived from
Curcumin longa. Its use has been described in ancient Ayurvedic medicine but its
anti-inflammatory and anti-cancer potential has been in investigation for the past
few decades. It is speculated to act in controlling cancer by targeting multiple prop-
erties and acting negatively on various growth factors, transcription factors, protein
kinases, inflammatory cytokines, and oncogenic proteins associated with cancerous
cells thereby impeding initiation, progression and metastasis (Shanmugam et al.
2015). Probably first reported study was that by Kuttan in 1987 where patients with
external cancerous lesions experienced symptomatic relief on treatment with cur-
cumin (Kuttan et al. 1987). Since curcumin has shown to be effective in inhibiting a
wide variety of cancer cells like those of digestive, lymphatic and immune, repro-
ductive, urinary, nervous, pulmonary, skeletal systems, and the skin.

Curcumin is known to act in a multifaceted manner targeting many mechanisms
at a time.

3.4.1.1 Effect on Transcription Factors

Several signal transduction pathways like those involving mitogen-activated protein
kinase (MAPK), nuclear factor kappa light chain enhancer of activated B cells (NF-
kB) and activator protein 1 (AP-1) to name a few are altered in cancerous cells.
Curcumin can help in restoring these pathways to their unaltered state. It leads to
induction of apoptosis in tumor cells by modulation of various signal transduction
pathways thereby impeding carcinogenesis (Shanmugam et al. 2015). Inverse
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molecular docking of curcumin with human protein structures showed that it binds
to a variety of protein targets like metalloproteinase-2, folate receptor 3, DNA
(cytosine-5)-methyltransferase 3A, mitogen-activated protein kinase 9, apoptosis-
inducing factor 1 and epidermal growth factor receptor. It also identified deoxycyti-
dine kinase, tyrosine-protein phosphatase non-receptor type 11, core histone
macro-H2A.1, macrophage colony-stimulating factor 1 receptor, tryptophan-tRNA
ligase and death-associated protein kinase 2 as potentially new targets through
which it may exert its anticancer effects (Furlan and Konc 2018).

A study exploring the effects of curcumin along with irradiation of esophageal
squamous-cell carcinoma (ESCC) observed that pro-apoptotic effects of irradiation
were enhanced in the presence of curcumin. Also, a significant sensitization of
ESCC cells to irradiation (IR) occurred on pretreatment with curcumin. ESCC
xenograft mice survived longer on IR therapy when curcumin was co-administered.
It was also reported that these effects were probably due to inhibition of NF-kB
signaling. Thus, synergistic effects of curcumin and irradiation were evident (Liu
et al. 2018a). Another study evaluating the potential synergism of curcumin and
paclitaxel in breast cancer showed induction of apoptosis and necrosis by both.
Enhanced apoptosis was observed with combined treatment of curcumin and pacli-
taxel (Calaf et al. 2018).

3.4.1.2 Effect on Apoptosis

As discussed earlier apoptosis functions to remove damaged or unwanted cells from
the system. Cancer cells acquire mechanisms to evade apoptosis for their survival.
Curcumin shows anticancer effects by promoting apoptosis. In a study, mouse
myeloma cells were used to look into the anticancer effects of curcumin. The
expression of genes associated with Notch3-p53 signaling axis were evaluated.
Apoptosis was shown by curcumin treated cells and an enhanced expression of
Notch-3 responsive genes was observed. A significant down regulation of B-cell
lymphoma-2 (Bcl-2) at both mRNA and protein level with up regulation of Bcl-2-
associated X was also reported. Thus, the anticancer effects of curcumin on mouse
myeloma cells were attributed to its effects on Notch3-p53 axis leading to apoptosis
of cancer cells (Zhang et al. 2019). A separate study investigating the effects of
curcumin on gastric cancer cells found inhibition of cell proliferation, induction of
apoptosis and autophagy in cancer cells. The study also probed the effects on p53
and phosphoinositide 3-kinase (PI3K) signalling pathways. An activation of p53
signalling along with inhibition of PI3K signalling was reported. Activation of p53
pathway was associated with enhanced p53 and p21, while inhibition of PI3K path-
way was associated with decreased PI3K phosphorylation of protein kinase B
(PKB), and mammalian target of rapamycin (mTOR) (Fu et al. 2018). Curcumin has
also been reported to exert anticancer effects against colon cancer. A study investi-
gating its effects on Dukes’ type C colon cancer examined cellular viability, prolif-
eration, cytotoxicity, apoptosis and cell cycle distribution. A significant inhibition of
cellular viability and proliferation in a dose and time dependent manner with no
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cytotoxic effects was observed on curcumin treatment. Also, cell cycle arrest at
Gapl phase, reduction of cell population in Synthesis phase with induction of apop-
tosis in colon adenocarcinoma cells was also reported as the effects of curcumin
treatment (Dasiram et al. 2017).

The effects of curcumin on cancer stem cells (CSCs) have also been investigated.
Sonic hedgehog (Shh) and Wnt/p-catenin pathways are known to play a crucial role
in the maintenance of stemness of CSCs. A study examining the inhibition of breast
CSCs on curcumin treatment reported a decreased activity of breast CSCs. This was
supported by the observed inhibition of tumor sphere formation, decrease in breast
CSCs markers like P-glycoprotein 1, Nanog, Oct4 as well as inhibition of prolifera-
tion and induction of apoptosis. They also showed that Shh and Wnt/p-catenin down
regulation lead to inhibition of breast CSCs. They concluded that the inhibitory
effect exerted by curcumin on breast CSCs was by suppression of both Shh and
Whnt/p-catenin pathways (Li et al. 2018a). Another study investigating the effects of
curcumin on prostate cancer cells observed that survival and proliferation of pros-
tate cancer cells were inhibited on curcumin treatment. It concluded that Notch-1
signal pathway played a role in the curcumin mediated inhibition of survival and
metastasis in prostate cancer cells (Yang et al. 2017a).

When acute myeloid leukemia or burkitt lymphoma cells were subjected to cur-
cumin treatment, the CSC associated markers were reduced. Additionally, colony
formation decreased and several CSC-associated proteins like Notch-1, Gli-1 and
Cyclin D1 were down regulated. This implicated that curcumin mediated decrease
of CSC markers in lymphoma/leukemia cells was potentially through inhibition of
self-renewal (Li et al. 2018b). Inhibition of proliferation and induction of apoptosis
on curcumin administration was also shown on human colorectal carcinoma cells.
P53 mutations and pre-mRNA processing factor 4B (Prp4B) overexpression have
been reported as characteristics of cancer cells. Curcumin administration activated
caspase-3 and lead to a reduction of p53 and Prp4B expression in human colon
cancer cells (Shehzad et al. 2013). Curcumin is also known to mediate its inhibitory
effects on primary tumors occurring in central nervous system called gliomas. A
notable inhibition of growth in gliomas on curcumin treatment was observed in a
study. The same study also reported that a low dose of curcumin lead to the induc-
tion of G2/M cell cycle arrest while a high dose lead to the induction of G2/M cell
cycle arrest along with S phase arrest. It also showed that expression of inhibitor of
growth protein 4 and p53 was up regulated during cell cycle arrest (Liu et al. 2007).

3.4.2 Epigallocatechin-3-Gallate

It has been stipulated that some of the polyphenols occurring in green tea have anti-
cancer activities. Epigallocatechin-3-gallate (EGCG), for instance, has been shown
to inhibit cell growth cancer cells. A study by Du and Zhang compared the chemo-
preventive potentials of some of the polyphenols and found that most potent antip-
roliferative effects on colon cancer cells were shown by EGCG. G1 phase cell cycle
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arrest and apoptosis were also significantly induced. The gallic acid group seemed
to enhance the anticancer property (Du et al. 2012). Catechin, a plant secondary
metabolite belonging to the family of flavonoids is a naturally occurring antioxi-
dant. It’s isomer in cis configuration forming an ester with gallic acid is called epi-
gallocatechin gallate (EGCG) which is the most abundant catechin found in tea.
EGCG has been shown to have the capability to inhibit all stages of carcinogenesis
from initiation and promotion to progression. Though its mechanism is still not
conclusively known. It possess antioxidant property but this property alone cannot
explain its antiproliferative effects. However, its pro-oxidant property has also been
shown by Farhan, Khan, et al. It has hypothesized that EGCG is able to mobilize
copper bound to chromatin leading to intranucleuosomal DNA breakage. Interaction
of EGCG with copper bound to DNA and localized generation of hydroxyl radicals
causes catechin-copper induced DNA damage. The reduction of copper gives rise to
oxidized species. Hence, copper is a key factor that shifts EGCG from anti-oxidant
to pro-oxidant action. As cancer cells have elevated levels of copper, thus, they are
more likely to generate reactive oxygen species (ROS). ROS stress above a thresh-
old then results in apoptosis. Hence, EGCG can also promote pro-oxidant cancer
cell death, by mobilizing copper (Farhan et al. 2016; Granja et al. 2017).

EGCG also acts to modulate multiple cell signalling pathways related to prolif-
eration, survival or death, and also down regulating proteins involved in invasion
thus, helping to manage cancer.

3.4.2.1 Effect on Tumor Suppressors

The guardian of genome, p53, is altered or inactivated in a variety of tumors. As we
know from earlier discussion tumor suppressor alteration leaves the cell without any
regulatory check resulting in uncontrolled proliferation and hence, tumorigenesis.
Enhancement of transcriptional activity of p53 gene related to cell cycle arrest and
apoptosis is known to occur via acetylation of carboxy-terminal lysine. The acetyla-
tion of genes is counterbalance by histone deacetylases (HDACs). In a study of
human prostate cancer cells it was demonstrated that epigallocatechin-3-gallate
(EGCG) impede HDACs and activated p53 via acetylation at lysine residues (Lys
373, Lys 382). Additionally, this inhibition was dose and time dependent and its
interruption lead to a loss of p53 acetylation. Also, increased expression of proteins
p21 and Bax occurred which are associated with the induction of apoptosis (Thakur
etal. 2012). Another study by Qin J showed p53 dependent apoptosis of cancer cells
by EGCG. Using mouse epithelial cells, they showed that EGCG down regulated
protein serine/threonine phosphatase-2A (PP-2A), hyperphosphorylated p53 and up
regulated Bak which induced apoptosis. They also demonstrated that RNA interfer-
ence mediated knockdown of p53 and Bak caused substantial inhibition of EGCG
induced apoptosis. Overexpression PP-2A catalytic subunit down regulated p53
phosphorylation at Serl5, and attenuated expression of Bak, thus antagonizing
EGCG induced apoptosis whereas inhibition of PP-2A promoted EGCG induced
apoptosis (Qin et al. 2008).
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The possibility of enhanced efficacy and overcoming of resistance to conven-
tional therapies via co-administration with natural products is an active area of
research. Combinatorial treatment with EGCG and sulforaphane (SFN) along with
cisplatin therapy on ovarian cancer cells reduced cancer cell viability in a time and
dose dependent manner. It also enhanced G2/M arrest and apoptosis in addition to
up regulating p21 expression (Chen et al. 2013). Antifolates are known to disturb
the folic acid metabolism, inhibiting DNA and RNA synthesis. They have also been
linked with decreased cellular methylation. It has been shown that EGCG inhibits
dihydrofolate reductase (DHFR) disturbing the folate metabolism leading to
decreased production of nucleotides and impeding the growth of colon cancer cells.
Hypermethylation of tumor suppressors like pl6 is observed in many cancers.
EGCG also shifted the p16 methylation pattern to unmethylated form thus acting to
rescue carcinogenesis (Navarro-Peran et al. 2007).

3.4.2.2 Effect on Apoptosis

Apoptosis or programmed cell death is body’s way of getting rid of damaged or
unwanted cells without alerting the immune system. Many cancers devise ways to
bypass this process in order to survive and multiply indefinitely. EGCG has also
been implicated to act of this process and control cancerous growth via inducing
their apoptosis. EGCG was shown to cause mitochondrial transmembrane poten-
tials loss and cytochrome c release, thus, leading to induction of apoptosis in
myeloma cells. Intracellular reactive oxygen species (ROS) were elevated during
EGCG induced apoptosis (Nakazato et al. 2005). In a study investigating the antip-
roliferative potential of EGCG on bladder cancer cells, it was found that treatment
with EGCG modulated the Bcl-2 family proteins via inhibition of phosphoinositide
3-kinase/protein kinase b pathway and in turn leading to enhanced apoptosis (Qin
et al. 2007). The induction of apoptosis and subsequent inhibition on growth of
mouse viral mammary epithelial cancer cells has also been reported on EGCG treat-
ment. Also, a significant reduction in tumor volume of breast cancer cells in a mouse
model has been reported (Mineva et al. 2013; Rahmani et al. 2015).

3.4.2.3 Effect on Angiogenesis

Angiogenesis as discussed earlier is required by cancer cells to supply for the nutri-
ents and oxygen to sustain their survival. Inhibition of angiogenesis can starve can-
cer cells resulting in their elimination. At least part of EGCG anticancer activity can
be attributed to its effect on vascular endothelial growth factor (VEGF). A study
investigating the effects of EGCG on VEGF induction and intracellular signaling in
colon cancer cells, reported that EGCG treatment in addition to inhibiting extracel-
lular signal regulated kinase activation also impeded the expression of VEGF. EGCG
treatment of athymic Balb/c nude mice inoculated with human colon adenocarci-
noma cells showed reduction in tumor growth, microvessel density and cell
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proliferation along with enhanced tumor cell and endothelial cell apoptosis (Jung
et al. 2001). In another study by Gu JW tested the effect of EGCG on breast cancer
cells. Significant reduction in tumor weight of those mice inoculated with breast
cancer cells was observed that received EGCG. Significant inactivation of VEGF,
hypoxia inducible factor-1 and nuclear factor kappa light chain enhancer of acti-
vated B cells (NF-kB) was also observed in cultured breast cancer cells. These find-
ing supported the notion that EGCG can work in a multifactorial manner by targeting
not only tumor cells but also tumor vasculature thus impeding growth, proliferation
as well as angiogenesis of tumor cells (Gu et al. 2013).

3.4.2.4 Effect on Oncogenes

Activation and overexpression of oncogenes is the reason of a number cancers.
EGCG is also reported to exert its effect by acting on various oncogenes. Alteration
of EGFR signalling is observed in many cancers. In colon cancer cells, inactivation
of epidermal growth factor receptor (EGFR) and human epidermal growth factor
receptor 2 (HER2) has been reported as effects of EGCG. High level constitutive
activation of human epidermal growth factor receptor 3 (HER3) on cultured colon
cancer cells decreased within 6 h of EGCG treatment. Additionally, phosphorylated
forms of extracellular signal regulated kinase and protein kinase B as downstream
signaling proteins also decreased (Shimizu et al. 2005). In another study examined
the effects of EGCG on the EGFR pathway in tamoxifen resistant breast cancer
cells. EGFR mRNA and protein was down regulated in a dose dependent manner
upon EGCG treatment. EGCG also decreased EGFR phosphorylation in tamoxifen
resistant cells. It also showed reduction in proteins involved in invasion and metas-
tasis like matrix metalloproteinase-2 (MMP-2) and MMP-9. Alternatively tissue
inhibitor of metalloproteinases-1 (TIMP-1) and TIMP-2, which have role in down
regulation of MMPs, increased. Thus, it was shown that EGCG could attenuate
tamoxifen resistance in breast cancer cells and impede its growth and invasion
(Farabegoli et al. 2011).

3.4.3 Resveratrol

Resveratrol is a polyphenol occurring in several plants like vine (climbing plants)
produced in response to injury or pathogen attack. It is a hydroxyl derivative of
stilbene belonging to phenylpropanoids family. It is reported to be effective against
a wide variety of cancers like those of breast, colon, leukemia, ovarian, prostate,
pancreatic and others. It is stipulated to act non-specifically on multiple targets as
opposed to traditional chemotherapeutics (Pavan et al. 2016).
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3.4.3.1 Effect on Transcription Factors

Overexpression of hypoxia inducible factor-1 alpha (HIF-1alpha) is a characteristic
of many tumors and has an important role in promoting blood formation vessel that
in turn feed the cancer cells enabling their survival. Zhang Q investigated the effect
of resveratrol HIF-lalpha accumulation and vascular endothelial growth factor
(VEGEF) expression on carcinoma cells of tongue and liver. They observed a marked
inhibition of HIFlalpha protein on treatment with resveratrol. Pretreatment with
resveratrol was found to also reduce VEGF expression. Resveratrol mediated the
enhancement of degradation by 26S proteasome system seemed to reduce the half-
life of HIF-lalpha. It also impeded activation of extracellular-signal-regulated
kinase and protein kinase B thereby decreasing HIF-lalpha accumulation and
VEGF activation (Zhang et al. 2005). Many transformed cells show excessive aero-
bic glycolysis. A study on B cell lymphomas showed inhibition of phosphatidylino-
sitol 3-kinase (PI-3K) along with glucose metabolism which corresponded with cell
cycle arrest on treatment with resveratrol. Proteins like S6 ribosomal protein and
protein kinase B were also inactivated (Faber et al. 2006).

Metastasis and cell clusters are characteristics of advanced stage ovarian cancer.
A study investigating the importance of nuclear factor kappa light chain enhancer of
activated B cells (NF-kB) in ovarian cancer 3D cell aggregates on resveratrol treat-
ment found reduction in tumor growth as well as metabolism. The growth inhibition
corresponded not only with reduced NF-kB levels but also diminished VEGF secre-
tion. They suggested resveratrol mediated inhibition of ovarian cancer 3D cell
aggregates via NF-kB controlled VEGF secretion (Tino and Chitcholtan 2016).
Resveratrol mediated regulation of NF-kB has also been implicated in reduced
expression of miR-221, which is an oncogenic microRNA, in melanoma cells (Wu
and Cui 2017).

3.4.3.2 Effect on Tumor Suppressor

Normal functioning of the tumor suppressor and caretaker of genome, p53, is of
utmost importance. Any alteration can leave the cell without any countermeasures
to deal with any kind of stressed condition. A study by De Amicis F on breast cancer
cells probed that effect of resveratrol on cell proliferation. The results showed the
appraisal of resveratrol in adjuvant therapy against those breast cancers that had
developed hormonal resistance. The cell proliferation inhibition was found to be
particularly dependent on p53. The induction of p53 via p38 phosphorylation lead
to inhibition of estrogen receptor alpha expression and these effects were overturned
small interfering RNA targeting p53 (De Amicis et al. 2011). Aggregation of mutant
p53 forming amyloid like structures has been indicated as a crucial factor in tumori-
genesis. Defects in p53 resulting in its functional inactivation are linked to amyloid
aggregation. A study to investigate if resveratrol had any effect on p53 aggregation
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found that resveratrol was able to interact with p53 core domain. Using breast can-
cer cell line, a reduction in protein aggregation of mutant p53 was observed on
resveratrol treatment. Additionally, the proliferation and migration properties of the
treated cells were significantly reduced (Yang-Hartwich et al. 2015; Ferraz da Costa
et al. 2018).

3.4.3.3 Effect on Apoptosis

Apoptosis or programmed cell death occurs in a controlled manner to get rid of
unwanted or infected cells. Tumor cells need to devise ways by which they can
evade apoptosis ensuring their survival. Activating apoptosis against tumors can be
a beneficial strategy to naturally get rid of cancerous cells. Resveratrol has been
known to exhibit anti-inflammatory as well as tumor suppressor properties. A study
probing the effects of resveratrol on renal cell carcinoma (RCC) concluded that it
could suppress RCC progression. It was observed that resveratrol down regulated
anti-apoptotic Bcl-2 and up regulated pro-apoptotic Bax while also promoting acti-
vation of adenosine monophosphate-activated protein kinase (AMPK) and p53
expression. Additionally, the autophagy genes were up regulated and mammalian
target of rapamycin (mTOR) phosphorylation was inhibited. Thus, resveratrol could
induce apoptosis and also lead to suppression of viability and migration in RCC
(Liu et al. 2018b).

In another study investigating the anti-proliferative potential of resveratrol
observed significant inhibition of cell proliferation, cell cycle arrest and subsequent
apoptosis of hepatoma cells infected with hepatitis C virus. They also found an
increase in expression of p21/Wafl protein along with decrease in expression of
cyclin-dependent kinase-2 (cdk-2) and cyclins A and E. Additionally, enhanced cas-
pase activity, mitochondrial membrane depolarization, increased pro-apoptotic pro-
teins and decreased anti-apoptotic proteins were observed (Liao et al. 2010).
Resveratrol has also been investigated as a radiosensitizing agent in combination
with radiation therapy (XRT) for localized prostate cancer (PCA) treatment.
Synergistic enhancement in the induction of apoptosis as well as inhibition of cell
proliferation were shown on using the resveratrol-XRT combination. These effects
paralleled with an enhanced p21, p15 and mutant p53 expression with a reduction
of cyclins D and B and cdk-2 expression. Additionally, enhanced apoptosis corre-
lated well with enhanced Fas and TNF-related apoptosis-inducing ligand Receptor
1 (TRAILR 1) expression (Fang et al. 2012).

3.4.3.4 Effect on Angiogenesis

The malignant progression in hepatocellular carcinoma (HCC) is facilitated by
hepatic stellate cells (HSCs). It has been reported that the induction of angiogenesis
by HSCs in HCC was mediated by enhanced expression of Gli-1 which in turn
stimulated the production of reactive oxygen species (ROS) and potentiated HCC
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cell invasiveness. Resveratrol diminished this induced angiogenesis along with sup-
pression of ROS production. Additionally, it was also shown that Gli-1 expression
down regulated along with C-X-C chemokine receptor type-4 receptor and interleu-
kin-6 expression (Yan et al. 2017). A study investigating the effects of resveratrol on
angiogenesis and inflammation in experimentally induced endometrial implants
evaluated the endometriotic lesions, monocyte chemoattractant protein-1 (MCP-1)
and vascular endothelial growth factor (VEGF) levels in blood and peritoneal fluid.
Post treatment, the areas of implants and histopathological scores reduced. Also, the
levels of MCP-1 and VEGF in serum and peritoneal fluid of resveratrol treated
groups reduced. Thus, resveratrol showed promising potential as angiogenesis and
inflammation inhibitor in endometriosis (Ozcan Cenksoy et al. 2015).

Co-administration of natural products with conventional therapeutics is an active
area of research. Co-administration can be helpful in enhancing the efficacy and
circumventing the problem of toxicity and resistance associated with conventional
anticancer drugs. Many of the promising natural products showing anticancer prop-
erties have been investigated for combinatorial treatment. For example, when epi-
gallocatechin gallate (EGCG) found in green tea and sulforaphane found in
cruciferous vegetables, were administered along with cisplatin therapy for ovarian
cancer cells, it was seen that cancer cell viability reduced which was time and dose
dependent. Also, up regulation of G2/M arrest and apoptosis with increased p21
expression was noted (Chen et al. 2013). In another study, when esophageal
squamous-cell carcinoma (ESCC) cells were pretreated with curcumin, the pro-
apoptotic effects of irradiation therapy elevated. ESCC cells seem to have been sen-
sitized to irradiation. The xenograft mice also survived longer upon co-administration
(Liu et al. 2018a). Further, prostate cancer treatment by radiation therapy when
combined with resveratrol lead to augmentation of apoptosis as well as impediment
of cell proliferation which corresponded with elevated p21, p15 and p53 expression
according to a study reported by Fang, DeMaro et al. (Fang et al. 2012).

Natural products as good as they seem, are still not devoid of limitations that have
proven to be major stumbling blocks in their translational potential. Most of the
natural products showing promising anticancer potential are of hydrophobic nature.
This attribute has been a crucial obstacle in delivering these agents inside the sys-
tem. Majority of these agents exhibit poor aqueous solubility and poor permeability
leading to their low bioavailability in humans. Moreover, physiological processes
like complex formation with other components and biotransformation may also con-
tribute to low bioavailability (D’ Ambrosio et al. 2011; Arora and Jaglan 2016).

3.5 Impact of Polymeric Nanocarriers on Natural Products
as Alternative Chemotherapeutics

The emergence of nanotechnology has ignited growing interest into their potential
applications to the field of medicine. It enables us to achieve various possibilities in
the field of biology that could not have been thought of as achievable a few years
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before. Colloidal carrier systems of submicron sizes have long been investigated as
drug carrier system. Their potential to alter the basic properties of drugs like solubil-
ity, stability and related toxicity to name a few have made them attractive area of
research in the past few years. Due to their small size they possess a high surface
area to volume ratio and may provide access to otherwise inaccessible sites within
the body.

Its entry into the field of cancer chemotherapy promises to circumvent many
limitations associated with conventional chemotherapeutics like low solubility, non-
specific targeting, toxicity and low efficacy. Past few years have seen tremendous
advancement in the development of chemotherapeutic drug loaded nanoparticles
targeted against a wide variety of cancers. Nanoparticles with appropriate size,
shape as well as surface properties have been designed to improve upon the proper-
ties of therapeutics that they carry. Nanoparticle loaded with therapeutics also have
the capability to exploit the pathophysiological conditions of tumor microenviron-
ment like enhanced permeability and retention. They can penetrate effectively into
tumoral mass through passive targeting due to the leaky vasculature. Engineering
nanoparticles decorated with suitable ligands like hyaluronic acid, folic acid, anti-
bodies and peptides at their surface confer them with the ability to specifically
deliver the payloads to cancerous cells via selective binding to overexpressed recep-
tors. Additionally, more than one drug could be delivered via same carrier enabling
combination chemotherapy. Thus, nanoparticles are emerging as the new generation
delivery systems for cancer chemotherapy (Saneja et al. 2014; Sun et al. 2014;
Zhong et al. 2014; Blanco et al. 2015) (Fig. 3.1).

Most of the natural products emerging are hydrophobic and face solubility prob-
lems. Using nanocarriers for their delivery can improve their solubility as well as
stability. Controlled release, site specific delivery, lower dose and lower toxicity of
bioactive compounds are some of the additional features that nanocarriers come
with. Furthermore, the possibility of altering the physiochemical properties like
size, shape and surface properties of the nanocarriers themselves serves as the

Drug

Targeting
ligand

Nanoparticle

Fig. 3.1 Drug encapsulated nanoparticle. Several drugs can be encapsulated inside nanoparticles
and delivered to otherwise inaccessible sites owing to the size of nanoparticles. They can also be
decorated with ligands in order to deliver them to specific sites
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cherry on the cake if one decide to use nanodelivery system for the intended drug
(Din et al. 2017).

Though nanocarriers can be polymeric, lipid based or inorganic nanocarriers,
here we will focus our discussion on polymeric nanocarriers as we believe they are
the most promising option and can be engineered into various shapes and sizes and
can be decorated with a variety of targeting ligands.

The polymers used to fabricate nanocarriers can be natural or synthetic poly-
mers. Natural polymers include polymers like gelatin, collagen, chitosan, alginic
acid and dextran. Synthetic polymers can be biodegradable like poly lactic-co-
glycolic acid or non-biodegradable like poly (methyl methacrylate). However, natu-
ral polymers have some limitations like antigenicity, risk of infection and
non-uniformity from batch to batch. Synthetic polymers seem to have an edge as
they can be tuned to develop carriers with specific properties. A simple change in
the building block or preparation method can be used to modulate the properties
accordingly. Since their preparation methods are well established they also offer the
advantage of being reproducible.

Amongst the synthetic polymers, biodegradable polymers like poly lactic-co-
glycolic acid (PLGA) and polylactic acid (PLA) have particularly gained particular
attention for biomedical applications (Coelho et al. 2010). Such polymers have a
long history of use as suture materials and in many controlled release formulations
(Frazza and Schmitt 1971; O’Hagan and Singh 2003). These polymers are biode-
gradable, biocompatible and Food and Drug Administration (FDA) approved. As
polymers degrade naturally at in vivo conditions and their degradation products
(lactic acid or glycolic acid) are normal physiological constituents they are non-
toxic and non-immunogenic. Apart from safety, delivery using PLA/PLGA poly-
meric particulate systems offers other advantages like protection of therapeutic
agents from cellular enzymes, better stability during storage and lower toxicity.
They can also be tailored to provide sustained release of the bioactive compound
thereby lowering the dose or the number of sittings required to achieve the desired
effect. This can ultimately help cutting down on cost of treatment for the patients.

Many promising anticancer products have been delivered using polymeric nano-
carriers to improve upon their potential. For instance, epigallocatechin gallate
(EGCQG), the green tea occurring polyphenol when delivered after loading into PLA
nanoparticles coated with polyethylene glycol (PEG) showed significant elevation
of pro-apoptotic factors along with lowering of anti-apoptotic factors. The most
interesting fact in this study was that the dose required to achieve the same effects
with free EGCG was 10 times higher. A remarkable reduction of dose required for
angiogenesis inhibition was also demonstrated by in the same study (Siddiqui et al.
2009). A different study aiming at improvement of the oral bioavailability of cur-
cumin entrapped curcumin in PLGA nanoparticles. The prepared particles mani-
fested a 640-fold increase in water solubility. Oral delivery of these particles showed
an increase of 5.6-fold relative bioavailability (Xie et al. 2011). In another study,
curcumin loaded PLGA nanoparticles showed a tenfold increase in solubility as
well as superior anti-migratory potential relative to free curcumin upon treatment of
cancer cells. The particle treatment of breast and lung cancer cells lead to a notable
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Table 3.3 Polylactic acid/poly lactic-co-glycolic acid based products approved for clinical use

Name Active ingredient Indication Approval date
Lupron Leuprolide Acetate | Prostate cancer 1989
Sandostatin Octreotide acetate Acromegaly 1998
Atridox Doxycycline hyclate | Chronic adult periodontitis 1998
Trelstar Triptorelin pamoate | Prostate cancer 2000
Eligard Leuprolide acetate | Prostate cancer 2002
Bydureon Exenatide synthetic | Type 2 diabetes 2012
Signifor Pasireotide pamoate | Acromegaly 2014
Bydureon Bcise | Exenatide Type 2 diabetes 2017
Triptodur Kit Triptorelin pamoate | Central precocious puberty 2017
Sublocade Buprenorphine Moderate to severe opioid use disorder | 2017

Adapted from Zhong et al. (2018)

reduction in invasive capacity. They concluded that the anticancer potential of cur-
cumin increased three times upon incorporation into nanoparticles (Khan et al.
2018) (Table 3.3).

Now we discuss some of the natural products that have been successfully deliv-
ered using polymeric particles to improve upon their limitations and exert better
anticancer action.

3.5.1 Curcumin

Curcumin, a polyphenolic compound described in ancient Ayurvedic medicine has
shown promising anticancer potential in a multifaceted manner targeting many
mechanisms at a time. Despite how promising curcumin may seem, its instability,
rapid metabolism, insolubility in water, poor bioavailability and limited tissue dis-
tribution pose regulatory hurdles. Also since it reacts with several proteins like cyto-
chrome P450 and glutathione S-transferase (GST), it poses toxicity problems if
present appreciably in plasma. Regardless of its potential against various diseases,
the associated inherent properties of curcumin as a molecule have been a stumbling
block in its approval as a drug candidate (Jha et al. 2017).

The use of polymeric nanoparticles to improve upon the curcumin’s inherent
limitations have been described in many studies. Mukerjee and Vishwanatha suc-
cessfully prepared poly lactic-co-glycolic acid (PLGA) nanoparticles with encapsu-
lation efficiency as high as 90%. The particles were of range 35—-100 nm aimed at
improving the intracellular uptake in prostate cancer cells. They also reported a
more prominent effect of curcumin entrapped PLGA nanoparticles compared to
free curcumin through cell viability studies. They concluded curcumin entrapped
nanoparticle to be of high potential as adjuvant therapy against prostate cancer
(Mukerjee and Vishwanatha 2009). A study comparing two PLGA combinations
with different lactide to glycolide ratios, one being 50:50 and the other being 75:25
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found that curcumin entrapped nanoparticles prepared with PLGA 50:50 ratio
showed higher encapsulation efficiency. Both the formulations showed enhanced
cellular uptake evident from intracellular fluorescence studies. Nanoparticles with
PLGA 50:50 showed better cytotoxicity and significantly better induction of apop-
tosis. Additionally, the superior efficacy of curcumin entrapped nanoparticles com-
pared to free curcumin was shown by immunocytochemical analysis and
electrophoretic mobility shift assay. Thus, it showed that curcumin entrapped in
PLGA nanoparticles not only possessed enhanced aqueous solubility but also
showed better anticancer properties (Nair et al. 2012).

Curcumin entrapped in poly lactic-co-glycolic acid (PLGA) nanoparticles were
prepared to enhance the oral bioavailability. The prepared particles were of about
200 nm in size and exhibited a 640-fold water solubility compared to free curcumin.
A relative bioavailability of 5.6-fold and a longer half-life was observed upon oral
administration in rats. The results indicated that improved oral bioavailability of
curcumin was associated with increased water solubility, higher release and also
increased residence time in intestinal cavity (Xie et al. 2011). A study on breast and
lung cancer cells focused at investigating the mechanism of action of PLGA
nanoparticle entrapping curcumin under hypoxic conditions observed a reduction in
of Hypoxia-Inducible Factor-1a and nuclear p65 levels which are usually elevated
in metastatic cancers. They also showed that curcumin entrapped PLGA nanopar-
ticles had superior anti-migratory capacity compared to free curcumin. A notable
reduction of cell invasion was observed with both the cancer cells implying that
curcumin entrapped in PLGA nanoparticle decreased the invasive capacity of can-
cer cells which is critical to the inhibition of metastasis. Overall, entrapping of
curcumin in PLGA nanoparticle resulted in a tenfold enhancement of solubility
with a threefold enhancement of anticancer activity compared to free curcumin
(Khan et al. 2018). Another study reported that PLGA based curcumin nanoparticle
led to inhibition of cell growth, induction of apoptosis and cell cycle arrest in cervi-
cal cancer cells. Nanoparticle formulation also modulated carcinogenesis associ-
ated microRNAs, transcription factors and proteins. Curcumin encapsulated PLGA
nanoparticle mediated reduction of oncogenic microRNA-21, suppression of
nuclear fB-catenin and abrogation of expression of E6/E7 human papillomavirus
oncoproteins led to a significant reduction in tumor burden (Zaman et al. 2016). The
synergistic inhibitory effect of metformin and curcumin combination encapsulated
in polyethylene glycol (PEG) coated PLGA nanoparticles has also been reported. It
was found that cytotoxicity of nanoparticles against breast cancer cells was dose
dependent with co-encapsulated metformin and curcumin showing an enhanced
synergistic antiproliferative effect in addition to a notable arrest of cell growth.
Inhibition expression of human telomerase reverse transcriptase (hnTERT) gene was
also observed with the combination nanoformulation exhibiting a further decline
(Farajzadeh et al. 2018). A study aimed at overcoming the limitations of curcumin
formulated curcumin entrapped PLGA nanoparticle surface coated with chitosan
and PEG. The particles showed enhanced uptake and internalization by pancreatic
cancer cells as validated by confocal microscopy and fluorescent spectrophotome-
try. They also showed higher cytotoxicity as compared to free curcumin. Further,
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migration and invasion assays revealed an effective inhibition of migratory and
invasive properties in cells treated with nanoparticles. Further, enhanced expression
of pro-apoptotic proteins like cleaved poly ADP-ribose polymerase, Bax and
cleaved Caspase 3 along with decreased expression of anti-apoptotic proteins like
Bcl2 and increased induction of apoptosis in nanoparticle treated cells was observed
(Arya et al. 2018).

Curcumin encapsulated poly lactic-co-glycolic acid (PLGA) nanoparticles pre-
pared by nanoprecipitation resulted in a highly dispersible particles. Optimization
of nanoparticles showed two to sixfold enhancement of cellular uptake in ovarian as
well as breast cancer cells. A better anticancer potential as revealed by cell prolif-
eration as well as clonogenic assays was shown by the optimized PLGA encapsu-
lated curcumin compared to free curcumin. This also correlated with increased
induction of apoptosis by the PLGA encapsulated curcumin. The ability to conju-
gate antibodies was also shown demonstrating the potential for targeted delivery
(Yallapu et al. 2010). A study also prepared curcumin loaded PLGA microspheres
increasing its bioavailability. The microspheres were able to perturb mitochondrial
membrane potential and induce apoptosis in breast cancer cells. The PLGA micro-
spheres were also conjugated to folic acid to enable targeted delivery to cancer cells.
Treatment with curcumin loaded and folic acid conjugated PLGA microspheres
enhanced cleaved caspase-3 and reduced phosphorylated Protein kinase B leading
to induction of apoptosis. They also led to increased tumor regression in Balb/c
mice (Pal et al. 2019). In a study liquid-driven co-flow focusing (LDCF) process
was used to prepare of curcumin loaded PLGA microspheres for application in
ovarian cancer. The intraperitoneal delivery of microspheres prepared by LDCF
showed slow systemic absorption and higher mean residence time compared to free
curcumin as well as microspheres prepared by single emulsion method (Dwivedi
et al. 2018). Another study investigating specific targeting of cancer cells prepared
polyethylene glycol coated PLGA particles which were conjugated to epidermal
growth factor receptor (EGFR) targeting peptides. These were then delivered into
EGFR expressing cancer cells. Treatment of breast cancer cells with these targeted
nanoparticles led to a suppression of phosphoinositide 3-kinase signalling, cell via-
bility, drug clearance and tumor burden. More than 40-fold increment in half-life of
curcumin in nanoparticle formulation was shown. A reduction in tumor burden by
>50% was observed in a mouse xenograft tumor model (Jin et al. 2017).

Hormone therapies and therapies targeting human epidermal growth factor
receptor 2 (HER-2) receptors are not able to control triple-negative breast cancers.
A study evaluating the effects of curcumin on triple negative breast cancer used
positively charged curcumin loaded nanoparticles prepared by nanoprecipitation
using poly lactic-co-glycolic acid (PLGA) and detergent cetyl-tri-methyl ammo-
nium bromide. Nanoparticles showed higher cellular uptake and cytotoxicity. The
authors observed induction of reactive oxygen species that led to DNA damage and
resulted in mitogen-activated protein kinase activation. This induction ultimately
led to cell cycle arrest at G1/S phase and G2/M phase via increased expression of
proteins such as p21, p16 and p53 along with decreased expression of proteins like
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Table 3.4 Summary of poly lactic-co-glycolic acid nanoparticles for delivery of curcumin
for cancer

Cancer
Formulation type Size Reference
PLGA Prostate 35-100 nm Mukerjee and Vishwanatha (2009)
PLGA Cervical 100-200 nm Nair et al. (2012)
PLGA Breast, 200-600 nm Khan et al. (2018)

lung
PLGA Cervical 76.2 £ 5.36 nm Yallapu et al. (2010) and Zaman et al.

(2016)
PLGA/PEG Breast 202-257 nm Farajzadeh et al. (2018)
PLGA-chitosan- Pancreatic | Mean 264 nm Aryaet al. (2018)
PEG
PLGA-FA Breast 800-900 nm Pal et al. (2019)
PLGA Ovarian Mean 20.26 + 2.37 Dwivedi et al. (2018)
um

PLGA-PEG Breast 210 £ 54 nm Jin et al. (2017)
PLGA-CTAB Breast 81.05 £ 3.85 nm Meena et al. (2017)

PLGA poly lactic-co-glycolic acid, PEG polyethylene glycol, FA folic acid, CTAB cetyl tri methyl
ammonium bromide

cyclin D1, cyclin E, cyclin-dependent kinase-2 (CDK-2) and CDK4. Additionally,
reduction in expression of DNA repair genes resulting in persistent DNA damage
leading to induction of apoptosis was also reported (Meena et al. 2017) (Table 3.4).

3.5.2 Epigallocatechin-3-Gallate

Epigallocatechin gallate (EGCG), the anticancer polyphenol occurring in green tea
has been successfully entrapped in delivered using polymeric nanoparticles in many
studies showing improved efficacy and reduced toxicity. In a study aimed at design-
ing targeted nanoparticles used conjugated PLGA-polyethylene glycol (PLGA-
PEG) di-block copolymer which was then conjugated to a prostate-specific
membrane antigen (PSMA) targeting ligand. Encapsulation of EGCG in targeted
PLGA-PEG nanoparticles enabled selective delivery of EGCG to prostate cancer
cells. The functionalized nanoparticles showed selective efficacy against prostate
cancer cells expressing PSMA. An increased anti-proliferative effect towards
PSMA positive cancer cells with negligible effect on normal cell viability was
observed. The enhanced potency of targeted nanoparticles could be attributed to
increase in binding resulting in increased cellular uptake accumulation via receptor
mediated endocytosis (Sanna et al. 2011). EGCG encapsulated into PLA-PEG
nanoparticles conferred a remarkable dose advantage against prostate cancer cells.
Enhance uptake and apoptosis were observed on treatment with nanoparticles.
Additionally, a notable increase of pro-apoptotic protein Bax with a decrease of
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anti-apoptotic protein Bcl-2 was observed tipping the balance in favor of apoptosis.
Also, enhanced expression of p21 and p27 protein levels with a remarkable dose
advantage were also reported. They also showed a notable reduction of EGCG con-
centration required to inhibit angiogenesis when delivered in nanoparticle encapsu-
lated form. It was also demonstrated that nanoparticle formation conferred a tenfold
dose advantage for inhibition of tumor growth in mouse xenograft tumor model
(Siddiqui et al. 2009).

In extension to their previous findings Sanna et al. has suggested that target spe-
cific delivery in the tumor cells can be achieved by functionalizing the nanoparticles
with ligands that would specifically bind the over expressing prostate specific mem-
brane antigen (PSMA), a transmembrane protein on prostate cancer epithelial cells.
For their study they prepared three different types of nanoparticles for EGCG deliv-
ery including non-functionalized nanoparticle and functionalized nanoparticles.
The size of these particles were analyzed by dynamic light scattering and found to
be ranging from 130 nm to 250 nm in diameter. The anti-proliferative activity of the
prepared formulations were tested on prostate cancer cell lines and they found a
significant accumulation and cellular uptake of the functionalized nanoparticles and
non-specific cellular uptake of non-functionalized nanoparticles but however the
both of them provided similar level of cellular toxicity. However, upon treating cells
with both types of nanoparticles led to an increase in Bax protein with the decreased
levels of Bcl-2 protein, therefore resulting in apoptosis. Also, it has been observed
that these formulations have resulted in cleaving poly ADP-ribose polymerase pro-
tein and inhibiting survivin protein. Along with this, all the formulations and the
native EGCG resulted in an effective inhibition of cell cycle regulatory proteins,
cyclins A, Cyclin-dependent kinase-2 (CDK2) and CDK- 6, cyclin D3 and cyclin
B1 by activating the levels of cell cycle inhibitors. From in vivo studies, in athymic
nude mice also, it has been reported that the functionalized nanoparticles had sig-
nificantly higher effect on tumor growth inhibition while non-functionalized
nanoparticles also showed a significant effect on tumor inhibition as compared to
native-EGCG, due to passive targeting (Sanna et al. 2017).

