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Preface

This book focuses on the development of biochemical and biomedical
products and their applications. It highlights the importance of accomplishing
an integration of engineering with biology and medicine to understand and
manage the scientific, industrial, and clinical aspects.

It also explains both the basic science and the applications of biotech-
nology-derived pharmaceuticals, with special emphasis on their clinical use.

The biological background provided enables readers to comprehend
the major problems of biochemical engineering and to formulate effective
solutions.

Each chapter also includes detailed references and a list of recommended
books for additional study, making this outstanding treatise a useful resource
for teachers of chemistry and researchers working in universities, research
institutes, and industries.

In the first chapter of this volume, on strain of acetic acid bacteria,
Komagataeibacter xylinus B-12068, was studied as a source of bacterial
cellulose (BC) production. The effects of cultivation conditions (carbon
sources, temperature, and pH) on BC production and properties were studied
in surface and submerged cultures. Glucose was found to be the best substrate
for BC production among the sugars tested; an ethanol concentration of 3%
(w/v) enhanced the productivity of BC. The highest BC yield (up to 17.0
g/L) was obtained under surface static cultivation conditions in the modified
HS medium supplemented with ethanol, at pH 3.9, after 7 days of cultivation
in the thinnest layer of the medium. Results suggest that BC composites
constructed in the present study hold promise as dressings for managing
wounds, including contaminated ones.

In the second chapter, we presented a detailed overview of nanoparticles,
their types, synthesis, properties, and applications in fields of supramolecular
chemistry, green reactions, and biomedical measurements. Nanoparticles
have sizes ranging from a few nanometers to 500 nm and have a large
surface area, which makes them suitable candidates for various applications.
In addition to this, the optical properties of nanoparticles also increase their
importance in photocatalytic applications. In this chapter, various methods of
synthesis of nanoparticles by green routes are discussed. The applications of
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nanomaterials in biomedical conditions are also discussed. This information
can be used to design new methodologies in nanotechnology for the benefit of
the environment and humanity.

The biosynthesis and therapeutic potentials of silver nanoparticles are
discussed in Chapter 3 in detail.

Xanthomonas axonopodis pv. punicae causes bacterial blight disease in
pomegranate. A complete range of symptoms of bacterial blight caused by
Xanthomonas axonopodis pv. punicae appear on various pomegranate plant
parts, except roots. Chapter 4 was initiated to find a suitable alternative to
synthetic antibiotics for the management of plant diseases caused by bacteria.
The study aimed to use wild plant species, viz., Abutilon indicum, Prosopis
juliflora, and Acacia arabica as antibacterial agent against Xanthomonas
axonopodis pv. punicae. Aqueous extracts of Abutilon indicum, Prosopis
juliflora, and Acacia arabica plants have antibacterial activity against
Xanthomonas axonopodis pv. punicae. The antibacterial activity was tested
by a well diffusion assay, minimum inhibitory concentration, and minimum
bactericidal concentration.

The main objective of Chapter 5 is to review how biological hazards cause
health issues to humans and animals. These hazards are very dangerous and
have to be taken seriously by employers and employees. There are several ways
to reduce contaminants. Engineering, administrative, workplace hazardous
material information, personal protective equipment, standard precautions,
and ISO standards are necessary for avoiding risks at all levels of biohazardous
materials.

General and chemical perspectives and studies on tannins as natural
phenolic compounds for some ecoefficient applications are discussed in
Chapter 6.

Bryophyte’s life structure is the simplest form, having recurring arrangements
of the photosynthetic tissues, which provide maximum primary production and
minimum water loss. Different life forms are found, which is a speciality of
bryophytes. Bryophytes are mainly known as amphibians of the plant kingdom,
as they successfully survive both on land and in water. Bryophytes are very
economically important. Bryophytes are potential bioindicators of air pollution
as they shows a wide range of habitat diversity, structural simplicity, totipotency,
and fast multiplication rate. One most important features of bryophytes is
that it shows a high metal accumulation capacity. Byometers are used for the
measurement of phytotoxic air pollution. Bryophyta alone or along with lichens
gives valuable information about air pollutants by an index of atmospheric
purity, which is based on the number, frequency coverage, and resistance factor
of species. In Chapter 7, we will discuss the role of bryophytes as bioindicators.
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Applied techniques for extraction, purification, and characterization of
medicinal plants’ active compounds are investigated in Chapter 8.

Chapter 9 summarizes the studies reported on polysaccharide nanopar-
ticles formulated for the transport across biological barricades with the aim
of improving the anticancer potential.

Chapter 10 attempts to give a brief update on biocompatible polysaccha-
ride-based nanodrug delivery systems for the administration of anticancer
drugs through different routes, highlighting the potential to cross various
biological barricades and reach the diseased target site, eliciting its anti-
cancer therapeutic potentials.

Chapter 11 focuses on the budding perspective of chalcone (prop-2-
ene-1-one)-based natural inhibitors (isoliquiretigenin, butein, garcinol,
hydroxysafflor yellow A, broussochalcone A, 2,4-dihydroxy-6-methoxy-
3,5-dimethylchalcone, 4’-hydroxy chalcone, and parasiticin-A, -B, and -C)
and synthetic inhibitors (4-(p-toluenesulfonylamino)-4’-hydroxy chalcone,
4-maleamide peptidyl chalcone, and quinolyl-thienyl chalcone) that will
prevent angiogenic switching (fibroblast growth factor angiogenin, TGF-)
by directly inhibiting the three vital therapeutic targets: vascular endothelial
growth factor, vascular endothelial growth factor receptor-2, and matrix
metalloproteinases-2/9, which will block neovascularization, vascular
formation, and network formation by completely depriving the cells of the
required nutrients, fluids, signaling molecules, and oxygen.

Direct electrochemical oxidation of blood is discussed in Chapter 12. The
highlighted studies will positively motivate young minds, medicinal chemists,
future researchers, and allied scientists for developing or exploring potential
angiogenic inhibitors for the treatment of cancer with better pharmacodynamics
attributes and less side or adverse effects.
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CHAPTER 1

Bacterial Nanocellulose: Synthesis,
Properties, Hybrids with Nano-Silver for
Tissue Engineering

E. 1. SHISHATSKAYA'? S. V. PRUDNIKOVA®, A. A. SHUMILIVA!, and
T. G. VOLOVA*

ISiberian Federal University, 79 Svobodnyi Av.,
Krasnoyarsk 660041, Russia

?Institute of Biophysics SB RAS, Federal Research Center
“Krasnoyarsk Science Center SB RAS” 50/50 Akademgorodok,
Krasnoyarsk 660036, Russia

‘Corresponding author. E-mail: volova45@mail.ru

ABSTRACT

A strain of acetic acid bacteria, Komagataeibacter xylinus B-12068, was
studied as a source for bacterial cellulose (BC) production. The effects
of cultivation conditions (carbon sources, temperature, and pH) on BC
production and properties were studied in surface and submerged cultures.
Glucose was found to be the best substrate for BC production among the
sugars tested; ethanol concentration of 3% (w/v) enhanced the productivity
of BC. The highest BC yield (up to 17.0-23.2 g/L) was obtained under
surface static cultivation conditions, in the modified Hestrin—Schramm
medium supplemented with ethanol, at pH 3.9, after seven days of cultiva-
tion in the thinnest layer of the medium. C/N elemental analysis, emission
spectrometry, scanning electron microscopy (SEM), differential thermal
analysis (DTA), and X-ray were used to investigate the structural, physical,
and mechanical properties of the BC produced under different conditions.
The MTT assay and SEM showed that the native cellulose membrane did
not cause cytotoxicity upon direct contact with NIH 3T3 mouse fibroblast
cells and was highly biocompatible.
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2 Natural Products Chemistry

BC composites synthesized in the culture of the strain of acetic acid
bacterium K. xylinus with silver nanoparticles, BC/AgNPs, were produced
hydrothermally, under different AgNO, concentrations (0.0001, 0.001, and
0.01 M) in the reaction medium. The presence of silver in the BC/AgNP
composites was confirmed by the elemental analysis conducted using
scanning electron microscopy with a system of X-ray spectral analysis:
silver content in the composites increased from 0.044 to 0.37 mg/cm?.
The surface structure, properties, and physicochemical characteristics of
composites were investigated. The disk-diffusion method and the shake-
flask culture method used in this study showed that all experimental BC/
AgNP composites had pronounced antibacterial activity against Escherichia
coli, Pseudomonas eruginosa, Klebsiella pneumoniae, and Staphylococcus
aureus. No potential cytotoxicity was detected in any of the BC/AgNP
composites in the NIH 3T3 mouse fibroblast cell culture, in contrast to
the BC/antibiotic composites. These results suggest that BC composites
constructed in the present study hold promise as dressings for managing
wounds, including contaminated ones.

Hybrid wound dressings have been constructed using two biomaterials:
BC and copolymer of 3-hydroxybutyric and 4-hydroxybutyric acids
(P(3HB-c0-4HB))—a biodegradable polymer. Some of the experimental
membranes were loaded with drugs promoting wound healing and epidermal
cells differentiated from multipotent adipose-derived mesenchymal
stem cells. A study has been carried out to investigate the structural,
physical and mechanical properties of the membranes. The in vitro study
showed that the most effective scaffolds for growing fibroblasts were
composite BC/P(3HB-co-4HB) films loaded with actovegin. Two types
of experimental biotechnological wound dressings—BC/P(3HB/4HB)/
actovegin and BC/P(3HB-co-4HB)/fibroblasts—were tested in vivo, on
laboratory animals with model third-degree skin burns. Wound planimetry;
histological examination; and biochemical and molecular methods of
detecting factors of angiogenesis, inflammation, type-I collagen, keratin
10, and keratin 14 were used to monitor wound healing. Experimental
wound dressings promoted healing more effectively than VoskoPran—a
commercial wound dressing.

1.1 INTRODUCTION

Cellulose is extracellular polysaccharide synthesized by higher plants, lower
phototrophs, and prokaryotes belonging to various taxa (Ullah et al., 2016).
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Although bacterial cellulose (BC) is produced in laboratories on a small scale
for research, there are some commercial outlets for BC. In addition, traditional
nata de coco (Iguchi et al., 2000), Fzmb GmbH, a German company, is
considered one of the largest producers of BC for cosmetics and biomedical
applications (Keshk et al., 2014a). In addition, Xylos Co., USA, is a producer
of Prima CelTM, a type of BC used for wound dressing. Other brands of
BC include Gengiplex® and Biofill® (Keshk et al., 2014a), which are used
as a physical barrier for tissue regeneration. BC is also produced and used
by many food industries in Asian countries (Budhiono et al., 1999; Ng and
Shyu, 2004). Sony Corporation, Japan, in association with Ajinomoto, Japan,
and other firms fabricated the first BC-based diaphragm for an audio speaker.
Ajinomoto, Japan, also sells wet BC (Chawla et al., 2009; Czaja et al., 20006).

A promising material for biomedical application is BC—a biopolymer
synthesized by microorganisms. The chemical structure of BC is similar
to that of plant-derived cellulose, but it has unique physical, mechanical,
and chemical properties, such as high strength, elasticity, gas permeability,
good water-holding capacity, porosity, etc. This material shows high
biocompatibility, without being cytotoxic or causing any allergic reactions.
Studies on BC suggest that this natural polymer can be useful for cellular
and tissue engineering as a material for constructing scaffolds and for
reconstructive surgery as a material for skin defect reconstruction and as
a matrix for drug delivery (Ma et al., 2010; Saska et al., 2011). Cellulose
is used in a variety of applications in food and paper industries, medicine,
and pharmaceutics. Gel pellicles of BC have an ordered structure: they
are three-dimensional (3D) networks consisting of ribbon-like randomly
oriented cellulose microfibrils. This structural arrangement of BC and its
high compatibility with biological tissues make it an attractive material
for reconstructive surgery; skin tissue repair; target tissue regeneration in
dentistry, general surgery, and maxillofacial surgery; and cell and tissue
engineering—as a carrier for drugs.

The physical and mechanical properties of BC can be enhanced by
preparing BC composites with various materials: chitosan (Lin et al., 2013),
collagen (Culebras et al., 2015), sodium alginate, gelatin, and polyethylene
glycol (Shahetal.,2013). BCisnotinherently antibacterial, but BC composites
with chitosan and alginate inhibit the growth of pathogenic microorganisms
such as Escherichia coli, Candida albicans, and Staphylococcus aureus (Lin
etal., 2013; Kwak et al., 2015; Chang et al., 2016). Therefore, BC composite
films can be considered for treating infected skin wounds. Owing to its 3D
and porous structure, BC can be hybridized with metallic silver particles
to produce an antibacterial and wound-healing formulation. Metallic silver
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and compounds thereof have a strong bactericidal effect, inhibiting the
growth of a wide range of pathogenic microorganisms. Silver ions react
with cell membrane protein thiol groups, affecting bacterial respiration and
transportation of substances through the cell membrane (Percival et al.,
2005). Several authors have described different techniques for preparing
BC composites with silver nanoparticles (BC/AgNPs) and demonstrated thir
high antibacterial activities (Sureshkumar et al., 2010; Feng et al., 2014;
Wen et al., 2015; Wu et al., 2014; Sadanand et al., 2017). Another approach
to imparting antibacterial activity to BC against pathogenic microflora is
to prepare BC composites with antibiotics. While this approach has been
described in a few studies (Shao et al., 2016; Wijaya et al., 2017), it remains
poorly developed.

The purpose of the present study is to investigate the strain Komaga-
taeibacter xylinus B-12068 as a new producer of the influence of culture
conditions on the structure and properties of BC; to prepare BC/AgNPs
and to investigate their antibacterial activity; to construct and investigate
composites based on BC and polyhydroxyalkanoate (PHA) as biotechno-
logical wound dressings; to evaluate their efficacy in managing model skin
burns in experiments with laboratory animals.

1.2 MATERIALS AND METHODS
1.2.1 CHARACTERIZATION OF THE BACTERIAL STRAIN

A new bacterial strain K. xylinus B-12068 was isolated from the fermented
tea (kombucha) Medusomyces gisevii J. Lindauon Hestrin—Schramm (HS)
medium (Hestrin and Schramm, 1954). The strain was identified based on
its morphological, biochemical, genetic, and growth parameters. The strain
K. xylinus was deposited in the Russian National Collection of Industrial
Microorganisms (VKPM) with registration number VKPM B-12068. The
morphology of bacterial cells was studied in Gram-stained preparations.
The phenotypic properties were studied using conventional microbiological
techniques. The morphology of vegetative cells; spore formation; motility;
reaction to Gram staining; requirement of growth factors; the presence of
nitrate reductase; catalase, oxidase, amylase, and proteinase activities;
antibiotic sensitivity; and NaCl sensitivity were determined. Growth on
carbon sources such as glucose, sucrose, maltose, galactose, and mannitol
was tested in the basal HS medium supplemented with 2% (w/v) of each
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carbohydrate. The strain produced BC on the surface and in submerged
cultures (Prudnikova et al., 2014).

1.2.2 CULTIVATION OF THE STRAIN AND PRODUCTION OF
BACTERIAL CELLULOSE

The collection culture of K. xylinus B-12068 was maintained on the HS agar
medium. The standard HS medium contained (%, w/v) glucose, 2; peptone,
0.5; yeast extract, 0.5; Na,HPO,, 0.27; and citric acid, 0.115 (Hestrin and
Schramm, 1954). Preculturing was performed on HS agar. Then, the colonies
were transferred into a flask containing liquid HS medium and cultivated for
seven days at a temperature of 30 °C under static conditions. To investigate
the influence of culture conditions on BC biosynthesis and to find the condi-
tions maximizing the cellulose yield, we modified the standard medium by
replacing glucose with other carbon sources (sucrose, galactose, or glycerol),
varied the initial pH values (3.2-4.8) by adding acetate or citrate, varied the
temperature of the medium (20-37 °C), and added various concentrations of
ethanol (0.5-3.0%) to the medium, based on the data, indicating that ethanol
oxidized to acetate was a growth substrate and energy source for K. xylinus
(Yamada et al., 2012). BC production by the strain was investigated under
different culture conditions. Static cultivation was performed in the surface
mode in Petri dishes, 1500 mL glass trays, or 250-500 mL glass flasks,
which contained different volumes of the medium. Submerged cultivation
was conducted in 500 mL glass flasks using a JeioTech SL-600 incubated
shaker (JeioTech, Korea) at 100 rpm. Glucose concentration was determined
using the “Glucose—FKD” kit, which contained a chromogenic enzyme
substrate and a calibrator (a glucose solution of a known concentration). The
optical densities of the study sample and calibration sample were compared
photometrically with the optical density of the blank, with an optical path
length of 10 mm at a wavelength of 490 nm.

BC yields in different modes of cultivation were compared by measuring
the weight of the cellulose dried to constant weight, the pellicle thickness,
and the amount of carbon substrate consumed. The total BC yield (g/L)
and biosynthesis productivity for different fermentation processes were
calculated using conventional methods. The BC yield was evaluated as the
weight of dry cellulose per liter of medium (g/L). The dried BC pellicles
were weighed using an Adventurer OH-AR2140 analytical balance (Ohaus,
Switzerland).
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1.2.3 STUDY OF PHYSICOCHEMICAL PROPERTIES OF BC

The synthesized BC was separated from the culture fluid and purified in a
0.5% NaOH solution for 24 h at 25-27 °C. Then, cellulose was placed in a
0.5% solution of hydrochloric acid for 24 h for neutralization and afterward
rinsed with distilled water until pH 7. The BC pellicles were stored in a
sterile solution or air-dried until they reached a stable weight.

The microstructure of the surface of BC pellicles was analyzed using
scanning electron microscopy (S-5500, Hitachi, Japan). Prior to the analysis,
the pellicles were freeze-dried using an ALPHA 1-2/LD freeze dryer (Martin
Christ GmbH, Germany) for 24 h. The samples (5x5 mm) were placed onto
the sample stage and sputter-coated with gold using an Emitech K575X
sputter coater (10 mA, 2 x 40 s). Fiber diameters were measured by analyzing
the SEM images with image analysis program ImageJ—Image Processing
and Data Analysis in Java. The diameters of 50 individual ultrafine fibers
were then measured in each SEM micrograph. The diameters were analyzed
in 10 fields of the SEM images in triplicate.

1.2.4 PRODUCTION OF BC COMPOSITES WITH SILVER
NANOPARTICLES, BC/AGNPS

BC/AgNPs were produced by a hydrothermal method without utilizing any
catalyst, using the disks of the BC layer as a reducing and stabilizing agent
(Yang et al., 2012). Purified raw BC films were cut into disks of 1 c¢cm in
diameter; placed in flasks with 0.0001, 0.001, and 0.01 M of AgNO,; and
heated for 60 min at a temperature of 90 °C. Composite BC films with silver
nanoparticles were lyophilized at a temperature of —40 °C and a pressure of
0.12 mbar for 24 h in a vacuum drying unit ALPHA 1-2/LD (Martin Christ
GmbH, Germany) or kept at room temperature in a laminar flow cabinet for
24 h. The parameters of the produced silver nanoparticles were investigated
using a Zetasizer Nano ZS particle analyzer (Malvern, UK), by employing
dynamic light scattering, electrophoresis, and laser Doppler anemometry.

1.2.5 INVITRO ANTIBACTERIAL TESTS
The direct inhibitory effect of BC/AgNP and BC/antibiotic composites was

tested on cultures of reference strains—ATCC 25922, Pseudomonas aeruginosa
ATCC 27853, Klebsiella pneumoniae 204, and S. aureus ATCC 25923—using a
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disk-diffusion method in agar (20 mL) on Petri dishes. The dishes were allowed
to stay at room temperature to solidify. The bacterial suspension was standard
inoculum whose density corresponded to the 0.5 McFarland standard, which
contained approximately 1.5 x 10® CFU/mL. The Petri dishes were placed
upside-down into an incubator and kept at a constant temperature of 35 °C for
18-24 h (depending on the microorganism tested). The diameter of the growth
retardation zones and the distance from the edge of the film to the end of the
absence zone were measured by the photographs of dishes, using the ImageJ
program. The results were processed using the Microsoft Excel application
package. The arithmetic mean and standard deviation were calculated.

1.2.6 CYTOTOXICITY ASSAYS

The ability of BC films to facilitate cell attachment was studied using NIH 3T3
mouse fibroblast cells. The films were placed into 24-well cell culture plates
(Greiner Bio-One, USA) and sterilized using a Sterrad NX medical sterilizer
(Johnson&Johnson, USA). Cells were seeded at 1 x 10° cells/mL per well.
Cells were cultured in the Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and a solution of antibiotics
(streptomycin 100 pg/mL, penicillin 100 IU/mL) (Sigma) in a CO, incubator
with the CO, level maintained at 5% at a temperature of 37°C. The medium was
replaced every three days. The number of cells attached to the film surface was
determined using DAPI. Cell viability was evaluated using the MTT assay at
day 7 after cell seeding onto films. The reagents were purchased from Sigma-
Aldrich. A 5% MTT solution (50 pL) and complete nutrient medium (950
uL) were added to each well of the culture plate. After 3.5 h incubation, the
medium and MTT were replaced by dimethyl sulfoxide (DMSO) to dissolve
the MTT-formazan crystals. After 30 min, the supernatant was transferred
to the 96-well plate, and the optical density of the samples was measured at
a wavelength of 540 nm using a Bio-Rad 680 microplate reader (Bio-Rad
Laboratories Inc., USA). The measurements were performed in triplicate. The
number of viable cells was determined from the standard curve.

1.2.7 CONSTRUCTING BC/P(3HB-CO-4HB) COMPOSITES AS WOUND
DRESSINGS

The composites were prepared from BC films or powder and solutions of
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) (85 3HB/
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15 mol.% 4HB). BC/P(3HB-co-4HB) hybrids were constructed using
different methods: (1) dried BC pellicles and wet (chloroform-impregnated)
BC pellicles were soaked in 2% and 5% P(3HB-co-4HB) solutions in chlo-
roform; (2) dried BC pellicles were soaked in a 2% P(3HB-co-4HB) solution
in chloroform, kept for 24 h, and dried in a dust-free cabinet until the solvent
had completely evaporated; (3) nonwoven membranes were placed into the
K. xylinus B-12068 culture, and BC synthesized in it grew on the surface of
the membranes under static conditions; (4) powdered cellulose (particle size
of 120 um) was added to a 3% P(3HB-co-4HB) solution in chloroform and
mixed ultrasonically to homogeneity; then, the films were produced by the
solvent evaporation technique, at polymer-to-cellulose ratios of 2:1 and 1:1;
(5) P(3HB-co-4HB) powder was added to the K. xylinus B-12068 culture;
and (6) a film of BC grew on nonwoven membranes in the submerged culture
of K. xylinus B-12068.

1.2.8 LOADING OF CELLS AND WOUND-HEALING DRUGS INTO
BC/P(3HB-CO-4HB) COMPOSITES

To prepare composites loaded with cells, 10-mm-diameter BC/P(3HB-
co-4HB) disks were placed into 24-well culture plates (TPP Techno Plastic
Products AG, Switzerland) and sterilized using a Sterrad NX medical sterilizer
(Johnson & Johnson, USA). Fibroblasts were derived from the adipose tissue
mesenchymal stem cells (MSCs) of Wistar rats. The adipose tissue cells were
isolated enzymatically. The adipose tissues were rinsed in the Dulbecco’s
phosphate-buffered saline (DPBS) solution with antibiotics, ground, and
incubated in a type-I collagenase solution (100 units/mL) at 37 °C until the
tissue particles were dissolved, but for no more than 1 h. Then, collagenase was
inactivated with an albumin solution, centrifuged, and rinsed in the DMEM
medium several times, until the lipid layer had been completely removed.
The settled cells were suspended and seeded onto Petri dishes that contained
the DMEM medium (Gibco) with 10% fetal bovine serum (HyClone) and
a solution of antibiotics: penicillin, streptomycin, and amphotericin B
(Gibco). On the DMEM medium, adipose tissue cells showed fibroblast-like
morphology. After 3—4 passages, the cells were removed from the Petri dishes
with a trypsin solution (Gibco) and seeded onto sterile BC/P(3HB/4HB)
disks: 10°cells per disk. Loading of BC/P(3HB/4HB) composites with drugs
promoting wound healing was performed using solutions of actovegin (Takeda
Pharmaceuticals, Russia) and solcoseryl (MEDA Pharma, Switzerland).
Sterile composite samples were exposed to PBS to investigate drug release.
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Under aseptic conditions, the samples were placed into vials, each containing
50 mL of saline at pH 6. The vials were incubated in a thermostat for 72 h at
a temperature of 37 °C. The experiment was done with samples of 1 cm in
diameter prepared with different percentages of drugs (1-5%).

1.2.9 STUDY OF THE BIOLOGICAL COMPATIBILITY OF BC/P(3HB-
CO-4HB) COMPOSITES IN CELL CULTURE

BC/P(3HB-co-4HB) samples loaded with drugs were shaped as 10
mm-diameter disks. They were placed into 24-well culture plates (TPP
Techno Plastic Products AG, Switzerland) and sterilized using a Sterrad NX
medical sterilizer (Johnson & Johnson, USA). Scaffolds were seeded with
cells at 10° cells per scaffold for 7 days. Cells were cultured on the DMEM
medium with 10% fetal bovine serum (HyClone) and a solution of antibiotics
(Gibco reagents) in a 5% CO, atmosphere at 37 °C, with the medium replaced
by the fresh one every three days. For the MTT assay, 5% MTT-bromide
solution (50 pL) and complete nutrient medium (950 pL) were added to
each well of the culture plate. After 4 h cultivation, the medium and the
MTT solution were replaced by DMSO to dissolve MTT-formazan crystals.
After the dissolution of MTT-formazan crystals, 100 uL of supernatant was
transferred to the 96-well plate, and the optical density of the samples was
measured at a wavelength of 540 nm using an iMark microplate reader (Bio-
Rad Laboratories Inc., USA). The number of viable cells was determined
from the calibration graph.

1.2.10 IN VIVO STUDY OF BC/P(3HB-CO-4HB) COMPOSITES AND
HYBRIDS AS EXPERIMENTAL WOUND DRESSINGS

Experiments were conducted in accordance with the Russian State Standard
(GOST R ISO) 10993-1-2009 “Medical products. Estimating biological
effects of medical products” and the international regulations “International
Guiding Principles for Biomedical Research Involving Animals (CIOMS,
1985), WMA Declaration of Helsinki on treating research animals with
respect (2000), and European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Purposes (Strasburg,
18.03.1986, ratification date 01.01.1991, CETS No. 123).” The protocol
of the experiments was approved by the Local Ethics Committee at the
Siberian Federal University. The research animals were maintained and used
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in accordance with the rules accepted in the Russian Federation. The efficacy
of the wound dressings based on BC and P(3HB/4HB) with and without
fibroblasts differentiated from the adipose-derived MSCs was evaluated
in experiments on research animals with model skin defects (burns) and
compared to the efficacy of commercial wound dressings VoskoPran
(Biotekfarm, Russia).

Sexually mature female Wistar rats were kept in the animal facility and
fed their usual diet. The rats were anesthetized with 0.5-0.7 mL of'a 1% solu-
tion of sodium thiopental administered intraperitoneally. Then, the animals
were placed on their backs, and a 1 cm? section of the skin was shaved. The
burn was done with a 16-mm-diameter steel plate preheated in boiling water
for 10 min at 100 °C. The exposure lasted 8 s to create a second-degree
skin burn (in accordance with ICD-10). After 5-10 min, the epidermis was
separated from the underlying dermis with a sterile gauze swab. The animals
were divided into four groups, six rats per group. In the treatment groups,
three types of experimental wound dressings were used: BC/P(3HB/4HB),
BC/P(3HB/4HB)/actovegin, and P(3HB/4HB)/BC/fibroblasts. The dressings
were fixed with single surgical sutures around wound edges. In the control
group, the wounds were covered with polyamide mesh VoskoPran.

After the wounds were closed, each rat was placed in a separate cage
for 14 days. The animals were euthanized with a lethal dose of Zoletil. The
evaluation of the efficacy of the wound dressings was based on the intensity
of the inflammatory response in the wound and surrounding soft tissues
and the rate and completeness of skin repair. The changes in the area of the
wound surface were monitored by Popova’s method (Popova et al., 1942)
to determine the wound healing rate. At days 3, 7, and 14 of the treatment,
the animals were sacrificed and the skin samples were removed and used
in histology. Tissue layers with edges from the wound site were sectioned
and fixed in a 10% formalin solution. The samples were processed by
conventional procedures and embedded in paraffin. The histological sections
were stained with hematoxylin and eosin.

To get insights into the mechanism of the wound healing process, using
molecular methods, we detected the factors that characterized the degree of
the inflammatory process, vascularization, and formation of the new connec-
tive tissue at the defect site: angiogenesis (VEGF), inflammation (TNF-a),
type-I collagen (Col-1) (an indicator of connective tissue formation), keratin
10 (K10), and keratin 14 (K14). Gene expression of type-I collagen (Col-1)
was determined by real-time reverse transcription polymerase chain reaction
(RT-PCR) to confirm the fibroblast phenotype of the cells and their viability.
The cells were lysed, and messenger ribonucleic acid (mRNA) was extracted
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using an RNA-Extran reagent kit (Sintol, Russia). The complementary deoxy-
ribonucleic acid (cDNA) was synthesized by reverse transcription reaction
using MMLYV reverse transcriptase (Sintol, Russia). RT-PCR was performed
with the corresponding primers using a Real-time CFX96 Touch detection
system (Bio-Rad Laboratories Inc., USA), following the manufacturer’s
instructions. The housekeeping gene was -actin. The comparative threshold
cycle method (224¢") was used to determine the relative level of expression
of the marker genes. The total RNA was isolated from the granulation tissue
of the treatment and control groups by extraction with a guanidinium thio-
cyanate—phenol—chloroform mixture from the RNA-Extran reagent kit. Then,
from the RNA template, using reverse transcriptase, we synthesized cDNA
with several types of oligonucleotide primers: with a mixture of random
primers—hexa primers—and oligo-dT primer, following the procedure
recommended by the manufacturer (Sintol). Negative controls of the reverse
transcription reaction were prepared for all samples to confirm the absence of
DNA contamination in the initial RNA. Real-time PCR amplification for the
quantification of cDNA fragments of rat VEGF, rat TNF-a, rat Col-1, rat K10,
and rat K14 was performed by using a CFX-96 thermocycler, according to the
manufacturer’s protocol, using the color channel of HEX.

1.2.11 STATISTICAL ANALYSIS

Statistical analysis of the results was performed using electronic tables
in Microsoft Excel 2010 and the Statistica 6.0 program for the Windows
XP operating system. A comparison of two related groups for quantitative
attributes was performed using the parametric method with the Wilcoxon
matched-pairs test. A comparison of two independent groups for quantitative
attributes was performed using the nonparametric method with the Mann—
Whitney U test. If the probability was greater than 95%, the differences were
considered statistically significant.

1.3 RESULTS AND DISCUSSION

1.3.1 SYNTHESIS AND PROPERTIES OF BC OBTAINED SYNTHESIZED
IN THE CULTURE OF ACETIC ACID BACTERIA K. XYLINUS B-12068

The production of BC in the culture of K. xy/inus B-12068 at various carbon
sources and in the modification of culture parameters was studied. Figure 1.1
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shows the results of the evaluation of the ability of the strain K. xylinus
B-12068 to synthesize cellulose under static conditions in glass flasks at
a temperature of 30 °C and an initial pH of 6.0 in the HS medium with
varied carbon sources. The highest BC yield (about 2.2 g/L) was obtained
in the experiment with the K. xylinus B-12068 cells cultivated for 7 days
in the HS medium containing glucose. Similar was the production of BC
on glycerol reaching up to 2.1 g/L. The BC yield in the media with sucrose
and galactose was somewhat lower—1.6 and 1.4 g/L, respectively. The
physiological glucose range for this strain is rather wide; K. xylinus B-12068
growth and BC production were inhibited at glucose concentrations in the
culture medium higher than 25% (w/v).

As the BC production is influenced not only by carbon sources but also
by the agitation conditions, the medium volume-to-surface area ratio, pH of
the medium, and addition of the secondary carbon substrates to the medium
(Pokalwar et al., 2010; Ruka et al., 2012; Fu et al., 2013; Keshk, 2014; Li et
al., 2015), we investigated the cellulose production under varied conditions
of K. xylinus B-12068 cultivation. Figure 1.1 shows how the initial pH value
influenced the cellulose production by the strain. The physiological pH
range for K. xylinus B-12068 is between 3.2 and 5.0. The trend in the graph
indicates the optimal pH range for BC biosynthesis, which is very narrow—
about 3.6. The highest BC yield from the standard HS medium (2.73 g/L)
was obtained at pH 3.6. When K. xylinus B-12068 cells were cultivated in
the glucose enriched medium, the initial pH value of 6.0 dropped to 3.4
after 7 days of cultivation due to the accumulation of products of glucose
oxidation, mainly, gluconic acid. As K. xylinus B-12068 was found to be acid
tolerant, the pH of the medium, which decreased during cultivation, did not
need to be adjusted. The ability of bacteria to synthesize BC at low pH values
can be used to reduce the risk of contamination of the commercial strain by
foreign microflora.

The effect of the temperature of the K. xy/inus B-12068 culture medium
on BC production is shown in Figure 1.1, suggesting that the optimal temper-
ature range for cell growth and BC production is rather narrow about 30 °C,
while the physiological temperature range is wide (20-35 °C). Based on the
data suggesting that acetic acid bacteria are capable of oxidizing ethanol and
that in some cases, ethanol enhances the productivity of BC, for example, in
Gluconacetobacter hansenii culture (Park et al., 2003), we investigated the
effect of ethanol as a secondary substrate on BC production by K. xylinus
B-12068 cultivated in the HS medium enriched with glucose. The increase
in ethanol concentration from 0.5 to 3.0% (v/v) resulted in an increase in
cellulose production, from 1.38 to 3.06 g/L. The highest BC yields were
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obtained at an ethanol concentration of 3%. As glucose was determined as
the best substrate for K. xylinus B-12068, it was used as a carbon substrate in
the subsequent experiments.

Carbon source Initial pH
Galactose 4.6
Sucrose 4.2
Glycerol 3.6

Glucose 3.2
00 05 1.0 15 20 25 30 00 05 10 15 20 25 30 35
Dry weight of BC, g/I Dry weight of BC, g/I
Ethanol concentration Temperature

0.0 0.5 1.0 15 2.0 25 3.0 35 0.0 0.5 1.0 L5 2.0 25
Dry weight of BC, g/I Dry weight of BC, g/I

FIGURE 1.1 Effect of cultivation conditions on cellulose yield in K. xylinus B-12068
culture (g/L).

TABLE 1.1 Bacterial Cellulose Production on Standard and Modified Hestrin—Schramm
Media in Different Volumes

Culture Conditions BC Yield Productivity
(g/L) (g/L/day)

Static conditions (carbon source, medium volume)

Flask, HS standard medium (glucose), 100 mL 1.7 0.24
Flask, HS modified medium (glucose + ethanol), 100 mL 7.9 1.13
Petri dishes, HS standard medium (glucose), 25 mL 43 0.61
Petri dishes, HS modified medium (glucose + ethanol), 25 mL 17.0 243
Glass tray, HS modified medium (glucose + ethanol), 500 mL 6.8 0.97
Petri dishes, HS-modified medium (glycerol 5% + ethanol), 25 mL 23.2 3.30
Petri dishes, HS modified medium (glycerol 10% + ethanol), 25 mL 16.9 2.29
Agitated conditions (carbon source, medium volume)

Flask, standard medium (glucose), 150 mL 2.8 0.41

Flask, modified medium (glucose + ethanol), 150 mL 6.2 0.89
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When the strain was grown on the surface of glucose enriched HS
medium (100 mL, the layer of the medium is 2.0 + 0.1 cm high) under static
conditions, the BC productivity was the lowest. Under agitated conditions,
BC yield was 1.6 times higher than under static ones. The modification of
HS medium by adding ethanol concentration of 3% (v/v) and decreasing the
initial pH value to 3.9 enhanced the BC productivity of K. xy/inus B-12068
to 0.97-1.13 g/L/day under static conditions and to 0.89 g/L/day under
shaking conditions.

The highest productivity of the culture on glucose was obtained in a static
culture on HS modified medium (glucose + ethanol) at a layer height of 25
mL; for seven days, the yield of the BC was 17 g/L; the productivity of the
process was 2.43 g/L/day (Figure 1.2). Similar high yields of BC (2.05-15.0
g/L) were also obtained in the culture of K. hansenii as a result of extensive
research by the authors (Lima et al., 2017).

FIGURE 1.2 Bacterial cellulose films synthesized by K. xylinus B-12068 on standard
medium (a) and supplemented with ethanol (b) medium.

An important result was obtained by replacing glucose as the main C
substrate with glycerol. When cultured by the surface method in 250 mL
flasks per 100 mL of standard HS medium, the BC output after seven days
was 2.08 = 0.17 g/L, relative to the previously obtained 1.77 £ 0.33 g/L on
glucose (Figure 1.3). With a decrease in the height of the medium layer to 50
+ 1 mm, the output of the BC for 7 days increased by 23.2 g/L; the produc-
tivity was up to 3.3 g/L/day (Table 1.1).

In the present study, the highest BC yield 17.0-23.2 or 2.4-3.3 g/L/day
was observed in the experiment with K. xylinus B-12068 grown in Petri
dishes containing 25 mL of medium (the medium layer being 0.5 + 0.1 cm
thick). In Petri dishes, the volume of the medium was four times less than that
in the flasks, the surface area was the same as in the flasks (60 + 1 cm?), and
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the amount of the substrate (glucose) was 2.2-2.6 times smaller (Table 1.1).
These results are in good agreement with the data in the study of Ruka et al.
(2012), showing that the lower volume of the nutrient medium in the vessel
did not decrease BC production but increased the efficiency of utilization of
carbon substrate.

FIGURE 1.3 Bacterial cellulose films synthesized by K. xylinus B-12068 on HS medium
with glycerol: (a)10 % and (b) 5%.

The use of larger bulbs (3 L) and fermentation vessels in the form of
trays allowed us to scale the process and gave us the opportunity to produce
BC films of various sizes (Figure 1.4). Under agitated conditions, however,
in contrast to the static culture, cellulose did not form a pellicle at the air/
culture medium interface but exhibited the shapes of spheres, filaments, and
fibers distributed over the volume of the culture medium.

Thus, in the present study, high yields of BC were obtained from the
culture of K. xylinus B-12068—a new strain of acetic acid bacteria.

1.3.2 PRODUCTION OF BC COMPOSITES WITH SILVER
NANOPARTICLES, BC/AGNPS

The dried BC films synthesized in the K. xy/inus B-12068 culture had similar
thickness (1.8 £ 0.2 mm) and density (0.15 + 0.01 cm?), while their surface
properties differed considerably, as determined by the water contact angle,
which varied between 36° and 57°. The ultrastructure and size of fibrils in
BC is a critical factor that determines the unique properties of BC films.
SEM images of the microstructure of BC films show that BC films were
layered nets of different densities composed of randomly oriented micro-
fibrils (Figure 1.5). Whatever the drying method used, the average diam-
eter of BC film microfibrils was 110 nm, with the smallest and the largest
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diameters being 52 nm and 173 nm, respectively. However, in freeze-dried
films, the fibrils were positioned more loosely, and the distance between
them was 2.5-3.0 times greater than that in the films dried at room tempera-
ture, reaching about 1.6 pm.

FIGURE 1.4 Scaling process of the bacterial cellulose synthesis in agitated culture in the
fermenter and surface static culture.

The average crystallinity of the series of BC films was 60 + 15%; the
thermal decomposition temperature of the films was 260 + 30 °C. The films
had the following parameters of mechanical strength: Young’s modulus,
4.6-5.3 MPa; elongation at the break, 12—13%.
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During the hydrothermal synthesis of silver nanoparticles, variations in
AgNO, concentration in the reaction medium at 90 °C changed the number of
the synthesized nanoparticles (Figure 1.6A) without considerably influencing
their size (Figure 1.6B). For instance, the average sizes of Ag nanoparticles
at AgNO, concentrations of 0.0001, 0.001, and 0.01 M were 13, 23, and 12
nm, respectively (Figure 1.7).

10.0um J x5.00k 17/03/28

FIGURE 1.5 SEM images of initial BC films dried at room temperature (A) and freeze-
dried ones (B). Scale bar =10 pum.

The increase in the number of silver nanoparticles in BC films is
illustrated in Figures 1.7 and 1.8. The SEM images show that as the AgNO,
concentration of the reaction medium was increased, the number of silver
nanoparticles adhering to BC fibrils and between them increased (Figure
1.8). Ag nanoparticles showed different aggregation behaviors in freeze-
dried BC films compared to those in the films dried at room temperature.
On the films dried at room temperature, the size of Ag particles was
25-60 nm, the size of their aggregates was 85-350 nm, and the number of
aggregates reached 15 per 1 um?. On freeze-dried films, particle aggregates
were larger, between 350 and 780 nm, and their number reached 19 per
1 um? The presence of silver in the BC/AgNPs was confirmed by the
elemental analysis performed using scanning electron microscopy with a
system of X-ray spectral analysis. The analysis showed that the average
atomic number of silver particles in composite samples depended on
the concentration of AgNO,; as the AgNO, concentration in the reaction
solution was increased from 0.0001 to 0.01 M, the silver content in the
composites increased from 1.08 to 5.32.
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FIGURE 1.7 Photos of composite films of BC/AgNPs obtained at different temperature
conditions and AgNO;, concentrations in the reaction solution.

One of the factors determining the biocompatibility of implants is the
physicochemical reactivity of their surface. The main factors that influence
surface interaction with blood and tissue cells and components of biological
fluids are surface topography, microstructure, and adhesive properties. An
indirect indicator of surface hydrophilicity is the liquid contact angle. The
properties of BC composites are listed in Table 1.2. BC films are inherently
quite hydrophilic, with the water contact angle below 50° (45.5° + 17.6°).
The surfaces of BC/AgNP composites tend to become less hydrophilic (more
hydrophobic) as their silver content increases. The dispersive and polar
components increase, too. Such changes reduce the fouling of the surfaces
by proteins and cells, as described in a study by Jia et al. (2012). The authors
of that study observed an increase in the water contact angle on BC/CuNPs
composite films to 110 + 0.4°—the value that was twice higher than that on
the initial BC (50.1 £ 1.8°).

All samples of BC composites exhibited bactericidal activity against
test microbial cultures—the most common representatives of nosocomial
infection and pathogenic microflora of contaminated wounds. However, the
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levels of antibacterial activity of the composites were different (Table 1.3,
Figure 1.9). BC/antibiotic composites had a stronger inhibitory effect on the
growth of pathogenic microorganisms.

TABLE 1.2 Surface Properties of BC/AgNP Composites

Samples Water Contact  Dispersive Component Polar Component
angles (mN/m) (mN/m)

Pristine BC 455+17.6 28+£9.24 17.5+8.37

BC/AgNPs

0.0001 M BC/AgNPs 503 +4.61 42.6+1.01 27.7+3.6

0.001 M BC/AgNPs 68.8+1.76 46.2 +£0.99 22.6+0.77

0.01 M BC/AgNPs 69 +2.71 449+ 1.85 25.1+0.86

TABLE 1.3 Inhibition of Pathogenic Bacteria on the Solid Medium by BC/AgNP
Composites

Samples Diameter of Inhibition Zones (mm)

P. aeruginosa E. coli S. aureus
Pristine BC - -

BC/AgNPs

0.0001 M 12+0.44 11+£0.20 15+£0.73
0.001 M 13+£1.15 13+0.50 14+£0.28
0.01 M 14 +2.11 14+0.61 15+£1.58

In experiments with BC/AgNPs, the largest zone of inhibition (15 & 1.58
mm) was observed for S. aureus, at the highest concentration of AgNPs
(0.01 M); the smallest zone of inhibition (11 £ 0.20 mm) was created by
0.0001 M BC/AgNPs for E. coli. These differences are caused by the
different susceptibility of bacteria to BC composites with Ag particles, their
cell structure and physiology. Gram-positive bacteria are generally more
susceptible to the bactericidal effect of AgNPs (Ruparelia et al., 2007). Similar
data were reported by (Shao et al. (2016): in their study, at a concentration of
BC-Ag of 0.01 M, the diameters of the zones of inhibition of E. coli and S.
aureus growth were 11.7 + 0.1 and 11.6 = 0.1 mm, respectively. Feng et al.
(2014) reported a study of BC composites with silver reduced using NaBH,,
which created zones of inhibition of diameter about 16.1 mm for E. coli and
17.7 mm for S. aureus; the BC composites with silver reduced with sodium
citrate created zones of inhibition with smaller diameters: 13.7 and 13.2 mm,
respectively. The diameters of the zones of inhibition of B. subtilis and E. coli
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30°C 60 °C 90 °C

FIGURE 1.9 Inhibition of E. coli (A), K. pneumoniae (B), P. aeruginosa (C), and S. aureus
(D) with BC/AgNP composites obtained at different temperatures of the reaction medium.

by composites based on polydopamine magnetic BC and Ag were 20 mm and
17 mm, respectively (Sureshkumar et al., 2010). However, a study by Barud
etal. (2011) showed that the composite membranes of 1 mol/L™' BC/Ag/TEA
created inhibition zones for P. aeruginosa ATCC-27853, E. coli ATCC 25922,
and S. aureus ATCC 25923 reaching 20 mm. The differences between results
may be caused by the different methods employed to produce composites,
sizes of silver nanoparticles, and their concentrations in the BC films. It has
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been assumed that the lowest inhibitory concentration of Ag nanoparticles is
about 0.05-0.1 mg/mL (Sureshkumar et al., 2010). In the present study, the
strongest inhibition of pathogenic microflora by BC/AgNP composites was
observed under the highest silver concentration in the reaction solution during
composite production, when the silver content was 5.32 (or 0.024 mg/mL),
that is, these results are consistent with the data reported by other authors.

The zones of inhibition by BC/antibiotic composites were generally larger
than those produced by BC/AgNP composites (Table 1.3). It is well known
that antibiotics penetrate through the cell membrane and irreversibly bind to
specific receptor proteins of the bacterial cell, thus effectively suppressing
the synthesis of bacterial membranes.

As the experimental BC composites were investigated as possible candi-
dates for wound dressings on skin defects and injuries, including those
contaminated by pathogenic microflora, it was important to study the effect
of silver and/or antibiotics impregnated into BC films on dermal cells. The
BC composites were investigated for their potential cytotoxicity in fibroblast
cell culture using 4',6-diamidino-2-phenylindole (DAPI) stain—a marker of
nuclear DNA—and MTT assay, which determines the number of viable cells.
The evaluation of the effect of BC composites on fibroblasts using DAPI
staining was in good agreement with the results of the MTT assay (Figures 1.10
and 1.11). The results obtained in the present study are consistent with the
published data, suggesting that BC/AgNPs produce a strong inhibitory effect
on pathogenic and opportunistic pathogenic microflora, without inhibiting the
growth of epidermal cells (Wu et al., 2014; Zhang et al., 2015).

No potential cytotoxicity was detected in all BC/AgNP composites in
the NIH 3T3 mouse fibroblast cell culture, in contrast to the BC/antibiotic
composites. These results suggest that BC composites constructed in the
present study hold promise as dressings for managing wounds, including
infected ones.

1.3.3 BIOTECHNOLOGICAL WOUND DRESSINGS BASED ON
BACTERIAL CELLULOSE

Facilitating skin wound healing by using new technologies and materials is
one of the main challenges faced by science and clinical practice. Hundreds
of surgical and therapeutic materials and tools can be used to reconstruct
skin defects. The properties of the material used to fabricate wound dressings
must correspond to the type of injury and the development and phase of
the healing process. The fabrication of biotechnological dermal equivalents
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carrying cells is a rapidly developing line of research aimed at reconstructing
skin defects. The main challenge facing researchers is the choice of materials,
which should have a number of special properties and impart characteristics
of living tissues to the engineered constructs (grafts). These characteristics
include (1) the ability to regenerate themselves, (2) the ability to maintain
the blood supply, and (3) the ability to alter their structure and properties
in response to effects of the external factors, including mechanical loads
(Artyukhov et al., 2011).