Singh et al. reported EGCG loaded poly lactic-co-glycolic acid nanoparticles
could offer a three to sevenfold dose reduction in half maximal inhibitory concen-
tration (IC50) doses upon treatment of lung, cervical and acute monocytic leukemia
cells. The nanoparticles enhanced the induction of caspase 3 and caspase 9 as well
as shifted the Bax/Bcl2 ratio in favor of apoptosis. Cell cycle analysis showed that
nanoparticles more efficiently sensitized lung cancer cells to cisplatin induced
apoptosis. Further, the nanoparticle treatment was more effective in nuclear factor
kappa light chain enhancer of activated B cells (NF-kB) reduction as well as down
regulating matrix metalloproteinase-9, cyclin D1 and vascular endothelial growth
factor expression thereby inhibiting invasion, proliferation and metastasis respec-
tively. In addition, the mice bearing Ehrlich-Lettre ascites carcinoma cells upon
treatment with a combination of nanoparticles and cisplatin showed a notable
increase in mean survival time along with tumor volume regression (Singh et al.
2015) (Table 3.5).
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Table 3.5 Summary of poly lactic-co-glycolic acid nanoparticles for delivery of EGCG for cancer

Formulation | Cancer Size Reference
PLGA-PEG | Prostate 80.53 Sanna et al. (2011)
+/—15.0 nm
PLA-PEG | Prostate 260 nm Siddiqui et al.
(2009)
PLGA-PEG | Prostate 130-250 nm Sanna et al. (2017)
PLGA Lung, cervical, acute monocytic 239 + 12 nm Singh et al. (2015)
leukemia

PLGA poly lactic-co-glycolic acid, PEG polyethylene glycol
3.5.3 Resveratrol

Resveratrol, a polyphenol occurring vine plants active against a wide variety of
cancers also suffers from challenges such as low bioavailability, low aqueous solu-
bility as well as rapid metabolism in the system and nanotechnology has been exten-
sively investigated to circumvent these limitations.

Jung et.al prepared resveratrol entrapped polylactic acid nanoparticles coated
with polyethylene glycol and reported the controlled delivery as well as its cyto-
toxic effect in vitro and in vivo on colon cancer cell lines. However, these cells have
shown the significant reduction in cell numbers and its colony forming capacity. In
recent studies, it has been found that apart from its anti-tumorous and antioxidant
properties, it also suppresses tumor cells glucose metabolism due to down-regulation
of reactive oxygen species (ROS) and with the activation of hypoxia inducible
factor-1lalpha. From in vivo studies, resveratrol has shown the efficient reduction in
the tumor growth rate in tumor bearing mice by passive targeting of the non-
functionalized nanoparticles in tumor cells by enhanced permeation and retention
effect (EPR) (Jung et al. 2015).

In another study, Sanna et.al suggested the resveratrol encapsulation in poly-
meric nanoparticles for the treatment of prostate cancer. From the experiments, it
has been reported that resveratrol mediates apoptosis in prostate cancer cells by
mitogen-activated protein kinase (MAPK) and protein kinase C. However, it has
been observed that it is also associated with reduction in oxidative stress and in the
production of nitric oxide in and hence, reduces the growth, proliferation and
spreading of cancer cells. From the anti-tumor studies, it has been found that, resve-
ratrol entrapped in the nanoparticles were effective against prostate cancer cells in a
dose dependent manner and significantly showed the cytotoxicity against these cells
as compared to free resveratrol. Additionally, confocal fluorescence microscopy
confirmed the efficient uptake of nanoparticles by prostate cancer cells (Sanna
et al. 2013).

In a study, Nassir et.al designed resveratrol entrapped polymer nanoparticle by
solvent displacement method and determined its cytotoxicity and apoptosis against
prostate cancer cells. In vitro studies have also reported the high efficacy of resve-
ratrol loaded nanoparticles as compared to resveratrol, which is due to selective
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internalization of polymeric nanoparticle along with the blockage in the efflux
transport. From the experiments, it has been reported that upon resveratrol loaded
nanoparticle treatment against prostate cancer cells, the mitochondrial membrane
potential significantly dropped and hence induced apoptosis by mitochondrial
dependent pathway. They also reported an increase in caspase-3 activity and
enhancement of phosphatidylserine levels in the outer plasma membrane. Moreover,
the alteration in the DNA material during apoptosis upon resveratrol loaded
nanoparticle exposure was also observed (Nassir et al. 2018).

In a study by Xin, et. Al, resveratrol loaded poly lactic-co-glycolic acid (PLGA)
nanoparticles decorated with folic acid (FA) and indocyanine green (ICG) were
prepared by facile self-assembly-and-nanoprecipitation method and tested on glio-
blastoma cells. Confocal fluorescence showed that nanoparticle formulation
enhanced cellular uptake which could be attributed to FA receptor-mediated endo-
cytosis. Also, the particle formulation showed a prolonged circulation time over-
coming the short circulation time of free resveratrol. The decorated nanoparticle
formulation showed a notably higher cell death of glioblastoma cells compared to
the same dose of free resveratrol. This increased anticancer effect was attributed to
the higher apoptosis of glioma cells as shown by Annexin V-fluorescein isothiocya-
nate/propidium iodide staining (Xin et al. 2016).

Zhao et.al, suggested that the co-entrapment of resveratrol and doxorubicin in
modified polymeric poly lactic-co-glycolic acid (PLGA) nanoparticles, i.e. by mod-
ifying the PLGA surface with sigma receptor so as to bind the sigma receptor of
over expressing cancerous cells could deliver the significant amount of resveratrol
and doxorubicin into breast cancer cells with the aim of overcoming resistance
caused due to doxorubicin. The co-delivery of resveratrol and doxorubicin enhanced
their accumulation in the nucleus as observed by confocal laser scanning micros-
copy (CSLM). It was also found that doxorubicin-resveratrol-loaded PLGA
nanoparticle inhibited the expression of nuclear factor kappa light chain enhancer of
activated B cells (NF-kB) and Bcl-2 proteins as well as increased the expression of
Bax and caspase-3 proteins thereby inducing apoptosis. Furthermore, the expres-
sion of drug resistance related proteins like P-glycoprotein, Multidrug resistance-
associated protein 1 as well as Breast Cancer Resistance Protein was notably
reduced in tumor bearing mice and a dose dependent decrease in tumor growth was
observed (Zhao et al. 2016) (Table 3.6).

Table 3.6 Summary of poly lactic-co-glycolic acid nanoparticles for delivery of resveratrol
for cancer

Formulation Cancer Size Reference

PLGA Breast 170 nm Zhao et al. (2016)
FA-ICG -PLGA Glioma 104.5-121.1 nm Xin et al. (2016)
PEG-PLA Colon 233.5+/— 14.0 Jung et al. (2015)
PCL:PLGA-PEG-COOH Prostate 150 nm Sanna et al. (2013)
PLGA Prostate 202.8+/-2.64 Nassir et al. (2018)

PLGA poly lactic-co-glycolic acid, FA folic acid, /CG Indocyanine green, PEG polyethylene gly-
col, PLA polylactic acid, PCL poly epsilon-caprolactone
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3.5.4 Some Other Compounds

In a study targeting the treatment of liver cancer evaluated emodin encapsulated in
poly lactic-co-glycolic acid — tocopherol polyethylene glycol succinate (PLGA-
TPGS) nanoparticles. Emodin obtained from rhizome of rheum is a traditional
Chinese medicine has a wide range of effects like anti-inflammatory, hepatoprotec-
tive, antioxidant and antitumor limited by its low solubility and stability. Using fluo-
rescence inversion microscopy it was demonstrated that emodin loaded PLGA-TPGS
nanoparticle showed an excellent liver targeting property. The particles ere internal-
ized by liver cancer cells and apoptosis was enhanced. The particles showed a sus-
tained release effect as revealed by a longer half-life and mean retention time
(MRT). More in vivo antitumor activity was shown by emodin loaded PLGA-TPGS
particles owing to sustained release and a higher cellular uptake (Liu et al. 2016).

In another study aimed at improving the efficacy of genistein for treatment of
liver cancer used star-shaped block copolymer mannitol functionalized PLGA-
TPGS (M-PLGA-TPGS) for making nanoparticles by a modified nanoprecipitation
method. The prepared nanoparticles showed stability in terms of size and surface
charge up to a period of 3 months. A higher cellular uptake efficiency was shown by
the star shaped M-PLGA-TPGS nanoparticles compared to genistein solution. The
mannitol functionalized nanoparticles also showed an increase in apoptosis which
was dose dependent as revealed by Annexin V- fluorescein isothiocyanate/propid-
ium iodide double staining flow cytometry. Studies on severe combined immunode-
ficiency mice bearing human liver carcinoma xenograft showed a significant
inhibition of tumor growth compared to genistein solution (Wu et al. 2016).

Recently, statins have shown anticancer potential owing to their antiproliferative
and pro-apoptotic effect (Campbell et al. 2006; Osmak 2012). A statin, named sim-
vastatin which is insoluble but effective against breast cancer was used in a study.
Nanocarriers with a cholic acid core (CA) and star shaped poly lactic-co-glycolic
acid (PLGA) polymer was used for delivery of simvastatin. The star shaped nanopar-
ticles showed internalization in breast cancer cells as observed via confocal micros-
copy. Star shaped nanoparticles loaded with simvastatin showed a higher cytotoxicity
and a decreased expression of cyclin D1 compared with pristine simvastatin as well
as simvastatin loaded linear PLGA nanoparticles. Moreover, a Balb/c nude mice
xenograft of breast cancer cells revealed that the star shaped formulation had the
greatest effect on inhibiting the tumor growth (Wu et al. 2015).

To overcome instability and low solubility associated with quercetin, quercetin
loaded PLGA-TPGS particles were prepared in a different study investigating its
effects on liver cancer. High performance liquid chromatography analysis revealed
the particle uptake to be 50.87% and 61.09% on liver cancer cells. Annexin-
Propidium iodide flow cytometry showed a dose dependent induction of apoptosis
in cancer cells. Also, histological analysis was done to confirm that particles were
indeed targeted to liver cells. A suppression of tumor growth by 59.07% was
reported in the solid tumor bearing mice (Guan et al. 2016). A study aimed to over-
come multidrug resistance in cancers prepared nanoparticles with quercetin in the
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PLGA core and anthracycline drug on the surface. Adriamycin (ADR) and mitoxan-
trone (MTX) bound to bovine serum albumin (BSA) or histones (His) were coated
over the PLGA loaded quercetin nanoparticles. Quercetin being an antioxidant
helped reduce the damage to healthy cells affected by the action of anthracyclines
(ADR and MTX). The drugs being co-delivered were expected to work synergisti-
cally and overcome multi-drug-resistance in cancer cells (Saha et al. 2016). In an
effort to increase the low response rate of docetaxel (DTX) in the treatment of meta-
static breast cancer, quercetin was used to improve its efficacy. For this, hyaluronic
acid modified PLGA (HA-PLGA) nanoparticles were prepared using a polyethyl-
enimine (PEI) linker arm. A modified solvent evaporation method was used to pre-
pare dual loaded DTX/quercetin loaded HA-PLGA nanoparticles. Synergistic
inhibition on cell motility was seen in wound healing assays. Reduction of cell
migratory and invasion properties was bestowed by a decrease of phosphorylated
protein kinase B and Matrix metallopeptidase-9 expression. Furthermore, an effi-
cient uptake of particles by cancer cells was demonstrated. The particles also
induced cytotoxicity, decreased colony formation and led to the promotion of apop-
tosis. An enhancement of drug accumulation in tumor as well as lungs demonstrated
by biodistribution assays indicated that these particles could be effective for primary
tumor as well as pulmonary metastasis (Li et al. 2017). A study by Halder, et al.
functionalized PLGA nanoparticles entrapping quercetin were made and tested
against triple negative breast cancer cells and Larynx epidermoid carcinoma. Once
quercetin was loaded into PLGA nanoparticles, transferrin was decorated onto the
nanoparticle surface as transferrin receptors are overexpressed in cancer cells.
Fluorescence activated cell sorting analysis revealed a better uptake of the function-
alized nanoparticles by receptor mediated mechanism. A marked anti proliferative
and cytotoxic effect was observed in response to the functionalized nanoparticles
compared to either quercetin loaded PLGA or free quercetin which was indicated to
be a result of enhanced uptake. Flow cytometric analysis revealed a higher apoptosis
in cells treated with the functionalized nanoparticles (Halder et al. 2018).

A study aiming towards improving the anti-cancerous activity of betulinic acid
worked with methoxy poly ethylene glycol-PLGA (mPEG-PLGA) nanoparticles.
Betulinic acid, a naturally occurring pentacyclic triterpenoid has been demonstrated
to exert anticancer effects in a variety of cancers like pancreatic, breast, ovarian,
cervix, prostate, lung and colorectal. Its clinical efficacy is however hampered by its
low solubility and short half-life. To improve upon these limitations betulinic acid
was loaded into mPEG surface modified PLGA by single emulsion solvent evapora-
tion method. Flow cytometric analysis showed that mPEG-PLGA nanoparticles
showed a reduced uptake by macrophage cells compared to PLGA nanoparticles
indicating their long circulatory behavior. The mPEG-PLGA nanoparticle treatment
led to a loss of mitochondrial membrane potential resulting in enhanced cellular
apoptosis in pancreatic cancer cells. Furthermore, the reactive oxygen species gen-
eration and G1/GO cell cycle arrest was enhanced in the particle treated group com-
pared to free betulinic acid. A 7.21-fold enhancement of half-life was also revealed
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by the pharmacokinetic study. In vivo study on Ehrlich (solid) tumor bearing mice
demonstrated a superior anti cancerous efficacy of betulinic acid loaded nanoparti-
cles compared to native betulinic acid with no hematological, histological and bio-
chemical toxicity (Saneja et al. 2017a). In another study, combinatorial PEG-PLGA
nanoparticles were prepared using modified double emulsion solvent evaporation
method co-encapsulating gemcitabine and betulinic acid. Annexin V-Propidium
iodide staining followed by flow cytometric analysis revealed a higher apoptosis in
cells treated with co-encapsulated formulation. Moreover, a significant enhance-
ment of reactive oxygen species was also observed upon treatment with gemcitabine
and betulinic acid co-encapsulated particles. Furthermore, studies on Ehrlich tumor
bearing mice revealed that the combinatorial nanoparticles were more efficient in
curbing the tumor growth showing improved antitumor efficacy (Saneja et al. 2019).

Venugopal et al. designed nanoparticles targeting the epidermal growth factor
receptor (EGFR) protein expressed on triple negative breast cancer cells. The
nanoparticles were prepared by nanoprecipitation method. Paclitaxel was entrapped
in PEG-PLGA polymer which was then decorated with anti-EFGR protein via cross
linking. The nanoparticles showed a notable reduction in cancer cell viability along
with an excellent enhancement of paclitaxel accumulation in the tumor plasma.
Surface decorated nanoparticles were able to reduce the expression of EGFR pro-
tein and specifically target the cancer cells. Studies on tumor induced athymic mice
showed a prominent reduction of tumor volume with time (Venugopal et al. 2018).
In another study, paclitaxel loaded rough PLGA microspheres were prepared with
microporous surface and porous internal structure. The microspheres showed
increased antitumor effects and could induce a higher apoptosis at a lower concen-
tration compared to free paclitaxel. The microsphere treatment also lead to prolon-
gation of microtubules along with increased expression of Bax and cyclin Bl
proteins whereas expression of Bcl-2 protein decreased. Studies on mice bearing
tumor revealed a higher tumor inhibition potency of the microspheres with potential
to decrease frequency of drug administration. Additionally, the stable body weight
of mice treated with microspheres showed that they have negligible side effects
(Zhang et al. 2018). A study by Wang et al. proposed the combination therapy of the
chemotherapeutic drugs in order to improve drug’s therapeutic efficacy and co-
encapsulated paclitaxel and etoposide PLGA nanoparticles were prepared. The co-
loaded nanoparticles showed an enhanced cytotoxic effect and a considerable
uptake in cancer cells. In apoptosis assay, assessment by Annexin V-fluorescein iso-
thiocyanate/propidium iodide staining showed that treatment with the nanoparticles
led to a significantly enhanced induction of apoptosis. Cell cycle studies showed
that combination of drugs led to enhanced G2/M phase arrest and the maximum cell
cycle arrest was seen upon treatment with the co-loaded nanoparticles (Wang et al.
2015) (Table 3.7).
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Table 3.7 Some other compounds delivered using poly lactic-co-glycolic acid nanoparticles

Compound | Polymer Cancer Size Reference
Emodin PLGA-TPGS | Liver 100-200 nm Liu et al. (2016)
Genistein M-PLGA- Liver 220-250 nm Wu et al. (2016)
TPGS
Simvastatin | CA-PLGA Breast 100-150 nm Wu et al. (2015)
Betulinic mPEG-PLGA | Mammary adenocarcinoma | 147 nm Saneja et al.
acid (2017a)
Betulinic PLGA-PEG | Mammary adenocarcinoma | 195.93 + 6.83 nm | Saneja et al.
acid (2019)
Quercetin HA-PLGA Breast 209.8 £ 10.8 nm | Lietal. (2017)
Quercetin PLGA-TPGS | Liver 100-200 nm Guan et al.
(2016)
Quercetin Tf-PLGA Breast, larynx epidermoid | 150 nm Halder et al.
carcinoma (2018)
Paclitaxel PLGA-PEG | Breast 335.3+/-2.2nm | Venugopal et al.
(2018)
Paclitaxel PLGA Glioma 50 um Zhang et al.
(2018)
Paclitaxel PLGA Osteosarcoma 100 + 3.68 nm Wang et al.
(2015)

PLGA poly lactic-co-glycolic acid, TPGS D -a-Tocopherol polyethylene glycol succinate, M man-
nitol, CA Cholic acid, mPEG methoxy poly ethylene glycol, PEG polyethylene glycol, HA
Hyaluronic acid, 7f Transferrin

3.6 Conclusion

Biodegradable synthetic polymers have come a long way from being used as suture
materials to now being applied in a wide variety of biomedical applications particu-
larly for drug and biological delivery. Owing to their versatile nature they can be
tailored in multiple ways to alter the particle properties with the goal to achieve the
desired effect. Their use in the field of cancer chemotherapy promises new avenues
for better treatment. The limitations like toxicity and repeated administrations asso-
ciated with conventional chemotherapeutics have led to exploring new compounds
for cancer treatment. Natural products though promising due to their non-toxic and
pleiotropic nature suffer from similar limitations. Moreover, most of these face sol-
ubility issues owing to their hydrophobic nature. Delivering anticancer natural
products via polymeric nanocarriers serves to offer the solution to many of the exis-
tential challenges posed by cancer chemotherapy field. Being safe and biodegrad-
able, the byproducts of polymer hydrolysis are eliminated naturally from the system
without causing any harm. The possibility to provide sustained release of the bioac-
tive compound, they can help lower the dose or the number of sittings required,
thereby lowering the cost. They can be tuned to different sizes and gain access to
otherwise inaccessible sites within the body. Furthermore, the possibility of deco-
rating them with specific ligands can deliver the bioactive agents selectively to
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tumor cells. Hence, delivering natural products loaded in polymeric nanocarriers
seems as the most promising approach towards a safe, patient compliant and eco-
nomical treatment of cancer.
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Chapter 4
Chemistry, Pharmacology and Therapeutic
Delivery of Major Tea Constituents

Ajay Rana and Sanjay Kumar

Abstract Tea (Camellia sinensis) is a renowned plant of theaceae family whose
processed leaves are brewed with hot water and consumed as a refreshing and reju-
venating beverage. Usually, fresh tender shoots of this plant are processed for manu-
facturing of various types of teas (green, black, oolong and white) in different parts
of the world. Tea is a rich source of various bioactive phytochemicals. These phyto-
chemicals are not only responsible for colour, aroma and taste of tea, but also
imparts numerous therapeutic and health beneficial properties.

In the recent past, numerous studies have reported evident role of tea bioactives
in prevention and delay of various metabolic diseases like diabetes, obesity, cancer
and cardiovascular disorders. Despite the numerous pharmacological properties, the
clinical application of tea constituents is facing a challenging situation due to low
bioavailability and poor efficacy. Hence, there is urgent need of novel and sustain-
able technological interventions through which therapeutic delivery of these highly
valuable natural compounds is enhanced for extensive clinical applications.

Keywords Tea - Phenolics - Antioxidants - Pharmacology - Drug delivery

4.1 Introduction

Tea comes from the Camellia sinensis plant, which is native to Southeast Asia.
Currently tea is grown in more than thirty countries around the world. It flourishes
well in tropical and sub-tropical region with good water drainage and slightly acidic
soils (pH from 4.5-5.5) are preferred for its cultivation. Green tender leaves of this
plant are plucked manually or with the help of machines and then processed for
manufacture of different types of teas. Numerous epidemiological studies con-
ducted in the past have demonstrated plethora of health beneficial properties
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associated with tea consumption. Various pharmacological studies have reported
role of tea constituents in prevention and delay of various metabolic ailments (obe-
sity, diabetes, hypertension, atherosclerosis and cancer) (Hara 2001; Demeule et al.
2002; Stangl et al. 2007; Ikeda 2008; Shahidi et al. 2009; Sharma and Rao 2009;
Chacko et al. 2010; Jankun et al. 2012). These pharmacological properties are
directly linked to the occurrence of diverse range of bioactive molecules in the tea
plant. The major constituents of the tea plant are flavonoids (catechin) and their
dimeric derivatives (theaflavins), along with caffeine and theanine (Stodt and
Engelhardt 2013). In tea, mainly two types of flavonoid compounds are present: the
catechins which comprise of group of monomeric flavanols (EGC, EC, EGCG and
ECG) and theaflavins that comprise of dimeric flavanols (theaflavin, theaflavin
monogallates and theaflavin digallate) which are formed from catechins during tea
processing in presence of endogenous enzymes (Sharma et al. 2009; Rana and
Singh 2012).

Apart from flavanols, other major compounds present in tea are caffeine and
theanine. Caffeine (1, 3, 7-trimethylxanthine) is an alkaloid molecule. It is one of
the most widely consumed active food ingredient with various health beneficial
properties. Caffeine helps in enhancing mood and alertness by acting mainly upon
the central nervous system (Heckman et al. 2010). Theanine is another very impor-
tant compound that occurs exclusively in tea and apart of tea it has been reported in
a mushroom, Xerocomus badius. It is a non-protein amino acid, which imparts
umami taste to tea. Theanine consumption has been associated with brain relaxation
and improving learning ability (Vuong et al. 2011). These major constituents of tea
being water soluble impart taste, colour, aroma to the tea infusion and are also
responsible for various health promoting properties associated with tea consump-
tion. However, despite of numerous pharmacological properties of tea constituents
its clinical applications faces huge hurdles. This hindrance in clinical and therapeu-
tic delivery of tea bioactives is due to their poor bioavailability and efficacy. Hence,
itis very necessary to develop noble sustainable techniques for improving the thera-
peutic delivery of these invaluable natural compounds.

4.2 Different Types of Teas

Processing of fresh tea shoots followed by heat drying has been practiced since very
long time. The processing methods vary from country to country. Based on the
manufacturing process teas are classified as: green, black, oolong and white teas
(Sajilata et al. 2008; Chen et al. 2011). All types of teas are made from tender shoots
of the same plant Camellia sinensis, which comprise of an unopened bud (apical
bud) and subtending two to three leaves. Due to variability in processing techniques
each of these teas impart different colour, taste and aroma.
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4.2.1 Green Tea

Green tea is the most popular type of tea. It is richer in antioxidant flavanoids called
as catechins compared to other types of teas along with appropriate amount of caf-
feine and theanine. Green tea is manufactured in such a way so that majority of
chemical constituents present in green leaf remain unchanged during processing.
For manufacture of green tea, freshly plucked tender tea shoots are heat treated
immediately after plucking in order to inactivate the endogenous enzymes (poly-
phenol oxidase and peroxidases). Different techniques are used for enzyme inacti-
vation such as steaming, pan roasting, hot air and microwave treating the fresh tea
shoots (Gulati et al. 2003). The heat-treated tea shoots are cooled, air dried partially
to remove excess moisture and then rolled by applying gentle pressure using roller
machines to give proper shape to the shoots. The rolled tea shoots were dried by
using hot air to a final moisture level of 3—5%. This is very important for good shelf-
life. Drying is followed by grading based on shape and size. The grading is the sort-
ing process of made tea using different sieves.

4.2.2 Black Tea

Black tea is the highly consumed tea. It is generally of two main types, CTC black
tea and orthodox black tea sometimes called as leaf tea. The CTC black tea is manu-
factured by using CTC (cut/crush, tear and curl) machine. CTC tea generally pro-
duces rich orange reddish coloured infusion when infused with boiling water.
However, CTC is prepared mostly after excessively boiling with water and con-
sumed after addition of small volume of milk. Usually CTC tea contains very low
content of antioxidant catechins. It contains few theaflavins and higher content of
thearubigins and related compounds. While orthodox black or leaf tea is manufac-
tured, accordingly traditional tea manufacture process. The processing of orthodox
tea involves withering of tea shoots for 12—16 h. Withering is the process of remov-
ing moisture (50-70%) from fresh leaves under ambient condition to reduce the
turgidity of the leaf and increase the permeability of the cell wall. This helps in
giving proper shape to the leaf without causing physical damage. Withering is fol-
lowed by rolling of the shoots in orthodox tea rollers by applying appropriate pres-
sure. This is very crucial step in tea manufacturing because during rolling, the cells
get disrupted allowing various cellular components such as polyphenols, amino
acids, sugars etc. to come in contact with each other as well as with various cellular
enzymes (polyphenol oxidase and peroxidase) and proteins. This leads to initiation
of numerous biochemical reactions, which initiates the process for formation of
various aroma, flavor and coloured compounds. The rolled tea is allowed to further
oxidize for 30—45 min duration at ambient temperature. The rolled leaves are finally
dried with hot air to final moisture level to 3—5%. The drying is followed by grading.
In comparison to CTC black tea, orthodox black tea is richer in aroma, flavour com-
pounds as well as health beneficial tea constituents.
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4.2.3 OQolong Tea

Oolong tea is the traditional form of Chinese tea (Chen et al. 2011). This tea pro-
cessing lies between green and black tea. It is manufactured by partial enzyme inac-
tivation of endogenous enzymes. The sun withered tea shoots are processed similar
to orthodox tea manufacture. The withered tea shoots are processed by rolling with
application of appropriate pressure. The rolled tea is dried by hot air followed by
grading process. Oolong tea contains higher content of catechins as compared to
black teas. Due to higher aroma and flavour compounds in oolong tea compared to
green tea with equivalent health beneficial property, an immense rise in worldwide
production of this high quality tea has been noticed in the recent years.

4.2.4 White Tea

It is a special type of tea made selectively from apical buds (unopened leaves). For
manufacturing of white tea, the apical buds are collected by hand picking. These
buds were then withered for few hours, rolled gently without affecting or destroying
the shape and texture of the bud and finally dried with hot air. On drying, this tea
gives white appearance because of the presence of dried bud pubescent hairs. Due
to the high price, white tea has been confined to a very limited market.

4.2.5 Herbal Teas

Herbal teas are those teas, which are made from aromatic herbs, flowers, spices and
medicinal plants along with and without tea (C. sinensis) leaves. The practice of
consumption of herbal teas has been referenced in traditional Indian and Chinese
medicinal system as medicated teas (Poswal et al. 2019). There is no standardized
procedure for manufacture of herbal teas and processing varies from region to
region based on composition of the aromatic and medicinal plant or part. Moreover,
the limit of herbs and botanicals usage is undetermined. Now a day’s various herbal
teas are available in market, which are fortified with synthetic aroma and
flavors compounds.

4.3 Chemistry of Major Tea Constituents

Diverse array of phytochemicals are known to be present in green tea leaves.
Phenolics flavan-3-ols generally called as catechins occurs predominantly in the tea
along with caffeine alkaloid and amino acid theanine (Fig. 4.1). Apart from these
major constituents, various other compounds are also reported in tea like organic
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Fig. 4.1 Chemical structures of major tea constituents [catechin (epigallocatechin gallate),
theaflavin, caffeine and theanine]

acids, carbohydrates, polysaccharides, minerals, methyl xanthines, proteins, lipids
etc. (Table 4.1). Catechins are the predominant flavanols also called as 3-hydroxy
derivatives of flavonoids as characterized by meta-5, 7-dihydroxy substituted A-ring
with di- or trihydroxylic B-ring. They are also called as flavan-3-ols as the hydroxyl
group is bound to 3rd position of the C-ring (Panche et al. 2016). They are derived
from 2-phenylbenzopyran. Catechins constitute a group of monomeric flavanols
comprising of epigallocatechin (EGC), epicatechin (EC), epigallocatechin gallate
(EGCG) and epicatechin gallate (ECG) as naturally occurring phenolics in tea
leaves. The catechins content in tea leaves decreases with maturity. They occurs
maximum in fresh tender tea leaves which are generally used for tea manufacture as
compared to coarse and mature tea leaves. Among catechins EGCG is the most
frequently available and highly studied catechin molecule. The amount of EGCG
among other catechins ranges up to 40-50%.

During the processing of tea selective catechins in presence of polyphenol oxi-
dase enzyme forms reddish-orange colored dimeric theaflavins which have more
antioxidant activity that catechins. Theaflavins are solely produced during tea pro-
cessing as a consequence of biochemical reactions among different group of cate-
chins. These compounds are not present in green tea leaves but are formed by
enzymatic oxidation (earlier fermentation) and condensation of catechins during tea
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Table 4.1 Data showing Major tea components % Dry wt.

chemicals composition of Catechins 1-15

tea shoots -
Theanine 2-3
Caffeine 2-3
Amino acids 3-4
Carbohydrates 8-11
Proteins 11-15
Organic acids 1-2
Lipids 2-3
Minerals 6-10
Chlorophyll and other pigments | 0.5

manufacture process. Apart from theaflavins, tea (particularly black) contains
dimeric flavanols (theaflavins) along with heterogeneous oligomeric and polymeric
thearubigins theacitrins, theasinensins, theaflagallins, theaflavic acids and the-
anaphtoquinones which collectively constitutes up to 70% of black tea chemical
composition (Kuhnert et al. 2010).

4.4 Pharmacological Activities of Tea Constituents

Tea is widely recognized for plethora of health beneficial properties (Fig. 4.2). Tea
consumption has been associated with prevention/delay of various diseases includ-
ing lower risk of cardiovascular diseases (CVD) like stroke and artherosclerosis,
prevention of cancer, and protection against dental caries and due to its beneficial
effects on the gastrointestinal tract (Ruxton 2008; Sharma and Rao 2009). These
pharmacological properties of tea have been associated with the presence of high
contents of phenolic compounds. It has been evident from various in vitro, in vivo
and animal model studies that tea phenolics act as powerful antioxidants and have
direct effects on various biochemical processes that occurs via a range of complex
mechanisms (Vuong 2014). Thus due to these assorted health properties, tea and it
chemical constituents has attracted significant attention as novel therapeutics and
nutraceuticals against metabolic disorders.

4.4.1 Antioxidants

Antioxidants are chemical compounds responsible for reducing/scavenging free
radicals (ROS and RNS) that are generated in the body. They have strong ability to
terminate oxidation chain reactions by removing free radical intermediates, and also
inhibit other cellular oxidation reactions. They attain this by getting oxidized
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Different Types of Teas
Green tea  Black tea Oolong tea White tea
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Fig. 4.2 Showing various types of teas (green, black, oolong and white) with major active con-
stituents and their reported therapeutic potential as antioxidants, anticancer, cardio protective, anti-
inflammatory and antidiabetic

themselves. The tea phenolics are well recognized antioxidant compounds. There
are numerous reports that illustrate the antioxidant behaviour of tea phenolics
(Wiseman et al. 1997; Rietveld and Wiseman 2003; Wang and Li 2006; Sharma and
Rao 2009; Chu et al. 2017). The catechins and theaflavins are the major known
polyphenolic antioxidant compounds that are present in tea. Polyphenols due to
high conjugation in their structure, have the ability to donate proton or hydrogen
which makes them potential antioxidant candidates. Numerous epidemiological
studies have revealed that tea polyphenols help in protection of cell and tissue from
oxidative damage by reactive oxygen species (ROS). Due to their free radical scav-
enging behavior, tea polyphenols can act as natural and reliable source of potent
antioxidant compounds. Tea consumption has also been related to have a protective
role during alcohol intoxication by preventing the reduction of liver glutathione
peroxidase and reductase and catalase activity which would otherwise deplete cel-
lular antioxidant defence system especially in liver (Luczaj and Skrzydlewska
2004). If we go for comparison between green and black tea the former has more
antioxidant potential than latter which is the main reason for rising popularity of
green tea.
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4.4.2 Anti-inflammatory

Inflammation is cellular response of our body that involves influx of defensive cells
like leukocytes (neutrophils, monocytes and eosinophils) to the site of injury. Any
disturbance in this cellular mechanisms or prolonged inflammation leads to implica-
tion which could cause cancer and other diseased conditions. Generation of nitric
oxide (NO) and prostaglandins by iNOS and COX-2 are considered as the most
prominent molecular mechanisms that are involved in inflammation and cancer
(Ahmed et al. 2002; Zhong et al. 2012). It was reported that green tea exhibits anti-
inflammatory effects by inhibiting the expression of inducible nitric oxide synthase
(INOS) (Tedeschi et al. 2004). From the extensive epidemiological data it has been
established that green and black tea polyphenols (catechins and theaflavins) play a
significant role in suppression of inflammation by inhibition of various transcription
factors like tumor necrosis factor-a (TNF-a), cyclooxygenase 2 (COX-2 and
granulocyte-macrophage colony stimulating factor (GM-CSF) (Cao et al. 2007;
Novilla et al. 2017). Although exact molecular mechanisms explicating the role of
tea polyphenols in inflammation is not very clear till now. But it has been clearly
recognized that drinking sufficient amount of tea might be helpful in prevention of
inflammation which is also responsible for causing various other disease conditions.

4.4.3 Anticancer

Cancer is the disease condition wherein the cells of any specific part in the body
starts uncontrolled growth and division. These cells are recognized as cancerous as
they have the ability to invade and destroy surrounding healthy cells, tissues and
organs as well. A diverse range of research articles are available in the literature
reporting that tea and its constituents have positive effects in inhibition of tumori-
genesis at various sites in our body; including skin, mammary gland, lung, oral
cavity, esophagus, stomach, small intestine, colon, liver, prostrate and pancreas
(Yang et al. 2002; Demeule et al. 2002; Boehm et al. 2010). Although, various clini-
cal trials have been conducted in the past on both human and animal models for the
investigation of possible anticancer properties of tea, but these studies lack evi-
dences based consistency in few cases of cancer prevention (Demeule et al. 2002;
Bettuzzi et al. 2006). But use of tea polyphenols as therapeutics has find lot of per-
spectives against prevention and delay of cancer which is amongst the severe killer
of millions of people globally. Anticancer effect of green tea constituents through
induction of detoxification enzyme i.e. glutathione S-transferase was also reported
(Chow et al. 2007). Tea catechin, EGCG was reported to induce apoptosis and
inhibit cell proliferation in different human cancer cell lines and also showed inhibi-
tory effects on angiogenesis and metastasis (Singh et al. 2011). Regardless of large
number of research data demonstrating significant role of tea and tea polyphenols
against cancer progression, still there is long way to comprehend the unknown
mechanisms behind cancer occurrence (Boehm et al. 2010; Yang and Wang 2011).
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4.4.4 Antidiabetic

Diabetes is a disease state wherein blood glucose level of the patient is higher than
normal level. This situation may usually arise due to the inability of body to pick up
extra glucose from the blood stream or inability in glucose metabolism. Generally,
diabetes has been characterized as two main types; type-I and type-II diabetes.
Studies have found that diabetes has emerged as one of the leading cause of global
deaths that occurs annually. In the last two decades various studies have found that
tea especially green tea plays a significant role in prevention of diabetes (Miura
et al. 2005; Islam and Choi 2007). Various investigators have reported diabetes pre-
ventive and curative properties exhibited by tea polyphenols (Chacko et al. 2010;
Jankun et al. 2012). The documented research data on consumption of tea for diabe-
tes prevention has revealed insulin-enhancing activity, lowering of plasma glucose
level and inhibition of transcription factors by tea and its constituents. Tea catechins
were reported to inhibit the enzymes involved in carbohydrate digestion and
decreases glucose absorption in intestine (Sharma et al. 2019). As these factors are
directly linked with diabetes occurrence, therefore tea consumption helps in preven-
tion of diabetes. There is still lack of sufficient data in support of proper cellular and
molecular mechanisms related to the prevention of diabetes in humans by tea.

4.4.5 Cardioprotective

Cardiovascular diseases are the diseases of heart and blood vessels and generally
distinguished as coronary heart diseases, cerebro-vascular diseases, hypertension
and heart failure. There are numerous causes that are directly associated with our
diet and life style for elevated occurrence of cardiovascular diseases among popula-
tions. These major reasons of high prevalence of cardiovascular diseases are high
blood pressure, high cholesterol, diabetes, extensive smoking and family history
etc. Tea and its polyphenols have been recognized as potent and reliable source to
fight against cardiovascular diseases. A large number of research data has been
available supporting tea and its constituents and their role in prevention of these
disease states. The tea polyphenols could act as possible cardioprotective candidates
due to their potent antioxidant capacity. These constituents induce antioxidative
effects by scavenging ROS and chelating metal ions (Velayutham et al. 2008). It has
been found that free radicals play a key role in occurrence of cardiovascular disor-
ders by causing oxidative stress (Aron and Kennedy 2008). Due to the repetitive
induction of cellular oxidative stress there occurs induced cellular resistance to con-
sequent exposure to reactive oxygen species. This could be inhibited by galloyl
group in tea polyphenols (Stangl et al. 2007). The galloyl group may be interfering
by modifying kinase activities in multiple pathways of signal transduction in cardio-
vascular relevant cells which could play a crucial role in the prevention and treat-
ment of cardiovascular diseases (Stangl et al. 2007). Tea catechins were reported to
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improve blood lipid profile by inhibiting the main enzymes involved in biosynthesis
of lipids (Velayutham et al. 2008). Thus tea polyphenols have huge perspective to
be used as preventive therapeutics against cardiovascular disorders.

4.4.6 Antimicrobial

Antimicrobial behavior is the ability of tea polyphenols to act as toxic against harm-
ful microorganisms such as bacteria, fungi and viruses. The role of tea polyphenols
(catechins and theaflavins) in growth inhibition of various infectious microorgan-
isms has been briefly discussed in numerous earlier reports (Liu et al. 2005;
Friedman 2007). The tea polyphenols regulate the gene expression in E. coli, inhib-
its cellular division in some species of bacteria and also inhibit HIV-1 replication in
human body by targeting at various steps in the life cycle of HIV-1 which is the
major causative agent of AIDS (Liu et al. 2005). Although tea polyphenols could
also act synergistically with selective antibiotics and have been found to be benefi-
cial against multi drug resistance. Earlier Tiwari et al. (2005) have reported syner-
gistic activity of tea extracts with chloramphenicol and other antibiotics like
methicillin, nalidixic acid and gentamycin against various strains of enteropatho-
gens. In another study, Betts et al. (2013) found synergistic anti-fungal effects of
black tea theaflavin and green tea epicatechin against Candida albicans in combina-
tion. Thus, it is evident that tea and its constituents have good perspective to be used
as antimicrobials.

4.5 Therapeutic Delivery of Tea Constituents

Numerous in vitro studies revealed the potential health benefits of tea catechins in
various ailments. The majority of pharmacological properties of tea are associated
with antioxidant activity of tea catechins, which is associated with phenolic groups.
This polyphenolic nature of catechins is associated with efficacy and bioavailability
of tea catechins. It effects the therapeutic application of tea catechins. To overcome
these drawbacks considerable work is going on to enhance the bioavailability, cell
permeability and inhibition of gastro intestinal degradation of tea catehins. Various
matrix assisted encapsulations techniques has been used in recent past (Table 4.2).
Generally, carbohydrate (chitosan, cellulose polymers, starch-based materials, gum
arabic and sodium alginate), protein, lipids and gelatin derivatives are widely
employed for encapsulation of tea bioactives (Cai et al. 2018). In a recent study
(Ahmad et al. 2019), starch based nano particles were prepared for nano-
encapsulation of catechin. It was showed that during simulated gastro-intestinal
digestion, the biological properties of catechins were retained in encapsulated cat-
echin compared to free catechin. In another study, chitosan was used for the nano-
encapsulation of catechin that exhibited good surface topography and emulsion
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stability (Kailaku et al. 2014). Encapsulation of green tea catechins in y-cyclodextrin
and coating with hydroxypropylmethyl cellulose phthalate were reported to increase
their digestive stability upto 65% and 58%, respectively (Son et al. 2016). Bovine
serum albumin, a globular protein was efficiently used as an effective carrier for
encapsulation of EGC. It was reported that the stability of EGCG was enhanced
when bound to bovine serum albumin (BSA) compared to free one (Yi et al. 2017).
Moreover, chitosan coated BSA-EGCG nanoparticles improved absorption of
EGCG. It was showed that chitosan coated BSA—EGCG nanoparticles showed
higher permeability compared to free form of EGCG (Li et al. 2014).

4.6 Future Perspectives

Numerous epidemiological research evidences in recent years have clearly indi-
cated that regular consumption of tea and its constituents could help in prevention
and delay of various dreadful diseases such as diabetes, obesity, hypertension, car-
diovascular disorders and cancer. Since tea is one of the most inexpensive and sus-
tainable source to obtain these highly valuable natural antioxidants. Therefore, there
is an immense need to intensify the research efforts to cope with the issues of poor
stability, efficacy and bioavailability of tea constituents. The outcome of these
research studies will open new horizons for exploration and valorization of tea con-
stituents for the benefit of society.