CONTROL AgNO,-0.0001 M

& S

AgNO, — 0.001 M AgNO, - 0.01 M

FIGURE 1.10 NIH 3T3 mouse fibroblast culture grown on films of BC/AgNPs, produced
under different AgNO, concentrations in the medium. DAPI staining at day 3 of the culture.
Scale bar = 100 um.

BC and bioresorbable PHAs are promising materials for reconstruc-
tive biomedical technologies including tissue engineering. BC shows high
biocompatibility, without being cytotoxic or causing any allergic reactions
in vivo; it has a unique structure and physical/mechanical properties, such as
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high mechanical strength, elasticity, gas permeability, good water holding
capacity, porosity, etc. The BC structure and high biocompatibility suggest
that this natural polymer can be useful for reconstructive surgery as a mate-
rial for skin defect reconstruction and as a matrix for drug delivery (Lin et
al., 2013; Kwak et al., 2015; Chang et al., 2016; Shao et al., 2015; Kirdpon-
pattara et al., 2015; Brassolatti et al., 2018).

ocC

81

Cells x 103/cm?

83

0

FIGURE 1.11 Number of viable cells (MTT assay) of NIH 3T3 mouse on BC/AgNPs after
three days: C, control; 1, 0.0001 M BC/AgNPs; 2, 0.001 M BC/AgNPs; 3,0.01 M BC/AgNPs.

A number of studies have shown the effectiveness of using BC alone
and BC composites with various materials in reconstructing skin defects.
Cellulose impregnated with lidocaine considerably facilitated the healing of
third-degree burns (Shao et al., 2015). Full-thickness skin wounds in rats
healed effectively under a film of BC nanocrystals/chitosan incorporating
silver and curcumin particles (Bajpai et al., 2015). BC scaffolds with
curcumin particles encapsulated in chitosan and composition with gelatin
and fibrin were used to manage skin wounds in mice and rats (Shefa et al.,
2017). Singla et al. (2017) investigated hydrogels prepared from bamboo
cellulose nanocrystals loaded with silver particles, which successfully healed
skin wounds in diabetic mice. Other authors (Kwak et al., 2015; Lin et al.,
2013) tested gels based on cellulose and acrylate loaded with fibroblasts and
keratinocytes, which considerably accelerated the healing of model burns
and synthesis of type-1 collagen.
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P(3HB-co-4HB) is one of the most attractive representatives of PHAs.
PHAs are biopolymers of microbial origin, which are biodegradable, highly
biocompatible, and effective in various biomedical applications. PHAs have
been successfully tested as resorbable surgical sutures (Shishatskaya et al.,
2004), artificial pericardium (Protopopov et al., 2005), wound dressings
(Shishatskaya et al., 2016), implants for repairing cranial defects (Shumilova
et al., 2017), biocompatible coatings for metallic stents (Protopopov et al.,
2008), fully resorbable stents (Myltygashev et al., 2017), biliary stents
(Markelova et al., 2008), etc. (Murueva et al., 2013; Eke et al., 2014; Chen
et al., 2018). Thus, each of these biomaterials (BC and PHA) can be used
to regenerate tissues, including the skin. One of the new lines of research
is constructing composite materials and implants based on BC and PHA to
repair tissue defects. The preparation of the BC/PHA composite materials
and their characterization are described in a number of studies (Barud et al.,
2011; Zhijianga et al., 2011; Akaraonye et al., 2016; Chiulan et al., 2016;
Zhijiang et al., 2016; Abdalkarim et al., 2017).

The purpose of the present study was to construct and investigate
composites based on BC and PHA as biotechnological wound dressings and
to evaluate their efficacy in managing model skin burns in experiments with
laboratory animals.

Composites based on BC and P(3HB-co-4HB) were constructed using
different methods. The photographs of the samples are shown in Figure 1.12A,
and the SEM images are in Figure 1.12B.

The BC/P(3HB-co-4HB) composites prepared by submerging nonwoven
membranes into the K. xy/inus B-12068 culture had the highest mechanical
strength (Young’s modulus of 272.3 + 27.2 MPa). The most likely reason for
this is the high mechanical strength of the nonwoven membranes (113.54
+ 9.85 MPa). The values of Young’s modulus of the composites prepared
by soaking BC films in the 2% P(3HB-x0-4HB) solution were 115 and 146
MPa, and they were higher than Young’s modulus of the initial P(3HB-co-
4HB) film. Although Young’s modulus of the composites prepared by mixing
the polymer solution and BC powder was low, it was higher than that of the
corresponding parameter of pure BC (47.60 + 6.32 MPa), but the elongation
at break of the P(3HB-co-4HB) + BC powder (1:1) (2:1) composites (3.45 £
0.34%) was insignificantly lower than the elongation at break of the initial BC
film (4.35 = 0.82%). The data reported in a number of studies suggested that
BC/P(3HB-co-4HB) composites prepared using different methods had better
mechanical properties than pure BC. In a study by Zhijiang et al. (2016), the
mechanical properties of the nonwoven fiber based on P(3HB) and cellulose
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acetate produced by electrospinning were better than the mechanical proper-
ties of the nonwoven fiber based on cellulose acetate. With P(3HB) content
increasing from 60% to 90% in the blend nanofiber, the tensile strength,
elongation at break, and Young's modulus increased from 4.52 + 0.34 MPa,
6.53 +0.48%, and 806.9 + 168.2MPa to 7.86 + 0.67MPa, 16.7 + 1.52%, and
854.2 £ 187.6MPa, respectively. In a study by Akaraonye et al. (2016), the
compressive modulus of porous composites based on P3HB was 0.08+0.01
MPa, but the addition of microfibrillated cellulose (10, 20, 30, and 40 wt%)
increased it by 35%, 37%, 64%, and 124%, respectively().

The BC film is rather hydrophilic, with a water contact angle of 45.5° +
17.6°, while the water contact angle of the P(3HB-co-4HB) film is 66.5° +
4.4° (Table 1.4).

TABLE 1.4 Surface Properties of BC/P(3HB-co-4HB) Hybrids

Sample Water Dispersive Polar Water Vapor
Contact Angle Component Component Transmission
(degree) (mN/m) (mN/m) Rate (g/m?/d)
Initial BC 45.5¢17.6 2849.24 17.5£8.37 2655+21
P(3HB-co-4HB) film 66.5+4.4 2290+ 17.6 42.2+ 17.6 40449.1
P(3HB-co-4HB) nonwoven 60.5+4.4 22.40£15.0 12.2+10.5 1000+7
membrane

BC + 2% P(3HB-co-4HB) solution 46.2+13.77  45.2+11.74 21£2.03 4473+10
P(3HB-co-4HB) + BC powder (2:1) 43.9+17.55 2249.39 21.948.17  5014+20
P(3HB-co-4HB) + BC powder (1:1) 36.1+0.66 35.5£0.58 29.6+0.08 173249

BC + nonwoven membrane 65.3+2.72 45.6£1.29 19.7+1.42 2005*15

Soaking of the BC film in a 2% P(3HB-co-4HB) solution produced an
insignificant effect on the surface properties of BC. The composites prepared
by mixing the P(3HB-co-4HB) solution and BC powder at ratios of 2:1 and
1:1 had water contact angles of 43.9 = 17.55° and 36.1 £ 0.66°, respectively;
the dispersive and polar components were larger than those of pure BC,
suggesting higher hydrophilicity of the surface of composites. The reason
for the high values of the water contact angle of the BC/P(3HB-co-4HB)
nonwoven membrane composites, 65.3 £ 2.72°, was that the nonwoven
membranes used to grow cellulose were initially dense, with a water contact
angle of about 60.5 = 4.4°, After drying, the films impregnated with a 5%
P(3HB-co-4HB) solution had a very rough surface and a nonuniform coating,
making it impossible to examine their surface properties.
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An important parameter of wound dressings is the water vapor transmission
rate—a measure of the passage of water vapor through the material. The exper-
imental composites showed different water vapor transmission rates: for the
P(3HB-co-4HB) + BC powder (2:1), it was the highest (5014 + 20 g/m?/d), while
for the P(3HB/4HB) film, it was the lowest (404 + 9.1 g/m?/d). It is important to
increase this parameter to control the build-up of fluid underneath the dressing,
make it more breathable, and prevent the establishment of conditions favorable
for the development of pathogenic microorganisms. The models of third-degree
skin burns were created on anesthetized rats. The animals were divided into four
groups, six rats in each group. In the control group, the defect was closed with a
VaskoPran dressing and covered with a dry sterile gauze bandage. In treatment
groups, three types of experimental wound dressings were used: BC/P(3HB-
co-4HB), BC/P(3HB-co-4HB)/actovegin, and BC/P(3HB-co-4HB)/fibroblasts
differentiated from MSC wound dressing (Figure 1.13).

VoskoPran (control)

BC/P(3HB-co-4HB) BC/P(3HB-co-4HB)/fibroblasts

FIGURE 1.13 Types of experimental wound dressings used.

After surgical intervention, all animals were healthy and active, displayed
normal eating behavior, and moved on their own. After the treatment group
animals awakened from anesthesia, they did not show any signs of pain. The
wound healing process was monitored using the following approaches: plani-
metric measurements of the wounds and the determination of wound surface
area reduction and healing rate; histological examination; and biochemical
and molecular techniques of detecting angiogenesis factor, inflammation,
type-I collagen, keratin 10, and keratin 14. Measurements of the wound
surface area showed that wound healing occurred at a faster rate in the treat-
ment groups (Figure 1.14).
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FIGURE 1.14 Dynamics of reduction in the skin wound area in the groups of animals with
different wound dressings: 1, VoskoPran (control); 2, BC/P(3HB-co-4HB); 3, BC/P(3HB-
co-4HB)/actovegin; and 4, BC/P(3HB-co-4HB)/fibroblasts.

The surface area of the wound closed with the BC/P(3HB-co-4HB)/
actovegin wound dressing was reduced to 1 cm? (67% of the initial area)
at day 3, to 33% at day 7, and to 7.3% at day 14. A similar healing process
was observed in the group with the BC/P(3HB-co-4HB)/fibroblasts wound
dressings: the wound area was reduced to 69.3% at day 3, to 40% at day 7,
and to 9% at day 14. The healing rates in these groups were similar too, about
0.4 cm?/d. In the group with the wounds closed with the BC/P(3HB-co-4HB)
films containing no cells or actovegin, the healing rate was somewhat slower,
with the wound area reduced to about 12% of the initial area by the end of the
experiment. In the control group, a much poorer result was obtained: at day
14, the wound area was reduced to 30.6% of its initial area and the average
healing rate was 0.19 cm?/d.

Histological examination showed that at day 3, the necrotic zones in
all groups were characterized by considerable destructive changes of the
epidermis, dermis, and subcutaneous tissue, with the total necrosis of skin
appendages. The surface of the wound was uneven and covered by a layer of
necrotic masses with residual epidermis. Under the necrotic zone, in the layer
adjacent to the undamaged tissue, there was edema pronounced to different
extents and infiltration dominated by band neutrophils. In the control group,
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the thickness of epithelial injury (scab) was 28.45 + 8.3 um, and the number of
band neutrophils reached 10 = 2 cells (in 10 fields of view). In the BC/P(3HB-
co-4HB) group, the scab was 20.29 + 2.3 um thick and the number of band
neutrophils was 6 + 2 cells (in 10 fields of view). In the BC/P(3HB-co-4HB)/
actovegin and BC/P(3HB-co-4HB)/fibroblasts groups, the thickness of the
scab was 18.1 = 1 um and the number of band neutrophils was 6 + 2 cells (in
10 fields of view). In the center of the burn, there were no hair follicles and
sebaceous glands or they showed pronounced necrotic changes. There were
no signs of regeneration in the center and at the edges of the wounds.

At day 14, in all groups, the thickness of the layer of necrotic masses
covering the wound was reduced (Figure 1.15). In all treatment groups, the
wound bed was represented by fibrous connective tissue with nonuniformly
distributed infiltration by lymphocytes, macrophages, and segmented
leukocytes. The rapid proliferation of fibroblasts was observed at the wound
edges beneath the epidermis. It was accompanied by the development of
relatively few small blood vessels. In groups with membranes loaded with
actovegin and fibroblasts, either there was no leukocyte infiltration in the
wound or it was represented by the minimal number of segmented leukocytes
(2 £ 1 cells in 10 fields of view). In the control group, leukocyte infiltration
on the wound bed, in the layer adjacent to viable tissues, was still observed,
but it was weaker than in the previous phases of the experiment. Rapid
epidermization was observed in all groups, but in the treatment groups, it
was more effective, especially in the groups with membranes loaded with
agents promoting wound healing (actovegin, fibroblasts). In those groups,
the wounds were almost completely covered with a layer of the epidermis.

To study the mechanism of the healing process, real-time PCR was
performed to determine the factors characterizing the degree of inflamma-
tion, vascularization, and formation of the new connective tissue at the defect
site. Relative expression of VEGF (vascular endothelial growth factor, an
indicator of vasculogenesis and angiogenesis) was higher in the groups with
hybrid membranes loaded with fibroblasts or actovegin (Figure 1.16). In
the BC/P(3HB-co-4HB)/actovegin group, ACt was 20% higher than in the
VoskoPran group and 30% higher than in the BC/P(3HB-co-4HB) group. In
the group with the membranes loaded with fibroblasts, relative expression
was 5—6% lower but it was also higher than in the control group.

Relative TNF-a (tumor necrosis factor, a protein involved in acute
inflammation) gene expression decreased considerably by the end of the
experiment, and in the groups with membranes loaded with fibroblasts and
actovegin, it was lower by a factor of two than in the BC/P(3HB-co-4HB)
and VoskoPran groups, suggesting alleviation of inflammation (Figure 1.16).
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The PCR method was used to determine the expression of type-I collagen
(Col-1) (a signal of connective tissue formation), keratin 10 (K10) and
keratin 14 (K14) (signals of the formation of the spinous and granular layers
in the epidermis during tissue regeneration) genes. The number of Col-1,
K10, and K14 cDNA copies was higher than that in the control by a factor of
1.5-2.0, also suggesting more effective wound healing beneath the experi-
mental hybrid wound dressings (Figure 1.16).

FIGURE 1.15 Histological sections collected at the defect site. Wound healing (day 14
post defect creation) under different wound dressings: 1, commercial material VoskoPran;
2, BC/P(3HB-co-4HB); 3, the BC/P(3HB-co-4HB)/actovegin hybrid membrane; and 4, the
BC/P(3HB-co-4HB)/fibroblasts hybrid membrane.

The results of experiments in which the BC-based composites were
tested as wound dressings are consistent with the literature data suggesting
BC effectiveness in healing skin wounds. However, other studies described
using BC in combination with the materials other than PHAs. Bajpai et al.
(2015) demonstrated 97.2% healing of full-thickness skin wounds in Albino
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genes (tumor necrosis factor, a protein involved in acute inflammation), type-I collagen (Col-1), keratin 10 (K10), and keratin 14 (K14) (results
normalized relative to the housekeeping gene—f-actin)—indicators of the regeneration dynamics of skin wounds in Wistar rats with hybrid

FIGURE 1.16 Relative expression of VEGF (vascular endothelial growth factor, an indicator of vasculogenesis and angiogenesis), TNF-a,
wound dressings: 1, BC/P(3HB-co-4HB); 2, BC/P(3HB-co-4HB)/fibroblasts; 3, BC/P(3HB-co-4HB)/actovegin; and 4, VoskoPran (control).
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Wistar rats under a film of BC nanocrystals/chitosan incorporating silver and
curcumin particles. The potential use of BC modified with carboxymethyl
groups and loaded with chitosan particles with encapsulated curcumin as
material for healing skin wounds was shown in a study by Rojewska et al.
(2017). Gelatin/BC scaffolds accelerated healing of skin wounds in mice
(Goma et al., 2017); BC composites with silk fibroin effectively healed
model skin wounds in rats (Shefa et al., 2017), and that was confirmed by
measuring the levels of expression of wound healing markers. Singla et al.
(2017) used hydrogels prepared from bamboo cellulose nanocrystals loaded
with silver particles to heal skin wounds in streptozotocin-induced diabetic
mice. Wounds were 98-100% recovered within 18 days as confirmed by
detecting molecular markers of tissue genesis and a significant increase in the
expression of collagen and growth factors (FCF, PDGF, and VEGF), which
caused enhanced re-epithelization, vasculogenesis, and collagen deposition.

In a study by Kwak et al. (2015), the second-degree 1 cm? burn injury in
a rat model was closed with a BC membrane. The expression of VEGF and
angiopoietin-1 (Ang-1) was considerably decreased at days 10 and 15. More-
over, the level of collagen expression was much higher in the BC group than
in the group of rats with the wounds closed with gauze. Although the topical
application of BC membranes for two weeks accelerated wound healing,
including tissue regeneration, connective formation, and angiogenesis, no
complete skin healing occurred. In a study by Lin et al. (2013), membranes
based on BC and chitosan and cellulose alone were used to close 1.2-cm
x 1.2-cm degloving wounds in rats. The wounds were 90 and 88% healed
under the composite material and cellulose, respectively, after 21 days of the
experiment. The authors concluded that skin regeneration should be acceler-
ated by adding agents promoting wound healing (drugs or cells).

1.4 CONCLUSION

A strain of acetic acid bacteria, K. xylinus B-12068, was studied as a source
for BC production. The effects of cultivation conditions (carbon sources,
temperature, and pH) on BC production and properties were studied in
surface and submerged cultures. Glucose was found to be the best substrate
for BC production among the sugars tested; ethanol concentration of 3%
(w/v) enhanced the productivity of BC. The highest BC yield (up to 17.0 g/L)
was obtained under surface static cultivation conditions, in the modified HS
medium supplemented with ethanol, at pH 3.9, after seven days of cultivation
in the thinnest layer of the medium.
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BC with silver nanoparticles, BC/AgNPs, were produced hydrothermally,
under different AgNO, concentrations in the reaction medium. The disk-
diffusion method used in this study showed that all experimental BC/AgNP
composites had pronounced antibacterial activity against E. coli, P. eruginosa,
K. pneumoniae, and S. aureus. No potential cytotoxicity was detected in any
of the BC/AgNP composites in the NIH 3T3 mouse fibroblast cell culture,
in contrast to the BC/antibiotic composites. These results suggest that BC
composites constructed in the present study hold promise as dressings for
managing wounds, including contaminated ones.

Hybrid wound dressings have been constructed using two biomaterials:
BC and the copolymer of 3-hydroxybutyric and 4-hydroxybutyric acids
(P(3HB-co-4HB))—a biodegradable polymer. Two types of experimental
biotechnological wound dressings—BC/P(3HB-co-4HB)/actovegin and
BC/P(3HB-co-4HB)/fibroblasts—were tested in vivo on laboratory animals
with model third-degree skin burns. Wound planimetry; histological exami-
nation; and biochemical and molecular methods of detecting factors of
angiogenesis, inflammation, type-I collagen, keratin, 10 and keratin 14 were
used to monitor wound healing. Experimental wound dressings promoted
healing more effectively than VoskoPran—a commercial wound dressing.
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ABSTRACT

Nanotechnology has emerged as one of the most dynamic science and tech-
nology domains of physical sciences, molecular devices, green chemistry,
biotechnology, and medicine. Nanomaterials (nanoparticles, nanowires,
nanofibers, and nanotubes) have been explored in many biological applica-
tions (biosensing, biological separation, molecular imaging, and anticancer
therapy). The unusual properties of nanoparticles, such as hardness, rigidity,
high yield strength, flexibility, ductility, are attributed to the high surface-to-
volume ratio. Supramolecular chemistry and green chemistry are also related
to concepts of nanotechnology, depicted in their applications. The realiza-
tion that the nanoscale has certain properties needed to solve important
medical challenges and cater to unmet medical needs is driving nanomedical
research. The present chapter explores the significance of nanoscience and
the latest nanotechnologies for human health. The objective of this chapter is
to describe the potential benefits and impacts of nanotechnology in different
areas such as green chemistry, biotechnology, and supramolecular chemistry.

2.1 INTRODUCTION

Nanotechnology is a multidisciplinary area involved in the design, synthesis,
characterization, and application of materials and devices having at least one
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dimension on the nanometer scale. It shows properties different from its bulk
counterparts such as extreme hardness, high rigidity and yield strength, flex-
ibility, ductility, quantum size effect, and macroquantum tunneling effect.
Nanomaterials have a number of fascinating potential applications in a wide
range of industrial sectors such as electronics, magnetic and optoelectronics,
biomedical, pharmaceutical, cosmetics, energy, environmental, catalytic,
space technology, and many others (Puzyn et al., 2009; Leszczynski, 2010).
Supramolecular chemistry represents the chemistry beyond the molecule,
noncovalent intermolecular interactions constituting the driving force for the
preparation of molecular and supramolecular assemblies. Upon molecular
recognition between discrete units having dimensions on the nanometer scale,
chemical processes such as self-assembly and self-organisation start oper-
ating and are the leading processes to build up supramolecular aggregates
and materials. The processes of self-assembly and molecular recognition of
supramolecules are important in the functioning of many discrete numbers of
assembled molecular subunits or components. The supramolecular recognition
properties of the nanoparticles (NPs) are used to generate stable and ordered
3D functional nanostructures. The synthesis of NPs involves the use of toxic
chemicals and harmful processes. Recent research is on the synthesis of NPs
by green methods with no harmful effects and toxicity. Such a methodology
is also discussed in this chapter. Within such nanoscale, we could include
supramolecular biological systems, such as cell membranes, nucleic acids,
proteins, as well as supramolecular artificial nanostructured materials; among
them, carbon nanotubes, liquid crystals, self-assembled monolayers (SAMs),
or supramolecular systems based on colloids or liposomes. Nowadays, the
synthesis of nanomaterials has attracted increasing interest because of their
unique properties and promising applications (Ehrlich, 1906; Fischer, 1894).

Nanotechnology has ventured into the field of biotechnology, now also
known as nanobiotechnology, to study its applications to medicine and
physiology. These nanomaterials and devices are designed to allow their
interaction with cells and tissues at the molecular (i.e., subcellular) level
with a high degree of functional specificity.

2.2 NANOTECHNOLOGY

Nanotechnology is the science of extremely small materials. It deals with the
creation of devices and systems at different levels and explores their novel
properties (physical, chemical, and biological) on the nanometer scale.
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2.2.1 CLASSIFICATION OF NANOMATERIALS

Nanomaterials can be classified as follows:

1. Zero-dimensional (quantum dots) in which the movement of electrons
is confined in all three dimensions.

2. One-dimensional (quantum wires) in which electrons can move in
one direction.

3. Two-dimensional (thin films) in which the free electrons can move in
the XY plane.

4. Three-dimensional nanostructures in which electrons can move in
the X, Y, and Z directions.

Semiconductor nanocrystals are zero-dimensional quantum dots, in which
the spatial distributions of the excited electron—hole pairs are confined within
a small volume. Nanorods and nanowires have dimensions less than 100 nm;
tubes, fibers, and platelets have dimensions less than 100 nm; and particles,
quantum dots, and hollow spheres have 0 or 3 dimensions greater than 100 nm.

Nanomaterials in different phases can be classified as follows:

1. Single phase: Crystals, amorphous particles, and layers are included
in this class.

2. Multiphase: Matrix composites and coated particles are included in
multiphase solids.

Multiphase systems of nanomaterials include colloids, aerogels, ferro-
fluids, etc.

2.2.2 SYNTHESIS OF NANOPARTICLES

The synthesis of NPs adopts two approaches—a top-down approach and a
bottom-up approach.

In the top-down approach, bigger materials are broken down into smaller
units using many physical, chemical, and thermal techniques. Top manufacturing
involves the construction of parts through methods such as cutting, carving,
and molding, and due to our limitations in these processes, highly advanced
nanodevices are yet to be manufactured. Laser ablation, milling, nanolithography,
hydrothermal techniques, physical vapor deposition, and electrochemical
methods (electroplating) use the top-down approach for nanoscale material
manufacturing. In a study, colloidal carbon spherical particles were synthesized
by continuous chemical adsorption of polyoxometalates on the carbon interfacial
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surface. Adsorption made the carbon black to aggregate into relatively smaller
spherical particles, with high dispersion capacity and narrow size distribution
(Garrigue et al., 2004).

The bottom-up approach results in the generation of nanoparticles with
uneven edges and cavities on the surface of NPs. The bottom-up approach
results in the synthesis of good NPs with minimum wastage of chemicals.
Examples of the bottom-up approach are sedimentation and reduction tech-
niques (Iravani, 2011). The bottom-up method prepares nanomaterials with
a very small size, whereas the top-down process cannot deal with very
tiny objects. The bottom-up approach generally produces structures with
fewer defects as compared to the nanostructures produced by the top-down
approach. The main driving force behind the bottom-up approach is the
reduction in Gibbs free energy. Therefore, the materials produced are close
to their equilibrium state.

Nanotechnology in its broadest terms refers to devices with dimensions in
the range of 1-100 nm, while nanofabrication involves the manipulation of
matter on the nanoscopic length scale to design structures and patterns with
desired functions. It occurs by bottom-up synthetic chemistry; self-assembly
has provided a powerful way of making materials and organizing them into
functional constructs designed for a specific purpose. Self-assembly teaches
that matter of all kinds, exemplified by atoms and molecules, colloids,
and polymers, can undergo spontaneous organization to a higher level of
structural complexity, driven by a map of forces operating over multiple
length scales.

The fabrication of NPs is done by shaping, positioning, and organizing at
the nanoscale using two approaches, that is, top-down and bottom-up nano-
fabrication. The former involves the use of ion and electron, photon, and
atom beams to sculpt matter from macroscopic to nanoscopic dimensions in
a serial process to form functional constructs with purposeful utility, while
the latter self-assembles these constructs in a parallel manner from nanoscale
building blocks.

The stability and ordering of these NP structures are the most impor-
tant features to achieve function for long-term applications. In nanotech-
nology, items are constructed from the bottom-up method using techniques
and tools to make complete, high-performance products. Nanostructured
materials are assembled by physical assembly and chemical assembly. The
physical assembly techniques are based on the assembly of nonfunctional-
ized NPs on the surfaces by physical forces such as convective or capillary
assembly (Denkov et al., 1993), spin coating (Ozin and Yang, 2001), and
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sedimentation (Wijnhoven and Vos, 1998). These techniques result in rela-
tively simple close-packed 2D or 3D particle arrays with limited stabilities.

Self-assembly of NPs is an important feature of nanomaterials and refers
to the autonomous organization of components into patterns or structures
without human intervention. It is a fundamental principle that creates
structural organization from the disordered components in a system. The
design of a nanodevice lies in the self-assembly of a target structure from
the spontaneous organization of building blocks like molecules or nano-
scale clusters. The nanomaterials are functionalized to deposit NPs with
surface functionalities onto a functionalized substrate. The nanosurface can
be modified to cater to the requirements of the applications. The surface
of nanotubes can be modified by covalent interactions including oxidation,
cycloaddition reactions, esterification, and amidation. The nanostructures
are designed by controlling the functional groups on the surface of NPs and
tailoring the nanostructures in a predictable manner to generate functional,
more complex nanostructured architectures on the surfaces to meet the
needs for specific applications, such as molecular electronics and biosensing
(Lahav et al., 2000). Various chemical interaction strategies, for example,
covalent bonding (Paraschiv et al., 2002), electrostatic forces (Decher, 1997),
and host—guest interactions (Crespo-Biel et al., 2005), have been employed
to chemically govern the self-assembly of NPs onto surfaces. Cross-linking
of the neighboring particles with chemical forces by selective binding can
further enhance the stability of NP assemblies (Zirbs et al., 2005). These
methods control the spatial distribution of NPs across a large area in more
complex patterns when combined with nanopatterning schemes. The ability
to attach NPs onto planar surfaces in a well-defined, controllable, and
reliable manner is an important prerequisite for the fabrication of micro-
or nanostructured devices suitable for the application in the field of (bio)
nanotechnology. Nanofabrication allows control over functional groups
on the surface of NPs to tailor the nanostructures in a predictable manner,
resulting in the formation of functional, more complex nanostructured
architectures on the surfaces to meet the needs for specific applications such
as in molecular electronics and biosensing (Lahav et al., 2000).

Metallic nanomaterials have received peculiar interest in diverse fields
of applied science such as materials science and biotechnology (Greque de
Morais et al., 2014). The extremely small size and a high surface-to-volume
ratio of nanomaterials have evolved nanomaterials as sensors (Collins et al.,
2000). Research in nanotechnology reflects the improvement in the design
and application of materials, devices, and models that exhibit sustainable



46 Natural Products Chemistry

future. All of these methods employ hazardous chemicals. In the case of
NP synthesis, the bottom-up (or self-assembly) procedures involve a homo-
geneous system wherein catalysts (e.g., reducing agents and enzymes) are
producing nanostructures affected by catalyst properties, reaction media,
and reaction conditions (e.g., solvents, stabilizers, and temperature). For
example, the chemical reduction method is the most commonly employed
synthetic route for metallic particle synthesis. Silver NPs are increasingly
used in various fields such as medical, food, health care, and industries due
to their unique physical and chemical properties (Gurunanthan et al., 2015;
Li et al., 2010). The chemical reduction technique is based on the reduction
of metal salts like silver nitrate in an appropriate medium using reducing
agents like citrate or branched polyethyleneimine. However, citrate produces
negatively charged silver NPs, while branched polyethyleneimine produces
positively charged ones (Mallick et al., 2004). Particularly, intermediates
and byproducts are playing a crucial role in NP synthesis. Indeed, the physi-
cochemical properties and surface, and morphological characteristics of NPs
will influence their fate, activity, transport, and toxicity.

2.3 SUPRAMOLECULAR CHEMISTRY

Supramolecular chemistry, as defined by Lehn, “chemistry beyond the
molecule,” focuses on the development of functional complex architectures
through noncovalent interactions. The domain of supramolecular chemistry
came of age when Donald J. Cram, Jean-Marie Lehn, and Charles J.
Pedersen were jointly awarded the Nobel Prize for chemistry in 1987 in
recognition of their work on “host—guest” assemblies (in which a host
molecule recognizes and selectively binds a certain guest). It established
supramolecular chemistry as a discipline, which is now being explored in
various areas such as drug development, sensors, catalysis, nanoscience,
molecular devices, etc. Supramolecular chemistry is an interdisciplinary
field of research, reaching across from chemistry to the physics and biology
of chemical species molecules, and focuses on the chemical systems made up
of a discrete number of assembled molecular subunits or components. It can
be described as the study of systems that contain more than two molecules,
having convergent binding sites such as donor atoms, sites for the formation
of hydrogen bonds and sizable cavity, and another molecule (analyte or
guest) with divergent binding sites such as hydrogen bond acceptor atoms.
A supramolecule is a well-defined discrete system generated through
interactions between molecules (receptors or hosts).
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2.3.1 FORCES IN SUPRAMOLECULES

Just as molecular chemistry is based on covalent bonds, supramolecular
chemistry is based on noncovalent interactions. These noncovalent interactions
are as follows:

electrostatic interactions (ion—ion, dipole—dipole),
hydrogen bonding (4-120 kJ/mol),

n—r stacking (0—50 kJ/mol),

cation—p interactions (5—80 kJ/mol),

van der Waals forces (<50 kJ/mol), and
Hydrophobic effects.

RN S

However, the small stabilization gained by one weak interaction when
added to all small stabilizations from the other interactions leads to the
generation of a stable architecture or a stable host—guest complex. The
formation of a complex via supramolecular interactions is fast, facile, and
more stable. The nature of forces depends upon the degree of electronic
coupling between the molecular units. Electrostatic interactions occur
between charged molecules. An attractive force is observed between
oppositely charged molecules, and a repulsive force between molecules with
the same type of charge (both negative or both positive). The magnitude of
this interaction is relatively large compared to other noncovalent interactions
and cannot be ignored in the formation of a supramolecule. The strength of
this interaction changes in inverse proportion to the dielectric constant of
the surrounding medium, making it stronger in a hydrophobic environment.
Dipole—dipole and dipole—ion interactions play important roles in neutral
species compared to electrostatic interactions.

Hydrogen bonding also plays an important role in molecular recognition,
as in deoxyribonucleic acid (DNA). Hydrogen bonding interaction is
weaker (4-120 kJ/mol) than an electrostatic interaction (200-300 kJ/
mol) and occurs only when the functional groups that are interacting are
properly oriented. That is why hydrogen bonding is the key interaction
during recognition in many cases. The double-helical structure of DNA is
stabilized primarily by two forces: hydrogen bonds between nucleotides and
base-stacking interactions among the aromatic nucleobases (Yakovchuk et
al., 2006). In the aqueous environment of the cell, the conjugated © bonds
of nucleotide bases align perpendicular to the axis of the DNA molecule,
minimizing their interaction with the solvation shell and therefore, the
Gibbs free energy.
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The van der Waals interaction is weaker (<5 kJ/mol) and less specific
than those described above, but it is undoubtedly important because this
interaction generally applies to all kinds of molecules such as dipoles and
make a significant contribution to molecular recognition.

7—m interactions play a crucial role in recognition of aromatic compounds.
When the aromatic rings face each other, the overlap of n-electron orbitals
results in an energetic gain. For example, the double-helical structure of
DNA is partially stabilized through n—m interactions between neighboring
base pairs.

2.3.2 HOST-GUEST THEORY

Host—guest chemistry plays an important role in supramolecular chemistry.
Hosta are the molecules having binding sites facing inward or converged,
and guest molecules have binding sites facing outward or diverged.
Supramolecules are composed of two or more molecules or ions that are held
together in a unique structural relationship than those of full covalent bonds.
Noncovalent bonding is important in the study of the 3D structure of large
molecules, such as proteins, and is involved in many biological processes in
which large molecules bind specifically but transiently to one another. In host—
guest chemistry, the host is the bigger molecule that binds a smaller molecule
via the lock and key principle. Emil Fischer proposed that enzymes recognize
substrates by a “lock and key” mechanism, where the structural fit between the
recognizing molecule and the recognized molecule is important. Multivalent
binding has added advantages of high binding strength and reversibility of
the binding process, and due to the organization of binding sites in the space,
the geometry of the supramolecular complex can be controlled. Moreover, the
multivalency effect ensures the formation of discrete supramolecular systems
rather than oligomers. Thus, the interactions between a receptor (host) and
an analyte (guest) strongly depend on multiple binding. On the other hand,
in the case of self-assembled polymeric supramolecular systems, cooperative
interactions between multiple chemical components are needed. Due to
these cooperative interactions (noncovalent in supramolecular systems) or
cooperativity, the free energy change (AG) is either decreased or increased
over the subsequent interaction steps in a reaction as compared to the first
step. If the free energy vary interestingly, many supramolecular architectures
are very stable than what would be expected from the presence of chelate/
positive cooperativity alone. If the change is decreased, it is called positive
cooperativity, while an increase in the free energy change suggests negative
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cooperativity. The positive cooperativity of multiple binding sites present on
the host molecule to bind a guest molecule, in a way, is the chelate effect.

There are two types of host molecules: (1) cation-binding hosts, such
as crown ethers, spherands, podants, and cryptands, and (2) anion-binding
hosts, such as guadinium and extended porphyrins (Figure 2.1).
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FIGURE 2.1 Host molecules in supramolecular chemistry.

Supramolecular chemistry is based on three concepts: binding, recognition,
and coordination. In molecular recognition, a molecule selectively recognizes
its partner through various molecular interactions. The complexation event
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takes place between a host and a guest. The host can be a large molecule, an
aggregate having a sizeable cavity with convergent binding sites, while a guest
could be a cation, anion, or a neutral molecular species with divergent binding
sites (Steed and Atwood, 2009). Molecular self-assembly and molecular
recognition are important processes in the generation of a supramolecule.
Molecular recognition is a specific interaction between two molecules,
which are complementary in their geometric and electronic features. Self-
assembly refers to the recognition between molecules leading to well-defined
aggregates, for example, DNA.

The self-organization may be referred to as an ordered self-assembly.
Self-assembly and self-organization of a supramolecular architecture are
both multistep processes. A sequence or hierarchy of assembly steps may be
followed.

Like supramolecular interactions, host—guest binding relies on manifold
noncovalent interactions, with the added requirement that the host possesses
an interior cavity that is complementary in size and shape to the guest
molecule (Hof et al., 2002; Pedersen, 1998). The “inner phase” of a synthetic
host presents a different chemical environment to a bound guest than what it
would experience in the surrounding bulk solvent. Molecular machines based
on supramolecules are capable of showing controlled repetitive motion and
function at the nanoscale. Thus, such materials have great potential in the
field of nanotechnology.

2.3.3 APPLICATIONS OF NANOTECHNOLOGY IN SUPRAMOLECULAR
CHEMISTRY

Supramolecular chemistry and nanochemistry are two strongly interrelated
cutting-edge frontiers in research in the chemical sciences. Supramolecular
chemistry is recognised by its process of self-assembly and molecular
recognition, where the host recognises the guest molecule on the basis of
the available cavity. This concept is extended for the formation of stable 2D
and 3D nanostructures, while using molecular recognition for establishing
stability and order as well as creating a functionality of the resulting structure.
Supramolecular chemistry is also known by its applications in molecular
devices. Molecular devices are functional materials that are structurally based
onusing the concepts of supramolecular chemistry. Supermolecules are capable
of electron conduction and electrical switches (molecular electronic devices);
supermolecules that respond to light and manipulate photonic information
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(molecular photonic devices), supermolecules that can be used for information
processing and calculations (molecular computer), and supermolecules
that move, rotate, and catch targets (molecular machines) are introduced as
examples of molecular devices. Molecular wires and molecular switches have
been developed using carbon nanotubes. Molecular recognition devices or
photonics can control light emission in devices, photoelectronic devices. In
particular, much of the progress made in the field of molecular electronics
is based on the application of carbon nanotubes. Very interestingly, many
supramolecular architectures are very stable than what would be expected
from the presence of chelate/positive cooperativity alone. The coupling
chemistries are being incorporated to direct and control the deposition of NPs
with surface functionalities onto a functionalized supramolecular substrate.
Various chemical interaction strategies, for example, covalent bonding,
electrostatic forces, and host—guest interactions (Atwood et al., 1996; Beer et
al., 1999; Stoddart; Jehn, 1995), have been employed to chemically govern
the self-assembly of NPs onto surfaces.

The neighboring molecules can be cross-linked by selective binding and
enhance the stability of NP assemblies. It can directly control the spatial
distribution of NPs across a large area in more complex patterns when
combined with nanopatterning schemes. The integration of particles into
devices usually requires placing them in specific positions on surfaces.
Hence, the combination of top-down patterning techniques, for example,
microcontact printing (Park et al., 2005), transfer printing (Meitl et al., 2006),
nanoimprint lithography (Maury et al., 2005), and photolithography (Yin et
al., 2001), and bottom-up self-assembly is crucial in obtaining (submicron)
patterned functional nanostructures on surfaces. The introduction of SAMs on
localized areas of a substrate allows straightforward further functionalization
and directed assembly of NPs. In lithography, specific binding can be
introduced, allowing the control of NP assembly into desired lithographic
patterns. Wet chemical self-assembly of NPs is used for the fabrication of
NP-based nanostructures because of its compatibility with various kinds of
substrates with complex shapes.

The host—guest complexation of cyclodextrin (CD) and its guest
molecules (e.g., adamantane and ferrocene) are applied to assist the
nanoparticle assembly. Some naturally occurring cyclic hosts that possess
molecular recognition capabilities were known before crown ethers (the
first artificial host molecules) were discovered. For example, the cyclic
oligopeptide valinomycin and the cyclic oligosaccharide CD were found
to bind specific guest molecules. CDs are the naturally occurring cyclic
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hosts possessing molecular recognition capabilities. They are obtained
from the action of enzymes on polysaccharide starch (a) converting it into
a cyclic oligomer with an appropriate number of glucopyanoside units.

Huang and co-workers (Huang et al., 2004) reported a new route for the
formation of supramolecular isomers via molecular templating in isolation
of two polygons of a higher number of sites constructed by simple bent
imidazolate bridging ligands and two Cul ions by templating of circular
organic molecules. Synthetic macrocyclic host compounds, like calixarenes,
CDs, etc., can interact with suitable guest molecules via noncovalent
interactions to form functional supramolecular systems. The response of
molecules and the unique properties at the nanoscale can synergistically
interact to functionalize NPs with the host—guest supramolecular systems.
This has shown great potentials for a broad range of applications in the
fields of nanoscience and nanotechnology. The applications of the NPs
functionalized with supramolecular host—guest systems in nanomedicine and
healthcare, including therapeutic delivery, imaging, sensing, and removal of
harmful substances, have been reported (Zilong et al., 2015).

2.4 GREEN CHEMISTRY

Green chemistry, also called sustainable chemistry, focuses on the design and
processes that minimize or eliminate hazardous chemicals. Chemicals should
be designed such that, at the end of their function, they break down into innoc-
uous degradation products and do not harm the environment. It is based on 12
principles that provide a framework for learning about designing processes
and products to minimize hazards. These 12 principles are as follws:

1. Prevent waste—It is better to prevent waste than to treat or clean up
after it has been created.

2. Atom economy—To maximize the incorporation of all materials
used in the process into the final product.

3. Less hazardous chemical syntheses—To design such synthetic
methods to use and generate substances that possess little or no
toxicity to human health and environment.

4. Designing safer chemicals—Chemicals should be designed to
prevent the efficacy of function while reducing toxicity.

5. Safer solvents and auxillaries—The use of auxiliary substances such
as solvents, separation agents should be made unnecessary wherever
possible.
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6. Design for energy efficacy—Energy requirements should be recog-
nized for their environmental and economic impacts. Synthetic
methods should be conducted at ambient temperature and pressure.

7. Use of renewable feedstocks—A raw material or feedstock should be
renewable rather than depleting wherever possible.

8. Reduce derivatives—Unnecessary derivatization of chemical processes
should be minimized or avoided.

. Catalysis—Catalytic reagents used should be as selective as possible.

10. Design for degradation—Chemicals should be so designed that they
break down into innocuous products at the end of their function and
do not persist.

11. Real-time analysis for pollution prevention—Analytical methodolo-
gies should be further developed to allow real-time in-process moni-
toring and control prior to the formation of hazardous substances.

12. Inherently safer chemistry for accident prevention—Substances used
in the chemical processes should be such chosen to minimize the
potential for chemical accidents, explosions, fire, etc.

2.4.1 APPROACH OF NANOTECHNOLOGY IN NANOTECHNOLOGY

Green and biogenic bottom-up synthesis attracting many researchers due
to the feasibility and less toxic nature of processes. These processes are
cost-effective and environmentally friendly, where the synthesis of NPs is
accomplished via biological systems such as using plant extracts. Bacteria,
yeast, fungi, aloe vera, tamarind, and even human cells are used for the
synthesis of NPs. Au NPs have been synthesis from the biomass of wheat
and oat (Parveen et al., 2016) and using microorganism and plant extracts as
a reducing agent (Ahmed et al., 2016). NPs have been prepared by several
physical and chemical approaches depending on the accessibility and
viability of procedures to attain the essential applications (Mohanpuria et
al., 2008; Sun and Zeng, 2002). The wet chemistry method is one among the
methods for the preparation of nanomaterials, where the metal reduction is
carried out in solution using several chemical reductants, such as hydrazine
hydrate, sodium borohydride, and trisodium citrate (Wu and Chen, 2003;
Qi et al., 1997). All of these chemicals are toxic. They are stabilized by
applications, frequently hazardous stabilizers, to avoid aggregation. These
approaches have been widely applied, but the stabilizers, reactants, reduc-
tants and several organic solvents employed in these approaches are toxic
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and hazardous to the environment (Tolaymat et al., 2010; Thomas et al.,
2011). Various physical and chemical processes have been exploited in the
synthesis of several NPs. However, these methodologies involve the use
of toxic, hazardous chemicals that may pose potential environmental and
biological risks. The process of agglomeration and sintering involves many
toxic hydrocarbons and solvents.

Capping agents are widely used in the stabilization and controlling the
shape morphology of NPs. Most of the stabilizers, usually adsorbing on
the surface of the NPs, may significantly alter the surface properties of the
nanomaterials, and increasing severe toxicity concerns strictly hinder the
biological applications of such nanomaterials (De Jong and Borm, 2008).
The synthesis of NPs by physical approaches involving laser ablation, arc
discharge, ball milling regularly needs high-temperature and -pressure
conditions, demanding a tremendous amount of energy (Thakkar et al.,
2010). The concept of green chemistry becomes more significant in these
circumstances (Sheldon, 2012). Heteroatom functionalized long-chain
hydrocarbons, such as oleic acid, oelylamine, and trioctylphosphine, control
the size and dispersability of NPs by binding strongly through heteroatoms
(Park et al., 2007). Biochemical NP synthesis, beyond being environmen-
tally friendly, is simple, cost-effective, more reproducible, and have defined
physicochemical properties.

2.4.2 PREPARATION OF NANOPARTICLES BY GREEN METHOD

Various methods have been reported for the preparation of different NPs by
green methods:

2.4.2.1 FROM PLANT RESIDUES

Various plant residues have been used for the synthesis of various NPs.
These plant residues act as reducing agents and reduce metallic NPs to the
zerovalent state.

Gold NPs: The production of gold NPs has been done by the controlled
reduction of the Au** ion to Au’. Green synthesis of gold NPs was reported
by using a variety of plant materials, such as Achillea wilhemsii flowers
(Andeani et al., 2011), ethanolic extract of the plant Mirabilis jalapa flowers
(Vankar and Bajpai, 2010), Coleus amboinicus L. leaf extract (Narayanan
and Sakthivel, 2010), aqueous extract of cypress leaves (Noruzi et al., 2012),
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Barbated Skullcup herb extract (Wang et al., 2009), aqueous extract of rose
petals (Noruzi et al., 2011), leaf extracts of two plants Magnolia kobus and
Diopyros kaki (Song et al., 2004), oat (4vena sativa) biomass (Armendariz
et al., 2004), flower extracts of Ixora coccinea (chetty flower) (Nagaraj
et al., 2011), Azadirachta indica plant leaf extract (Thirumurugan et al.,
2010), ethanol extract of black tea and its tannin free fraction (Banoee et al.,
2010), alfalfa plants (Gardea-Torresdey et al., 2002), and coriander leaves
(Narayanan and Sakthivel, 2008). Gold NPs were also synthesized using
banana peel extract, and their antimicrobial activity toward most of the tested
fungal and bacterial cultures was described (Bankar et al., 2010).

Silver NPs: The synthesis of NPs using plant extracts as reducing and
capping agents has received special attention. The synthesis of plant-
mediated silver NPs by Solanum torvum (Govindaraju et al., 2010), papaya
fruit extract (Jain et al., 2009), Nicotiana tobaccum leaf extract (Prasad et al.,
2011), Elettaria cardamomom (Jobitha et al., 2012), and onion (4/lium cepa)
(Saxena et al., 2010) and their promising antimicrobial activity are reported.
Krishnaraj and co-workers reported the synthesis of silver NPs using Acalypha
indica leaf extracts (Krishnaraj et al., 2010). Green synthesis of small silver
NPs using Geraniol and their cytotoxicity against Fibrosarcoma-Wehi 164
were evaluated by Safaepour et al. (Safaepour et al., 2009). Ghosh et al.
reported the synthesis of silver NPs using Dioscorea bulbifera tuber extract
and evaluated their synergistic potential in combination with antimicrobial
agents (Ghosh et al., 2012). Green synthesis, antimicrobial, and cytotoxic
effects of silver NPs using Eucalyptus Chapmaniana leaves extract are also
reported (Sulaiman et al., 2013).

Titanium dioxide NPs: The biosynthesis of titanium dioxide NPs by
Nyctanthes leaves extract (Sundrarajan and Gowri, 2011), Eclipta prostrata
leaf extract (Rajakumar et al., 2012), and Annona squamosa peel extract
(Roopan et al., 2012) was reported. The synthesis of titanium dioxide NPs
utilizing aqueous leaf extract of Catharanthus roseus against the adults of
hematophagous fly, Hippobosca maculata leach (Diptera: Hippoboscidae),
and sheep-biting louse, Bovicola ovis Schrank (Phthiraptera: Trichodectidae),
was reported for their antiparasitic activities (Velayutham et al., 2012).

Zinc oxide NPs: Zinc oxide NPs have been synthesized using orange juice
(Jha et al., 2011), aloe vera extract (Sangeetha et al., 2011), Citrus auranti-
folia extracts (Samat and Nor, 2013), and milky latex of Calotropis procera
(Singh et al., 2011).

Copper oxide NPs: Copper oxide NPs have been synthesized using plant
leaf extract of Magnolias as a reducing agent, (Lee et al., 2011) latex of
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Calotropis procera L. (Harne et al., 2012), soybean (Guajardo-Pacheco et
al., 2010), and many more, and their antibacterial activity was assessed.

2.4.2.2 BACTERIA- AND FUNGUS-MEDIATED SYNTHESIS

Different bacteria species have been successfully used to reduce gold ions to
a zerovalent metal. Gold particles of nanoscale dimensions may be readily
precipitated within bacterial cells by incubation of the cells with Au** ions.
Lower pH values and initial concentrations of Au(Ill) were individually
responsible for reductions in nanogold particle size. Gold NPs were synthesized
using Magnetospirillum gryphiswaldense MSR-1 (Cai et al., 2011), Bacillus
megatherium D01 (Wen etal., 2009), mesophilic bacterium Shewanella (Ogi et
al., 2010), Rhodopseudomonas capsulata (Shiying et al., 2007), Pseudomonas
aeruginosa (Husseiny et al., 2007), Stenotrophomonas maltophilia (Nangia et
al., 2009), Escherichia coli and Desulfovibrio desulfuricans (Deplanche and
Macaskie, 2008), marine alga Sargassumwightii Greville (Singaravelu et al.,
2007), marine microalga Tetraselmis suecica (Shakibaie et al., 2010), marine
bacterial strain of Marinobacterpelagius (Sharma et al., 2012), aqueous
extract of brown algae Laminaria Japonica (Ghodake and Lee, 2011), and
alkalotolerant actinomycete (Rhodococcus sp.) (Ahmad et al., 2003). The
synthesis of gold NPs using the cell-free filtrate of fungus, Sclerotium rolfsii
(Narayanan and Sakthivel, 2011) fungus Verticillium sp. (Mukherjee et al.,
2001), fungus Trichoderma harzianum (Singh and Raja, 2011) was reported
in the literature. The synthesis of silver NP by eukaryotic organisms like
Verticillium sp. is also reported (Mukherjee et al., 2012). Among fungi,
Aspergillus sp. is the least expensive and economical biomaterial for the
biosynthesis of silver NP. The use of filamentous fungus Phoma sp. 3.2883
(Chen et al., 2003) and white-rot fungus Phanerochaete chrysosporium in the
synthesis of silver NP was reported (Vigneshwaran et al., 2006). Penicillium
fellutanum isolated from coastal mangrove sediment (Kathiresan et al., 2009)
for silver NP production was reported earlier. The biosynthesis of silver NPs
using fungi Penicillium diversum and their antimicrobial activity against E.
coli, Salmonella typhi, Vibrio cholerae, and the clinical isolate of Paratyphia
were investigated (Ganachari et al., 2012). Titanium dioxide NP synthesis by
using Lactobacillus sp., Saccharomyces cerevisae (Jha et al., 2009), fungus
Fusarium oxysporum, and Bacillus subtilis (Bansal et al., 2005) was reported.
In another study, the biosynthesis of titanium NPs was achieved by using
Aspergillus flavus as a reducing and capping agent and assessed to be a good
novel antibacterial material (Rajakumar et al., 2012). The manganese and zinc
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NPs were successfully synthesized by using Streptomyces sp. HBUM171191
(Waghmare et al.). The biosynthesis of phase-pure metallic copper NPs
using a silver-resistant bacterium Morganella morganii was investigated
(Ramanathan et al., 2013). The biosynthesis of copper oxide NPs using
Penicillium aurantiogriseum, Penicillium citrinu, and Penicillium waksmanii
was also reported (Honary et al., 2012). Biological method for extracellular
bacterium belonging to the genus Serratia is known (Hasan et al., 2008).

2.4.3 APPLICATION OF GREEN CHEMISTRY IN SUPRAMOLECULAR
CHEMISTRY

The field of supramolecular chemistry concerns the design of molecular
entities that are defined by reversible, noncovalent interactions. While
each supramolecular interaction is quite weak individually, the effect of
many such interactions working in combination can produce strongly
associated and structurally well-defined molecular species. Such additive
effects are responsible for the spectacular structural complexity found in
biomacromolecules such as proteins. Supramolecular chemistry represents
a complementary approach toward molecular construction and relies upon
noncovalent interactions to provide the primary associative interaction
between the catalyst and the substrate, a factor that is responsible for
the spectacular selectivity and reactivity of enzymes. Supramolecular
interactions can be involved in catalysis in several ways. Supramolecular
encapsulation of one or more substrate molecules within a host (which itself
is often self-assembled through supramolecular chemistry) can promote
or modulate reactivity. Supramolecular binding can enforce substrate—
catalyst interactions through molecular recognition processes that function
independently of the reactive functional groups. Finally, it is possible to
install catalytic moieties within the cavity of a molecular host, which can
then bind substrate molecules. The synthesis of supramolecular devices
utilize toxic chemicals posing a threat to the environment. Hence, the
emphasis has now shifted to the synthesis of supramolecules using green
solvents. Solvents account for a large fraction of waste generated in chemical
reactions, and switching to environmentally innocuous solvents is one of the
12 principles of green chemistry (Anastas and Werner, 1998). Many studies
have been reported for the same. A substantial fraction of self-assembled
molecular hosts is soluble in water and possess hydrophobic interiors. When
the reactants and/or catalyst of an organic reaction are encapsulated within
a hydrophobic cavity, the molecular host can act as a nanometer-sized
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reaction flask, bringing together reactants that would otherwise be insoluble
(Yoshizawa et al., 2009). While many examples of supramolecular catalysis
in the water now exist, the most practical and synthetically useful strategy
that has emerged is the use of micellar hosts that spontaneously self-
assemble in water. The advantages of these systems over other water-soluble
hosts include their reliable self-assembly under a wide range of conditions,
commercial availability, low cost of many micelle-forming surfactants, and
a wide range of hydrophobic molecules that are encapsulated.

Tamiaki and co-workers reported synthetic zinc and magnesium chlorine
aggregates as a model for supramolecular antenna complexes of green
photosynthetic bacteria (Tamiakietal., 1996). Alarge-channel supramolecular
structure composed entirely of organic molecules was synthesized using a
green chemistry approach, combining mechanochemistry and solid-state
photodimerization.

2.5 NANOTECHNOLOGY IN BIOMEDICAL MEASUREMENTS

The combination of nanotechnology and molecular biology has developed
into an emerging research area, called nanobiotechnology. Nanomaterials
such as NPs, nanofibers, nanowires, and nanotubes have novel properties and
functionalities, which make them attractive to explore and modify biological
processes, with potential applications in biomedicine. Nanotechnology
frames the study, manipulation, and control of chemical and/or biological
materials at the nanoscale, which corresponds to structures or systems with
dimensions within the range of 1-100 nm (1 nm = 10"° m) (Cademartiri and
Ozin, 2009) that enable technology that deals with nanometer-sized objects.
The nanomaterials are the most advanced area at present for developing
scientific knowledge and commercial applications. Living organisms are built
of very small cells, nearly 10 um wide. Even smaller are the proteins with a
typical size of just 5 nm, which is comparable with the dimensions of smallest
manmade NPs. Such a small size of human cells gives an idea of using NPs
as very small probes that would allow us to investigate at the human cellular
level without causing too much interference (Taton, 2002). Understanding
biological processes at the nanoscale level is a strong driving force behind the
development of nanotechnology (Whitesides, 2003). The fact that NPs exist in
the same size domain as proteins makes nanomaterials suitable for biotagging
or biolabeling. However, size is just one of the many characteristics of NPs
that itself is rarely sufficient if one is to use NPs as biological tags. To interact
with the biological target, a biological or molecular coating or layer like
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antibodies, biopolymers acting as a bioinorganic interface should be attached
to the NPs (Sinani et al., 2003) or monolayers of small molecules that make
the NPs biocompatible (Zhang et al., 2002). In addition, as optical detection
techniques are widespread in biological research, NPs should either fluoresce
or change their optical properties.Nanomedicine has been applied in various
areas such as imaging, tissue regeneration, diagnosis, detection, and drug
delivery. Biomolecules such as proteins folding into precisely defined three-
dimensional shapes, nucleic acids assembling, and antibodies with specificity
for certain molecules can perform transport operations. One interesting
application involves the use of nanoscale devices that may serve as vehicles
for the delivery of therapeutic agents and act as detectors or guardians against
early diseases. The metabolic and genetic defects can also be repaired at the
nanolevel. They would seek out a target within the body such as a cancer cell
and perform some functions to fix it by releasing a drug in the localized area.
This has opened the doors of promising future developments intreatments
such as gene replacement, tissue regeneration, or nanosurgery. Biological
molecules and systems have many attributes that make them highly suitable
for nanotechnology applications. Various polymers have been used in drug
delivery research as they can effectively deliver the drugs to the target site,
thus increasing the therapeutic benefit while minimizing side effects. The
controlled release of pharmacologically active drugs at the precise action site
and at the therapeutically optimum degree and dose regimen has been a major
goal in designing such devices.

2.5.1 NANOPARTICLES AS BIOMEDICINE

A lot of research has focused on NPs because of their superior chemical,
biological, and magnetic properties including chemical stability, nontoxicity,
and biocompatibility (Sun et al., 2008; Karimi et al., 2013; Chen et al.,
2008). NPs have received attraction for their ability to deliver drugs in the
optimum dosage range, often resulting in increased therapeutic efficiency of
the drugs, weakened side effects, and improved patient compliance (Alexis
et al., 2008). Nanomedicine can provide protection to agents susceptible
to degradation and denaturation in regions of harsh pH, prolonging the
duration of exposure of a drug by increasing retention of the formulation
through bioadhesion (Sahoo et al., 2007). NPs usually form the core of
nanobiomaterials. They can be used as a convenient surface for molecular
assembly and may be composed of inorganic or polymeric materials. They
can also be in the form of a nanovesicle surrounded by a membrane or a
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layer. The spherical or plate-like shape and other shapes permit penetration
through a pore structure of the cellular membrane. The control of size and
size distribution of NPs allows creating very efficient fluorescent probes
that emit narrow light in a very wide range of wavelengths and are used as
nanodevices. A combination of magnetic and luminescent behaviors can
both detect and manipulate the particles.

Metallic NPs have been used in drug delivery, especially in the treatment of
cancer, bacteria, fungi, etc. Among various metals, silver (Huang et al., 2014;
Panacek et al., 2009; Ragaseema et al., 2012) and gold NPs (Bhattacharya
et al., 2007; Muddineti et al., 2015) are of prime interest. Other NPs include
metal oxides including titanium dioxide (TiO,) (Wu et al., 2011; Ren et al.,
2013; Du et al., 2015), cerium dioxide (CeO,) (Renu et al., 2012; Nesakumar
et al., 2013), and zinc oxide (ZnO) (Wang et al., 2015). In the current world,
various diseases such as diabetes, cancer, Parkinson’s disease, Alzheimer’s
disease, cardiovascular diseases, and different kinds of serious inflammatory or
infectious diseases constitute a high number of serious and complex illnesses.
Nanomedicine makes use of nanomaterials and nanoelectronic biosensors
for the detection and treatment of diseases. With the help of nanomedicine,
early detection and prevention, improved diagnosis, proper treatment, and
follow-up of diseases are possible. Certain nanoscale particles are used as
tags and labelsin processes can be performed quickly, making the testing
more flexible and sensitive. The use of nanotechnology, here exemplified
as the use of NPs, has some advantages in gene delivery: the structure of
the NPs protects the nucleic acids from degradation by nucleases and the
environment; they also minimize the side effects by directing the nucleic acid
to the specific location of action; they facilitate cell entry of nucleic acids;
and normally, they sustain gene delivery for longer periods compared to other
vehicles (Kompella et al., 2013).

Gold NPs have marked their presence in the nanomedicine field as
agents for labeling and imaging (Kooyman, 2008), diagnostic, or carriers for
delivery of biomolecules or small drugs since they have many features that
make them suitable for such applications. The inert nature of gold particles
and their nontoxic behavior make them attractive for biomedical applications.
They can be synthesized by simple methods that allow obtaining NPs that
are monodisperse, and their surface can be easily functionalized, mainly with
thiols but also with other capping agents, such as amines (Aslam et al., 2004),
carboxylates (Turkevich et al., 1951), or phosphines (Weare et al., 2000).
Gold NPs have been reported to successfully detect early stage inflammatory
processes through surface-enhanced Raman scattering (SERS). They can be
conjugated with monoclonal antibodies specific for intercellular adhesion
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molecule-1 (ICAM-1) (McQueenie et al., 2012). The ICAM-1 expression
in endothelial cells can be linked to the progression of a wide range of
inflammatory, autoimmune, and infectious diseases. The Au NPs result in a
dramatic increase in signal contrast compared to other antibody—fluorescent
dye-targeting agents (Suh et al., 2009).

Aaron et al. (2007) have shown that 25 nm gold NPs when conjugated
with antiepidermal growth factor receptor monoclonal antibodies can be
efficiently used as in vivo targeting agents for imaging cancer markers,
specifically epidermal growth factor receptors. Gold NPs have been used in
a variety of optical and electrical assays. The electrical properties of the gold
NPs were harnessed for the development of a piezoelectric biosensor, for
real-time detection of a food-borne pathogen. Noble metal nanostructures are
being utilized for biodiagnostics, biophysical studies, and medical therapy
(Jain et al., 2008). For example, taking advantage of the strong localized
surface plasmon resonance scattering of gold NPs conjugated with specific
targeting molecules allows the molecule-specific imaging and diagnosis of
diseases such as cancer (Huang et al., 2007).

Elemental silver and silver salts have been used as antimicrobial agents
in curative and preventive health care. The antimicrobial activity of the
silver salts and complexes (ionic silver) act by their interaction in various
biomacromolecular components causing structural changes and deformations
in bacterial cell walls, membranes, and nucleic acids (Abu-Youssef et al.,
2010; Cavicchioli et al., 2010). The use of colloidal silver as an anticancer
agent on human breast cancer cells was investigated by Franco-Molina et al.
(Franco-Molina et al., 2010). MCF-7 human breast cancer cells were grown
and different concentrations of colloidal silver NPs were used to determine
whether a cytotoxic effect had occurred. Sanpui et al. (2011) developed a
silver NP—chitosan nanocarrier and examined the cytotoxic effect this nano-
carrier had on HT 29 colon cancer cell lines. At low concentrations, silver
NPs—chitosan nanocarriers induced cell apoptosis in HT 29 colon cancer
cells, indicating their potential use in cancer therapy. The use of modified
nanosilver as a treatment for multidrug resistant (MDR) cancer was studied
by Liu et al. (2012). MDR cancer is a major issue in the treatment of the
disease as the cancer cells can survive the chemotherapy treatment. Both in
vitro and in vivo studies were carried out to investigate the antitumour effect
of both silver NPs and modified silver NPs. Guo et al. (2013) investigated the
cytotoxic effect that silver NPs on acute myeloid leukemia (AML) (SHI-1,
THP-1, DMAI, NB-4, HL-60, and HEL cell lines). The results showed that
PVP-coated silver NPs had an antileukaemia effect against AML cell lines
and isolates.
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Silver NPs have been reported to be an effective bactericide against E.
coli by accumulating in the bacterial membrane and increasing its perme-
ability, causing the death of the cell (Sondi and Salopek-Sondi, 2004).
Buttacavoli et al. (2018) investigated the activity of silver NPs embedded
into a specific polysaccharide (EPS), biogenerated by Klebsiella oxytoca
DSM 29614 under aerobic (AgNPs-EPS*") and anaerobic conditions,
and tested by the MTT assay for cytotoxic activity against human breast
(SKBR3 and 8701-BC) and colon (HT-29, HCT 116 and Caco-2) cancer
cell lines, revealing AgNPs-EPS*" as the most active, in terms of [C50, with
a more pronounced efficacy against breast cancer cell lines (Buttacavoli et
al., 2018).

The utilization of metal and semiconductor NPs in biomedical applications
has been demonstrated by many research groups. The gold NPs result in a
dramatic increase in signal contrast compared to other antibody—fluorescent
dye-targeting agents (Suh et al., 2009). The advantages of nanobodies in
developing therapeutics are their extreme stability, the ability to bind
antigens with nanomolar affinity, high target specificity, low toxicity, the
ability to combine the advantages of conventional antibodies with important
features of small-molecule drugs, and the ability to be produced cost-
effectively on a large scale (Jain, 2005). Although several researchers are
averse to ribonucleic acid (RNA) nanotechnology, due to the susceptibility
of RNA to RNase degradation and serum instability, Shu and colleagues
have developed a toolkit to obtain stable RNA NPs (Shu et al., 2013). In
this work, 14 homogeneous RNA NPs were obtained, which targeted cancer
exclusively in vivo without accumulation in normal organs and tissues.
Functionalized NP aggregating fluorescence imaging techniques, known as
quantum dots, have the potential for real-time and noninvasive visualization
of biological events in vivo. The quantum dots are provided with a layer
of lipids or polymers to prevent heavy metals from being released. The
NPs can provide a solid support for sensing assays with several kinds of
ligand molecules attached to each NP, simplifying assay design (Wang et
al., 2013). They can also withstand a significantly larger number of cycles of
excitation and light emissions than typical organic molecules, which more
readily decompose, increasing the labeling ratio for higher sensitivity in
complex biological systems (Fakruddin et al., 2012). Another advantage is
that these miniaturized fluorescent NPs can also be easily taken up by cells
through endocytosis and subsequently used for site-specific intracellular
measurements and long-term tracking of biomolecules in real time (Mallick
et al., 2004). This tool is being studied by several groups around the world
(Kairdolf et al., 2013; Palacios et al., 2013).
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2.5.2 NANOPARTICLES AS DRUG DELIVERY AGENTS

Molecular recognition is one of the central processes in drug action. The
comparison and detection of binding sites are key steps in the prediction
of potential interactions. Various biological macromolecules that interact
with the drug molecule are enzymes, receptors, nucleic acids, membranes,
carriers, proteins, etc. These are all targets for the drug action, and the
structures of these targets are used to model and display the interactions with
the drug structure. These interactions are crucial and must be understood
before the design of a new molecule for better interactions. The intricate
process of using the information contained in the three-dimensional structure
of a macromolecular target and related ligand—target complexes to design
novel drugs is alternately called as structure-based drug design. Several
approaches directed toward this task are available.

Chemotherapy is an important part of cancer treatment. In this, anticancer
drugs are (Ozin and Yang, 2001) introduced into the circulatory system to
transport anticancer drugs to the tumors. However, there are negative side
effects of this treatment such as nonspecificity and toxicity of the drug. The
drug can attack healthy cells and organs as well as the cancerous cells. There-
fore, targeted drug delivery is being developed as one alternative to chemo-
therapy treatment to direct the drug to the specific area where the tumor is
located, thereby increasing the amount of drug delivered at the tumor site
and reducing the side effects. This is accomplished by the use of magnetic
NPs to deliver the drug to its specific location. Generally, the magnetic NPs
are coated with a biocompatible layer, such as gold or polymers, so that the
anticancer drug can either be conjugated to the surface or encapsulated in the
NP, as shown in Figure 2.2. Once the drug has been administered, external
magnetic field guides the complex to the specific tumor. The drug is released
by enzyme activity or by changes in pH, temperature, or osmolality (Tartaj
et al., 2003; Chatterjee et al., 2014).

(" "OCHj
o]
o™y (o™
[o Ocp, [N oj
o] ot o o]

R = OCHj3, OH



64 Natural Products Chemistry

Common drug delivery materials including liposomes (Al-Jamal and
Kostarelos, 2011), micelles (Ma et al., 2013), organic polymers (Yang et al.,
1975), dendrimers (Patri et al., 2005), and CDs (Sun et al., 2012) have been
developed. On the one hand, these materials have addressed some problems
caused by small-molecule drugs to some degree. On the other hand, the
accumulation of these materials within malignant lesions is generally
attributed to passive targeting as a consequence of enhanced permeability
and retention. An interesting tool being developed today to be utilized in
tumor diagnosis is RNA NPs (Zhou et al., 2011).

Biological molecules like proteins, antibodies, nucleic acids have many
attributes that make them highly suitable for nanotechnology applications.
For example, proteins fold into precisely defined three-dimensional shapes,
and nucleic acids assemble according to well-understood rules. Antibodies
are highly specific in recognizing and binding their ligands, and biological
assemblies such as molecular motors can perform transport operations.
From the tripeptide glutathione (cellular antioxidant) to oligopeptides
(hormones) and polypeptides (proteinaceous enzymes), the peptides of
various lengths play vital metabolic roles. These peptides need to aggregate
or, more specifically, self-assemble into superstructures to perform their
cellular roles. The result is the self-assembly of peptides, like actin, to
form the elongated fibrillar structures of the cytoskeleton. Collagen is an
important component of cells and tissues both. The same peptide molecules
are assembled due to molecular recognition, binding them together through
noncovalent interactions, namely, electrostatic interactions, hydrogen
bonding, and van der Waals interactions. Simple peptide molecules can
hence self-assemble into much more complex and functional superstructures,
which inspires efforts to design more of such peptides for a wide range of
biomedical applications.

The self-assembly hierarchy of biological materials begins with monomer
molecules (e.g., nucleotides and nucleosides, amino acids, and lipids), which
form polymers (e.g., DNA, RNA, proteins, and polysaccharides), then assem-
blies (e.g., membranes, organelles), and finally cells, organs, organisms, and
even populations (Rousseau and Jelinski, 1991). Currently, research is going
on developing chips based on the base pairing of DNA to build molecular-
sized, complex, three-dimensional objects. Seeman and coworkers have
reported the formation of complex 2-D and 3-D periodic structures with
defined topologies. DNA is ideal for building molecular nanotechnology
objects, as it offers synthetic control, predictability of interactions, and well-
controlled “sticky ends” that assemble in a highly specific fashion.
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DNA chips are currently widely used in scientific, biomedical research.
The chips comprise an inert support, which carries microarrays of hundreds
to thousands of single-strand DNA molecules with different base sequences.
DNA from a tissue sample that has been labeled with a radioactive or fluores-
cent material can be identified on the basis of the place on the chip where it
binds with the chip DNA. Similar chips are being developed for the diagnosis
of leukemias (Valk et al., 2004; Lowenberg et al., 2005) and mouth and throat
tumors (Roepman et al., 2005). A new nanotechnological analytical method
uses quantum dots. DNA in a sample is identified on the basis of its bonding
to DNA molecules of a known composition embedded in micrometer-sized
polymer spheres containing various mixtures of quantum dots, each of which
provides a unique spectral bar code (color code) (Han et al., 2001).

A chip to detect prostate cancer has been developed by American
researchers. The chip contains around 100 cantilever sensors (micrometer-
sized, nanometre-thick minuscule levers), coated on one side with antibodies
to prostate-specific antigen (PSA), a biomarker for that disease. The bonding
of PSA with a sample placed on the chip bends the cantilevers by several
nanometers, which can be detected optically. This enables clinically relevant
concentrations of PSA to be measured (Wu et al., 2001; Majumdar, 2002).
Antibodies placed on nanowires can be used in a similar way to detect
viruses, in a blood sample, for example (Patolsky et al., 2004).

Nanoscale systems can be used to facilitate the delivery of incompatible
drugs. They can also be used in theranostics, in which the particle is used
as a device to diagnose and treat the disease at the same time (Shi et al.,
2010). These techniques are also used for the liberation of pharmacological
agents against several diseases, such as bacterial infection (Kim et al.,
2004), inflammations (Camenzind et al.,, 1997), and principally cancer
(Amna et al., 2012), among others. They are also being investigated as a
tool for the delivery of drugs through the blood—brain barrier. Combining
the delivery systems with contrast agents, fluorescent or radioactive
substances, also makes it possible to use imaging techniques to monitor
how successful the selective transport to the destination has been (Yong
et al., 2007; Quintana et al., 2002). Once it has reached the target area,
the active substance has to be released from the carrier at the correct rate.
This can occur spontaneously by gradual diffusion, in combination with
the delivery system’s degradation or otherwise. It may also occur as a
result of special conditions at the destination, such as a different acidity
level (Hong et al., 2002), salt concentration, temperature, or the presence
of certain enzymes. The accumulation of the delivery system and/or the
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release of the active substance at the right place can also be controlled from
outside by influencing conditions in the target organs or tissues by means
of magnetic fields (Alexiou et al., 2003; Saiyed et al., 2003), ultrasonic
vibrations (Nelson et al., 2002), or heat (Kong et al., 2001).

The drug delivery systems require longer their residence time of the
drug in the blood accumulation in the target tissues; availability of sufficient
active substance and longer shelf life allow their storage and distribution.
Besides acting as a delivery system, in some cases, NPs can act as an active
substance. Once they have found their way through the bloodstream into a
tumor, or have been injected directly into it, metal-containing NPs can be
heated using near-infrared radiation (Sharma et al., 2012) and oscillating
magnetic field (Hirch, 2003) so that the tumor cells die. These cells can then
be killed by using near-infrared radiation to heat the tubes.

2.6 CONCLUSION

In this chapter, we presented a detailed overview of NPs, their types,
synthesis, properties, and applications in the fields of supramolecular
chemistry, green reactions, and biomedical measurements. NPs have size
ranging from a few nanometers to 500 nm and have a large surface area,
which make them a suitable candidate for various applications. Besides this,
the optical properties of NPs also increase their importance in photocatalytic
applications. In this chapter, the synthesis of NPs by various green methods
is discussed. The applications of nanomaterials in biomedical conditions are
also discussed. This information can be used to design new methodologies in
nanotechnology for the benefit of the environment and humanity.
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ABSTRACT

Prodigious properties of metal nanoparticles (NPs) result in their potential
applications in various fields. The conventional methods involved in the
synthesis of metal NPs are tedious, energy-consuming, and involve the use
of toxic and hazardous chemicals. Thus, alternative methods involving the
use of biological molecules such as enzymes, seed extracts, fruit extracts
are the need of the hour. Such methods provide many advantages and are
ecofriendly.

3.1 INTRODUCTION

Nanotechnology nowadays is impacting almost every aspect of human
life due to its potential applications in the areas of electronics, mate-
rial sciences, biomedical engineering, and medicine (Bhattacharyya et
al., 2009). Nanoparticles (NPs) due to their large surface-to-volume
ratio, surface functionalization, absorption in the UV-visible range, and
controlled drug release are very important in human life. Generally, there
are two types of approaches that are used for the synthesis of NPs, that is,
top-down and bottom-up approaches. In the top-down approach, the bulk
materials are reduced in the range of nanoscale. However, the bottom-up
approach involves the joining of smaller atoms or molecules to grow to
larger nanostructures.
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Several synthetic methods, such as physical and chemical methods,
are available in the literature for the synthesis of NPs (Bao et al., 2011).
However, the chemical synthetic methods involve the use of hazardous or
toxic chemicals and therefore such surface-functionalized NPs cannot be
directly used for biomedical applications (Mukherjee et al., 2012).

Bioenthused synthesis of NPs provides many advantages over the tradi-
tional synthetic procedures as there is no need for harsh conditions such as
high temperatures, high pressures, and toxic chemicals. However, it offers an
economic, commercially viable, and ecofriendly synthetic route. Silver NPs
find potential applications as antibacterial and antifungal agents in textile
engineering and silver-based consumer products (Kumar et al., 2011; Zhang
et al., 2008; Schrand et al., 2008).

The synthesis of metal NPs using plant extracts is a challenging aspect,
but this method can be used for many therapeutic applications (Mittal et al.,
2013; Mittal et al., 2012). Various types of plants have been used for the
synthesis of metal NPs (Mittal et al., 2013; Li et al., 2007). Capping of the
metal NPs with biological molecules offers the bioapplicability of such NPs
in therapeutic activities (Iravani, 2011). The plant-mediated synthesis is quite
cost-effective, simple, and provides safety (Shankar et al., 2004; Narayanan
and Sakthivel, 2008; Huang et al., 2007; Li et al., 2007). The major issue
is that when NPs are converted into the powder form, they agglomerate
and thus lose their characteristic properties. To avoid such agglomeration,
various types of capping agents are used. This chapter includes the synthesis
of silver NPs using fruit extracts, germinating seeds, and seed extracts and
the identification of the active components responsible for the reduction of
metal precursors.

3.2 SYNTHESIS OF AG NPS USING FRUIT EXTRACT

One of the common methods for the synthesis of silver nanocolloids involves
the reduction of an aqueous solution of silver nitrate (Sun and Xia, 2002).
The synthesis of Ag NPs was characterized by the appearance of an absorp-
tion peak at 420 nm corresponding to the formation of various Ag NPs in the
size range of 20—-100 nm (Vigneshwaran et al., 2007). For the synthesis of
Ag NPs, various parameters such as the pH, temperature, concentration of
the fruit extract, concentration of the metal precursor, and reaction time were
optimized (Mittal et al., 2014). Out of the above-referred parameters, it was
observed that it is the pH of the reduction medium that plays a crucial role in
the synthesis of Ag NPs.
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Upon varying the pH, it was summarized that it is the neutral pH, that is,
7, where the increase in the yield of NPs was observed; thereafter, that is, at
pH 8, it decreases and a further increase in the pH results in the agglomera-
tion of Ag NPs (Table 3.1). Thus, pH 8 is the optimal pH for nanoparticle
synthesis (Mittal et al., 2014) and it agrees very well with other reported
literature works (Krishnaraj et al., 2012; Khalil et al., 2012).

TABLE 3.1 Summary of Various Optimized Parameters for the Synthesis of Silver
Nanoparticles

Optimization of Various Parameters Corresponding Values
Concentration of fruit extract 50 uL/50 mL (from stock solution)
Concentration of silver nitrate 2 mM

pH of the medium 8

Temperature of the medium 35°C

Reaction time 12h

The next parameter is the temperature, and it is observed that when the
incubation temperature was increased from 25 °C to 35 °C, the absorption
peak increased and thereafter it decreased. Thus, 35 °C was the optimal
temperature required for the synthesis of Ag NPs. The incubation time, that
is, the time interval required, was observed to be 12 h. It was observed that
after 24 h, due to the instability of Ag NPs, agglomeration occurs, and these
results were in good agreement with the reported literature values (Khalil et
al., 2012; Veerasamy et al., 2011). The stability of thus-synthesized Ag NPs
was tested for 60 days with a 10-day interval using a UV—visible spectropho-
tometer. It was observed that the peak at 420 nm showed no alteration, thus
confirming the stability of biosynthesized Ag NPs.

The size and zeta potential measurements of such particles indicated the
Z-average value of 35 nm with a low polydispersity index (PDI) of 0.31 and
a zeta potential value of —19.5. Thus, the negative zeta potential value clearly
indicates that Ag NPs are mainly comprised of negatively charged groups
and are responsible for the average stability of the NPs.

The transmission electrom microscopy (TEM) micrograph of the synthe-
sized NPs is obtained at 5—10 nm scales (Figure 3.1) and exhibits a spherical
shape. The size range is 5-20 nm with a mean diameter of 12.5 + 2.5 nm.
Energy-dispersive X-ray spectroscopy (EDS) analysis also confirmed the
presence of elemental silver in the NPs. X-ray diffraction (XRD) analysis
confirmed the crystalline nature of the synthesized Ag NPs. It showed peaks
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at 20 values of 38.2°, 44.4°, 64.6°, and 77.5°, which are assigned to the
[111], [200], [220], and [311] crystalline planes of the face-centered cubic
(fcc) crystalline structure of metallic Ag NPs, respectively (Narayanan and
Sakthivel, 2011).

Fourier transform infrared (FT-IR) analysis shows strong absorption
bands located at 1083, 1260, 1436, 1617, and 3373 cm'. These absorption
peaks were assigned to the strong stretching vibrations of C—N aromatic
and aliphatic amines (1083 and 1260 cm™), amide I band of proteins due to
carbonyl stretching in proteins (1617 cm™), and OH stretching in alcohols,
flavonoids, and phenols (3373 cm™), respectively. FT-IR analysis indicated
the presence of flavonoid coating on the surface of NPs.
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FIGURE 3.1 Enlarged TEM image (a) 5 nm scale and (b) 10 nm scale. (c) Histogram of
silver NP distribution. (d) EDS spectra of silver NPs synthesized by fruit extract [Reprinted
with permission from Mittal et al. (2014). © Elsevier.]

To characterize the active compounds responsible for the reduction of
silver ions, the solvent extraction method was used. It was concluded that
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flavanoids are mainly responsible for the synthesis of NPs. The following
plausible mechanism (Figure 3.2) is proposed for the reduction of Ag" ions
to metallic silver through redox activity. The proposed mechanism agrees
very well with the other proposed reports (Duran et al., 2005).

Antioxidant activity means the inhibition of the oxidation of the molecules
by inhibiting the initiation step of the oxidative chain reactions that lead to
the formation of the stable radicals that are quite nonreactive. Polyphenolic
and flavanoid compounds present in plants possess strong antioxidant
activity that protects the cells from various free radicals created as a result
of oxidative stress.

The antioxidant activity of the synthesized Ag NPs was tested by various
assays such as DPPH, ABTS, and MTT. The DPPH assay demonstrated an
IC50 value of 22.19 pg/mL, while the MTT assay showed the antioxidant
activity of 61% at the same concentration. The antioxidant property is due to
the capping of Ag NPs by the flavanoids present in the plant extract.

Ag NPs were also tested for their cytotoxic effects on Dalton lymphoma
(DL) cells using the MTT assay (Mittal et al., 2014). The Ag NPs showed a
viability of 10% at 50 pg/mL, whereas a viability of 46% was observed at
100 pg/mL. Thus, they showed dose-dependent cytotoxicity. Such Ag NPs
showed toxicity only on the tumor cells and not on the normal cells. Thus,
they have the potential to be used as nanomedicine against various types
of cancers. Thus, the applications of such ecofriendly NPs in bactericidal,
wound healing, and electronic applications create the urge of large-scale
synthesis of other metallic NPs.
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FIGURE 3.2 Prospective mechanism for silver NP biosynthesis (structures of isolated
flavonoid molecules are shown) by the fruit extract of Syzygium cumini [Reprinted with
permission from Mittal et al. (2014). © Elsevier.]
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3.3 SYNTHESIS OF AG NPS USING SEED EXTRACT

Green synthesis of NPs using Cydonia oblong seed extracts provides an
alternative cost-effective and environmentally benign technique (Zia et
al., 2016). It is observed that biomolecules act as an effective capping and
reducing agent. The Ag NPs prepared show temperature-dependent size
variation. At high temperatures, a hypsochromic shift was observed and the
wavelength shifted to a lower value as the temperature was increased from
50 °C to 90 °C through 70 °C. It clearly indicated the formation of smaller
Ag NPs at high temperatures. The high temperature favored the formation
of Ag NPs rapidly, that is, the reactants are consumed rapidly. Thus, 70 °C is
the optimum temperature for the formation of monodispersed Ag NPs.

An optimum pH value is also important for the synthesis of metal NPs.
As in the case of Ag NPs, at a low pH value of 3, practically no NPs are
formed. However, as the pH was increased to 9, monodisperse Ag NPs were
prepared, which show their characteristic surface plasmon resonance peak at
410 nm. The intensity of this peak increases with time, which shows that the
rate of reduction is directly proportional to time.

FT-IR spectra of Ag NPs show a peak at 1728.22 cm™', which is clearly
indicative of flavanones or terpenoids. This surface adsorption occurs
because of the interaction of p-electrons in the carbonyl groups due to the
lack of sufficient concentration of chelating agents. A few other studies
(Veeraputhiran, 2013) also confirmed the capping and stabilizing property of
proteins and amino acids due to the presence of carbonyl groups.

The XRD pattern showed the number of Bragg's reflection at 2¢ diffraction
angles of 32.053°, 38.002°, 44.109°, 46.056°, and 64.414°, corresponding to
planes [111], [200], [300], and [220], respectively, which confirmed that the
crystalline spherical NPs have an fcc structure. SEM images also confirmed
the formation of Ag NPs and the complete consumption of Ag™ ions. Thus,
NP synthesis can be successfully achieved by adopting the green protocol.

3.4 SYNTHESIS OF AG NPS USING ENZYMES

Another green approach for the synthesis of Ag NPs involves the use of
enzymes such as lysozyme (Eby et al., 2009). Here, lysozyme acts as the
sole reducing agent in the presence of light. Such lysozyme—Ag NPs have
retained the hydrolase function of the enzyme and were found effective for
inhibiting the growth of various strains of bacteria such as Escherichia coli,
Staphylococcus aureus, Bacillus anthracis, and Candida albicans. These NPs
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were proved to be quite effective against the silver-resistant Proteus mirabilis
strains and pMG101, which is a recombinant E. coli strain containing
multiple antibiotic and silver-resistant plasmids.

It was observed that at lower Ag*/lysozyme molar ratios, monodispersed,
yellow, small-sized Ag NPs were obtained, which show a symmetrical SPR
band at 420 nm. However, at higher Ag*/lysozyme molar ratios, red Ag NPs
were obtained, which show a broad absorption band (Figure 3.3).

Dynamic light scattering (DLS) was used to get an idea about the quan-
titative size distribution and to check the monodispersity of the metal NPs
obtained. DLS studies confirmed the formation of Ag NPs in the range of
2—10 nm at lower Ag*/lysozyme molar ratios, whereas the formation of
larger Ag NPs in the range of 8-12 nm at higher Ag*/lysozyme molar ratios.
The dispersity in size with regard to molar ratios can be explained on the
basis of the Ostwald ripening process in which smaller unstable particles
dissipate and coalesce to form larger stable particles. At lower Ag™/lysozyme
molar ratios, lysozyme effectively controls the size of the resulting NPs
and therefore smaller NPs are obtained. However, at higher Ag*/lysozyme
molar ratios, the concentration of Ag” ions get increased, which result in
an increased number of Ag NPs that undergo agglomeration and therefore
results in nonsymmetrical masses (Figure 3.3c).

Thus, the Ag'/lysozyme molar ratio is the deciding factor for the
morphology of the resulting NPs. Thus, lysozyme shows excellent capping
behavior for the stabilization of the colloidal suspension and therefore
prevents agglomeration. Lysozyme is an amphiphillic protein and cationic
in nature, and being ionic, it adheres on the hydrophobic and ionic metal
surfaces (Haggerty and Lenhoff, 1993; Schmidt et al., 1990; Sethuraman
and Belfort, 2005; Luckarift et al., 2007). When lysozyme-coated Ag NPs
were treated to dissociate or separate proteins, it was observed that NPs get
agglomerate, indicating that lysozyme acts as an excellent capping agent.

The zeta potential value can be used as an indicator to predict the colloidal
stability of the particles. Thus, a greater zeta potential value suggests that
there exists a greater electrostatic repulsion among particles, which prevents
the agglomeration and hence colloidal stability. The theoretical limit to
colloidal stability is estimated to be about (Luckarift et al., 2007) mV. The
zeta potential values of —20 and 40 mV have been measured for Ag-Lys in
a methanolic solution.

To measure the thickness of the protein coating on metal NPs, the average
particle sizes are taken independently from DLS and TEM image analyses.
As we know that the DLS measurement is based on the relationship between
the speed of Brownian motion and the particle size, it accurately gives the
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FIGURE 3.3 Lysozyme and silver acetate solutions were mixed in varying molar ratios and
exposed to light over the course of 255 min. At set time intervals, reactions were added to a row
of microtiter plate wells and imaged using a document scanner (A). Representative samples of
yellow (I) and red (II) NPs from the synthesis assay were used in absorbance spectroscopy (B),
TEM imaging (C), and dynamic light scattering to determine the nanoparticle size distribution
(D) [Reprinted with permission from Eby et al. (2009). © American Chemical Society.
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measurement of the size of the particle in well-dispersed colloidal solutions
through fluctuations in the light scattering intensity. However, TEM can
image only metal NPs and show the protein coating as nearly transparent.
Therefore, the difference in particle sizes between TEM and DLS will give
the thickness of the protein coating on the NP surface.

The size of the lysozyme is 3.0 x 3.0 x 4.5 nm, and the protein monolayer
on the surface of the metal NPs would be twice, that is, 6 nm (Radmacher et al.,
1994). The size measurements clearly indicates that the protein (Lys) forms
a thick coating on the metal NP surface, which inhibits Ostwald ripening and
thus provides the colloidal suspension more stability.

Protein-coated NPs still show hydrolase activity of the enzyme that shows
that the protein retain its native hydrolytic activity. However, in many cases,
it is observed that Ag™ ions bind nonspecifically to proteins by interacting
with many different amino acid side groups (Lansdown, 2006; Schierholz et
al., 1998). Sometimes, such interactions results in the loss of enzyme activity
due to the denaturation of the protein.

The antimicrobial activity of Ag—Lys NPs prepared was compared with
that of Ag alone as well as lysozyme alone. It was observed that lysozyme
alone had no effect against the three representative bacterial strains and one
fungal strain. Thus, the potency of Ag NPs was comparable to that of Ag—
Lys NPs, which clearly emphasizes the important role in the antimicrobial
mechanism of the NPs. These results also indicate that there was no relation
between the particle size or charge and the potency.

The Ag—Lys NPs were further tested for in vitro tissue culture assays,
and the reults concluded that the NP composite materials did not result in
appreciable toxicological effects against mammalian cells at concentrations
necessary to inhibit bacterial growth (Figure 3.4). For these studies, human
epidermal keratinocyte cell line (HaCaT) was selected.

Thus, lysozyme in methanol attains a unique amphipathic form that
causes silver reduction as well as acts as a capping agent that results in a
stable colloidal solution. Proteins attains different conformations in methanol
and water medium. The aqueous medium does not result in a stable colloidal
suspension, which is due to the presence of strong ionic interactions among
NPs. Thus, here, the hydrophobicity of methanol plays an important role in
stabilizing silver colloids as a result of decreasing adsorption and agglomera-
tion of NPs. In the present case, lysozyme proves to be an exception in which
the protein retains its hydrolytic activity even after exposure to methanol and
even after NP synthesis. The use of lysozyme for the synthesis of Ag NPS
offer many benefits, namely, a simple, inexpensive method that results in
stable silver colloids as compared to the conventional synthetic procedure.
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FIGURE 3.4 Viability of HaCaT cells treated with Ag"/Lys NPs. Cell proliferation was
determined by measuring the metabolic activity of cell cultures after 24 h incubation with
NPs and compared against non-NP control cultures. The asterisk (*) denotes significance
compared to the control values (p < 0.05). [Reprinted with permission from Eby et al. (2009).
© American Chemical Society.]

3.5 FUTURE PERSPECTIVES
Thus, greener synthesis of Ag NPs using natural extracts with less time leads

to the future studies on Ag NP toxicity without risking contaminants from
hazardous reagents and capping agents.
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ABSTRACT

Xanthomonas axonopodis pv. punicae causes bacterial blight disease in
pomegranate. A complete range of symptoms of bacterial blight caused
by X. axonopodis pv. punicae appear on various pomegranate plant parts,
except roots. The present investigation was initiated to find a suitable
alternative to synthetic antibiotics for the management of plant diseases
caused by bacteria. The study was aimed to use wild plant species, viz.,
Abutilon indicum, Prosopis juliflora, and Acacia arabica as antibacterial
agents against X. axonopodis pv. punicae. The aqueous extracts of A.
indicum, P. juliflora, and A. arabica plants has antibacterial activity against
X. axonopodis pv. punicae. The antibacterial activity was tested by a well
diffusion assay, minimum inhibitory concentration (MIC), and minimum
bactericidal concentration (MBC). The maximum activity was recorded
by P. juliflora (MIC = 1.03 mg mL™' and MBC = 0.15 mg mL™") and 4.
arabica (MIC = 1.00372 mg mL™' and MBC = 2.58 mg mL™") against
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X. axonopodis pv. punicae, while the lowest activity was recorded by A.
indicum (MIC = 0.619 mg mL™" and MBC = 0.923 mg mL™"). The largest
zone of inhibition (ZOI) was shown by P. juliflora, while the shortest ZOI
was shown by A. indicum. The results infer that the extracts of P. juliflora
and A4. arabica are highly sensitive to X. axonopodis pv. punicae. The
plant extracts exhibited antibacterial activity with the potential to be used
in the management of many plant diseases as an alternative to chemical
antibiotics. A further phytochemical analysis is required to identify the
bioactive compounds responsible for antibacterial activity.

4.1 INTRODUCTION

Pomegranate (Punica granatum L.) is an ancient fruit, belonging to
the smallest botanical family Punicaceae. Pomegranate is a native of
Iran, where it was first cultivated in about 2000 BC but spread to the
Mediterranean countries at an early date. It is extensively cultivated in
Spain, Morocco, and other countries around the Mediterranean, Egypt,
Iran, Afghanistan, Arabia, and Baluchistan. Pomegranate is a good source
of carbohydrates and minerals such as calcium, iron, and sulfur. It is
rich in vitamin C, and citric acid is the most predominant organic acid in
pomegranate (Malhotra et al., 1983). Apart from the fleshy portion of the
fruit, the crop residues are also finding a place in industries. The rind of the
fruit is a good source of dye, which gives yellowish-brown color to khaki
shades and is being used for dying wool and silk. The flower and buds
yield light red dye, which is used for dying of cloths in India. The bark of
the stem and root contains a number of alkaloids belonging to the pyridine
group. The bark is used as a tanning material, especially in Mediterranean
countries in the East (Bose, 1985). Pomegranate is regarded as the “Fruit
of Paradise.” It is one of the most adaptable subtropical minor fruit crops,
and its cultivation is increasing very rapidly. In India, it is regarded as
a “vital cash crop,” grown in an area of 116,000 ha with a production
of 89,000 million tons and an average productivity of 7.3 million tons
(Srivastsva and Umesh, 2008). The successful cultivation of pomegranate
in recent years has met with different traumas such as pests and diseases.
Among the diseases, bacterial blight caused by X. axonopodis pv. Punicae
is a major threat. Since 2002, the disease has reached an alarming stage
and is hampering the Indian economy and the export of quality fruits.
The disease accounted for up to 70-100% during 2006 in Karnataka and
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Maharashtra, resulting in the wipeout of the pomegranate. During the year
2007, the total output of pomegranate production in India was down by
60% (Raghavan, 2007).

The causal organism of blight is X. axonopodis pv. punicae (Hingorani
and Singh, 1959) Vauterin, Hoste, Kersters and Swings (Hingorani and
Mehta, 1952; Vauterin et al., 1995). The plant is susceptible to a blight during
all stages of growth and results in huge economic loss. Bacterial blight
primarily affects the above-ground plant parts, especially leaves, twigs,
and fruits. While the leaves how early water-soaked lesions to late necrotic
blighting, the fruits show isolated or coalesced water-soaked lesions followed
by necrosis with small cracks and splitting of the entire fruit (Petersen et
al., 2010). Stems show lesions around nodes or injuries, forming cankers
in later stages. Suspected symptoms on floral parts have also been reported
(Chand and Kishun, 1991; Rani et al., 2001). It is also presumed that the
stem canker could be an outcome of the systemic spread of bacterium from
the leaf (Chand and Kishun, 1993). However, it is reported by Chand and
Kishun (1991) and Rani et al. (2001) that attempts to reproduce the field
symptoms of blight on detached leaves, twigs, and fruits were unsuccessful
in artificial inoculations. The management of bacterial blight of pomegranate
is a major concern. This disease could not be effectively managed by
conventional antibiotics like streptocycline in field conditions. Thus, this
investigation is carried out on the management of the disease by aqueous
extracts of Abutilon indicum, Prosopis juliflora, and Acacia arabica plants.
Continual and indiscriminate use of synthetic antibiotics to control bacterial
diseases of crop plants has caused health hazards in animals and humans due
to their residual toxicity (Raghavendra et al., 2006). A bioactive principle
isolated from plants appears to be one of an alternative for controlling plant
and human pathogens developing resistance to antibiotics. Plant-originated
antibacterial compounds can be one approach to plant disease management
because of their ecofriendly nature (Bolkan and Reinert, 1994).