4.7 Conclusion

Tea is undoubtedly a health-promoting beverage, which constitutes diverse array of
bioactive molecules. The tea shoots are processed for preparation of various types
of teas (green, black, oolong and white) each differs on the basis of manufacturing
practices. These teas itself constitutes wide array of volatile and non-volatile chemi-
cal compounds which imparts unique aroma, flavor, colour and taste properties.
Various research studies have shown the role of different tea and its chemical con-
stituents in prevention and delay of metabolic ailments. The research efforts have
made globally to understand the role of tea constituents against these dreadful dis-
eases at cellular and molecular level. There is strong need to develop sustainable
technologies to resolve the issue of poor stability and bioefficay of tea constituents.
Hence, it is clear that wide clinical applicability of tea constituents awaits use of
novel and sustainable technological interventions.
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Chapter 5
Galantamine Delivery for Alzheimer’s
Disease

Shweta Sharma

Abstract Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder
characterized by progressive degeneration of different regions of brain and is the
most common cause of dementia. The hallmark pathological feature of Alzheimer
is the enhanced production and accumulation of amyloid-f peptide (Ap) in form of
senile plaques, which results in progressive neuro-degeneration. This leads to cog-
nitive and memory impairment, anxiety, mood swings and language difficulties.
Even though the correct pathogenesis is not clear, decline in cholinergic neurotrans-
mission remains the universal neurochemical fact in the pharmacology of
Alzheimer’s. Therefore, cholinesterase inhibitors e.g. rivastigmine, donepezil,
galantamine etc. remains the primary choice for treatment as they elevate the acetyl-
choline quantity in the synaptic cleft, which further leads to upsurge in cholinergic
transmission in brain. Among these drugs, galantamine is the only naturally occur-
ring acetylcholinesterase inhibitor and possess an additional activity of allosteri-
cally modulating nicotinic acetylcholine receptors.

This chapter provides the detailed insights about the galantamine which includes
its natural source, chemistry, pharmacokinetics, pharmacodynamic and approved
dosage forms. Further, in addition to conventional oral formulations, other drug
delivery approaches such as transdermal, intranasal, long acting scaffolds and
nanotechnology-based are being reviewed. In conclusion, this chapter supports that
how galantamine therapy could be an effective for improving cognition and func-
tion in Alzheimer’s patient comparable to other acetylcholinesterase inhibitors.
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5.1 Introduction

Alzheimer’s disease is an irreparable neurodegenerative brain disorder, affecting
4-8% of the elderly population world-wide. It is characterized by relatively slow,
but progressive neurodegeneration (Godyn et al. 2016). The pathogenesis of
Alzheimer is complex involving number of process such as metal and calcium dys-
homeostasis, oxidative stress, excitotoxicity, neuroinflammation and mitochondrial
damage and these processes are considered as promising targets for effective ther-
apy of Alzheimer’s (Castellani and Perry 2014). Though there is great hope of
developing new therapies in near future, acetylcholinesterase inhibitors (AChEIs),
such as donepezil, galantamine, rivastigmine and N-methyl-d-aspartate (NMDA)
receptor antagonist memantine, remain the only US-FDA approved drugs until
today for the treatment of Alzheimer’s disease (Peters et al. 2015). These drugs do
no inhibit the progression of disease rather temporary slowdown the process of loss
of cognitive function by decreasing cholinesterase activity which results in higher
acetylcholine levels and therefore improved brain function (Godyn et al. 2016). The
data published from open-label extension studies of two currently available acetyl-
cholinesterase inhibitors, Rivastigmine and donepezil, indicate that cognitive abili-
ties evaluated using the cognitive subscale of the Alzheimer’s Disease Assessment
Scale (ADAS-cog) fell below baseline after 40 and 38 weeks, respectively (Farlow
et al. 2000) (Rogers and Friedhoft 1998).

Because of the potential limitations of convention acetylcholinesterase inhibi-
tors, there is a paradigm shift in drug development strategy for Alzheimer’s with
focusing on drugs having additional targets with broader and more sustained
efficacy.

Galantamine is one of those drugs which has unique dual mode of action. It allo-
sterically modulates nicotinic acetylcholine receptors (nAChRs) in addition to
inhibiting acetylcholinesterase (AChE). A clinical trial program in patients with
Alzheimer’s showed that galantamine has broad as well as sustained benefits for at
least 52 weeks in functional and cognitive abilities (Lilienfeld 2002). Galantamine
also delays the onset of behavioral symptoms. The benefits were found to be con-
stant across the different studies. Alzheimer treatment guidelines in USA and UK
agree that only Galantamine has established benefits on cognitive and behavioral
outcomes. Various studies are still ongoing, and the drug is also being assessed for
other forms of dementia which may get benefit from this combination of AChE
inhibition and the modulation of nAChRs (Knopman et al. 2007).

The goal of this chapter is to provide reader the detailed insight about the poten-
tial of galantamine as anti-Alzheimer’s drug. The first part of the chapter discusses
briefly about the Alzheimer’s, its pathophysiology, treatment strategies and current
approved treatment options. The rest part of the chapter provides more detailed
description about galantamine, including its marketed formulations, chemistry,
pharmacokinetics, pharmacodynamics and natural source. The latter part of the
chapter covers the treatment focusing particularly on drug delivery strategies
depending on the route of administration and in particular, role of nanotechnology-
based systems for the delivery of galantamine.
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5.2 Alzheimer’s and Its Pathophysiology

Alzheimer’s is a complex disease and still many events of its pathophysiology is not
clearly understood and therefore several competing theories are there in the litera-
ture underlying the biology of the neuro-degeneration that have guided research into
interventions to alter development of the disease and its clinical manifestations.

5.2.1 Cholinergic Hypothesis

Among the given theories, the cholinergic hypothesis was the earliest one formu-
lated by Davies Maloney in 1976 and termed as Cholinergic deficit hypothesis
(Davies and Maloney 1976). This was one of those hypotheses which revolution-
ized the field of Alzheimer’s and received gripping justification when cholinesterase
inhibitor treatment was shown to induce substantial symptomatic improvement in
patients with Alzheimer’s disease. As per this hypothesis, Alzheimer is caused by a
primary neuro-degenerative process which selectively damage a set of cholinergic
neurons in the amygadala, medial septum, frontal cortex, hippocampus, medial sep-
tum, regions and structure that serve important functional role in attention, memory,
learning and conscious awareness. This selective degeneration of neurons causes
the downregulation of cholinergic markers such as acetylcholinesterase and acetyl-
transferase which leads to onset of memory impairment. The main variations in
cholinergic pathway considered in this hypothesis are: impaired acetylcholine
release, choline uptake, deficits in the expression of nicotinic and muscarinic recep-
tors, deficiency in axonal transport and dysfunctional neurotrophin support (Wenk
2006). Further because glutamatergic system significantly interact with cholinergic
system during neurotransmission, any alterations in the cholinergic signaling also
leads glutamatergic disruptions found in Alzheimer disease, an aspect that enhances
cholinergic hypothesis (Dong et al. 2009). This hypothesis has served the basis for
most of current approved treatment strategies and drug development approaches
(cholinergic precursors, acetylcholinesterase inhibitors, allosteric cholinergic recep-
tor potentiators, cholinergic receptor agonists, N-methyl-D-aspartate receptor
blockers) for Alzheimer’s. Current research community is in agreement that there is
a relationship between decreased cholinergic transmission and cognitive impair-
ment in the brain which plays an important role in Alzheimer but itself does not
establish ultimate cause of the disease (Doggrell and Evans 2003).

5.2.2 Amyloid Hypothesis

Though several theories have been proposed but from the last two decades A the-
ory seems to be prevailing. Amyloid  (Ap) is a short chain peptide that is proteo-
Iytic byproduct of the transmembrane amyloid precursor protein (APP). Though its
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role is not clear but thought to be involved in neuronal development. As per amyloid
cascade hypothesis, the disease occurs because of series of abnormalities in the
process and secretion of the amyloid precursor protein (APP), where an imbalance
between production and clearance of A is the activating event (Salomone et al.
2012). This imbalance causes vivid alteration in conformation of A monomers and
leads to formation of p sheet-rich tertiary structure that assembles to develop amy-
loid fibrils. These amyloid fibrils get deposits on surface of the neurons in compact
form called as neuritic or senile plaques whereas in less compact form they accu-
mulate inside the walls of blood vessels as diffusive plaques (Perl 2010). Another
hallmark of Alzheimer pathology is unusual accumulation of the hyperphosphory-
lated tau protein within the nerve cell bodies as neurofibrillary tangles (NFT) and as
dystrophic neurites associated with AP plaques. Still the exact mechanism that
facilitates the accumulation and development of neurofibrillary tangles and senile
plaques remains unclear, but they are responsible to cause the injury and death of
neurons and as a result memory loss and cognitive impairment appear (Ahmad et al.
2017). Current investigation has also emphasized the role of AP oligomers in synap-
tic impairment, signifying that these are primarily the only one among several other
signals that are responsible to massive loss of synapses, dendrites and eventually
neurons(Fig. 5.1) (Roth et al. 2005).

APP
| e——— Y secretase
B secretase
Soluble Ap
Ap Oligomers

Ap Fibrils

gl

Activated
Microglia A I Oxidative stress I

dysfunction

Mitochondrial Tau
dysfunction hyperphosphorylation

Fig. 5.1 Amyloid cascade hypothesis. (Adapted with permission from Wiley Online Library
Alghamdi 2018)
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The understanding of the pathogenesis of Alzheimer’s is constantly changing;
for instance, the neurofibrillary tangles, a pathological trademark of Alzheimer’s,
were earlier thought to be one of the core reasons for the disease but now they rather
seem to reflect the damage to neurons that have occurred over a long time. In-fact,
the notion that phosphorylated tau and A peptide are pathologic hallmark is slowly
changing, but now it seems that they might represent an adaptive strategy to oxida-
tive stress. Apart from these hypothesis, various other deranged mechanisms such as
chronic mitochondrial dysfunction, oxidative stress, calcium mishandling, hormone
imbalance, mitotic dysfunction and genetic components may also play the role in
the disease process (Anand et al. 2014).

5.3 Therapeutic Strategies for Alzheimer’s Disease

Although Alzheimer is known for about a century now, only four cholinesterase
inhibitors and memantine have been approved by US Food and drug administration
for its treatment. These drugs provide symptomatic treatment, but they do not alter
the course of the disease. Hence, continuous research is being done to find the mod-
ern therapeutic options that can target the disease modification. Table 5.1 summa-
rize the existing therapeutic strategies till date with correlation to the pathophysiologic
mechanisms for the disease(Anand et al. 2014)

5.4 U.S. Food and Drug Administration (US-FDA) Approved
Treatments for Alzheimer’s

There are five drugs currently approved by the U.S. Food and Drug Administration
(FDA) to treat the Alzheimer symptoms. The first class of drugs are “Cholinesterase
inhibitors (ChEIs)” — donepezil, Galantamine and Rivastigmine, which are licensed
for mild to moderate Alzheimer’s and the second class is glutamate-antagonist
Memantine which is licensed for moderate to severe stage. A cholinesterase inhibi-
tor works by blocking the activity of acetylcholinesterase and thereby slowing the
breakdown of acetylcholine and in this way, it helps by maintaining acetylcholine
levels. Though these drugs do not cure the root cause of the disease, but still they
remain the only choice of drugs available in market for treatment (Table 5.2) (dos
Santos Alves et al. 2014). The fourth drug is Memantine, it regulates the activity of
altogether different chemical messenger Glutamate in the brain, which is also
important for learning and memory. The fifth medication is a combination of one of
the cholinesterase inhibitors (Donepezil) with Memantine.
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Table 5.1 Therapeutic strategies in Alzheimer disease
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Target Details References

Amyloid based Accumulation of Ap fiber towards toxic level is one of the | Anand et al.

therapies pathological symbol of Alzheimer’s disease. Therefore, (2014)
the amyloid based therapy targets various aspects of this | Atamna et al.
AB fibrils-oligomers-monomers equilibrium. These (2008),
approaches include, secretase enzymes modulation, Schenk et al.
preventing amyloid aggregation, amyloid transport (2012)
amyloid based immunotherapy and promoting amyloid
clearance

Tau based therapies | Hyperphosphorylation of tau protein, pathological Anand et al.
symbols of Alzheimer’s disease, alters its property of (2014)
microtubule stabilization and leads to neuronal Garcia and
degeneration. Hence the tau-based therapies such as Cleveland
tau-phosphorylation inhibition, blocking tau (2001),
oligomerization, microtubule stabilization, enhancing tau | Matsuoka

degradation and tau based immunotherapy are the
approaches which has been extensively investigated in
research

et al. (2007)

Modulating
neurotransmission

Dysfunction in cholinergic group of neurons is one of the
main indications of Alzheimer’s. Dysfunction in other
neurotransmitter histamine, g-aminobutyric acid
(GABA), and serotonin also lead to Alzheimer’s. This
approach involves the use of drugs that modulates this
neurotransmission and is considered the best approach to
providing symptomatic improvement in patients. This
includes cholinesterase inhibitors, GABAergic
modulation, N-methyl D-aspartate receptor antagonism,
Histaminergic modulation, serotonin receptor modulation
and adenosine receptor modulation

Anand et al.
(2014)

Revett et al.

(2013),
Marcade et al.
(2008)

Oxidative stress Oxidative stress has also been reported as one of the Anand et al.
reduction crucial factors in the pathogenesis of Alzheimer’s hence | (2014)
strategies are being designed to overcome this. This may | 7Zhu et al.
either involves exogenous antioxidant supplementation or | (2007)
augmenting endogenous defense.
For example, flavonoids and carotenoids which are
known to have antioxidant property have shown
neuroprotective effect in experimental setups
Mitochondria Though traditional anti-oxidant therapy has shown Anand et al.
targeted therapy encouraging results in Alzheimer’s therapy, but they (2014)
usually work by tackling the produced reactive oxygen Wang et al.
species. Mitochondrial targeted therapy deals with (2009)

altering the production of reactive oxygen species (ROS).
Example CoQ10 supplementation has potential of
neuroprotective effects which includes stabilization of
mitochondrial function, suppression of ROS production
and minimized ROS injury

(continued)
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Table 5.1 (continued)
Target Details References
Modulating Accumulation of amyloid p (Ap) fibers activate various | Anand et al.

intracellular

signaling cascaded

intracellular pathways, so drugs that effects these altered
pathways have also been investigated for Alzheimer’s.

(2014), Cheng
et al. (2010)

Example, Rolipram is a selective Phosphosdiesterases-4
inhibitor and is the first compound that effectively return
cognitive deficits in animal models of Alzheimer’s

Modulators of Alteration of Ca>* homeostasis has also been found in Anand et al.
cellular calcium Alzheimer’s, therefore several drugs that target different | (2014), Lipton
homeostasis Ca’ signaling pathways are being investigated. (20006)
Example, one of the mechanisms by which Memantine
work in Alzheimer’s is by producing moderate decreases
in Ca* influx thus reducing excitotoxicity
Ant—inflammatory | Neuroinflammation in Alzheimer’s has prompted the Anand et al.

therapy researchers to use non-steroidal anti-inflammatory drugs | (2014), Choi
(NSAIDS) in Alzheimer’s. They may work by variety of | et al. (2013)
mechanisms such as cyclooxygenase inhibition like
targeting y-secretase, maintaining Ca®* homeostasis etc.
Though they have shown good results in experimental
set-up, but clinical trials results have been disappointing

Others Gonadotropin supplementation, caspase inhibitors, lipid | Anand et al.
modifiers statins, metal chelation, growth factor (2014)

supplementation, epigenetic modifiers, nitric oxide
synthase modulation, nucleic acid drugs multi-target
directed ligands are the other potential targets for the
treatment of Alzheimer’s

5.5 Galantamine

Among the available AChEi, Galantamine is the only naturally occurring substance.
It is a tertiary alkaloid which is isolated from Amaryllidaceae plants and bulbs of
the Caucasian snowdrops, Galanthus woronowi. Apart from the natural sources,
synthetic process has now been developed for the production of Galantamine
(Sramek et al. 2000). Galantamine has been available in Eastern Europe for more
than 40 years and is mainly used for the treatment of patient suffering from disor-
ders associated with deficiency of acetylcholine, such as: myasthenia gravis and
glaucoma.

5.5.1 Chemistry

Chemically Galantamine is (4aS, 6R, 8aS)-4a,5,9,10,11,12-hexahydro-3-
methoxy-11-methyl-6H-benzofuro[3a, 3, 2-ef][2]benzazepin-6-ol hydrobromide.
Galantamine possess three chiral centers; in both form such as base compound and
its hydrobromide salt (Fig. 5.2).
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Table 5.2 FDA approved treatment for Alzheimer’s at a glance
Proprietary
Class and name (date
Drugs indication Mechanism of action approved) Formulations
Cholinesterase inhibitors
Donepezil Mild to Prevents the breakdown | Aricept® Tablets,
moderate and of Acetylcholine (1996) disintegrating
moderate to tablets
severe
Alzheimer’s
Galantamine | Mild to Prevents the breakdown | Razadyne ® | Immediate-release
moderate of acetylcholine and (2001) tablets, Oral
Alzheimer’s stimulates nicotinic solution, Extended
receptors to release more release capsule
acetylcholine in brain
Rivastigmine | Mild to Prevents the breakdown | Exelon ® Tablets, Oral
moderate of acetylcholine as well | (2000) solution,
Alzheimer’s as butyrylcholine in the Transdermal patch
brain
N-Methyl-D-Aspartate receptor antagonist
Memantine Mild to Blocks the toxic effects | Namenda ® | Tablets, Oral
moderate associated with excessive | (2003) solution
Alzheimer’s glutamate in brain

Combination drugs

Moderate to
severe
Alzheimer’s

Donepezil +
Memantine

Combine the action of
two drugs

Namzaric ®
(2014)

Extended release
capsule

Fig. 5.2 Chemical
structure of Galantamine

5.5.2 Pharmacodynamic Profile

HO

Galantamine has a dual mode of action, along with inhibiting acetylcholinesterase,
it also performs the positive allosteric modulation of Nicotinic acetylcholine recep-
tors (nAChRs). It is the only marketed drug for Alzheimer’s that demonstrates both
modes of action (Fig. 5.3) (Lilienfeld 2002). The affinity to inhibits acetylcholines-
terase (AChE) is 53-fold higher rather than butyrlcholinesterase (BuChE) in human
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nicotinic receptors Dual Action inhibition /

/ Increase in synaptic Ach levels

Nicotinic receptor activation Muscarinic receptor activation
+ Enh t of neurotr itter release
* Neuroprotection against several neurotoxic stimuli
Neur is, BDNF producti pse consolidation

I &

Fig. 5.3 Galantamine mechanism of action. (Adapted with permission from Elsevier Ago
etal. 2011)

plasma and erythrocytes. On oral administration of Galantamine 5 mg three times
daily for 2-3 month to Alzheimer patients, erythrocyte AChE activity get inhibited
by 21-41% in 2 h after the morning dose whereas recovery of enzyme activity
occurs within approximately 30 h of the final dose of the drug. In addition to this,
Galantamine interacts directly with nicotinic acetylcholine receptors (nAChRs) and
potentiates their action. Molecularly it allosterically binds to the alpha subunit of
nAChRs (Scott and Goa 2000).

5.5.3 Pharmacokinetic Profile

Galantamine is a drug with good oral bioavailability (88.5%), low clearance, mod-
erate volume distribution and low plasma protein binding (18%). Its terminal half-
life (t;,) in human is approximately 8 h. The mean maximum plasma drug
concentrations (C,,,,) after a single oral dose of 10 mg in healthy volunteers ranged
from 49.2 to 1150 pg/l and reached at a mean of 0.88 or 2 h in two different studies
(Table 5.3). At steady state, C,,,x and trough plasma concentrations (C,,;,) following
12 or 60 mg twice daily doses, were between 42—137 pg/l and 29-97 pg/l, respec-
tively. Galantamine absorption does not get effected by food thus it has no interac-
tion with food It is majorly metabolize via cytochrome P450 isoenzymes (mainly
CYP2D6 and CYP3A4) in the liver. It predominantly excretes in urine and only
negligible amounts of the metabolites galantaminone and epiGalantamine are
produced and neither of have any clinically relevant AChE activity in-vivo.
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Table 5.3 Pharmacokinetic Parameters Measurement in healthy male volunteers
propertie§ of Galantamine Co (ng/) 291150
after single oral doses
(Lilienfeld 2002) tnax () 0.9-2.0
AUC (mg/L.h) 14.77
F (%) 100
Ty, (h) 5.3-5.7
Vi (L/Kg) 2.6
CL (L/h/Kg) 0.3

C,.. maximum plasma drug concentration, t,,,, time taken to
reach C,,,, AUC area under the concentration—time curve, F
bioavailablility, 7, elimination half-life, CL total plasma
clearance, Vs volume of distribution at steady state

Since Galantamine is majorly metabolized by CYP3A4 and CYP2D6, co-
administration with drugs that inhibit these isoenzymes could result in increased
cholinergic effects and therefore reduction of the maintenance dose must be consid-
ered during co-use of potent CYP3A4 inhibitors such as erythromycin or ketocon-
azole and CYP2D6 inhibitors such as paroxetine (Sramek et al. 2000).

5.5.4 Sources of Galantamine

Galantamine is naturally occurring alkaloid and marketed as hydrobromide salt
(Galantamine HBr) for the treatment of Alzheimer’s disease, poliomyelitis and
other neurological diseases. Although chemical synthesis of Galantamine has been
done successfully still the plants remain the main the main source of production.
Natural Galantamine is basically isolated from four different species: Leucojum
aestivum, Ungernia victoris, Narcissus ssp. and Lycoris radiata. (Berkov et al. 2009)

5.54.1 Leucojum aestivum

Leucojum aestivum is one of the plant species used for the extraction of Galantamine,
mainly under license in Bulgaria. This plant usually found to be distributed in the
Eastern Europe and Mediterranean region. The bulbs are 2-4 cm in diameter
whereas leaves are 30-60 cm long. It is commercially cultivated to supply the indus-
try with leaf biomass in Bulgaria, which is used for Galantamine extraction. The
Galantamine content in the leaves was found to vary 0.1-0.3% Dry weight (DW),
depending on the geographical location. Amon the different location species, South-
east Bulgarian populations were found to possess highest content of Galantamine
(Parolo et al. 2011). Apart from Galantamine, other alkaloids with a higher AChE
inhibitory activity than Galantamine, namely N-allylnorgalantamine and N-(14-
methylallyl) nor-galantamine, sanguinine, have also been isolated from snowflake.
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The amount of Galantamine has been found to vary from 4% to 99% of all com-
pounds in the alkaloid mixtures of dormant bulbs from Bulgarian- populations
(Georgieva et al. 2007).

5.5.4.2 Ungernia Victoris

Ungernia victoris is another species used for isolation of Galantamine. It is an
endemic plant which is mainly found on the Gissar Ridge and its southern spurs
(Tadzhikistan and Uzbekistan). It is a perennial species with leaves up to 20-25 cm
long and bulbs 4-7 cm in diameter. This plant is being cultivated near its natural
habitat locations since 1970. Both the leaves and bulbs have been used for
Galantamine extraction. The total alkaloids content in the leaves and bulbs were
found to be 1.18-1.65% and 0.27-0.71% of DW, respectively and the proportion of
Galantamine in this alkaloid mixtures was found to be around 56-57% and 47-48%
in the foliage and bulbs, respectively.

5.5.4.3 Lycoris radiata

Lycoris radiata is a plant species dispersed in Korea, Japan and China. The leaves
are 50 cm-long and bulbs are 1-3 cm in diameter. This plant is usually found in two
different varieties, one is: var. pumila which has a diploid genome, and the other is
var. radiata, with a triploid genome. This plant is cultivated in China for Galantamine
extraction since 2002 (Hayashi et al. 2005).

5.5.4.4 Narcissus ssp.

Bulbs of Narcissus plants are also widely used for extraction of Galantamine.
Cultivators has screened different species of Narcissus for this drug and more than
33 species have shown 0.1% (referred to DW) of Galantamine in their bulbs. The
main commercial source of Galantamine is N. pseudonarcissus with bulb size
(4-5 cm in diameter) and high Galantamine content, which is about
0.10-0.13%(Heinrich 2002). It is commercially cultivated in Netherlands and
United Kingdom by various bulb growers. Kreh et al. reported 58% of Galantamine
in alkaloid mixture obtained from bulb of N. pseudonarcissus cv (Kreh et al. 1995).
Another promising species for cultivation and isolation of Galantamine is N. con-
fuses. It is an endemic plant which occurs only in Spain and has been found to
contain around 0.6% DW of Galantamine. The most interesting thing about this
species is that high level of Galantamine is present in the aerial parts of the plant
such as leaves, stems and flowers and at the end of the ontogenic cycle, it can reach
up to 2.5% DW (Bastida et al. 2006).
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Full Synthesis vs Plant Extraction

To overcome the supply bottleneck, in 1990 two different approaches were devel-
oped, first is commercial extraction by daffodil bulbs and the most important second
one is the chemical synthesis of the drug. The full synthesis was optimized and
upscaled which allowed the development at larger level and finally allowing the
production batch size of 100 kg to be manufactured under GMP conditions. Clinical
trials were conducted and in year 2000 and finally Galantamine was launched in
USA and Europe for the treatment of Alzheimer’s disease, originally as Reminyl®,
later changed to Razadyne® in the USA (Mucke 2015).

5.6 US-FD Approved Galantamine Formulation
for Alzheimer Treatment

Galantamine is one of the three major cholinesterase inhibitors (ChEIs) to be
approved by the US-FDA. It has been formulated as both immediate release and
extended release dosage form for clinical practice. The immediate release circular
biconvex film-coated tablets are available in three strength of Galantamine (free
base) i.e. 4 mg which is off-white, 8 mg which is pink and 12 mg which is orange
brown. Galantamine is also available in oral solution form at concentration of 4 mg/
ml. Galantamine appears to have almost similar efficacy as of other first line drugs
such as rivastigmine and donepezil in patients with Alzheimer’s (Galasko et al. 2004).

Another marketed formulation of Galantamine which got approved for use in
2004 in United States (US) is opaque hard gelatin extended release capsules
(Razadyne ER). The capsules are available in three strengths of Galantamine base
i.e. 8 mg which is white, 16 mg which is pink and 24 mg which is caramel. The
capsule are designed in such a way that 25% of the dose is in immediate- release
form whereas 75% are available in controlled release form (Robinson and Plosker
2006). Galantamine capsules, which are designed for extended release, given at
dose of 24 mg once daily under fasting conditions are bioequivalent to Galantamine
immediate-release tablets administered twice daily at dose of 12 mg in reference to
Chin and AUCy;,. The Cmax is reached at 4 h for Extended Release capsules and in
1 h for immediate release tablets (Zhao et al. 2005). Both the dosage forms were
superior to placebo as far as cognitive benefits are concerned, but none of the
improved the global functioning (Brodaty et al. 2005). Though both the formula-
tions showed adverse events but subjects reporting nausea, the mean percentage of
days with nausea and the subsequent antiemetic use was lower with Galantamine
ER than with Galantamine immediate release (Table 5.4).
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Table 5.4 US-FDA approved dosage forms of Galantamine

Formulation
type Route | Description Excipients
Galantamine Oral |4 mg circular biconvex, Diethyl phthalate, ethylcellulose, gelatin,
tablet off-white tablet imprinted | hypromellose, polyethylene glycol, sugar
(Razadyne®) with “JANSSEN” and “G | spheres (sucrose and starch), and titanium
4” on the opposite sides | dioxide. The 16 mg capsule also contains
8 mg circular biconvex, | red ferric oxide. The 24 mg capsule also
pink tablet imprinted with | contains red ferric oxide and yellow ferric
“JANSSEN” on one side | oxide
and “G 8” on the other
side
12 mg circular biconvex,
orange-brown tablet
imprinted with
“JANSSEN” and “G 12”
on the opposite sides
Galantamine Oral | Razadyne® is clear Methylparaben, Propylparaben, purified
solution colorless 4 mg/mL oral water, Sodium hydroxide, and Saccharin
(Razadyne®) supplied in 100 mL sodium
bottles with a calibrated
pipette. The maximum
calibrated volume is 4 mL.
while the minimum
calibrated volume is
0.5 mL
Galantamine Oral | Capsule contain white to | Colloidal silicon dioxide, crospovidone,

capsule,
extended
release,
(Razadyne
ER®)

off-white pellets and are
available in the following
strengths.

8 mg: It is white opaque
hard gelatin capsule
having size 4 with the
inscription “GAL 8”

16 mg: It is pink opaque,
size 2 hard gelatin capsule
with the inscription “GAL
16”

24 mg: It is caramel
opaque, size 1 hard
gelatin capsule with the
inscription “GAL 24”

hypromellose, lactose monohydrate,
magnesium stearate, microcrystalline
cellulose, propylene glycol, talc, and
titanium dioxide. The 4 mg tablets contain
yellow ferric oxide. The 8 mg tablets
contain red ferric oxide whereas the

12 mg tablets contains red ferric oxide as
well as FD&C yellow #6 aluminum lake

5.7 Combination of Galantamine and Memantine

Cholinergic and glutamatergic systems, N-methyl-D-aspartate (NMDA) receptor
and alpha-7 nicotinic acetylcholine receptor (a-7nAChR) are strongly affected with
cognitive impairments in Alzheimer’s disease. Donepezil, a primary drug in the
treatment of Alzheimer’s, is only an acetylcholinesterase inhibitor (AChEI), whereas
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Galantamine has dual mode of action. It is not only an AChEI but also positive allo-
steric modulator of the o-7 nicotinic receptors and o432 receptors. Memantine, on
the other hand is an NMDA receptor antagonist. Other than individual AChEIs,
donepezil-memantine in only combination (Namzaric) which is US Food and Drug
Administration (FDA)—approved for the treatment of Alzheimer’s. Several random-
ized controlled trials (RCTs) have shown that the donepezil-memantine combina-
tion is better than either drug alone to improve cognition in Alzheimer dementia.
Based on this data and the unique properties of Galantamine, several studies have
been conducted evaluating the efficacy of Galantamine-memantine combination in
Alzheimer’s disease. In a 1-year Randomized Controlled Trial with 232 participants
with mild-to-moderate AD, the combination of Galantamine and memantine showed
significantly better cognitive improvements compared to Galantamine alone in pro-
drome Alzheimer’s and Donepezil-Memantine combination in Alzheimer’s (Koola
and Parsaik 2018). Memantine is a non-competitive antagonist for NMDA receptors
and inhibits it in a voltage-dependent manner to reduces the excitotoxicity caused
by excess glutamate release (Rogawski and Wenk 2003). On the other hand,
Galantamine increases glutamate release. Thus, even though the two drugs appear
to act in an opposing manner, reports reveal that these medications work synergisti-
cally to provide a more normal neurological response and improve cognitive impair-
ments in Alzheimer’s disease patients. When given in combination, Galantamine
increases synaptic activities and long-term potential whereas memantine prevents
cell damage due to electrophysiological noise (Grossberg et al. 2006). The use of
memantine and Galantamine in combination is also supported by pharmacodynamic
and pharmacokinetic studies. Therefore, combined treatment of these two medica-
tions do not affect each other metabolism. Galantamine is metabolized by cyto-
chrome CYP3A4 and P450 (CYP) 2D6, which are not affected by memantine. This
evidence support that combined modulation of NMDA and nicotinic receptors by
memantine and Galantamine may provide an optimal combination therapy for the
treatment of Alzheimer’s (Koola et al. 2018). But even though both are FDA
approved for the treatment of Alzheimer’s, the combination is still underutilized in
clinical practice.

5.8 Novel Delivery Strategies for Galantamine

5.8.1 Transdermal

The transdermal drug delivery system (TDDS) is an approach where an adhesive
patch is placed over the skin to deliver specific dose of a specific drug in the blood
stream through the skin. This adhesive patch is basically composed of three things:
polymers, drugs and penetration enhancers. The multi-layered patch is made up of
a release liner, a drug reservoir and an impermeable backing (Saravanakumar et al.
2015). This route of drug delivery offers several advantages compared to the



5 Galantamine Delivery for Alzheimer’s Disease 145

conventional oral and parenteral systems, especially to the elderly patients and the
patients suffering from chronic neurological disorder. These patients often show
unwillingness to swallow table, capsule or solution, so the TDDs are particularly
useful because it allows to circumvent the patient’s unwillingness and/or incapabil-
ity to swallow the oral dosage form such as tablet or capsule. The other advantages
of transdermal drug delivery route are

* Extended duration action, so reduced dosing frequency

» Better patient compliance as they can be self-administered and are non-invasive
* Improve the bioavailability, by bypassing the firs-pass metabolism

* More uniform plasma levels and therefore lesser side effects

* Generally inexpensive

Alzheimer’s is one of those diseases where the application of transdermal system
can provide various benefits especially for the delivery of cholinesterase inhibitors.
Cholinesterase inhibitors exhibit dose-response relationship which means that
higher plasma levels can lead to higher inhibition of acetylcholinesterase (Bickel
et al. 1991). However, increasing the dose by oral route also increase the gastroin-
testinal side effects such as nausea,vomiting and therefore patient withdrawal also
increase in clinical practice. These side effects are thought to be the result of rapid
absorption and attainment of high peak plasma concentrations (C,,,x) of the drug in
a short time t,,,,, and the magnitude and frequency of the resulting fluctuations in
drug plasma level (Imbimbo 2001). A TDDS can provide both smooth and continu-
ous delivery of the drug thereby reducing the C,.x and prolonging the t,,, while
maintaining drug exposure. This shows that a transdermal system has the capability
of altering the pharmacokinetic profile of the drug and therefore can reduce the
incidence of side effects by allowing patients to optimum therapeutic doses
(Cummings et al. 2007). Also, this way of administration includes a simplified treat-
ment regimen which is convenient and easy to use by patient.

Wei-Ze and co-worker reported the use of microneedles having length of
70-80 pum for pre skin pretreatment to improve the permeation of Galantamine
across the stratum corneum and live epidermis. To understand the mechanism, his-
tological examination of the skin was performed, and it revealed that microneedles
were forming skin conduits by pressing and swaying against the backing layer at
constant pressure. These conduits or channels were acting as pathway for transport
of Galantamine across the skin. In vitro diffusion studies indicated that this kind of
piercing of skin can significantly increase the Galantamine permeability. Moreover,
this permeability also increased on increasing the retention time, microneedle num-
ber and insertion force in a certain range. They also proved that this kind of piercing
is safe as skin was not damaged in such a way that they could allow the permeation
of pathogens into the body through these channels across the skin. This microneedle
system was shown to be a useful drug delivery device for the transdermal adminis-
tration of Galantamine, but further more studies are required to translate these find-
ings into clinical practice (Wei-Ze et al. 2010).

In 2012, Chun-Woong Park and co-workers, first time reported the development
of transdermal patch of Galantamine to overcome the problems associated with oral
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administration. They develop a Drug-in-adhesive patch using various acrylate and
acrylate-vinylacetate based pressure sensitive adhesive (PSA) and different enhanc-
ers such as oleic acid, benzyl alcohol, isopropyl myristate and transcutol. In vitro
skin permeation studies showed that oleic acid was the most promising enhancer
and DT-2510 was the most appropriate pressure-sensitive-adhesive for Galantamine
patch. The optimized patch was found to physiochemically stable for 28 days at the
conditions of 40°C/75% RH. In vivo studies of patch showed the bioavailability of
around 80% and plasma levels were sustained for 24 h. The plasma concentration
profiles of Galantamine after administration of 5 mg/kg by different route is present
in Fig. 5.4. It clearly shows that Galantamine could not be detected more that 4-6 h
after oral and parenteral administration whereas the plasma levels of Galantamine
from patches were stable from 14 to 112 ng/mL and decreased until the patch was
removed (at 24 h). The results suggested that transdermal drug-in-adhesive patch
might be the better dosage form for Galantamine to prevent the gastrointestinal side
effects during the treatment of Alzheimer disease (Park et al. 2012)

In 2015, Woo fong yen and co-workers., reported the development of gel based
transdermal patch of Galantamine and Galantamine hydrobromide (HBr). In this
technique, first they developed gel-based drug reservoir using carbopol polymer,
galantamine HBr, propylene glycol, triethanolamine and deionized water and then
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Fig. 5.4 Plasma concentration—time profiles of Galantamine observed in rabbits after intravenous
(i.v), oral and transdermal administration at a dose 5 mg/kg (as Galantamine base) (mean + S.D.,
n = 3). (Reproduced with permission from Elsevier Park et al. 2012)
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this drug reservoir was sandwiched between the release line of Opside flexigrid and
backing layer. The formulated patch system was found to have high drug content,
suitable pH for skin and controlled drug-release pattern. They proposed this could
have much great potential to be used for the therapy of Alzheimer’s (Fong Yen et al.
2015; Woo et al. 2015).

Worranan Rangsimawong and co-workers investigated the effects of Limonene
containing pegylated liposomes and sonophoresis in improving the trans-permeation
of Galantamine HBr across the skin. They perform two different sets of experiment,
in one experiment Galantamine loaded pegylated liposomes with different amount
of limonene as penetration enhancer were developed and studied for the penetration
across the skin. In another experiment they studied the permeation of Galantamine
HBr solution in the presence of sonophoresis. Both the techniques were clearly able
to enhance the formulation penetration across the skin; however, the effect was
stronger with pegylated liposomes. They proposed the possible mechanism for this
and as per them because of the small particle size and ultra-deformable structure,
liposomes can enter the subcutaneous layer carrying the entrapped drug along with
them into the skin through intercellular regions of the subcutaneous layer. Second,
the limonene released from some of the vesicles during their penetration enhanced
the fluidity of lipid lamellae in the skin. Whereas, with regard to Sonophoresis, the
enhancing effect of might be due to removing some fractions of the subcutaneous
barrier and creating aqueous channels at discrete regions, which leads the delivery
of hydrophilic molecules through an intracellular pathway (Rangsimawong
et al. 2018).

Very recently in 2019 Dina Ameen and Co-worker also reported the development
of matrix-type transdermal patch for Galantamine. They investigated four pressure
sensitive adhesives, ten penetration enhancers and four different drug loadings to
obtain the optimized patch and then tested their permeation efficacy through human
cadaver skin using vertical Franz diffusion cell. The optimized patch was composed
of 10% w/w Galantamine, 5% w/w Oleic acid as crystallization inhibitor, 5%w/w
Limonene as penetration enhancer, GELVA GMS 788 as pressure-sensitive-adhesive
and was casted on ScotchpakTM 1022 release liner and laminated with Scotchpak
9723 as a backing film. Additives showed a synergistic enhancement of Galantamine
permeation while inhibiting the drug crystallization. Ex-vivo permeation studies
using human cadaver skin indicated that optimized patch can achieve therapeutic
plasma level with patch size of about 20 cm?. Further pharmacokinetic are required
to confirm the results (Ameen and Michniak-Kohn 2019).

5.8.2 Intranasal Delivery

Just like the transdermal route, Intranasal (IN) delivery is another attractive alterna-
tive option for oral delivery and invasive delivery methods. It is gaining lot of attrac-
tion for brain delivery because its various advantages over other system (Y. Wang
et al. 1998) (Chow et al. 1999). This include
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» Higher surface area leads to rapid absorption and rapid onset of action
* Rapid and higher levels can be achieved in brain for brain targeting

* Gastrointestinal mediated drug degradation is avoided

* Avoid gastrointestinal related adverse effects

» Hepatic first pass metabolism is absent

* Noninvasive and therefore better patient comfort and compliance.

e Lesser systemic exposure of drugs and therefore fewer side effects

The possible pathway of absorption of drugs and transport to brain via nasal
route could be the combination of axonal transport from the olfactory epithelium to
the olfactory bulb and of extracellular transport involving diffusion and bulk flow
within the peri-neuronal channels and the lymphatic channels directly connected to
the cerebrospinal fluid (Sakane et al. 1991) (Thorne et al. 2004). In case of
Galantamine, intranasal route is one of preferred choice is because gastrointestinal
adverse effects is one of the major limitation of Galantamine after oral delivery and
often leads to the discontinuation of the treatment (Costantino et al. 2008).

In 2005, Alexis Kays Leonard et al., developed the high concentration formula-
tion for Intranasal delivery. This was a conventional solution-based formulation
developed for intranasal delivery. Since, the marketed hydrobromide salts is not
suitable for intranasal delivery because of its limited solubility properties therefor
this group developed a novel Galantamine lactate formulation by salt exchange
method for the intranasal delivery. The typical dose of Galantamine is 8 mg per day
and therefore 80 mg/ml solution is required for intranasal delivery considering min-
imum spray volume of 100 pl where conventional HBr has solubility of only 35 mg/
ml. Therefore, to overcome this limitation, they developed a lactate-based formula-
tion which showed solubility of 400 mg/ml (>12 fold). The new salt was found to
possess same stability and safety to cells in line with conventional salt. Also, this
novel lactate salt permeation across the epithelial tissue was of higher rate than the
conventional HBr salt at the concentration of 35 mg/mL (Fig. 5.5). The in-vivo
pharmacokinetic data in rat revealed that lactate formulation was either superior or

Fig. 5.5 Permeation of
Galantamine lactate (Gal
lac) and Galantamine HBr
(Gal HBr) across epithelial
tissue in vitro) at different
time points. (Reproduced
with permission from
Elsevier publishing house
Leonard et al. 2005)
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Fig. 5.6 In vivo Comparison of intranasally administered Galantamine lactate (200 mg/ml) with
orally administered RAZADYNE® (20 mg/ml). Ferrets were dosed at 20 mg/kg Galantamine free
base (n = 8). (a) Pharmacokinetics. (b) Emetic response. (Reproduced with permission from
Elsevier Leonard et al. 2007)

comparable to the conventional HBr salt. For example, when given at dose of
1.75 mg/kg, the obtained AUC,,, was 18,170 min.ng/ml with lactate salt as com-
pared to 11,031 min.ng/ml with HBr salt. This was the first report of feasible intra-
nasal formulation of Galantamine (Leonard et al. 2005). To further improve the
bioavailability after intranasal administration, this group formulated Galantamine
lactate at a concentration of 35-80 mg/ml along with excipients such as didecanoyl-
L-a-phosphatidylcholine (1.7 mg/ml), methyl-p-cyclodextrin (30 mg/ml), and ede-
tate disodium dihydrate (2 mg/ml). These permeation enhancers resulted in a
four-fold increase in free Galantamine permeation across the epithelial tissue with
low cytotoxicity and high cell viability. Pharmacokinetic kinetic data showed that
intranasal Galantamine had shorter T,,,,, in comparison to oral formulation (5 min vs
240 min, respectively) and nearly four-fold higher C,,,,, (12,100 = 8000 ng/ml versus
3200 =+ 200 ng/ml). Finally, the hypothesis of reduced Gastrointestinal related side
effects was also proved by testing in ferret model where fewer side effects was
observed with intranasal administered Galantamine compared to oral route (Fig. 5.6)
(Leonard et al. 2007).