4.2 MATERIALS AND METHODS
4.2.1 PLANT MATERIAL
The commonly available weed plants were collected from the surrounding

areas of Latur District, Maharashtra. The plants used for this study are A.
indicum, P. juliflora, and A. arabica.
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4.2.2 PREPARATION OF PLANT EXTRACTS

The plant leaves were washed with tap water followed by sterile distilled
water and then air-dried at room temperature. Dried leaves were powdered;
50 g of powdered material was percolated with 250 mL of water for 72 h. The
percolate was mixed thoroughly for every 12 h. The percolate was filtered
through a double-layered muslin cloth, followed by Whatman no. 1 filter
paper. The filtrate was concentrated at 35 °C and stored at 4 °C until further
use (Cowan, 1999; Alade and Irobi, 1993).

4.2.3 FIELD VISIT AND COLLECTION OF BACTERIAL SAMPLES

The field visit was undertaken in major pomegranate growing regions of
Latur, Maharashtra, India, that is, Murud and Harangul, from June to August.
2018. During the field survey, the randomly selected plant parts were
inspected in the fields for the incidence of bacterial blight. The distribution
of bacterial blight of pomegranate was recorded in these areas. Plants were
diagnosed as infected based on the typical symptoms of bacterial blight,
namely, yellow water-soaked lesions at early stages and corky, dark oily
spots at later stages of infection. The suspected plant leaves and fruits
(Figure 4.1) were collected and transferred into sterilized plastic bags and
brought to the research laboratory of Microbiology Department of Dayanand
Science College, Latur, for further studies.

4.2.4 STORAGE OF SAMPLES

The samples were surface-sterilized and stored in laboratory conditions.

4.2.5 ISOLATION OF THE BACTERIA

The bacteria were isolated from the infected leaves and fruits of pomegranate
plants collected from regions of Latur, Maharashtra, India, that is, Murud
and Harangul, from June to August. 2018. These samples were washed, air-
dried, and then disinfected with 0.1% HgCl, for about 30-60 s and washed
thrice with sterile water to remove traces of HgCl,. They were macerated
with a sterilized blade in a sterile Petri dish containing a few drops of sterile
distilled water to allow the bacteria to diffuse out. A loop full of suspension
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was then transferred with the help of a sterilized bacteriological needle to
sterilized Petri plates filled with nutrient agar (NA) medium and incubated
at 28 °C for 24-72 h. After 2-3 days, the incubated plates were observed for
the presence of typical pale yellow, glistening colonies (Figure 4.2), which
were transferred to the NA slants and maintained in laboratory conditions for
further studies.

FIGURE 4.1 Bacterial blight symptoms on pomegranate fruits and leaves: (A) bacterial
blight symptoms on the pomegranate fruits, (B) bacterial blight symptoms on the fruit, (C)
bacterial blight symptoms on the pomegranate fruit, and (D) bacterial blight symptoms on the
fruit and leaves.

4.2.6 IDENTIFICATION AND CONFIRMATION OF ISOLATE

The identification and confirmation of X. axonopodis pv. punicae were done
by using the following methods.
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FIGURE 4.2 Pale yellow, glistening colonies of Xanthomonas on NA medium

4.2.6.1 MORPHOLOGICAL CHARACTERS

The morphological characters such as the shape, Gram reaction, and pigmen-
tation characters were studied as described by the Society of American
Bacteriologists, Bradbury (1970) (Table 4.1).

TABLE 4.1 Cultural and Morphological Characteristics of X. axonopodis pv. punicae
Isolate on NA Media

Sr. No. Colony Characters X. axonopodis pv. punicae
1 Color Yellowish

2 Size of colonies Medium to large

3 Shape of colonies Small circular colonies

4 Cell shape Single rod

5 Appearance Slightly raised, glistening

6 Elevation Convex

7 Margin Entire margin

8 Texture Highly mucoid

4.2.6.2 GROWTH RATE AT 28 °C AND 37 °C

The effect of varying temperature levels on the growth of X.s axonopodis
pv. punicae was studied, and the data so obtained is presented in Table 4.2.
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The isolates of X. axonopodis pv. punicae were tested at temperatures 28 °C
and 37 °C on NA medium. The data clearly indicated that the temperature of
28 °C was found optimum for the growth of the pathogen as a significantly
maximum number of colonies was observed at this temperature. The isolates
grew well at 28 °C, but no growth was observed at a temperature of 37 °C. The
growth of X axonopodis pv. punicae started 72 h after incubation. Maximum
growth was observed after 120 h of incubation at 28 °C, but no growth was
observed after 48 h of incubation. At 37 °C, no growth was observed up to 120
h. Similar work on temperature requirements was carried out by Hingorani
and Mehta (1952). They found that the pomegranate bacterium grows well
at a cordial temperature of 30 °C and can tolerate minimum and maximum
temperatures of 50 °C and 40 °C, respectively. Gour et al. (2000) also got
similar results while working with Xanthomonas axonopodis pv. vignicola,
the causal agent of leaf blight of cowpea. The maximum growth of pathogen
Xap at a temperature level of 30 °C, whereas Manjula (2002) recorded the
highest number of colonies of Xap at a temperature of 27 °C.

TABLE 4.2 Growth Rate of X. axonopodis pv. punicae Isolates

Sr.  Isolate Growth Rrate
No. 28 °C 37°C

48h 72h 96h 120h 48h 72h 96h 120h
1 X axonopodis pv. punicae + ++ +H+ - - - -

Notes: Colony growth: —, no growth; +, less growth; ++, moderate growth; +++, maximum
growth.

4.3 BIOCHEMICAL VARIABILITY

The methodology followed for the following experiments on biochemical
variability is as per Schaad (1992).

4.3.1 LACTOSE UTILIZATION

The carbon source (lactose) was filter-sterilized and mixed with autoclaved,
cooled Dye’s medium along with 1.2% purified agar. The pH was adjusted to
7.2. Bacterial isolates were spot-inoculated with the replica plating method
and incubated at 30 °C for 3, 7, and 14 days. The growth was compared with
control, where the carbon source was not supplemented (Schaad, 1992).
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4.3.2 STARCH HYDROLYSIS

The medium used for starch hydrolysis was sterilized by autoclaving and
poured into sterilized Petri plates. These plates were inoculated and incu-
bated at 30 °C for 7 days. The plates were flooded with Lugol’s iodine and
allowed to act for a few minutes. The presence of starch hydrolysis was
indicated by the presence of clear zones and vice versa. The hydrolyzed zone
was measured for each isolate.

4.3.3 ACID PRODUCTION FROM SUCROSE, MALTOSE, AND
DEXTROSE

Acid production by the isolate of X. axonopodis pv. punicae was tested
by using peptone water medium of Dye. In total, 10 mL of medium was
dispensed in each test tube. This medium was sterilized in an autoclave
for 15 min. To these tubes, filter-sterilized carbohydrates, viz., sucrose,
maltose, and dextrose were added at 0.14% concentration. The tubes were
inoculated with 0.1 mL of 24-h-old bacterial culture and incubated at room
temperature for three days. A change in the color of the medium confirmed
acid production (Figure 4.3).

.

FIGURE 4.3 Acid production from sucrose, maltose, and dextrose (C, Control; 1, sucrose;
2, maltose; and 3, dextrose).
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4.3.4 TESTING THE ANTIBACTERIAL ACTIVITY

After confirmation of X. axonopodis pv. punicae, the antibacterial activity
of the plant extract was preliminarily screened by a well diffusion assay.
Luria—Bertani (LB) agar plates were spread-plated with 20 pL of bacterial
strain (1x108 cfu/mL). Wells of 6 mm diameter were made in the agar plates.
Each plant extract was tested for antibacterial activity by adding 40 pL of
extracts with different concentrations, viz., 50, 100, and 200 mg mL™". The
experiment was repeated thrice. The plates were incubated at 37 °C for 24
h. Subsequently, the plates were examined for the zone of inhibition (ZOI)
and the diameter was measured (in mm) after subtracting the well diameter
(Ahmad et al., 1998). To determine the minimum inhibitory concentration
(MIC), the required quantities of extracts were added to the LB broth of
4 mL to bring the initial concentration of 20 mg mL™". In each test tube,
0.1 mL of standardized inoculum (1x10% cfu/mL) was added. Two control
tubes were maintained for each test batch, namely, extract control (tube
containing plant extract and LB medium without inoculum) and organism
control (tube containing LB medium and inoculum). The test tubes were
incubated at 37 °C for 24 h. The lowest concentration (highest dilution) of
plant extract that produced no visible growth (no turbidity) was recorded
as MIC. The minimum bactericidal concentration (MBC) was assayed by
subculturing test dilutions on a drug-free solid medium. The plates were
incubated for 24 h at 37 °C. The lowest concentration of the antimicrobial
at which no single colony observed after subculturing is regarded as MBC
(Akinyemi et al., 2005).

4.4 RESULTS AND DISCUSSION
4.4.1 WELL DIFFUSION ASSAY

The preliminary screening of the selected three plant extracts against the
X. axonopodis pv. punicae was done using a well diffusion method. The ZOI
greater than 5 mm diameter is found to have significant activity against partic-
ular bacteria (Palombo and Semple, 2001). The aqueous extracts were sensi-
tive to X. axonopodis pv. punicae tested at different concentrations (Table 4.3).

The extract of A. arabica was sensitive to X. axonopodis pv. punicae
tested at different concentrations. The same extract was much effective at
a low concentration of 50 mg mL™!, that is, 11 mm ZOI. P, juliflora extract
arrested the growth of X. axonopodis pv. punicae (24 mm) at 200 mg mL™".
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The P, juliflora extract shows ZOIs of about 21 mm and 19 mm at 100 mg
mL™" and 50 mg mL™, respectively. Based on ZOls, Satish et al. (1999)
reported significant antibacterial activities of P. juliflora and A. arabica
against Xanthomonas campestris pathovars. The extracts of A. indicum
exhibited the antibacterial activity of 11 mm ZOI at 200 mg mL™".

TABLE 4.3 Antibacterial Activity of Plant Extracts Showing ZOI

Sr. No. Plant Species Conc. (mg mL™) Z0I (mm)*
1 A. arabica 50 11
100 15
200 16
2 P, juliflora 50 19
100 21
200 24
3 A. indicum 50 6
100 9
200 11

4.4.2 MINIMUM INHIBITORY AND BACTERICIDAL CONCENTRATIONS

The antibacterial activities of A. arabica and P. juliflora extracts are found
to be high against all of the bacteria. The maximum activity was recorded
by P. juliflora (MIC = 1.03 mg mL™' and MBC = 0.15 mg mL™") and 4.
Arabica (MIC = 1.00372 mg mL™' and MBC = 2.58 mg mL!) against X.
axonopodis pv. punicae. Raghavendra et al. (2006) reported the significant
antibacterial activity of Acacia nilotica extracts against Xanthomonas
pathovars and human pathogenic bacteria tested, while the lowest activity
was recorded by A. indicum (MIC = 0.619 mg mL' and MBC = 0.923 mg
mL ). These findings indicate that the extracts of P. juliflora and A. arabica
have the potential to be used in the management of plant diseases. Further
phytochemical analysis is required to identify the active components of plant
extracts showing antimicrobial activity (Table 4.4).

TABLE 4.4 MIC and MBC of Plant Extracts Against X. axonopodis pv. Punicae

Sr. No.  Plant Species MIC (mg mL™) MBC (mg mL™)
1 A. arabica 1.00372 2.58
2 P, juliflora 1.03 0.15

3 A. indicum 0.619 0.923
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4.5 CONCLUSION

Many synthetic antibiotics are used to control several phytopathogens.
The increased awareness of environmental problems with these chemical
antibiotics has led to the search for nonconventional chemicals of biological
origin for the management of these diseases. Bactericides of plant origin
can be one approach toward disease management because of their
ecofriendly nature (Bolkan and Reinert, 1994). The products of plant origin
are of greater advantage to users, the public and radical environmentalists.
Laboratory screening of plant extracts has given encouraging results,
indicating their potential use in the management of diseases caused by
Xanthomonas species. Plant extracts showing antibacterial activity have the
potential to be used in the management of plant diseases as an alternative
to chemical antibiotics. A further phytochemical analysis is required to
identify the bioactive compounds responsible for antibacterial activity. Yet,
the results obtained by these methods provide simple data, which makes
it possible to classify extracts with respect to their antioxidant potential.
As can be observed also from the present data, antibiotic activity does not
necessarily correlate with high amounts of phytochemicals, and that is why
both the phytochemical content and antibiotic activity information must
be discussed when evaluating the phytochemical potential of extracts. On
the basis of this study, the most potent Finnish plant sources for natural
antibiotic agents are medicinal plants, vegetable peels, and different tree
materials. Further work is underway to confirm the antibiotic effect of
these promising plant extracts by using other types of bacterial strains and
to characterize the active phytochemicals, their mechanisms of action, and
their possible interactive effects together with the harmful effects to the
environment.

KEYWORDS
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ABSTRACT

Biological hazards are major occupational hazards concerned with several
issues. These hazards are very dangerous and have to be taken seriously by
employers and employees. The present chapter deals with the basic concepts,
regulatory aspects, and methods related to the prevention of biocontaminants.
The center of attraction of this chapter includes focusing on nosocomial
infections, Legionnaires' disease, sick building syndrome, etc. The role of
engineering, administrative, workplace hazardous material information,
personal protective equipment, standard precautions, and ISO standards
for avoiding risks to all types of biohazardous material are mentioned in a
comprehensive manner.

5.1 INTRODUCTION

Biological hazards can enter the body in several ways. When determining the
appropriate protective measures, measures are a clear understanding of how the
hazards can enter the body (Stetzenbach et al., 2004). It may be through inhala-
tion (breathing), ingestion (swallowing), injection (puncture), and absorption
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(through direct contact) (Gorny et al., 2002). The risk is divided into four stages
(Figure 5.1):

* BSL-1: Agents not known to consistently cause disease in a healthy
adult human.

» BSL-2: Moderate potential threat to personnel and the environment,
including bacteria and virus that cause only mild disease to the human.

* BSL-3: Microbes there can be either indigenous or exotic, and they
can cause serious or potentially lethal disease through respiratory
transmission, for example, HIV, HIN1 flu, rabies, SARS, ricketts,
tuberculosis, etc.

» BSL-4: Dangerous and exotic, posing a high risk of aerosol-trans-
mitted infections. Infections caused by these microbes are frequently
fatal and without treatment or vaccines (Quinlan et al., 2010).

A product or a process may become contaminated at the various processes
of manufacturing either by inanimate or animate matter. Here, we focus on
any product that becomes contaminated by bacteria, viruses, or fungi. It can
be the organism itself or its toxins that can be hazardous to human health if
inhaled, swallowed, or absorbed into the body. The microorganisms such
as bacteria, fungi, viruses, or their toxic products may contaminate through
water, air, insects, soil, workers, and failure of good manufacturing process
(GMP) (Frick et al., 2000). Several types of biocontaminants are found in the
environment. The bacterial biocontaminant maybe Gram-positive or Gram-
negative according to the laboratory method of staining by Gram stain. As
different types of microbes grow in different environments, various microbial
particulates can become a biocontaminant, which can become an indicator
that can be monitored (Alli, 2008). Mycotoxins are toxic chemical products
of a fungal metabolite that become biocontaminants as fungus affects the
biological product being manufactured (Table 5.1).

5.2 SOME COMMON DISEASES CAUSED BY BIOCONTAMINANTS
5.2.1 LEGIONNAIRES' DISEASE

The American Legion organized its annual convention in a hotel in 1976.
Three days after the convention ended and within a week, more than a
hundred participants had been hospitalized due to cough, high fever, and
breathlessness along with some other ailments, leading to atypical pneu-
monia. About a quarter of them died. The Centers for Disease Control and
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Prevention investigated the outbreak from all aspects, including the hotel
environment. In 1977, they identified Legionella pneumophila, a bacterium
that was flourishing in the cooling tower of the air conditioning system of
the hotel. The bacteria had spread through the duct system of the air condi-
tioner throughout the hotel rooms. Those affected were the elderly with poor
immune status who were inhaling the infected humid air. It normally does not
spread through person to person contact (Rom and Markowitz, 2007). Water
remained an imperative factor for the growth of microorganisms (Table 5.2).

TABLE 5.2 Water as an Imperative Source for Proliferating Biocontaminants

Outdoor Swamp Coolers Small Lakes Fountains

contaminants  Poorly kept landscaping Under house crawlspaces Agricultural storage
Air conditioners Water softeners Wooden structures
Drainage ditches Cooling towers Compost piles

Industrial HVAC exhaust Wells or potable water Sewer drains
storage containers

Indoor Improperly placed vapor Ventilation ducts and Water-damaged

contaminants barriers insulation carpets
Refrigerator pans Humidifiers Leaky appliances
Leaky roofs Subterranean rooms Leaky plumbing
Ceiling tiles Air conditioners Crawlspaces
Bathroom shower and ~ Coldwater pipes Ground-level cement
tub slabs and walls
Furniture Wallpapers Window coverings
Standing water Wet or damp materials Hot water tanks
Plants, animals, birds, Evaporative coolers Pillows, bedding, and
and humans house dust

5.2.2 NOSOCOMIAL INFECTION

Nosocomial infection is also known as hospital-acquired infection (HAI).
These infections develop in hospitalized patients who were neither suffering
from that disease nor were they in the incubation period when admitted
(Table 5.3). This infection has been acquired from a hospital or a healthcare
facility. The source of such infection may be exogenous from hospital staff,
other patients, or even inanimate objects like bed sheets, linen, contaminated
equipment or endogenous from the patient’s own microflora that may have
been introduced by an operative or investigative procedure, instrumenta-
tion, or during nursing care (Gatchel and Schultz, 2012). The predisposing
factors may be contaminated dressing, air, water, food, multidrug-resistant
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microflora, improperly screened blood and blood products, intravenous
fluid, needle stick injury, droplet transmission, etc. The causative organ-
isms may be Gram-positive or Gram-negative bacteria, viruses, fungi, or
parasites. Preventive measures include proper sterilization, donor screening,
isolation, proper handwashing, use of sterile gloves and gowns by staff, etc.
(Schilling, 2013).

TABLE 5.3 Potential Biological Hazards

Biohazard Disease Spread Control

Bacteria Pink eye Human-to-human contact Do not share eye makeup, wash
hands

Virus Hepatitis A Human-to-human contact Do not ingest contaminated food
or water, avoid direct contact with
infected people

Virus Hepatitis B Human-to-human contact Immunization, avoid direct contact

with infected people, avoid tattooing
and body piercing, dispose of sharps
in disposal containers

Virus Hepatitis C Human-to-human contact Avoid direct contact with infected
people, avoid tattooing and
body piercing, follow standard
precautions
Virus Measles Human-to-human contact Immunization, avoid direct contact
spread by cough and nasal with infected people
droplets

Biofilms are formed when a group of microbes, bacteria, fungus, and
protista, adhere to each other on a living or nonliving surface that becomes
protected by a layer of the self-generated matrix of extracellular polymeric
substance made up of proteins, lipids, polysaccharides, and others. Bacterial
biofilms are infectious and are a common cause of nosocomial infections.
Biofilms may form on both living and nonliving surfaces (Levy, 2006). So,
they may be seen in hospitals or industrial settings as well as in humans or
animals, the commonest being the dental plaque affecting teeth and gum.
Biofilms are biological systems that are developed by bacteria by organizing
into functional community that symbiotically share nutrition, growth factors,
and other chemicals and shelter themselves from harmful environmental
factors, antibiotics, as well as the host’s immune system, which are essential
for their survival. Hence, because of such characteristics, biofilms become
adherent to biomedical devices like catheters, prosthesis, ventilators, etc.,
causing HAIs, which are difficult to eradicate (Wilcock, 2006).
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5.2.3 SICK BUILDING SYNDROME

The sick building syndrome describes a condition in which employees or
residents experience nonspecific illnesses, like headache, nausea, throat irri-
tation, difficulty in concentration, fatigue, allergies, etc., whose cause cannot
be specifically identified (Waldron, 2013). This is often classified as an
occupational disease (Table 5.4).

The factors suspected include the following:

i) Biological contaminants like bacteria, viruses, fungi, pollen, etc.
These contaminants flourish in stagnant water in humidifiers, ducts,
drainpipes, insulations, upholstery, as well as insect droppings.

ii) Inadequate ventilation with little outdoor airflow.

iii) Chemicals from outside like vehicle exhaust, dust, paint, products
of combustion, and volatile compounds like pesticides, cleaning
agents, etc.

iv) Poor ergonomics, improper lighting, humidity, incorrect acoustics, etc.

The importance of this condition is due to the reduced work efficiency
and increased absenteeism among workers, leading to a fall in productivity.

TABLE 5.4 Occupational Hazards

Occupation Contact Source Disease

Doctor, dentist, nurse, Blood and other constituents of ~ Hepatitis, cold, flu

healthcare volunteer patients

Childcare worker Body fluid of children, diaper, Cold, flu, eye infection,
cut head lice

Food service Undercooked food Salmonella, E. coli

Waste disposal personnel Broken glass, contaminated HIV, hepatitis B, and
needle hepatitis C

5.3 PREVENTIVE AND REGULATORY ROLES
5.3.1 ISO BIOCONTAMINATION STANDARDS

Part 1, General principles: Describes the principles and basic methodologies
for a formal system to access and control biocontamination.

Part 2, Evaluation and interpretation of biocontamination data: Gives
guidance on basic principles and methodological requirements for all micro-
biological data evaluation and the estimation of biocontamination data
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obtained from sampling for viable particles in zones at risk, as specified by
the system selected (Slote, 1987).

5.3.2 CONTROL OF BIOLOGICAL HAZARDS

There are three approaches to control hazards. The first consideration for
controlling biological hazards is to look at engineering controls. If a hazard
cannot be eliminated through engineering processes, a second approach to
controlling a hazard is administrative. If the exposure to a hazard cannot be
prevented by either engineering or administrative controls, then prevention
is necessary.

» Engineering controls: These controls are the first line of defense and
include built-in protection in the building, work areas, equipment, or
supplies. Examples include ventilation systems and construction seals
to create negative pressure rooms and biosafety hoods with specific
ventilation systems (Mosey, 1981) (Table 5.5).

*  Administrative controls: These controls are steps in work procedures
or work processes that minimize the risk of exposure to a hazard.
This type of control does not eliminate a hazard but can significantly
reduce the risk of injury. Examples include worker training, rules that
require regular hand washing, etc. (Brune and Edling, 1989).

* Personal protective equipment (PPE): When a hazard poses a threat
even after engineering and administrative controls have been imple-
mented, PPE is necessary. Some PPE include proper masks, eye
protection gears, and latex gloves for biohazards. For a PPE to be
effective, it must be worn correctly and must be comfortable and
fitted for each person. Workers must be trained properly so that it is
worn when needed (Zenz, 1988).

TABLE 5.5 Biocontamination of Air in Pharmaceutical Areas

Grade Maximum Number of Particle Permitted per m* Maximum Number of Viable
Microorganisms per m*

0.5-5 pm >5 pm
A 3500 None <1
B 3500 None 5
C 3,50,000 2000 100
D 3,500,000 20,000 500
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5.3.3 ROLE OF THE HEALTH AND SAFETY REPRESENTATIVES

* The role includes proactive work to eliminate biological hazards from
the workplace as much as educating the workers about occupational
hazards.

* Elimination of hazards from the work environment is always the
prime choice for disease prevention.

* When hazards cannot be eliminated completed, they must be
controlled. Workers should press management to introduce effective
controls in the workplace such as engineering control, administrative
control, etc.

* Pay attention to new workers and visitors as they are newly exposed
to a workplace and can tell you if they have health problems only
when they come into the workplace (Karvonen et al., 1986).

* Development of a risk assessment system for the rapid identification
and implementation of preventive measures (Figure 5.2).

Type of manipulation

v

v
Class of risk of organism Probability of exposure

4 Assignment of a class of risk B
to the contained use activity

Risk assessment i

Re-evaluation

Risk management
Implementation of recommended
containment level

Maximal protection of human
health and environment

FIGURE 5.2 Overview of the biological risk assessment system.
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5.4 CONCLUSION

Biological hazards cause health issues to humans and animals. These hazards
are very dangerous and have to be taken seriously by employers and employees.
There are several ways to reduce contaminants. Engineering, administrative,
workplace hazardous material information, personal protective equipment,
standard precautions, and ISO standards are necessary for avoiding risk to all
types of biohazardous materials.
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ABSTRACT

Tannins belong to the phenolic classes of secondary plant metabolites
and are widely distributed in nature. Their chemical structures may vary
greatly consisting of simple, oligomeric, and polymeric compounds that
have multiple structure units with multiple free phenolic hydroxyl groups.
From the chemistry point of view, this review discusses and presents general
definitions, classifications, chemical structures, significance, and some
ecoefficient applications of tannins as well as the building units of tannins,
which are mainly gallic and ellagic acids of hydrolyzable tannins, the first type
of tannins. Also, in contrast, procyanidins and profisetinidins are converted
into the second one, which is named as condensed tannins. Tannins as well
as other natural phenolic products have found ascending interest in many
scientific areas, and recently, more investigations and projects are carried out
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that are especially related to the pharmaceutical effects, environment, dyes,
food industries, green adhesives, natural antioxidants, anti-inflammatory and
antibacterial agents, cosmetics, biobased polymers additives, etc.

6.1 INTRODUCTION
6.1.1 NATURAL PHENOLIC COMPOUNDS

Naturally occurring phenolic compounds are a large and heterogeneous
group of plant secondary metabolites that are distributed throughout the plant
kingdom. They have been implicated in various bioactivities such as protective
roles in plants and recently in human diet. The three most important plant
phenolics are flavonoids such as anthocyanins (as plant pigments), phenolic
acids such as coumaric and salicylic acids, and stilbenes such as resveratrol
in red grapes. All of these phenolic products can be found and used as natural
polyphenolic or oligophenolic molecules (Maestri et al., 2006).

Essentially, many polyphenols were found to have multiple functions
mainly for the protection of plants from environmental hazards such as
pollution, photo-oxidation, disease resistance, and pathogenic attacks and
they also provide pigments and flavors. Furthermore, natural phenolic
compounds have been found interesting in many scientific areas, and more
investigations and scientific projects are carried out in these directions,
especially that are related to pharmaceutical effects, environment, dyes,
food industries, adhesives, antioxidants, antiinflammatory and antibacterial
agents, cosmetics, etc. (Mamta et al., 2013; Jin and Russell, 2010).

6.1.2 TANNINS: DEFINITIONS, STRUCTURES, AND CLASSIFICATIONS

Tannins, also known as plant polyphenols, are a group of natural polyphenols
that are found in numerous different plants, often in high concentrations in
the outer bark of hardwood. Basically, they have been known and utilized by
man for centuries even without full knowledge of their chemical structures
and physical and chemical properties. Their name is derived from the French
word “tan or tannin,” meaning the oak bark and other trees used in leather
tanning; in other words, this name comes from the historical practice of
extracting compounds from oak bark to tan leathers. This denomination is
used for a range of natural phenolic compounds with a variety of molecular
weights and complexities (Mohamed and Alessandro, 2008; Horvath, 1981).
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The most persuasive general descript of the tannins was the one proposed
by Horvath (1981): the tannins are defined as “any phenolic compound of suffi-
ciently high molecular weight containing sufficient phenolic hydroxyls and other
suitable chemical groups (i.e., carboxyl) to form effectively strong complexes
with proteins or other macromolecules under the particular environmental condi-
tions being studied.” Comparable to other natural phenolic products, tannins are
extremely found in the plant tissues and pertain to the phenolic molecules of
secondary plant metabolites. With multiunits or polymeric structures, tannins
having multiple building blocks with plentiful hydroxyl groups. According to
the Bate-Smith definition, additing to the previous definition, tannins can be
explained as “water-soluble phenolic compounds having molecular weight
between 500 and 3000 Da, and besides giving the usual phenolic reactions, they
have special properties such as the ability to precipitate alkaloids, gelatins and
other proteins” (Versari et al., 2013; Bate-Smith and Swein, 1962).

The first classification of tannins depends on their chemical structure, which
was made in the 1920s by Freudenberg, who split it into two types: hydrolyz-
able tannins (HTs) and condensed tannins (CTs); the first type received their
name from the fact that they can be hydrolyzed in acidic or basic medium to
sugar units, simple phenols, and their carboxylic acids as other components,
whereas the second class of tannins has been referred to as proanthocyanidins
in many scientific journals related to healthy aspects. They obtained their name
from the fact that in an acidic medium they break up to form anthocyanidins,
which appear as red compounds or pigments (Nonhlanhla, 2011).

Some works such as Takuo and Hideyuki (2011) and Mamta et al. (2013)
divided tannins according to their final chemical structures and characteris-
tics into four major groups: gallotannins, ellagitannins, complex tannins, and
CTs, as mentioned in Figure 6.1.

1. Gallotannins belong to HTs and include all those tannins in which
galloyl units or their meta-depsidic derivatives are bound to diverse
polyol-, catechin-, or tri-terpenoid units. Generally, they are made
from polyester of gallic acid with sugar (Mamta et al., 2013).

2. Ellagitannins are one class of HTs in which at least two galloyl units
are C—C coupled to each other and do not contain glycosidically
linked catechin units.

3. Complex tannins, such as camellia tannins, have a catechin unit
bound glycosidically to agallotannin or ellagitannin units. In other
words, the structures of the complex tannins are made of a gallo-
tannin unit or an ellagitannin unit and a catechin unit, designated as
number 3 in Figure 6.1.
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4. CTs are referred to as polyflavanols or proanthocynidines; they are
all oligomeric and polymeric proanthocyanidins formed by linking
catechin (or epicatechin) with the other monomeric catechins (or
epicatechins) units.

“The chemical complexity and heterogeneity of plant tannins means that
they do not lend themselves to ready quantitative assessment, and this has
produced a confused picture of their real significance—both evolutionary
and ecological...” (Haslam, 1988).

FIGURE 6.2 Basic building block of flavonoids and flavan-3-ol unit.

6.2 HYDROLYZABLE TANNINS

Based on the chemical structure and susceptibility to acid hydrolysis, HTs,
one of the main groups of tannins, are a mixture of simple phenols, such as
pyrogallol and ellagic acid, and esters of sugars with gallic acid and digallic
acid. The key feature of HTs is a formation with a carbohydrate core, in most
cases, glucose, whose hydroxyl groups are partially or totally esterified with
phenolic groups of gallic acid or ellagic acid (hexahydroxydiphenic acid).
The common examples of HTs include theaflavins (from tea) and daidzein.

The HTs can be considered as polyesters derived from glucose, which
can be categorized into (1) gallotannins, which release gallic acid and its
derivatives when submitted to acid hydrolysis, and (2) ellagitannins, which
upon hydrolysis release ellagic acid and valonic acid (Bossu, 2006; Karamali
and Teunis, 2011). HTs are readily hydrolyzed by acids and bases (or
enzymes) into sugar or related polyhydric alcohol and phenolic carboxylic
acid. Through the process of hydrolysis, the HTs release phenolic acid; if
the acid component is gallic acid, then the tannins are called gallotannins
(commercially called tannic acid), and if the acid is ellagic acid, then the
tannins are called ellagitannins (Figure 6.3) (Mark, 2010).
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HO OH OH
o
HO o o o o OH
HO = o o = OH
(@) H

FIGURE 6.3 Hydrolyzable tannins.

Informally, HTs are divided into two types, the first one being those
composed of mixtures of oligomeric or simple phenols, such as gallic acid
and ellagic acid, and the second consists of esters of sugars (mainly glucose)
with gallic acid and digallic acid; the more complex structures of the latter
may contain ellagic acid, and the two types are known as gallotannins and
ellagitannins, respectively. In other words, HTs are further subdivided into
two subclasses: gallotannins and ellagitannins (Ascacio-Valdés, 2011;
Ramakrishnan and Krishnan, 1994).

6.2.1 GALLOTANNINS

Esters of gallic acid and sugars, gallotannins, also commercially called
tannic acid, are considered to be the simplest hydrolyzable type since
they yield gallic acid on hydrolysis. The typical sample for gallotannins is
pentagallolyl glucose or gallic acid, which has five identical gallolyl groups
esterified with a glucose core. It has been reported that the general physical
and chemical properties of HTs and gallotannins, as an example, are bonding
with proteins and gelatin, bitter flavor, blue—black complex formation when
treated with ferric salts, and forming leather from animal skins. They are
soluble in water, alcohol, and ethyl acetate but insoluble in other organic
solvents such as ethers and carbon disulfide. They can be converted into
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acetyl derivative, a crystalline derivative that has a melting point of 137°C
when reacted with acetic anhydride (Ramakrishnan and Krishnan, 1994;
Stephane and Ken, 1996).

6.2.2 ELLAGITANNINS

As previously demonstrated, ellagitannins (esters of hexahydroxy diphenic
(ellagic) acid and sugars) are characterized by the monomers building
ellagitannins, which are hexahydroxyl diphenyl (from hexa hydroxyl
diphenic acid HHDP) ester groups with sugars, besides polygalloyl esters.
The hydrolytic release of HHDP ester groups leads to their facile and
unavoidable conversion by transesterification into ellagic acid, based on
which these natural products are named. Ellagitannins yield ellagic acid
on hydrolysis, in addition to other phenolic compounds, namely, chebulic
acid, chloroellagic acid, etc., which have the phenolic chemical structures
derived from ellagic acid.

The oligomerization of ellagitannin molecules is presumed to arise
primarily from oxidative C—O coupling between galloyl and hexahydroxy-
diphenoyl moieties of appropriate monomeric precursors. Over about 150 or
recently more structurally characterized dimeric to tetrameric ellagitannins
have been isolated and classified according to the type of monomeric frag-
ments involved and the regiochemistry of the attachment process (Stephane
and Ken, 1996).

6.3 CONDENSED TANNINS

In the same manner, CTs are complex structures consisting of oligomers
and polymers of flavonoid units (flavan-3-ol and flavan-3,4-diol); these
flavonoid monomer units are repeated 2—11 or 1-30 times or more (i.e., 2—50
or more; Andersen and Markham, 2006) to create the structure of CTs such as
mimosa and quebracho tannins. Comparatively, they usually have molecular
weight higher than HTs and they do not contain a sugar moiety (Jaganathi
and Alan, 2010). The monomer units that make up CTs are distinguished by
the number of —OH groups on the B-ring, the stereochemistry of C2, C3, and
C4 of the central ring, and the distinct location and stereochemistry of the
interflavanoid linkages; for example, procyanidins possess a di-hydroxy B
ring, while prodelphinidins possess a tri-hydroxy B ring.
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6.4 PHYSICAL AND CHEMICAL PROPERTIES OF TANNINS

Generally, tannins from different plants species have different properties and
reactivities. However, CTs and HTs have some native physical and chemical
properties, such as they have a three-dimensional structure and noncrys-
tallized amorphous and nonnitrogenous plants products. But, in particular,
tannins have astringent and bitter taste properties and some of them can be
dissolved in water, especially the HTs. Their aqueous solutions show an
acidic reaction and a sharp astringent taste. Most of their compounds cause
precipitation of proteins, alkaloids, glycosides, gelatin, and heavy metal salts
(Frutos et al., 2004; Takuo and Hideyuki, 2011).

Multiple phenolic hydroxyl tannins can create many hydrogen bonding
with carbonyl groups of some macromolecules such as proteins. Figure 6.4
shows the sum of the general chemical reactivity of CTs. Nucleophilic substi-
tution reactions occur at the hydroxyl groups introducing either acyl or alkyl
groups. Acylation is commonly achieved by reaction with acid chlorides or
anhydrides, while the alkylation reaction is commonly achieved through reac-
tion with alkyl halides or epoxides (Warren et al., 2013; Helene et al., 2011).

Nucleophilic
substitution-
esterification-
etherification

Complex
with metals
or proteins

OH v __

Antioxidant
activity
Polymerization site

Tannins chemistry for some eco-efficient applications

FIGURE 6.4 Chemistry of tannins.

Electrophilic
aromatic substitution
formaldehyde-

halogenation

The chemical reactivity of tannins within the electrophilic reaction is high
because of high hydroxyl group content. This functional group is a relativity
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strong electron donor in basic media, whereas phenoxide salts are formed
during this reaction. Two examples of electrophilic reactions are halogena-
tions and the reaction with aldehydes; the site of reaction with aldehydes is
the A ring and only the B ring in very alkaline conditions. The nucleophilic
center on the A rings of flavonoid units tends to be more reactive than that
found on the B rings. This reaction is well studied due to its applications in
adhesives systems (Pizzi, 2003).

6.5 SOURCES AND SIGNIFICANCE OF TANNINS

Essentially, the sources of tannins are numerous, as there are a large number of
trees and shrubs that contain tannins. There are many species rich in tannins,
which contain both HTs and CTs. Notable for either their present or past
economic and industrial importance, tannins resources are black-wattle or black
mimosa bark, quebracho wood, oak bark, chestnut wood, mangrove, eucalyptus
bark, tara, barks of several pines, and many more. Moreover, tannins can range
between 2% and 40% of the dry bark of many trees species; such values may
render the product economically viable for industrial utilization. Tannins are
most commonly obtained from the wood, bark, and leaves of different plants;
the bark of Picea abies can contain up to 15% tannins, some mangrove species
can possess up to 35% tannins, and the tannins content varied between 30% and
35% in the case of the quebracho tree (Michel et al., 2011).

Tannins from the bark of the black-wattle and quebracho trees are consid-
ered to be the most important sources for CTs when produced at industrial
scales. In Brazil, works involved with tannins, including wood gluing, were
initiated in the late 1970s and the early 1980s. The authors in the previous
reference (i.e., Michel et al., 2011) reported that, according to Sociedade
Brasileira de Silvicultura, SBS, approximately 3000 companies in Brazil use
pine wood in their production processes, concentrating on sawn wood, cellu-
lose, papers, and panels (plywood, MDF, and OSB); pine and other trees
barks are a residue for the majority of the wood industries, presenting an
environmental and economic challenges upon disposal.

The international markets for tannin extracts of vegetable origin produce
about 160,000 tons per annum (TPA), including approximately 100,000
TPA originating from acacia plantation and the remainder is sourced from
other species, such as castanheira (Italy), quebracho (Argentina), and tara
(Peruvian) (Michel et al., 2011; Antwi-Boasiako and Animapauh, 2012).
Practically, tannins are extractable from wood and bark by soaking or
percolating in water or in some aqueous solutions or by organic solvent
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extraction. Researchers have extracted tannins from the bark of Pinus radiate
and Acacia, leaves of sumac, seeds of pigeon pea, flowers and leaves of
Crataegus, membrane of pecan nut, bark of mimosa, and wood of quebracho.

In Malaysia, tannins have been extracted from Phyllanthus niruri or
known as “dukung anak” and from mangrove bark of Rhizophora opiculata.
The bark of mangrove is a waste product from the charcoal industry in
Malaysia. By using the solid-liquid extraction process with about 70%
aqueous acetone solution, 34.68 wt% of tannins can be isolated from the
mangrove bark; therefore, the barks of these trees can be considered a
potentially affordable and abundantly available source of tannins (Raquez et
al., 2010; Chuan Wei, 2008).

Tannins are extracted using different solvents such as methanol, ethanol,
water, ethers, NaOH, sodium carbonate or bisulfite solutions, and other
alkali. Many techniques such as water extraction with the addition of
chemicals, solvent extraction, and fractionation extraction with ultrafiltration
have also been developed in an attempt to increase the yield of bark tannins
and improve their quality for wood adhesives. However, only the water
extraction processes, with or without the addition of chemicals, is relatively
economically feasible (Antwi-Boasiako and Animapauh, 2012).

The objectives of study, which is carried out by Michel et al. (2011), were
to evaluate the tannin extractions from the bark of Pinus occarpa by using
water and water solutions containing sodium carbonate and sodium bisul-
fate; the results of that study have revealed that it is possible to obtain high
yield (~39%) of tannins from the bark by using extraction when coupled
with the addition of sodium salts. Generally, the solid—liquid extraction is
still the most common procedure to extract and analyze the phenolic fraction
of plant sources due to its simplicity, high efficiency, and easy tunability.
Eucalyptus bark is separated as a waste product from eucalyptus wood when
used as a raw material, mainly to produce cellulose pulp and secondary to
produce panels and boards, and is also used as a fuel. So, this bark represents
an important and industrial resource for tannin production at industrial scales
(Onifade, 2001).

6.6 TANNIN ACTIVITY AND APPLICATIONS

We have seen that the extracted tannins have several commercial applications,
including leather tanning, adhesive additives, dispersants, asphalt additives,
and pharmaceuticals. Leather tanning is the traditional and oldest application
field of tannins; tannins interact with and precipitate proteins to preserve the
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hide, hence forming leather. During the past decades, the explosive growth of
biotechnology and green chemistry has been extended to chemical industries
and organic polymers chemistry, which leads, in nature, to rapidly increase
the awareness of the need for green chemistry in chemical industries and to
create new polymeric materials with improved performance.

For example, phenolic resins retain industrial and commercial interest a
century after their introduction.

Because of innovative research, new phenolic products and applications
continue to emerge, demonstrating their versatility and potential to cope
with the ever-changing requirements and challenges of advanced technology
(Raquez et al., 2010). Among different renewable resources, tannins, due to
their similar structure to that of phenols, have been considered as a natural
and renewable raw material in the design of phenolic resins and are also
considered as an excellent renewable resource for replacing petroleum-
derived phenolic compounds. However, the major applications of tannins and
their derivatives have been manly as adhesives, mostly wood adhesives (Lan
et al., 2012; Frederique et al., 2012). The reactivity of tannins is due to their
A-ring phloroglucinole or resorcinol nuclei, determining the reactivity toward
formaldehyde and consequently their potential to cross-link, as shown in
Figure 6.5. Simple phenols and tannins can react with formaldehyde to produce
prepolymers or resins that have the ability to polymerize through methylene
bridge linkages at reactive positions of the flavonoid molecules mainly at A
rings. The free C6 or C8 sites on the A ring react with formaldehyde, due to
their strong nucleophilicity, to form adhesives.

FIGURE 6.5 Reaction of a tannin with formaldehyde.

Tannins also can react with formaldehyde via phenolic nuclei. Their
A-ring phloroglucinolic or resorcinolic nuclei may be main reason for this
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reactivity. However, tannins can react with formaldehyde about 10 to 50
times faster than that with typical phenols. Because of this characteristic,
low formaldehyde emission and more environmentally friendly benefits
were obtained from tannin-based adhesives in comparison with other wood
adhesives, such as phenol-formaldehyde (PF), urea-formaldehyde (UF),
etc. As a result, for example, tannins- based adhesives production rate will
enhanced in comparison to those of the PF (Pizzi and Tekely, 1995; Li et
al., 2016).

The modification of PF with a high tannin content enables the recovery
of resins with almost the same technical specifications as those of petroleum-
based Novolac resins. Wood-based composites and solid wood are often
bonded with synthetic adhesives that contain formaldehyde or other chemicals
that are harmful to the human health and environment; formaldehyde-based
resins including UF, PF, and melamine-urea-formaldehydee (MUF) are the
three most commonly used binders in wood composite industries. In the
past decades, several attempts have been made to develop environmentally
friendly adhesives from natural materials or to reduce or replace formaldehyde
content in adhesive formulations (Sumin and Hyun-Joong, 2003; Terry and
George, 2004).

Although the behavior of HTs is analogous to that of simple phenols and
can easily substitute phenol in PF resins as an extender, it has numerous
disadvantages such as high viscosity, low strength, and poor water resistance.
The need for modification and the limited worldwide production decrease
their chemical and economic interest in this field due to their low reactivity
toward formaldehyde or other electrophilic compounds needed for the
network formation. For these reasons, there is not much information in the
literature about HTs and their applications as adhesives (Terry and George,
2004; Pizzi, 2006). HTs have many applications in the fields of medicines
and coating, but limited information is available in the literature that deals
with their uses in adhesive industeries. Hills (1979) point out in his study that
the HTs can be used as additives in phenolic resin technologies.

A key feature in tannins is that they are phenolic in nature and undergo
the same well-known reactions of phenols with formaldehyde that are either
base- or acid-catalyzed, mainly weak base-catalyzed for industrial applica-
tions. However, being 30-50 times faster than phenol, formaldehyde reacts
with tannins to produce methylene bridge linkages mainly with the A rings
of flavonoids, having reactivity compared to or slightly lower than that of
resorcinol. Furfuryl aldehyde is also found to be a very good cross-linker and
plasticizer when coupled with formaldehyde (Pizzi and Scharfetter, 2003).
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Tannins can also react with glyoxal and benzaldehyde since the tannin
molecules are generally large; the rate of molecular growth is high so that
the tannin adhesives tend to have short pot lives. Glutaraldehyde and furan
have been shown to react with tannins to produce a slow-forming precipitate,
whereas the precipitates with formaldehyde form much faster. Generally, most
tannin-based adhesives are fortified with a synthetic polymer system, such
as commercial UF, commercial PF, resorcinol-formaldehyde, and isocyanate
(Pizzi and Scharfetter, 2003; Electra and Zoi, 2011). Copolymerization
of urea, formaldehyde, and tannins is reported at pH 5.5-6.5, where the
probability of copolymerization and self-polymerization could occur in
a ratio of 50:50. However, the composition applied to industries is in fact
mixtures of UF resin with tannin solution rather than copolymers (Electra &
Zoi, 2011).

Vazquez et al. (2005) studied the curing of polymers and adhesives
prepared from the copolymerization of 5—17% pine bark tannins with phenol-
urea-formaldehyde (PUF) prepolymers. Differential scanning calorimetry
(DSC) and dynamic mechanical analysis (DMA) techniques have been used
to study the curing processes and overall. The author reports that the DSC
curves of the PUF prepolymers show an exothermic peak between 146 and
149 °C and a second peak at higher temperatures (186—196) °C. Both peaks
shiftto lower temperatures in the PUFT adhesives. The enthalpy of curing also
decreases when increasing the tannin content in the PUFT adhesives. Also,
the gel time decreased significantly when the adhesive tannin content was
increased from 10% to 17%. However, the maximum rigidity, corresponding
to the finishing point of the resin curing reaction, decreased. The data of this
study show that these resins allow for shorter hot press time and therefore
increase productivity. This is a great advantage from the industrial point of
view, as per the author's statement.

Herbert (1989) reported that about 10 KT of tannins (CTs) from acacia
trees barks extracts were utilized as adhesives in comparison to 300400 KT
of phenol consumed for the same purpose. Herbert further stated that 30-50%
tannin replacement of the resin solids in amino resins (UF and melamine-
formaldehyde) and phenolic resins (PF and resorcinol-formaldehyde) has
been formulated into wood adhesives. The aims of Amine et al. (2013,
2010) in their studies about tannins adhesives were to replace partially or
totally the petrochemical-based adhesives such as UF, PF, and melamine-
formadehyde-UF, which can generate under certain conditions and have human
health and environmental hazards, with environmentally friendly adhesives
derived from corn starch and tannins; their investigation on the use of these
materials to prepare natural wood adhesives shown that particle board panels
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bonded with these adhesives showed comparable mechanical properties to the
panels made with the commercial UF resins.

Since tannins are natural polymers with more than two hydroxyl groups
per molecule, they can be used as polyol for rigid PU preparation, which opens
a new and another important application for tannin activity. Recently, broad
studies show that tannins can be used for the preparation of various PU and
other polymer resins. Essentially, a major development in the use of tannins as
macromolecular materials has taken place and increased in the last few years.
CTs were found to cross-link in polycondensation reactions with furfuryl
alcohol and small amount of formaldehyde, thus making these composi-
tions almost totally based on renewable resources, when these reactions were
conducted in the presence of volatile additives, and as a result foaming took
place giving rice to rigid cellular materials. These foams displayed remark-
able properties in terms of insulation, fire resistance, chemical inertness, and
metal ion sequestration (Tondi et al., 2014; Basso et al., 2011).

Further works on these remarkable materials involved synthesis of a new
kind of polyurethane foam from wattle tannin, by the work of Jinjie et al.
(2003), which has good prospects of applications for its biodegradation and
antimicrobial properties, and it was found by this study that wattle tannins
could contribute not only to bacteriostatic activity but also to biodegrad-
ability during soil microorganism treatment for polyurethane foams. More-
over, bioresourced materials are much more acceptable from the society
point of view than synthetic ones, especially for in-house applications.

Basso et al. (2011) clearly showed the possibility of the prepared green
and formaldehyde free rigid foams for thermal insulation based on renew-
able chemicals: tannins and furfuryl alcohol are very easy to produce and
are totally stable, have low density, low thermal conductivity, low hydrophi-
licity, and have an expected interest for the thermal insulation of buildings.
Polyphenols, and more specifically CTs, can be an alternative to bisphenol-A
to produce epoxy prepolymers. Helene et al. (2011) synthesized bio-based
epoxy prepolymers from catechin, a repeating unit in tannins.

Natural phenolic compounds can provide important complex building
blocks; gallic acid is one of the main components of HTs and can be used as
renewable monomers for thermosetting applications. Aouf et al. (2013) and
Benyahya et al. (2014) described the production of bio-based epoxy resin
by using novel glycidyl derivatives of gallic acid, pyrogallol and green tea
tannins; the chemical structures of these epoxy products were determined
by electrospray ionization-mass spectrometry analyses, which demonstrated
the feasibility of formulating epoxy thermosets based completely on natural
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phenolic products. In their conclusions, Benyahya et al. (2014) show that
the functionalization of the natural green tea tannin extract with epichloro-
hydrin led to the corresponding epoxy prepolymers with an epoxy equiva-
lent weight of 7.2 mmol/g. From DSC and thermogravimetric analysis, it
clearly appears that this material exhibits a high cross-linking density with
isophorone diamine curing agent in a 1:1 molar ratio of epoxy group. It have
totally insoluble and high thermal stability properties. In the last decades, the
research studies have been focused on low environment impact, recyclable
and eco-sustainable products, natural substances obtained from wastes, or
by products of agro-food industry, which have attracted particular attention.

Grigsby et al. (2013) evaluated the potential of esterified tannins by using
anhydrides as a route to synthesize tannin esters, possessing varying ester
chain lengths and degrees of substitution, and then used them as plastic
additives in poly(lactic acid) (PLA), and the researchers reported that the
esterification of tannins by acid anhydrides is a preferred synthetic route to
enhancing tannin hydrophobicity and that tannin derivatives exhibited melt
behaviors suitable for proceeding in plastic and also the tannin ester deriva-
tives may act to reduce PLA stiffness as well as confer a protection role to
it. On the whole, the results of this study suggest the scope for the use of
tannin esters as plastic additives. In another subsequent paper, Grigsby et al.
(2014) synthesized tannin hexanoate and tannin hexanoate acetate. Esterified
and native CTs have been evaluated in polypropylene and aliphatic polyester
(Bionolle). While the presence of tannin additives contributes color to the
plastics, their presence can provide beneficial functionality to plastics, such
as antioxidant activity and ultraviolet (UV) stabilization.

A series of tannin derivatives were assessed as plastic additives in
polypropylene and aliphatic polyester Bionolle and evaluated for their
influence on mechanical, thermal, and aging characteristics of plastics. The
results show that the condensed tannin ester additives containing hexanoate
groups can be compounded into either polypropylene or aliphatic polyester
up to 10% w/w content without impacting plastic processing. Both tannin
esters (tannin hexanoate and tannin hexanoate acetate) act to stabilize the
plastics during artificial aging by inhibiting UV degradation. Oxidative
induction testing also suggests that tannin esters can act to prevent the
oxidative degradation of polypropylene. Overall, this study has shown that
bio-derived CTs resins can be a functional equivalent of synthetic polymer
additives and have the potential to improve plastic sustainability credentials
(Grigsby et al. 2014).

Heavy metal ion removal from aqueous solutions can be achieved by
adsorption onto vegetable waste; absorption technology has recently become
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a real alternative to traditional waste water treatment due to its relative
simplicity and high efficiency. Moreover, a larege number of low-cost adsor-
bents for wastewater treatment can be found; one class of such materials is
tannins. Tannins exhibit specific affinity to metals ions and have the potential
to be used as an effective and efficient alternative absorbent for the recovery
of metal ions. The ability of tannins to complex with metal ions is due to
orthohydroxyls present in the B rings, and it was found that ion exchange
was the main adsorption mechanism as metal cations displace the adjacent
phenolic protons forming chelate structures (Mehmet and Siikrti, 20006).
Mahmut et al. (2006) carried out the polymerization reactions of formal-
dehyde with mimosa and valonia tannins to synthesize two resins and then
used them as adsorbents for the removal of various metal ions from aqueous
solutions. The conclusion of that study suggests that the two resins are highly
stable and may be used for the removal of metal ions at room temperature.

The aims of the work carried out by Graciela et al. (2003) were to evaluate
pine bark tannins, chemically modified with an acidified formaldehyde
solution, as an absorbent to remove metal ions from aqueous solutions and
acidic mine copper waste water, and the results show that the modified
tannins absorb smaller amounts of metal ions than the modified bark. Clearly,
tannins demonstrate specific affinity to metal ions and have the potential
to be used as an effective and efficient alternative adsorbent for metal ion
absorption and water purification from heavy metal ions. Since tannins are
water soluble, this property restricts their practical applications in this field.
Therefore, many approaches have been reported to immobilize tannins onto
various matrixes to solve the water-soluble problem of tannins.

Tannin gel including sodium ions was made by Mitsubishi Nuclear Fuel
Co. Ltd. and investigated by Yoshitake et al. (2004) as an adsorbent for heavy
metal ions, such as lead, cadmium, and copper ions, and it was found that
the gel shows high adsorption capacity for these ions. The results indicate
that the gel can capture a few heavy metal ions selectivity from their mixture
solutions, and the conclusion of their investigation points that the adsorption
mechanism was based on ion-exchange reactions and the use of tannins gel
as an adsorbent for heavy metal ions is beneficial.

In the project of Laurent et al. (2013), phenolic synthons (stable phenolic
monomers) were produced by the depolymerixation process of CTs, which
were isolated from industrial grape seed extracts at the multigrams scale by
using ethanol solution consisting of 0.2 M HCl and other chemical reagents
as extraction media. In the conclusions of their study, the authors show that
the depolymerization of industrial tannins was obtained with an overall yield
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of 52% w/w of released monomers, and the residual part consists of unknown
cleavage resistance structures; this method provide cheap access to bio-based
phenolic monomers. The experimental results of the research work carried
out by Ndazi et al. (2006) on the production of composite boards from a
mixture of rice husks and wattle tannin-based resins has shown that rice
husk particles when blended with alkali-catalyzed tannin resins resulted in
improvements in the interfacial bond strength and stiffness of the composite
panels from 0.041 to 0.200 MPa and from 1039 to 1527 MPa, respectively.

Barbosa et al. (2010) have used tannins in the preparation of tannin-
phenol polymers and then used them in the preparation of bio-based compos-
ites reinforced with coir fibers. They have observed that the obtained mixture
showed extreme adhesion between the fibers and matrix. The experimental
data of Izod impact strength, scanning electron microscopy images, and
the values of the diffusion coefficient of water that were carried out in this
study showed that the bio-based composites obtained have the potential in
nonstructural applications such as in the internal parts of automotive vehicles.

Elaine and Elisabete (2012) prepared tannin-phenolic resin by using
condensed-type tannins. In their research, the tannin-phenolic resin was used
to prepare polymer—matrix composites; according to the obtained results,
tannins can be used as a macromonomer in the synthesis of the tannin-
phenolic resin used for the production of composites.

In a previous work, tannins were used as a partial substitute of phenol in
the synthesis of phenolic Acacia bark-based composites. Low water absorp-
tion and high storage modulus were the main advantageous properties of
the composite (Frollini et al., 2008). Blends of HTs, cashew nut hell liquid,
and UF resins have been synthesized and tested in the work carried out by
Bisanda et al. (2003) to prepare particle boards from coffee husks, and they
determined their mechanical and physical properties for particle board appli-
cations. The blending of HTs with UF resins has been found to reduce the
formaldehyde emission levels significantly. A blend of HTs and cashew nut
shell liquid has been found to possess better dimensional stability. Tannin-
blend resins cure faster, which means they have shorter pot life and result in
composites with better water and moisture resistance when compared with
UF resins.

6.7 TANNINS AS NATURAL ANTIOXIDANTS

Plant phenols have received increasing interest due to their free radical-
scavenging ability and their effects on the prevention of various oxidative
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reaction-associated diseases and stress. Recently, the isolation, use, and
evaluation of natural phenolic compounds as pure or crude extracts from
different plant resources have become a major field for health- and medical-
related researches (Jin and Russell, 2010). In their work, Hagerman et al.
(1998) evaluated tannins as biological antioxidants, and the results suggest
that the tannins, which are found in many plants, are potentially very important
biological antioxidants as they have quenching ability for peroxyl radicals
about 15-30 times more than that of simple phenolics. Riedl and Hagerman
(2001) determined the antioxidant activity of tannin—protein complexes,
which are founded to act as scavengers and sinks for free radicals.

As an alternative antioxidant property, some phenolic compounds
with dihydroxy groups can conjugate transition metals, preventing metal-
induced free radical formation. Phenolic compounds with catecholate and
gallate groups can inhibit metal-induced oxygen radical formation either by
coordination with Fe*" (or Cu?") or enhancing the autoxidation of this ion
(Jin and Russell, 2010). Phenolic compounds in the bark of Acacia mangium
were extracted, and their antioxidant activities were investigated using
1,1-diphenyl-2-picrylhydrazyl free radical-scavenging and ferric-reducing
antioxidant power assays in the work of Liangliang et al. (2010). A significant
linear relationship among antioxidant potency, antiradical activity, and the
content of phenolic compounds of bark extracts was observed.

Generally, the action of polymer additives against a thermo-oxidative
process is a main tool to preserve the desired polymer properties for a
long period and at different conditions. A study on the efficiency of natural
antioxidants, bio-based tannins, and other phenol byproducts, as stabilizers
for polypropylene, is reported by Ambrogi et al. (2011). Their stabilizing
activity was compared with that of a commercial phenolic antioxidant.
The experimental results provided evidence for the effectiveness of natural
stabilizers. Finally, increasing interest in the lowering or replacement
of synthetic antioxidants has led to focus the research studies on natural
antioxidants, especially on plant-origin materials.

6.8 CONCLUSIONS

Polyphenolic materials and specifically tannins, as this review focused,
isolated or extracted from a broad variety of plant materials (from forestry
or viticulture byproducts) are available in high quantities. They are
historically used in the leather tanning and adhesive industries. Increasingly,
CTs are polyphenolic oligomers based on a flavanyl repeat units with the



General and Chemical Perspectives and Studies 133

hydroxylation pattern providing potent antioxidant activity. These properties,
their availability, and the relative ease to chemical modification make tannins
attractive for many projects and investigations such as polymer additives or
modifiers. They could be modified by acetylation, hydrolysis, condensation,
polymerization, etc. They may also be copolymerized with formaldehyde
and aminoplast or phenolic resins to elaborate thermosetting binders for
particle panels as well. They could also be formulated as adhesives by direct
hydrolysis followed by polymerization. Several new emerging applications
are in adhesive industries for partially replacing hazardous phenol by
phenolic resins. On the other hand, the antioxidant properties of tannins are
not a surprise. The antioxidant activity of polyphenols and other properties
make these compounds a very interesting potential raw material for the
development of green materials.
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ABSTRACT

Bryophytes are the most successful nonflowering thallus land plants. Bryophyte
life structure is the simplest, having recurring arrangements of photosynthetic
tissues, which provide maximum primary production and minimum water loss.
Different life forms are found, which is a specialty of bryophytes. Bryophytes are
mainly known as amphibians of plant kingdom, as they can successfully survive
on both land and water. Bryophytes are very much economically important.
Bryophyte are proved as potential bioindicators of air pollution as they shows
a wide range of habitat diversity, structural simplicity, totipotency, and fast
multiplication rate. One most important feature of bryophytes is that they show
high metal accumulation capacity. Bryometers are used for the measurement of
phytotoxic air pollution. Bryophyta alone or along with lichens gives valuable
information about air pollutant by an index of atmospheric purity (IAP), which
is based on the number, frequency-coverage, and resistance factor of species. In
this chapter, we will discuss about the role of bryophytes as bioindicators and
the methods by which we can measure pollutants in the thallus of bryophytes.

INTRODUCTION

Bryophyta is a division of kingdom Plantae and contains a small group of
lower plants, placed between algae and vascular plants. The word Bryophyta
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is derived from Greek words, “Bryon” meaning mass and “phyton” meaning
plant. This division comprises of mosses, hornworts, and liverworts. They are
groups of green plants that occupy a position between thallophytes (algae)
and vascular cryptogams (pteridophytes). Bryophyta lacks a proper vascular
tissues system and are not able to form seeds after fertilization; that is why
they are considered as the most primitive type of embryophyta. Regarding
the origin of bryophyte, two important scientific communities are there: one
group believes that they are originated from algae, while the other believes
that they are originated from pteridophytes. Bryophyata has alteration of
generations, i.e., their life cycle contains two phases: gametophytic and
sporophytic. These two generations have unique structures. Gametophytic-
phase nutrients are directly absorbed by diffusion through the cells. These
plants are very peculiar and sensitive and act as potent bioindicators for a
few pollutants, and nowadays bioindicators are a very important field of
concern. Lichens and bryophytes are two important bioindicators.

Le Blanc and Rao (1975) exploited an instrument called bryometer for
the measurement of phytotoxic air pollution. Bryophyta alone or along
with lichens gives valuable information about air pollutant by an index of
atmospheric purity (IAP), which is based on the number, frequency coverage,
and resistance factor of species.

Bryophytes can be of two types on the basis of indicators of pollution:

1. Species that are very sensitive and show visible symptoms or injuries at
very low concentration of pollutants. These are a very good indicator.

2. Species that are able to absorb and retain pollutants at a very high
level as compared to other plants growing in the same habitat.
These plants trap and prevent the recycling of such pollutants in the
ecosystem for different periods of time. Analysis of such plants gives
a fair idea about the degree of metal pollution.

7.1 GASEOUS POLLUTANTS AND BIOMONITORS

Air pollution is mainly due to gases like carbon monoxide (CO), hydrogen
sulfide (H,S), fluorides, hydrocarbons (HCs), nitrogen oxides (NO,), ozone
(0,), sulfur dioxide (SO,), aldehydes, and lead. NO, and NH, are primary
gaseous pollutants that are strongly phototoxic (Greven, 1992). SO, and NO,
are converted to strong acids by oxidation and react with atmospheric water to
formacidrain. Nitrogen oxides, SO,, and smoke are produced by the combustion
of fuels in automobiles, which releases various metals into the atmosphere.
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Dust, particles of metal oxides, coal, soot and fly ash, cement, liquid particles,
heavy metals, and radioactive materials are particulate pollutants. Ozone (O,)
is a secondary pollutant formed by the action of sunlight on nitrogen dioxide
and certain hydrocarbons and is more phytotoxic. Pesticides and fertilizers are
also pollutants, adding various forms of aquatic pollution. These pollutants are
very harmful for the flora and fauna of the earth, while there are some plants
that acts as biomonitors or bioindicators of pollution. Biomonitors are actually
biological indicators that can detect changes in the physical and chemical
properties of the abiotic environment. They act as direct indicators of the
physical and chemical properties of the environmental pollution. Biological
indicator organisms or plant species shows differences in their occurrence,
vitality, and responses under changed environmental conditions.

7.2 METAL POLLUTANTS AND BIOMONITORS

A few highly dangerous heavy metals like lead (Pb), zinc (Zn), mercury (Hg),
and cadmium (Cd) are important metal pollutants. The list of metal pollutants
also contain iron (Fe), aluminium (Al), copper (Cu), and manganese (Mn).
These metals are called heavy metals as they have a specific gravity of 5
or higher, although this definition is not up to the mark, and in year 1980,
Nieboer and Richardson classified the metals in Class A group of metals,
which are oxygen seeking. Class B group contains nitrogen- or sulfur-
seeking metals. The third and last group contains intermediate metal ions
called as borderline and are generally those who are classified on the basis of
atomic properties (Table 7.1).

TABLE 7.1 Classification of Metals by Nieboer and Richardson (1980)

Sr.No. Class Property Metals

1. Class A Oxygen seeking Cs’, K%, Na’, Li*, Ba*, Sr*, Ca>", Mg*,
La3+’ Gd3+, Y3+, Lu3+’ Sc3+’ Be2+’ AP

2. Class B Nitrogen/sulfur seeking Cs*, K*, Na*, Li*, Ba*", Sr*", Ca?", Mg*',
La“, Gd3+, Y3+’ Lu3+7 Sc3+’ Be2+’ FNES

3. Borderline Atomic property Pb**, Sn?', Cd**, Cu*, Co?*", Fe*", Ni*,

Cr, Ti, Zn**, Mn?*, V>, Ln*, Sb(III),
Fe’*, Ga’*, As(IIl), Sn(IV)

These metals are absorbed by plants and get accumulated in plant tissues.
Further, these plant tissues can be analyzed to assess the level of metal
accumulation and to give clear information about metal pollutants present
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in the environment (air, water, and soil). Sphagnum acutifolium accumu-
lates Pd, Cd, and Zn. Hylocomium splendens, Hypnum cupressiforme, and
Pleurozium schreberi are the good bioindicators of Hg, Be, and Ag, as they
accumulate these metal pollutant in their cells. Fontinalis antipyretica and
Eurhynchium rioariodes and the aquatic mosses are indicators of heavy
metal pollution in water.

A perfect biomonitor must have a few important characteristics listed as
follows:

1.

4.

5.

It can accumulate high levels of pollutants and these pollutants
should not causes death of the plant.

It should be distributed widely and abundant for repeated sampling
and comparison.

Life must contains various ages and stages and its life must be long
for survey.

It must have specified target tissues or cells for further research at the
microcosmic level.

It can be sampled and cultured easily in the lab.

Biomonitoring can be used by two methods:

1.

Direct monitoring: It is based on the amount of pollutant in a suitable
organism (bioindicator spp.) or basically it is measuring the quantity
of pollutants in suitable organisms.

Indirect monitoring: 1t represents biological signals, which are due
to changes in the environment that have an impact on plants, like
changes in morphology, physiology, and cytology. This indirect
method is a sampling- and data-based method and is included in
reports. Although data provided by physical and chemical moni-
toring are indispensable for evaluating the changes in the environ-
ment, the application of an (ideal) biomonitor has many advantages
compared to direct monitoring techniques. In general, the concen-
tration of pollutants in the monitoring organism is often higher than
in the system to be monitored, so accurate sampling and analysis
lead to accurate results. Biological monitors mainly reflects external
conditions averaged over a certain time, like a specific substance in
that organism may increase or decrease with age. This is important
when the monitoring levels change rapidly in time. The concentra-
tions of pollutants in organisms give an idea about the bioavailability
of that pollutant. Biological monitors are natural species and already
present in the environment and monitoring continuously naturally.
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In direct biomonitoring of atmospheric pollutants, most of the relevant
information is missing as they have to meet the specific requirements like
abundant occurrence in the area of interest, independent of local conditions,
availability of species in all seasons, tolerant to pollutants at relevant levels,
etc. Other important factors like sample preparation, sampling, and measure-
ment of the amount of element accumulated at that concentration can be done
easily. Many animal and plant species are used for air pollution monitoring,
as they can meet most of the above requirements. Animal species usually
reflect complex changes in the environment, that is, air, water, and soil pollu-
tion and element intake in their diet, so it is tough to analyze and interpret air
pollution. However, a few plant species appear to be especially suitable to
indicate elemental air pollution and can be used as possible biomonitors for
air pollution studies.

7.3 BIOMONITORING BY MOSSES

Mosses have been used for biomonitoring in a number of different ways, and
they are mainly

1. indigenous and
2. transplants.

Indigenous mosses are naturally growing mosses, and biomonitoring is
mainly done by them only. Transplants are “moss bags” and mosses species
that are collected from a clean environment, washed with dilute acids before
use, and left at a sampling site for a desired period. Within this specific period
of'exposure to the new place, they show different changes in their morphology
and physiology. Transplant mosses are used for local studies, not for accu-
rate studies and high pollution zones. Epigeic mosses grow on the ground
and are widely used for the regional surveys in northern and central Europe.
Mosses growing on the top of a substrate mainly consisting of organic soil
and decaying plant debris are clearly preferable over using epiphytic mosses
growing on trees. Many mosses are found on the trunks or branches of trees,
and it may be possible that the incoming flux of trace elements from the atmo-
sphere, deposited in the form of wet or dry forms (Chakrabortty et al. 2006),
will be substantially modified by the canopy before reaching the moss, and it is
also conceivable that trace elements supplied to the tree from the soil through
the root system and eventually leached, for example, from leaf surfaces, will
form part of the exposure of the moss. In warmer climates, epigeic mosses
cannot be used as biomonitors as they grow directly on the mineral soil and
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pick up soil particles to a great extent. In such situations, epiphytic species
growing on stumps are the best option to detect pollution. Two types of
epigeic mosses are used for sampling and survey: feather mosses such as P,
schreberi and H. splendens and peat mosses such as Sphagnum fuscum. Bryo-
phytes are also humidity sensitive, and many species are restricted to specific
microhabitats. A very striking feature of bryophytes is that they dry out very
quickly and at the same time can also absorb minute quantities of available
moisture from different sources, like fog, mist, and dew. This environmental
water is available in a very small quantity, and naturally, other plants are not
able to absorb it, while bryophytes can. However, during droughts, all physi-
ological processes are quickly reduced to a minimum. A few bryophytes grow
successfully on calcareous substrates like Tortella lortuosa. Racomilrium
lanuginosum grows on acidic ground, and its presence on the soil surface
indicates the acidic nature of soil.

7.4 SITUATIONS WHERE BIOINDICATORS/BIOMONITORS ARE
USED

1.  Where the indicated environmental factor cannot be measured, like
situations where environmental factors in the past are different than
present and palaeo-biomonitoring can be done.

2. Where the present factor is difficult to measure the amount of pesti-
cides and their residues or complex toxic that are highly interacting.

3. Where the environmental factor is easy to measure but difficult to inter-
pret, e.g., whether the observed changes have ecological significance.

7.5 TYPES OF BIOMONITORS

There are different plant and animal species that act differently as biomonitors.

7.5.1 CLASSIFICATION ON THE BASIS OF THE AIMS OF
BIOINDICATORS

1. Complianceindicators: They are used to measure the specific attributes
of any population, community, or ecosystem level, for example,
fish population in pond. They are used to verify he maintenance or
restoration goals.
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Diagnostic indicators: They are used to measure individual or subspe-
cies biomarkars. They are used to investigate the observed environ-
mental disturbances.

Early-warning indicators: They are very sensitive to a minute change
in the environment and are able to give visible response. They can
reveal the first signs of disturbance in the environment before any
other species get affected.

Accumulation indicators: They store pollutants without affecting
their own metabolism, and at different times, they show different
levels of accumulation at different levels of organization, e.g., lichens
and mosses.

7.5.2 CLASSIFICATION ACCORDING TO THE DIFFERENT
APPLICATIONS OF BIOMONITORS/BIOINDICATORS

1.

Pollution indicators: These species are able to detect the pollutant
level in the environment. These bryophytes are sensitive to a few
pollutants and show remarkable effect on them.

Environmental indicators: They are usually species that are able to
detect changes in the environmental state. In this case, the organisms
are used as early-warning devices, and they delimit the effects of a
disturbance, while they may also have the ability to accumulate toxins,
which may further be used as a bioassay for the pollutants (Figure 7.1).

BIOMONITORS
POLLUTION ECOLOGICAL BIODIVERSITY ENVIRONMENT

FIGURE 7.1 Biomonitor classification.

Biodiversity indicators: Biodiversity indicators are environmental or
biotic attributes. A biodiversity indicator is a group of genus or tribe
whose diversity reflects some measures of the diversity of other taxa
in the same habitat. These measures of diversity may include charac-
ters like richness, level of endemism, genetic diversity, etc.
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4. Ecological indicators: They include species that are sensitive to pollu-
tion, habitat fragmentation, or other stresses. These species represent
the nature and sensitivity of the community. Due to the effect of
pollutants, the species show responses like decline in population size,
change in spatial distribution, or any number of life history changes.

7.6 MEASUREMENT TECHNIQUES USED TO MEASURE
POLLUTANTS BY USING BRYOPHYTA

7.6.1 PHYTOSOCIOLOGICAL METHOD

The AP measurement is one of the best ways to detect the changes in the
quality of air in the environment. The measurement technique was suggested
by Govindapyari et al. (2010). The air quality change in the environment
directly reflects the change in phytophysiology. In this method, bryophytes
growing naturally on the tree bark are examined along with a pollution
gradient. The frequency of changes and abundance of species through a
number of transects are recorded with time. The number of transects used
are radiating in all directions and with increasing distance from the source of
pollution. IAP is determined by applying the following formula:

IAP=X(Q x f110)n
where

n = total number of species present at a site,
f=frequency coverage of species at each site, and
0 = resistant factor.

7.6.2 ECOPHYSIOLOGICAL METHOD

This method includes direct exposure of bryophytes to pollutants with
known concentrations. For this, the fumigation of a pollutant with different
concentrations is the best way and the cultured plants were exposed to this
fumigated environment. The growth and survival rate of plants, injury due
to pollutant exposure, chloroplast degradation, and unusual growth of the
plants are the main observations. On the basis of these observations, the level
of toxicity, its effects, and the level of tolerance of plants can be determined
in different species.
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7.6.3 SURVEY METHOD

This method is a sampling- and survey-based method, and the abundance of
the individuals or species exposed to the pollutants are used for sampling.
The level of pollutants is not uniform everywhere in an environment, so the
exposure and effect of pollutants may vary from place to place. Within a
specified environment, different sites are selected. Among these sites, different
bryophyte species are compared and readings are recorded in a survey report.
This indicates the quantity of pollutants or stress on the organisms of the site.
Periodic surveys are made on the native bryophytes in different sites. The
number, frequency, and abundance of native species and the dominance of
the growth form can be compared with the past records, reports, and periodic
herbarium collection. Disappearances of already existed and reported species
are marked as sensitive species, while a few tolerant species may appear in
the new existed environment.

7.6.4 TRANSPLANTATION METHOD

In this method, bryophytes are taken along with their substrates from an
unpolluted area and further grown in a polluted area or any industrial area
with remarkable pollution. This method clearly shows visible changes in
bryophytes and can be easily compared from the previous unpolluted envi-
ronment to the new polluted environment. Polluted sites shows some visible
responses in bryophytes, like injuries, difference in growth forms, plasmolysis
and chlorophyll degradation in the leaf cells, etc. Transplanted species show
a modified pattern of growth of shoots and branching and deposition of wax
on the plant surface. Transplantation can be done by the following three ways.

7.6.4.1 TRANSPLANTATION IN THE SOIL

This method is based on bryophyte growth comparison in polluted and
nonpolluted areas. First, polluted sites were selected and bryophytes grown
in small plots were prepared in the ground. Similarly, some plots of nonpol-
luted sites are established as a control. Branching of plant parts, production
of basal regenerative shoots, and the rate of survival are recorded periodi-
cally, which give a fair picture of pollution stress.
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7.6.4.2 MOSS BAG METHODS

In this method, epiphytic mosses are widely used and muslin cloth bags
(20 x 20 cm? size) are prepared and filled with epiphytic mosses. These bags
are hanged in different locations of the cities; these locations may be polluted
or unpolluted. A periodic analysis of the rate and ability of regeneration of
these samples provides data on the trend of pollution. Similar to this, aquatic
mosses filled in the bags can be kept in the water bodies and their analysis
indicates the extent of pollution in the water bodies.

7.6.4.3 BRYOMETER

It is a box where bryophytes are grown in a moist chamber with their original
substrata. The box has transparent sides made of thin glass with openings so
that air and light can pass to the plants inside the box. The boxes are kept
in different locations of the polluted area. The frequent observations of the
growth and survival rate of the bryophytes indicate the trend of pollution
in the sites. Spore germination pattern and protonema growth are easy to
observe in this moist chamber.

7.7 FEATURES OF BRYOPHYTA AS BIOMONITORS

Biomonitors provide both qualitative and quantitative information about the
environment. Liverworts and mosses are good bioindicators as they have
a simple thalloid structure having one-cell thickness. They lack cuticle or
epidermis, which causes higher absorption and accumulation of nutrients
and pollutants. Some bryophytes grow in soils having specific pH and are
indicators of the particular pH of the soil. Bryophytes are widely used as
they are able to accumulate the pollutants and available throughout the year.
The accumulated pollutants are easily measured by quantitative methods,
and this provides the information about the level of pollutant deposition.
Mosses and lichens are considered as the most appropriate as they are able
to deposit atmospheric heavy metals in them. Electronic detectors and other
methods are used to detect the level of pollutants, but it may also possible
that if the level of pollutants is below a certain concentration level, then its
estimation is very tough. Chemical analysis is strongly dependent on the
time and place of sampling, while bryophytes have the ability to facilitate
the detection of the elements present in very low concentrations. Mosses as
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natural biomonitors thrive in a humid climate. Ectohydric mosses are widely
used as biomonitors.

The most important feature is that mosses can be stored for several years
without any deterioration, and old specimens can easily be analyzed chem-
ically. Bryophytes have wide distribution, ability to grow on a variety of
habitats, large surface area, lack of cuticle and stomata, evergreen nature,
which make them unique. Bryophytes are considered as Environmental
Specimen Banks as they can be grown on a variety of habitats. Bryophytes
obtain nutrients from the substances dissolved in moisture. The substances
are directly absorbed from the substrata by diffusion through the cells.
Pollutants reached to the cells and get deposited in the form of particles or
gases. During analysis, these cells show the presence of elements and their
concentration gradient in the respective substrata clearly indicated the level
of pollution in the environment.

7.7.1 BRYOPHYTES AS POLLUTION CONTROLLERS

H. splendens and P. schreberi are used for heavy metal detection in air as
they have the ability to accumulate many metals in high concentrations.
Marchantia polymorpha, Solenostoma crenulata, Ceratodon purpureus,
and Funaria hygrometrica (Coombes and Lepp, 1974) are metal-tolerant
bryophytes. Bryophytes growing on rocks are more tolerant to pollutants as
compared to bryophytes growing on tree trunks. However, epiphytic species
growing on a tree base can cope with the pollution conditions better than
those on tree trunks. Brachythecium rutabulum, Grimmia pulvinata, Orthot-
richum diaphanum, Bryum capillare, Bryum argenteum, Tortula muralis,
Rhynchostegium confertum, and H. cupressiforme show better survival
growth in a polluted environment. Different life forms of bryophytes are
responding differently to the level of pollutants. Similarly, rough mats, tall
turfs, wefts, large cushions, and leafy liverworts are less tolerant to pollutants
than smooth mats and small cushions, while short turf and thalloid forms are
highly resistant to pollutants as compared to others.

The leafy gametophores are more sensitive than the mature gametophytes
(Gilbert, 1969). The reproductive potential of a species determines its degree
of success in a polluted environment. The survival of B. argenteum, C.
purpureus, Dicranella heteromalla, F. hygrometrica, Leptobryum pyriforme,
Lunularia cruciata, M. polymorpha, and P. proligera have high reproduc-
tive capacity and fast growth. These species produce spores or gemmae on a
very large scale. A few terricolous species grows best on soils at a pH of 3.4
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and in SO,-polluted areas, for example, D. heteromalla, Pohlia nutans, and
C. purpureus. Sulphur dioxide (SO,)-resistant bryophytes show fast growth
rate; for example, Hypnum yokohamae and Glyphomitrium humillimum
were able to tolerate SO, concentrations of 0.04—0.05 ppm (Gilbert, 1970).

Fluoride-resistant btryophytes are P. nutans and Aulacomnium androg-
ynum, Polytrichum commune, Leucobryum glaucum, Rhytidiadelphus squar-
rosus. Sphagnum and Bryum like terrestrial mosses are good indicators of
SO,, NO,, fluorides, and HCl in soil. Bryum dyffrynense is a poikilohydrous
moss, and a few grasses are sensitive pollution indicators. A few aquatic
mosses are found in water sources when there is good content of calcium and
nutrients in water. A few mosses are specific as they grow only in copper-
rich soil and are indicators of the presence of copper in the soil, for example,
Merceya, Mielichhoferia elongata, and M. mielichhoferiana.

As bryophytes lack a protective layer like epidermis or cuticle, this makes
them highly sensitive. Bryophytes are widely used for the measurements of
heavy metal toxicity like chromium, copper, cadmium, nickel, and vanadium
particularly in the areas near power stations. Cesium is a radioactive
metal, and its presence in nature can be detected by bryophytes. They dry
very quickly and also absorb a very small quantity of moisture present in
the atmosphere in any form like mist, fog, dew, etc. Tortella lortuosa is
associated with calcareous substrates, while R. lanuginosum grows only on
acidic surfaces.

7.7.2 EFFECT OF METALS ON BRYOPHYTES

Bryophytes absorb atmospheric chemicals either soluble chemicals in wet
deposition or particles from dry deposition. Bryophytes absorb heavy metals
without any disturbance of the normal biological pathway. This special ability
makes them unique, and that is why they are successfully used as biomonitors
for environmental pollutants. The efficiency of a moss to uptake the metal
varies from species to species. Mostly, bryophytes take dissolved elements in
ionic forms. The absorbed ions attached to the surface of mosses by physical
and chemical forces. The cells of bryophytes have different retention capacities
for different ions. A very large retention capacity indicates that both simple
cation exchange on negative surface charges and complex formation with
ligands on the surface of moss are involved. Mosses cells absorb strongly Cu
and Pd as compared to Zn and Cd. H. splendens and P. schreberi are the two
important species used in environmental element studies. M. polymorpha and
Calymperes delessertii are good monitors of aerial lead and copper. Pottia
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truncata, Polytrichum ohioense, D. heteromalla, and B. argenteum are very
tolerant of high tissue levels of cadmium (610 ppm), copper (2700 ppm), and
zine (55,000 ppm). H. cupressiforme accumulates zinc, copper, and cadmium
threefold more as compared to lichens and other plants. Metal uptake by
bryophytes depends upon the level of metals and the affinity of cells of
bryophytes with these metals. For example, copper and lead are absorbed
more as compared to nickel. The absorption of nickel is more as compared to
that of cobalt, zinc, and manganese.

7.7.3 S0,AND ACID RAIN MONITORING BY BRYOPHYTES

Bryometers were not accepted by everyone so new technologies must be
needed. In 1967 and 1968, Gilbert found that SO, is an important factor
and decides the distribution of mosses and development of reproductive
structures and capsules. He published his research article based on G.
pulvinata as an SO, indicator in 1969 (Gilbert, 1969). Monitoring studies
based on bryophytes developed a list of tolerant and intolerant bryophytes,
which can be used as successful bioindicators. Taoda (1972), in Japan,
started using epiphytic species to assess the pollution level in Tokyo city.
He divided the city into five different zones, based on pollution intensity.
His classification included both mosses and liverworts. This zonation is on
the basis of sensitivity of bryophytes to SO,. (1) G. humillium and H. yoko-
hamae; (2) Entodon compressus, Hypnum plumaeforme, Sematophyllum
subhumile, and Lejeunea punctiformis; (3) Aulacopilum japonicum, B.
argenteum, Fabronia matsumurae, and Venturiella sinensis; (4) Haplohy-
menium sieboldii, Herpetineuron tocceae, Trocholejeunea sandvicensis,
and Frullania muscicola.

SO,-exposed mosses are reduced in coverage. The damage may be due to
direct exposure of SO, or by the formation of sulfuric acid. SO, reacts with
water and forms sulfuric acid. Further, sulfuric acid breaks into hydrogen
ions and makes water to become acidic. In plant cells, these free hydrogen
ions replace magnesium of chlorophylls and further lead to the destruction
of chlorophyll. Despite this simple mechanism, there are mosses that can
protect their chlorophyll molecule from such destruction and such mosses
tolerate the acidic environment. Dicranoweisia change SO, into a harmless
sulfate (SO, ) salt. It is also observed that the concentration of chlorophyll
is very high in these tolerant bryophytes. Due to acid rain, the acidification
of plant barks takes place and acid-tolerant mosses grow on the surface of
barks. P. schreberi grew faster in an acidic environment having pH 4.5. At
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pH 3.5, its growth and chlorophyll content reduced and the production of
capsule decreased.

7.8 CONCLUSION

The most striking feature of bryophytes is the accumulation and retention of
pollutants, which makes them so special for the interpretation of heavy metal
emission pattern. There is a great need to extend the observations on mineral
location and effect to a much wider range of species. More species should
be recognized to inhibit the chemical environment. Other important aspect is
visible responses shown by plants in a polluted environment that are different
from those in an unpolluted environment. These aspects of bryophytes also
attract research on their unique mechanisms at the cellular level by which
they can survive in extreme acidic and polluted environments.
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ABSTRACT

The consumption of medicinal plants has increased in recent years, as plants
synthesize compounds that prevent diseases. However, the efficiency and
innocuousness of many of them are unknown, and some countries lack
regulatory mechanisms for their trade. For this reason, researchers have
focused their work on developing both biological and chemical studies to
identify active ingredients. Therefore, they have established processes of
extraction, purification, and characterization of some active compounds of
plants. Regularly, these techniques are established based on the chemical
structure of the interest group. To isolate an active compound, first, the
extraction of the plant material is carried out. Then, the extract is subjected
to a qualitative phytochemical analysis to identify the groups of compounds.
Then, a separation technique is established, which includes thin-layer
chromatography, gravitational column chromatography, liquid vacuum
chromatography, or liquid flash chromatography. Finally, some techniques are
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used to purify and identify the active compounds, such as high-performance
liquid chromatography—mass spectrometry, gas chromatography coupled to
mass spectrometry, nuclear magnetic resonance, infrared spectroscopy, and
ultavoilet—visible spectroscopy.

8.1 INTRODUCTION

Since ancient times, humanity has searched plants to cure their diseases;
consequently, it has deepened their study. Currently, there is an increase in the
consumption of medicinal plants to prevent diseases since medicinal plants
produce secondary metabolites that are an important source of medicines.
Therefore, to increase in the production of plants that produce compounds
of pharmaceutical importance is highly desirable to maintaining sustainable
(Pandey et al., 2018). Additionally, rural people residing in developing
countries rely on the use of medicinal plants because they have limited
access to allopathic medicines (Aziz et al., 2018). For some years, the World
Health Organization reported that around 80% of the world population
depends on traditional medicine. For instance, in the United States, 90
medicines prescribed are obtained from plants (Al-Nahain et al., 2014).
On the other hand, a large number of allopathic medicines are synthesized
from plants such as codeine and morphine (Papaver somniferum) (Higashi
et al., 2010; Weid et al., 2004). Around the world, there is a great diversity
of flora; as result, different cultural groups use plants to treat their diseases
according to medicinal properties. However, to understand the function of
the active principles of each plant, it is necessary to carry out biological
and phytochemical studies that guarantee their proper use. Therefore, it is
essential to establish extraction, purification, and characterization processes
when a new compound is discovered or to formulate an allopathic drug.
Regularly, these techniques are established based on the chemical structure
of the group of interests. Consequently, preliminary tests are carried out to
determine the solubility of the components of the plant extract. Then a qualitative
phytochemical analysis is performed to identify the groups of compounds as
well as a chromatographic profile using thin layer chromatography (TLC). The
chromatographic profile by TLC allows selecting the eluents to be used in the
work process to separate the extract by gravitational column chromatography
or liquid vacuum chromatography. Some processes of selection of the active
principles include bioguided assays and chemical traces (Hernandez-Ocura et
al., 2017). Finally, techniques are used to purify and identify the compounds
that include high-performance liquid chromatography—mass spectrometry
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(HPLC-MS), gas chromatography coupled to mass spectrometry (GC-MS),
nuclear magnetic resonance (NMR), infrared (IR) spectroscopy, and ultavoilet—
visible (UV—vis) spectroscopy.

8.2 MEDICINAL PLANTS AND PROPERTIES

Human beings have used plants since prehistoric times (Abe and Ohtani, 2013;
Khan, 2014). In ancient civilizations, the plants were ingested for curative
and psychotherapeutic purposes as tinctures, teas, poultices, powders, and
other herbal formulations since almost 5000 years ago in India, China, and
Egypt and at least 2500 years in Greece and Central Asia (Halberstein, 2005;
Balunas and Kinghorn, 2005). At least, 422,000 flowering plants have been
identified around the world and closely 12% are used to treat some illness
(Abe and Ohtani, 2013). Many medicinal plant species have spread globally
both via intentional and carefully planned transfers and as the unintentional
outcome of people’s movements (Aguilar-Stoen and Moe, 2007).

Mexico has an estimated 30,000 species of plants, where approximately
3000-7000 are of medicinal use (Camou-Guerrero et al., 2008). Indeed,
from times before the arrival of the Spaniards, ancient Mexicans had already
developed a knowledge deep on the qualities and medicinal uses of the
plants as stated in colonial documents such as Codice de la Cruz Badiano,
Ensayo a la materia Médica vegetal de México, and Historia de las cosas
de la Nueva Esparia written by Martin de la Cruz and Juan Badiano, Vicente
Cervantes, and Bernardino de Sahagun, respectively (Alonso-Castro et al.,
2012; Schifter Aceves, 2014). Importantly, most of the Mexican medicinal
plants are gathered from the wild, and only 15% are cultivated. On the other
hand, in our country, the plants represent direct inputs to satisfy the necessity
of food, material for construction, fuel, or fodder, and some plant species
may also contribute to the familial economy through commercialization
of plant products (Camou-Guerrero et al., 2008). Furthermore, despite the
vast botanical wealth of Mexico, the pharmacological, phytochemical, and
toxicological effects of only a few groups of medicinal plants are known.
However, almost half of the population has no access to a public health
institution, whereby this population needs to use medicinal plants (Alonso-
Castro et al., 2017).

In most cases, the pharmacological properties of medicinal plants are
well defined by indigenous people of each place worldwide (Mahdi, 2010).
Nowadays, the prevalence of use of herbal medicinal by persons around the
world is high and continuously increasing, especially because some medicins
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are cheaper than conventional medicines (Posadzki et al., 2013). However,
some plants could be inefficient in the treatment of some diseases, the use
of certain medicinal plants might be toxic, and the pharmacologically active
ingredients of some medicinal plants may interact with synthetic drugs,
which, in turn, could endanger the health of patients (Alonso-Castro et al.,
2017; Posadzki et al., 2013; Bourgaud et al., 2001). In any case, investiga-
tions are required to develop medicines based on plants.

Clinical, pharmaceutical, and chemical studies on medicinal plants were
the basis of many early drugs such as aspirin (from willow bark), digoxin
(from foxglove), morphine (from opium poppy), quinine (from cinchona
skin), and pilocarpine (from Maranham jaborandi) (Halberstein, 2005;
Balunas and Kinghorn, 2005; Aguilar-Stoen and Moe, 2007; Petrovska, 2012).
Also, if that is not enough, the secondary metabolites of medicinal plants
can be useful as cosmetics, fine chemicals, or more recently nutraceutical
compounds. Indeed, 25% of the molecules used in the pharmaceutical
industry are obtained from plants (Bourgaud et al., 2001). Some plant natural
products are easily chemically synthesized, but many others with multiple
chiral centers are difficult to synthesize and are often produced through the
exploitation of native biological pathways using the natural harvest (Paek et
al., 2005). Therefore, efforts toward sustainable conservation and rational
utilization of biodiversity at the present and future should be implemented
(Vanisree et al., 2004; Wilson and Roberts, 2014). In this sense, several
biotechnological strategies are in development to enhance the production
of secondary metabolites from medicinal plants in vitro; some of these
include plant cell culture techniques, hairy root cultures, biotransformation,
heterologous production, and others (Narayani and Srivastava, 2017).

Currently, in the world, a large number of plants are commercialized for
their medicinal properties, among which are Rosmarinus officinalis (rosemary),
Zingiber officinale (ginger), Panax ginseng (ginseng), Garcinia cambogia
(tamarind malabar), Curcuma longa (curcuma), Amphipterygium adstringens
(cuachalalate), Aloe vera (aloe), Allium sativum (garlic), Allium nigrum
(black garlic), Camelia sinensis (green tea), Valeriana officinalis (valeriana),
Gnaphalium chartaceum (mullein), Ternstroemia lineata (tila), Eucalyptus
globulus (eucalyptus), Matricaria recutita (chamomile), Lavandula angustifolia
(lavender), Moringa oleifera (moringa), and Salvia mexicana (salvia) (Al-Nahain
etal., 2014; de Oliveira et al., 2019; Li et al., 2012; Liu et al., 2019; Jamila et al.,
2019; Karamalakova et al., 2019; Rodriguez-Garcia et al., 2015; Lopez et al.,
2019; Gao et al., 2019; Hassanain et al., 2010; Caudal et al., 2017; Gonzalez-
Burgos et al., 2018; Hajaji etal., 2017; Cardia et al., 2018; Zeng et al., 2019). The
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medicinal effects of plants vary; some are used in the region of origin and others
in the whole world. Table 8.1 describes the properties of the main plants used in
traditional medicine worldwide.

TABLE 8.1 Properties of Some Plants Used in Traditional Medicine

Plant Properties Reference

Rosmarinus Anti-inflammatory, antioxidant, antimicrobial, (de Oliveira et

officinalis antiproliferative, antitumor and protective, al., 2019)
inhibitory, and attenuating activities

Zingiber Anticancer, anticlotting, anti-inflammatory, (Al-Nabhain et al.,

officinale analgesic, antiasthmatic, antidiabetic, 2014; Liet al.,

Panax ginseng

Garcinia
cambogia

Curcuma longa

Amphipterygium
adstringens

Aloe vera

Allium sativum

Camelia sinensis

Valeriana
officinalis

Eucalyptus
globulus

Matricaria
recutita

Lavandula
angustifolia
Moringa
oleifera

antitrhombotic, and laxative

Cardiovascular disorders and aging-related
disorders

Antiobesogenic, antitumor, antiulceric,
antihemorrhoidal, antidiarrheal, antidisenteric,
antifebrifuge, antiplatelet aggregation, and
antidiabetic

Antioxidant, anti-inflammatory, and anticancer
Anti-inflammatory and antiulceric

Apoptotic, hepatoprotective, antioxidant,
antibacterial, antidiabetic, antihyperglycemic,
and anti-inflammatory

Antioxidant, antimicrobial, anti-inflammatory,
and anticancer

Antioxidant, anti-inflammatory, and antimutagenic

Anxiolytic, sedative, myorelaxant, gastrointestinal,

and menstrual spasmolytic

Antiasthmatic, antibronchitic, antimicrobial,
antihelmintic, and antidiabetic

Antimicrobial, larvicidal, anticarcinogenic,
and anti-inflammatory

Anticonvulsant, anxiolytic, antioxidant,
anti-inflammatory, and antimicrobial

Antitumor, antibacterial, antiarthritic, antioxidant,
antiasthmatic, hepatoprotective, and antipoisoning

by metals

2012)
(Liu et al., 2019)

(Jamila et al.,
2019)

(Karamalakova et
al., 2019)

(Rodriguez-Garcia
et al., 2015)

(Lopez et al.,
2019)

(Gao et al., 2019)

(Hassanain et al.,
2010)

(Caudal et al.,
2017)

(Gonzalez-Burgos
etal., 2018)

(Hajaji et al.,
2017)

(Cardia et al.,
2018)

(Zeng et al., 2019)
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8.3 ACTIVE COMPOUNDS ISOLATED FROM PLANTS USED IN
TRADITIONAL MEDICINE AND HOMOEOPATHY

For years, hundreds of plants, due to their active ingredients, are used in
homeopathic medicine (Bartomeu Costa-Amic and Aldape Barrera, 1998).
The plants synthesize various compounds, among which are flavonoids and
related compounds, sesquiterpene lactones, coumarins, lignans, terpenoids,
steroidal compounds, carotenoids, limonoids, meliacins, simaroubalidans,
cardiotonic glycosides, alkaloids, and terpenes. Some of them are specific
to the treatment of particular diseases (Solis-Salas et al., 2019; Dominguez,
1979). However, the active compounds mostly used in traditional medicine
belong to the phenylpropanoid, flavonoids and related compounds, terpenoids,
and alkaloids. Table 8.2 includes some plants used as homeopathic medicines
in the world. Additionally, Table 8.2 describes the properties of each plant
and related active compounds.