5.8.2.1 Memogain

Memogain is an in-active prodrug of Galantamine given through nasal route. It is
more hydrophobic and has potential of 15-fold higher bioavailability than free
Galantamine at the same dose. It gets cleaved enzymatically by non-endogenous
and liberates Galantamine as the active compound. Much higher levels of
Galantamine were found to achieve in brain, and corresponding much lower levels
were observed in blood when Memogain and Galantamine administered at same
dose. The objective of developing Memogain was to develop a formulation that pos-
sess lower gastrointestinal side effect as compared to Galantamine. As reported by
Maelicke et al.,2010 the observed gastrointestinal side effects were much lower as
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compared to standard Galantamine. Based on the calculated human equivalent dose,
Memogain at 20 mg/were found to be equivalent to a daily dose of 226 mg (for
60-kg patient) Galantamine in ferrets. This correlation clearly indicates the
Memogain can be given at much lower dose to obtain the same effects and thus pos-
sess high safety margin when given to patients at doses typically applied during
treatment. The drug is presently developed by “Galantos Pharma” for the Indication
of Alzheimer’s. This drug is supposes to increase the patient compliance and there-
for may also help to fully explore the advantageous pharmacology of the Galantamine
as a neuroprotective treatment and sensitizing agent of neuronal nicotinic receptors
(Maelicke et al. 2010). Memogain was also tested on scopolamine treated mice
which indicated the model for memory disruption. For this purpose, T maze arrange-
ment was used with task of spontaneous alternations of mice over a series of succes-
sive runs. Memogain cause the reversion of 80% scopolamine-induced amnesia at
dose of 1 mg/kg as compared to Galantamine where the same effect was observed
at 5 mg/kg. The calculated ED50 was and 0.34 mg/kg for Memogain and 1.07 mg/
kg for Galantamine. Moreover, Memogain was able to fully reverse scopolamine
activity. (Bhattacharya and Montag 2015)

5.8.3 Nanotechnology Based Systems

Nanotechnology is one of the well-established areas in the field of pharmaceutical
science however it mostly has been explored for the delivery of anticancer agents
and not yet has been investigated much for the treatment of neuro-degenerative
disorders. Therefore, a great improvement to the current therapy for neuro-diseases
is anticipated with the application of nanotechnology. Localized and targeted deliv-
ery are significant challenges in Alzheimer’s treatment because of severe side effects
of the approved drugs which occur due to the non-specific distribution to the healthy
tissues and this can be overcome by application of nanoparticulate systems in
Alzheimer’s. Among the several available systems, polymeric, liposomes, or lipidic
micro/nano-particles, polymeric micelles, dendrimers seem to be the most preferred
choice because they can effectively interact with biological systems. The advantage
of nanoparticulate systems are their small and tunable size and also surface tailor-
ability which allows the conjugation of moieties that has affinity to the blood brain
barrier (BBB) and have the promise of overpowering the limitations imposed by the
BBB (McNeil 2005). Though Galantamine itself can cross the BBB from conven-
tional formulations, but much higher dose is needed to give to achieve the levels
required for the treatment and this higher dose often leads to the adverse effects
cause by non-specific cholinesterase inhibition. However, there is also concern
regarding the biodegradability and biocompatibility of nanotechnology based drug
delivery systems as both biodegradable or non-biodegradable nanotechnology
devices can interact with the neighboring tissue and trigger allergic-type immune
reactions (Fournier et al. 2003). Though there are concerns but several polymers and
lipids if properly sterilized have been proven to be safe for administration.
Nanotechnology in clinical neurology can specifically target the drugs past the BBB
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and can develop potential regenerative therapies but despite that none of the
nanotechnology-based is approved for use in Alzheimer’s patients.

Liposomes are one of the delivery systems that has been approved by US-FDA
for clinical use. Maluta S. Mufamadi and co-worker developed the neuronal cells
targeted liposomes for the Galantamine delivery. They coupled the peptide (Lys-
Val-Leu-Phe-Leu-Ser) onto the exterior of liposomes to interact with SEC-R recep-
tors overexpressed on hepatoma cells and neuronal cells (PC 12 cells). These
nanoliposomes with particle size from 127 to 165 nm, Zeta potential (ZP) values of
—18 mV to —36 mV showed the higher accumulation in PC12 neuronal cells as
compared to Galantamine solution and untargeted liposomes. Cytotoxicity assay
revealed the low toxicity on cells when exposed to plain nanoliposomes and the
ligand-conjugated nanoliposomes. Though further in-vivo studies are required but
their data clearly established that nanoliposomes could be a potential delivery vehi-
cle for the targeted delivery of Galantamine (Mufamadi et al. 2013). Just like lipo-
somes, PLGA is another polymer which is biocompatible as well as biodegradable
and is approved by US FDA for clinical purpose. To explore the potential of PLGA
in Alzheimer’s. C. Fornaguera and co-workers developed the Galantamine loaded
polysorbate 80 coated PLGA nanoparticles for its parenteral delivery. They pro-
posed the hypothesis that nano-emulsification can be useful approach for the entrap-
ment of hydrophilic molecules like Galantamine in PLGA nanoparticles. Polysorbate
80 was selected because of its BBB targeting property. The particles were character-
ized and investigated for their acetylcholinesterase inhibiting potential. The data
revealed that nanoparticles were effectively able to retain the enzyme inhibition
activity of the drug. The in-vitro compatibility data showed that particles were
nano-toxic and safe to administer by parenteral route. Though they did not perform
the biodistribution studies, based on their previous results they claimed that this
kind of system can surely improve the pharmacological therapy for Alzheimer’s in
the near future (Fornaguera et al. 2015). Though the conventional monotherapy is
very common to treat Alzheimer’s, this method is generally less effective and more
newer approaches are required that do not rely on the activity of single drug
Combination therapy is one such approach where two different drugs are given
together for the better treatment of the disease. Sanaa M.R.Wahba and coworkers
developed hydroxyapatite nanoparticles for the co-delivery of nanoceria and
Galantamine. Nanoceria is recently gaining lot of attention for its potential antioxi-
dant property and excellent capability to scavenge most of the reactive oxygen spe-
cies produced from several intracellular processes. Since, oxidative stress is also
one of the hallmarks of Alzheimer and therefore they propose the hypothesis that
concurrent delivery of nanoceria and Galantamine can have better therapeutic effi-
cacy than of the individual treatment. Two different nanoceria-Galantamine-
hydroxyapatite composites were formed, one coated with carboxymethyl chitosan
(GAL-Ce@HAp/CMC) and one uncoated (GAL-Ce@HAp). The in-vivo activity
performed in ovariectomized Alzheimer’s albino-rats indicated that these rod like
nanoparticles could be a promising candidate for Alzheimer’s because all the stress
markers which were upregulated, successfully recovered and AB plaques vanished
on i.p treatment of these nanocomposites more (Wahba et al. 2016). Amira S. Hanafy
et al., in 2016 developed nanoparticles made up of complex of Galantamine and
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chitosan (CX-NP2) for the management of Alzheimer’s. These nanoparticles admin-
istered to rats at dose of 3 mg/kg for 12 consecutive days, remarkable decrease in
ACHhE protein level was observed compared to conventional nasal and oral solution-
based formulations. Also, the intranasal nanoparticle formulations treated rats did
not show any sign of toxicity or histopathological manifestation. Their results
proved that this simple formulation can be a promising strategy for nasal delivery of
Alzheimer drugs to brain (Hanafy et al. 2015). Aditi Poddar in 2017, used a system-
atic Design of experiment (DOE) approach to develop Galantamine loaded Bovine
Serum Albumin (BSA) nanoparticles The group reported that the development of
nanoparticles was simple and effective, however they did not perform any in-vitro
or in-vivo studies (Poddar and Sawant 2017).

Another group Kavita R. Gajbhiyel and coworkers developed the ascorbic acid
modified nanoparticles for the brain targeted delivery of Galantamine. Ascorbic
acid was conjugated to PLGA-PEG to promote SVCT2 transportation of
Galantamine into the brain. Cellular uptake data presented in Fig. 5.7a showed that
targeted nanoparticles (PLGA-b-PEG-Asc) accumulation is higher than that of free
Galantamine and non-targeted nanoparticles at all time points. The in vivo pharma-
codynamic study evaluated in scopolamine induced amnetic rats established signifi-
cantly higher therapeutic levels of Galantamine and also sustained action by ascorbic
acid tethered PLGA-b-PEG NPs than free Galantamine, Plain PLGA nanoparticles
as well as PLGA-b-mPEG nanoparticles (Fig. 5.7b, c). Bio-distribution data
revealed the higher distribution of targeted nanoparticles in brain compared to the
non-targeted nanoparticles. The research suggested ascorbic acid successfully
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Fig. 5.7 (a) Cellular uptake of Galantamine from different formulations at different time points as
estimated by High performance Liquid Chromatography [mean + SD (n = 3)]. (b) Effect of differ-
ent Galantamine formulations on the escape latency determined in the Morris water maze test and
(c) Effect of various Galantamine formulations on time spent (%) in the target quadrant attained in
the Morris water maze test. (Reproduced with permission from Nature Publishing house Gajbhiye
etal. 2017)
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target the nanoparticles to brain and thereby can deliver high concentration of drug
to brain than other part of the body. The system holds a strong potential for the
therapy of Alzheimer’s disease (Gajbhiye et al. 2017).

5.8.4 Long-Acting Scaffolds for Localized Delivery

Polymer based scaffolds is another approach that has proven potential in Alzheimer’s
diseases as they can deliver the drug for prolong period and therefore reduce the
dosing intervals. In very recent study in 2019, Maluta S. Mufamadi and co-workers
developed liposome based polymeric scaffolds for prolonger delivery of Galantamine
(LEPS). This LEPS were composed of Galantamine loaded liposomes embedded in
highly porous chitosan, eudragit® RSPO and polyvinyl alcohol-based scaffold. The
system was characterized using various studies and in-vitro release studies revealed
that they could deliver the drug for prolonged period. Further cell proliferation of
PC12 cells indicated that scaffold was suitable for their cultivation and prolifera-
tion. Overall finding concluded that this kind of system is suitable for prolonged
release and precise delivery of Galantamine in nanoparticles. Though further work
is required to confirm the potential of the delivery system for the intracranial local-
ized delivery for the treatment of Alzheimer (Mufamadi et al. 2019).

5.9 Conclusion

Galantamine is a well-tolerated and effective treatment for the treatment of
Alzheimer’s. It provides sustained, broad, consistent and clinically relevant benefits
in crucial areas of Alzheimer’s It is the exceptional dual mode of action of
Galantamine which could explicate its efficacy profile, and the potential additional
benefits in comparison to other conventional cholinesterase inhibitors). It is one of
the drugs which has a good safety profile, and do not possess any serious safety
concerns on administration. Just like other cholinergic drugs, the only limitation is
the occurrence of gastrointestinal side effects such as vomiting, nausea and diarrhea
on oral administration. It’s combination with memantine has also been shown better
in some context in comparison to donepezil (most preferred choice of drug for
Alzheimer) and memantine.

Research is continuously being done to overcome of these side effects by devel-
oping formulations that can be administered through altered route. Further the cur-
rent approved formulation for Galantamine is oral which must be taken per day.
Considering the condition of Alzheimer’s patient and to improve its compliance,
current research is focused on targeted and long acting formulation. Though
obtained preliminary results have shown potential, but most of the results are pre-
clinical based (Table 5.5). Therefore, more attention and more thorough investiga-
tion is required to prove its benefits and then only it can be assured that the benefits
can be extended to patients or not.



154

S. Sharma

Table 5.5 Summary of novel delivery systems of Galantamine for the therapy of Alzheimer’s

Drug

Dosage form type

Details

‘ References

Transdermal

Galantamine

Microneedle
pretreated

Microneedles having length of 70-80 pm
were used for pre skin pretreatment to
improve the permeation of Galantamine
across the stratum corneum and live
epidermis. Pre-piercing of skin
significantly improved the Galantamine
permeability

(Wei-Ze et al.
2010)

Galantamine

Drug-in-adhesive

Dug-in-adhesive patch using various
acrylate and acrylate-vinylacetate based
pressure sensitive adhesive (PSA) and
different enhancers such as oleic acid,
Benzyl alcohol, Isopropyl myristate and
transcutol were prepared. Optimized
Galantamine patch showed the
bioavailability of around 80% and
sustained plasma levels for 24 h

(Park et al. 2012)

Galantamine | Gel based Gel-based drug reservoir using carbopol | (Fong Yen et al.
polymer, Galantamine HBr, propylene 2015; Woo et al.
glycol, triethanolamine and deionized 2015)
water. The proposed system controlled
the release for longer period of time

Galantamine | Liposomes Effects of Limonene containing pegylated | Rangsimawong

liposomes and sonophoresis on
permeation of Galantamine was studied.
Both the techniques were clearly able to
enhance the formulation; however, the
effect was stronger with pegylated
liposomes

etal. (2018)

Galantamine

Matrix based

Matrix-type transdermal patch for
Galantamine was developed using 10%
w/w Galantamine, 5% w/w Oleic acid
(crystallization inhibitor), 5%w/w
Limonene (penetration enhancer),
GELVA GMS 788 as pressure-sensitive-
adhesive. Permeation studies on human
cadaver skin indicated that optimized
patch can achieve therapeutic plasma
level with patch size of ~20 cm?

(Ameen and
Michniak-Kohn
2019)

Intranasal

Galantamine

Memogain
Prodrug

In-active hydrophobic prodrug of
Galantamine given through nasal route
and has potential of 15-fold higher
bioavailability than Galantamine at the
same dose

(Maelicke et al.
2010)

Galantamine
lactate salt

Galantamine lactate salt with solubility
400 mg/ml was prepared to be given
through nasal route

(Leonard et al.
2005)

(continued)
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Drug

Dosage form type

Details

References

Galanatmaine
lactate
co-formulated with
penetration
enhancers

Galantamine lactate formulated with
several penetration enhancers for
intranasal delivery. These permeation
enhancers resulted in four-fold
enhancement of Galantamine permeation
across the epithelial barrier with low
cytotoxicity and high cell viability.

(Leonard et al.
2007)

Nanotechnology based systems

Galantamine

Galantamine and
chitosan complex

Remarkable decrease in AChE protein
level was observed compared to
conventional nasal and oral solution-
based formulations

(Hanafy et al.
2015).

Galantamine

Bovine
Serum Albumin
nanoparticles

The group reported that the development
of nanoparticles was simple and effective,
however they did not perform any in-vitro
or in-vivo studies

(Poddar and
Sawant 2017)

Galantamine

Liposomes

Lys-Val-Leu-Phe-Leu-Ser coupled
liposomes were developed for
Galantamine delivery to neuronal cells.
Higher accumulation in PC12 neuronal
cells as compared to non-targeted
liposomes and plain Galantamine solution

(Mufamadi et al.
2013)

Galantamine

PLGA
nanoparticles

Galantamine loaded polysorbate 80
coated PLGA nanoparticles for its
parenteral delivery. Polysorbate 80 was
used for blood brain barrier targeting

(Fornaguera
et al. 2015)

Galantamine

Hydroxyapatite
nanoparticles

Nanoparticles were developed to
co-deliver nanoceria and Galantamine.
Nanoceria was used to reduce the
oxidative stress. In-vivo efficacy data
showed that stress markers which were
upregulated, successfully recovered and
AB plaques vanished on i.p treatment of
these nanoparticles

(Wahba et al.
2016)

Galantamine

Ascorbic acid
tethered PLGA-
PEG nanoparticles

Ascorbic acid was conjugated to
PLGA-PEG to promote SVCT2
transportation of Galantamine into the
brain. The in vivo study evaluated in
scopolamine induced amnetic rats
established higher therapeutic and
sustained action by ascorbic acid tethered
PLGA-b-PEG NPs than free drug, PLGA
plain particles as well as PLGA-b-mPEG
NPs

(Gajbhiye et al.
2017)

Scaffolds

Galantamine

Liposomes
embedded in
polymeric
scaffolds (LEPS)

LEPS were composed of Galantamine
loaded liposomes embedded in highly
porous chitosan, eudragit® RSPO and
polyvinyl alcohol-based scaffold

(Mufamadi et al.
2019)
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Chapter 6
An Overview of Paclitaxel Delivery
Systems

Prabakaran A, Sourav Kar, K. Vignesh, and Ujwal D. Kolhe

Abstract As per the World Health Organization, cancer is the second leading cause
of death globally and is responsible for an estimated 9.6 million deaths in 2018.
More than 2 million cases of lung and breast cancer have been reported in 2018.
Paclitaxel is a natural product based anti-mitotic agent useful for the treatment of
lung cancer, ovarian cancer and breast cancer. Paclitaxel exhibits low oral bioavail-
ability due to poor aqueous solubility and poor permeability. Paclitaxel is the first
blockbuster anticancer drug with annual sales of more than US $1 billion in
1997. Taxol®, Abraxane® and Genexol PM® are commercial injectable preparations
of paclitaxel with a drug loading of not more than 17% w/w. The toxicity issues of
Cremophor® EL used in Taxol® led to the development of different delivery systems
sans Cremophor® EL. The maximum tolerated dose of Taxol® is 135 mg/m?. Taxol®
exhibited hypersensitivity reactions and required use of special IVEX-2 filter to
avoid leaching of plasticizer into the product. Genexol PM® was physically unstable
and was ineffective against multidrug-resistant tumor treatment. Abraxane®
exhibited limited tumor exposure, tumor uptake, tumor regression and higher
half-maximal inhibitory concentration.

In this chapter, we reviewed the literature of paclitaxel delivery systems. Micelles,
liposomes, nanoparticles, lipid systems, microparticles, emulsions, solid disper-
sions, cyclodextrin complexes, implants, prodrugs and hybrid systems have been
reported for paclitaxel delivery. The major points of our analysis of the literature are
(1) Efficiency of solubility enhancement of paclitaxel was found in the decreasing
order for prodrugs, mixed micelles, cyclodextrin complexes and solid dispersions,
(2) The oral bioavailability enhancement for nanoparticles, micelles and emulsions
of paclitaxel was found to be 7-fold, 5-fold and 4-fold respectively, (3) Decreasing
order of reduction in tumor growth was found in emulsion, liposome, prodrug and
nanoparticulate delivery system of paclitaxel as compared to that with Taxol®, (4)
Genexol PM® and Abraxane® do not require special filters to avoid leaching of plas-
ticizer into the product, (5) Genexol PM® and Abraxane® being free from
Cremophor® EL do not exhibit hypersensitivity reaction, (6) Paclitaxel mixed
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micelles composed of poly (ethylene glycol-co-lactic acid) and D-a-tocopheryl
polyethylene glycol 1000 succinate were effective against multidrug-resistant tumor
cells in contrast to Genexol PM®, (7) Recombinant chimeric polypeptide conju-
gated paclitaxel nanoparticles exhibited 2-fold systemic tumor exposure, tumor
uptake as compared to Abraxane® and almost complete tumor regression, (8)
Paclitaxel loaded polycaprolactone-co-D-a-tocopheryl polyethylene glycol 1000
succinate nanoparticles exhibited 8-fold lower half maximal inhibitory concentra-
tion as compared to Abraxane®, (9) Paclitaxel delivery systems such as implants,
nanoparticles, solid dispersions, lipid nanoparticles and micelles have been reported
with more than 20% drug loading, (10) The maximum tolerated dose of Genexol
PM® and Abraxane® could be increased from 135 mg/m? to 300 mg/m?, and (11)
Orally effective paclitaxel formulations such as DHP107 and Oraxol® are under
phase II clinical trials.

Keywords Paclitaxel - Delivery system - Stimuli sensitive delivery - Targeted
delivery - Natural product - Anticancer

6.1 Introduction

Paclitaxel is a potent broad-spectrum anticancer drug. Paclitaxel is a diterpenoid
molecule with a central 8-member taxane ring. Paclitaxel was initially isolated from
the bark of Taxus brevifolia, family: Taxaciae (the Western Yew tree). The pure form
of paclitaxel was isolated in 1969. Paclitaxel is used in the treatment of breast, ovar-
ian, lung cancer, head and neck cancer. Paclitaxel belongs to class IV of the biophar-
maceutical classification system, the most difficult category for drug delivery.

The year-wise publication trend for paclitaxel delivery as per the SciFinder
search engine is given (Fig. 6.1). The publication trend reveals that the number of
publications have increased 10 times in the last 20 years.

Paclitaxel was extracted from the bark of the western yew tree Taxus brevifolia.
It was identified as one of the active constituents of this plant in 1967. The structure
of the compound was elucidated by Wall and Wani 1996. Its cytotoxic activity was
reported against human KB carcinoma cell line and mouse leukemia cells. The
availability of the compound was limited because of its low yield from the western
yew tree. So, Robert A. Holton and his research group came up with a semi-syn-
thetic pathway by which docetaxel was produced from 10-deacetyl baccatin, which
was present in abundant quantities in Taxus baccata (Algahtani et al. 2019). A syn-
thetic method for paclitaxel using C7 protected baccatin III with tricyclic ketone
have been reported (Holton et al. 1994).
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Fig. 6.1 Year-wise publication trend for paclitaxel delivery; this trend has been obtained from
SciFinder search on June 24, 2019 using publication year trend; note the increase of publications
for paclitaxel delivery over period of 1997-2019; the publication trend signifies demand for newer
delivery options for paclitaxel; the existing paclitaxel commercial products lack safety, targeting to
specific organs and patient inconvenience due to injections

HO > C7 protected baccatin III with tricyclic ketone

Fig. 6.2 Chemical structure of paclitaxel and C7 protected position for synthesis of paclitaxel
using baccatin III; paclitaxel was extracted from Yew tree initially hence alternative semi-synthetic
method using highly abundant baccatin III in the bark of Taxus wallichiana var. mairei has been
discovered by protecting baccatin III at C7 position and coupling tricyclic ketone to yield paclitaxel

6.1.1 Chemical Structure of Paclitaxel

Paclitaxel is a diterpenoid compound containing a taxane ring along with other
hydrophobic substituents. The empirical formula of paclitaxel is C,;H5;NO,, The
chemical structure of paclitaxel is given (Fig. 6.2).
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IUPAC name of the compound is (1S,2S,3R,4S,7R,9S,10S,12R,15S)-4,12-
bis(acetyloxy)-1,9-dihydroxy-15-{[(2R,3S)-2-hydroxy-3-phenyl-3-

(phenylformamido) propa -noylJoxy}-10,14,17,1tetramethyl
11-oxo0-6-oxatetracyclo[11.3.1.0%,'°.0%,"]heptadec-13-en-2-yl benzoate
(Weaver 2014).

Paclitaxel has a unique mechanism of action which differs from other anticancer
agents such as vinca alkaloids. Paclitaxel causes polymerization of microtubule and
makes these highly stable. Stabilization of microtubules inhibits cell division lead-
ing to cell death (Schiff et al. 1979).

6.1.2 Problems Associated with Paclitaxel

Paclitaxel is practically insoluble in water with an aqueous solubility of 0.00556 mg/
mL. Paclitaxel is hydrophobic in nature with a Log P value of 3.54 but has poor
permeability. The molecular weight of paclitaxel is 853.9. The high molecular
weight of the drug might be responsible for the poor permeability. The consequence
of poor solubility and permeability of the drug is poor oral bioavailability. Paclitaxel
is a substrate for P-glycoprotein which is responsible for drug efflux. High molecu-
lar weight of the drug has been attributed to drug efflux. Paclitaxel belongs to class
IV of the biopharmaceutical classification system (Varma et al. 2005).

6.1.3 Marketed Paclitaxel Products

The commercial paclitaxel formulations include Taxol®, Abraxane®, Genexol PM®
and Lipusu® (Nehate et al. 2014). The first marketed product of paclitaxel is Taxol®,
which was marketed by Bristol-Myers-Squibb in 1992. Taxol® is available in three
strengths i.e. 30 mg, 100 mg and 300 mg per vial. Taxol® consists of purified
Cremophor® EL, anhydrous citric acid and dehydrated alcohol. Taxol® is indicated
as first-line and subsequent therapy of ovarian cancer, for the adjuvant treatment of
node-positive breast cancer administered subsequently to standard doxorubicin-
containing combination therapy, for the first-line treatment of non-small cell lung
cancer along with cisplatin in patients who are not potential candidates for curative
surgery and/or radiation therapy and for the second-line treatment of AIDS-related
Kaposi’s sarcoma. The major side effects of Taxol® observed in patients are hyper-
sensitivity reaction, low blood counts, hair loss, myalgias, peripheral neuropathy,
mouth sores, nausea, vomiting, diarrhoea, swelling of feet, low blood pressure and
darkening of the skin. Taxol® injection requires premedication with a steroid to
avoid hypersensitivity reaction (Rxlist website 2019).
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The main problem associated with Taxol® injection is Cremophor® EL related
toxicity. Cremophor® EL is not an inert vehicle and it produces undesirable biologi-
cal effects. Cremophor® EL can cause a severe anaphylactic reaction (Szebeni et al.
1998). Taxol® needs to be administered using proprietary IVEX-2 filters. IVEX-2
filters avoid leaching of di-(2-ethylhexyl) phthalate in the product. Leaching of di-
(2-ethylhexyl) phthalate in the product from polyvinyl chloride container and
administration set has been reported. The leaching was attributed to presence of
Cremophor® EL and dehydrated alcohol in Taxol® formulation (Kim et al. 2005).
The literature has cited a number of research publications for the development of
delivery systems without using Cremophor® EL in order to have safer formulation.

Abraxane® is the second commercial product of paclitaxel, which was marketed
by Abraxis BioScience in 2005. Abraxane® is composed of drug and human serum
albumin and has been prepared by high-pressure homogenization method (Ibrahim
et al. 2002). Abraxane® is Cremophor EL®-free formulation and hence does not
exhibit hypersensitivity and leaching of plasticizer from polyvinyl chloride. The
maximum tolerated dose could be increased from 175 mg/m? to 300 mg/m? with
Abraxane® as compared to that with Taxol® (Gradishar 2006). Lipusu® was the first
liposome-based injection of paclitaxel, formulated by Luye Pharmaceutical Co.
Ltd. and was marketed in China. Lipusu® contains paclitaxel, lecithin and choles-
terol. Lipusu® was effective against breast cancer, ovarian cancer, lung cancer with
fewer side effects than Taxol®.

Genexol-PM® is another injectable polymeric micelle based product of pacli-
taxel, marketed by Samyang Corporation. Genexol-PM® is a poly (ethylene glycol)-
b-poly (lactic acid) block co-polymer based micellar formulation. Genexol-PM®
does not require steroid premedication and free from the problem of plasticizer
leaching from polyvinyl chloride. Genexol-PM® can deliver 300 mg paclitaxel dose
without additional toxicity (Kim et al. 2004). Genexol-PM® was stable at 23 °C for
24 h but exhibited precipitation into large needle-like crystals at 40 °C within 2—4 h
(Ron et al. 2008). Genexol-PM® was ineffective in cancer patients with multidrug
resistance (Fan et al. 2015)

Nanoxel™ is a micellar paclitaxel formulation composed of a copolymer of
n-isopropyl acrylamide and n-vinyl pyrrolidone having a mean particle size of
80 nm. The intracellular accumulation of paclitaxel in A549 cell was found to be
2.5-fold and 3.3-fold higher in Nanoxel™ and Abraxane®-treated cells respectively
as compared to that of Taxol®. Nanoxel™ at 0.7 mg/mL showed significant aggre-
gation, particle-size growth, and crystallization within 4 h at 40 °C. High-pressure
liquid chromatography data revealed slightly lower purity of paclitaxel in Nanoxel™
as compared to both Abraxane® and Genexol PM®. No drug-related mortality was
observed following repeated intravenous administration of Abraxane® at dose levels
of 5, 15, and 30 mg/kg, while Nanoxel™ exhibited 100% mortality at 15 and 30 mg/
kg dose levels in athymic nude mice (Ron et al. 2008; Madaan et al. 2013; Trieu
et al. 2008).
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6.1.4 Recent Paclitaxel Products Under Clinical Trials

A number of delivery approaches have been reported in the literature to increase the
solubility and enhance the antitumor activity of paclitaxel such as micelles, lipo-
somes, nanoparticles, microparticles, solid dispersions, cyclodextrin-drug complex,
implants and prodrug. This chapter discusses approaches to paclitaxel delivery. The
emphasis is given on choice of material, type of delivery system and performance.
Different delivery systems explored for paclitaxel in the literature are discussed in
subsequent sections (Fig. 6.3).

DHP107 is a novel lipid-based mucoadhesive oral paclitaxel formulation com-
posed of an edible lipid and FDA approved emulsifiers. Phase II clinical trial is

(a) Micelle (b) Liposome (c) PMP/PNP

(e) SLN
R AlA % —| -
SO U ="
A " "y A BE [:I'I = I ]
Y -* ===
(f) NLC (g) Inorganic NP (h) Solid dispersion (j) Implant
ey SSRGS | @A = Paclitaxel |
(k) Prodrug approach (1) CD complex (m) Stent

Fig. 6.3 Different delivery systems of paclitaxel (a) Micelles: Self-assembled aggregates of poly-
mers or surfactants which have a distinct polar head and non-polar tail region; (b) Liposomes:
Spherical vesicular structures, made up of one or more phospholipid bilayers and an aqueous core;
(c) PMP/ PNP: Polymeric microparticles/ Polymeric nanoparticles. These are micron sized or
nanosized particles made up of a polymeric matrix in which the drug is dispersed or encapsulated
or entrapped; (d) Emulsion: Dispersion of two immiscible liquids where the dispersed phase is
thoroughly distributed in a dispersion medium with the help of emulsifiers; (e¢) SLN: Solid lipid
nanoparticles, submicron carriers made up of high melting point lipid (solid lipid) core and coated
by aqueous surfactant layer; (f) NLC: Nanostructured lipid carriers, also known as second genera-
tion SLN, where the solid lipid core is replaced by a mixture of solid lipid and liquid lipid; (g)
Inorganic nanoparticle: Inorganic nanoparticles, the core is made up of nanosized inorganic mate-
rial while the shell is organic, contains drug and/or polymers; (h) Solid dispersion: Dispersion of a
drug into a solid, inert matrix of carriers; (i) Hybrid systems: Combination of more than one sys-
tems; (j) Implant: Device containing drug, intended to be implanted inside the body; (k) Prodrug:
Inactive form of a drug, which is converted to a pharmacologically active form upon metabolism
inside the body; (I) CD complex: Cyclodextrin complex, inclusion complex formed by cyclodex-
trins with drugs; (m) Stent: Metal mesh tube which is implanted in ducts or vessels of the body e.g.
coronary artery. Drug-eluting stents are used to deliver drugs to a specific site for a long time
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being conducted for this formulation. The study began on July 25, 2018, and it is
expected to be completed by September 2019. The use of the formulation is indi-
cated for metastatic breast cancer (Kang et al. 2018). Another oral formulation of
paclitaxel is under phase II clinical trial, named as Oraxol®. Oraxol® consists of
paclitaxel and HM30181A, a P-glycoprotein inhibitor. Oraxol® has been found to be
well tolerated in patients without any notable hypersensitivity reaction (Lee et al.
2015). The toxicity issues in the existing commercial formulations have led to the
development of alternate formulations for paclitaxel.

6.2 Micelle-Based Delivery System

Micelles are nanometre sized structures formed by self-assembly of amphiphilic
block copolymers. The hydrophilic part is oriented towards water whereas the
hydrophobic portion remains inside the micellar structure (Kwon and Okano 1996).
The concentration at which the micelles are formed in water is known as critical
micellar concentration. Lower the critical micellar concentration better is the stabil-
ity of the micelles. The micelles need to be intact for solubilising the hydrophobic
drug. Upon ingestion, micelles’ structure may be collapsed due to dilution with
aqueous fluids resulting in precipitation of drug. The breakdown of micelles can be
avoided by the use of amphiphilic copolymers having a low critical micellar con-
centration (Owen et al. 2012).

Different amphiphilic polymers have been used in the past for preparation of
drug-loaded micelles. These polymers include diblock copolymers such as poly
(ethylene glycol)-b-poly (lactide), poly (ethylene glycol)-b- poly (lactide-co-gly-
colide), etc. Triblock copolymers have also been used for micelle preparation such
as poly (ethylene glycol)-poly (e-caprolactone-co-L lactide) (Wang et al. 2013),
monomethoxy poly (ethylene glycol)- poly (caprolactone)-D-a-tocopheryl polyeth-
ylene glycol 1000 succinate (Zhang and Zhang 2015). Chitosan has been modified
with hydrophobic moieties to form an amphiphilic polymer. These hydrophobic
groups include a-tocopherol succinate (Liang et al. 2016), Pluronic F127 (Xu et al.
2015a, b), N-succinyl palmitoyl group (Yuan et al. 2015), N-octyl N-trimethyl
group (Zhang et al. 2016), polycaprolactone (Almeida et al. 2018). Serum albumin
has been modified with octyl group to make it amphiphilic for micelle preparation
(Liu et al. 2011). The schematic of types of paclitaxel micelles are given (Fig. 6.4).

6.2.1 Simple Micelle-Based Delivery System

Simple micelles are prepared by using an amphiphilic copolymer. The copolymer
may be di or triblock copolymer composed of the hydrophilic and hydrophobic
component. Hydrophobically modified serum albumin copolymer was synthesized
for preparation of paclitaxel micelles. Serum albumin was chosen as it is
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Fig. 6.4 Types of paclitaxel micelles in literature; (a) simple micelle, (b) poly (ethylene glycol)
ylated micelle where poly(ethylene glycol) is coated or conjugated to the micelle, (c) targeted
micelle; targeting ligands such as folate or hyaluronic acid is conjugated to the micelle, (d) stimuli
sensitive micelle; stimuli-responsive i.e. pH/temp/redox-sensitive polymer is conjugated to micelle
and (e) functional micelles; functional molecule such as mucoadhesive agent, P-glycoprotein
(P-gp) inhibitor or biodegradable polymer is used

endogenously present in the plasma. Serum albumin is biocompatible and nontoxic
protein. The reactive primary amino group of albumin was conjugated to octyl
chain. The paclitaxel micelles prepared using synthesized octyl conjugated serum
albumin exhibited 1.3 times higher drug loading than that of unmodified serum
albumin. Octyl group was chosen to enhance interaction between the hydrophobic
drug and micelle. In vitro cytotoxicity in Hepg?2 cells exhibited a higher percentage
of cell viability than Taxol® indicating better safety profile of octyl modified albu-
min-based paclitaxel micelles (Gong et al. 2009). Lauryl carbamate modified Inulin
was used to prepare paclitaxel micelles. Inulin, a hydrophilic carbohydrate offers
the advantage of being an alternate for poly(ethylene glycol)ylation, poly(ethylene
glycol)ylation and has been found to exhibit production of anti-poly(ethylene gly-
col) Immunoglobulin M. Paclitaxel micelles of lauryl carbamate modified Inulin
exhibited enhanced anticancer activity in mouse melanoma B16F10 cells at half the
dose (Muley et al. 2016).

Polyion complex based micelle composed of cationic Pluronic F127 modified
chitosan and anionic sodium cholate was reported for paclitaxel delivery. Sodium
cholate, a bile salt was chosen to enhance drug loading in the Pluronic based
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micelles. Pluronic block copolymers are approved by USFDA but have the draw-
back of low drug loading. The synthesized polymer showed higher drug loading and
lower critical micelle concentration. These micelles exhibited inhibition of growth
of cancer cells in a drug-resistant MCF7 cell line (Ge et al. 2016). In another report,
polyion complex based paclitaxel micelle using Pluronic F127 conjugated chitosan
with cysteine was investigated. The polyion complex micelles exhibited four times
higher drug loading as compared to Pluronic F127 based micelles. The polyion
complex micelles exhibited pH-dependent and sustained release upon oral adminis-
tration (Xu et al. 2015a, b).

Paclitaxel exhibited poor drug loading in poly (ethylene glycol)-b-poly
(e-caprolactone). Hence, to increase the drug loading, acyl ester bulky prodrugs of
paclitaxel were synthesized. The prodrugs were incorporated into poly (ethylene
glycol)-b-poly (e-caprolactone) micelles. The hydrophobic modification of the drug
resulted in enhanced solubilization of the prodrug in micelles. These prodrugs
exhibited enhancement in drug blood levels as revealed in pharmacokinetics studies
in rats. The prodrug micelles not only increased mean residence time and volume of
distribution but also sustained the drug release. Chemical modification of the drug
resulted in a shift of renal to non-renal clearance of paclitaxel (Forrest et al. 2008).

Paclitaxel micelles prepared using poly (ethylene glycol)-b-poly (lactide) have
shown low drug loading. A copolymer of poly (2,4 vinylbenzyloxy)- N,
N-diethylnicotinamide) with poly (ethylene glycol) was synthesized and used to
prepare paclitaxel micelles. N-N diethylnicotinamide was chosen as a hydrotropic
agent. The micelles exhibited 37% by weight drug loading as compared to 27% by
weight in poly (ethylene glycol)-b-poly (lactide) micelles. The paclitaxel micelles
were stable for 4 weeks at 25 °C whereas there was precipitation of drug in poly
(ethylene glycol)-b-poly (lactide) micelles. There was higher antiproliferation of
human cancer cells by micelles with synthesized copolymer than poly (ethylene
glycol)-b-poly (lactide) micelles (Lee et al. 2007).

6.2.2 Mixed Micelle-Based Delivery System

Mixed micelles utilize two or more polymers to encapsulate the hydrophobic drug
in the micelle. The advantages of these over simple micelles include lower critical
micelle concentration, higher drug loading and the opportunity to incorporate mul-
tiple functionalities in the micellar structure (Attia et al. 2011). Paclitaxel mixed
micelles were developed by combining Pluronic P123 with Pluronic F127. The
rationale behind such combination relied on co-micellization of these Pluronic
grades together during micelle formation. The critical micelle concentration was
reduced in mixed micelles as compared to those prepared from Pluronic P123. The
mixed micelles reduced half-maximal inhibitory concentration in A549 human lung
adenocarcinoma cell lines by 4-fold as compared to Taxol® injection. Mixed
micelles exhibited sustained release of paclitaxel. Forty-six percent drug was
released after 2 h followed by slow release up to 12 h whereas Taxol® injection
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released the drug immediately in an aqueous medium containing sodium salicylate
by dialysis method at 37 °C and 100 rpm. The mixed micelles exhibited better sta-
bility upon 10 times dilution with phosphate buffer solution and storage for 48 h.
Ninety percent drug was retained in mixed micelles whereas 35% of the drug was
precipitated in Taxol® injection. The precipitation of the drug was attributed to dis-
sociation of the micelles upon dilution in case of Taxol® injection (Wei et al. 2009).

Sterically stabilized mixed micelles of paclitaxel were developed to increase the
drug solubilization with lower critical micelle concentration. It was achieved by
incorporation of hydrophobic phosphatidylcholine derivative along with poly (eth-
ylene glycol)-g-distearoylphosphatidylethanolamine. The mixed micelles of this
graft copolymer exhibited 1000-fold enhancement in paclitaxel solubility. The cyto-
toxicity study using human breast cancer cell and MCF 7 cell line exhibited compa-
rable cytotoxicity of the mixed micelle with that of 10% paclitaxel solution in
dimethyl sulfoxide (Krishnadas et al. 2003). Paclitaxel mixed micelles composed of
poly(ethylene glycol-co-lactic acid) and D-a-tocopheryl polyethylene glycol 1000
succinate exhibited higher cellular uptake and effectiveness against multidrug-resis-
tant tumor cells as compared to Genexol PM® (Fan et al. 2015).

Paclitaxel mixed micelles based on Soluplus® and Solutol® HS 15 were prepared
for enhancement of drug solubilization. Solutol® HS15 (Murgia et al. 2013) and
Soluplus® (Jin et al. 2015) were used in solid dispersions to increase drug solubili-
zation and to prevent drug agglomeration. These mixed micelles exhibited higher
plasma concentration in a pharmacokinetic study in Sprague Dawley rats than free
paclitaxel. The mixed micelles exhibited higher cytotoxicity than free paclitaxel in
MB-231 cell line (Hou et al. 2016). In another study, paclitaxel mixed micelles were
prepared by a combination of a- tocopherol polyethylene glycol 1000 succinate and
Plasdone® S630. a- tocopherol polyethylene glycol 1000 succinate was chosen for
its lower critical micelle concentration of 0.02% w/w and Plasdone® S630® for
higher drug solubilization capacity in solid dispersions. The mixed micelles released
only 28% drug whereas there was 70% drug release from plain paclitaxel. About
50% drug was released in a sustained manner from mixed micelles upto 50 h. A
pharmacokinetic study in Sprague Dawley rats exhibited five times increase in bio-
availability of paclitaxel as compared to free paclitaxel. In vitro toxicity study in
A459 cells revealed enhanced cytotoxicity of mixed micelles as compared to free
paclitaxel (Hou et al. 2017).

6.2.3 Stimuli-Responsive Micelle-Based Delivery System

Micelles which can associate or dissociate with respect to change in stimulus are
termed as stimuli-responsive micelles. The stimuli such as variation in pH, oxida-
tion-reduction potential, magnetic field, and ultrasound have been used to fabricate
stimuli-responsive micelles. pH-sensitive systems are the most popular among these
stimuli since there is a variation in pH of fluids present in the milieu of different
sites of the gastrointestinal tract, blood, tumor or body organs. The pH is acidic in
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the stomach which increases to neutral in the intestine. A pH of 7.4 exists in normal
cells whereas it is slightly acidic around tumor cells (Shen et al. 2008). Intracellular
and extracellular glutathione concentration varies significantly and hence could be
used to trigger an oxidation-reduction reaction (Schafer and Buettner 2001). A pH
and oxidation-reduction potential based micelles utilize internal milieu of the
human body whereas ultrasound and magnetic field are external stimuli to trigger
the release of drug from micelles.

pH-sensitive paclitaxel micelles composed of methoxy poly (ethylene glycol)-b-
poly (B-aminoester) were reported. These micelles exhibited 13% and 45% drug
release in pH 7.4 and pH 6.0 phosphate buffer solutions respectively after 3 days.
The micelles with 16 mg/kg dose exhibited the lowest tumor volume after 10 days
of treatment with B16F10 tumor-bearing mice as compared to saline solution (Han
et al. 2009).

pH-sensitive paclitaxel micelles using methoxy poly (ethylene glycol)-poly
(e-caprolactone)-D-a-tocopheryl polyethylene glycol 1000 succinate were designed.
The purpose of use of biodegradable polycaprolactone core was to dissolve the drug
in the core whereas polyethylene glycol could bypass reticuloendothelial system
uptake. D-a-tocopheryl polyethylene glycol 1000 succinate was chosen to over-
come multidrug resistance. These micelles exhibited complete drug release in
pH 5.0 whereas only 60% drug was released in pH 7.4 buffer solution after 140 h.
The micelles exhibited higher antitumor activity in A549 cells than the free drug.
The pharmacokinetic study in Sprague Dawley rats revealed 4-fold higher bioavail-
ability than the free drug (Zhang and Zhang 2015).

N-octyl-N-(2-carboxyl-cyclohexamethenyl) chitosan-based paclitaxel micelles
were investigated. High drug loading of 43.25% w/w was obtained in the micelles
with a particle size of 145 nm and low critical micellar concentration of 42 pg/ml.
The micelles exhibited pH-sensitive drug release. The pharmacokinetic study in
Sprague Dawley mice exhibited longer half-life and a larger volume of distribution
than Taxol® (Liu et al. 2011).

Polyethylene glycol-fluorenylmethyoxycarbonyl-disulfide-farnesyl thiosalicylic
acid-based paclitaxel micelles were developed for intracellular delivery. Disulfide
group was introduced to impart redox-sensitivity to the system. The micelles formed
filamentous micelles with 10-fold lower critical micelle concentration values. The
drug loading was found to be 34% w/w in the micelles. The micelles exhibited 74%
drug release with 10 mM glutathione in release medium but micelles could release
only 40% drug in release medium sans glutathione. The intracellular concentration
of glutathione is in the millimolar scale whereas it is in the micromolar level outside
the cells (Schafer and Buettner 2001). Pharmacokinetics and biodistribution studies
revealed more retention of paclitaxel in the bloodstream with accumulation in tumor
(Xu et al. 2015a, b).

Thermosensitive multi-arm star-shaped copolymer-based folate decorated pacli-
taxel micelles were formulated. The micelles were designed using 4-arm block
copolymer consisting of poly (N-isopropylacrylamide-co-acrylamide), poly
(e-caprolactone) and folate conjugated methoxy poly (ethylene glycol)/polyethyl-
ene glycol. These blocks were chosen for thermosensitive, biodegradable and
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biocompatible properties respectively. The micelles exhibited temperature-sensitive
drug release. The drug release from these micelles was faster at 40 °C than at 37 °C
at the end of 100 h. The rationale was based on the fact that temperature in normal
cells is ~37.5 °C whereas 40 °C in tumor environment (Rezaei et al. 2012).

Magnetically responsive paclitaxel micelles were designed. The magnetic mate-
rial used as superparamagnetic iron oxide nanoparticles which were incorporated in
poly (N-isopropylacrylamide-r-acrylamide) conjugated to an arginine-glycine-
aspartic acid peptide. These micelles were formulated to have dual targeting. The
peptide ligand was selected due to its affinity for o,f; integrin on cancer cells
(Zitzmann et al. 2002) and magnetic force assisted drug release by virtue of iron
oxide nanoparticles. The cellular uptake was improved for paclitaxel micelles with
peptide in HeLa cells. Incorporation of magnetically responsive material in the
micelles exhibited a synergistic effect on cellular uptake in a cell line (Lin et al. 2015).

Paclitaxel micelles based on monomethoxy poly (ethylene glycol)-b-poly (D, L
lactide) have increased the maximum tolerated dose to 50 mg/kg from 20 mg/kg for
Taxol® in murine B16 melanoma induced female SPF C57 BL/6 mice. This formu-
lation exhibited poor drug internalization (Kim et al. 2001). Howard and coworkers
reported local ultrasound-assisted paclitaxel drug internalization from paclitaxel
polymeric micelles. Ultrasound enhanced the drug internalization by 20-fold fol-
lowed by 90% tumor reduction in drug-resistant MCF7/ADmt cell lines (Howard
et al. 2006).

6.2.4 Functional Micelle-Based Delivery System

Paclitaxel micelles having specific functionality have been developed in the past.
These functionalities include avoidance of multidrug resistance; p-glycoprotein
inhibition, biodegradability, mucoadhesive property and the use of carriers with
intrinsic anticancer activity. The purpose of functional micelles were to enhance
bioavailability, reduce toxicity, and treatment of multidrug-resistant cancer.
P-glycoprotein inhibitors such as brometetradrine (Zhang et al. 2017), N-octyl-
N’-phthalyl-O-phosphoryl chitosan derivative (Qu et al. 2019), elacridar (Sarisozen
et al. 2012) and Pluronic F127 (Dahmani et al. 2012) were used in compositions of
paclitaxel micelles to overcome multidrug resistance. P-glycoprotein causes multi-
drug resistance by efflux of drug from cells (Gottesman et al. 1996). Various biode-
gradable polymers such as poly (ethylene oxide)-b-poly (e-caprolactone) (Cai et al.
2007), block copolymers of poly (ethylene glycol) and poly (lactide) (Yang et al.
2009a, b) and poly (ethylene glycol)-poly (L-lactide)-poly {3(S) methyl-morpho-
line —2,5 dione} (Zhao et al. 2012) were used to prepare biodegradable paclitaxel
micelles. Thioglycolic acid-modified octyl glycol chitosan (Huo et al. 2018) and
chitosan grafted polycaprolactone (Almeida et al. 2018) were used to prepare muco-
adhesive paclitaxel micelles. Excipients having intrinsic anticancer activity such as
Rhein (Wang et al. 2019), methoxy poly(ethylene glycol) conjugated octacosanol
(Chu et al. 2016), ethylene glycol-b-dendritic polylysine conjugated phenethyl
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isothiocyanate (Xiang et al. 2018) and poly (2-ethyl-2 oxazoline) vitamin E succi-
nate and a-tocopherol polyethylene glycol 1000 succinate (Qu et al. 2018) were
exploited for preparation of paclitaxel micelles to further substantiate its anticancer
activity.

6.2.5 Targeted Micelle-Based Delivery System

Drug delivery to tumor cells can be improved by passive and active targeting of the
nanocarriers. Systems that target the systemic circulation can be kept under a pas-
sive targeting system. It is a sort of passive process which exploits the natural bio-
distribution of the carrier and as a result, it eventually accumulates in certain organs,
mainly liver and spleen (Yadav et al. 2019). In passive targeting to the tumor, the
drug delivery carriers are exploited for their localization in the tumors by enhanced
permeation and retention effects, phagocytosis and/or reticuloendothelial system.
Nanocarriers having a size between 100 and 800 nm can accumulate in cancer cells
due to leaky vasculature of blood vessels and inadequate lymphatic drainage of
cancer cells (Iyer et al. 2006).

Active targeting refers to the attachment of certain components to the drug car-
rier which can direct the system to the target cells. This is based on molecular rec-
ognition phenomenon between ligand and receptor. The ligand possesses high
affinity for specific receptor or surface determinant that has been overexpressed in
the tumor cells. Overexpression of certain receptors like folate, transferrin, lipopro-
tein can be exploited as a target for cancer targeting. Certain tumor-associated anti-
gens like melanoma-associated antigen, carcinoembryonic antigen, and other
antigens e.g. CD44 are also overexpressed in tumor cells (Thanki et al. 2015).
Various peptide-based ligands e.g. albumin, Arg-Gly-Asp peptide; carbohydrate-
based ligands e.g. f-galactose; vitamin-based ligands e.g. folate; chimeric proteins
and antibodies were used for active targeting. Attachments of these ligands or engi-
neered homing devices or antibodies to drug carrier could facilitate the binding of
drug carrier to the target cells. The concentration of these surface modifiers should
be optimized in order to avoid reticuloendothelial system uptake or interaction with
blood components (Kumar Khanna 2012).

Paclitaxel micelles were reported using mixed micelles composed of N-octyl-N'-
trimethyl chitosan, poly (ethylene glycol stearate) and heparin sodium (Zhang et al.
2016), peptide ligand for epidermal growth factor receptor conjugated to poly (eth-
ylene glycol)-distearophosphatidylcholine ethanolamine (Ren et al. 2015). Other
systems have used dequalinium (Yao et al. 2011) and prostate carcinoma binding
peptide 1 (Chen et al. 2016) for mitochondrial and prostate cancer targeting
respectively.

Paclitaxel targeted micelles having dual response were designed wherein any
two functionalities like pH sensitivity, biodegradability, active targeting and redox
sensitivity have been combined. These micelles include folate conjugated poly (eth-
yleneimine-pluronic) and Pluronic L121 (Xu et al. 2012), Ala-Pro-Arg-Pro-Gly
peptide conjugated poly (lactide-co-glycolide)-b-poly (ethylene glycol) copolymer
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(Guo et al. 2015). Other systems include materials such as hyaluronic acid conju-
gated deoxycholic acid by a redox-sensitive disulfide bond (Li et al. 2015) and
E-selectin binding peptide conjugated hyaluronic acid micelles (Han et al. 2017).

6.2.6 Crosslinked Micelle-Based Delivery System

Micelles structure breaks down causing burst release of drug upon dilution in the
body. Crosslinking is used to increase the stability of micelles against such break-
down. Crosslinking enables intactness upon dilution of the micelle (O’Reilly et al.
2006). Core crosslinked paclitaxel micelles for improved stability have been
reported using micelles composed of poly (ethylene glycol methyl ether acrylate)-
b-poly (carboxyethyl acrylate) by disulfide crosslinking (Du et al. 2016) and cross-
linked di/triblock copolymers of methoxy poly (ethylene glycol) and poly
(e-caprolactone) by potassium persulfate (Shuai et al. 2004). The details of various
paclitaxel micelles are summarized (Table 6.1).

6.3 Liposomal Delivery System

6.3.1 Simple Liposome-Based Delivery System

Liposomes are spherical vesicular delivery systems composed of phospholipids or
other amphiphilic lipids. The advantages of liposomes are bio-compatibility, ease of
preparation and applicability for targeted delivery. Liposomes can be used as a drug
carrier for both hydrophilic and hydrophobic drugs (Akbarzadeh et al. 2013).

Liposomal paclitaxel formulation composed of soy lecithin and cholesterol were
reported. The particle size of liposomes and encapsulation efficiency were found to
be 131 = 30.5 nm and 94.5 + 3.2% respectively. In-vitro drug release in pH 7.4
phosphate buffer saline was 56% after 96 h. Cytotoxicity study using HeLa cell line
exhibited enhanced antitumor efficiency (Nguyen et al. 2017).

6.3.2 Polyethylene Glycolated Liposome-Based
Delivery System

Polyethylene glycolation involves coating of poly (ethylene glycol) on liposomes to
enhance hydrophilicity and blood circulation time. Liposomes with particle size
more than 200 nm are directly taken up by the reticuloendothelial system. The larger
particle size of liposomes causes faster elimination of liposomes. The circulation
time can be prolonged by poly (ethylene glycol)ylation of liposomes (Sharma and
Kumar 2015).
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Table 6.1 Paclitaxel delivery system based on micelles

Serial

number | System detail Remarks Reference

1 P-glycoprotein inhibitor-based micelles

A Brometetradine | Brometetradine was co-encapsulated in Solutol HS15 | Zhang

and TPGS mixed micelles. These micelles exhibited | et al.
superior cytotoxicity and anticancer effect against (2016)
MCF7/Adr cell line.
B OPPC (N-octyl- | OPPC based self-assembled paclitaxel micelles Quet al.
N’-pthalyl-O- exhibited higher loading than those with unmodified | (2019)
phosphoryl chitosan. These micelles showed higher cellular
chitosan) uptake in Caco-2 cells than Taxol®.
C Elacridar Elacridar coloaded 1,2-Distearoyl-sn-glycero-3- Sarisozen
phosphoethanolamine-N-[methoxy (polyethene et al.
glycol) -2000] micelles for intracellular delivery by (2012)
enhanced permeation and retention effect avoided
nonspecific distribution of micelles. This led to
P-glycoprotein inhibition of only cancer cells. These
micelles exhibited higher cytotoxicity in human
cancer cell lines.

D Pluronic F127 Paclitaxel mixed micelles composed of Pluronic F127 | Dahmani
and low molecular weight all trans-retinoid acid et al.
exhibited higher drug loading and lower critical (2012)
micellar concentration. In situ permeability study
through rat intestine exhibited 6-fold enhancement as
compared to that with Taxol®.

2 Targeted micelle-based delivery system

A Heparin based N-octyl-N-trimethyl chitosan-polyethene glycol 100 | Zhang
system stearate-based paclitaxel micelles showed high drug et al.

loading. Heparin sodium coated micelles exhibited (2016)
higher cellular uptake with longer circulation time in
rats.

B Dual responsive | pH-responsive and cancer cell recognition Zhang

system programmed mixed micelles composed of (D- a- et al.
tocopheryl poly-ethylene glycol 1000 succinate -b- (2015)
poly(B-aminoester) and aptamer exhibited stability at
pH 7.4 but released the drug at tumor pH.

C Mitochondria- Paclitaxel micelles composed of poly (ethylene Yao et al.
targeted system | glycol-2000)-g-distearoylphosphotidylethanol amine, |(2011)

tocopheryl polyethylene glycol succinate with
dequalinium had a higher solubility than 1 mg/ml,
exhibited delayed-release and enhanced cellular
uptake in MCF7/Adr cells than that of Taxol®.

Polyethylene glycolated liposomal formulation of paclitaxel composed of soy-
bean phosphatidylcholine and 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine

[methoxy (polyethylene glycol)-2000],

Cholesterol,

Tween 80 and 3-(4,

5-Dimethyltiazol-2-1y)-2, 5-diphenyl- tetrazolium bromide was reported. This lipo-
somal paclitaxel formulation resulted in enhancement of solubility by 2000 times as
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compared to conventional liposomes. The pharmacokinetic study on Sprague
Dawley rats revealed a 3-fold increase in biological half-life in poly(ethylene gly-
col)ylated liposomal formulation of paclitaxel (Yang et al. 2007).

6.3.3 Targeted Liposomal Delivery System

The targeted delivery system is a strategy of delivering drugs or medications only to
its site of action and not to the other cells, tissues or organs. The concentration of
medication is higher in particular cells, tissues or organs as compared to others.
Targeting systems have the advantages of improving the therapeutic efficacy and
reduction of side effects of drugs (Gupta and Sharma 2011). Passive targeting
involves targeting of drugs to the systemic circulation of the body. In this method,
drug targeting occurs because of the body’s natural response to physicochemical
characteristics of the drug or drug carrier system. Enhanced permeability and reten-
tion effect passively target the drug to the tumor cells (Bazak et al. 2014).

Active targeting involves the use of a ligand that has an affinity for specific
receptors which are over-expressed in cancerous organs, tissues, and cells.
Transferrin, peptides, antibodies, nucleic acids, and their fragments are used as a
ligand for active targeting (Atar et al. 2018).

Targeting of paclitaxel liposomal formulation to the lungs composed of phospho-
lipon 90H and Tween-80 were reported. The particle size of liposomes and entrap-
ment efficiency were found to be 8.166 + 0.459 um and 92.2 + 2.56% respectively.
These liposomes exhibited 60.26% drug release in 24 h. In vivo pharmacokinetic
study in rabbits revealed a 1.6-fold increase in half-life and the significant decrease
in plasma clearance than Taxol®. Liposomes of size higher than 8 pm could be the
potential carrier for paclitaxel for the treatment of lung cancer (Wei et al. 2014).

Targeting of paclitaxel liposomal formulation to mitochondria composed of tri-
phenyl phosphene, 6-bromohexanoic acid, dicyclohexylcarbodiimide, 4-dimethyl-
amino-pyridine were reported. D- a- tocopheryl poly-ethylene glycol 1000
succinate-triphenylphosphine conjugate was used as the mitochondrial targeting
material. The particle size of liposomes and entrapment efficiency were found to be
84.67 = 0.61 nm and 86.27 + 3.15% respectively. The liposomes exhibited higher
anticancer in-vitro activity in human lung cancer A549 cells. The paclitaxel lipo-
somes could enhance the cellular uptake and were selectively accumulated in mito-
chondria. The increased uptake of the liposomes enhanced the anticancer efficacy
(Zhou et al. 2013).

A targeted paclitaxel liposomal formulation composed of dipalmitoyl phosphati-
dylcholine, dimyristoyl phosphatidylglycerol/monomethoxy, polyethylene glycol
2000, distearoyl phosphatidylethanolamine and folate-poly(ethylene glycol)
3350-distearyl phosphatidylethanolamine was reported. The particle size of lipo-
somes was found to be 97.1 nm. Cytotoxicity study in the human carcinoma cell
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line, KB exhibited 4-fold and 2.5-fold lower half maximal inhibitory concentration
than non-targeted liposomes and Taxol® respectively. The clearance of Taxol® was
16.5 times higher than folate receptor-targeted liposomes (Wu et al. 2006).

A targeted liposomal paclitaxel formulation composed of dipalmitoyl-sn-
glycero-3-phosphocholine and 1, 2-dioleoyl-3-trimethylammonium-propane, and
hyaluronic acid was developed. The particle size of liposomes and encapsulation
efficiency were found to be 106.4 + 3.2 nm and 92.1 = 1.7% respectively. In vitro
drug release in pH 7.4 phosphate buffer saline was 95% in 40 h. In vivo antitumor
efficacy and biodistribution studies were performed on 4T1 tumour-bearing animal
models exhibited higher accumulation of the drug in tumor (Ravar et al. 2016).

6.3.4 Stimuli Sensitive Liposomal Delivery System

Magnetically assisted delivery is a novel approach for delivery of drugs using engi-
neered smart microcarriers which can overcome a number of limitations facing cur-
rent methods of delivering medicines. The drug is formulated into a pharmaceutically
stable formulation which is usually injected through the artery that supplies the
target organ or tumor in the presence of an external magnetic field (Koppisetti and
Sahiti 2011). Focused ultrasound is a method to increase the permeability of drugs
into the blood-brain barrier to promote drug delivery to specific brain regions. It is
a potential method of delivery of the drugs into the brain for brain tumors (Burgess
et al. 2015).

Focused ultrasound was used to enhance permeation through the blood-brain
barrier and blood tumor barrier. 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine, 1,
2-distearoyl-sn-glycero-3-phosphoethanolamine and cholesterol were used to pre-
pare liposomal paclitaxel formulation. Focused ultrasound exposure with a 10 ms
pulse length and 1 Hz pulse repetition frequency at 0.64 MPa peak rarefactional
pressure was used. In-vivo study in rats showed a 3-fold increase in blood drug level
from the ultrasound-assisted liposomal formulation as compared to liposomal pacli-
taxel formulation (Shen et al. 2017). Paclitaxel loaded magneto liposomes com-
posed of I, 2-dipalmitoyl-sn-glycero-3-phosphocholine and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol were reported. The encap-
sulation efficiency of 83 + 3% was obtained. In-vitro study under magnetic field on
HeLa cell line revealed that 89% of cells were killed (Kulshrestha et al. 2012).

6.3.5 Mucoadhesive Liposomal Delivery System

Mucoadhesion is commonly defined as the adhesion between two materials, at least
one of which is a mucosal surface. The mucoadhesive property of a delivery system
is dependent upon a variety of factors, including the nature of the mucosal tissue
and the physicochemical properties of the polymeric formulation (Shaikh
et al. 2011).
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Mucoadhesive liposomes composed of chitosan, thioglycolic acid and Pluronic
F127 were used for paclitaxel oral delivery. The particle size of liposomes was
found to be 121.4 nm. In-vivo study on rats revealed a 3-fold higher bioavailability
than non-mucoadhesive liposomes. Enhanced mucoadhesion was observed which
increased the retention time of the chitosan, thioglycolic acid and Pluronic F127
containing liposomal paclitaxel formulation (Liu et al. 2018).

6.4 Nanoparticle-Based Delivery System

Nanoparticles can be defined as submicron (10-1000 nm) particles or systems
derived from polymers, lipids, and/or inorganic materials. Nanoparticle-based sys-
tems can overcome some of the limitations associated with conventional cancer
therapy (Xin et al. 2017). The limitations include poor solubility of drugs, low spec-
ificity to the tumor cells, inability to accumulate in tumor cells, rapid removal of
drugs from the systemic circulation and non-specific targeting. Nanoparticles have
the potential to increase bioavailability and enhance the delivery of poorly soluble
anticancer drugs like paclitaxel (Tran et al. 2017). Due to small size, high surface to
volume ratio, ability to modulate drug release and the possibility of surface modifi-
cation, nanoparticles lead to enhanced accumulation of drugs in tumor cells. Surface
modification, use of internal and external stimuli allows selective targeting of drugs
to tumor cells. Nanoparticulate systems are also useful to overcome multidrug resis-
tance facilitated by P-glycoprotein efflux pumps in tumor cells (Shi et al. 2017).

6.4.1 Single Nanocarrier Based System

Paclitaxel nanoparticles fabricated using a single polymer have been discussed in
this subsection. The carriers can be natural e.g. albumin (Li et al. 2012); semisyn-
thetic e.g. chitosan (Gupta et al. 2017); and synthetic e.g. poly (styrene-co-maleic
acid) (Dalela et al. 2015), poly (n-butyl cyanoacrylate) (Huang et al. 2007). Use of
biodegradable polymers like poly (lactic-co-glycolic acid) (Le Broc et al. 2013),
poly(e-caprolactone) (Zhu et al. 2010), poly(lactide) (Zhang and Feng 2006) were
also reported because of their biocompatibility and non-toxicity. Paclitaxel loaded
poly (lactic-co-glycolic acid) nanoparticles were formulated using Poloxamer 188
as a stabilizer. Paclitaxel nanoparticles exhibited sustained release of the drug over
a period of 4 days. The formulation was safe for intravenous administration.
Pharmacokinetic studies in rats have verified longer retention of drug in the sys-
temic circulation. Mean residence time and plasma half-life were increased by 77
and 45-fold respectively as compared to the pure drug (Mittal et al. 2019).
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The chitosan-based biocompatible nanoparticulate system was prepared to
achieve better delivery of paclitaxel which has shown burst release followed by
sustained release of the drug. The half-maximal inhibitory concentration was
reduced by 1.6-fold as compared to the pure drug which was attributed to the higher
uptake of nanoparticles. Therapeutic efficacy was induced by apoptosis induction.
The drug loading was found to be 11.57% (Gupta et al. 2017). Polygeline has been
used as a carrier for paclitaxel delivery. Polygeline based paclitaxel nanoparticles
were formulated as a reconstitutable lyophilized powder for intravenous administra-
tion. The drug loading was found to be 12.04%. It has shown a relative bioavail-
ability of 89.83% as compared to Abraxane® (Xiong et al. 2019).

6.4.2 Multiple Nanocarriers-Based System

It covers the delivery systems of paclitaxel which contain more than one polymer or
carriers. Polymers can remain as separate entities as in the case of layer-by-layer
based albumin-bound paclitaxel nanoparticles. The nanoparticle was fabricated by
alternate deposition of poly(arginine) and poly (ethylene glycol)-block-poly
(L-aspartic acid) onto the drug-albumin conjugate. The drug loading capacity was
found to be 48% w/w. The protective layers have improved the colloidal stability as
well as biodistribution of albumin-bound paclitaxel nanoparticles. Mean residence
time and plasma half-life were increased 5 and 4-fold respectively as compared to
albumin-drug conjugate. These multilayer conjugates exhibited enhanced cytotox-
icity and apoptosis properties (Ruttala et al. 2017).

Two or more polymers can be copolymerized and loaded with paclitaxel to
design paclitaxel loaded nanoparticles. Methoxy poly (ethylene glycol)-poly(e-
caprolactone) nanoparticles loaded with paclitaxel have shown improved anti-glio-
blastoma activity than Taxol®. The drug loading was found to be 8.2%. High
accumulation of the drug in brain cells was observed. The mean survival time was
increased to 28 days which was 20 days in Taxol® treated animals. (Xin et al. 2010).
Poly (ethylene glycol)ylated poly(e-caprolactone) based paclitaxel nanoparticles
were designed which exhibited similar biodistribution compared to Taxol®.
Polyethylene glycol and poly(e-caprolactone) side chains of the nanoparticles could
avoid opsonization (Colombo et al. 2015).

Paclitaxel loaded nanoparticles composed of poly(e-caprolactone)—co-o-
tocopheryl polyethylene glycol 1000 succinate were formulated. The nanoparticles
had 6% drug loading. The nanoparticles exhibited sustained drug release over a
period of 144 h in pH 7.4 phosphate buffer solution. The half-maximal inhibitory
concentration for the nanoparticles was found to be 7.8-fold lower than Abraxane®.
In vivo pharmacokinetic study in rats revealed that the half-life was increased by 11
and 1.2-fold as compared to Taxol® and Abraxane® respectively. The formulation
could increase the systemic circulation and lower the elimination of drug than its
pre-existing marketed formulations (Bernabeu et al. 2014).
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6.4.3 Stimuli Sensitive Nanosystem

pH sensitivity can be incorporated into either the corona or core of the nanoparti-
cles. The core-shell type nanoparticles are formulated with pH-dependent solubility
and lower critical solution temperature which exhibits drug release at tumor pH
(Sutradhar and Amin 2014).

Various polymers have been reported to exhibit pH-responsive release of pacli-
taxel, such as poly [2-(dimethylamino) ethyl methacrylate-co-methacrylic acid]
(Lee et al. 2011), O-carboxymethyl chitosan (Sahu et al. 2011), poly (acrylic acid)-
poly(ethylene oxide) (Nguyen et al. 2019), poly(4-vinyl pyridine) (Contreras-
Céceres et al. 2017), poly (lactic acid)-block-poly(ethylenimine) and poly (ethylene
glycol)-block-poly (I-aspartic acid sodium salt) (Jin et al. 2018a, b). Chitosan modi-
fied poly (lactic-co-glycolic acid) nanoparticles of paclitaxel were designed to over-
come the initial burst release of poly (lactic-co-glycolic acid) nanoparticles. The
drug loading was found to be 6.42%. Chitosan modified nanoparticles were pH-
responsive and have shown faster release in pH 5.5 than at pH 7.4. Enhanced cyto-
toxicity and cellular uptake in MDA-MB-231 cells were due to chitosan modification
(Lu et al. 2019).

Thermoresponsive delivery systems have been explored for paclitaxel where a
change in temperature had triggered the release of the drug from the system. A
novel thermoresponsive triblock copolymer comprised of methoxy poly (ethylene
glycol), poly(octadecanedioicanhydride) and D, L-lactic acid oligomer was devel-
oped for paclitaxel delivery. The nanoparticles were formulated as a freeze-dried
powder which is suitable for peritumoral or intratumoral injection upon redisper-
sion with water at ambient temperature. The drug loading was found to be 0.90%.
Paclitaxel accumulation in tumor cells was enhanced whereas systemic exposure
was reduced. Plasma half-life and area under the curve were increased by 4.2 and
1.8-fold respectively as compared to Taxol® in the pharmacokinetic study (Liang
et al. 2017).

Paclitaxel conjugated recombinant chimeric polypeptide-based nanoparticles
have been reported. The nanoparticles self-assemble into spherical nanoparticles of
size below 100 nm. The in vitro dissolution study of the nanoparticles did not release
the drug in pH 7.4 phosphate buffer solution but completely released the drug within
6 h in pH 6.5 carbonate buffer solution. The systemic exposure of paclitaxel was
increased by 2-fold as compared to that of Abraxane®. The tumor uptake of the
nanoparticles was doubled as compared to that with Abraxane®. Abraxane® treated
prostate cancer animals could survive less than 60 days, whereas nanoparticle
treated animals survived more than 70 days with almost complete tumor reduction
(Bhattacharyya et al. 2015).

The reducing environment of tumors serves as a unique internal signal that
allows redox-responsive nanoparticles to degrade in tumor cells and release the
loaded drug. Rapid drug release can be attributed to the high concentration of glu-
tathione in cancer cells (Guo et al. 2018). Cross-linked polymeric nanocarriers
made up of poly (lactic acid) core and glutathione-responsive disulfide cross-linked
poly (oligo-ethylene glycol) corona was loaded with paclitaxel. The drug loading
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capacity was found to be 20%. In vitro release of paclitaxel from the nanoparticles
was enhanced in the presence of glutathione in acidic pH. The half-maximal inhibi-
tory concentration showed an 11-fold increase activity in OVCAR-3 cells compared
to Taxol® which indicated better antitumor efficacy of the nanoparticles (Samarajeewa
et al. 2013).

6.4.4 Functional Polymeric Nanoparticles

Multidrug resistance is the major reason for the failure of conventional anticancer
therapy. P-glycoprotein mediated drug efflux from cancer cells is one of the impor-
tant mechanisms of multidrug resistance (Mansoori et al. 2017). Various nanopar-
ticulate systems of paclitaxel have been formulated to overcome this issue. Paclitaxel
was loaded in poly [2-(dimethylamino)-ethyl methacrylate-co-methacrylic acid] to
obtain water-soluble nanoparticles. These nanoparticles were able to reverse the
multidrug resistance in two p-glycoprotein expressing breast cancer cell lines i.e.
MCF/ADR, MT3/ADR cell lines compared to pure paclitaxel. This was due to the
uptake of nanoparticles by endocytosis, bypassing the P-glycoprotein efflux pump
(Lee et al. 2011).

Poly(lactide)-D-a-tocopheryl polyethylene glycol 1000 succinate copolymer-
based nanoparticles of paclitaxel were developed, where D-a-tocopheryl polyethyl-
ene glycol 1000 succinate acts as a P-glycoprotein inhibitor. The drug loading was
found to be 5.2%. These nanoparticles exhibited much higher in vitro cytotoxicity
in HT-29 cells as compared to Taxol® (Zhang and Feng 2006).

P-glycoprotein inhibition potency of tannic acid was used by formulating tannic
acid nanoparticles of paclitaxel. Tannic acid has lowered the P-glycoprotein expres-
sion; inhibited metastasis, clonogenic formation, proliferation; decreased expres-
sion of multidrug-resistant protein; and increased expression of tumor suppressor
proteins of MDA-MB-231 breast cancer cells (Chowdhury et al. 2019).

Mucoadhesive polymeric nanoparticles relish localization and prolonged resi-
dence at the site of absorption (Boddupalli et al. 2010). Paclitaxel conjugated tri-
methyl chitosan nanoparticles were developed for oral and intravenous administration
of the drug. Intestinal transport of paclitaxel was promoted by the mucoadhesive
property of trimethyl chitosan. A pharmacokinetic study in tumor-bearing mice
revealed prolong blood retention and improved tumor accumulation of paclitaxel.
Further modification of nanoparticles by folic acid has improved the overall antitu-
mor efficacy (He and Yin 2017).

6.4.5 Targeted Polymeric Nanoparticles

Chitosan modified poly (lactic-co-glycolic acid) nanoparticles were loaded with
paclitaxel. Chitosan modification produced a positively charged surface which
resulted in increased uptake of the nanoparticles into lung cancer cell line A549.
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Moreover, a lung-specific biodistribution was achieved as compared to Taxol®. The
transient formation of aggregates in plasma increased the size of the nanoparticles
upon intravenous administration. Electrical interaction between positively charged
nanoparticles and negatively charged tumor vasculature enhanced the accumulation
of nanoparticles in lung tumor (Yang et al. 2009a, b).

Various active targeting based polymeric nanoparticles have been reported for
paclitaxel. Paclitaxel loaded cationized polyacrylamide nanoparticles engineered
with recognition peptide VRPMPLQ were designed. The presence of positive
charge and the recognition peptide directed the nanoparticles to dysplasia regions in
the colon where sialic acid was overexpressed. The uptake of the peptide containing
nanoparticles was increased 10-fold as compared to non-peptide nanoparticles
(Tiwari et al. 2017). CD44 is a non-kinase transmembrane glycoprotein that is over-
expressed in certain cancers like gallbladder cancer, breast cancer and ovarian can-
cer (Chen et al. 2018). Hyaluronic acid serves as a targeting ligand for overexpressed
CD44. Hyaluronic acid decorated serum albumin-based paclitaxel nanoparticles
were designed for targeting ovarian cancer cells. The encapsulation efficiency was
found to be 90%. The uptake of the nanoparticles was attributed to receptor-medi-
ated endocytosis. A fluorescent dye fluorescein isothiocyanate was labelled to the
nanoparticles for in vitro imaging of the tumor. The half-maximal inhibitory con-
centration was decreased by 4.35-fold in hyaluronic acid conjugated paclitaxel as
compared to free paclitaxel (Edelman et al. 2019).

Ganipineni and co-workers have compared passive, active, magnetic and hybrid
targeting strategies of paclitaxel for glioblastoma treatment. For passive targeting,
paclitaxel and superparamagnetic iron oxide loaded poly (lactic-co-glycolic acid)
nanoparticles were formulated. Accumulation of nanoparticles in the U§7MG tumor
model was due to enhanced permeability and retention effect. Active targeting was
based on the fact that a,f; integrin is overexpressed in glioblastoma and Arg-Gly-
Asp tripeptide was served as a targeting ligand. So, the surface of the nanoparticles
was modified with Arg-Gly-Asp to achieve active targeting. The inherent magnetic
property of superparamagnetic iron oxide was explored for magnetic targeting.
Hybrid targeting was achieved by adding active and magnetic targeting. The best
therapeutic effect was obtained in magnetic targeting followed by the hybrid target-
ing (Ganipineni et al. 2019). The other polymeric nanocarrier based targeted deliv-
ery systems of paclitaxel is given (Table 6.2).

6.4.6 Inorganic Nanoparticle-Based System

Inorganic nanoparticles are developed lately in addition to polymeric or organic
nanoparticles. Typically, the inorganic nanoparticles are made up of inorganic core
and organic shell (Bayda et al. 2018). The core contains metals like iron oxide, gold,
aluminium or non-metals like carbon or silica. The shell protects the core from
chemical interactions during circulation and/or acts as a substrate for conjugation
with biomolecules, such as antibodies, proteins, and oligonucleotides. Inorganic
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Table 6.2 Polymeric nanocarrier based targeted delivery of paclitaxel

Serial

number | Systems Remarks References

1 Passive targeting based systems

A Paclitaxel loaded poly | The nanoparticles exhibited sustained release | Jiang et al.
(ethylene glycol)-block | and slightly higher in vivo antitumor efficacy | (2011)
poly (trimethylene than Taxol®. The uptake of nanoparticles to
carbonate — glioblastoma was enhanced due to passive
nanoparticle targeting.

B Association of poly In vitro cytotoxicity was more in poly Lu et al.
(ethylene glycol) (ethylene glycol)-paclitaxel/paclitaxel than (2014)
-paclitaxel with free poly (ethylene glycol)-poly(lactide)/paclitaxel.
paclitaxel [poly In vivo cellular uptake and antitumor efficacy
(ethylene glycol)- was more in poly (ethylene glycol)-paclitaxel/
paclitaxel/paclitaxel] paclitaxel than poly (ethylene glycol)-

poly(lactide)/paclitaxel and Taxol® due to
efficient passive targeting.

2 Active targeting-based systems

A Wheat germ agglutinin | The nanoparticles exhibited stronger in vitro Mo and
conjugated isopropyl cytotoxicity due to efficient cellular uptake via | Lim (2005)
myristate incorporated | Wheat germ agglutinin receptor-mediated
poly(lactide-co- endocytosis and isopropyl myristate-facilitated
glycolide) release of paclitaxel from the nanoparticles.
nanoparticles

B Poly (vinyl benzyl Enhanced cellular uptake and cytotoxicity Wang et al.
lactonamide) were observed due to receptor-mediated (2012)
incorporated paclitaxel | endocytosis of nanoparticles to hepatic cancer
loaded poly(lactide-co- | cells. Poly (vinyl benzyl lactonamide) carried
glycolide) galactose residues which were served as a
nanoparticles ligand.

C Follicle-stimulating Specific paclitaxel uptake by follicle- Zhang et al.
hormone f§ 81-95 stimulating hormone receptor expressing (2013)
peptide conjugated ovarian cancer cells. Side effects were reduced
poly (ethylene as compared to commercial paclitaxel.
glycol)-poly(lactide)
nanoparticles

D 15F and regulon- Internalization of nanoparticles was mediated | Di Mauro
peptide modified by low-density lipoprotein receptor-1 in the et al. (2018)
polyester based brain. Cellular uptake by glioma cells was
nanoparticles improved due to peptide functionalization.

E Alendronate modified | The nanoparticles exhibited specificity towards | Zhao et al.
paclitaxel- osteosarcoma cells due to alendronate (2019)
polydopamine modification. In vivo antitumor activity was
nanoparticles better as compared to Taxol® with lesser side

effects.
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nanoparticles offer good stability and biocompatibility. These can alter the drug
release profile and provide the site of attachment for targeting molecules.
Additionally, few metallic nanoparticles can also be used for contrast imaging and
photodynamic therapy (Nuiez et al. 2018).

Paclitaxel was loaded into mesoporous silica nanoparticles of three different
pore sizes and was evaluated for in vitro and in vivo antitumor activity. The in vitro
release of paclitaxel was dependent on the pore size. Early and late apoptosis was
directly proportional to pore size and was boosted as compared to free paclitaxel.
Pharmacokinetic parameters were similar to Taxol® (Jia et al. 2013). Paclitaxel was
loaded into mesoporous carbon spheres and surface modified by the folate-polyeth-
yleneimine function. The enhanced internalization of nanoparticles by Caco-2 cell
lines was due to folate conjugation. The nanoparticles also demonstrated improved
oral bioavailability and diminished gastrointestinal toxicity (Wan et al. 2015). Other
inorganic nanoparticle-based delivery systems of paclitaxel are given (Table 6.3).

6.4.7 Nanocrystal-Based System

Drug nanocrystals are nanosized, carrier-free, crystalline particles of the drug, usu-
ally produced in the form of nanosuspensions and stabilized by surfactants or poly-
mers. Nanocrystals have several advantages over other nanoparticulate systems
such as high drug loading capacity, improved solubility, dissolution, stability, and
long circulation time. Nanocrystals also enjoy excellent commercialization poten-
tials. So, development of nanocrystals of paclitaxel has gained the interest of
researchers in recent years (Lu et al. 2015).

Paclitaxel nanocrystals were prepared using Pluronic F127 as a stabilizer for
hyperthermic intraperitoneal chemotherapy of ovarian cancer. The in vitro cytotox-
icity against human ovarian carcinoma cell line, SKOV-3, was equivalent to Taxol®.
The maximum tolerated dose of the nanocrystals was similar to Taxol® however; the
rats treated with the nanocrystals recovered faster after hyperthermic intraperitoneal
chemotherapy treatment (De Smet et al. 2012). In another study, Pluronic F127
grafted chitosan copolymer was used as a stabilizer for the development of pacli-
taxel nanocrystals. Enhanced accumulation of paclitaxel in the Caco-2 cell line as a
result of P-glycoprotein inhibitory potential of the stabilizer was observed. The
nanocrystals have shown 12.6-fold enhanced absorption as compared to Taxol®
(Sharma et al. 2015).

Polyethylene glycol stabilized and Arg-Gly-Asp peptide-functionalized pacli-
taxel nanocrystals were reported. Nanocrystals were coated with polydopamine
which gave a site of attachment to polyethylene glycol and Arg-Gly-Asp peptide.
Due to surface modification, the uptake and accumulation of nanocrystals were
increased in adenocarcinomic pulmonary cells. In vivo study in pulmonary tumor-
bearing mice resulted in enhanced antitumor efficacy in RGD peptide-functional-
ized paclitaxel nanocrystals as compared to that with Taxol® (Huang et al. 2019).
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Table 6.3 Inorganic nanoparticle-based delivery systems of paclitaxel

Serial

number | Systems Remarks References

1 Paclitaxel loaded The gold nanoparticles have shown Manivasagan
chitosan oligosaccharide | sustained drug release at acidic pH and a | et al. (2016)
stabilized gold strong cytotoxic effect against
nanoparticles MDA-MB-231 cells. Gold nanoparticles

also have the potential to be used as an
optical contrast agent for photoacoustic
imaging.

2 Poly (ethylene glycol)- | In the presence of a magnetic field, the Lietal.
carboxyl—poly(e-capro- | nanoparticles were targeted to tumor cells. | (2017a, b, c)
lactone) magnetic The nanoparticles were less toxic to
nanoparticles normal cells and found to be

biocompatible.

3 Gadolinium arsenite Conjugations of arsenic trioxide and Chen et al.

nanoparticles paclitaxel have shown a synergistic effect | (2017a, b)
against paclitaxel-resistant HCT 166.
Intracellular uptake of paclitaxel by
resistant cells was enhanced.

4 Pectin conjugated The nanoparticles have shown high drug | Hussien et al.
magnetic graphene oxide | loading capacity i.e. 36% and (2018)
nanoparticles compatibility. In vitro release was more in

endosomal cancer cell medium than
normal physiological pH.

5 Hyaluronic acid (HA) Due to HA modification, MHAN was Gao et al.
functionalized MHANSs | targeted to liver cancer cells. In vivo (2019)

(mesoporous hollow
alumina nanoparticles)

cytotoxicity in nude mice was better than
pure paclitaxel and non-functionalized
MHANs

6.5 Lipid-Based Delivery System

Lipid-based systems possess the advantage of incorporation of the hydrophobic
drug in amorphous form. It helps to enhance the solubility of the drugs. It also helps
improving permeability by providing lipophilicity to the delivery system. Lipid sys-
tems can be prepared using solid lipids or a mixture of solid lipids and liquid lipids.
The former is referred to as solid lipid nanoparticles and the later one as nanostruc-
tured lipid carriers. Solid lipid nanoparticles, as well as nanostructured lipid carriers
of paclitaxel, have been formulated. These include simple lipid-based systems, poly
(ethylene glycol)ylated lipid-based systems, oral systems, local systems, pulmonary
systems, targeted systems and stimuli-responsive systems.
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6.5.1 Simple Lipid-Based Delivery System

Simple lipid-based systems of paclitaxel have been prepared using lipid and surfac-
tants. Paclitaxel nanostructured lipid particles were prepared using fluorescein iso-
thiocynate-octadecylamine using 0.1% Poloxamer 188 aqueous solution by hot
melt high-pressure homogenization. The nanoparticles were freeze-dried and were
found to have 89 nm size and more than 30 mV zeta potential. The nanoparticles
released ~ 80% drug within 48 h but it was about 50% from nanoparticles prepared
without octadecyamine. In vitro cellular uptake in A549 cells was found to be higher
with octadecylamine nanoparticles (Miao et al. 2015).

In another study, paclitaxel solid lipid nanoparticles composed of trilaurin, phos-
photidylcholine were prepared using hot homogenization method. The nanoparti-
cles had a size of ~160 nm. These nanoparticles exhibited sustained release in
human plasma over 24 h whereas burst release was observed in Taxol® (Xu
et al. 2013).