On the other hand, each society has systems such as alternative,
traditional, and allopathic medicine or professional health systems that are
influenced by differences between cultures. At a global level, there is greater
interest and demand for the use of traditional and allopathic health systems,
so a professional collaboration between both health systems is desirable (van
Rooyen et al., 2015).

Some countries lack the regulation of plant products (James et al., 2018),
but in others, they have governmental institutions commissioned to regulate
them. In this sense, from 1938, all homoeopathic medicines included in the
Homeopathic Pharmacopoeia of the United States are regulated under the
Food, Drug and Cosmetic Act. Additionally, since 1962, the Food and Drug
Administration has requested that clinical trial data must be provided for
all new drugs that support the safety and efficacy before the medicine can
enter the market. In Canada, these products are regulated by the Food and
Drug Act of Canada since before January 2004 (Johnson and Boon, 2007).
Therefore, the pharmaceutical industry develops phytochemical and biolog-
ical processes that guarantee reliability in the consumption of its products.
These processes include separation and characterization extraction methods.

8.4 TECHNIQUES FOR THE EXTRACTION, ISOLATION, AND
CHARACTERIZATION OF ACTIVE COMPOUNDS

Medicinal plants synthesize a wide variety of compounds with medicinal prop-
erties. Among the main groups of compounds are phenylpropanoids, flavonoids



161

Applied Techniques for Extraction, Purification

(910€ “10ydspury] ‘10T “'[e

19 owouog 810 “Te 19 o:?.@msmv
(810Z Yoy :Z10T ‘Wery)
(5007 “1® 10 [yodsiop

'810T “e 30 uresny

19107 “'Te 10 21183 N-0S0pIED)
(200T “18 3 yIopg

L00T “Te 30 ABPEX)

(100 ‘statef pue uoiSur[jopm
G107 T8 32 uefmoy anoduiyeiqy

'G10T “'[e 19 BILAIQ 9P AJ[o3EY)

(8107

e 30 dAeMY] 100T “Te 10 'Isnog)
(8661 “1 30 g&T *TI0T “I®

12 N2SaAUNIORI)) Q[T T8 12 0SOI[Q)
(610T “T& 10 T[QLBIN :€00T

“le 10 eONN :L00T “8 19 ysexeld
$00T ‘B1qaYUg ‘S00T BIGeNURe)
(100T ‘110318 Q10T “Te

19 UOSSXI[9,] 10T ‘ISuIg pue LmiJ

SOATJBALIOP

pIo€ 0191385 Sk yons ‘spunoduiod
orjouayd oriydorpAy pue
‘SOUQYE0IOY PUE SOPIWE[E SE Yons
‘spunodwod o1jiydodiy ‘sprouoae]j

(profex|e) sutoryo[o)

Jejo0e

OIWRUAD pue ‘OpAyopewreuuId
pue [oUa3N2 S Yons ‘S[I0 [BNUISSH
S[10

[ETJUSSSO WOIJ PAJR[OSI [OPLIBISY
(sprouoaery)

unoolonb pue ‘urjojrxe) ‘urqAyIs ore
sjuouodwod Jofew :(SUBUSI[OUOAR]]
orjouayd4jod) joenX0 ULIBWAIS
(profexye)

Jurue£osoAy pue ‘(projey[e)
surwejodoos ‘(profeye) surdony
sp1oe orjoudyd pue ‘sprouoAe[}
‘(auoyoe] suadiaunbsas) ureusjoy

S[10 [B1JUISS
pue ‘spunodwod Injns ‘soroudyJ

[BIQOIDIWUIIUR PUR JUBPIXOIUR
JojenunsouNWWI ‘AI0JeWWRJUI-Uy
KI01PWWERJUI-NUR PUB ONBWNIYINUY

[BIqOIdIWIIUER PUR ‘JOWN) UL
‘oruageInwinue QuUepIXonue ‘O1oqeIpRuy

SouI [[99 Jowny) JSurede o1x0j03LD)

‘eLIOJOBqIUE ‘TOWMIIUE ‘AI0jetUR[JUL
-nue ‘orxojojedaynue ‘yueprxonuy

[eITATIUE PUR ‘IOO[NNUE OTUIAYLIRIIUR
JAISU0AdAY ‘01593 BUE [BOO] ‘OAIIBPIS
9ANn2901d0)Ld

pue ‘queprxonuy ‘A1ojewiwejul-nuy
aAneIojIoIdnue

pue ‘o1powsedsijue ‘sisouoSoue[oWIUER
Te1qOIOTWIIU. JUBPIXONUY

[eSunjiiue pue ‘[eIIATIUE ‘TOWNIIULR

v1jofiysndup
DaOVUIYDTT
a[PUMNIND WNO1Y2J0))

wWnouv)Aaz
WNuWowyuu1)

UUIT WNDUIUL]DYIUD
wnipodoudy’)

ULIRRD) T WNUDIIDU
unqdAqig

puuopnjjaq vdoyy

puvjuout vI1ULY

pdao wnijjy

(G10T ‘ovy pue B[[O[)Rd ‘8]10T B (utuodes J0JR[NPOWOUNUIWI ‘I0JOLI}SUOOOUIA wnuvispooddiy
39 TUI[QYDIIA SST0T T8 30 BAOSBA ) oruadioln) (Ur0s9-839q) UIOSH ‘A10jBWIWRIUI [JUB JUBPIXONUY SnINosay
UAIYIY spunodwo)) 3AIY sapaadoag jueld

Sjue[q [BUIDIPIJA JO sonIadold oy) 03 paje[ay spunodwio) oAnOY '8 A1dV.L



Natural Products Chemistry

162

(8661 ‘eId1IRg odeply pUB OIWY-€}SO)) NOWOLIRY) SOJBIS PIIIU[) UBIIXIA o3 Jo eroodoorureyd oy woij pajidwod sem sjueld Jo 3s1] oy ],

(ST0T “'Ie 30 OSNOUEIA))
(L10T “'1e 32 nooy))

(810T e 10 qnoxj10y)

(10T “'Te 30 eI[EWY)
(ST0T T8 3 PeIREq)

(0107 “Te 10 J1sex)

(1T0T “'T¢ 30 ysurs)
(L10T “'Te 3 uessey)
(010T “'I® 32 Opeuop[eA)

QuIURILILIIYS
JoxeL,

pIoe dIsouIed

-SUBI-AXOU}oW-7 | pue [0SOuIe))

opisofewejue|J
ourradig

uroIdNd)

0UQ-9 [ -09pe)daYIXOIPIYLIL -4 T
QuQ-9 [-0ope)doyAXOIPAYLIT -]
[0[0qesIq-0 Pue dUd[NZBWEY)
QuUOIRJI[[oquI)

[010qesIq-n

QUIBISIN

proe orjorddiy pue oprjorddiy

KJOjeWIWR[JUI-HUY 512102445 DINY

190UBOUY DIPIIDQq SNXXD]

esunjnuy sypuIdLffo vIapS

SONIAIOR AIOJIQIYUI QWAZUD PUB JUBPIXOIUL
‘KI0jeWIWRFUI-PUE ‘OISIO[[ENUE ‘[BLISIOBqIIUY dofvut 03vjuv]g
oTjBISE)OWINIUE PUE JOOUBIIUY wni31u 4ad1g

(uoneu1oy uodnue 47d [BIIA PUB UOIJBULIOJ

wnpAouds ATH Suniqryur) deisniiA

(sar08nsewodAn

pue sjo3nsewnds jsurede) oniserednuy
KIOJPWWEUI-NUY  DUDILIDUID DISIdJ

ondasnuy
onesIgun, pjjuownYyd
[erqoIorunuy DLDILD
JOPIWSURIIOIMAU B SB SIOY  1sumijjin v.Loydoydoy
K10)BUWIWE[JUI-T)UY puvorxout v1ddi
(sv1-na

pue ¢-0d) sreisoxd pue (91 [-LOH PUe 0T
-0[0)) uo[0d ayeysoxd (1 ¢4-V) urs (ALbL)
15821 “(6¥SV PUB ZZEH-TON) Suny :sour|

(910T “Te 3 Yueq) ouo[dn[  [[99 I90UED UBWNY SNOLIBA JSUTBTE JIX0)0IA) v13a.L sunj3ns

sare[[e3 pue ‘suruuejof[es ‘9soon|3
(#10T “Te 1@ UasIYL ‘8007 “Te 10 -[Ao[[edejudd uruue)jowewey ‘surp uoneIdyIoid [[90 190uULd SHQIYUI PUR ‘[RIANUR pupIUIZ.AIA
ouLINO], 710 [P 19 BUIL-ZOYoueRS) -1ueAooyjueold se yons ‘suruue], 9ueprxonue ‘K1ojewwe[jul-nue JuasuLnlsy S1jpuDWDL]
ERLIERETEN | spunoduwo)) 3ARIY sanaadoag nuepd

(ponunuo)) '8 ATAV.L



Applied Techniques for Extraction, Purification 163

and related compounds, terpenoids, and alkaloids. Phenylpropanoids represent
a group of compounds synthesized by secondary plant metabolism through
the shikimic acid pathway and include lignans and coumarins. Flavonoids,
quinones, tetracyclines, and acetogenins are a group of compounds synthesized
by the malonyl coenzyme-A pathway. Terpenoids (monoterpenes, diterpenes,
sesquiterpenes, steroids, and limonoids) are synthesized through the mevalonic
acid pathway and alkaloids by the three metabolic pathways (Solis-Salas et al.,
2019; Dominguez, 1979; Tetali, 2019; Nabavi et al., 2018). According to its
chemical structure, each group of compounds has characteristics of affinity for
solvents or extraction, separation, and identification conditions (Dominguez,
1979). Therefore, some extraction, isolation, and characterization techniques
of the main groups of bioactive compounds identified in medicinal plants are
described below.

8.5 TECHNIQUES FOR THE EXTRACTION OF ACTIVE COMPOUNDS

The techniques for extraction, isolation, and identification of medicinal plants
vary according to the group of compounds to be isolated. The extraction
techniques most frequently used are extractions with water, ethanol, or their
mixtures (He et al., 2019). However, also are used extractions with solvents
such as methanol, ethanol, acetone, chloroform, ethyl acetate, dichloromethane,
and petroleum ether (Cam et al., 2019; Ohikhena et al., 2018). The techniques
most frequently used for this objective are decoction, infusion, maceration
with solvents, continuous extraction soxhlet, reflux extraction, percolation, and
distillation (Zhong et al., 2019; Malik et al., 2019). In recent years, variants of
these methods have been developed using alternative forces such as ultrasound,
microwaves, and electric pulses to increase extraction yields (Matias et al., 2019).

8.5.1 DECOCTION AND INFUSION

The decoction is an extraction technique that uses water as a solvent. In this
process, 10 g of plant material is placed in 1 L of water and boiled (Rasheed
et al., 2018; Pukdeekumjorn et al., 2016). The roots, leaves, flowers, and
foliated stems are boiled in water for about 15 min, while the branches, bark,
or trunk for up to 1 h, with replenishment of evaporated water. The infusion
is an extraction technique that uses water as a solvent. In this process, 10 g of
plant material is placed in 1 L of hot water until cooled to room temperature
(Mirostawski and Paukszto, 2018).
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8.5.2 MACERATION

The maceration technique is carried out below 50 °C regularly from 15 to
20 °C (Loh et al., 2017) and uses water or alcohol as solvents (Temrangsee
et al., 2011), but white or red wines can be used during the process. On the
other hand, the preparation of homeopathic tinctures uses formal ethanol
(95% v/v) for maceration (Bartomeu Costa-Amic and Aldape Barrera, 1998).
The amount of plant extracted is usually one part of plant per 20 g of solvent.
Mucilaginous plants such as marshmallow and flax are marinated for approx-
imately 30 min, while bitter and aromatic plants for 2—12 h.

8.5.3 SOXHLET EXTRACTION

Extraction in Soxhlet equipment is another solvent extraction technique,
in which a known quantity of solvent placed in a flask. Then, the flask is
boiled in the lower part of the equipment. Therefore, the solvent vapor rises
through the outer tube. At that point, the solvent condenses in the receptacle
containing a thimble of filter paper with the plant. When the solvent reaches
the upper part, it is returned to the flask located in the lower part through a
“U”-shaped siphon and is continuously concentrated (Harvey, 2004). On the
other hand, the extraction of active principles from medicinal plants with
solvents is based on the solubility of the compounds of interest, while in
other cases, adjusting the pH is essential.

8.5.4 PERCOLATION

It is similar to cold maceration (15-20 °C) but using a circulating liquid. It
is the method used to extract the substances from medicinal plants through
a chromatographic support (Misra et al., 2018; Gholamhoseinian et al.,
2009). The recovery of anti-inflammatory flavonoids and genins from Agave
americana is an example since they are recovered by fractionation with 70%
w/w ethanol (Misra et al., 2018).

8.5.5 DISTILLATION

Distillation is an extraction technique that is often used to recover essential oils
from plants. Hydrodistillation is the most commonly used technique (Ciccio,
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2004), although some compounds are recovered by distillation by pyrolysis
using microwaves since this technique has advantages such as reduced cost,
extraction time, energy consumption, and CO, emissions (Cardoso-Ugarte
et al., 2013). The extraction of essential oils from Tagetes lucida and Abies
sibirica L. are examples as they are recovered with hydrodistillation and
microwave heating methods on an extractor STARTE Microwave Extraction
System, respectively (Ciccio, 2004; Noreikaite et al., 2017).

8.5.6 REFLUX EXTRACTION

The reflux extraction is carried out in a round flask containing the plant mate-
rial and the solvent. Subsequently, the flask is connected to a refrigerant and
heated below 50 °C for at least 30 min. The extraction time varies according
to the vegetal material. Finally, the reflux system is disassembled and the
extract is recovered (Tian et al., 2019).

8.5.7 SUPERCRITICAL FLUIDS EXTRACTION

The extraction of active compounds from medicinal plants using fluids in the
supercritical state is carried out in two stages: (1) Extraction stage, in which
the solvent flows through a static bed formed by solid particles and dissolves
the extractable components of the solid. The extract is concentrated in the
flow direction of the supercritical solvent. (2) Separation stage, in which
the solute is precipitated and deposited at the bottom of the separation cell.
Then, the solvent returns to the extraction process. This technique is useful
for the green, efficient, and simultaneous extraction of both volatile and
nonvolatile bioactive phytochemicals (Kus et al., 2018). However, when this
method is performed, the previous treatments (control of particle size, shape,
and distribution of the particles), the shape of the bed, and the surface of the
pores should be taken into account.

8.6 CONDITIONS FOR THE EXTRACTION OF ACTIVE COMPOUNDS

The extraction of active compounds from medicinal plants is carried out by
different techniques that depend on the chemical structure of each compound.
In any technique, the plant dries below 50 °C and is pulverized to fine grains
to break the cells and vacuoles to release the compounds of interest.
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8.6.1 COUMARINS

The coumarins are in free or glycosylated form in plants. Free coumarins
easily extracted with water or ethanol, while the coumarin glycosides with
sequential extractions, initiating the extraction with methanol or ethanol and
continuing with petroleum ether (Dominguez, 1979). The coumarin aglycone
recovered by acid or enzymatic hydrolysis. The isolation of coumarin from
Citrus grandis by an ethanolic extraction with reflux is an example (Tian et
al., 2019).

8.6.2 LIGNANS

Lignans are oxygenated dimers of simple phenylpropane with a B—f’
bond. These compounds have a parallel, antiparallel, and pseudo-parallel
association into their chemical structure. The glycosylated lignans readily
dispersed in water or ethanol. However, some are recovered with solvents
such as acetone. Additionally, lignans are isolated with methanol followed
by partitions with solvents of different polarities.

Lignans such as schisandrol A and schisandrol B, extracted in mixtures
of ethanol-water (95%, 70%, 50%, and 30%) from Schisandra chinensis
(Kim et al., 2011), as well as the extraction of lignans from Herpetospermum
pedunculosum, are an example (Ma et al., 2019). Additionally, lignans such
as schisandrol A, schisandrol B, gomisin G, schisantherin A, schisantherin D,
schisanhenol, (+)-anwulignan, deoxysquisandrine, schisandrin B, schisandrin
C, 6-O-benzoyligisin O, and interiotherin A of Schisandra sphenanthera
fruits were extracted with ultrasound (Liu et al., 2012). Dimethylether of
pinoresinol magnoline, epi-magnoline A, fargesin, and demethoxyschantin
recovered in the extract of dried flower buds from Magnolia biondii Pamp
are some examples of ethanolic extracts (Zhao et al., 2007).

8.6.3 FLAVONOIDS

Flavonoids are synthesized in medicinal plants such as aglycones or glycosides.
Therefore, they are easily extracted in water and ethanol. The glycosylated
flavonoids are sparingly soluble in other organic solvents since the sugar
residue influences the solubility of the compound. Flavonoids contain at least
one aromatic ring and a phenolic group in their chemical structure (Avalos
Garcia and Pérez-Urria Carril, 2009). Among them are the traditionally used
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techniques such as extraction with hot water under pressure, solid—liquid
extraction, extraction with fluid under pressure, and alternative procedures,
such as extraction with supercritical fluids, ultrasound-assisted extraction,
microwave-assisted extraction, and pulsed electric field extraction (Baiano,
2014). Therefore, it is necessary to establish different parameters such as flow
rate, solvent, temperature, pressure, and time to obtain high performance of
active compounds.

On the other hand, to extract flavonoids, microorganisms and enzymes can
be applied to plant materials. This procedure decreases the use of solvents used
in the traditional extraction methods, decreases the extraction time, increases
the yield, and improves the quality of the obtained flavonoids (Wang et al.,
2010). The fermentation of microorganisms allows modifying the plant matrix
to facilitate the release of flavonoids. The microorganisms most commonly
used to facilitate the extraction of flavonoids are Bacillus pumilus, Bacillus
subtilis, Lactobacillus acidophilus, Lactobacillus johnsonii, Lactobacillus
reukusus, Aspergillus oryzae, Monascus purpureus, Aspergillus niger, Lentinus
edodes, Rhizopus oryzae, and Rhizopus oligosporus (I1'ina, 2013).

Enzymatic extraction of flavonoids is promising compared to solvent
extraction. The enzymatic extraction of flavonoids has benefits such as the
high specificity and regioselectivity of the enzymatic activity as well as
the capacity of the enzymes to catalyze reactions in aqueous media under
mild conditions. Additionally, the technique is a procedure that respects
the environment (Il'ina, 2013). Enzymes (mainly hydrolases) of different
sources such as fungi, bacteria, plant extracts, and animal organs hydrolyze
the biopolymer components of cell walls to increase their permeability and
the performance of the extraction of flavonoids and other physiologically
active substances (Wang et al., 2010; Castro-Vazquez et al., 2016). Among
them are hydrolases, glucanases, hemicellulases, cellulases, and pectinases
that are used alone or in mixtures during extraction.

During the enzymatic extraction, the optimization of the parameters is
fundamental. Therefore, the enzyme—substrate relationship, the treatment
time, pH, and temperature must be established (Chavez-Santoscoy et al.,
2016; Tomaza et al., 2016). Additionally, 90% of the glycosides of some
flavonoids are transformed into aglycones (Mandalari et al., 2006), which
facilitates its characterization.

However, enzymatic and microbial methods have some disadvantages.
Among them are the lack of complete hydrolysis of the cell wall of the plant,
the difficulty to expand enzymatic and microbial extractions on an industrial
scale, and the relatively high cost of biocatalysts for large volumes of raw
material treatment (Wang et al., 2010).
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8.6.4 QUINONES

Quinones are unsaturated diacetones, easily reduced and converted into
polyphenols that regenerate by oxidation. They are divided in benzoqui-
nones, naphthaquinones, anthraquinones, and phenatraquinones. Quinones
are synthesized in plants as aglycones or glycosides. The aglycones are
extracted with nonpolar solvents such as petroleum ether and hexane, while
the glycosides are extracted with water, ethanol, or mixtures of both. Some
are extracted by reflux or with soxhlet equipment, while others with steam
entrainment such as nonhydroxylated p-benzoquinones and some naphtho-
quinones (Dominguez, 1979).

The cytoprotective eleutherins A and B extracted in methanol from the
bulbs of Eleutherine americana L. Merr. (Chen et al., 2019), as well as the
diterpenic quinones such as tebesinone B and aegyptinone A with isolated
methanolic extract from Salvia tebesana Bunge (Eghbaliferiz et al., 2018),
are an example.

8.6.5 ACETOGENINS

Acetogenins are compounds that are synthesized exclusively in Annonaceae
plants and belong to the polyketides. Their chemical structure is often
characterized by an unbranched C32 or C34 fatty acid ending in a y-lactone.
Some are antiparasitic and other cytotoxic that cause the apoptosis of cancer
cells. (Li et al., 2008) According to the chemical structure, they are extracted
with methanol and partitioned with chloroform. The acetogenins isolated of
the methanol extract from Annona montana are an example (Liaw et al., 2005).

8.6.6 TERPENOIDS

Terpenes are a wide and varied class of hydrocarbons, produced mainly by a
wide variety of plants, particularly conifers. Terpenes and terpenoids are the
constituents of the essential oils used as additives in pharmaceutical products
such as ointments. According to their size, they classified as hemiterpene
(C;H,), monoterpene (C H,,), sesquiterpene (C H,), diterpene (C,H,,)),
sesterterpene (C,.H, ), triterpene (C, H,,), and tetraterpene (C,H,,). The
main terpenoids of pharmaceutical importance are monoterpenes, diterpenes,
sesquiterpenes, steroids, and limonoids.
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Monoterpenes are extracted by hydrodistillation by steam trawl. Limonene,
linalool, citronellal, and citronellol extracted from Citrus aurantifolia are
examples (Lemes et al., 2018). The diterpenes can be extracted with ethanol.
Metaglyptin A (abietane diterpenoid) extracted from Metasequoia glyptostro-
boidesis s an example (Tu et al., 2019).

Los sesquiterpenoids as sesquiterpene lactones are polar compounds, so
they are insoluble in petroleum ether. However, some are insoluble in water.
These compounds can be dissolved in ethanol, methanol, chloroform, ethyl
ether, and dichloromethane easily.

Steroidal compounds such as dioscin (steroid saponin isolated from
Dioscorea nipponica Makino with antiarthritic effect) (Cao et al., 2019) are
very polar and synthesized in plants as aglycones or glucosides. Consequently,
they are extracted in water, ethanol, and mixtures of both. Sitosterol-3-O-3-
D-glucoside isolated in the ethanol extract from Moringa oleifera seeds is an
example of a steroidal compound with antipsoriasis effect (Ma et al., 2018).
Calotroposide A isolated in the ethanol extract from Calotropis gigantea is
another example of a steroidal compound with anticancer activity against
WiDr colon cancer cells (Mutiah et al., 2018).

Additionally, in ethanol extracts from Lyonia ovalifolia var. hebecarpa
was isolated triterpene glycosides of lanostane with a cytotoxic effect on
cancer cell lines (SMMC-7721, HL-60, SW480, MCF-7, and A-549) (Teng
etal., 2018).

8.6.7 LIMONOIDS

The limonoids can be extracted with solvents of intermediate polarity such
as chloroform, ethyl acetate, and ethanol with previous degreasing. Krish-
nagranatins A—I limonoids isolated in the ethanol extract from Xylocarpus
granatum are examples (Liu et al., 2018).

Additionally, these compounds are extracted by alkaline hydrolysis and
deesterification. The antimethanogenic limonoids of the hexane extract from
Azadirachta indica seeds are an example. Six of salannin-type (ohchinin,
ohchinin acetate, 1-benzoyl-1-decinnamoylohchinin, 3-deacetylsalannin,
salannin, and 3-deacetyl-28-oxosalannin), two of nimbin-type (6-deacetyl-
nimbin and nimbin), six isosalannins (isoohchinin, isoohchinin acetate,
1-benzoyl-1-decinnamoylisoohchinin, 3-deacetylisosalannin, isosalannin,
and 3-deacetyl-28-oxoisosalnnin), and two isonimbins (6-deacetylisonimbin
and isonimbin) were isolated from this plant (Akihisa et al., 2016).
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8.6.8 ALKALOIDS

Most alkaloids are found in plants as salts of acids or organic bases so they
can be extracted depending on the pH. However, some alkaloids glycosylated
with units of rhamnose, galactose, and glucose and recovered with water or
polar solvents (Dominguez, 1979).

The alkaloid extraction of the acidified methanolic extract from Cheli-
donium majus using ultrasound is an example of extraction with solvents as
a function of pH (W¢jciak-Kosior et al., 2019). From this plant as well as
Nandina domestica, an isoquinoline alkaloid was isolated called protopine that
inhibits the proliferation of colon cancer cells HCT116 (Son et al., 2019). Addi-
tionally, bisindole alkaloids from Tabernaemontana corymbosa were isolated
of an ethanolic extract acidified with 3% tartaric acid (Sim et al., 2019).

Table 8.3 presents some techniques for extracting active compounds
isolated from medicinal plants.

8.7 TECHNIQUES FOR THE PURIFICATION AND
CHARACTERIZATION OF ACTIVE COMPOUNDS

8.7.1 PURIFICATION TECNIQUES

The bioactive compounds of medicinal plants are isolated by separation
and characterization techniques according to the chemical structures of the
compounds of interest.

The compounds regularly purified by different separation techniques,
including liquid-liquid partitioning, gravitational liquid chromatography,
vacuum liquid chromatography, liquid flash chromatography, TLC, GC,
ion-exchange chromatography, medium-pressure liquid chromatography
(MPLC), HPLC, and ultrahigh-performance liquid chromatography (UPLC).
The selection and implementation of the technique are based on the chemical
structure of each compound as well as the affinity it has for both the mobile
phase and the stationary phase (Cela et al., 2002).

In some types of chromatographic techniques, it is necessary to establish
adequately the critical conditions for the separation process to be efficient
and reproducible. Therefore, in the separation of compounds by gravitational
liquid chromatography, vacuum liquid chromatography, and liquid flash
chromatography, it is necessary to define the diameter of the separation
column according to the amount of extract (Hernandez-Ocura et al., 2017;
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Harris, 2001). In these chromatographic techniques, the separation columns
with a porous glass filter with a diameter according to the amount of the
extract were used. Extracts of less than 100 mg use diameters of 0.5-1 cm,
extracts of 0.5—1 guse 2.5-4 cm, and extracts of 1-10 g use diameters greater
than 5 cm.

The conventional height of the column used for vacuum liquid chroma-
tography is 4-5 cm, while the height of the column to carry out gravitational
liquid chromatography and liquid flash chromatography goes from 10-20
cm. If it is necessary to scale the separation process, the diameter should be
modified but not the height of the column (Harris, 2001).

On the other hand, one of the critical factors to achieve a better separation
in TLC is the selection of the eluent. Therefore, in most cases, separation
profiles are made to choose the mixture of solvents that separate the extract.
The eluent that separates the components of the extract with ratio of fronts (RF)
of'0.1-0.2 will be the optimum for the separation. The RF is the ratio between
the distances travelled by the extract and by the eluent. This value is measured
from the area of application of the sample. RF = distance travelled by the
extract/distance traveled by the eluent. Another factor to take into account is
that the thickness and the measurements of the chromatographic support used
in the separation are always the same (Hernandez-Ocura et al., 2017; Wagner
and Bladt, 2001). In ion-exchange chromatography and HPLC-UPLC, one
of the most important factors is the selection of the chromatographic support.
Therefore, the characteristics of the chromatographic support used in the
separation should be consulted. The selection of the chromatographic support
is based mainly on the particle size and in some cases on the ionogenic groups
interlaced to the chromatographic support that is regularly Sephadex (Cela et
al., 2002).

Currently, there are prefabricated columns filled with the chromatographic
support. However, it is sometimes necessary to prepare the column manually.
Therefore, it is necessary to condition the Sephadex particles in MeOH for
24 h at rest. Because of this, it calculates the amount of support according to
the area of the column and the degree of expansion of the chromatographic
support. This data is regularly in the labeling of the material. Once the column
is packed, the extract completely dissolved is eluted (Cela et al., 2002; Harris,
2001).

Purification techniques that employ pressures, such as vacuum liquid chro-
matography, liquid flash chromatography, ion-exchange chromatography,
HPLC, and UPLC, establish parameters that allow reproducible elution, such
as the amount of sample, flow, injection, detector, among others.
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A liquid-liquid partition is usually carried out, followed by a separation
process in column chromatography to obtain partially purified fractions; then,
the automated methods such as HPLC are used to achieve the purification of
some compounds.

Currently, the development of analytical separation and purification
techniques, such as HPLC, TLC, and GC, and identification techniques,
such as MS, NMR, GC-MS, and liquid chromatography coupled to mass
spectrometry (LC-MS), has allowed the identification of a large number of
secondary metabolites: flavonoids, terpenes, phenolic compounds and their
esters, sugars, hydrocarbons, and mineral elements present in various plants
(Huang et al., 2014).

The HPLC has displaced the GC-MS technique for the quantification of
compounds since it has the disadvantage of derivatization of components.
The most used detection systems have been UV detectors, diode arrays, and
mass spectrometers (Gémez Caravaca et al., 2006). Colorimetric methods
have also been used (Chang, 2002); spectroscopic techniques (Popovaa et
al., 2007), capillary electrophoresis in the zone capillary electrophoresis
(CZE) zone, micellar electrokinetic chromatography (MECK) micellar, and
IR spectroscopy (Zhang et al., 2013), having a large number of analytical
tools, allow characterizing various secondary metabolites.

8.7.2 HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

Itis a technique that allows the distribution of the analyte of interest between two
phases, a mobile and a stationary one (Gilbert, 1987). This analytical technique
is the most used for the characterization of compounds; the chromatographic
conditions of HPLC methods include a reverse-phase C ; column, a UV-vis or
diode array detector, and a binary solvent system containing acidified water and
apolar organic solvent. HPLC—MS MS is the most used technique for the sepa-
ration and determination of metabolites; however, it has some disadvantages in
the limit of detection and sensitivity, especially for plant extracts of complex
matrixes and environmental samples. Therefore, the initial preconcentration
and purification of the compounds are important before instrumental analysis
(Pellati et al., 2011; Falcéo et al., 2013). The most common detectors in HPLC
are absorbance, fluorescence, electrochemical, refractive index, conductivity,
Fourier transform infrared (FT-IR) spectrometer, and light scattering and MS
detectors (Gilbert, 1987).



Applied Techniques for Extraction, Purification 175

8.7.3 GAS CHROMATOGRAPHY

The determination of components by GC allows a qualitative as well as a
quantitative analysis to be carried out. However, sample preparation is
complex due to the need for removing impurities from the extract, which
may affect the reproducibility of the results. GC-MS is the most used
method since MS detection allows the acquisition of molecular mass data
and structural information that facilitates the identification of compounds
(Sawaya et al., 1983). It is a technique that has a great separation capacity
and offers high sensitivity and selectivity when combined with MS (Pellati
et al., 2011). The common detectors in these systems are a flame ionization
detector, nitrogen phosphorus detector, flame photometric detector, thermal
conductivity detector, and electronic capture detector (Gilbert, 1987).

8.7.4 FOURIER TRANSFORM INFRARED SPECTROSCOPY

IR spectroscopy is an analytical technique that measures the wavelength
and absorption intensity of IR light in a sample; it is possible only because
molecular absorption generates changes in the state of vibrational and/or
rotational energy. The resulting spectrum contains information specific to
the aspects of molecular vibration of the sample, its physical properties, and
its unique interaction with the instrument. The absorption data obtained in
the spectrum give structural information that represents the molecular details
of the sample that is measured. Each functional group of a molecule has a
unique vibrational frequency that can be used to determine which functional
groups are present in a sample. When the effects of all the different functional
groups are together, the result is a unique “molecular fingerprint” that can
be used to characterize the identity of a sample. Depending on the type of
link, there are several types of molecular vibrations that absorb at unique
wavelengths or near-IR (NIR) energy frequencies. Some NIR spectrometers
are capable of measuring transmittance (direct and diffuse), reflectance
(specular and diffuse), etc. The IR region is not especially useful, by itself,
as a quantitative measurement technique. However, it is a quick, easy to
perform, and nondestructive method that can record spectra of solid and
liquid samples without any previous treatment. One of its main advantages
is that it implies a low-cost operation and provides spectrum quickly, being
able to predict physical and chemical parameters from a single spectrum.
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The analytical information contained in the typically large and widely
overlapping bands of NIR spectra is not selective and is influenced by a series
of physical, chemical, and structural features. In addition, the differences
between the samples can cause very slight spectral differences that are
difficult to distinguish with a simple view (Blanco and Villaroya, 2002).

8.7.5 UV-VIS SPECTROPHOTOMETRY

At present, sufficient information can be obtained for rapid or “screening”
evaluation of the total polyphenol content, total flavonoids, total catechin,
total coumarins, etc. and used as a criterion of the nutritional value of food
products derived from plants. These analyses can be easily performed from
spectrophotometric measurements, using specific analytical reagents that
have adequate selectivity to avoid obtaining false-positive values that affect
the quality of the estimate. The detection of various compounds can be done
through a UV—vis spectrophotometer since they efficiently absorb UV light.
The advances of the “green chemistry” and the need for simultaneously
carrying out a high number of samples have led to the development of
innovations of the classical methods, drastically decreasing the contaminating
residues of the laboratory and making the management of resources more
efficient. In this way, the volumes of reagents have been adjusted for this new
format, which allows the analysis of a high number of samples simultaneously
in a 96-well microplate. This is how in recent years many modified methods
have been developed for small volumes, resulting in being as efficient as the
results obtained by classical methods (Herald et al., 2012).

8.7.6 NUCLEAR MAGNETIC RESONANCE

NMR is widely used for the elucidation of structures, mainly of an organic
nature, since in principle it focuses on the study of proton NMR, subsequently
expanding to other magnetically active nuclei. Therefore, this technique was
almost exclusively a tool for organic chemists; however, with the develop-
ment of magnets and superconducting materials, its field of application has
been extended. Currently, the fields of application are biochemistry and
biology, pharmacology and toxicology, medicine, environment, and food. It
is noteworthy the great boom that has experienced in recent years in the field
of analytical quantification. It is a spectroscopic method for nondestructive
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analysis, which is based on the absorption of electromagnetic radiation
energy by atomic nuclei that have a magnetic moment. The nuclear spin elec-
trons, neutrons, and protons, constituents of the nucleus of an atom, possess
an intrinsic property that is given by the so-called spin term. The spin is the
fourth quantum number that takes place when solving, in an approximate way,
the wave equation. The spin represents a general property of the particles that
can easily be explained by similarity to the properties of the electrons. The
electrons of the atom circulating around its nucleus generate a magnetic field
associated with an angular momentum described with the quantum number of
spin +1/2 and —1/2. For NMR, the proton and neutron spins of the nucleus are
very interesting. In the nucleus, the protons and neutrons are paired combining
the spins +1/2 and —1/2. Following are some conditions for the purification
and characterization of active principles of medicinal plants (Claridge, 2016).

8.8 CONCLUSION

In recent years, humanity has returned to the use of medicinal plants to improve
their health. However, many plants lack sufficient studies to guarantee the safety
of their consumption. Therefore, the researchers focus their investigations on
studying medicinal plants of interest and establish techniques for the extraction,
isolation and identification of active compounds. Additionally, they develop
biological assays to evaluate the effectiveness of the compounds. Among the
most frequently used chemical extraction techniques are decoction, infusion,
maceration, soxhlet extraction, percolation, reflux, and extraction with
supercritical fluids. Ethanol is the solvent that is used most often without
considering the extraction technique. However, nonpolar solvents or enzymatic
techniques are used to extract some compounds.

On the other hand, the most commonly used techniques for purifying
medicinal plant compounds include liquid—liquid partitioning, gravita-
tional liquid chromatography, liquid vacuum chromatography, liquid flash
chromatography, TLC, GC, ion-exchange chromatography, MPLC, HPLC,
and UPLC.

The selection and implementation of the technique are based on the
chemical structure of each compound and the affinity it has for both the
mobile phase and the stationary phase. Finally, the techniques for purifying
and identifying the compounds include HPLC-MS, GC-MS, NMR, IR spec-
troscopy, and UV—visible spectroscopy.
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ABSTRACT

Biological barriers form a natural defensive barricade for the body, which
screens the entry of foreign materials. Despite their protective role, they
provide a major challenge for the transport of therapeutics across the
biological barriers such as skin, oral, and intestinal mucosa, and blood—
brain barrier. Pharmaceutical researchers are nowadays focusing on
next-generation therapeutics based on larger biologicals (carrier-based
systems). Polysaccharides, complex polymeric carbohydrates, have been
studied far and wide as drug carrier systems in various forms. Polysaccha-
rides belong to a class of drug carriers with advantageous properties such
as nontoxic, biocompatible, biodegradable, and economic. The current
review summarizes the studies reported on polysaccharide nanoparticles
formulated for the transport across biological barricades with the aim of
improving the anticancer potential.
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9.1 INTRODUCTION

The advanced research studies on the technological approaches for
formulating and transporting a pharmaceutically active ingredient (or a
drug) in the human body to achieve its desired therapeutic effect within
the safety window have evolved through decades under the field of “drug
delivery.” With the aim of improving patient convenience and compliance,
various drug delivery systems (DDS) like controlled release systems were
born in early 1950s (Park, 2016; Tiwari et al., 2012; Mirza and Siddiqui,
2014; NIH, 2016). The researchers working in the area of drug delivery in
collaboration with drug discovery have contributed immensely in developing
new drug molecules as well as delivery systems toward almost all types of
human diseases, where “cancer” is the main focus in this review. The World
Health Organization (WHO) has listed cancer as one among the deadly and
devastating diseases, which is characterized by the abnormal proliferation
of cells with an invasive and metastatic potential (WHO, 2014, 2017).
Irrespective of all of the therapeutic modalities developed against cancer,
chemotherapy still remains to be the first line of treatment option.
Chemotherapy, the major cancer therapeutic strategy, involves the use of
chemical molecules that act on fast-dividing cancer cells, thereby preventing
their growth and killing them (Chabner and Roberts, 2005; Huang et al.,
2017). The main class of anticancer drugs include alkylating agents (cispl-
atin, procarbazine, carmustine, etc.), antimicrotubule agents (vinblastine,
paclitaxel (PTX), etc.), antimetabolites (methotrexate, gemcitabine, etc.),
topoisomerase inhibitors (etoposide, doxorubicin (DOX), etc.), and cytotoxic
agents (bleomycin) (Cirenajwis et al., 2010). Anticancer drugs are generally
administered orally in the form of pills or via different parenteral routes such
as intramuscular, intravenous (IV), intraperitoneal, or subcutaneous in the
form of injectable formulations or infusions. Drugs administered orally go
through absorption steps and hence circulate for longer time in the body. Also
considering patient convenience, oral formulations are preferred. However,
in general, chemotherapies prefer parenteral injections or infusions since they
bypass first pass metabolism as the drugs are directly given to the blood stream
for its accelerated action. However, irrespective of these routes of administra-
tions, the drug molecule has to pass through different biological barriers.
The organisms evolved by creating certain biological barriers on their
own, which was differentiated upon the requirement to regulate water content,
homeostasis, gas exchange, nutritional availability, waste excretion, and the
protective role indeed. The functions were managed by the development
of tissues for specific requirements such as skin for environment sensing
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(water and homeostasis regulation), lungs for oxygen exchange, intestine for
nutrient passage, etc. The aforementioned play the role of structural barriers
for drug delivery, and hence, DDS developers focus on the specific interaction
of the developed systems with these tissues and finally deliver the cargo to
the desired target site. The preliminary consideration would be on the main
biological barriers such as skin, oral and nasal mucosa, gastrointestinal (GI)
tract, and blood-brain barrier (BBB). Cancer represents the best example of a
disease condition where the adequacy of delivering chemotherapeutics with
highly potent, yet toxic, mechanisms of action means the difference between
efficacious responses and severe morbidity. Pharmaceutical industries started
utilizing larger biological “carrier-bound drugs” as next-generation cancer
chemotherapeutics, where nanocarriers opened up new opportunities. These
nanoplatforms have been materialized as suitable vectors for overcoming
pharmacokinetic limitations associated with conventional drug formulations.
Many of these nanoplatforms improved patient safety and morbidity, which
led to their clinical approval. However, these platforms offer only marginal
improvements over conventional formulations. The complex series of
biological barricades reduce the site-specific bioavailability of the therapeutic
agent from these platforms and thereby prevent achieving proper therapeutic
outcomes, resulting in undesired toxicological profiles. Here comes the need
for nontoxic biocompatible materials for developing drug carriers, where
natural polysaccharides are gaining great interests.

This monograph attempted to give a brief update on biocompatible
polysaccharide-based nano-DDS for the administration of anticancer drugs
through different routes, highlighting the potential to cross various biological
barricades and reach the diseased target site and eliciting their anticancer
therapeutic potentials.

9.2 BIOLOGICAL BARRICADES TO CANCER DRUG DELIVERY

The delivery of chemotherapeutic agents to the target tumor site encounters
various biological barriers depending upon the location of the diseased site
and the route of administration. In general, these biological barriers act as
body’s first line of defense by repelling the foreign materials and thereby
preventing the entry of xenogens or pathogens into the body. They also
play a key role in maintaining homeostasis for the physiological process
(Mitragotri, 2013; Yu et al., 2018; Schneider et al., 2013). Irrespective of
their functional and protective roles, these barriers interfere with drug pene-
tration and hence challenging the DDS affecting the therapeutic efficacy.



194 Natural Products Chemistry

Therefore, it is very important to understand the structure of these biological
barricades for designing and developing efficient DDS. The current review
is mainly focused on skin, oral mucosa, nasal mucosa, GI mucosa, and BBB.

9.2.1 SKIN

Skin, a complex epithelial and mesenchymal tissue, accounts for about
15% of the total body weight with a surface area of 1.8-2 m?> making it the
largest organ of the human body. Skin forms an effective mechanical barrier
preventing the entry of pathogens, unnecessary chemicals and protecting the
body from physical attacks, and it is also required for thermoregulation and
fluid balance (Uchechi et al., 2014; Lai-cheong, 2017). This indispensable
barrier is composed of three main zones; a multilayered stratified epidermis, a
dermis containing collagen and elastic fibers, and the underlying subcutaneous
fat. Skin also comprises of adnexal structures such as hair follicles, sweat
glands, and sebaceous glands (Figure 9.1). Epidermis, the outermost skin
layer, is composed of 95% keratinocytes and 5% of melanocytes, Langerhans
cells, and Merkel cells. Keratinocytes form the outermost layer of epidermis,
stratum corneum (SC; corneocytes). Melanocytes synthesize melanin and are
packed into melanosomes; the skin color is determined by the amount of mela-
nosomes and the nature of melanin. Langerhans cells are found throughout the
epidermis and are bone marrow-derived, antigen-presenting dendritic cells.
Merkel cells transmit sensory information from the skin to the sensory nerves
(poly-glutamic acid).

Skin blocks the passage of many xenobiotics including active chemo-
therapeutic drug molecules. In general, the drug molecules administered on
the skin have to pass through the specific skin layer (penetration), pass layer
by layer through different skin structures (permeation), and get absorbed into
the blood vessels in the dermis and hypodermis (resorption) (Peptu et al.,
2014). SC with proteo lipid structure forms the first skin barrier that is highly
permeable to hydrophobic molecules, whereas impermeable to hydrophilic
molecules. The granular layer composed of tightly packed cells forms the
next barrier layer that stops the passage of hydrophobic molecules to the
deeper skin layers. Passive diffusion of drug molecules through the transepi-
dermal pathways and skin appendages (hair follicles, sebaceous glands, and
sweat glands) resulted in percutaneous absorption (Ceve and Vierl, 2010;
Bolzinger et al., 2012). To be precise, three penetration routes have been
identified through skin, such as the intercellular lipid route, transcellular
route, and follicular penetration (Uchechi et al., 2014).
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FIGURE 9.1 Schematic representation of skin with its structural characteristics.

9.2.1.1 ORAL MUCOSA

The oral cavity provides simultaneously an interesting and challenging target
site for local and systemic drug delivery. Oral cavity includes lips, tongue,
floor of the mouth, buccal mucosa, upper and lower gum, retromolar trigone
(area behind wisdom teeth), and hard palate (bony roof of mouth) (Montero
and Patel, 2015). The oral cavity is lined by a mucosal membrane termed as
oral mucosa and serves to be the barrier between the mouth and oral cavity.
Oral mucosa serves the role of protection of the deeper tissues in the oral
cavity, sensation by providing information about the events happening within
the oral cavity such as touch, pain, and taste (taste buds), salivating and
reflexes such as swallowing, gagging, and retching, and finally in secretions
(saliva) (Shizuko et al., 2018). Figure 9.2 represents the schematic structure
of oral mucosa. The surface of the oral mucosa is covered by a stratified
squamous epithelium (tightly packed epithelial cells) under which there
is the basal membrane, the lamina propria (fibroblasts, connective tissue,
capillaries, inflammatory cells, and extracellular matrix), and the submucosa.
The oral mucosa shows considerable structural variation in different
areas of the oral cavity, but three main types of mucosa can be identified,
according to their primary function: masticatory mucosa (keratinized for
mechanical compression of food), lining mucosa (nonkeratinized; relaxes
during mastication), and specialized mucosa (could be both keratinized
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or nonkeratinized and its covers the tongue and functions with taste buds)
(Patel et al., 2011; Kinikoglu et al., 2015; Qin et al., 2017).
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FIGURE 9.2 Schematic representation of oral mucosa.

Oral mucosa serves to be a physiological barrier for the passage of active
drug molecules due to certain factors such as the thickness and permeability
of oral mucosa, saliva film covering oral mucosa, pH, and enzymatic activity.
The active therapeutic molecules follow either the lipophilic/transcellular
pathway through the lipid bilayer of the individual cells of mucosa or the
hydrophilic/paracellular pathway through aqueous pores along the polar
heads of the bilayer (Peptu et al., 2014; Blanchette et al., 2004).

9.2.1.2 NASAL MUCOSA

Nasal drug delivery offers a well-tolerated noninvasive route of drug
administration that has been used as an alternative route to IV administration
for systemic availability of the chemotherapeutic agents. The primary
function of nose is olfaction, filtration of the inhaled air from the airborne
particles, and protection from foreign pathogens (Singh et al., 2013; Tiirker
et al., 2004). The nasal cavity comprises a large surface area (150—-160 cm?)
covered by mucosa rich in vessels and nerves, and the cavity opens out
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through apertures or nostrils. The large mucosal surface area for improved
drug absorption, porous endothelial membranes with high blood flow,
absence of drug degradation, overcoming the first pass metabolism, ease of
administration, and patient compliance makes the nasal route an attractive
target for drug administration (Singh et al., 2013; Tiirker et al., 2004; Kumar
et al., 2016; Sachan and Singh, 2014).