6.5.2 Lipid-Based Oral Drug Delivery System

Glyceryl monostearate based solid lipid nanoparticles of paclitaxel were prepared
by emulsification and evaporation method. Wheat germ agglutinin was conjugated
to these solid lipid nanoparticles which exhibited higher cytotoxicity than non-con-
jugated nanoparticles in A549 cell line. The conjugated nanoparticles exhibited a
2-fold increase of area under the plasma curve and mean residence time during in
vivo pharmacokinetic study in rats as compared to the plain drug (Pooja et al. 2016).

6.5.3 Lipid-Based Topical Drug Delivery System

Paclitaxel loaded solid lipid nanoparticles composed of Carbapol 940, stearic acid,
egg lecithin and Pluronic PF 68 were reported for topical delivery. Particle size and
pH of the formulation were found to be 78 nm and 5.4 respectively. The gel released
70% drug in 24 h in pH 7.4 phosphate buffer solution. The nanoparticle-based gel
showed higher permeability through the dialysis membrane than that of plain drug-
loaded gel. In vivo study in mice exhibited higher antitumor efficacy (Bharadwaj
et al. 2016). Another report for topical delivery of paclitaxel was based on nano-
structured lipid carriers composed of glyceryl behenate, capric-caprylic triglycer-
ides mixture with a surfactant cetylpyridinium chloride. The particle size and drug
loading were found to be 270-315 nm and 3% respectively. The higher zeta poten-
tial of 20 mV was observed. The positive zeta potential helped to increase the per-
meability of drug through the skin (Tosta et al. 2014).
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6.5.4 Lipid-Based Pulmonary Drug Delivery System

Pulmonary lipid nanoparticles are meant for lung cancer treatment. Nanostructure
lipid carriers of paclitaxel were designed with a surfactant that can inhibit
P-glycoprotein mediated drug efflux. These nanoparticles exhibited sustained
release in pH 7.4 phosphate buffer solution. Nanoparticles of Tween 20 exhibited
the highest cellular uptake in Caco-2 cell line. In vivo studies of nanoparticles
exhibited better therapeutic activity and lung deposition (Kaur et al. 2016).

6.5.5 Lipid-Based Targeted Delivery System

Passive and active targeted lipid-based systems were reported for paclitaxel deliv-
ery. Positively charged solid lipid nanoparticles of paclitaxel composed of stearyl-
amine, sodium behenate and polyvinyl alcohol were prepared. These nanoparticles
exhibited only 1% drug release after 12 h whereas paclitaxel solution released the
drug completely in a phosphate buffer solution with 0.1% v/v Tween 80 solution.
Cytotoxicity study in hCMEC/D3 cells exhibited better anticancer activity with
improved blood-brain barrier permeation (Chirio et al. 2014). Solid lipid nanopar-
ticles of paclitaxel were prepared using tristearin, hydrogenated soy phosphatidyl-
choline. The surface of the solid lipid nanoparticles was modified with lactoferrin.
The size of nanoparticles and zeta potential were found to be 250 nm and 3.7 mV
respectively. Cytotoxicity study in BEAS-2B cell line exhibited a 4-fold reduction
in half-maximal inhibitory concentration in lactoferrin conjugate nanoparticles as
compared to non-conjugated nanoparticles. In vivo distribution study in albino rats
exhibited 1.6-fold higher uptake of the drug as compared to non-targeted nanopar-
ticles (Pandey et al. 2015).

Folate-conjugated poly (ethylene glycol)-cholesteryl hemisuccinate was used to
prepare a paclitaxel targeted delivery system. Paclitaxel nanostructured lipid carrier
was prepared using oleic acid and stearic acid from the conjugated polymer.
Transmission electron microscopy revealed 100 nm size for these carriers. The bio-
distribution study in albino rats exhibited higher deposition of targeted particles in
the kidney (Ucar et al. 2017). Paclitaxel solid lipid nanoparticles prepared using
conjugated polymer of Pluronic P85, 1, 2 distearoyl-sn-glycero-3-phosphatidyl-
ethanolamine and hyaluronic acid by hot homogenization method were developed.
In vitro drug release study revealed complete drug release from the plain drug but
the nanoparticles exhibited sustained release up to 48 h in a phosphate buffer solu-
tion with 0.5% w/v Tween 80. The targeted nanoparticles exhibited a 4-fold increase
in drug concentration in tumor than from free drug in balb/c mice (Wang et al. 2017).

Paclitaxel brain targeted solid lipid nanoparticles were developed. These were
composed of transferrin conjugated polyethylene glycol, oleic acid, compritol ATO
888 and cholesterol. These were prepared by the solvent evaporation method. The
size of the nanoparticles and drug loading were found to be 160 nm and 8.6%
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respectively. In vitro release study showed that the drug release was in a sustained
manner up to 75 h in pH 7.4 phosphate buffer saline. 6-fold reduction of half maxi-
mal inhibitory concentration in HL 60 cells was shown by targeted nanoparticles as
compared to non-targeted nanoparticles (Dai et al. 2018).

6.5.6 Lipid-Based Stimuli Sensitive Delivery System

Lipid-based stimuli sensitive delivery systems have been utilized for paclitaxel
delivery such as pH-sensitive system, magnetically assisted system, enzyme-depen-
dent system and photosensitive system. Arginine lauryl ester-based cationic nano-
structured lipid carriers for paclitaxel were developed. The incorporation of arginine
was attributed to the pH-sensitive behaviour of the system. These cationic nanocar-
riers were further coated with bovine serum albumin to increase their blood circula-
tion time by charge masking. The size of these coated carriers was below 100 nm.
These carriers exhibited 60-65% drug release at 5.4 pH buffer but released only
~35% drug at physiological pH of 7.4 buffer saline with 0.1% Tween 80.
Biodistribution studies in tumor-bearing mice revealed higher retention time and
tumor targeting from these carriers as compared to Taxol® injection (Li et al. 2012).

Magnetically assisted paclitaxel solid lipid nanoparticles containing magnetite
and glyceryl monostearate were investigated. The melting point reduction from 56
to 43 °C was observed after the formation of solid lipid nanoparticles. Magnetic
hyperthermia assisted drug release occurs as a response to altered temperature upon
magnetic field change (Moros et al. 2019). The size of these nanoparticles was
found to be 277 nm. The nanoparticles released drug faster at 43 °C but only 20%
at room temperature. Magnetic hyperthermia-induced more than 75% drug release
from these nanoparticles whereas only 10% drug was released from normal nanopar-
ticles (Oliveira et al. 2018).

Enzyme cleavable paclitaxel solid lipid nanoparticles were prepared using soy
phosphatidylcholine and glyceryl monostearate. These were fabricated by conjuga-
tion of polyethylene glycol-conjugated peptide that is cleaved by a metalloprotease.
These nanoparticles exhibited sustained drug release over a period of 200 h in
pH 7.4 phosphate buffer with 0.1% Tween 80 at 37 °C. These nanoparticles exhib-
ited higher cytotoxicity in the HT1080 cell line as compared to Taxol®. In vivo
pharmacokinetic study of these nanoparticles in C57BL/6 N mice after incorpora-
tion of a fluorophore, dioctadecyl-3, 3, 3’, 3’-tetramethylindodicarbocyanine and
4-chlorobenzesulfonate salt exhibited 50% fluorescence after 10 h post-injection.
The unmodified solid lipid nanoparticles were cleared within 4 h of injection in
mice (Zheng et al. 2014).

Photosensitive paclitaxel solid lipid nanoparticles composed of a photosensitive
material aluminum 1,8,15,22 tetrakis (phenylthio) 29H, 31H-phthalocyanine soy
phosphatidylcholine, Pluronic F68 and ascorbic acid were prepared. These nanopar-
ticles exhibited drug release as a consequence of the breakdown of lipids by
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near-infrared light of 730 nm wavelength. The half-maximal inhibitory concentra-
tion of these nanoparticles was 20-fold reduced than Taxol® in A549 cells (Meerovich
et al. 2019).

6.6 Microparticulate Delivery System

Microparticles are defined as particulate dispersions or solid particles with a size in
the range of 1-1000 pm. The drug is entrapped or encapsulated in a micro-particu-
late matrix. Microparticles are prepared by spray drying, emulsion polymerization,
solvent evaporation, and fluidized bed coating. This microencapsulation strategy
gives protection of the drug from the environment, stabilization of sensitive drug
substances and masking of unpleasant taste. Hence, microparticles can play an
essential role for sustained release, controlled release, enhancing bioavailability and
reducing side effects of drugs (Madhav and Kala 2011).

6.6.1 Biodegradable Microparticle-Based Delivery System

Biodegradable polymers comprised of monomers linked to one another through
functional groups and have unstable links in the backbone. They are degraded into
biologically acceptable molecules in the body. Some common examples of biode-
gradable polymers are poly (glycolic acid), poly (e-caprolactone), poly (lactic-co-
glycolic acid), chitin, cellulose and alginic acid (Vroman and Tighzert 2009).

Biodegradable paclitaxel microparticles composed of poly (D, L-lactide) were
reported. The particle size of microparticles and encapsulation efficiency were
found to be 4.6 pm and 90% respectively. Cytotoxicity study using U251 human
glioma cells exhibited a 70% reduction in cell viability after 120 h (Song et al. 2010).

Biodegradable paclitaxel composite microparticles composed of poly (lactic-co-
glycolic acid) have been reported. The yield and entrapment efficiency were found
to be 73.06 £ 1.94% and 29.27 + 1.09% respectively. Cytotoxicity study revealed
that paclitaxel loaded Poly (lactic-co-glycolic acid)-silica microparticles exhibited
higher cytotoxicity than those without silica in HeLa cancer cells (Nanaki
et al. 2017).

6.6.2 Targeted Microparticles-Based Delivery System

Paclitaxel microparticles composed of Pluronic F-127, Poly (ethylene glycol)-2000
and stearic acid were reported for passive targeting. The particle size of micropar-
ticles and encapsulation efficiency were found to be 1.76 + 0.37 pm and 94.73%
respectively. The microparticles exhibited higher cytotoxicity in an in vitro study
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using SKOC-3 ovarian cancer cells than Taxol® (Han et al. 2019). Paclitaxel loaded
microparticles composed of folic acid, chitosan and 3-(4, 5-dimethylthiazol-2-yI)-2,
5-diphenyl tetrazolium bromide were used for active targeting. Folic acid-contain-
ing microparticles of paclitaxel showed higher cytotoxicity than unmodified mic-
roparticles in L929 cells (Wang et al. 2016).

6.6.3 Stimuli Sensitive Microparticles-Based Delivery System

Stimuli are a state of responsiveness to sensory stimulation or excitability. Stimuli
sensitive systems deal with the changes in the physiology of the body with respect
to the environment changes. These systems are beneficial for the controlled and
sustained delivery of the drug in the body (Bhardwaj et al. 2015). Stimuli respon-
sible drug release can be changed in pH, temperature and magnetic field.
Magnetically assisted delivery is a novel approach for delivery of drugs using engi-
neered smart microcarriers which overcome a number of limitations facing current
methods of delivering medicines. The drug is formulated into a pharmaceutically
stable formulation which is usually injected through the artery that supplies the
target organ or tumor in the presence of an external magnetic field (Koppisetti and
Sahiti 2011).

Thermosensitive paclitaxel microparticles composed of chitosan, poly (lactide-
co-glycolide), polyvinyl alcohol were developed. The particle size of microparticles
was 6.38 £ 0.13 pm. These microparticles showed 63.0% reduction in tumor vol-
ume in M-234p BALB/c tumor model in comparison with non-thermosensitive mic-
roparticles (Pesoa et al. 2018). Magnetic assisted paclitaxel delivery from
microparticles composed of magnetite, poly (lactic-co-glycolic acid) and polyvinyl
alcohol was investigated. The particle size of microparticles and drug loading were
found to be 0.7 to 5 pm and 38% respectively. In-vitro study in MESSA human
uterine sarcoma cells showed 5% enhancement in cell killing from magnetic assisted
microparticles as compared to Taxol® (Hamoudeh et al. 2008).

6.7 Emulsion-Based Delivery System

Emulsions are liquid biphasic systems in which one phase is dispersed in another
immiscible phase. Emulsions are stabilized by the aid of emulsifying agents. This
delivery system can be utilized for administration of poorly water-soluble drugs
(Goodarzi and Zendehboudi 2019). Microemulsions can be defined as a thermody-
namically stable, isotropically clear dispersion of two immiscible liquids. Globule
size of microemulsion ranges from 10 to 200 nm. Microemulsions are stabilized by
a mixture of surfactants namely, surfactant and co-surfactant (Lawrence and Rees
2000). On the other hand, nanoemulsions are kinetically stable, isotropically clear
systems containing two immiscible liquids. The globule size ranges from 50 to
500 nm (Jaiswal et al. 2015). Microemulsions are formed by self-assembly whereas
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nanoemulsions are formed by mechanical shear. Emulsions can be administrated by
oral or parenteral routes.

6.7.1 Simple Emulsion-Based Delivery System

Simple emulsions are made up of a single lipid or a blend of lipid or oil, an emulsi-
fying agent and water. Paclitaxel oleate, a prodrug of paclitaxel, was incorporated in
a phospholipid-based oil-in-water emulsion. The oil phase was comprised of egg
phosphatidylcholine, triolein, dipalmitoyl phosphatidylethanolamine and stabilized
by polysorbate 80 and oleyl chloride. Upon intravenous administration of the emul-
sion in rabbits, improved biodistribution and cytotoxicity was obtained as compared
to Taxol® (Lundberg et al. 2003).

Two microemulsions of paclitaxel were prepared composed of lecithin, butanol,
myvacet oil, water and capmul, myvacet oil, water respectively. Both of the systems
were less cytotoxic and less hemolytic as compared to commercial Taxol®. A com-
paratively higher amount of drug i.e. 12 mg paclitaxel per gram of emulsion could
be loaded in the microemulsions due to the high solubility of paclitaxel in the oil
phase (Nornoo and Chow 2008). The microemulsions have shown the slow and
sustained release of the drug as compared to Taxol®. In vivo pharmacokinetic study
in rats after intravenous administration revealed that plasma half-life and biodistri-
bution were improved as compared to Taxol® (Nornoo et al. 2008).

Paclitaxel incorporated nanoemulsion of paclitaxel was designed using medium-
chain triglyceride as oil phase and Tween 80 as a surfactant. The half-maximal
inhibitory concentration of paclitaxel was reduced by 18.82 times in drug-resistant
MCF7 cells which indicated that paclitaxel resistance was reversed due to
P-glycoprotein inhibition. Tumor volume became 10.06% in microemulsion treated
animal models, as compared to paclitaxel solution (Bu et al. 2014).

Tocosol™ is a tocopherol-based formulation of paclitaxel, manufactured by
Bayer Schering Pharma. The product failed in phase III clinical trial. Abu-Fayyad
and his co-workers have designed an emulsion-based formulation, similar to
Tocosol™ but substituting the tocopherol with tocoretinol. The shell of the emul-
sion was made up of polyethylene glycol and tocoretinol. Cytotoxicity of the nano-
emulsion was checked on PANC-1 cells and Bx-PC-3 cells. The new system
displayed better results than Tocosol™ along with a reduction in the half-maximal
inhibitory concentration value (Abu-Fayyad et al. 2018).

6.7.2 Emulsion-Based System for Targeted Delivery

Emulsion-based systems can be passively or actively targeted to tumor cells. A
series of lipid nanoemulsion of paclitaxel was prepared by taking medium and long-
chain glycerides, oleic acid as oil phase, Tween 80 and polyethylene glycol as a
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surfactant. The nanoemulsions have shown stronger cytotoxicity against MCF7
cells. In vivo study in mice revealed that the nanoemulsion had improved biodistri-
bution and intratumor accumulation than Taxol®. The improved activity was corre-
lated to enhanced permeability and retention effect (Chen et al. 2017a, b).

Hyaluronic acid serves as a targeting ligand for CD44 overexpressing cancer
cells. Hyaluronic acid-coated nanoemulsion, loaded with paclitaxel was prepared
for the treatment of ovarian cancer. D, L-a-tocopheryl acetate, soybean oil was
taken as oil phase whereas polysorbate 80 was used as a surfactant. The drug load-
ing was found to be 3.75%. Cell affinity studies in SK-OV-3 and OVCAR-3 cells
revealed that hyaluronic acid coated nanoemulsion had 10 times higher targeting
ability than uncoated nanoemulsion (Kim and Park 2017).

6.7.3 Self Emulsifying Drug Delivery System

Self emulsifying drug delivery systems are made up of a mixture of oil, surfactant,
solvents and can be administrated orally by encapsulating in gelatin capsules. After
reaching the gastrointestinal tract, these systems form macro or microemulsions.
These systems can protect drugs which are prone to enzymatic hydrolysis in the
gastrointestinal tract. It results in the enhanced oral bioavailability of poorly soluble
drugs (Gursoy et al. 2003).

A series of self-microemulsifying oily formulations were evaluated for their
potential for oral delivery of paclitaxel. The self-emulsifying formulations were
made up of different concentrations of paclitaxel, D-alpha tocopheryl polyethylene
glycol 1000 succinate, tyloxapol, ethanol, docusate sodium and cyclosporin A. In
vivo study in P-glycoprotein knockout mice and wild type mice revealed that bio-
availability of paclitaxel was similar to Taxol® after oral administration of the for-
mulations. Efficacy of the formulations was improved due to the presence of
cyclosporin A and a P-glycoprotein inhibitor (Oostendorp et al. 2011).

Paclitaxel loaded self-nanoemulsifying drug delivery system was developed
using tocopheryl polyethylene glycol succinate as oil; labrasol as a surfactant; lau-
roglycol 90 as co-surfactant and ethanol as co-solvent. It showed higher cytotoxicity
in MDA-MB-231 cells than Taxol®. Drug release from the self-nano emulsifying
system has shown sustained release. Survivin, a member of the inhibitor of apopto-
sis family, was downregulated by the system due to the presence of tocopheryl poly-
ethylene glycol succinate. Its oral bioavailability was 4-fold higher than Taxol®
(Meher et al. 2018).

6.8 Solid Dispersion-Based Delivery System

Solid dispersions are a dispersion of drug in the amorphous polymeric matrix. The
purpose of solid dispersions is to enhance drug solubility and to stabilize the drug
(Huang and Dai 2014). Paclitaxel solid dispersion composed of hydroxypropyl
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B-cyclodextrin, polyvinyl pyrrolidone, a-tocopherol and polyoxyl 40 hydrogenated
castor oil prepared by a supercritical antisolvent process which exhibited a 3-fold
increase in solubility as compared to Taxol®. This solid dispersion exhibited higher
tumor growth inhibition as compared to Taxol® up to 90 days in female athymic
nude mice bearing MDA-MB-231 cancer (Shanmugam et al. 2011). In another
study, solid dispersion of paclitaxel referred to as Modrapac0O01 formulation which
was prepared from polyvinyl pyrrolidone K30 and sodium lauryl sulfate. This ter-
nary solid dispersion exhibited a multifold increase in drug dissolution (Moes
et al. 2013).

6.9 Cyclodextrin-Based Delivery System

Cyclodextrins are cyclic oligosaccharides of glucose having o-1, 4 glycosidic
bonds. Ithas 6, 7 or 8 units present in a, f and y derivatives respectively. Cyclodextrins
have truncated cone shape wherein the inner cavity is hydrophobic and the outer
surface is hydrophilic. Water-insoluble molecules can be incorporated into the
hydrophobic cavity of cyclodextrins and they enhance the solubility and/or stability
of the molecule. pH-sensitive paclitaxel nanoparticles were prepared using acety-
lated a-cyclodextrin by oil/water solvent evaporation method. These nanoparticles
exhibited faster release i.e. 83% in 8 h in pH 5.0 but slower drug release in pH 7.4
phosphate buffer. The cellular uptake in B16F10 cells exhibited complete cellular
uptake within 4 h from pH-sensitive nanoparticles. These nanoparticles exhibited
better effectiveness in tumor inhibition in vivo in the melanoma-bearing nude mouse
model than the plain drug itself (He et al. 2013).

Poly (anhydride) oral nanoparticles containing a complex of paclitaxel in
B-cyclodextrin were developed. The drug loading was negligible with the drug per
se but it was increased 2 to 4-fold after complexation of the drug in the nanoparti-
cles. These nanoparticles exhibited 83% relative bioavailability with respect to
Taxol® in rats. Hence, these nanoparticles could be useful for parenteral to oral
switch of paclitaxel (Agiieros et al. 2010). In another study, when paclitaxel was
incorporated into 2, 6 dimethyl B-cyclodextrin complex, the solubility was
increased to 2.3 mM (Hamada et al. 2006).

Poly (acrylic acid)-co-fB-cyclodextrin was used to prepare paclitaxel nanoparti-
cles. The nanoparticles exhibited 170 nm size and 100-fold solubility enhancement.
The nanoparticles showed sustained release at pH 7.4 phosphate buffer over a period
of 120 days. In vivo imaging in mice for these nanoparticles revealed their accumu-
lation in the tumor for 144 h due to enhanced permeability and retention effect. In
vivo antitumor study in H22 tumor-bearing mice exhibited higher antitumor activity
and 50 days of survival time than that of Taxol® (Yuan et al. 2016).

Folate-conjugated cyclodextrin nanoparticles of paclitaxel were used for targeted
delivery to tumor cells. Cytotoxicity study in the 4T cell line exhibited higher cyto-
toxicity than that of Taxol®. The survival rate of these nanoparticles was longer than
that of Taxol® in 4T cell-bearing mice (Erdogar et al. 2018).
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6.10 Implant-Based Drug Delivery System

Implants are sterile solid masses consisting of a drug made by compression or
moulding. These provide a controlled delivery of drug over a period of time at the
site of implantation. Implantation can be done under the skin into the subcutaneous
tissue called subcutaneous implant. Two types of implants are available such as
biodegradable and non-biodegradable implants. Implants are prepared by compres-
sion, moulding or extrusion. The advantages are controlled drug delivery with the
minimized side effects (Zaki et al. 2012).

6.10.1 Biodegradable Implant

The advantages of biodegradable systems include polymers used in implants are
inert and are converted into nontoxic components such as carbon dioxide and water.
There is no need for surgical removal of implants after the therapy. The polymers
used in biodegradable implants are polylactic acid, poly (lactide-co-glycolide) and
chitosan (Rajgor et al. 2011).

Biodegradable implants of paclitaxel composed of poly (e-caprolactone), poly-
ethylene glycol 6000 were reported. The drug loading was found to be 93%. In vitro
study showed 79% drug release after 30 days in pH 7.4 phosphate buffer saline
(Hiremath et al. 2013). Biodegradable chitosan-based film implants of paclitaxel
composed of chitosan, lysozyme, Tween 80 and Poloxamer 407 were reported. The
drug loading and in vitro release in pH 7.4 phosphate buffer saline after 6 h were
31% and 10% respectively. In vivo study using Swiss mice revealed that the implant
was biodegradable as it lost the integrity and identity after 50 days (Dhanikula and
Panchagnula 2004). Biodegradable microfiber implants of paclitaxel composed of
poly (D, L lactide-co-glycolide) were investigated. The drug loading and encapsula-
tion efficiency were found to be 8.92% and 98% respectively. In vitro release study
showed 16% drug release after 9 days in pH 7.4 phosphate buffer saline (Ranganath
and Wang 2008).

Biodegradable stent coating to paclitaxel implants composed of poly (lactic-co-
glycolic acid) and poly (vinyl alcohol)-graft-poly (lactic-co-glycolic acid) were
reported. The drug loading was found to be 10%. In vitro release study showed 64%
drug release after 48 days in pH 7.4 phosphate buffer saline (Westedt et al. 2006).

6.10.2 Non-biodegradable Implant

Non-biodegradable implants are used to administer medications. It is useful for
patients who need treatment for chronic diseases. These implants need to be removed
surgically once the medication has been released. These implants are not designed
to be metabolized by the body. These implants start to work immediately upon
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insertion and can continue releasing drug doses in a controlled manner over the
years. The polymers used in non-biodegradable implants are poly (methyl methac-
rylate), thermoplastic polyurethane and poly (ethylene vinyl acetate (Stewart
et al. 2018).

Non-biodegradable stent implants of paclitaxel composed of poly (methyl meth-
acrylate), 316 L stainless steel stents; poly (n-butyl methacrylate) and poly (ethyl-
ene-co-vinyl acetate) were reported. In vitro study showed 60% drug release after
14 days in pH 7.4 phosphate buffer solution (Shaulov et al. 2009). In another study,
non-biodegradable stent implants of paclitaxel composed of 316 L stainless steel
stents, N-(2-carboxyethyl) pyrrole and butyl ester of N-(2-carboxyethyl) pyrrole
were reported. In vitro study showed 50% drug release after 30 days in pH 7.4 phos-
phate buffer solution (Okner et al. 2009).

6.10.3 Site-Specific Implant-Based Delivery System

Targeting to a particular organ or site is a smart approach for delivery of biologically
active agents. It enhances the therapeutic efficacy of the drugs and reduces the drug
concentration in non-target organs or sites. It can be very useful for the delivery of
anticancer drugs to a particular site (Himri and Guaadaoui 2018).

Urinary tract tumor-specific implant of paclitaxel composed of poly(e-
caprolactone) resin PCL 787, alginic acid sodium salt, and gelatin were reported. In
vitro release study exhibited complete drug release after 72 h in pH 5.5 artificial
urine solution. /n-vitro study in T24 cell line revealed the half-maximal inhibitory
concentration of 7.3 ng/ml after 72 h. The tumor growth inhibition from paclitaxel
implant was 75% in T24 cells (Barros et al. 2016).

Ovarian tumor-specific implant of paclitaxel composed of chitosan, phosphati-
dylcholine and 3-(4, 5- dimethyl-2-thiazolyl)-2, 5-diphenyl-[2H]-tetrazolium bro-
mide) was reported. In-vitro study in SKOV-3 cells showed half-maximal inhibitory
concentration of 0.211 pm/mL of these paclitaxel implant (Ho et al. 2005).

The tracheal tumor-specific implant of paclitaxel composed of Carbopol 974P,
ethylene-vinyl acetate was reported. Carbapol 974P was chosen for mucoadhesive
effect in the trachea. In vitro release study showed 77% drug release after 85 days in
pH 7.8 phosphate buffer solution with 0.5% sodium dodecyl sulfate (Jin et al.
2018a, b).

6.10.4 Stimuli Sensitive Implant

Stimuli sensitive paclitaxel implants composed of poly (D, L lactide-co-glycolide),
polyethylene glycol and Tween 80 were reported. The irradiation was performed
using Cobalt 60 isotope to enhance the drug release. In vitro study showed 10%
drug release after 6 h in pH 7.2 phosphate buffer solution (Wang et al. 2003).
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6.10.5 In-Situ Forming Implants

In-situ implants are a potential alternative strategy to preformed implants and they
avoid surgery. They are injected as a low viscous solution and transform in the body
to a gel or solid depot due to phase separation or lowered solubility (Kempe and
Maider 2012). The in-situ forming implant of paclitaxel composed of polyethylene
glycol, trimethylene carbonate and glycolide was reported. In vivo study of this
implant in the mouse flank model exhibited higher antitumor efficacy than that of
Taxol® (Olbrich et al. 2012). In sifu forming injectable paclitaxel implant composed
of n-butyl-2-cyanoacrylate and ethyl oleate was reported. It was based on the sol-gel
transition. /n vitro drug release in pH 7.4 sodium salicylate solution exhibited 25%
from the implant versus 91% from Taxol® after 6 days. Fifty percent of the implant
was degraded in female ICR mice after 8 weeks and hence it was biodegradable.
The tumor inhibition in mice bearing human MDA-MB-231 was 80% whereas it
was 44% in Taxol® treated mice (Wu et al. 2017).

6.11 Prodrug-Based Delivery System

The prodrug is defined as an inactive form of a drug, which is converted to a phar-
macologically active form upon metabolism inside the body. Various prodrugs of
paclitaxel have been designed in order to alter its physicochemical properties to
make it suitable for delivery systems.

6.11.1 Small Molecule-Based Prodrug Delivery System

Small molecules such as malic acid, squalene and silicate-based prodrugs of pacli-
taxel have been developed in the past. The hydrophilic prodrug of paclitaxel was
synthesized by incorporation of dihydroxyl derivative using solketal chloroformate.
The prodrug exhibited pH-sensitive hydrolysis at the acidic condition. The prodrug
exhibited 50 times higher water solubility than the unmodified drug. The prodrug
exhibited a 2.5-fold higher maximum tolerable dose as compared to the unmodified
drug in Balb/c mice (Niethammer et al. 2001). Silicate ester prodrugs of paclitaxel
were synthesized and loaded into poly (ethylene glycol)-b-poly(lactide-co-gly-
colide) nanoparticles by using flash nanoprecipitation method. The drug loading
was found to be 74%. The silicate ester was sensitive to acidic condition leading to
hydrolysis followed by drug release. These prodrugs exhibited a 10-fold reduction
in half-maximal inhibitory concentration in the cell lines (Han et al. 2015).

The lipidic prodrug of paclitaxel was prepared with lipophilic squalenoyl deriva-
tive to increase its lipid affinity. The prodrug was further converted into
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multilamellar vesicles using 1,2-dimyristoyl-sn-glycero-3-phosphocholine. The
prodrug could enhance the loading of the drug into vesicles (Sarpietro et al. 2012).

6.11.2 Peptide-Based Prodrug Delivery System

Peptides such as octreotide and Ac-Cys-Arg-Gly-Asp-Arg-NH, (Papas et al. 2007)
have been used to prepare paclitaxel prodrugs. Octreotide based paclitaxel prodrug
was prepared to increase the hydrophilicity of the drug that resulted in 20,000 times
solubility enhancement in water than an unmodified drug. The prodrug exhibited
sustained drug release over a period of 168 h and faster drug release in acidic pH. In
vitro cytotoxicity study in NCI-H446 cells revealed 2.6-fold lower half maximal
inhibitory concentration for the octreotide prodrug as compared to the unmodified
drug. In vivo antitumor growth inhibition study in NCI-H446 xenograft model
exhibited 1.22 times higher antitumor effect of peptide prodrug than that of Taxol®
(Huo et al. 2015).

6.11.3 Polymer-Based Prodrug Delivery System

The drug is attached to the polymer chemically either directly or via a spacer. The
nature of the polymer and spacer determines the site of release of the drug from the
prodrug and its release kinetics (Ringsdorf 1975). The molecular weight of the
polymer should be up to 40,000 Da to aid the filtration by kidneys (Hoste et al.
2004). Poly-(y-L-glutamyl glutamine) conjugate of paclitaxel was developed which
showed a 3-fold reduction of tumor growth in NCI-H460 human lung cancer cells
than Abraxane® (Feng et al. 2010). Oligo (lactide)s-paclitaxel prodrug composed of
poly (ethylene glycol)-b-poly (D, L lactic acid) was reported. Paclitaxel loaded into
poly (ethylene glycol)-b-poly (lactic acid) exhibited the issue of stability and faster
elimination from the body. In vitro cytotoxicity study in 4T1-Luc breast cancer cells
for the drug-loaded synthesized polymer exhibited lower half maximal inhibitory
concentration than the plain drug (Tam et al. 2019).

6.11.4 Targeted Prodrug Delivery System

The targeted prodrug of paclitaxel composed of folic acid, distearoyl phosphatidyl-
choline, triolein cholesteryl oleate and polyethylene glycol was reported. In vitro
study showed 10% drug release after 24 h in pH 7.4 phosphate buffer solution.
In-vitro study in KB, M109 and CHO cell line revealed higher cytotoxicity com-
pared to Taxol®. In vivo antitumor efficacy in Balb/c mice revealed that folic acid
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conjugated with paclitaxel containing cholesteryl oleate exhibited higher antitumor
efficacy compared to Taxol® (Stevens et al. 2004).

The targeted prodrug of paclitaxel composed of hyaluronic acid, diphenylphos-
phinic chloride, adipic acid dihydrazide and succinic anhydride was synthesized. In
vitro study in H22 cell line revealed higher cytotoxicity compared to paclitaxel
alone. In vivo antitumor study in H22 tumor-bearing mice revealed a 4-fold decrease
in tumor growth compared to paclitaxel alone (Xu et al. 2015a, b).

Arg-Gly-Asp peptide-based targeting of paclitaxel prodrug composed of poly
(lactic-co-glycolic  acid), 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide,
Soybean lecithin and 3, 3’-dithiodipropionic acid was prepared. In vivo antitumor
study in lung tumor-bearing mice revealed peptide modified paclitaxel had higher
antitumor efficacy compared to free paclitaxel (Wang et al. 2018).

6.11.5 Stimuli-Sensitive Prodrug Delivery System

Prodrug based pH-sensitive paclitaxel micelles prepared using poly (ethylene gly-
col), 2-hydroxyethyl vinyl ether and acryloyl chloride was reported. The drug load-
ing capacity was found to be 60.3%. In vitro study in HeLa and MDA-MB-231 cells
exhibited higher antitumor activity in poly (ethylene glycol) conjugated paclitaxel
compared to paclitaxel alone (Huang et al. 2018).

The photosensitive prodrug of paclitaxel composed of folic acid and polyethyl-
ene glycol was reported. The prodrug of paclitaxel was activated by the far-red light.
In vitro study in SKOV-3 cells exhibited folic acid conjugated and photosensitive
prodrug of paclitaxel with polyethylene glycol exhibited more cytotoxicity than
non-conjugated paclitaxel (Thapa et al. 2017).

The redox-sensitive prodrug of paclitaxel composed of methoxy polyethylene
glycol amine, N-hydroxysuccinimide, 4-dimethylaminopyridine and 3, 3’-dithiodi-
propionic acid was reported. These polymeric paclitaxel conjugates were structur-
ally confirmed by '"H NMR and exhibited an approximately 23,000-fold increase in
water solubility over parent paclitaxel. In vivo studies on NCI-H466 tumor-bearing
nude mice exhibited that redox-sensitive prodrug of paclitaxel conjugates possessed
superior tumor targeting ability and antitumor activity compared to Taxol® (Yin
et al. 2015).

6.12 Hybrid Delivery System

Liposomes, micelles, polymeric nanoparticles, and lipid-based nanoparticles are
some of the most explored delivery systems for paclitaxel. Each of these systems
exhibit some inherent problems. Difficulties allied to these systems can be mini-
mized by combining two or more of these systems which can be defined as a hybrid
drug delivery system.
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Bao and co-workers have developed such a hybrid system by combining gold
nanoparticles and liposomes. A thiol-terminated polyethylene glycol-paclitaxel
derivative was covalently attached on the surface of gold nanoparticles followed by
the incorporation of the conjugate in the phospholipid bilayer region of the lipo-
somes. Due to this, the drug loading was increased to 50.4%. In vitro study exhib-
ited 50% drug release in 7.4 pH phosphate buffer solutions. The hybrid system
exhibited prolonged circulation of the drug and increased accumulation in the liver
as compared to Taxol®. Improved pharmacokinetic properties of the system were
attributed to the protective shell of the liposomes (Bao et al. 2014).

In another study, hybrid liposomes were prepared by incorporating paclitaxel
loaded polyionic micelles. The micelles were made up of positively charged
Pluronic F127- poly (ethyleneimine) copolymer and negatively charged sodium
cholate whereas the liposomes were composed of phospholipid. The drug loading of
the final system was found to be 5.45%. It was able to sustain the release of pacli-
taxel. Cellular uptake of the system by multidrug-resistant breast cancer cells was
significantly higher which can be attributed to the P-glycoprotein inhibitory poten-
tial of Pluronic F127. Formation of liposome not only allowed intestinal absorption
of paclitaxel but also stabilized the drug from gastric degradation. The absolute oral
bioavailability of paclitaxel in hybrid liposomes was found to be 37.91% (Li et al.
2017a, b, ¢).

Silica coated liposomes of paclitaxel were developed by Ingle and co-workers,
named as liposils. Stability study of 6 months revealed that the liposils were more
stable than corresponding liposomes. In vitro release study showed silica coating
was able to retard the drug release from the liposils. The liposils also exhibited in
vivo release of paclitaxel over a longer duration than corresponding liposomes and
Taxol®. Biodistribution study in B16F10 cells revealed that accumulation of liposils
and liposomes was significantly higher in the tumor cells as compared to that of
Taxol® (Ingle et al. 2018).

6.13 Miscellaneous Delivery System

Miscellaneous drug delivery systems for paclitaxel based on dendrimer, exosomes,
dry powder inhalations, and hydrogels are discussed in this subsection.

6.13.1 Dendrimer-Based Delivery System

Dendrimer-based paclitaxel delivery composed of methoxy polyethylene glycol-
succinimidyl carboxymethyl ester, N-ethyl diisopropylamine, poly (amidoamine),
a-tocopheryl succinate and polyethylene glycol was reported. The diameter and
entrapment efficiency were found to be 31.19 + 0.07 nm and 78.33 + 2.81% respec-
tively. In vitro study showed 63.97% drug release after 36 h in pH 7.4 phosphate
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buffer saline. In vitro cytotoxicity study in B16F10 and MDA MB231 cells demon-
strated that the paclitaxel loaded methoxy polyethylene glycol-succinimidyl car-
boxymethyl ester, N-ethyl diisopropylamine, poly (amidoamine), a-tocopheryl
succinate and polyethylene glycol exhibited higher cytotoxicity compared to free
paclitaxel (Bhatt et al. 2019).

Dendrimer-based paclitaxel delivery composed of azido-cyanine 5.5, N,
N-diisopropylethylamine, and N, N, N’, N'-tetramethyl — (1H-benzotriazol-1-yl)
uranium hexafluorophosphate was reported. The diameter and drug content were
found to be 74 nm and 20.9% respectively. In vitro cytotoxicity study in 4T1, 3T3
and C2CI12 exhibited higher cytotoxicity than paclitaxel injection (Li et al.
2017a, b, ¢).

6.13.2 Dry Powder Inhalation-Based Drug Delivery

Dry powder inhalation formulation based on paclitaxel micelles composed of folic
acid, polyethylene glycol and dextran was reported. The particle size and entrap-
ment efficiency of the micelles were found to be 57 = 2 nm and 99 + 2% respec-
tively. In vitro release study from the micelles showed 70% drug release after 24 h
in pH 5.0 phosphate buffer. In-vitro study of the micelles in M109-HiFR cell line
revealed 2-fold reduction of the half-maximal inhibitory concentration as compared
to that of Taxol®. The formulation exhibited a fine particle fraction upto 50% with
good redispersibility in physiological buffer (Rosiere et al. 2016).

6.13.3 Exosomes

Exosomes of paclitaxel isolated from raw milk of Jersey cows were reported. The
particle size and loading efficiency were found to be 108 nm and 8% respectively.
In vitro study showed 90% drug release after 48 h in pH 5.0 fed-state simulated-
gastric fluid. /n vivo antitumor efficacy of exosomes of paclitaxel using athymic
nude mice bearing subcutaneous lung cancer A549 xenografts exhibited higher
cytotoxicity compared to paclitaxel alone (Agrawal et al. 2017).

6.13.4 Hydrogel-Based Delivery System

Thermosensitive hydrogel formulation of paclitaxel composed of chitosan, f-glycero
phosphate and sodium dodecyl sulfate. In vitro release study showed 92% drug
release after 30 days in pH 7.4 phosphate buffer saline. In vivo antitumor efficacy of
hydrogel formulation of paclitaxel in EMT-6 tumors implanted subcutaneously on
Balb/c mice exhibited 4-fold higher efficacy than Taxol® (Ruel-Gariépy et al. 2004).
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Self-assembled paclitaxel hydrogel of composed of folic acid, hydroxyl benzo-
triazole, alkaline phosphatise and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zolium bromide was reported. The hydrodynamic diameter and zeta potential were
found to be 137.3 = 15.2 nm and 43.8 + 3.2 mV respectively. In vitro study in
HepG2 cells exhibited higher cytotoxicity compared to free paclitaxel. In vivo anti-
tumor study in nude mouse model exhibited enhanced anticancer efficacy compared
to free paclitaxel. In vivo real-time imaging further demonstrated that the hydrogel
preferentially accumulated in tumor site (Shu et al. 2017).

6.14 Conclusion

Poor solubility and permeability of Paclitaxel have compelled formulation scientists
to commercialize it as injectable products such as Taxol®, Genexol PM®, and
Abraxane®. Newer delivery systems like micelles, nanoparticles, liposomes, lipid
systems that can overcome the issues associated with the commercial products of
paclitaxel have been discussed. Some of these systems have utilized specific materi-
als to impart stimuli sensitivity, targeting or functionality. The highest solubility
enhancement has been shown by prodrugs, mixed micelles, cyclodextrin complexes
and solid dispersions for paclitaxel. Drug loading could be increased in implants,
nanoparticles, emulsions and lipid systems of paclitaxel. Implant and cyclodextrin
complexes of paclitaxel exhibited sustained release characteristics for a prolonged
period of time. The half-maximal inhibitory concentration of paclitaxel was reduced
substantially in the case of micelles, emulsions, nanoparticles. Enhancement in oral
bioavailability was found to be best in nanoparticles. More efficient tumor growth
inhibition was found in cases of emulsion, liposome, prodrug and nanoparticulate
delivery system as compared to that with Taxol®. Non-invasive oral systems of
paclitaxel such as DHP107 and Oraxol® are under clinical evaluation.
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Chapter 7
Phytosomes as Emerging Nanotechnology
for Herbal Drug Delivery

Check for
updates

Dinesh Kumar, Nitin Vats, Kamal Saroha, and Avtar Chand Rana

Abstract Herbal medicines or phyto-pharmaceuticals have a prominent history in
medicine due to their numerous therapeutic significance in healthcare. Even though
plant extracts and their phytoconstituents show brilliant in-vitro bio-activity, they
still possesses poor in-vivo actions owing to their high molecular sizes and low lipid
solubility or both, rendering them less absorbable with lower bioavailability.
Phytosome is novel technology which is known to placate all above problems or
limitations of conventional systems of herbal drug delivery. Phytosome are formed
by a method where a plant extract or its components get anchored to phospholipids
(chiefly phosphotidylcholine), forming a lipid responsive complex. Phospholipid
structure comprises of a hydrophilic head and two lipophilic tails and due to their
duos nature, phospholipids behaves like an active emulsifier. By conjoining the
emulsifying property of phospholipids with the herbal extract/phytoactive constitu-
ent, the phytosome affords considerably improved bioavailability and deliver faster
and enhanced absorption in intestinal tract.

Since all phytoconstituents are not highly bioavailable, combining them with
phospholipid yields a proficient carrier for increased absorption of the key compo-
nents of herbal extract or medicine. Recently, phytosome methodology has been
fruitfully applied over several well-known natural drugs such as ginseng, green tea
hawthorn, olive oil and grape seed etc. Indeed, phytosomes are superior to conven-
tional drug delivery systems in terms of the pharmacodynamic and pharmacokinetic
properties. This chapter discusses the various aspects, components, methods of
preparation of phytosomes and their marketed formulations, therapeutic applica-
tions along with the recent research work reported on this technology.
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7.1 Introduction

Natural products are the treasurable blessings given by nature to the human being.
Natural products have been used for their therapeutic purposes since ages. Hundreds
of phytoconstituents present in single natural product work together and impart ther-
apeutic benefits. Natural products are not only being the oldest mode of treatment
but the safest, effective and easily available mode of treatment also (De Smet 1997).
Although having so many insignificant properties, natural products rely the most on
basis of knowledge and clinical experience of the practitioners and formulators.

Natural products are usually obtained by different processes such as extraction,
expression distillation, fractionation, purification etc. from whole plant or its parts.
However, the particular part or the method to be implemented for specific treatment
entirely depends on the manufacturer. Allopathic medicines are currently more pop-
ular than traditional ones, especially in developed countries as there are no any
standardized natural products having definite therapeutic value. However, most
developing countries are continuously using the natural medicines, probably
because of high cost of synthetic drugs (Handa et al. 2008; Bonifacio et al. 2014).
This ever-increasing dependency over the modern drugs and failure in treatment of
various diseases motivates the scientists to find a better alternative.

Low solubility is among the main constraints for using the herbal products for
therapeutic purposes. On the other hand, despite the potential efficacy of herbal
medicines, they are usually not preferred because of lack of standardization and
poor apparent quality. While dealing with herbal extracts, several components are
predisposed to degradation in the acidic gastric medium whereas majority of them
getbroken down inside liver ahead of entering into systemic circulation. Furthermore,
natural extracts are oftenly hygroscopic, less compressible and show poor powder
flowability. Since plant extracts have plentiful therapeutic significance, now the
efforts are being focused on developing their newer carrier systems to tackle the
limitations of conventional dosage forms with reduced efficacy of herbal medicines
(Aqil et al. 2013; Byeon et al. 2019).
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Considering the above mentioned facts, there is an urgent need of such herbal
formulations which not only overcome the problems associated with modern medi-
cines but also provide the standardized herbal products with calculative therapeutic
effects. From the very beginning, the most important parameters are solubility and
absorption to increase the bioavailability of phytoconstituents to obtain more effica-
cies of the herbal drugs. Previous studies reveal that many therapeutically active
phytocomponents like flavonoids, terpenoids and aglycone glycosides are highly
polar molecules and hence, they are water soluble molecules. But, they have low
absorption due to their poor lipid solubility (Cott 1995) owing to their big molecular
size which hinders their absorption by passive diffusion. This limits their ability to
cross the lipid-rich bio-membrane and thus, results in poor bioavailability (Manach
et al. 2004).

The traditional herbal formulations typically consist of crude extracts of different
herbs which also contains undesirable and sometimes, toxic compounds along with
the active constituents. Owing to the latest upgradation in the field of herbal prod-
ucts, particular ingredient or a group of analogous constituents from plants are now
isolated, purified and characterized for a number of significant uses (Khan et al.
2013). The process of extraction/isolation and purification of particular constituent
from plant extract generally results in fractional or total loss of therapeutic activity.
Instead of displaying brilliant bioactivity in vitro, herbal extracts often exhibit poor
effectiveness in vivo or in animal models. The key reasons for low bioavailability of
crude plant extracts are (i) the bioactive constituents have large multi-ring molecu-
lar structures which cannot be absorbed into the blood by simple passive diffusion
and, (ii) the bioactive constituents are mostly hydrophilic in nature, hence, poor
lipid solubility restricts their ability to cross lipid bio-membranes (Dewan
et al. 2016).

Pioneering pre-clinical and biochemical studies have evidenced the ability of
natural/plant based compounds in the management of topical disorders, anti-aging,
different types of carcinoma and several other fields of therapeutics and precaution-
ary medicine. The water-loving nature and complex structure of these compounds
present vital problems because they cause low bioavailability across the gut or skin.
Also, some phytomolecules owing to their lipoidal nature, are often unable to pass
the small intestine (Sharma and Sikarwar 2005). Various tactics are devised to aug-
ment the bioavailability, such as inclusion by solubility and bioavailability enhanc-
ers, structural alteration and entrapment with the lipophilic transporters (Venkatesan
et al. 2000).

7.2 Approaches to Improve Bioavailability

The efficacy of any natural/herbal formulation solely depends on its ability to
deliver an optimum level of the active constituent and different tactics have been
employed to improve the bioavailability of natural products (Bhattacharya 2009;
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Giriraj 2011). Some of the strategies anticipated to advance the bioavailability are
listed below:

(a) Chemical derivatization of the natural products leads to formation of several
chemical derivatives (analogues) of natural product which require to be prop-
erly screened.

So, this approach has been designed to increase the bioavailability of natural
products by transforming them into a product with similar structure.

(b) Combining natural products with other compounds as adjuvants encouraging
the absorption of active constituent.

(c) This approach suggests detailed formulation research of structures, capable of
both stabilizing the natural molecules and augmenting their intestinal absorption.

Natural products delivery approach must preferably convey the active constituent at
a rate as per the requirements of the body, during the treatment duration and it must
guide the desired constituent of herbal extract to the site of action (Saraf 2010).
Whereas, conventional drug delivery systems are unable to attain these targets,
therefore, significant efforts should be made for developing novel herbal drug deliv-
ery system. Incorporating herbal extract/phytoactive constituents into such delivery
systems not only decreases the frequency of dosing to attain patient compliance, but
also favours the improvement in therapeutic effect by lowering toxicity or augment-
ing the absorption (Musthaba et al. 2009; Obeid et al. 2017). Thus, novel drug deliv-
ery approach is designed to either maintain drug action at a predecided rate or by
ensuring a proper and continual effective drug concentration in the body with lower-
ing of undesirable side effects.

Phytopharmaceuticals with greater therapeutic potential may be explored by
means of several novel formulation techniques. Complexation of standardized
herbal extracts, or mainly, polar phytoactive constituents with lipids especially
phosphatidylcholine, results into new drug delivery technique known as phytolipid
complexes/phytosomes/herbosomes that produces a greater uptake after the oral
route due to higher lipid solubility and permits crossing of the cell barrier conse-
quentially resulting in improved bioavailability. This indicates that a large number
of active constituents are working at the site of action in equal or a smaller amount
than conventional herbal extract. Hence, the therapeutic efficacy turns into superior,
extra measurable and long-lasting outcome (Talware et al. 2018). Thus, phytosome
is an herbal drug delivery system which is known to placate all above problems or
limitations of conventional systems of herbal drug delivery.

7.3 Phytosomes

The term “Phytosomes” comprises of two words i.e. ‘Phyto’ meaning Plant and
‘Some’ meaning cell-like. They are micelles obtained by complexation of phospho-
lipids with water and this type of complexation is exaggerated by the adding
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polyphenolic plant extract. The phytosome technique was first established by
Indena, an Italian Company. Bombardelli and Spelta in 1991 developed a novel
drug delivery system called Phytosomes (Bombardelli et al. 1991). This technique
is categorized under VDDS which encompasses aquasomes, ethosomes, liposomes,
niosomes, and phytosomes. VDDS are systems consisting of a hydrophilic core and
outer lipid bilayer shell (Azeez et al. 2017). The fatty bilayer of phytosomes assists
‘contact-facilitated drug delivery’ which comprises of lipid-lipid interaction
between the cell membrane and carrier, causing diffusion of phytoactive constitu-
ents inside the cell (Bhupinder et al. 2018).

Phytosomes, also known as herbosomes, is a novel phytolipid formulation tech-
nology attempting to break through the barriers put forth by the conventional drug
delivery systems with respect to bioavailability and stability of plant-derived drugs.
It is vesicular drug delivery system where phytoactive constituents of natural prod-
uct are surrounded by lipid, consequently forming a formulation with better absorp-
tion than the conventional ones (Pawar and Bhangale 2015). It is a biocompatible
and biodegradable delivery system formed via complexation in a stoichiometric
ratio of a phytoactive chemical, or a mixture of phytochemicals, with a phospho-
lipid, mainly phosphatidylcholine or phosphatidylserine in an aprotic solvent, as
depicted in Fig. 7.1 (Karatas and Turhan 2015). The spectral values discloses the
phospholipid-phytoconstituent interactions due to hydrogen bond formation
between the hydrophilic part and the polar parts of the phytoactive constituent
(Tripathy et al. 2013).

The average size of a phytosome differs from 50 nanometres to some hundred
micrometres (Patel et al. 2013). Phytosome preserves the key components of natural
product extract from damage by digestive chemicals and bacteria, as a result of
which, improved absorption and bioavailability lead to elevated biological and
pharmacokinetic parameters as compared to conventional herbal extracts (Lu
et al. 2019).

Drug-Phospholipid Complex

Lipid Bilayer

Fig. 7.1 General structure of phytosomes depicting the drug-phospholipid complex in which cho-
line head of phosphatidylcholine (PC) binds to the phytoactive constituent and the tail encapsulates
the polar portion of complex to provide a hydrophobic surface
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Table 7.1 Phytosome based products developed by various manufacturers alongwith their
biological source and therapeutic significance

Sr. Botanical origin &
No. |Product name plant part used Therapeutic significance
1. 18 Beta-glycyrrhetinic acid | Glycyrrhiza glabra L. | Lenitive, soothing
phytosome root
2. Bosexil Boswellia serrata Anti-photo ageing, soothing
3. | Casperome Roxb. root Joint health
4. Centella asiatica Centella asiatica L. Anti-wrinkles, collagen
triterpenes phytosome leaf remodelling & reorganization
5 Escin Beta-sitosterol Aesculus Vasokinetic action, shining of skin
phytosome hippocastanum L. seed
6. Ginkgo biloba dimeric G. biloba L. leaf Antilipase, phosphodiesterase
flavonoids phytosome inhibitor
7. G. biloba extract G. biloba L. leaf Anti-allergic agent
phytosome
8. Ginkgoselect phytosome G. biloba L. leaf Free radical scavenger, improves
cognition and blood circulation
9. Virtiva G. biloba L. leaf Cognitive enhancer
10. | Ginseng phytosome Panax ginseng C.A. Improves elastic strength of skin
root
11. | Greenselect phytosome Camellia sinensis Free radical scavenger, weight
L. Kuntze young leaf regulator, whitening agent
12. | Hawthorn phytosome Crataegus spp. Antioxidant, improve
flowering tops cardiovascular fitness
13. | Leucoselect phytosome Vitis vinifera L. seed Antioxidant, cardio-protective,
ultra-violet protective
14. | Meriva Curcuma longa L. Joint strengthner, soothing
rhizome
15. | Proanthocyanidin A, Aesculus Ultra-violet protective, promotes
phytosome hippocastanum L. bark | skin repair and skin firmness
16. | Quercefit Sophora japonica L. Antioxidant, sports nutrition
flower buds
17. | Quercevita S. japonica L. flower Soothing, lenitive, first aid for skin
buds challenges
18. | Rexatrol Polygonum cuspidatum | Anti-ageing, antioxidant, Sirt1
Sieb. rhizome modulator
19. | Siliphos Silybum marianum L. | Anti-wrinkles, retinoic acid like
fruit activity, hepatoprotective
20. | Bergamot phytosome Citrus bergamia fruit | Maintains blood levels

juice

Indena, an Italy based pharmacompany, has manufactured several health care &
skin care phytosomal products for use in various health problems. Most of the stan-
dardized herbal extracts containing polyphenolics and terpenoid fractions are exten-
sively formulated as phytosomes, some of them are summarized in Table 7.1 (Kumar
et al. 2019).



7 Phytosomes as Emerging Nanotechnology for Herbal Drug Delivery 223
7.3.1 Mechanism of Drug Complexation

Phytosomes are the product obtained by the interaction of a phospholipid (stoichio-
metric quantity) with the plant extract or phytoactive constituent inside an aprotic
solvent (Patel et al. 2009). Phosphatidylcholine is a bi-functional compound in
which, the choline part of molecule binds to the phytoactive constituent whereas the
tail (phosphatidyl part comprising of two long lipophilic chains) encapsulates the
polar portion of complex to provide a hydrophobic surface (Amit et al. 2013).
Spectral techniques have shown that the phytoactive constituents bind with the cho-
line head through H-bonds thus forming stable and more bioavailable form of herbal
drug delivery (Bombardelli et al. 1991).

7.3.2 Components of Phytosomes
7.3.2.1 Phyto-Active Constituents

Herbal drugs are selected on various basis primarily on utility of drug in therapeu-
tics, their nature, availability, estimation method and stability. Nature of phytoactive
constituent in the herbal extract is a crucial element in drug selection. Herbal
extracts being multicomponent mixture, generally possess multiple ring molecules,
owing to large size, are tough to be diffused by simple passive diffusion and depict
poor penetrability through the cellular lining of the intestine (Sarika et al. 2016). For
producing a phytosomal complex, the drug moiety must have active hydrogens like
-NH,, -NH, —OH, -COOH, having the capacity of estabilishing H-bonds between
the drug and N-methyl groups of PC (Semalty et al. 2009). Previous work has
reported that molecules with conjugated systems of pie electrons are proficient in
making various types of complexes with phospholipids.

7.3.2.2 Phospholipid

Phospholipids being amphiphilic and zwitterionic molecules, are considered as a
potential component of cell membrane (Olsson and Salem 1997; Singh et al. 2017).
They extensively exists in plants and mammals as they are among the necessary
constituents of cellular membrane (Seimiya and Ohki 1973). Main sources of phos-
pholipids include rape seed, sunflower seed, soya bean, vegetable oils and cotton
whereas mammalian tissues include bovine brain and egg yolk (Chaurio et al. 2009).
Phosphatidylcholine (PC), phosphatidylethanolamine (PE), and Phosphatidylserine
(PS) are the chief phospholipids largely employed to formulate complexes consist-
ing of an aqueous head group and two lipophilic chains (Suriyakala et al. 2014).
However, PC is most widely employed phospholipid, due to its amphipathic nature
which imparts it adequate solubility in water and lipid medium. Furthermore, being
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Fig. 7.2 Structure of phosphatidylcholine consisting of a hydrophilic head group and two long
lipophilic fatty acid chains

vital component of cell membranes, PC displays strong biocompatibility and little
toxicity (Li et al. 2015). Phosphatidylcholine consists of two aliphatic chains sur-
rounding the choline-phytoactive drug complex as depicted in Fig. 7.2.

7.3.2.3 Solvent

During the phospholipid complex formation, the selection of organic solvent plays
an important role and relies on the solubilisation parameters of both drug and phos-
pholipids. Previous studies suggested that improved solubility can be achieved by
using both protic and aprotic solvents in combination. Majority of the aprotic sol-
vents like chloroform, diethyl ether, dioxane, dichloromethane and n-hexane have
been recently substituted with ethyl alcohol being much safer than the earlier sol-
vents (Shakeri and Sahebkar 2016). Since ethyl alcohol leaves less residues and
causes minimal damage, it may be a valuable solvent when the phospholipid com-
plex yield is sufficiently high (Patel et al. 2009).

7.3.2.4 Stoichiometric Proportion of Active Constituents
and Phospholipids

Usually, plant-phospholipid compounds are produced from interaction between
natural/synthetic phospholipids and active herbal component in the molar ratios
ranging from 0.5 to 2.0. But, according to literature and previous studies, stoichio-
metric proportion of 1:1 is considered as the most proficient proportion for formu-
lating complexes of phospholipid (Bombardelli et al. 1991; Bombardelli 1994).
This is evident from a study where quercetin-phospholipid complexes were formu-
lated by mixing quercetin and Lipoid S100 at a molar proportion of 1:1 (Zhang et al.
2016). However, various other proportions of phospholipids and phytoconstituents
have also been used.
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7.3.3 Properties of Phytosomes

Basically, phytosome is an herbal drug-phospholipid complex formed by reacting
stoichiometric amounts of phospholipid and drug in a suitable solvent. Data from
spectroscopic studies reveals the key phospholipid-drug interaction owing to the
development of hydrogen bonds between the hydrophilic heads of phospholipids
(ammonium and phosphate groups) and polar groups of the drug. Phytosomes
assumes micellar shape due to the presence of water, which make them look like
liposomes constructions. Undoubtedly, phytosomes are better forms of natural
products which are stable, easily absorbed and thus produce better results than the
conventional herbal extracts (Kumar et al. 2017).

Phytosomes should not to be puzzled with liposomes. Liposomes are formed by
mixing a water-soluble substance with phosphatidylcholine without forming any
chemical bond, and there may be numerous phosphatidylcholine molecules sur-
rounding the water-soluble compound, whereas in case of phytosomes, the PC and
individual phytoconstituent form a 1:1 or a 2:1 complex involving a hydrogen bond
formation in presence of suitable solvent (Suryawanshi 2011). The comparison
between a liposome and a phytosome has been shown in Fig. 7.3 and Table 7.2
(Gandhi et al. 2012; Kumar et al. 2017).

Fig. 7.3 Comparison LIPOSOME
between phytosome and
liposome representing
phytosome consisting
phospholipid-drug
complex (where drug is
linked to
phosphatidylcholine
through chemical bond in
the ratio of 1:1 or 1:2) and
liposome where several PC
molecules surround the
water soluble drug (Akki
etal. 2019)

PHYTOSOME

A
——> Represent Water Soluble Free Drug
O —=> Represent Phosphatidylcholine

——> Represent Phospholipid drug complex
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Table 7.2 Comparison of phytosome with liposome based on linkage through bonds, degree of
absorption and bioavailability alongwith molecular arrangements

Characteristics Phytosome Liposome
Bond linkage It is a complex of few molecules | In liposomes, no chemical bond is
united through chemical bonds. formed.

Absorption and It affords better absorption and The bioavailability and absorption
bioavailability bioavailability. parameters of liposomes are slighter
than phytosomes.

Organisation of Phospholipid and every A large number of phospholipids
molecules phytoconstituent are present in 1:1 | border the water-soluble
or 2:1 proportion. phytoconstituents.

7.3.4 Methods of Preparation

There are different techniques or methods employed in the preparation of
phytosomes.

7.3.4.1 Solvent Evaporation Method

Here, both the phytoactive constituents and phospholipid are mixed in a container
having organic solvent and is usually kept at 40 °C for 1 h to achieve maximum
entrapment of drug in the phytosomes so designed followed by removing the organic
solvent using rotary evaporator. Then, sieve (100 mesh size) is used for separating
thin film phytosomes, which are stored in desiccators for overnight (Habbu
et al. 2013).

7.3.4.2 Salting out or Anti-solvent Precipitation Method

In this method, the designated phytoactive constituent and phospholipid both are
kept inside a flask containing some suitable organic solvent and then, the mixture is
refluxed at defined temperature for specified duration. Later, the solution gets con-
centrated followed by adding anti-solvent like n-hexane (Saoji et al. 2016).
Phospholipid complex is then formed as precipitates which are further subjected
vacuum filtration and preserved in air tight amber coloured glass containers.

7.3.4.3 Mechanical Dispersion Method

In this process, the phospholipids dissolved in suitable solvent are kept in vicinity
with aqueous phase comprising the herbal extract. Firstly, phospholipid dissolved in
organic solvent, is slowly introduced to an aqueous solution containing the phytoac-
tive constituents to be complexed with. Consecutive removal of the organic solvent
under vacuum results in phyto-phospholipid complex development. Recent
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approaches for formulating such complex include super critical fluids, further
encompassing compressed antisolvent process, gas antisolvent method and super-
critical antisolvent methods (Li et al. 2008).

7.3.4.4 Lyophilization Technique

In this method, both phospholipid and phytoactive constituent are dissolved in
respective solvents and further, the solution containing phytoconstituent is added to
a solution having phospholipid followed by stirring till complex formation occurs
which is separated by lyophilization (Mascarella 1993).

Various stages employed in formulation of phytosomes are depicted in Fig. 7.4.

7.3.5 Release of Drug from Phytosomes

Phytosomes are preferable while delivering lipophilic herbal drug components. Due
to hydrolytic digestion, lipophilic components are likely to develop clusters in the
intestine which would obstruct the controlled and constant release of the drug into
systemic circulation. This problem is rectified when lipophilic drug are delivered
through phytosomal complexes where the phospholipid develops a monolayer in the

Phospholipids

Solution of
phospholipids in
organic solvent
with drug/extract

Formation of
thin film

Prepared
phytosomal
suspension

Fig. 7.4 General steps employed in preparation of a phytosome i.e. (i) Dissolving phospholipids
in an organic solvent containing the drug, (ii) Removing the organic solvent by drying followed by
filtration and (iii) Formation of thin film of phytosomes
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digestive track, deters the cluster development, and boosts the dissemination of
lipophilic drugs through the small intestine (Hamed et al. 2017). The entrapment
efficiency of the phytosome reported previousely lies in the range of 86-98%, which
could be due to the bond formation between the phytoconstituent and the polar head
of the charged phospholipid boosting the association of phytoconstituents with the
polar heads. The release of drug from phytosome complex is reported to be time-
dependent and diffusion controlled. The maximum amount of drug release was esti-
mated nearly 80-85% from the phytosomal complex. However, the rate of drug
release from phytosomes is slower than the liposome is due to the linkage of the
drug with the phosphatidyl head (Amit et al. 2016; Vu et al. 2018; Singh et al. 2018).
The reason behind firmness of the phytosomal shell can be credited to the time-
dependent drug release from the complex.

7.3.6  Characterization of Phytosomes
7.3.6.1 Spectroscopic Evaluation

Phytoactive constituents-phospholipid complexation and their molecular relation-
ships are investigated using different spectral techniques like 'H-NMR, *C-NMR,
and IR (Dasgupta et al. 2015).

'H-NMR

Bombardelli et al. studied and compared the NMR spectra of (+) cathechin, a flava-
noid and its stoichiometric complex with disteroyl-phosphatidylcholine. In non-
polar solvent, marked change was observed in proton nuclear magnetic resonance
signal coming from the atoms involved the complex formation, without adding sig-
nals of individual molecules. The signals observed from flavonoids are broadened
depicting that the protons cannot show along with broadening of all the signals in
phospholipids, while the singlet peak analogous to N-methyl of choline undergoes
an uplift shift. The signal revealed that disteroyl-phosphatidylcholine conceals the
signal from polyphenol which attributes in complex formation (Bombardelli
etal. 1991).

3C NMR

BC-NMR spectral data of above mentioned cathechin-disteroylphosphatidylcholine
complex, especially when recorded in deuterated benzene at room temp. Indicates
that all the flavonoid carbons are hidden. Some signals representing glycerol and
choline portion of the lipid are shifted and broadened, while most of the resonance
of the fatty acid chain holds their original sharp line shape. Chemical shifts of *C
nuclei in various rings of flavonoids and the choline of phosphatidylcholine helped
in understanding their mechanism of interaction (Afanas’eva et al. 2007).



7 Phytosomes as Emerging Nanotechnology for Herbal Drug Delivery 229

FTIR

The recorded IR spectral values are interpreted for different functional groups at
their respective wave number (Udapurkar et al. 2018). It confirms the phytosomal
complex formation by comparing the IR values of individual constituent and their
physical mixture with those of complex. This technique is also used to determine
and ensure the permanency of prepared complexes. The permanency is further
ascertained by comparing the spectrum of phytosomal formulation (solid form)
with that of micro-dispersion (in water) after lyophilisation at different time
intervals.

7.3.6.2 Visualization

The Phytosomal formulations can be visualized either by TEM or SEM techniques.
In SEM, the sample (dried) is placed on electron microscope brass stub, coated with
gold in an ion sputter whereas in TEM, transmitted electrons are used to divulge the
surface morphology with interior structure and crystallographic nature of the sam-
ple along with it is used to depict the size of phytosomal vesicles (Gnananath
et al. 2017).

7.3.6.3 Morphological Evaluation

Morphological parameters like particle size of phytosome etc. are measured by
dynamic light scattering particle size analyser (Alexander et al. 2016).

7.3.6.4 Entrapment Efficiency

Entrapment efficiency is can be estimated by centrifugation method (Kumari et al.
2011). Phytosomal formulations kept inside centrifuge tube are centrifuged at
14,000 rpm for 30 min. The collected supernatant (1 mL) is diluted with phosphate-
buffered solution having pH 7.4 or distilled water. Then, the concentration of
entrapped phytoactive constituent (drug) is determined by UV-visible spectropho-
tometer at a wavelength at which the maximum peak (A max) is obtained for that
constituent.

Y%Entrapment = Totaldrug Diffuseddrug / Totaldrug x100.
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7.3.6.5 Vesicle Stability

The average size and structure of vesicles contributing towards vesicle stability are
determined by Dynamic Light Scattering and Transmission Electron Microscopy,
respectively (Mamta et al. 2015).

7.3.6.6 Crystallinity and Polymorphism

X-ray diffraction (XRD) and Differential scanning calorimetry (DSC) are widely
used techniques for determining crystalinity and polymorphism. In DSC, interac-
tions in phyto-phospholipid complex are characteristically identified with the
appearance of new peaks, abolition of endothermic peaks, change in peak intensity,
shape and its onset, relative peak area, peak temperature and melting point, or
enthalpy etc. In XRD, phyto-phospholipid complexes are analysed either by reduc-
tion or complete absence of the intensity of large diffraction peaks corresponding to
its crystalline drug (Chaturvedi et al. 2015).

7.3.6.7 In-vitro Drug Release

Determination of the permeation rate can be achieved by in-vitro drug release study.
For calculating the drug release, phytosomal suspension is placed in Franz diffusion
chamber where the samples are collected at different time intervals. Then, from the
amount of drug entrapped at 0 time as the initial amount, the quantity of drug uncon-
fined is measured indirectly (Kadu and Apte 2017).

7.3.7 Advantages of Phytosomes

Phytosomes have remarkable advantages over conventional dosage forms in terms
of several parameters (Bombardelli et al. 1991; Kidd and Head 2005) some of the
advantages are mentioned below:

» Potential enhancement of bioavailability of phytoconstituents

* Production of small size cells thereby securing the phytoactive constituents from
harm by gastric enzymes/secretory chemicals/gastrointestinal bacteria.

* Delivers both hydrophilic and lipophilic drugs via mouth as well as skin display-
ing improved absorption, and enhanced therapeutic effects.

* Enhances drug loading efficiency to a level at which the drug itself in conjuga-
tion with lipids forms vesicles.

» Appreciable drug entrapment occurs.

* Enhanced drug absorption obviously requires lower amount of drug for the same
therapeutic effect.
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* Phytosomes are more stable formulations owing to chemical bonds formation
between PC molecules and phytoactive constituents (Gabetta et al. 1989).

* Phosphatidylcholine employed in phytosome process, not only acts as a trans-
porter but also provides nourishment to the skin.

e Since the cellular uptake of phytoconstituents is enhanced, consequently the
required dose is reduced (Gizzi et al. 2016).

* Phytosomes show liposome-like structures inside water. But, they show advan-
tages over liposomes, mainly including the following benefits: (a) the size of
phytosomes is much smaller as compared to that of liposomes; (b) New H-bonds
exists in phytosomes whereas no chemical bonds are observed in liposomes; (c)
the molar ratio of PC and natural substances is 1:1 or 2:1 for phytosomes depend-
ing on the chemical bond-forming element; (d) In liposomes, the natural active
ingredients are dissolved in the solvents and entrapped by the liposomal mem-
brane, whereas in phytosomes, the phytoactive compound is associated to the
polar portion of PC via chemical bond (Tripathy et al. 2013; Dhase and
Saboo 2015).

The extracts of some plants including ginseng green tea, grape seed etc. have
been successfully developed in to phytosomal formulations (Barzaghi et al. 1990)
where their phytoconstituents are effectively associated to PC (Ajazuddin and
Saraf 2010).

7.3.8 Limitations of Phytosomes

The main disadvantage associated with phytosomes is ascribed to the pH sensitivity
of phospholipids due to their Zeta potential values, which must be considered while
preparing the phytosomes (Ghanbarzadeh et al. 2016). Some other limitations are:
(a) Both superficial and bulk drug-lipid interaction is mandatory; (b) Covalent type
of linkage is needed to curb drug seepage; (c) They are prone to get merged or
aggregated or hydrolysed by chemicals on preservation.

In recently developed drug delivery systems, phytosomes offer an innovative and
upgraded technology for the delivery of phytoactive constituents at the targeted site,
and at present, a number of phytosomal formulations are in clinical use (Babazadeh
et al. 2018).

7.3.9 Recent Research Work on Phytosomes

1. Soy phytosomebased thermogel as topical anti-obesity formulation: Nano
lipovesicles thermogel of Soybean, Glycine max (L.) Merrill, was prepared by
solvent evaporation, co-solvency and salting out techniques and its optimized
formulation was then selected for further analysis by FTIR and Zeta analyser.
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Prepared phytosomes were then incorporated into a thermogel formulation
which showed local anti-obesity effect in male albino rats (El-Menshawe
et al. 2018).

2. Development of antidiabetic phytosomes: Antidiabetic phytosomes of metha-
nolic fruit extract of three plants using a three-factor, three-level Box-behnken
design (17 batches) were optimized and characterized. TEM data revealed their
improved steadiness and a spherical shape. Optimized formulation gave maxi-
mum yield and showed highest entrapment efficiency. Their antidiabetic effect
was equivalent to standard drug (metformin) at low dose level (Rathee and
Kamboj 2017).

3. Nano-phytosomes of Silibinin and Glycyrrhizic acid: Ochi et al. (2016) devel-
oped nano-phytosoms of silibinin and glycyrrhizic acid to target liver HepG2
cell lines. Reports showed that such encapsulation of both drugs not only
improved the therapeutic potential and permanency of silibinin, but also syner-
gistically increased the therapeutic effect.

4. L-carnosine phytosomes for ocular delivery: Novel phytosomal formulation
was prepared for ocular delivery of L-carnosine by blending hyaluronic acid
hydrogel and phospholipid by solvent evaporation method and the results wit-
nessed improvement in spreading capacity, sustained infusion, rheological and
tolerability features for successful delivery of the drug (Abdelkader et al. 2016).

5. Sinigrin phytosomes for in-vitro skin permeation: Mazumder et al. developed
phytosome complex of sinigrin with in-vitro skin permeation ability and showed
desired release of drug from the complex and also proposed probability of
exploiting this formulation for significant delivery of this drug to the skin
(Mazumder et al. 2016).

6. Phyto-liposomes of Silybin-phospholipid complex: Silybin phospholipid
complex by reverse-phase evaporation technique targeted human hepatoma cells
and expressed three hundred times more potent biological effect (Angelico
et al. 2014).

7. Development of self-nano emulsifying drug delivery system (SNEDDS) of
Ellagic acid: Avachat and Patel (2015) prepared phytosome complex of ellagic
acid-phospholipid by antisolvent process, followed by developing
SNEDDS. Study outcome reported that this technique can be served as promi-
nent method to develop formulations of phytoconstituents with limited bioavail-
ability (Avachat and Patel 2015).

8. Phytosomal formulation of Polyphenolic extracts of Persimmon (Diospyros
kaki L.) fruit: Phytosomes (less than 300 nm) of polyphenolic rich fruit extract
were successfully prepared encapsulating 97.4% of total phenolics, and exhib-
ited higher antioxidant activity (Direito, et al. 2019).

9. Enhanced therapeutic efficacy of phytosomal complexes for anticancer, anti-
inflammatory, antioxidant and hepatoprotective etc. activities have been estab-
lished by formulating phospholipid complexes of potential drugs like daidzein,
salvianolic acid B, rutin, 10-hydroxycamptothecin, luteolin, curcumin and sily-
bin (Federico et al. 2006; Maiti et al. 2007; Xu et al. 2009; Peng et al. 2010; Wei
et al. 2010; Zhang et al. 2011; Singh et al. 2012).
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7.4 Conclusion

Phytoactive constituents are usually polyphenolics, and on complexation with phos-
pholipids like PC form a newer delivery system known as ‘“Phytosomes”. The phy-
tosome technology establishes a linkage between the traditional and novel drug
delivery systems while dealing with active phytoactive constituents. Phytosomes
may serve as a prospective technique in enhancing the absorption or bioavailability
of drugs with extremely hydrophilic or lipophilic properties (Gnananath et al. 2017).
The greater steadiness of phytosomes seems because of establishment of chemical
bonds between phospholipid and phytoactive components. The bio-compatibility,
biodegradability, ease of manufacturing, and availability of naturally occurring
phospholipids are important advantages of phytosome technology. Moreover, the
flexibility of phytosomal bilayer structure allows incorporation of compounds with
different structures.

Phytosomes possesses better pharmacokinetic and biological parameters, which
qualify them suitable for various other beneficial applications such as anti-diabetic,
anti-inflammatory, anticancer, immune-modulator, cardiovascular etc. These for-
mulations also depict their usefulness in cosmetics as anti-aging and for non-
pathogenic skin problems. Finally, enhancement of systemic bioavailability of
phytochemicals using phytosomal formulations enables dose reduction and thus
helpful to improve the cost-effectiveness of treatment. Such systems (phytosomes)
provides a stable carrier which ensures enhanced stability, improved hydrophilic
drug loading and reduced drug leakage of the system. Undoubtedly, phytosomes are
better than the conventional drug delivery systems in terms of the pharmacokinetic
and pharmacodynamic and properties (Selvan 2019), but it is evident that this sys-
tem can still be modified and used in plentiful ways to boost the overall bioavail-
ability of drugs.
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Chapter 8
Albumin as Natural Versatile Drug Carrier
for Various Diseases Treatment

Check for
updates

Hitesh Kumar Dewangan

Abstract Serum albumin is the most abundant protein in blood. It shows a variety
of activities including antioxidant activities and binding activity toward lipophilic
hormones, marker for glucose intolerance and protective effects. Albumin is used
for the treatment of many diseases such as cancer, liver disease, renal disease,
inflammatory disease, and cardiovascular infection. Over the last decade, various
drug delivery systems have been created to improve the treatment of various disor-
ders and diseases. Albumin has been generally studied as a protein carrier for the
delivery of the drug. Especially, in nanotechnology, it is utilized for the delivery of
various drug molecules for the sustained, control release and enhancement of bio-
availability. So, the demand for albumin increased annually worldwide due to the
different applications of albumin.

This chapter reviews recent progress in several key areas relevant to natural prod-
ucts in nano and micro delivery systems for biomedical applications and its produc-
tion, purification, and distribution in the human body. Also the present chapter
describes the special features of albumin as a drug carrier, and thereby provides
scientists with knowledge of goal-driven design on albumin-based nanomedicine.
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8.1 Introduction

The albumin is derived from the Latin word “Albumen” i.e. egg white; it is a family
of a globular protein and most common serum albumin. It is soluble in water and
moderately soluble in concentrated salt solution. Substance containing albumins,
such (egg) white, are called albuminoids. Albumin is the abundant constituents of
plasma protein and having the concentration is about 3.5-5.0 g/dl. The molecular
weight of the albumin protein is about 66,500 Dalton and the elimination half-life
of albumin is about 20 days. Albumin present in the plasma as well as in the extra-
cellular space with a concentration of 40% and 60% respectively. Serum albumin is
mainly present as the plasma protein and having a variety of functions such as anti-
oxidant, buffering agent and efficacy for binding towards non-polar hormones and
transported various molecules (Larsen et al. 2016; Nicholson et al. 2000). Albumin
is also used as the macromolecular carrier which is biodegradable, non-toxic, non-
irritant, biocompatible and non-immunogenic. Albumin nanoparticles based drug
delivery systems are very precise and effective for active as well as passive target-
ing. In vivo drug delivery with the albumin requires the modification for better
effectiveness and also for diagnosis (Sleep et al. 2013; Fanali et al. 2012).

8.2 Structure of Albumin

Chemically albumin containing three structures such as primary structure, second-
ary structure, and tertiary structure, and not having carbohydrate moiety. It has an
elastic constitution and easily regains shape (Fig. 8.1).

Structure of Albumin

v
v v v

Primary structure Secondary structure | Tertiary structure

V V | V

* Contains the 55% of helix
and 45% of beta-
structure

* Albumin protein 3 domains
are settle in the ellipsoid
pattern

* Single polypeptide chain
with 585 amino acids

» Contains the 17 Di-sulfide
bonds * Obtain maximum stability
or lowest energy state

Fig. 8.1 Chemical structures of albumin: primary structure, secondary structure, and tertiary
structure, and its alignment
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Primary structure: The primary structure of albumin is made up of a single chain
of a polypeptide that contains around 585 amino acids. The molecules of the
peptide chain are bind with 17 disulfide bonds (Farrugia 2011).

Secondary structure: Albumin secondary structure having helix shape (55%) and
beta-structure (45%).

Tertiary structure: In these three domains are situated in ellipsoid pattern and
proteins molecules are blended and twisted in specific patterns. Comparable to
primary and secondary structure, tertiary is more stable and lower energy state
(Lee et al. 2014).

8.3 Types of Albumins

There are three types of naturally occurred albumin (Raoufinia et al. 2016a, b;
Sokotowska et al. 2009):

I. Ovalbumin (OVA)
II. Bovine serum albumin (BSA)
III. Human serum albumin (HSA)

I. Ovalbumin Ovalbumin is the food protein and widely used in the designing of
the food matrix. Ovalbumin chemically consisting of phosphor-glycoprotein in
which 365 amino acid residues are found and each molecule bonded by the disulfide
bonds. The molecular weight of ovalbumin is about 47,000 Dalton and having the
isoelectric point at 4.8 (Elzoghby et al. 2012). Ovalbumin is the most frequently
used carrier system for various drug deliveries due to its low cost as a comparison
to other protein. Ovalbumin has the quality to form gels and also used as a stabilizer
for the biphasic liquid dosages form such as emulsion and various pharmaceutical
foam. Ovalbumin is pH and temperature-dependent, due to these properties it is also
used in the controlled as well as targeted drug delivery (Wongsasulak et al. 2010).

II. Bovine Serum Albumin Bovine serum albumin is used in the transport of many
drugs and used as a nano-carrier because it has low cost and acceptable in the phar-
maceutical industry due to highly biocompatible. The purification of bovine serum
albumin protein is very easy compared to the other one. The molecular weight of
bovine serum albumin is about 69,323 Dalton and isoelectric point is 4.7 in the
water at 25 °C (Tantra et al. 2010; Hu et al. 2006).

III. Human Serum Albumin Serum albumin is a very common plasma protein
and having the elimination half-life is about 19 days which is very soluble, consist-
ing of 585 amino acids (Hirose et al. 2010; Kratz, 20,008). Human serum albumin
has a molecular weight of 66,500 Dalton and stable at the pH range of a 4-9 and
temperature at 60 °C for 10 h. Human serum albumin is the best carrier for the
transport of drug molecules due to having the ability to biodegradability and reduc-
tion in the toxicity (Kratz, 20,008; Fasano et al. 2005).



242 H. K. Dewangan
8.4 Albumin Synthesis, Distribution, and Degradation

Albumin is synthesized in the liver and daily 12 g of albumin is produced, which
represents 25% of total hepatic protein synthesis. After synthesis of albumin in
hepatocytes cells, it does not store in a liver, it circulates in portal. About 12-25 g of
albumin is synthesis per day in normal human and its natural half-life is 19 days.
The normal concentration of albumin is 2.9-5.5 g/dl in youngsters and 3.5-5 g/dl in
adults. 35% of the total albumin is store and found in the intravascular compart-
ment. The albumin digestion and synthesis all are regulated by a specific gene. For
example, in case of injury, diabetes, hepatic ailments, sepsis, low corticosteroids
and reduce growth hormone, the process of gene transcription is reduced likewise
the albumin synthesis is also decreased and disaggregation of the ribosome (Bernardi
et al. 2012).

Initially, albumin is synthesized by pre-protein. Liver hepatocyte cells firstly
synthesized one type of protein called as pre-pro-albumin. In the presence of enzyme
signal peptidase pre-pro-albumin is converted to the pro-albumin and further pro-
albumin converts to albumin in presence to furin (Fig. 8.2). This synthesized albu-
min protein circulates in intravascular and extravascular space followed by the
lymphatic system. Around 40% albumin presented in intravascular space and 60%
found in extravascular space. After long circulation albumin is depredated by mus-
cle, kidney, liver, and GIT (Bernardi et al. 2012; Brzoska et al. 2004).

sy | Pre-Proalbumin |

.Hepatoqrtes Signal Peptidase

—— Hepatocytes
Proalbumin |
Liver
l Furin .
Muscles g
Pre-Proalbumin | J = Kidneys

| \ /=

Extravascular Space (60%) | === | |ntravascular Space (40%) | wesssp Degradation ~
' e

—  Lymphatic System <

Fig. 8.2 Synthesis, distribution, and degradation of albumin. Albumin is synthesized in the hepa-
tocytes cells and circulates. Albumin is found in the intravascular space (40%) and extravascular
space (60%) and degraded in organs like muscle, kidney, and liver
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Serum albumin is produced on a particular ribosome-messenger ribonucleic acid
(mRNA) complex. Which are further bound to the ER (endoplasmic reticulum) in
the hepatocyte and only 30 min is required for the gathering of molecules of the
albumin and then it is discharged into the systemic circulation. However, the time
required to take in this step is unidentified. The most significant perspective in the
guideline of albumin creation is nitrogen intake. Short term fasting quickly exhausts
the measure of albumin synthesis. Chronic ailing health likewise is related to a low
level of albumin synthesis, even though this issue by infection or due to altered
hormone level and as often as possible by raised globulin levels (Gradishar 2006).

Decrease synthesis limit should include a changed in the amount of polysome
wherein also reduction of mRNA concentration, or maybe diminished the produc-
tion of an inhibitor to ribonuclease which ensuing the damage of RNA and disag-
gregation of the ribosome from mRNA. Since albumin is accepted to be made and
discharged on an mRNA-ribosome film formation. Fasting may be relied upon to
change this piece of the intracellular mechanism. Despite that, fasting does not
decrease explicitly the amount of endoplasmic polysome, even as all RNA has
decreased the segment between free (non-membrane bound) RNA. However, the
free or unbound polysome and the film bound polysome are disaggregated (mRNA
with fewer connected ribosomes) into littler subunits which are prudently inactive
in synthesized protein (Bernardi et al. 2012).