From an anatomical perspective (Figure 9.3), the mucosal layer lining
the nasal cavity is termed as respiratory mucosa or nasal mucosa from
the nostrils to the pharynx. One-third of the nasal mucosa will be smooth
epithelium composed of flat surfaced cells (stratified squamous epithelium).
Beneath the squamous cell layer comes the proliferative cell layer, which is
attached to a network of tough fibers, basement membrane, which supports
the epithelium. The rest two-thirds of the nasal mucosa is composed of
epithelial cells arranged in columns with hair (pseudo-stratified columnar
ciliated epithelium)-containing mucus-producing goblet cells, which overlies
a basement membrane (network of cross-linked collagen fibers). Beneath
the basement membrane, there is lamina propria (chorionic tissue with
connective-elastic properties, which is made up of glands secreting water and
mucus, nerves, an extensive network of blood vessels, and cellular elements
such as blood plasma. The entire mucosa is rich in blood vessels and contains
large venous-like spaces, bodies that have a vein-like appearance and swell
and congest in response to allergy or infection.
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amina propria
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Basal Basement Goblet Serum
cell membrane cell cell

FIGURE 9.3 Schematic representation of the cellular organization of nasal mucosa.
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Based on the structure of this nasal mucosa, the mucus and the ciliated
epithelium form the physical barrier, the mucociliary clearance forms the
temporary barrier, and the enzymatic activity forms the chemical barrier
(Peptu et al., 2014). The viscous mucus prevents the interpenetration of
drugs, whereas the low-viscous mucus prevents the proper adhesion of drug
molecules. Thus, the epithelial mucus limits the movement of therapeutic
agents. Particles trapped in the mucus layer are transported with it and,
thereby, eventually cleared from the nasal cavity. The collective action of
the mucus layer and cilia is called mucociliary clearance. Nasal mucociliary
clearance prevents the penetration of particles through the nasal mucosa
and allows for their absorption, which makes the nasal mucus a temporary
barrier to drug substance transnasal absorption. The presence of oxidative
and conjugative proteases and peptidases makes mucus an enzymatic barrier
(Singh et al., 2013; Kumar et al., 2016; Sachan and Singh, 2014; Upadhyay
etal., 2011; Alagusundaram et al., 2010).

9.2.1.3 GASTROINTESTINAL MUCOSA

Human gut or alimentary canal or GI tract is the continuous passage of about
9 m long between the mouth and anus, comprising the organs of digestion:
stomach, small intestine, and large intestine. The GI tract consists of
enormous surface area, which forms a barrier between the human body and
luminal environment, playing an important role in the efficient absorption
of nutrients and electrolytes from food and water (Bowen, 2002). The
exclusionary properties of the gastric and intestinal mucosa are referred to as
the “gastrointestinal barrier.” The GI barrier is categorized into an intrinsic
barrier, epithelial cells lining the digestive tract with tight junctions (TJs), and
an extrinsic barrier, secretions that act on these epithelial cells and maintain
the barrier functions. A layer of mucus and a layer of epithelial cells, TJ
proteins connecting the intestinal epithelial cells, and the underlying lamina
propria form the intestinal barrier (Bowen, 2002; Konig et al., 2016).

The GI tract mucosa (Figure 9.4) consists of a single layer of columnar
epithelial cells covered by a layer of secreted mucus, which specifically
consist of enterocytes, goblet cells, M cells, and Paneth cells. Enterocytes
form a tightly packed layer at the apical surface by brush-like structures
termed as microvilli (Snoeck et al., 2005). These cells form intestinal
crypts to increase the intestinal surface area, facilitating absorption. Goblet
cells secrete mucus, forming a jelly viscous film at the epithelial surface
and contributing to the intestinal barrier function (Kim and Khan, 2013).
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Paneth cells are specialized epithelial cells at the base of the crypt that
secrete microbicidal proteins like a-defensins, lysozyme, and cathelicidins,
preventing the entry of microorganisms to the intestinal mucosa (Schenk
and Mueller, 2008). Paneth cells, located at the base of the intestinal crypts,
are able to secrete antimicrobial proteins responsible for catching and killing
bacteria. The M cells, located in Peyer’s patches, are able to bind antigens
and microorganisms and to deliver them to the local immune system (Peptu
et al., 2014; Kiyono and Fukuyama, 2004; Sato and Iwasaki, 2005).
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FIGURE 9.4 Schematic representation of the GI tract.

9.2.1.4 BLOOD-BRAIN BARRIER

The primary requirement for the healthy brain function and activity is
to maintain stable homeostasis in the neuronal environment of the central
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nervous system (CNS) by evading the invading pathogens, neurotoxic
molecules, and circulating blood cells. For this purpose of protection, CNS
has developed certain physiological barriers such as the blood—cerebrospinal
fluid barrier, the BBB, the blood-retinal barrier, and the blood—spinal cord
barrier (Obermeier et al., 2016). BBB is studied to be the most selective and
dynamic protective barrier composed of tightly organized endothelial cells
(ECs) and a discontinuous pericyte (PC) layer. In 1885, Ehrlich observed
that intravenously injected trypan blue dye stained all organs except brain,
which led to the identification of the BBB existence, which blocks the entry
of molecules into the brain (Saunders et al., 2014).

The diffusion barrier BBB (Figure 9.5) is composed of a brain capillary
EC layer, astrocytes, PCs, and neuronal cells. The neurovascular unit is
the dynamic functional unit, which exists by the intimate contact between
neurons, astrocytes, microglia, PCs, and blood vessels and the functional
interactions and signaling between them. The innermost lumina is the EC
layer lining the brain capillaries rich in mitochondria and is adjoined to the
basement membrane by tight cell-to-cell junction proteins. The basement
membrane (30-40 nm) is a thick lamina, which is composed of collagen type
IV, heparin sulfate proteoglycans, laminin, fibronectin, and other extracellular
matrix proteins (Serlinetal.,2015; Daneman and Prat, 2015). Transmembrane
proteins (junctional adhesion molecule-1, occludin, and claudins1/3, 5, and
possibly 12) and cytoplasmic accessory proteins (zonulaoccludens, cingulin,
AF-6, and 7H6) establish the TJs between adjacent ECs (Stamatovic et
al., 2016). This dynamic TJ forms the diffusion barrier, which selectively
excludes most blood-borne substances from entering the brain. These TJs
also result in extremely high transendothelial electrical resistance between
the blood and brain, and the passive diffusion of compounds is considerably
restricted (Daneman and Prat, 2015). The endothelium is surrounded by a
continuous stratum of cellular elements including PCs and astroglial foot
processes. PCs envelop brain microvessels and capillaries and play a major
role in the formation and maturation of BBB and regulation of tissue survival.
They also regulate the cerebral blood flow, and hence, their absence results
in reduced cerebral blood flow and loss of BBB integrity. The astrocytes
interact with the PCs and the ECs via end feet protrusions enclosing the vessel
walls tightly and thus maintaining the TJ barrier. Astrocytes play a role in
homeostasis maintenance and also provide templates for migratory neuronal
streams. Synaptic transmission, clearance of neurotransmitters, plasticity,
and blood flow are determined by the interaction between astrocytes and
neurons. Thus, the entire neurovascular unit functions as the security system
to the brain (Serlin et al., 2015; Daneman and Prat, 2015).
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FIGURE 9.5 Schematic representation of structural organizations forming a BBB.

The BBB, therefore, is universally considered as the most impor-
tant barrier in preventing molecules from reaching the brain parenchyma
via extensive branches of blood capillary networks. The BBB containing
the brain capillary endothelium (BCE) excludes ~100% of large-molecule
neurotherapeutics and more than 98% of all small-molecule drugs from the
brain. In addition to physical barriers, several functional barriers contribute
to the restrictive nature of BBB, creating major obstacles to efficient drug
delivery into the CNS. The molecules utilize the paracellular route of passage
between ECs and the transcellular route for passing through ECs. The balance
between paracellular and transcellular transports decides the degree of BBB
permeability. Generally, BCEC’s TJ prevents paracellular transport of small
and large water-soluble compounds from blood capillaries to the brain,
except for some very small or gaseous molecules such as water and carbon
dioxide. To be precise, the biological characteristics that provide selective
permeability to the BBB includes (a) the presence of TJs between the ECs
formed by the complex transmembrane proteins and which are strengthen by
the astrocytes and PCs, (b) mitochondria-rich ECs without fenestrations, (c)
expression of various transporters that regulate the entry of molecules into
the brain such as GLUT1 (glucose carrier), LAT1 (amino acid carrier), trans-
ferring receptors, insulin receptors, lipoprotein receptors, and ATP family of
efflux transporters such as P-glycoprotein (P-gp) and multidrug-resistance-
related proteins (MRPs), and (d) a lack of lymphatic drainage and absence of
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major histocompatibility complex antigens in CNS with immune reactivity
inducible on temporary demand to provide maximum protection to neuronal
function. These properties attributed BBB to function as a physical barrier
(TJ), a transport barrier (P-gp), a metabolic or enzymatic barrier (special-
ized enzyme systems), and an immunological barrier (Bernacki et al., 2008;
Weiss et al., 2009; Suciu et al., 2016).

The organization and functioning of the BBB can be altered under
pathological conditions, such as in the case of tumors (Figure 9.6). In such
a case, the barrier is called the blood—brain tumor barrier (BBTB) (Tellingen
et al., 2015; Zhan and Lu, 2012). The pathological aspect of BBB involves
cumulative effects of multiple factors released from glia cells and ECs. These
factors disrupt BBB, loosening the TJs, resulting in fluid leakage into the
brain, and causing edema and hemorrhage. The abnormal vessel permeability
accounts for the excessive accumulation of interstitial fluid. Tumor cells break
the EC layer and spread through the vessels, resulting in metastasis. They lack
differentiated transport properties of normal BBB vessels. In brain tumors,
especially in advanced brain tumors, the BBB is compromised in the core but
is integral in the surrounding area. It is assumed that the BBTB restricts the
distribution of drugs from circulation to brain tumors. Compared with blood
tumor barriers in peripheral tumors, the BBTB exhibits smaller pore size
and expresses a higher level of drug efflux pumps, such as P-gp and MRPs
(Tellingen et al., 2015; Zhan and Lu, 2012). The cellular architecture of the
BBB and key alterations occurring in a pathological context are depicted in
Figure 9.6. Dysfunction of the BBB is the cause of brain tumor expansion and
metastasis, and the presence of BBB limits the delivery of therapeutic agents,
which necessitates alternative drug delivery strategies to cross or to bypass
BBB because BBB serves as an exclusive drug target for researchers.

9.3 POLYSACCHARIDE NANOPARTICLES CROSSING BIOLOGICAL
BARRIERS

Biopolymers, the polymers originated from natural sources, offer surplus advan-
tage over conventional polymers and hence emerged as popular candidates for
drug delivery carriers. In general, biopolymers are nontoxic, biocompatible,
biodegradable, user friendly, and relatively cheap and hence have been found
to be very promising for industrial applications in various forms. The main
class of biopolymers exploited for drug delivery applications include polysac-
charides (cellulose, chitin, chitosan (CS), alginate, etc.) and proteins (albumin,
gelatin, collagen, silk, etc.) (Yadav et al., 2015; Raveendran et al., 2017).
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Polysaccharides, which are ubiquitous such as polyhydroxylated
biopolymer containing sugar moieties, serve as a virtuous template for the
synthesis of highly biocompatible nanoparticles (NPs) (Liuetal.,2008,2015).
Polysaccharide NPs can favor the high rate of solubility, biocompatibility,
and prolonged drug delivery at target sites for the theranostic management
of cancer. Mucoadhesion properties of polysaccharides enhance the
bioavailability of drugs for higher therapeutic effect by binding to the mucus
layer of the cell surface in tissues. Certain polysaccharide also tends to
bind to cell surface receptors that lead to receptor-mediated endocytosis.
For instance, biodegradable hyaluronic acid (HA)-coated CS NPs were
developed to encapsulate a chemotherapeutic drug to improve the drug’s
antitumor efficiency by achieving targeted drug delivery via CD44 receptor
overexpressed in A549 cell lines (Wang et al., 2017).

Polysaccharide NPs offer adaptable characteristics compared to synthetic
or semi-synthetic polymeric NPs. First, most of the polysaccharides are
biopolymer derived from microbial, plant, and animal sources, which are less
expensive and easy to purify. Second, these polymers are highly biocompatible
and tend to be retained in the circulating body fluids in the animal body.
Third, polysaccharide NPs tend to escape from certain phagocytic cells,
which mainly disturbs other polymeric NPs for their effective drug delivery
system. Finally, most of the abundantly found polysaccharides possess
tunable functional groups for their surface modification as both therapeutic
agents as well as imaging agents, which highlights the efficiency of using
polysaccharide NPs for biomedical applications (Peptu et al., 2014; Liu et
al., 2008, 2015; Saravanakumar et al., 2012).

Polysaccharides used for nanoparticle synthesis can be classified into ionic
polyelectrolytes and nonionic polyelectrolytes based on the functional groups
(Salatin and Jelvehgari, 2017). Ionic polyelectrolytes classified further into
cationic (CS) and anionic (alginate, heparin, HA, pectin) polysaccharides,
while neutral polysaccharides include dextran, pullulan, xyloglucan, and
galactomannan (Liu et al., 2008; Salatin and Jelvehgari, 2017) List of common
polysaccharides used for the preparation of nanoparticles with it structure,
charge, and source is tabulated in Table 9.1.

Based on the presence of functional groups and side chain of the polymer,
the synthesis of polysaccharide NPs is categorized into self-assembled
and cross-linked NPs. Self-assembled polysaccharide NPs are formed by
polymer aggregation via their amphiphilic nature of the side chains (Myrick
et al., 2014; Raja et al., 2016). The hydrophobic core of the polysaccharides
tends to form aggregates within its central core, and the hydrophilic side
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chains remain in its periphery, offering higher rate of solubility, for example,
amphiphilic carboxymethyl dextran with lithocholic acid labeled with Cy5.5
and loaded with the anticancer drug, DOX, for both cancer imaging and
therapy (Thambi et al., 2014). These NPs exhibit controlled drug release
in response to intracellular glutathione in cancer cells (Thambi et al.,
2014). Cross-linked polysaccharide NPs are synthesized based on the ionic
interactions between the charged moieties in polymer and the cross-linking
agents (Patil and Jadge, 2008). Mostly, peptides and charged molecules tend
to form an intermolecular interaction to form nanoaggregates, while certain
chemical linkers such as tripolyphosphate (TPP) and calcium salts can
produce polymeric NPs via ionic interactions. Previous studies revealed the
formation of CS NPs in the presence of TPP due to the interaction of positively
charged CS with negatively charged salt (Salatin and Jelvehgari, 2017). The
encapsulation of the positively charged small-molecule drug (DOX) into CS
(Janes et al., 2001; Soares et al., 2016) and xyloglucan (PST001) (Joseph et
al., 2014; Joseph et al., 2014) followed by TPP cross-linking resulted in NPs
with higher rate of encapsulation efficiency and successful endocytosis in
cancer cells.

TABLE 9.1 List of Common Polysaccharides Used for Synthesizing Nanoparticles for
Various Applications

Polysaccharide Structure Charge  Source

Chitosan B-(1-4)-Linked-glucosamine and Positive Arthropods
N-acetyl-D-glucosamine

Alginate (1-4)-Linked B-p-mannuronic acid and Negative ~ Plant
a-l-guluronic acid

Hyaluronic acid D-glucuronic acid and N-acetyl-D-glucosamine Negative  Microbial
Pectin D-galactouronic acid Negative  Plant

Dextran 0-(1-6) glycosidic linkages in its main chain Neutral Microbial
and a variable number of a-(1-2), a-(1-3)
and a-(1-4) branched linkages

Pullulan a-(1-6)-p-glucopyranose and Neutral Fungi
0-(1-4)-p-glucopyranose

Xyloglucan D-Galacto-p-xylo-D-glucans Neutral Plant

Various polysaccharide-based NPs were developed so far for the targeted
drug delivery system based on the enhanced permeation and retention (EPR)
effect of NPs at the tumor sites. CS NPs were developed with various surface
modifications for drug encapsulation based on the ionic interactions for the
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development of successful controlled drug releasing nanovectors. CS NPs
have been conjugated with several peptide molecules or ligands, like folic
acid (FA), antibodies, and so on, for targeting the cancer cells at the site of
action. These ligand-conjugated CS NPs with encapsulated drug were taken
up by the cancer cells and released the intracellular drug in a controlled
manner. Wang et al. (2017) exhibited the CS NPs decorated with HA encap-
sulated 5-fluoruracil effectively and were taken up by CD44-overexpressed
tumor cells, leading to mitochondrial damage by the production of reactive
oxygen species. PTX-loaded CS-coated poly(D, L-lactide-co-glycolide) NPs
were found to be effective against lung tumors with increased cytotoxicity in
the acidic pH. Multifunctional iron-oxide-loaded BSA NPs conjugated with
dextran—FA moieties exhibited a suitable system for both tumor diagnosis
and therapy in terms of MRI imaging and enhanced tumor reduction in H22
tumor-bearing mice (Hao et al., 2014).

Polysaccharide-based polymersomes are nowadays considered to be a
fruitful drug carrier as these particles can encapsulate both hydrophobic and
hydrophilic drugs with improved stability. Lecommandoux et al. have shown
the efficient synthesis of block polymer between dextran and poly (y-benzyl
L-glutamate) that could deliver the chemotherapeutic drug, DOX. Hollow
nanospheres based on polysaccharides also form a full pledged area of research
in nanomedicine, as reported based on CS-poly(acrylic acid) nanospheres
encapsulated with DOX drug with sustained drug release both in vitro and
in vivo. Increased hydrophobicity on the surface of polysaccharides was
achieved using liposomal-based polysaccharide NPs for the proficient cellular
uptake of NPs. Docetaxel (DTX)-encapsulated N-palmitoyl CS-anchored
liposomes exhibited higher in vitro stability with the release of the drug
at the site of action. Drug-conjugated pectin NPs with targeting potential
to specific cancer cells have been developed with improved drug delivery
efficiency. Pectin—methotrexate NPs synthesized via the ionotropic gelation
method with a hydrodynamic size of 390 nm provide sustained methotrexate
delivery to hepatocellular carcinoma (Chittasupho et al., 2013). Sodium-
alginate-based polysaccharide NPs enhance the effectiveness of the drug
carrier system with controlled and targeted drug release, which is the utmost
concern in pharmaceutical and medical allies. Manatunga et al. developed
a novel pH-sensitive sodium alginate, hydroxyapatite bilayer-coated iron
oxide NP composite (IONP/HAp-NaAlg) via the coprecipitation method
that can be recognized as a potential drug delivery system for the purpose of
curcumin and 6-gingerol to treat diseases such as cancer. The study focused
on the designing of NPs with pH-triggered drug release with high loading
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and encapsulation efficiency (Manatunga et al., 2017). Pullulan produced
from starch is used nowadays in the development of chemotherapeutic-
loaded NPs as well as metal-conjugated NPs for various applications in
the biomedical field. A PTX-loaded core-cross-linked nanoplatform was
successfully engineered for targeted liver cancer treatment. In this study,
reversibly cross-linked pullulan NPs with FA (FA-Pull-LA CLNPs) were
fabricated for reduction-responsive liver drug delivery based on the specific
affinity of pullulan and FA to overexpress asialoglycoprotein receptors and
folate receptors. In vivo therapeutic efficacy studies confirmed that FA-Pull-
LAPTX CLNPs achieved an enhanced antitumor effect and reduced systemic
toxicity compared to free drugs (Huang et al., 2018). As evident from several
studies, polysaccharide NP synthesis is found to be ecofriendly and easy for
the development of stable NPs. Similarly, encapsulation of several drugs by
rapid entrapment methods favors the advancement in nanosized formulations
with high drug payload for the efficient management of cancer.

The development of nanomedicines as fascinating tools for enhancing
the transport of drugs across the above-discussed biological barricades and
treating cancer remains to be utmost challenge faced by the pharmaceutical
companies. The literature shows that the use of NPs dramatically changed
the future of therapeutic modalities involved in cancer screening, diagnosis,
and treatment. Colloidal carriers based on natural or synthetic origin have
been formulated as nanosystems within approximately 1-200 nm size range
for carrying different therapeutic payloads for drug delivery. The main
factors influencing the transport of NPs across biological barriers include
the size (smaller NPs, <100 nm is favored), shape (spherical, cubic, rod, etc.;
spherical NPs are most studied and recently rod-shaped NPs were reported
to show adhesion propensity compared to their spherical counterparts), and
zeta potential (positively charged NPs can cause brain toxicity, so negatively
charged stable NPs are preferred for brain delivery). The nanosystems devel-
oped for drug delivery can open the TJs and enable the drugs to penetrate
the barrier membranes or tissue layers, can be endocytosed by the cells and
release the drugs intracellularly, and can also inhibit the transmembrane efflux
systems. An ideal nanodrug delivery system designed for cancer manage-
ment should have the following characteristics: (a) it should be controlled;
(b) it should not damage the barrier; (c) the carrier system should be biode-
gradable and nontoxic; (d) systemic delivery should be targeted to the barrier
tissues and the site of intended action; (e) the drug load transported through
the barriers should be adequate for reaching therapeutic concentrations in the
diseased tissue; and (f) therapeutic concentrations should be maintained for a
sufficient duration of time for the desired efficacy.
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9.3.1 POLYSACCHARIDENANOPARTICLESFOR ORALDRUG DELIVERY

Based on the above-discussed ambit, natural and biodegradable polysaccharides
could be a preferred option for oral drug delivery due to their biocompatibility,
nontoxicity, and adjustable controlled release properties. In 2014, Feng et
al. designed coacervate microcapsules immobilized with multilayer sodium
alginate beads (CMs-M-ALG beads) for oral drug delivery. The CMs-M-ALG
beads were prepared by immobilization of doxorubicin hydrochloride-loaded
CS/carboxymethyl coacervate microcapsules (DOX:CS/CMCS-CMs) in the
core and layers of sodium alginate beads. The obtained CMs-M-ALG beads
exhibited a layer-by-layer structure and a rough surface with many nanoscale
particles. These carrier systems showed good gastric tolerance, and the ex
vivo studies demonstrated that CMs-M-ALG beads were able to enhance
the absorption of DOX by controlled release and prolong the contact time
between the DOX:CS/CMCS-CMs and small intestinal mucosa (Feng et
al., 2014). Later, the same group constructed sodium alginate beads with a
porous core (internal cross-linking) and without a porous core (external cross-
linking) based on CS and carboxymethyl chitosan (CMC) NPs immobilized in
multilayer of sodium alginate beads (Li et al., 2016). The study showed that
the internally cross-linked beads could efficiently pass through acidic gastric
fluid and provide sustained release of a potent anticancer agent, doxorubicin
hydrochloride, and hence presumed to have excellent potentials as carriers for
the sustained release of oral drugs (Li et al., 2016). In these carrier systems, the
prolonged contact time of these nanosystems with the intestinal mucosa could
be due to the slow and sustained release of DOX-loaded CS NPs from the
alginate beads and the hydrogen bonding between the carboxylate ions in the
carrier systems and mucin; the high binding capacity to Ca** of deprotonated
carboxyl groups on ALG could further enhance the absorption of DOX (Feng
et al., 2014; Li et al., 2016). CS-coated polycaprolactone (PCL) NPs loaded
with curcumin demonstrated their strong ability to electrostatically interact
with the mucin glycoprotein and hence found to be mucoadhesive. These NPs
showed in vitro anticancer profile on oral cancer cell line SCC-9 and hence
were observed to be used as a formulation that could deliver curcumin directly
to the oral cavity and reduce oral cancer (Mazzarino et al., 2015). Thiolated
chitosan (TCS)-coated poly(methyl methacrylate) core was reported to be
useful for the oral delivery of hydrophobic drug, DTX. In vitro drug release
studies showed an initial burst release, but after that, a sustained release for 10
days was seen. When formulated as NPs, the transportation of DTX from the
intestinal membrane showed a significant increase in ex vivo studies (Shahrooz
et al., 2011). TCS-modified PCL NPs were studied for the oral delivery of
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taxol for lung cancer. Preliminary studies reported that TCS increased the
mucoadhesiveness and permeation properties, resulting in enhanced NP uptake
by the GI mucosa and improving drug absorption. These mucoadhesive NPs
increased PTX transport by opening TJs and bypassing the efflux pump of
P-gp of lung cancer cell lines (A549). Further in vivo evaluation could make
these NPs eligible for applications in oral chemotherapy (Jiang et al., 2013).
An oral delivery system was devised for entrapping PTX into N-((2-hydroxy-
3-trimethylammonium)propyl)chitosan chloride (HTCC) NPs of about 130
nm. In vitro and in vivo transport investigations had proved that the presence
of positive charges on the surface enhanced the intestinal permeability of these
NPs. Additional exploration into side effects revealed that HTCC-NP:PTX
caused lower Cremophor EL-associated toxicities compared with taxol. These
results strongly suggested that HTCC NPs could be exploited as an oral carrier
of PTX for cancer therapy (Lv et al., 2011). CS was also exploited as a coating
for improving the stability, controlled delivery, mucoadhesion, and eventually
cellular uptake by cancer cell lines. CS capping was shown to further improve
the stability of solid lipid NPs (SLNPs) in simulated gastric condition by
forming a distinct and thick layer around the SLNPs against their aggregation,
as a result of which they can be developed as the oral drug delivery system for
hydrophobic drugs (Luo et al., 2014). A blend of phospholipid (lecithin) and
CS was used for the nanoformulation of tamoxifen citrate (TAM) (Barbieri et
al., 2015), where CS played the role of bridging the negative polar heads in the
phosphatidyl choline-based liposomes and strengthened the vesicle structure.
Ex vivo studies showed that the penetration of TAM drug solution across the rat
intestinal walls was enhanced by the lecitihin/CS NPs. The effect of enzymes
on intestinal permeation of tamoxifen was shown only when tamoxifen-loaded
NPs were in intimate contact with the mucosal surface. The encapsulation of
tamoxifen in lecithin/CS NPs improved the nonmetabolized drug passage
through the rat intestinal tissues via paracellular transport (Barbieri etal., 2015).
Oxaliplatin-loaded HA-coupled CS NPs encapsulated in Eudragit pellets were
reported to be effective for colonic tumors. In tumor-bearing Balb/C mice,
orally administered formulations showed significant accumulation in the
colon and tumors post 12 h of administration. These DDS show relatively high
drug concentration in the colonic milieu and colonic tumors with prolonged
exposure time, which indicates enhanced antitumor efficacy with low systemic
toxicity for the treatment of colon cancer (Jain et al., 2010). In another study,
Tsai et al. designed cisplatin-HA nanoconjugate (HCNPs), which were
further coated with Eudragit for colon-targeted anticancer effect toward colon
cancers (Tsai et al., 2013). HCNPs were entrapped in Eudragit S100-coated
pectinate/alginate microbeads (PAMs) by using an electrospray method and
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a polyelectrolyte multilayer-coating technique in aqueous solution. Orally
administered microbeads in rats facilitated colon-specific delivery of cisplatin
ligand-receptor relationships and pH-dependent degradation, which limited
the release in acidic conditions and only under simulated colonic conditions.
Eudragit-coated HCNP-PAMs also reduced cisplatin-affiliated nephrotoxicity
in vivo (Tsai et al., 2013). Similarly preliminary studies on 5-fluorouracil
(5-FU)-loaded CS NPs with enteric coating (Eudragit) reported them to be
effective against colon cancers (Tummala et al., 2014). Gemcitabine-loaded
CS NPs formed by the ionic gelation using pluronic F-127 resulted in less
than 200-nm-sized NPs. The mucoadhesion study indicated that the positively
charged amino groups of CS interact ionocially and forms hydrogen bonding
with the mucin chains, thereby enhancing the mucoadhesivity. These CS NPs
could be further exploited as a potential candidate for the oral delivery of
Gemcitabine (Hosseinzadeh et al., 2012). pH-sensitive CS/Fucoidan NPs were
formed at pH 1.2 with a size distribution of 200-300 nm. These NPs became
larger at higher pH and release the loaded drug (Curcumin). This property will
help in developing these NPs as an efficient oral delivery system (Huang and
Lam, 2011).

Natural gums play a dual role in protecting the drug in the gastric as well
as intestinal conditions. An improved delivery system was developed for
5-FU using polysaccharides such as guar gum (GG) and xanthan gum (XG)
NPs. These NPs reported to show dual advantage of targeted release of 5-FU
specifically in colon and replenishing the colonic microflora, which was
damaged by the chemical attack of the drug. Accordingly, the study focused
on overcoming the issue of toxicity toward the natural microbial flora and
offered a solution to the problem in terms of concomitant administration of
probiotics along with colon-targeted 5-FU (Singh et al., 2015).

Dextran sulfate-PLGA NPs were studied as a carrier system for vincristine
sulfate (VCR). In vivo pharmacokinetics in rats after oral administration of
vincristine solution (VCR-Sol) and vincristine sulfate-loaded dextran sulfate-
PLGA hybrid NPs (VCR-DPNPs) indicated that the apparent bioavailability
of VCR-DPNPs was increased to approximately 3.3-fold compared to that of
VCR-Sol. The relative cellular uptake of VCR-DPNPs was 12.4-fold higher
than that of VCR-Sol in MCF-7/Adr cells, implying that P-gp-mediated drug
efflux was diminished by the introduction of DPNs. Observations from this
study indicated that it could be an effective strategy for oral delivery of VCR with
improved encapsulation efficiency and oral bioavailability (Ling et al., 2010).
The role of polysaccharides in GI residence of the NPs and bioenhancement
of loaded therapeutic agents was studied by Anisha et al. using curcumin as a
model drug (Souza and Devarajan, 2016). They extensively analyzed the NPs
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adsorbed with polysaccharides: arabinogalactan (AG) and kappa carrageenan
(KC); galactose-based polysaccharides and pullulan (Pul); and glucose-based
polysaccharides. Following oral administration of these nanoformulations, it
was observed that AG- and KC-based formulation enhanced the gastroretention
and improved the oral bioavailability of curcumin. The study pointed toward
the advantage of using galactose-based polysaccharide nanoformulations,
which enhance the drug absorption through galectin-mediated absorption.
Bioenhancement could therefore be manifold for drugs that exhibit good
stability throughout the GI tract (Souza and Devarajan, 2016).

Among various polysaccharides, pectin, which is enzyme-resistant (protease
and amylase, which are active in the upper GI tract), has been shown to be a
better matrix for the delivery of orally administered drugs and for colon-specific
drug delivery with controlled release properties. Pectin/ethyl cellulose film-
coated 5-FU tablets given orally to rats exhibited an accumulation specifically
in the cecum and colon, whereas uncoated pellets remained distributed in the
upper GI tract (Wei et al., 2008). Eudragit S-100-coated citrus pectin NPs were
developed by Subudhi et al. for 5-FU (Subudhi et al., 2015). In vivo data clearly
depicted that Eudragit S100 successfully guarded NPs to reach the colon region,
where NPs were taken up and showed drug release for a prolonged period.
Citrus pectin also acts as a ligand for galectin-3 receptors that are overexpressed
on colorectal cancer cells and was found to enhance the targeting potential of
E-CPNs to cancer cells (Subudhi et al., 2015). In 2016, Izadi et al. reported
B-lacto globulin pectin NPs as a carrier for anticancer platinum complex to
colon. The drug release profile in simulated GI conditions demonstrated that
B-lacto globulin with a secondary coating is stable in acidic conditions and able
to release its cargo at pH 7, which could serve as an effective vehicle for oral
drug delivery preparations (Izadi et al., 2016). Earlier study from our laboratory
reported that a natural polysaccharide PSTO001, isolated from Tamarindus
indica, was conjugated with Imatinib mesylate, a tyrosine kinase inhibitor and
an antitumor drug that inhibits the BCR-ABL kinase caused by chromosomal
rearrangements in chronic myeloid leukemia and acute lymphoblastic leukemia,
and found to be effective against K562-resistant cell lines in vitro and showed
no toxicity to mice when administered orally (James et al., 2017).

9.3.2 POLYSACCHARIDE NANOPARTICLES FOR TOPICAL DRUG
DELIVERY

The principal function of skin is to defend our body from external pathogens
as atopical barrier and is exploited for cutaneous and percutaneous delivery of
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therapeutics considering the advantageous bypassing of first pass metabolism
and patient compliance. Based on the structure of SC, it could be highlighted
that the skin integrity, dimensions of orifices, aqueous pores, lipidic fluid
paths, and the density of appendages affect the absorption of topically
applied therapeutic agents (Baroli, 2010). The major routes of penetration
through the skin barrier include the intercellular lipid route and transcellular
or transappendageal (follicular) pathways (Paliwal, 2017). Nanocarriers
interact with skin based on size, surface charge, lamellarity, and mode of
application and can translocate intact into the skin without being degraded or
they can be degraded near the skin surface and the incorporated therapeutic
molecule can penetrate into skin layers. However, most particles do not cross
the SC and the transappendageal route appears to be the dominant pathway
of NP entry into skin irrespective of the nanomaterial.

Chitin is a natural polysaccharide like CS that has been exploited for
various biomedical applications, and its positive charge aids in its use as
a skin penetration enhancer. Sabitha et al. reported the use of chitin in the
form of nanogels for the transdermal delivery of anticancer molecules like
curcumin (Mangalathillam et al., 2012) and 5-FU (Sabitha et al., 2013) for
melanoma. They developed 70-80 nm curcumin-loaded chitin nanogels
(CCNGs) and 120-140-nm-sized 5-FU-loaded chitin nanogels (FCNGs),
which were found to be effective against melanoma cell lines (A-375)
in vitro. Ex vivo penetration studies performed in porcine skin showed a
fourfold increase in steady-state transdermal flux of curcumin from CCNGs
as compared to that of the control curcumin solution. FCNGs showed more
or less similar steady-state flux as that of control 5-FU, but the retention in
the deeper layers of skin was found to be 45 times more. Histopathological
evaluation revealed loosening of the outer most layer of epidermis, SC,
by interaction of catatonically charged chitin, with no observed signs of
inflammation; hence, nanogels could be a good option for treatment of skin
cancers (Mangalathillam et al., 2012; Sabitha et al., 2013). Many studies
are reported for the use of CS NPs for transdermal drug delivery. Recently,
transdermal drug delivery mechanisms of CS NPs with the synergistic
action of microwave in skin modification was investigated by Nawaz and
Wong (2017). The transdermal drug delivery profiles of 5-FU-loaded CS
NPs across untreated and microwave-treated skin were examined. The
drug transport was mediated via NPs carrying drug across the skin and/or
diffusion of earlier-released drug molecules from skin surfaces. The CS NPs
largely affected the palmitic acid and keratin domains. Combined microwave
and nanotechnologies synergize polysaccharide-mediated transdermal drug
delivery (Nawaz and Wong, 2017).
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The skin comprising a linear polysaccharide HA is being investigated
as a topical delivery carrier in recent times. The properties of HA that aid
skin permeability include the following: (1) it is a hygroscopic polyanion,
(2) it has the ability to hydrate the skin, (3) the hydrophobic patch of HA
interacts with the lipid components in SC during penetration and disrupt the
skin barriers, and (4) the presence of HA receptors on the skin resident cells
(keratinocytes in epidermis and fibroblasts in the dermis over expressed HA
receptors) (Kim, 2014). A nanographene oxide HA conjugate (NGO-HA)
was synthesized for photothermal ablation therapy of melanoma skin cancer
using a near-infrared (NIR) laser. The transdermal delivery of NGO-HA was
enhanced by the EPR effect and the overexpressed HA receptors around the
tumor tissues. The NIR irradiation resulted in complete ablation of tumor
with no recurrence of tumorigenesis in tissues (Jung et al., 2013). Lee et al.
(2016) reported the targeted delivery of death receptor 5 antibody-conjugated
hyaluronate-gold nanorod (HA-AuNR/DRS Ab) for the transdermal
theranosis of skin cancer. Wang et al. (2018) worked on polysaccharide-based
microneedles for the sustained delivery of anti-(PD1) for immunotherapy of
cancer. They used pH-sensitive dextran NPs integrated with biocompatible
HA that encapsulated aPD1 and glucose oxidase (GOx), which converts
blood glucose to gluconic acid. Altering the pH of the environment to
acidic promotes the self-dissociation of NPs and subsequently results in the
substantial release of aPD1. They reported immediate immune responses
in a B16F10 mouse melanoma model with a single administration of the
microneedle patch (Wang et al., 2018).

9.3.3 POLYSACCHARIDE NANOPARTICLES CROSSING THE
BLOOD-BRAIN BARRIER

Polysaccharide-based colloidal drug carriers in the form of emulsions,
micelles, liposomes dendrimers, and NPs were developed as nanomedicines,
which provide a potential platform to be developed as therapeutic strategies
to pass through BBB. However, only a few investigations have been done
in the case of polysaccharide anticancer strategies against BBB. Plenty
of CS-based transport systems have been reported for overcoming BBB.
B-cyclodextrin (B-CD) is a potential polysaccharide studied for BBB
crossing. Aktas et al. (2005) synthesized transferrin receptor (TfR)-targeted
CS nanospheres conjugated with poly(ethylene glycol) (PEG) bearing the
0X26 monoclonal antibody that triggered receptor-mediated transport across
the BBB. They designed these NPs for the delivery of the caspase inhibitor
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peptide, and the systemically administered systems were found to provide
significant concentration of the peptide in the brain tissues. The electrostatic
interaction between these cationic particles and the negatively charged
brain endothelium could be responsible for the targeted-induced transport
across the BBB (Aktas et al., 2005). B-CD was modified using poly(p-amino
ester) and formulated into nanogels coloaded with DOX and insulin. The
hydrophobic cavity provided space for hydrophobic drugs and the outer
polysaccharide layer gives opportunity for loading hydrophilic moieties
and showed enhanced permeability over blood—brain microendothelial
cells. The same group prepared NPs with the same material and found
that they had higher permeability across in vitro BBB models (Gil et al.,
2012). Hydroxypropyl-b-cyclodextrin enhanced the solubility of puerarin
and gelatin, which in turn improved the viscosity of theinner water phase,
resulting in enhanced entrapment of puerarin. It was also proposed that
nanocarriers or cyclodextrin inclusion complex enhanced the penetration of
drug across the BBB (Tao et al., 2013).

9.3.4 POLYSACCHARIDE NANOPARTICLES CROSSING OTHER
BARRIERS

In addition to the above-discussed barriers, drug delivery candidates were
exposed to nasal mucosa, rectal mucosa, and vaginal and ophthalmic barriers.
However, not many researchers have exploited these routes for delivering
therapeutic agents for cancer treatment.

Nasal mucosa forms a barrier for delivering therapeutic agents to lungs
as well as to brain. Nasal administrations of drugs provide an alternative
administration route for brain disorders, where BBB forms the main challenging
barricade. Mucoadhesive polymer CS was reported to be beneficial in binding
to nasal mucosa and improving the drug concentration in the lungs as well
as CS aerosols directly reaching brain from the nose bypassing BBB (Kaur
et al., 2012). Majority of the studies focused on the use of CS NPs for the
nasal delivery of proteins, peptides, or nucleic acids as antigens, vaccines, or
genetherapy (Kaur et al., 2012; van Woensel et al., 2013). DNA vaccine loaded
into mannosylated chitosan (MCS) NPs was intranasally administered to
prostate cancer (subcutaneous)-bearing mice by Yao etal. (2013). They reported
that these MCS targeted antigen-presenting cells, enhanced mannose-mediated
cancer cell uptake, and enhanced the intranasal administration, resulting in high
level of anti-GRP antibody and thereby inhibiting tumor growth. Thus, MCS
offered efficient tumor immunotherapy (Yao et al., 2013). PTX-loaded alginate
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microparticles have been developed for site-specific pulmonary delivery of
drugs to mucosal tissues. Results show that the exposure of cells to pure PTX
and PTX-loaded microparticles effectively inhibited the growth of A549 and
Calu-6 cells, similarly in concentration- and time-dependent manners (Alipour
et al., 2010). Similarly HA, carboxymethyl cellulose, and cyclodextrins have
been reported to be studied for nasal drug delivery (Kaur et al., 2012). Feng et
al. reported DOX-loaded CS and CMC nanogels with high mucin binding and
inhibiting paracellular transport to the colon. This enhanced mucoadhesion and
limited permeability prolonged the contact time with the intestinal mucosa,
resulting in local drug concentration. These nanogels can be further exploited
for local colorectal cancer therapy (Feng et al., 2015). In 2012, Pandekal et
al. developed a CS—polycarbophil interpolyelectrolyte (IPEC) complex, which
was later compressed with tablets of anticancer drug 5-FU. This SFU-IPEC
was evaluated for drug release at different pH values simulating buccal
cavity, vagina, and rectum. The formulations showed controlled release of
5-FU with the highest bioadhesive property and satisfactory residence in
both buccal and vaginal cavities of rabbit. Formulation with 3% of sodium
deoxycholate exhibited maximum permeation of 5-FU. The study thus proved
that a suitable combination of IPEC, CS, and polycarbophil demonstrated a
potential candidate for controlled release of 5-FU in buccal, vaginal, and rectal
pH (Pendekal and Tegginamat, 2012).

Extensive research is needed where biocompatible natural polysaccha-
rides can be utilized to form cancer nanomedicines to exploit other nonin-
vasive administration routes so that lives of cancer patients can be saved
worldwide.

9.4 CONCLUSIONS

The interaction between the nanocarriers and the target cancer tissues by
overcoming the biobarriers plays a major role in the efficient delivery of the
therapeutic molecules and hence their cancer therapeutic efficacy. Biological
barriers are vital for the development, function, and integrity of many organs.
Several layers of cells help in the formation of these barricades, and the cell
type may vary from organ to organ or site to site. Mainly, these barriers
are characterized by the formation of TJs, adherens junctions, desmosomes,
and gap junctions. The protective role of the biological barricades has been
greatly studied, but the manipulation of these barricades for the delivery of
therapeutics needs more research and a major challenge is the transport of
drugs through these barriers. Currently, many of the anticancer therapeutic
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nanosystems rely on the transendothelial system, which is inefficient, slow,
and requires high drug concentrations. The DDS requires specific properties
that enable them to cross these biological barricades. For instance, neutral/
hydrophilic NPs are preferred for crossing skin barriers, whereas transferrin
receptor-targeted NPs will be beneficial for BBB crossing. Biological
polymers such as polysaccharides can be used as carrier molecules to breach
the barriers and enhance the functionality, thereby serving the “purpose.”
Multivalent features of NPs make them cross the barriers and competently
deliver drug moieties to the tumors. Multifunctionality may increase the
complexity of the systems, and regulatory problems may also arise. Therefore,
it is necessary to keep the preparations simple, cost effective, and patient
friendly. In this scenario, nanocarriers, exploiting various synchronized
modalities responsible for overcoming several sequential biological
barricades, could highly improve the therapeutic efficacy of the drug. Even
more efforts have to be made for exploiting these natural biodegradable,
biocompatible, and flexible carrier materials, polysaccharides, with standard
quality evaluations in preclinical and clinical perspectives to proactively
address rapid advances in developing cancer treatment strategies.
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ABSTRACT

Biosynthesis of nanoparticles has emerged as a key area of research in
nanotechnology. Plant extracts offer innumerable, yet to reveal, bioresources
that are cost effective, nonhazardous, reducing, and stabilizing compounds
that are being employed for the synthesis of silver nanoparticles (AgNPs).
This is a first report on the in vitro cytotoxic effects of Annona muricata
fruit extract-mediated AgNPs (AMFAgNPs) against the HCT116 colon
cancer cell line. Physicochemical parameters for the effective synthesis of
AgNPs were optimized for the reactants—silver nitrate and fruit extract.
The resultant AMFAgNPs generated were characterized structurally. UV—
vis spectrum of AMFAgNPs revealed an absorption maximum at 430 nm;
XRD analysis showed an average particle size of 19 nm, predominantly
spherical, as evidenced by field-emission scanning electron microscopy
imaging. Fourier transform infrared spectroscopy confirmed the presence
of high amounts of biomolecules responsible for the efficient stabilization
of nanoparticles. Their cytotoxicity was analyzed against HCT116 colon
cancer cells by MTT, dichloro-dihydro-flourescien diacetate (DCFH-DA),
rhodamine 123, and clonogenic assays. For visual detection of apoptotic
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cells, Hoechst/acridine orange—ethidium bromide (AO-EtBr) staining and
annexin V-fluorescein isothiocyanate (FITC) binding assays were performed.
Cell cycle distribution was assessed by flow cytometry, while relative
gene expressions were evaluated by the reverse transcription-quantitative
polymerase chain reaction technique. Apoptosis induction was observed by
fluorescence and scanning electron microscopy. AMFAgNPs caused G /G,
cell cycle phase arrest. Apoptosis-regulating genes—PUMA, cas-3, -8, -9,
and BAX—were found to be upregulated in the nanoparticle-treated cells
compared to those treated with the chemotherapeutic drug cisplatin used as
a positive control. The therapeutic potential of AMFAgNPs was evident as
they effectively targeted colon cancer cells without being toxic to normal
human lymphocytes and erythrocytes.

10.1 INTRODUCTION
10.1.1 CANCER AND CONVENTIONAL THERAPEUTICS

Cancer is the second leading cause of human death outnumbered only by
heart disease-related mortality worldwide. Of the 17.5 million cancer cases
reported globally in 2015, 8.7 million succumbed to the disease. According
to WHO (2018) fact sheets, lung cancer occurred in 1.8 million people and
resulted in 1.69 million deaths, followed by liver (788,000 deaths), colorectal
(774,000 deaths), stomach (754,000 deaths), and breast (571,000 deaths).
Conventional cancer treatment strategies include surgery, radiotherapy, and
the use of chemotherapeutic drugs, all of which lack specificity. Surgical
treatment does not ensure complete elimination of cancer cells, can be
traumatic with large tumors, and becomes invalid in the case of subclinical
metastasis. Damage to healthy cells and nearby tissues near the treated area,
fatigue, and development of secondary cancers are the risks associated
with radiation therapy. The many harmful side effects of chemotherapeutic
drugs, including the toxicity of their byproducts, adversely affect the
nontargeted host cells. Further, the development of intrinsic and acquired
resistance against these drugs curtails the success of chemotherapy (Peer et
al. 2007). Targeted therapies involve the use of inhibitors of angiogenesis,
signal transduction pathways including immunotherapy with monoclonal
antibodies that interfere with molecular pathways regulating tumor growth
and progression.
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10.1.2 NANOTECHNOLOGY AND NANOMEDICINE FOR CANCER CURE

Despite the development and availability of several aggressive treatment
modes, cancer-related death rates continue to rise (Jemal et al., 2011;
Miller et al., 2016). Thus, the development of efficacious, biocompatible,
and cost-effective methods for cancer cure becomes indispensable.
Nanotechnology has emerged as a fast-growing branch of science and
engineering with several applications in various fields like electronics, food
storage, medicine, fuel /solar cells, batteries, chemical sensors, fabrics, and
molecular manufacturing (Prabhu and Poulose, 2012). Nanoparticles (NPs)
comprise clusters of atoms in the size range of 1-100 nm. Nanomaterials
have great importance as the physicochemical properties of a metal are
changed as it reaches the nanosize capable of displaying properties that
are different as compared to those of the bulk metal. Gold, silver, and
platinum have been used mostly for the synthesis of stable dispersions of
NPs, which are useful in areas such as photography, catalysis, biological
labeling, photonics, and optoelectronics (Jacob et al., 2012). Chemical,
physical, and biological methods have been adopted for their synthesis.
The fabrication of NPs through chemical and physical methods is most
popular but requires the use of toxic and hazardous chemicals and large
amounts of energy, and generates harmful wastes (Song and Kim, 2009;
Rajasekharreddy et al., 2010). Both chemical and physical methods
adversely affect the environment in addition to being technically laborious
and expensive. As an alternative, a “greener” biogenic synthesis of NPs
employing natural products such as sugars, biopolymers, microorganisms,
and plant extracts containing phytochemicals is believed to play a key role
as reductants in the conversion of metal ions to NPs as well as provide
capping agents to stabilize them. The use of plant extract has been found
to be relatively more advantageous over microbial systems for large-scale
production of biogenic NPs since the maintenance of aseptic conditions for
microbial cultures is not industrially feasible (Ahmed et al., 2015).