A protein inhibitor to ribonuclease is available in the cell sap. The lacking pro-
tein production inside the cell could allow more prominent ribonuclease activity by
diminishing the synthesis of this inhibitor. To re-stimulate and balance out this
framework to a sustained state it isn’t important to utilize a reasonable eating rou-
tine. They demonstrated that the re-aggregation of ribosomes with mRNA happens
inside hours following the organization of abundance tryptophan and isoleucine.
Thus, both of the amino acids result in expanded of albumin production. The stimu-
latory system of activity for two amino acids isn’t recognized. An abnormal state
after the administration of these amino acids, it is conceivable that a portion of the
mRNA coded for albumin is enduring and accessible for re-aggregation. Qualities
for the half-existence of the albumin mRNA is broadly dissimilar (Varshney
et al. 2010).

8.4.1 Albumin Degradation

Albumin degradation is likewise fairly consistent in man and several minor creature
species. There are two viewpoints of degradation which must be isolated simply.
The partial degradative rate for the piece of plasma albumin or the whole inter-
changeable albumin mass which is metabolized day by day and unqualified quan-
tity. Experimentally the partial rate may remain. Generally consistent despite huge
changes in the supreme rate and albumin debasement might be viewed as unaltered.
In hypoalbuminemia, the fractional rate is frequently ordinary, especially when the
hypoalbuminemia is related to hyper gammaglobulinemia.
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Scarcely few examinations have been performed utilizing patients in hyper albu-
minemic states since this is a clinical condition once in a while observed except
maybe in intense lack of hydration. In any case, after albumin infusion, an incre-
ment in absolute derivative rate happens and is related to an expansion in the partial
rate of debasement. These progressions were adequate to represent most of the over-
abundance colloid injected. No adjustment in albumin synthesis happened. It shows
that albumin synthesis and degradation are not interdependent. While albumin syn-
thesis is influenced intensely by a reduction in sustenance admission, albumin deg-
radation falls simply after the albumin pool has diminished (Bernardi et al. 2012;
Varshney et al. 2010).

8.4.2 Albumin Distribution

Albumin is circulated between the plasma & extra plasma pools in around a 40:60
proportion in man. The majority of the extravascular albumin is situated in the skin
in the human and the grouping of albumin in the extravascular extracellular skin
water approaches in the plasma. These abnormal states play a role in controlling the
osmotic balance of the skin during water exchange. In the liver the measure of albu-
min situated in hepatic interstitial water is little and, accepting an even circulation
of albumin in hepatic interstitial space, the concentration would be short of one-
tenth of that in plasma or lymph. In any case, the hepatic interstitial space is com-
prised of a protein-polysaccharide grid which may exclude albumin from its area.
Albumin has comparative unequal dissemination in the pulmonary interstitial vol-
ume and different tissues likely will demonstrate varieties of equal degree. Albumin
has been disconnected in tears, sweat, salivation, gastric juice, ascites, and edema
and assuredly is available in each body liquid and the concentration will be varied
(Bernardi et al. 2012; Varshney et al. 2010).

8.5 Sources of Albumin

Albumin protein is natural polymers obtain from a variety of sources and used in
various drug delivery systems. Albumin is either obtained from animal or plant
sources. Animal sources like a human serum, eggs, chicken, fish, yogurts, meats
substitute, and nutritional drinks, etc. Plant sources such as peanut cheese, potatoes,
tofu, burgers, castor bean, etc.
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8.6 Methods of Purification of Albumin Protein

8.6.1 Plasma Fractionation Method with Ethyl Alcohol

Purification method was first developed by the Cohn and colleagues at 60 years ago
by using the fractionation method. This method is based on the difference in solubil-
ity of albumin by comparing with other proteins present in the plasma and albumin
protein will precipitate at low pH and high concentration. The separation of protein
is obtained by increasing the concentration of ethyl alcohol in every fraction and
albumin was found in the last fraction. The process will continue or done in a bac-
teriostatic condition which is used as an active molecule. This method applies to
large scale production in the industry (Buchacher and Iberer 2006).

8.6.2 Combination of Cohn Method
and Liquid Chromatography

This method is worldwide applicable and the technique was demonstrated given by
Tanaka et al. in this higher volume of plasma and low price is fractionated in the
Cohn technique, therefore, Victoria and their colleagues increases the quality as
well as purity by incorporating the liquid chromatography. This method is said to be
an advanced method of plasma protein purification. The main importance of this
method is that low cost and a high degree of purification can increase productivity
and the technique can increase the yield at least 99% compared to Cohn methods.
Purified albumin protein present as by-product and other proteins such as factor VIII
and immunoglobulin and others are also isolated (Tanaka et al. 1998; Ramin
et al. 2016).

8.6.3 Purification from Placenta

The strategy that has been created for the generation of albumin is cleaning from the
human placenta produced by the Raoufinia and his associates. In this strategy tech-
nique utilizing ethanol-based solvent precipitation and ion-exchange chromatogra-
phy methods. Since placenta accumulation is accessible, filtration from the placenta
is a standout amongst the most proficient methods for the decontamination of albu-
min (Raoufinia et al. 20164, b).
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8.6.4 Affinity Precipitation

Cao and Ding suggest an affinity precipitation process for purification of albumin.
In this method utilizing a soluble-insoluble polymer joined with an affinity ligand
that relies upon the polymer highlights, for example- pH, temperature and light
reaction. With utilizing butyl acrylate, N-methylol acrylamide and N-isopropyl
acrylamide as monomers, a thermo-reaction copolymer was blended which was
called PNBN (Ramin et al. 2016).

8.6.5 Heat Shock Method

Albumin protein shows the stability of increasing the temperature in comparison
with the other protein found in the plasma so it can be purified by the heat shock
method. On increasing the temperature in the range of 60 °C albumin shows the
resistant and the microorganism may be inhibited or inactivated at this temperature,
0.04 M caprylic acid is used to stabilize at the pH range of 5 and also stabilize an
increase in temperature up to 60 °C. In this situation known as an increase in tem-
perature causes denaturation and precipitation in the solution of other proteins
found in the plasma but not albumin protein, so albumin protein was concentrated
by using the ultrafiltration and purity is about 98% was obtained (Ramin et al. 2016).

8.6.6 Precipitation of Ammonium Sulfate Conjugates
with Liquid Chromatography

This method of purification of albumin protein Precipitation of ammonium sulfate
conjugate with liquid chromatography can yield 90% of purified albumin. Applying
these method for separation of albumin from the immunoglobulin. When treated
with ice-cold acetone around ammonium sulfate (50%) and lipid contents are
removed. Then, perform separation of transferrin in the next steps. Especially two
chromatography was used such as ion exchange and size exclusion chromatogra-
phy. Purified albumin was free from the DNAse and immunoglobulin proved by
assays such as DNAse and immunoglobulin detection assay and albumin was evalu-
ated by using the blotting and chemiluminescence method (Odunuga and
Shazhko 2013).
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8.6.7 Chromatography Method for the Purification

Mostly in industry ethyl alcohol fractionation method is utilized for the fraction-
ation and identification of plasma proteins. This method is accurate and given the
purity of compounds. Various chromatographic methods are available for the purifi-
cation and identification of albumin or other proteins. According to the need and
desirability method is selected. Various chromatographic methods such as ion-
exchange chromatography (IEC), simulated moving bed chromatography (SMBC),
steric exclusion chromatography (SXC), expanded bed adsorption chromatography
and affinity chromatography have used the identification of albumin (Varshney
et al. 2010).

8.7 Albumin Properties

Albumin, a multifunctional protein has ligand-restricting capacities with regards to
cancer prevention agent properties. It also has free radical-catching properties in
egg whites. Impairments in egg whites are cancer prevention agents. Other proper-
ties such as limits oxidation, high availability, biodegradability, no any poisonous
quality, medical significance, most abundant and easy of decontamination (Sleep
2015; Taverna et al. 2013).

8.7.1 Enzymatic Properties

Serum plasma albumin has fascinating enzymatic properties such as enolase action,
esterase action, impacts on eicosanoids, aryl acyl amidase action, stereospecificity,
buildup responses, official and initiation of medication conjugates. Likewise, a few
enzymatic properties of egg whites ligand such as heme and hemin—human albumin
(Kragh-Hansen 2013).

8.8 Basic Functions of Albumin

Albumin works basically as a transporter protein for steroids, unsaturated fats, and
thyroid hormones in the blood. A main important role in settling extracellular liquid
volume by contributing to colloid osmotic pressure of plasma because littler crea-
tures (like rodents) work at a lower circulatory strain, they need less oncotic strain
to adjust this, and hence need less albumin to keep up legitimate liquid distribution.
The function of albumin is presented in Fig. 8.3. According to the importance of the
albumin there following function are performed:
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Function of albumin
4

l l !

[ Basic Function ] [ Therapeutic Application ] [Spﬂ:ia] Features of A]bumin]

as a Drug Carrier

- Colloidal Osmotic Pressure
| Binding and Transport -Albumin Microparticles/Microsphere
L st M - Diabetes -AIDS - Albumin Nanoparticles/Nanosphere
- Nutritive Function [ i —
| Buffering Function - Oncology - Cardiopulmonary Bypass Surgery
| Metabolic Function - Tumor - Hemolytic Disease of Newborn
- Anti-coagulant effect e e

- Renal illness - Adult Respiratory Distress Syndrome

- Sepsis - Diagnosis and Imaging

- Rheumatoid Arthritis

Fig. 8.3 Various functions of albumin: basic function, therapeutic function and special function as
a drug carrier

8.8.1 Colloidal Osmotic Pressure

Albumins significantly help in maintaining the osmotic pressure inside the blood
capillaries. Change in the concentration of albumin can cause a change in the intra-
vascular colloidal osmotic pressure, albumin is found in extra-vascular site and
highest concentration or amount found in the interstitial. Many drugs have the good
binding capability to albumin and this will show the better delivery of a drug to a
tissue site, metabolism as well as the elimination of therapeutic molecules. Naturally
found colloids are fresh frozen plasma as well as frozen plasma which are infused
in animal medicines (Evans 2002; Tazhbayev et al. 2019).

8.8.2 Binding and Transport Functions

Albumins have many binding sites for binding of therapeutic molecules such as
non-polar anions and long chain of fatty acids. A low lipophilic therapeutic mole-
cule does not bind with albumin more frequently and having low affinities such as
ascorbate and tryptophan. But a higher lipophilic therapeutic molecule such as
L-tryptophan has more binding towards the albumin. The monovalent molecules are
not bound to the albumin bur divalent ions have a more binding affinity. Albumin
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proteins consisting of negative ions so acidic therapeutic molecules are not bound to
albumin whereas basic drugs have better binding capability towards albumin.
Albumin also used as the primary and secondary carrier for some therapeutic mol-
ecules, which is steroidal like vitamin D and thyroxin (Varshney et al. 2010; Curry
etal. 1999). Steroidal drugs have low binding affinity towards albumin but albumin
present in the highest concentration in blood circulation so the required amount of
drug binds to albumin. The delivery the drugs at their specific site this has clinically
significant applicable. (Varshney et al. 2010). Albumin ties with bilirubin and gets a
breakdown, which resulted in the formation of heme. It also acts as binding as well
as a vehicle to carry metals, especially in the blood. It particular bind with copper
(IT) and nickel (II) and generally nonspecific ties with calcium (II) and zinc (II). It
also ties water, cations, (Ca**, Na*, and K*), unsaturated fats, hormones, bilirubin,
thyroxine (T4). Its principle capacity is to control the colloidal osmotic pressure of
blood (Mendez et al. 2005; Bertucci and Domenici 2002). Human serum albumin
has multiple functions with its binding properties such as albumin work as the solu-
bilizing agent for unsaturated long-chain fatty acid and it is the most basic require-
ment for digestion of lipids.

8.8.3 Anti-oxidant Function

In normal physiological conditions, plasma serum albumin has played a remarkable
role such as antioxidant potential inside the cell. It is engaged with searching for
oxygen free radicals, which is involved in the pathogenesis of provocative elements.
Physiological arrangements of human serum egg whites have been appeared to
repress the generation of oxygen free radicals by polymorphonuclear leukocytes
(Roche et al. 2008). These are a significant scavenger of oxidizing specialists, for
example, hypochlorous acid (HOCI) shaped from the chemical myeloperoxidase,
which is discharged by initiated neutrophils. Albumin protein has a more binding
affinity towards the copper whereas less binding towards the iron, free radicals such
as hydrochloric acid and peroxynitrite. They may cause a reduction of pro-oxidant
which undergoes oxidization for prevention to other molecules from being oxidized.
The human serum albumin has ligand binding as well as trapping of free radicals
(Faure et al. 2008; Van Belle et al. 2010; Garcia-Martinez et al. 2015).

8.8.4 Nutritive Function

Albumin provides nutrition to the body because it is protein and proteins are said to
be building blocks of the body. So a decrease in the level of albumin causes albumin.
The main causes of albumin are rapid degradation or elimination of albumin protein
from the body, improper function of the liver, Congestive heart failure. Others rea-
son like tuberculosis, sarcoma or amyloidosis.
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8.8.5 Buffering Function

Albumin proteins also act as a buffering agent that maintains the fluid balance in the
outer and inner side of the cell by concentrations gradient. Cells are like balloons
that expel air or fluid and require filling again and the cells are burst when cells are
more filled so the albumin is required acting as a buffering agent. Albumin has a
negative charge, the nearness of albumin particles many charged has been buildups
and the overall wealth of albumin in plasma implies that it can go about as a power-
ful plasma buffer found at the physiological pH.

8.8.6 Metabolic Function

Albumin protein has binding as well as transport function but additionally, it also
causes the inactivation of small molecules such as disulfiram which is antibiotics
bind irreversibly with the albumin protein and metabolized by the acetylation.
Penicillin is also an antibiotic which has binding to the albumin protein and forms
the complex and causes the allergy known as bis-albuminemia. Albumin protein
also causes inactivation or biotransformation of endogenous substances lipids and
eicosanoids and these molecules are bind to albumin. Albumin proteins also cause
the stabilization of some eicosanoids like prostaglandin 12 and thromboxane A2.

8.8.7 Anticoagulant Effects

Plasma serum albumin has consequences for blood coagulation. It appears to apply
a heparin-like activity, which may be identified with comparability in the structures
of the two atoms. Heparin has negatively charged sulfate groups that bind to nega-
tively charged gatherings on antithrombin III, in this way applying an anticoagulant
effect. It has numerous negatively charged groups and showed a negative relation-
ship between albumin concentrations. The heparin, which is a necessity in patients
have experiencing hemodialysis. These examinations have demonstrated a heparin-
like activity of albumin, through an upgrade of the balance of factor Xa by anti-
thrombin IIT (Elena et al. 2012; Kim et al. 1999).

8.9 Therapeutic Applications

The use of albumin as active molecules carrier such as drug-albumin complex, drug-
albumin ligands, drug-albumin nano or microparticles, antibody conjugates, and
drug-albumin conjugate, etc. Various active drug molecules, polypeptide or prodrug
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is covalently or non-covalently bind with plasma albumin protein. When targeting
ligands moiety is attached with the active constituents, the shape of the system is
additionally changed for example prodrugs combined with protein surface. Other
examples like specific antibodies and nanobodies. But in the case of micelle,
nanoparticles, microbubbles with lipophilic medicine and diagnostic agents are
firstly solubilized in the appropriate solvent system and then this formulation is
administered in system circulation by various routes.

8.9.1 Diabetes

Insulin plays a vital role in the treatment of diabetes. The mechanism involved dia-
betes to control the insulin production in the body and this insulin reduces blood
glucose level in the body for over 24 h. Nowadays in advance technology insulin
subsequently binds with 57 fatty acids. In this their binding site is present in the
albumin for the enhancement of bioavailability (Loureiro et al. 2016; Julio et al.
2009). Levemir® (insulin detemir) has developed by Novo Nordisk which is the
analog of insulin, applicable for the treatment of diabetes type 1 & 2 and approved
in 2004. In this, a saturated fatty acid is present in the chemical form of an amino
acid at the B29 position. It is administered by sub coetaneous (SC) route as aqueous
vehicles. The pharmacokinetic profile and bioavailability are highly appropriate and
its onset of action is 26 h. Introduce another new product Liraglutide (Victoza®) is
an albumin-binding by-product of GLP-1. The product is protected from enzymatic
metabolic degradation due to plasma albumin protein binding. It is also adminis-
tered by the SC route and half-life is 11-15 h (Fiume et al. 1997; Wang et al. 2004;
Elsadek and Kratz 2012; Kratz 2014).

8.9.2 Hepatitis

Plasma serum albumin is also involved in the treatment of hepatitis. Human Genome
Science has built up a new albumin protein-based substances. It has a therapeutic
active protein or peptide which will be hereditarily intertwined to recombinant
human albumin. The lead compound of this innovation has Albuferon®. Albuferon®
is an albumin conjugate for liver focusing on. ‘Albinterferon-a-2b’, a combination
macromolecule of albumin and interferon-a-2b (INFa-2b) that is utilized for the
treatment of hepatitis C contamination. INFa-2b contains a mass of ~19 kDa. It
restricted to use thusly and is expected to infuse as often as possible (every day or
thrice week by week). By the hereditary combination of recombinant INFa-2b with
recombinant serum albumin, a combination macromolecule with a mass of 85.7 kDa
was created (Fiume et al. 1997).
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8.9.3 Oncology

Albumin proteins are most effectively used as carrier in cancer because it will
deposit on the site of tumor and uptake effectively due to enhancement in the meta-
bolic activity and vascular permeability. Albumin and transferrin conjugate are pH-
sensitive protein, so the anticancer category drugs like alkylating and anthracyclines
are produced as conjugate which may deliver the drug to cancerous cells because
cancerous cells are acidic. In-vivo, doxorubicin albumin conjugate was manufac-
tured with glutaraldehyde has efficacy to treat cancer (Kratz et al. 1998). One of the
kind properties of albumin responsible for the gathering in solid tumors is given:

(a) Improved retention time and permeability of albumin in passive tumor targeting
(EPR effect).

(b) Two albumin binding proteins accessible on the tumor endothelium gp60 recep-
tor and furthermore the SPARC (Secreted Protein Acidic and Rich in Cysteine),
that might be a discharged glycoprotein with the high binding ability to albumin
inside the tumor and, improve its retention time.

(c) Serum albumin levels got decreased in a cancer patient understanding given the
extra demand of amino acids by the multiplying tumor mass that is accom-
plished by digest albumin. The state of a diminished level of albumin is compre-
hended as hypoalbuminemia (Hauser et al. 2006; Cho et al. 2008).

INNO-206 for Sarcoma and Gastric Cancer (in Clinical Trials)

Felix demonstrated that a maleimide bearing prodrug of doxorubicin was rapidly
and by choice bound to the cysteine-34 position of endogenous albumin. Due to
those examinations, 6-male imidocaproyl hydrazone side-effect of doxorubicin
(DOXOEMCH, renamed INNO-206) is showing up as a clinical competitor because
of high plasma stability in its albumin-bound structure. INNO-206 has unrivaled
adequacy against malignant growth and gastric disease with decreased cardiotoxic-
ity (Loureiro et al. 2016; Ajaj et al. 2009; Kratz 2014).

8.9.4 Tumor

Albumin collects in dangerous and inflamed tissue because of a leaky capillary
joined with a missing or faulty lymphatic waste framework. Tumor take-up in pre-
clinical models can be effectively pictured by infusing the dye Evans Blue, that ties
quickly and tightly to circulating albumin and makes subcutaneously developing
tumors turn blue inside in few hour post-infusion. As a choice to drug targeting,
conjugating restorative peptides or cytokines with albumin is an alluring methodol-
ogy of improving their pharmacokinetic profile because of the long-half-life of
albumin in the body clinically. Others like methotrexate-albumin conjugate, an
albumin-binding prodrug of doxorubicin (Gupta and Lis 2010).



8 Albumin as Natural Versatile Drug Carrier for Various Diseases Treatment 253

Abraxane® for Treating Solid Tumors

Abraxane® is an albumin paclitaxel nanoparticle framework and furthermore the
most progressive medication result of grab innovation created by American biosci-
ence. In grab innovation, human albumin and lipophilic medication have experi-
enced a stream diminish high pressure to make paclitaxel nanoparticles with a mean
molecule estimate range 130 nm. Resulting paclitaxel nanoparticle, Abraxane®, is
fluid. This Abraxane® nanoparticle is stable in the galenic formulation. And this
nanoparticle breaks down quickly when intravenous implantation promoting solu-
ble albumin tie paclitaxel buildings having a size like that of endogenous albumin.
These albumin-paclitaxel complex aggregate are expanded the permeation and
potential effect inside the solid tumors. Extra albumin transport pathway oversees
by the glycoprotein. However, specific receptors are presented on the endothelial
cell surface (Gradishar 2006; Gradishar et al. 2009).

8.9.5 Cirrhosis

In cirrhotic patients suffering from paracentesis, albumin implantations prevent
speedy ascetic liquid accumulation and bring down the danger of post-paracentesis
related circulatory dysfunction (Bernardi et al. 2012; Guevara et al. 2012).

8.9.6 Renal Illness

Post-translational alterations, similar to the discontinuity of albumin, are found in
nephrotic and diabetic patients. Proteolytic fracture of serum albumin is because of
the oxidative pressure. Albumin discontinuity may apply a pathophysiological
activity in uremic disorder (Fouque et al. 2008).

8.9.7 Sepsis

Hypoalbuminemia normal in the emergency unit be brought about by declined
hepatic albumin creation as well as improved proteolytic debasement and clearance
of albumin. Human serum albumin may advantage for hypoalbuminemia sick
patients and improve organ work (Dellinger et al. 2013).
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8.9.8 Rheumatoid Arthritis

The inflammation in the joints known as rheumatoid arthritis and it affected mil-
lions of people throughout the world. Methotrexate is a therapeutic molecule that is
used in both rheumatoid arthritis and cancer. By forming the methotrexate albumin
conjugate which is done by combing methotrexate to lysine residue of human serum
albumin that increases the specificity and half-life at the site of inflamed tissue. This
can decrease the degradation of cartilage and the attack of synovial fibroblasts
(Alderson et al. 2004).

A novel antibody-based innovation has been coming by the Belgium pharma
organization Ablynx. It incorporates work of albumin binding nanobodies for the
assembling of remarkable formulation and reaches to phase II clinical preliminary
examinations for the treatment of rheumatoid joint pain. The trivalent antibody con-
tains two antitumor death factor (TNF-a) nanobodies (TR2) and one albumin
restricting nanobodies (ARI). For example, ATN-103 (presently Ozoralizumab)
with an MW 45 kD effectively created preclinically. TNF-a is one among the key
mediators of the inflammatory response and has recently been used because the
molecular target for the development of three approved immunoglobulins namely
Enebrel® (etanercept), Remicade® (infliximab), and Humira® (adalimumab), which
is used for the treatment of rheumatoid arthritis wherever they are used alone or
together with immunosuppressant agent (Kim et al. 1999; Kratz 2014).

89.9 AIDS

The susceptibility of currently available therapeutic peptides to degradation by pep-
tidase, lack of bioavailability and non-targeted distribution are some reasons that
restrict it as a therapeutic agent. Therefore develop an albumin-based carrier moiety
which prevents the drawback of old treatment. Mainly focused on rising their phar-
macokinetic profile, creating use of the albumin-binding ways represented previ-
ously i.e. attachment of a maleimide moiety for covalently binding to albumin or
myristic acid for physical binding to the fatty acid-binding sites on albumin. This
type of technology has been used for antiviral applications that show their polarity
of some peptide influences the effectiveness of albumin-binding and also for the
development of albumin-binding peptides enhances their therapeutic action
(Kratz 2008).

PC-1505: An Albumin-Conjugate of an Antiviral C34 Peptide That Inhibits
HIV-1 Entry

Roche and his applied science group have been developed an albumin-conjugated
antiviral C34 peptide for preventing the drawback of currently available HIV infec-
tion. It is a specific type of antiviral drug which is now available in the market. It is
brand name is Fuzeon® and approved by the Food and Drug Administration in
March 2003. It is made up of artificial peptide that targets the specific gp41. In this
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subunit, the glycoprotein is still non-covalently bound to gp120 and in the second
step enters in HIV T-cells, which helps enhance antiviral activity. Fuzeon® is only
one of the marketed compounds which are directly targeted to specific cells and
have conformational rearrangements of gp41 and thus prevent the entry of HIV into
uninfected cells (Elsadek and Kratz 2012).

8.9.10 Bacterial Infections

Staphylococcus aureus (S. Aureus) is nosocomial infections (hospital-acquired
infections) causes microorganism which is one of the bacteria which generate faster
multidrug-resistant. Currently, available inhibitory marketed antibacterial drug is
FARKGALRQ), which is the cationic peptide nonapeptides. But their application is
very limited due to their extremely low bioavailability and susceptibility to degrada-
tion. Scientist division at Diamond light Ltd. has been working on this field to pre-
vent this drawback of nonapeptides. The scientist group derivatized the myristic
acid to create new N-myristoylated nonapeptide RHOlwhich is called as Myr-
FARKGALRQ. And the technology used for the preparation is called SAFETY™.
The benefit of these newly developed nano peptides is having quality to bind with
plasma serum albumin which increases the bioavailability as well as activity against
the S. aureus (Elsadek and Kratz 2012; Poca et al. 2012).

8.9.11 Cardiopulmonary Bypass Surgery

In the present scenario albumin also given in Cardiopulmonary bypass surgery and
will be effective to maintain the colloidal pressure at normal (Russell et al. 2004).

8.9.12 Hemolytic Disease of Newborn

Hemolytic disease in the newborn occurs due to the blood group are not compatible,
disturbance in the red blood cells which contain the specific antigen and this impor-
tant antigen is not found in the mother so a disturbance in the antibody production.
Then albumin was given that binds and removes the bilirubins which are un-
conjugated and responsible to cause the disease (Larsen et al. 2016).
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8.9.13 Burns

Albumin proteins are widely used in case of burns because due to the burning there
is loss of protein, electrolytes as well as fluids so for immediate treatment albumin
is given (Blunt et al. 1998).

8.9.14 Adult Respiratory Distress Syndrome

This situation is known as hypoproteinemic which causes interstitial respiratory
edema, so 25% albumin solution was given with diuretics to treat the pulmonary
burden that occurs by the deficiency of albumin protein (Larsen et al. 2016; Elsadek
and Kratz 2012).

8.9.15 Diagnosis and Imaging

The safety of albumin in-vivo can be stabilized by the application and significance
in clinical nano-therapeutics such as Abraxane and other diagnosis molecules. The
manufacturing of albumin-based nanoparticles and bioimaging has better biocom-
patibility and such material has the clinical benefit for approval. The therapeutic
molecules for cancer therapy, enzyme inhibitor or inhibitors are loaded, encapsu-
lated and entrapped in albumin protein as nanocarrier used for the MRI, PTT, PDT,
combination therapy and theranostics (Arasteh et al. 2014).

Albumin has been utilized as nuclear medicine for Injectable radiopharmaceuti-
cal 99mTc aggregate at nearly 30 years. It has gamma radiation emitted radionu-
clide imaging agent which is consists of human plasma serum albumin particles
labeled sterile liquid suspension of 99mTec. It’s accessible in many tools from sev-
eral manufacturers given different trade names such as 99mTc-Nanocoll®, 99mTec-
Albures®, Tc-99 m-Microalbumin®, 99mTc Human blood serum Albumin®, and
Technetium-99 m albumin Colloid®. These developed kits are employed for diagno-
sis of inflammation scanning, bone marrow scanning, lookout node detection in
breast cancer, identification of different solid tumors mass, rheumatoid arthritis and
leg swelling, etc. These kits are also used for imaging of respiratory organs to assess
and check the existence of respiratory organ emboli and diagnosing for various
internal organs and lymphoscintigraphy. Another is an albumin-based AFL-HAS
promising fluorescence loaded marker which is mostly used for the recognition and
detection of brain tumors during surgery. In these human serum albumin has been
linked with 5-([4, 6- dichlorotriazin-2 yl] amino) fluoresceine. This AFL-HAS
fluorescein-labeled albumin conjugate has already existed in the market made by
Orpegen pharmaceutical company Ltd. (Heidelberg, Germany). A further Vasovist®
has been developed which is principally used as a contrast agent for identification
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and detection of malignant lesions in humans and preclinical tumor models estima-
tion. Vasovist® from Beyer Schering, produced by randy Lauffer and B-22956/1
from Bracco Imaging, are serum albumin bonded gadolinium (IIT) which is worked
on magnetic resonance imaging contrast agents exploited to accumulate high-
resolution imaging pictures as well as an enhanced vessel structure delineation and
vascular diseases (Elsadek and Kratz 2012).

8.10 Albumin as Drug Delivery for Natural Products

Albumin has a various characteristic which is used in the treatment of various dis-
eases like diabetes, cancer, and rheumatoid arthritis, etc. To treat the diabetes human
insulin which is peptide in nature are manufactured and approved. For the treatment
of cancer albumin nanoparticle of Abraxane@ was also approved, which is used in
breast cancer (Green et al. 2006). Albumin is assuming an important role as a medi-
cation carrier in the clinical setting. Principally, three delivery technologies can be
recognized: coupling of low-sub-atomic weight medications to exogenous or endog-
enous albumin, conjugation with bioactive proteins, and encapsulation of medica-
tions into albumin nanoparticles. Delivery of the Abraxane@ as an albumin
nanocarrier provides a better response as compared to the taxol in the treatment of
breast cancer. The formulation of the Abraxane @ founds in obtained a single size of
albumin particles. Therefore, after administration rapidly dissociate due to high per-
meability and retention. For the targeting of the tumor the legends targeting well be
modified on the surface of albumin protein as nanocarrier which can increase the
efficacy as well as safety in drug molecules. The albumin nanoparticles are classi-
fied into five categories they are given below-

e Template

e Nanocarrier

* Scaffold

e Stabilizer

e Albumin polymeric conjugate

Various types of polymers are also used in the delivery of various drug molecules
either it may be hydrophilic or lipophilic. Albumin based micro and nano-particulate
delivery systems are most widely used for the delivery of therapeutic molecules to
the targeted sites. Delivery of therapeutic molecules with the albumin particulate
system protects the therapeutic molecules from the degradation and increases the
absorption. Also, alters the pharmacokinetic properties and improves the intracel-
lular penetration and distribution in the body (Tao et al. 2019; Suri et al. 2007; Roco
2003). Albumin based nano-particle drug delivery systems are more frequently
used. Most of the therapeutic molecules are incorporated or in-capsulated into albu-
min and it will attractive because different types of binding sites are present in the
albumin molecules (Patil 2003). The albumin primary structure contains the num-
bers of charged amino acids so the albumin nanoparticles provide the electrostatic
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absorption of both positive molecules as well as negatively molecules (Irache et al.
2005; Weber et al. 2000). Human serum albumin nanoparticles are used in the genes
therapy because it avoids the interaction with the serum (Brzoska et al. 2004; Simoes
et al. 2004). It is also are used for the delivery of polar and non-polar molecules
because albumin has various numbers of binding sites. Albumin nano-particle or
nano-carrier is most frequently used in delivery due to its defined size and surface
modification is done according to the delivery and sites. Albumins have both high
stability as well as high solubility in the water and also biodegradable. Albumins
nano-carrier systems are most efficiently used in cancer treatment and it was con-
firmed (Elzoghby et al. 2012; Fernandez-Urrusuno et al. 1999). Some of the
albumin-based nano and micro-carrier delivery system is listed in Table 8.1.

Albumin is popular for its substance binding capability. It has a flexible macro-
molecule with immunomodulatory, inhibitor, detoxifying properties and may act as
the best potent drug carrier. Plasma serum albumin simple may be used to associate
endogenous or exogenous protein for the treatment of varied diseases such as auto-
immune disease, cancer, polygenic disease, and infectious disease. These delivery
systems contain nanoparticles, protein, prodrugs and amide derivatives which cova-
lently bind to albumin and also physically bind to the protein fragments and thera-
peutic active peptides. In the last few years ago, the utilization of albumin has been
a supply of talk specializing in whether albumin will act as a more robust drug car-
rier for the delivery of macromolecules or not. Albumin can bind various vary of
molecules. Following are its features and its main function which tells as a drug
carrier (Neumann et al. 2010). There are some following special futures are found
in albumin, therefore used for the application of particulate system:

e Albumin bind active molecules provide a new kind of compound that offered for
enhancement of their bioavailability in plasma. The phenomena of the formation
of albumin bind active molecules compound are easy due to the presence of
negative charge in serum albumin. In this, bind with ligands and drug compounds
with serum albumin by electrostatic binding force.

e The other main important function that is performed by albumin is a transport
function. Mostly drug molecules are bind with the tertiary structure of albumin.
The material transport by the albumin includes the micro and nano-sized amount
of medicine, hormones, bilirubin, bile, metals, long-chain fatty acids, anions,
L-thyroxine, endotoxins, nitric oxide and different microorganism products like
protein G-like albumin-binding molecule.

* The binding capacity of serum albumin with active drug molecules is different;
it only depends upon the capacity of the active molecules. According to this vari-
ous bond is formed like electrostatic interactions, hydrophobic bonding or cova-
lent bonding. Many binding sites are presented on plasma serum albumin. For
example, in fatty acid seven binding sites are represented. The foremost eminent
websites for drug binding are the site I and site II settled on the sub-domains ITA
and IIIA, severally.
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Table 8.1 List of some albumin-based nano-carrier drug delivery system and its outcome
Drug Carriers Outcome References
Thymoquinone Nanoparticle Enhances the thermal stability of the Kazan et al.
active molecule and decreases its toxicity | (2019)
Epigallocatechin- | Nanoparticle Provided slow and sustained release of Ramesh and
3-gallate drug with improved pharmacokinetics and | Mandal
bioavailability of drug (2019)
Curcumin Solid lipid Protective effects against scopolamine- Lari et al.
nanoparticle induced passive avoidance memory (2019)
retrieval deficit
Curcumin Nanoparticle NPs provide targeted delivery of drug and | Saleh et al.
promising candidate for the treatment of | (2019)
human epithelial growth factor receptor 2
positive cancer cells
Doxorubicin Nanoparticles | Albumin nanoparticles provide an Onafuye et al.
alternative, more specific way to (2019)
overcome transporter-mediated resistance
Vinblastine Nanoparticle Improving the precision and timing of Huang et al.
drug release, easy operation, and higher | (2019)
compliance for pharmaceutical
applications
Irinotecan Nanoparticle Efficiently delivering the drug to the Taneja and
tumor site without causing any toxicity Singh (2018)
Doxorubicin Nanoparticle The developed formulation has novel and | Kayani et al.
high potential nano-carrier for (2018)
management of non-resistance and
multidrug-resistant for cancer cells
Camptothecin Nano colloidal | Increase the solubility of drugs, reduce Lian et al.
particles the toxicity, improve the stability of the (2017)

drug

Vincristine

Nanoparticle

Developed drug delivery system have
high drug loading, high cancer cell
accumulation, and cancer cell targeting

Taghdisi et al.
(2016)

Oridonin Nanoparticle Developed for a liver targeting carrier Lietal
which seemed to be a stable delivery (2013)
system for poorly soluble drug

Camptothecin Nanoparticle Enhance the stable of developed Lietal.
formulation and have the potential for (2011)
targeted delivery of anticancer drugs

Noscapine Nanoparticle | Developed formulation have efficacy on | Sebak et al.
breast cancer cells (2010)

e High-affinity binding and complex formation are primarily reversible, other
hand covalent bound albumin with active molecules could happen during a
reversible or irreversible manner.

e Medication restricting strongly influences the conveyance of bound medication
to tissue location and the removal of the drug. Highly bound medications have
just a little level of serum albumin in free form. Different variables that are
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significant in medication egg whites collaborations and might be in charge of the
wide inter-individual variety seen age, pH, temperature and ionic quality, which
can influence the quantity of binding site in vitro, and Displacement of medica-
tions from their coupling site by different medications or by any endogenous
substances happens and may change their distribution, pharmacological activity,
digestion and excretion.

For examples, manufacturing and production of albumin microsphere of NSAIDs
category drugs will enhance the drug release of these category drugs as well
decreases the chances of side effect (Tuncay 2000). Some albumin micro and
nanoparticulate formulation are also excised in the market, represented in Table 8.2
(Elzoghby et al. 2012).

The various mechanisms involved in the absorption and distribution of albumin
particles. When any albumin particle when enters in the body, firstly internalized by
endocytosis process. The process of endocytosis mainly depends on particle size,
shape, and surface charge. After endocytosis, the internalized materials finally dep-
redated and transferred by endosomes to lysosomes. Hence, degraded exogenous
antigens further followed the MHC class II pathway and this pathway is involved in
antigen antibody-mediated immune responses. While existing antigens by MHC
class I pathway generated cytotoxic T-lymphocyte (CTL) response (O’Hagan 1998;
Storni et al. 2005; Shen et al. 2006). The prevention of active molecules internaliza-
tion by endosomes is a significant issue in the control of processing pathways. For
the successful release of micro and nanoparticles from endosomes, membrane dis-
ruptive agents are required to release internalized micro and nanoparticles into the
cytoplasm. Some agents which help in membrane-penetration such as pathogen-
derived pore-forming proteins, some peptide, lipid or polymer which disrupts the
endosomal membrane (endosome escaping) and reduced the pH inside the cells
compartment. Therefore, in recent year various pH-sensitive particles have been
developed for enhancement of cytoplasmic delivery (Plank et al. 1998; Shai 1995;
Yessine and Leroux 2004).

The osmotic colloidal mechanism also plays a significant role in the degradation
of particles. It quickly degrades into several smaller fragments. An increase in
osmotic pressure of endosomes causes immediate entry of water through the

Table 8.2 Albumin micro and nanoformulation available in market

Drug Dosage form Application
Cisplatin Albumin microsphere Lung cancer
Paclitoxel Albumin microsphere Lung cancer
5-Flurouracil Albumin magnetic microsphere Breast cancer
Cyclophosphamide Albumin magnetic microsphere Breast cancer
Abraxen Albumin nanoparticles Breast cancer
Tamoxifen Albumin nanoparticles Breast cancer
Albendazole Albumin nanoparticles Ovarian cancer
Levemir Albumin solution Diabetes
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membrane and disrupts the membrane. Some research articles proved that the acid-
sensitive nanoparticles induced antigen-specific response and produced showed
antitumor activity (Murthy et al. 2003; Chen et al. 2005). Polycations are also
responsible for the acidification of endosomes that break these vesicles. The mecha-
nism involved in the absorption of protons by acid organelles and generation of
osmotic pressure, which results in swelling and rapture of endosomes, and release
of internalized materials into the cell cytoplasm (Standley et al. 2004). Mostly sub-
stance contains hydrophobic alkyl and carboxyl groups and present protonated ions
at internal endosomal pH. At low pH, hydrophobicity gets increased and polymers
can easily enter into the endosomal membranes and cause disruption (Boussif et al.
1995). When drug molecules are encapsulated in albumin polymeric shell attach by
covalent bond, the covalently bonded micro or nanoparticles offers the following
advantages:

e Albumin micro or nanoparticles are easy to prepare, biodegradable and
reproducible.

e Itis easily bound with various types of drug substance due to high binding affin-
ity and available binding sites to form the matrix of albumin particles.

* A low dose of drug molecules is sufficient for better responses and easily stimu-
lates the presenting cells for further processing. It shows good stability when
kept in a long time (Gengoux and Leclerc 1995).

» Active molecules encapsulated nano/microparticles show higher efficiency and
bioavailability properties (Kersten and Hirshberg 2004).

8.11 Contraindication and Side Effects

Plasma albumin is used in different clinical conditions. Restoration of blood vol-
ume, crisis treatment of stun, and different circumstances related to hypovolemia
are a portion of the clinical utilization of egg whites. Knowing this, Serum albumin
is a respectability biomarker for liver function synthesis and a few sicknesses such
as incendiary issue, mind tumors, rheumatoid joint pain, myocardial ischemia,
malignant growth, blood cerebrum boundary (BBB) harm, kidney illness, cerebro-
vascular infection, cardiovascular risk disease. In clinically, albumin is 4-5%
involved in the emergency treatment of cardiopulmonary bypass, hypovolemic stun,
sequestration of protein-rich fluids, intense liver failure, etc. Other clinical signs of
albumin 20-25% arrangement may incorporate hypoproteinemia, hypovolemia,
grown-up respiratory trouble disorder (ARDS), intense nephrosis, intense liver dis-
appointment, hemolytic infection of the infant (HDN), renal dialysis, burn treat-
ment, cardiopulmonary bypass, hypovolemic stun, sequestration of protein-rich
liquids, and erythrocyte resuspension. Along with the advantageous effects of serum
plasma albumin, several side effects and contraindication is observed when intro-
duced intravenously injection. Some of the contraindicated side effects are listed in
Table 8.3.
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Table 8.3 Side effects of Organ Side effects
fdlbumm when administered Skin irritation Urticarial, pruritus, edema, skin
intravenously

rash, erythema

Gastrointestinal tract | Increased salivation, nausea and
vomiting

Nervous system Headache and febrile reactions

It is well-known plasma albumin is a highly valuable therapeutic product in con-
trolling a broad range of various disorders. But in some situations, it may be danger-
ous when administered intramuscularly. To control the problem of albumin follow
the albumin prescription and checked, the level of more than 2.5 g/dl (hyperalbu-
minemia) which seems to cause contraindication. In some disease conditions like
acute or chronic pancreatitis, severe anemia or specific pulmonary edema, cardiac
and renal failures avoided the administration of albumin because of chances of acute
circulatory overload, additionally also avoided in patients who are suffering from
nervous system disorders (Zhou et al. 2013).

8.12 Conclusion

The above chapter introduces to extending the area of clinical and preclinical drug
applications/advancements that, utilize albumin as a protein transporter to improve
the pharmacokinetic profile of the active molecules. Plasma albumin is turning out
as a standout amongst the most significant medication transporter for therapeutic
molecules, and antibodies. It is utilized particularly for the diagnosis and treatment
of viral infections, cancer, and arthritis. It is a perfect endogenous serum protein for
enhancement of bioavailability, stability, high flexibility, targeting, and half-life.
Serum albumin having the quality to bind with the FcRn receptors which control the
half-life of formulated albumin-based active therapeutic molecules or diagnostic
agents. Therefore, considering the profitable achievement of a product that utilizes
albumin as a continuous clinical trial and it attracts the attention of scientists. All
things considered, the pharmaceutical, biotechnological, clinical utilization of albu-
min will be completely investigated in the coming decade and the field will be
extended to advance signs compare to others.
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