A plethora of in vitro studies on different cancer cell lines has confirmed
anticancer activities of biogenic gold, silver, copper, titanium, zinc, and
iron prepared from different biosources (Salunke et al., 2016; Barabadi
et al., 2017). Among these, silver NPshave gained more popularity and
acceptability due to their antibacterial, antifungal, larvicidal, and antiparasitic
properties and industrial applications (Khatoon et al., 2017). AgNPs are
cytotoxic to cancer cells and show excellent potential as an antitumor agent.
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The exact mechanism of AgNPs anticancer activity is not fully understood
yet. However, the proposed mechanisms involve the generation of reactive
oxygen species (ROS), causing mitochondrial damage, inducing sub-G,
arrest in cells (Ovais et al., 2016), upregulation of p53 protein and caspase-3
expression (Kovacs et al., 2016), and inhibiting vascular endothelial growth
factor (VEGF)-induced activities (Hackenberg et al., 2011). Cytotoxicity
is dependent on parameters such as particle size, surface area/reactivity,
distribution pattern, as well as cell-type specificity (Feng et al., 2016).

The physicochemical and biological traits confer several advantages
to these particles, making them excellent drug delivery vehicles that have
increasingly become popular in clinical use in the recent past. The use
of surface-modified nanoscale liposomes (nanosomes)/nanocapsules/lipid
micelles to deliver hydrophilic and hydrophobic anticancer drugs as well as
short interfering RNA (siRNA) formulations is a promising development in
cancer therapy. Further, “active” and “passive” targeted drug delivery are
also being achieved by covalent coupling of NPs with appropriate ligands
such as lectins, antibodies, aptamers, folate, and peptides (Bannerjee and
Sengupta, 2011; Renganathan et al., 2012). Thus, the knowledge and tools
of nanotechnology offer tremendous potential for efficacious drug delivery,
enhanced diagnosis imaging for treatment of cancers, and is sometimes
referred to as nano-oncology within the broader discipline termed as
nanomedicine.

10.1.3 PLANTS SELECTED FOR EXTRACT PREPARATION

Annonaceae is a very large plant family consisting of about 120 genera and
more than 2000 species. The medicinal uses of the family members have
been known since more than a century ago (Billon, 1869), and this species
has attracted human attention due to its bioactivity and toxicity. Annona
muricata, also known as Soursop or Graviola, is a member of the family.
It is an evergreen plant distributed in the tropical and subtropical regions of
the world, attaining heights of mostly up to 4 m. It produces heart-shaped
edible fruits of about 5-20 c¢m in diameter, green in color, with white flesh
inside used extensively to prepare syrups, candies, beverages, ice creams,
and shakes (Patel and Patel, 2016). In traditional medicine, the A. muricata
plant has been used for the treatment of cancers, especially of the liver and
breast. It also shows antiarthritic, antiparasitic, antimalarial, hepatoprotec-
tive, antidiabetic, analgesic hypotensive, anti-inflammatory, and immune-
enhancing effects (Gajalakshmi et al., 2012).
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10.1.4 BIOSYNTHESIS AND CHARACTERIZATION OF SILVER
NANOPARTICLES

Shade-dried, cut pieces of the mature A. muricata were powdered and boiled
in distilled water to obtain an aqueous extract, which was then used for the
synthesis of silver NPs. Various parameters such as the extract volume, silver
nitrate concentration, temperature, pH, and the time period of incubation
were optimized for the generation of biogenic NPs. The reaction was then
periodically monitored at wavelengths ranging between 200 and 700 nm
to detect the formation of AMFAgNPs as indicated by the development
of brown coloration in the reaction mixture. The NPs were then subjected
to characterization by Fourier transform infrared (FTIR) spectroscopy,
X-ray diffraction (XRD) spectroscopy, field-emission scanning electron
microscopy (FESEM), and energy dispersive X-ray spectroscopy (EDX).

10.1.4.1 EVALUATION OF CELLULAR EFFECTS OF AMFAGNPS ON
HCT116 COLON CANCER CELLS

Human colorectal carcinoma adherent HCT116 cells with epithelial morphology
were employed to study the cellular effects of biogenic silver NPs. With a
doubling time of about 18 h, these cells facilitate in vitro experimental studies
to better understand the defective pathways of cancerous colon cells as well as
their responses to potential anticancer drugs. According to a recent estimate, as
many as 1.4 million cases of colon cancer have been reported globally (Andres
et al., 2018). The disease is highly heterogeneous due to numerous alterations
in signaling pathways and is known to affect 20-25% of younger individuals
with a family history of colon cancer and heritable susceptibility (Kuppusamy
etal., 2016).

The cytotoxicity of AMFAgNPs was evaluated on HCT116 cells by MTT
and clonogenic assays, while the cytomorphological changes were monitored
by light, fluorescence, and scanning electron microscopy. The determination
of cellular ROS and changes in mitochondrial membrane potential in
addition to the quantification of apoptosis-related gene expression by reverse
transcription-quantitative polymerase chain reaction (RTq-PCR) was also
carried out to assess the apoptogenic potential of the biogenic NPs. Cisplatin,
a standard anticancer drug, was taken as a positive control to gauge the effect
of NPs. Further, changes in cell cycle distribution of HCT116, exposed to
AMFAgNPs, were analyzed using flow cytometry. Parallel experiments
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were also carried out on normal control cells such as human peripheral blood
lymphocytes and erythrocytes to study the cellular effects of AMAgNPs.

10.2 MATERIALS
10.2.1 EQUIPMENT

The equipment used are sterile 50 mL conical flasks, UV—vis spectrophotom-
eter, lyophilizer, X-ray diffractometer, scanning electron microscope, 96-well
flat-bottom culture plates, 12-well culture plates, six-well plates, ELISA plate
reader, Illumina Eco™ Real-Time system, inverted fluorescence microscope,
slides, and coverslips.

10.2.2 REAGENTS

The reagents used are silver nitrate, A. muricata fruits, HCT116 cell lines,
Dulbecco’s modified Eagle’s medium (HiMedia), fetal bovine serum (FBS),
streptomycin and penicillin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), dimethyl sulfoxide (DMSO), phosphate-buffered
saline (PBS), fluorescence stains (AO, EtBr, Hoechst 33258, rhodamine 123,
and dichloro-dihydro-fluorescein), glutaraldehyde, HiKaryo XL™ RPMI
medium, crystal violet, ethanol, trypsin, and SYBR Green PCR Master Mix.

10.3 METHODS
10.3.1 SYNTHESIS OF BIOSYNTHESIZED AMFAGNPS

1. Fresh mature fruits were cut into pieces, shade-dried, and powdered
finely.

2. Ten grams of fruit powder was weighed, mixed with 200 mL of
Milli-Q water, and boiled for 15 min.

3. Aftercooling, the extract was filtered through muslin cloth and Whatman
no. 1 filter paper and stored at 4 °C in a refrigerator (Mubarakali et al.,
2011).

4. For effective synthesis, different parameters such as the volume of
fruit extract, concentration of metal ions, temperature, pH, and time
were optimized (Shaniba et al., 2017).
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5. The reaction mixture was periodically monitored in the range of
200-700 nm using a UV-vis spectrophotometer (PerkinElmer
Lambda25) to detect the formation of silver NPs as indicated by
the appearance of brown color.

The optimum conditions for the effective green synthesis of AMFAgNPs
were 8.0 mL of AMF extract mixed with 92.0 mL of 1.0 mM AgNO, (pH
7.0), at 90 °C for 30 min. Absorption spectra of AMFAgNPs formed in the
reaction media, as evidenced by the formation of brown color (Figure 10.1),
had an absorption maximum at 421 nm (Figure 10.2) due to surface plasmon
resonance of AgNPs (Krishnaraj et al., 2010).

FIGURE 10.1  Aqueous solution of ImM AgNO, with AMF extract: (a) before the addition
of the leaf extract and (b) after the addition of leaf extract at 30 min.
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FIGURE 10.2 UV-visible spectra of AMF extract-reduced AgNPs.
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10.3.2 CHARACTERIZATION OF AMFAGNPS

10.3.2.1 FTIR ANALYSIS

1. The reaction mixture was subjected to centrifugation at 12,000 rpm
for 20 min.

2. The resultant pellet was resuspended in Milli-Q water and lyophi-
lized (ScanVac CoolSafe).

3. The freeze-dried powder was pelletized with potassium bromide
(KBr) powder and subjected to FTIR analysis.

4. The spectra were recorded using a JASCO 4100 at a wavelength
ranging from 4000 to 400 cm ™.

FTIR analysis of AMFAgNPs showed an intensive peak at 3650 cm™
corresponding to the O—H stretching of alcohols and phenols (Figure 10.3).
The peaks at 3422 cm™! indicated N-H groups. The peaks observed at 2923
cm !, 2853 ecm ™!, 1457 cm™!, and 672 cm ! represented C—H functional groups.
Further, the peaks at 1747 cm™! represented carbonyl groups (C=0) and the
peaks at 1023 cm™ indicated C—O bonds. The results obtained depicted
that the presence of these functional groups influenced the synthesis and
stabilization of NPs. These results confirmed the encapsulation of AgNPs
with the phytoconstituents from plant extracts.
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FIGURE 10.3 FTIR spectrum of AMFAgNPs.
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10.3.2.2 X-RAY DIFFRACTION ANALYSIS

The dried AMFAgNPs were coated on an XRD grid, and the spectrum was
recorded using a Rigaku MiniFlex X-ray diffractometer with CuKa radia-
tion (40 kV, 15 mA). The crystalline structure of silver NPs was identified
by XRD analysis (Figure 10.4). XRD showed intense peaks in the whole
spectrum of 26 values ranging from 20° to 70°. Four strong peaks observed
at the 20 values 27.6°, 38°, 46°, and 63.6° corresponded to the (110), (111),
(200), and (220) planes of face-centered cubic phase, obtained from JCPDS
card 89-3722. Some of the unassigned peaks were observed at 26 values of
28°,42.8°, and 53.2°, which are attributable to the biomolecules present in
the plant extract impregnated on the surface of AgNPs. The average crystal
size was found to be 19 nm, as calculated by the Debye—Scherrer equation
D = 0.941/p cosf, where D is the average crystallite domain size perpen-
dicular to the reflecting planes, 4 is the X-ray wavelength, f is the full
width at half-maximum, and 6 is the diffraction angle (Vivek et al., 2012).
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FIGURE 10.4 Demonstration of the XRD analysis of AMFAgNPs.
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10.3.2.3 FIELD-EMISSION SCANNING ELECTRON MICROSCOPY

The average particle size was determined using FESEM, Horiba S46600,
equipped with EDX. The morphology and size determination of the synthe-
sized AMFAgNPs were based on FESEM images (Figure 10.5). The SEM
image showed a spherical and relatively uniform shape of NPs with diam-
eters varying from 30 to 100 nm. EDX analysis revealed the presence of
elemental silver signal emanating from the silver NPs (Figure 10.6).
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FIGURE 10.5 FESEM micrograph of AMFAgNPs.

10.3.3 EXPERIMENTAL EVIDENCE ON THE CELLULAR EFFECTS OF
AMFAGNPS

The colorectal cancer cell line HCT116 was obtained from the National
Centre for Cell Sciences, Pune. The cells were grown as a monolayer, supple-
mented with 10% FBS and 100 U/mL each of penicillin and streptomycin,
and incubated at 37 °C in 5% CO.,,.
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FIGURE 10.6 EDX spectrum of AMFAgNPs.

10.3.3.1 MTT ASSAY FOR CYTOTOXICITY EVALUATION OF AMFAGNPS
ON HCT116 CELLS

MTT is a colorimetric, nonradioactive assay for measuring cell viability
through increased metabolism of tetrazolium salt (Mosmann, 1983).

1. HCTI116 cells (1x10* cells/well) were seeded into 96-well tissue
culture plates and incubated for 24 h (see Note 1).

2. Thecells were then exposed to different concentrations of AMFAgNPs/
cisplatin (2.5-70 ug/mL) and incubated for 24, 48, and 72 h.

3. Following the addition of MTT, the cells were incubated further for
another 3 h at 37 °C (Figure 10.7).

4. Thereafter, the formazan crystals were dissolved in 150 pL of DMSO.

5. The absorbance was recorded at 620 nm using an ELISA plate reader
(Multiscan EX, Thermo Scientific, USA).

6. The obtained optical density (OD) value was used to compute the
percentage viability using the following formula:

OD value of experimental samples

Percentage viability = x 100

OD value of experimental control

This is the first report on the cytotoxicity of biogenic AgNPs obtained
from aqueous 4. muricata fruit extract against HCT116 colon cancer cell
line. AgNP-treated cells showed decreased metabolic activity, which in
turn is dependent on the cell type and size of NPs (Lima et al., 2012). The
MTT results showed that the AMFAgNPs decreased cell viability in a time-
and dose-dependent manner. AMFAgNPs showed potent cytotoxicity as
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evidenced by the IC_ values of 25 ug/mL and 7.5 pg/mL obtained following
48 and 72 h of treatment, respectively. Similar results of time- and dose-
dependent cytotoxicity of biogenic silver NPs have been reported previously
(Jeyaraj et al., 2013; Awasthi et al., 2015).
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FIGURE 10.7 Cell viability of HCT116 cells by the MTT method. (a) 24 h treatment, (b) 48
h treatment, and (c) 72 h treatment.

10.3.3.2 MORPHOLOGICAL OBSERVATION

1. HCTI116 cells (1.5 x 10°) were treated with different concentrations
of AMFAgNPs for 48 h.

2. The control and treated cells were harvested and washed with ice-cold
PBS.

3. These were then observed under a bright-field light microscope to
assess the cytomorphological changes.
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The treated cells showed distinct cellular morphological changes compared
to their normal healthy counterparts (Figure 10.8a). Control cells appeared as
irregular, confluent aggregates with rounded and polygonal cells. AMFAgNP-
treated cells appeared shrunken and spherical with restricted cell-spreading
patterns compared to controls.

Control 10 pg/mL 25pg/mL 50 pg/mL Cisplatin

FIGURE10.8 Morphological changes in HCT116 cells after 48 h treatment with AMFAgNPs:
(a) light microscopy image and (b) FESEM image.

10.3.3.3 SCANNING ELECTRON MICROSCOPY

Morphological changes in cells treated with AMFAgNPs in comparison to
untreated control cells were observed using field-emission scanning electron
microscopy (Figure 10.10b).

1. Cells (1.5 % 10°) were seeded in 12-well plates and treated with various
concentrations (10, 25, and 50 pg/mL) of AMFAgNPs.

2. Thetreated and control cells were trypsinized, followed by centrifugation.

3. Cells were then fixed in 4% glutaraldehyde at room temperature for
3 min, followed by two washes with PBS.

4. Cells were then dehydrated by passing through ascending graded
acetone series (75-85-100%) and dried.

5. The dried cells were then coated with gold and observed using a
Hitachi SU6600 scanning electron microscope.

The treated cells displayed distinct morphological changes. A dose-
dependent mild shrinkage of cells was evident at lower concentrations with
severe shrinkage and blebbing observable at higher concentrations tested.
The control cells showed a normal organized structure.
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10.3.3.4 HOECHST 33258 STAINING

1. Cells (1.5 x 10°) were seeded in 12-well plates and treated with
various concentrations (10, 25, and 50 ug/mL) of AMFAgNPs for 48
h (see Note 2).

2. After collection, cells were washed with PBS and resuspended in
Hoechst 33258 solution (1 mg/mL), followed by incubation at 37 °C
in the dark (Baghbani et al., 2017).

Images of the treated and control cells were then captured using a
fluorescence microscope (Figure 10.9). Cells exposed to AMFAgNP
concentrations below, at, and above IC, concentrations for 48 h displayed
apoptotic characteristics such as cell shrinkage and nuclear condensation
and fragmentation in a dose-dependent manner compared to the normal
cell morphology observed in control cells.

Control 10 pg/mL 25pg/mL 50 pg/mL Cisplatin

FIGURE 10.9 Fluorescence microscopy images of Hoechst 33258-stained HCT116 cells.

10.3.3.5 ACRIDINE ORANGE-ETHIDIUM BROMIDE DUAL STAINING

The morphological evidence of apoptosis in AMFAgNP-treated cells was
detected by dual staining with AO and EtBr. AO penetrates into living cells,
emitting green fluorescence after intercalation into deoxyribonucleic acid
(DNA). The second dye EtBr emits red fluorescence in cells with an altered cell
membrane. Viable cells have bright green nuclei with an organized structure.
Apoptotic cells have orange-to-red nuclei with condensed or fragmented
chromatin, while necrotic cells display uniform orange-to-red nuclei with a
condensed structure.

1. Following treatment with AMFAgNPs/cisplatin, the cells were
subjected to trypsinization.

2. Centrifugation at 5000 rpm for 5 min was followed by a wash with
PBS.

3. Approximately 10 pL of the dye mixture (50 pg/mL each of AO and
EtBr) was mixed with 200 pL of cell suspension (1.5x 10°cell/mL).
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4. Following a brief incubation for 2—3 min at room temperature, 20
uL of cell suspension was then placed on a glass slide and observed
under a fluorescence microscope at 40 X magnification.

The percentage of apoptotic cells was determined by the following
formula:

Total number of apoptotic cells

% of apoptotic cells = 100

Total number of normal and apoptotic cells

The induction of apoptosis, following treatment with the different
concentrations of AMFAgNPs (10, 25, and 50 pg/mL), was assessed by
fluorescence microscopy. The untreated control cells appeared green with
intact nuclei and normal cell morphology. Cells treated with biogenic NPs
were stained orange to red and showed characteristics of apoptosis such as
chromatin condensation, nuclear fragmentation, and alterations in the size
and shape of cells (Figure 10.10a).

Necrotic cells were observed with red fluorescence due to the loss of
membrane integrity (Thangam et al., 2012). A quantitative analysis based
on cell counts showed a dose-dependent induction of apoptosis, leading to
80% cell death at the highest test concentration of 50 pg/mL of AMFAgNPs
(Figure 10.10b)
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FIGURE 10.10 (a) Fluorescence microscopy images of AO/EtBr-stained HCT116 cells and
(b) quantitative analysis of late apoptotic cells.
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10.3.3.6  QUANTIFICATION OF INTRACELLULAR ROS

ROS generation in cells undergoing chemical or environmental stress
results in oxidative damage to macromolecules such as lipids, proteins, and
DNA. Intracellular ROS levels were measured using DCFH-DA, which
measures hydrogen peroxide, an indirect procedure for estimating ROS. The
dye passively enters the cell, where it reacts with ROS to form the highly
fluorescent compound, dichlorofluorescein.

1. Cells were seeded in a 12-well plate (1.5 x 10° cells/well).
AMFAgNP treatment was given at various concentrations (10, 25,
and 50 pg/mL) for 48 h.

3. Following exposure to the NPs, the cells were washed with PBS and
then incubated in 20 pL of working solution of DCFH-DA (1 mg/mL
stock solution was diluted to yield a 20 pg/mL working solution) at
37 °C for 30 min (see Note 6).

The presence of ROS was visually examined as evidenced by the fluores-
cence observed using a fluorescence microscope. NP-induced ROS generation
and oxidative stress have been previously proposed as mediators of apoptotic
cell death (Zhu et al., 2016). Figure 10.11a shows a dose-dependent increase
of intracellular ROS generation after 48 h exposure to the NPs. The results
indicated the involvement of ROS in the observed cytotoxicity of AgNPs.

Control 25 uyg/mL 50 yg/mL  Cisplatin

10 pg/mL

FIGURE 10.11 (a) Effect of AMFAgNPs on ROS generation in HCT116 cells, (b) detection
of the mitochondrial membrane potential by fluorescence microscopy, and (c) fluorescence
microscopy images of Annexin V-FITC-stained HCT116 cells.
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10.3.3.7 ASSESSMENT OF MITOCHONDRIAL MEMBRANE POTENTIAL

Mitochondria are an integral part of apoptotic machinery. The depletion of
mitochondrial membrane potential, an early marker of apoptosis, leads to the
release of its intermembrane space proteins, such as cytochrome-c, into the
cytosol, which then activates caspases.

1. HCT116 cells were seeded (1x10° cells/well) in 12-well plates.
The cells were cultured with or without AMFAgNPs (10, 25, 50 pg/
mL)/cisplatin for 48 h.

3. After treatment, the cells were incubated with the lipophilic cationic
dye rhodamine 123 (10 pg/mL) for 30 min.

4. Cells were then harvested and washed with PBS.

5. The green fluorescence from the depolarized mitochondria was
observed using a fluorescence microscope.

A dose-dependent decrease in the mitochondrial membrane potential was
observed in both AMFAgNPs and cisplatin-treated cells (Figure 11b).

10.3.3.8 ANNEXIN V/PI DOUBLE STAINING ASSAY

There was translocation of phosphatidyl serine from the inner to the outer
phase of plasma membrane during the early stage of apoptosis. This was
determined by staining cells with Annexin-FITC. The inclusion of the other-
wise impermeable propidium iodide (PI) stain assisted further in detecting
necrotic cell death, which is characterized by the loss of membrane integrity.

Apoptosis-mediated cell death of cancer cells was examined using FITC-
labeled Annexin V/PI, according to the manufacturer’s protocol (Sigma, USA).

1. HCTI116 cells were seeded (1.5x10° cells/well) in 12-well plates and
incubated at 37 °C for 48 h.

2. Treatment with different concentrations of AMFAgNPs (10, 25, and
50 pg/mL)/cisplatin was given for 48 h.

3. Cells were then pelleted by trpsinization followed by two washes
with ice-cold PBS.

4. The cells were resuspended in 500 pL of 1X binding buffer and 5.0
pL of Annexin V-FITC solution.

5. PI (10 puL) was added, and the cells were then incubated for 10 min
at room temperature.

6. The stained cells were observed using a fluorescence microscope.
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AMFAgNPs induced a concentration-dependent increase in the number
of Annexin V-positive HCT116, which is indicative of the occurrence of
apoptosis in the treated cells (Figure 10.11c).

10.3.3.9 CLONOGENIC ASSAY

Clonogenic assay or colony formation assay is an in vitro cell survival assay
based on the ability of a single cell to grow into a colony. The colony is
defined to consist of at least 50 cells. The assay essentially evaluates cell’s
reproductive ability (Varun et al., 2014).

1. HCT116 cells were plated at a density of 5x10?* cells per well in six-
well plates.

2. Treatment with various concentrations of AMFAgNPs (10, 25, and
50 pg/mL) was carried out; the untreated cells were maintained as
control.

3. After 48 h of incubation, the media was changed and the cells were
subjected to a further incubation for seven days.

4. The growth medium was then decanted, and the cells were carefully
rinsed with PBS.

5. The PBS was carefully removed, and then, 2—3 mL of a mixture
of 6% glutaraldehyde and 0.5% crystal violet prepared in sterile
distilled water was added.

6. The cells were then allowed to stand for at least 30 min for fixation/
staining.

7. Cells were then rinsed with tap water (see Note 3).

8. Theplates with colonies were then allowed to dry at room temperature.

AMFAgNP-treated HCT116 cells displayed a concentration-dependent
reduction in the colony-forming capability compared to that of control cells,
indicating that biogenic AgNPs effectively suppressed the growth and prolif-
eration of these cells (Figure 10.12a and b).

10.3.4 CELL CYCLE ANALYSIS

Cell cycle distribution and the percentage of apoptotic cells were determined
by flow cytometry. Extensive DNA degradation occurs as part of the apop-
totic process; flow cytometry analysis usually involves the observation of a
“hypodiploid” or “sub-G1” peak in the DNA histogram.



Selective Targeting of Human Colon Cancer HCT116 241

Control 10 pg/mL 25 pg/mL 50 pg/mL Cisplatin

% Xk %k
b & %k %k

120 4

3k
ok
100
80
60
40 -
20
o : — .
0 25 50

Control 1
AMFAgGNPs (ug/mL)

FIGURE 10.12 Clonogenic capacity in AMFAgNP-treated HCT116 cells as measured
by the colony-forming assay. (a) Cells stained with crystal violet and (b) histogram of the
percentage of viable colonies.
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Cells were seeded at 1x10° cells/well in a six-well plate.

After treatment with AMFAgNPs for 48 h, the cells were trypsinized.

3. Following centrifugation at 5000 rpm for 5 min, the cells were washed
with cold PBS buffer and fixed with 70% ethanol overnight at —20 °C.

4. Following recentrifugation to discard ethanol, the cells were rinsed
twice with cold PBS.

5. The recovered cells were then resuspended in 300 pL of PBS and
treated by adding 5—7 pL of RNase (10 mg/mL).

6. Following incubation for 30 min at 37 °C with intermittent shaking,
the cells were stained with propidium iodide (working solution 1
mg/mL).

7. The cells were then analyzed using a flow cytometer (BD FACS

Diva software, version 5.0.2).

o =

The proportion of cells in G /G, S, and G,/M phases has been represented as
DNA histograms. For each experiment, 10,000 events per sample were recorded.
FACS analysis revealed that AMFAgNP treatment led to an accumulation of

up to 84% of cell population in the G G, phase in a concentration-dependent
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manner within the range tested (10—-50 pg/mL) as compared to controls (Figure
10.13a and b). In contrast, treatment with the standard anticancer drug cisplatin,
which was taken as the drug control, leads to G, arrest (not G,) in 25% of the
cells compared to controls. The induction of apoptotic cell death or cell cycle
arrest in cancer cells is thought to be the principal strategy for tumor elimi-
nation. In addition to apoptosis, the inhibition of cell cycle progression also
plays a key role in regulating the growth of cancer cells (Young et al. 2017).
The induction of cell cycle arrest by AMFAgNPs thus demonstrates their thera-
peutic potential from this viewpoint.
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FIGURE 10.13 Cell cycle analysis by FACS. (a) AMFAgNPs induced G /G, cell cycle
arrest in HCT116 cells and (b) representative histogram shows the percentage of cells in G,
S, and G,/M.
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10.3.5 REVERSE TRANSCRIPTION QUANTITATIVE POLYMERASE
CHAIN REACTION ANALYSIS

The relative levels of apoptosis-related gene expression analysis were eval-
uated by RTq-PCR in the presence of five sets of gene specific (PUMA,
caspase-3, -8, -9, and Bax) primers listed in Table 10.1. Total RNA was
isolated from treated and control cells using TRI reagent, according to the
manufacturer’s instructions, and employed for RTq-PCR.

TABLE 10.1 Primers Used in the RTq-PCR Assay

Gene Primer Sequence

PUMA Forward: S5GACCTCAACGACAGTACGA3’
Reverse: 5'GAGATTGTACAGGACCCTCCA3'’

Caspase 3 Forward: 5 TGGCATACTCCACAGCACCTGGTTA3'
Reverse: 5'CATGGCACACAAAGCGACTGGATGAA3'

Caspase 8 Forward: 5S'CATCCAGTCACTTTGCCAGA3’
Reverse: 5'GCATCTGTTTCCCCATGTTT3’

Caspase 9 Forward: STTCCCAGGTTTTGTTTCCTG3'
Reverse: 5S'CCTTTCACCGAAACAGCATT3’

Bax Forward: 55GCCACCAGCCTGTTTGAG3'
Reverse: 5'CTGCCACCCAGCCACCC3'’

GAPDH Forward: 5S’AATCCCATCACCATCTTCCA3’

Reverse: 5S'CCTGCTTCACCACCTTCTTG3'

1. Ina5.0 pL reaction volume, cDNA was synthesized by taking 1.0 pL
of 0.5 pg/uL RNA and 0.5 pL of oligo dT (100 ng/uL).

2. The mixture was then incubated at 65 °C for 10 min and placed on ice.

3. To this, 1 uL of 10 mM dNTP mix, 2 uL of 10x M-MLV reverse
transcriptase buffer, 1 pL of M-MLV reverse transcriptase, 0.5 pL of
RNasin, 0.5 pL of DTT (20 mM) was added and made up to 10 pL.
with sterile nuclease-free water (see Note 5).

4. The reaction mixture was incubated at 37 °C for 1 h, then heated to
95°C for 10 min, and stored at —20 °C until use.

5. The transcript levels of individual mRNA types from control and
treated cells were determined by SYBR Green PCR Master Mix
using an Illumina Eco™ Real Time system. The relative expression
levels were calculated using the AAC method with GAPDH as an
internal reference gene.
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The expression levels of the apoptotic related genes were analyzed to
determine their involvement, if any, in the cytotoxicity of AMAgNPs. The
activation of caspase proteases is fundamental in triggering apoptotic cell
death. Among the different subgroups, caspase-3 plays a decisive role in
the apoptosis-associated processes, such as loss of membrane integrity and
DNA damage, thereby enhancing apoptotic cell death in a caspase-3-depen-
dant pathway. Caspase-3 expression was found to significantly increase
up to 4.8-fold in a concentration-dependent manner in cells treated with
AMFAgNPs (Figure 10.14a—d). Likewise, PUMA, caspase-8, and caspase-9
also showed increased gene expression. The proapototic Bax promoted
apoptosis and Bcl-2 promoted survival are responsible for the induction of
mitochondria-mediated apoptosis. Upregulation of Bax expression was also
evident in AMFAgNP-treated cells. However, the proapoptotic Bax gene
expression was found to increase by 28-fold in cells treated with AMFAgNPs
at the IC_ concentration. AgNPs have been reported to stimulate p** respon-
sive gene expression. PUMA (p*, upregulated modulator of apoptosis)
induces apoptosis in colon cancer through a Bax- and mitochondria-depen-
dent manner (Mustata et al., 2013; Kovacs et al., 2016). A-549 NSCLC cells
treated with silver NPs showed increased gene expression of caspase-3 and
-8 (Karthik et al., 2014). Taken together, AMFAgNPs were found to induce
apoptosis by upregulating genes such as PUMA, caspase-3, -8, -9, and Bax.
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FIGURE 10.14 Relative quantification of mRNA expression of apoptosis-related genes

using RTq-PCR in HCTI116 cells treated with AMFAgNPs and cisplatin. (a) PUMA, (b)
caspase-3, (c) caspase-8, and (d) Bax.
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10.3.6 ASSESSMENT OF AMFAGNPS CYTOTOXICITY ON NORMAL
HUMAN CELLS

10.3.6.1 PERIPHERAL BLOOD LYMPHOCYTES

Cellular toxicity of AMFAgNPs was also studied on human peripheral blood
lymphocyte cultures (hPBLs) since many conventional anticancer treatments
kill cells nonspecifically irrespective of whether they are normal or cancerous.

1. TIsolated lymphocytes (10° cells/mL) were added to 5 mL of lympho-
cyte culture medium, HiKaryo XL™ RPMI, supplemented with
phytohemagglutinin.

2. The medium was then incubated at 37 °C for 48 h (see Note 7).

3. Replicate lymphocyte cultures were then treated with different
concentrations (10, 30, and 60 ug/mL) of AMFAgNPs and the metal
precursor, silver nitrate, separately.

4. The lymphocytes were harvested by centrifugation at the 24th h (see
Note 4).

5. The spent medium was discarded, and the cell pellet was resuspended
in PBS and centrifuged at 1000 rpm.

6. To the pellet, 200 pL of MTT solution was added in PBS (500 pg/mL).

7. The tubes were incubated in the dark for 34 h.

8. The MTT solution was discarded and then 200 puL of DMSO was
added to dissolve the formazan crystals.

9. The absorbance was measure at 620 nm to determine cell viability.

The results clearly indicated that AgNPs at IC, concentration were not
cytotoxic and did not affect their proliferation (Figure 10.15). However, the
precursor metal, silver nitrate, was found to be toxic to lymphocytes.

10.3.6.2 RED BLOOD CELLS

The cellular toxicity of AMFAgNPs was also tested against human
erythrocytes.

1. Heparinized fresh human blood was taken and centrifuged at 1500
rpm for 10 min at 4 °C.

2. Plasma and bufty coat were removed by aspiration.

3. The supernatant was discarded; the erythrocyte pellet was washed
thrice with PBS.
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The erythrocytes were then incubated with different concentrations
(50, 100, 150, 200, and 500 pg/mL) of both AMFAgNPs and AgNO,
separately for 90 min at 37 °C.
The samples were them centrifuged at 3000 rpm for 10 min.
The absorbance of the supernatants was measured at 543 nm using a
spectrophotometer to monitor the hemolysis.
Percent hemolysis (H) was calculated by the following formula:
_ _(O0Ds opo) o
(OD100 ODO)
where OD, OD,, OD, denote the optical densities of the experi-
mental, negative (PBS), and positive (water) controls, respectively
(Khan et al., 2015).
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FIGURE 10.15 Effect of AMFAgNPs on hPBLs. Cell viability of normal hPBLs was
assessed by the MTT method.

The percentage hemolysis values of erythrocytes exposed to AMFAgNPs
were estimated as 2.5, 4.2, 5, 6, and 19 in comparison to 8, 23, 38, 44, and
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56% obtained with the precursor compound AgNO,. This showed that hemo-
lysis occurred in a dose-dependent manner (Figure 10.16). Thus, it is clear
that NPs apparently are far less toxic compared to its metal salt and that
at the IC concentration both categories of normal cells, lymphocytes and
erythrocytes, remained unaffected.
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FIGURE 10.16 Percentage hemolysis of AMFAgNP-treated erythrocytes.

10.4 NOTES

1. Before all experiments, ensure that all required materials from sterile
pipettes, sterile test tubes, culture dishes, and plates are ready for
use. Prewarm the medium, PBS, and trypsin at 37 °C. Work out the
cell dilutions and label the dishes or plates. The experiment has to
continue smoothly to limit the total time, preventing the adverse
effects of pH and temperature changes.

2. The dilutions have to be performed accurately to seed the correct
number of cells.

3. Do not place the dishes or plates under a running tap, but fill the sink
with water and immerse the dishes or plates carefully.



248

Natural Products Chemistry

The incubation period should be at least 48 h to ensure obtaining the
desired cell number; low-speed centrifugation should be to preferred
to avoid cell damage.

The method described here for RNA isolation provides high yield
of RNA, in some cases RNA prepared may not be entirely free of
contaminating proteins. In this case, two options may be pursued.
After ethanol precipitation, the sample can be resuspended in 400
uL of water and extracted once with phenol:chloroform:isoamyl
alcohol (25:24:1) and once with chloroform:isoamyl alcohol
(24:1), followed by a repeat of ethanol precipitation. Alternatively,
the pellet can be resuspended in PK buffer (50 mM Tris, pH 7.5,
5 mM EDTA, and 0.5% w/v SDS) and incubated with 200 pg/
mL Proteinase K for 30 min, followed by extraction and ethanol
precipitation.

The concentration of the stain is a critical factor for analyzing
different phases of cells. All staining methods should be done in the
dark condition.

To improve the growth condition, a gentle mixing of culture tubes is
essential.
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ABSTRACT

This chapter focuses on the budding perspective of chalcone (prop-2-
ene-1-one)-based natural inhibitors (isoliquiretigenin, butein, garcinol,
hydroxysafflor yellow A, broussochalcone A, 2,4-dihydroxy-6-methoxy-
3,5-dimethylchalcone, 4’-hydroxy chalcone, and Parasiticin-A, -B, and -C)
and synthetic inhibitors (4-(p-toluenesulfonylamino)-4’-hydroxy chalcone,
4-maleamide peptidyl chalcone, and quinolyl-thienyl chalcone) that
will prevent angiogenic switching (fibroblast growth factor angiogenin,
TGF-B) by directly inhibiting the three vital therapeutic targets: vascular
endothelial growth factor, vascular endothelial growth factor receptor-2,
and matrix metalloproteinases-2/9, which will block neovascularization,
vascular formation, and network formation by completely depriving the
cells from the required nutrients, fluid, signaling molecules, and oxygen.
The highlighted studies will positively motivate young minds, medicinal
chemists, future researchers, and allied scientists for developing or exploring
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potential angiogenic inhibitors for the treatment of cancer with better
pharmacodynamics attributes and less side or adverse effects.

11.1 INTRODUCTION

Angiogenesis is a vital process in the human body that leads to the formation
and maintenance of blood vessel network (Breier, 2000). This imperative
process, however, leads to the precipitation of several diseases like cancer
and inflammation. With the advancement in medical research, numerous
signaling molecules, such as the Delta—Notch system, ephrin—Eph receptors,
vascular endothelial growth factors—vascular endothelial growth factor recep-
tors (VEGF-VEGFRs), and angiopoietin—Tie, have been known to involve
in the angiogenesis process (Weidner, 1993). The VEGF-VEGFRs play a
pivotal role in the process of new blood vessel formation from the precursors
in early life stages, vasculogenesis, and angiogenesis (Sridhar and Shepherd,
2003). Blood vessels play a crucial role in the supply of oxygen, nutrients,
signaling molecules, fluids, etc. along with access to immune supervision.
The endothelial cells, which constitute the inner surface of the blood vessels,
are repaired by several angiogenic processes (Wilting and Christ, 1996).
The capillary walls and vessels of fine dimensions consist of pericytes (a
single cell layer), which largely contrast with the constitution of arteries and
veins that are formed largely by smooth muscle cells. However, in adults,
the formation of the blood vessels is mediated under a very strict process
because both disproportionately high amount of neovascularization and their
scarce formation will lead to several pathogenic conditions (Battegay, 1995).

During the process of vasculogenesis along with the primary vascular
plexus, the formation of the vascular net (capillaries fuse into vessels, arteries,
and veins) results from the already existing condition/system (Auerbach and
Auerbach, 1994). During the angiogenesis progression, further transformations
occur, primarily the vascular plexus expands notably due to acute branching
of'the capillary and formation of the highly organized network (Ribatti, 2009).
The whole procedure involves commencement of the process from the nearby
destructed pre-existing blood vessels, followed by the initiation of endothelial
cell proliferation, and finally the migration process. The situated endothelial
cells are bringing together in tubular structures followed by the formation of
blood vessels around them (Otrock et al., 2007).

In the pathogenesis of tumor development, the activation of angiogen-
esis is a crucial phenomenon as it provides developmental support to the
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cancer cells by promoting easy access to food, nutrients, oxygen, and several
other growth-promoting factors (Ribatti, 2008). Without these factors,
a tumor nodule cannot grow more than 4 cm® due to prevailing hypoxia
and in the due course will lead to death of cells (Shahi and Pineda, 2008).
Various factors, such as fibroblast growth factor (FGF), VEGF-VEGFRs,
angiogenin, TGF-p, etc., promote tumor growth by enhancing blood vessel
networking in the cancer cells. The inhibition of such factors will lead to
containment of “angiogenic switching” and therefore will lead to inactiva-
tion of pro-angiogenic factors, and ultimately, the progression/proliferation
will halt (Tahergorabi and Khazaei, 2012).

Several natural products, such as chalcones, aurones, flavonoids, flavones,
flavonols, flavanones, isoflavones, anthocyanidine, flavan-3-ols, proanthocy-
anidins, etc., are regarded as potential antiangiogenic compounds (Mahapatra
et al., 2015a). Chalcones (prop-2-ene-1-one) are the class of natural prod-
ucts having a composition of two aromatic rings bound by an o, unsatu-
rated carbonyl bridge (Mahapatra et al., 2015b). They are the chromophoric
compounds first synthesized in the 19th century by Tambor and Kostanecki
(Mabhapatra et al., 2015c). They are regarded as open-chain intermediates in
the flavonoid synthesis in the aurone pathway (Mahapatra and Bharti, 2016).
The chalcone scaffold-bearing compounds are known to have antibacterial,
anti-inflammatory, anticancer, antifungal, hypnotic, antiviral, sedative, anti-
convulsant, antimalarial, antileishmanial, antitrypanosomal, antiretroviral,
antiplatelet, antihypertensive, antihyperlipidemic, antiarrhythmic, antigout,
analgesic, antidiabetic, antiobesity, etc. properties (Mahapatra et al., 2017;
Mahapatra et al., 2019a, 2019b). This chapter highlights the antiangiogenic
perspectives of natural chalcones.

11.2 INHIBITION OF VASCULAR ENDOTHELIAL GROWTH
FACTORS BY CHALCONES

While rationally developing some potential angiogenic inhibitors, either
from nature or (semi-)synthetic, VEGF-1 and VEGF-2 remained the prime
target for the pharmacotherapeutics (Figure 11.1) (Ferrara et al., 2003).
These are solitarily formed in the cells and promote neovascularization.
During the embryonic stages, these are vastly expressed and play a critical
role in fetal vasculogenesis (Ferrara, 2002). In adults, these play a central
role in the formation of blood vessels under injury conditions and cardiac
blockade. Under tumor conditions, these are largely overexpressed and lead
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to swift growth of tumor and its spreading across the body due to the enor-
mous availability of nutrients and oxygen in the metabolizing cells (McColl
et al., 2004).
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FIGURE 11.1 [llustration of the VEGF pathway.
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The family of VEGF genes comprises of seven members, which include
VEGF-E, a viral genome-derived component. VEGFs play an essential role
in the cardiovascular system, atherosclerosis, cardiac myofibroblasts, central
nervous system, nonendothelial cells, bones, hematopoietic cells, hematological
malignancies, autocrine signaling, tumor cells, etc. (Przybylski, 2009). VEGF-A,
VEGF-B, VEGF-C, and VEGF-D have been glimpsed to regulate the process of
angiogenesis at early embryogenesis, show vascular permeability activity, have
proangiogenic activity, stimulate cell migration in macrophage, and are consid-
ered as significant regulators of lymphangiogenesis (Nagy et al., 2007). VEGFs
of diverse origin have proangiogenic characteristics for the development and
maintenance of blood vessel physiological levels to overcome ischemic diseases.
Based on the conditions, inhibitors of angiogenesis have been developed and
preclinically evaluated to determine, but none of them proved very promising
for a complete cure (Baka et al., 2006). Multikinase inhibitors and anti-VEGF-A



Promising Anticancer Potentials of Natural Chalcones 257

neutralizing antibody have been produced as an alternative way of treatment;
keeping possible side effects aside, however, the clinical efficacy is under ques-
tion (Ferrara and Kerbel, 2005). Chalcone-based compounds have been reported
very recently as promising inhibitors of VEGF and may be applied in the near
future as angiogenesis inhibitors with several advantageous pharmacodynamics
and pharmacokinetics attributes.

2-Hydroxy-4-methoxychalcone (1) has been found to exhibit in vivo anti-
angiogenic activity by complete inhibition of COX-2 enzyme. The inhibition
of COX-2 enzyme directly or indirectly produced a marked suppression of
the proliferative nature of the cells (Lee et al., 2006).

A natural chalcone obtained from the dried flower of Cleistocalyx oper-
culatus, 2,4-dihydroxy-6-methoxy-3,5-dimethylchalcone (2) (Figure 11.2),
produced reversible inhibition of kinase domain receptor (KDR) tyrosine
kinase phosphorylation (VEGF). VEGF is a key factor responsible for the
growth of human vascular endothelial human dermal microvascular endo-
thelial cells (HDMECs) and ultimately results in angiogenesis. The inhibi-
tion of VEGF leads to an acute reduction in the tumor vessel density and
eventually causes in vivo antiangiogenic activity (Zhu et al., 2005).

Two novel methoxylated chalcones, 2,2",4'-trimethoxychalcone (3) and
3'-bromo-2,4-dimethoxychalcone (4), demonstrated significant antiendothe-
lial characteristics in immortalized human microvascular endothelial cells
(HMEC-1) and thwarted the angiogenic growth by preventing the tumor-
induced neovascularization (Bertl et al., 2004).

Chalcone (5) has been observed as a potential antiangiogenic candi-
date by producing considerable inhibition of VEGF-induced migration and
invasion of Hep3B and human umbilical vein endothelial cells (HUVECs)
(under nontoxic concentrations) as well as the inhibition of HIF-1 by down-
regulating the expression of HIF-1a (under hypoxic conditions) (Wang et
al., 2015).

The potential of 4'-hydroxy chalcone (6) in suppressing multiple-step
angiogenesis was studied by Varinska and co-workers. The natural product
showed no cytotoxic effects and effectively inhibited VEGF and fibroblast
growth factor (FGF)-induced phosphorylation of extracellular signal-regu-
lated kinase (ERK)-1/-2 and Akt kinase, which noticeably restricted the
endothelial cell proliferation, their migration, and formation of tubules. The
suppression of growth factor pathways translated into in vitro angiogenic
attributes of endothelial cells (Varinska et al., 2012).

With antiangiogenic prospective, hydrophilic chalcones (7 and 8) have
been screened against human mammary adenocarcinoma (MCF-7) cell line
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and multiple myeloma (RPMI-8226) cell line with an analogous motif. The
study expressed tremendous antiangiogenic activity through the regulation
of various pathways at low micromolar concentrations (Syam et al., 2012).

Quite similarly, chalcone molecules (9-12) demonstrated significant
activities (in micromolar concentrations) against human adenocarcinoma
cell line HT-29, human breast adenocarcinoma cell line MCF-7, human
prostate cancer cell line PC3, human normal liver cell line WRL-68, and
human lung adenocarcinoma cell line A549 (Nelson et al., 2013).

From the ethyl acetate extract of bark of Broussonetia papyrifera, brous-
sochalcone A (13) was isolated and in vitro investigated for antiangiogenic
ability against ER-positive breast cancer MCF-7 cells, where excellent
results were perceived due to target modulatory effects (Guo et al., 2013).

Parasiticin-A, -B, and -C, three novel chalcone derivatives along with
other four chalcone compounds, have been isolated from Cyclosorus para-
siticus leaves and screened against six human cancer cell lines (A549,
MDA-MB-231, ALL-SIL, HepG2, and MCF-7). The in vitro exploration
demonstrated extensive cytotoxicity (micromolar IC_ values) along with
the significant antiangiogenic activity. Parasiticin-C (14) and 2,4-dihydroxy-
6-methoxy-3,5-dimethylchalcone (2) showed the highest antiangiogenic
activity (Wei et al., 2013).

In an interesting study, a natural chalcone, butein (15) has been scruti-
nized as potent in vivo suppressor of microvessel formation. The chalcone
inhibited the major factor VEGF, which prevents sprouting of the minor
vessels from the aortic rings (Chung et al., 2013).

Chalcone-based pigment, hydroxysafflor yellow A (16), obtained from
the flower petals of Carthamus tinctorius, presented antiangiogenic activity
by downregulating the BFGF mRNA expression and VEGF in transplanted
gastric adenocarcinoma (Xi et al., 2009).

11.3 INHIBITION OF VASCULAR ENDOTHELIAL GROWTH FACTOR
RECEPTOR-2 BY CHALCONES

Depending on the type of vertebrate species, the genes of VEGFR comprises
of 3—4 members. It comprises of three loops produced by the intramolecular
disulfide bonding, and loop 1 cooperates with loop 3 to exhibit necessary
binding and activation cascade for angiogenic switching (Sawamiphak
et al., 2010). VEGFR-1 (VEGF receptor 1 also known as Flt-1, fms-like
tyrosine kinase) and VEGFR-2 (KDR/FIk-1, fetal liver kinase 1 is the murine
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homolog of human kinase insert domain-containing receptor) are the most
prominent receptors involved in vasculogenesis, neovascularization, and
proangiogenesis processes (Figure 11.3) (D'Haene et al., 2013). VEGFR-2
is a receptor of VEGF-A and mostly mediates endothelial growth and
signaling. The angiogenic promoters are foremost expressed by VEGF-E
(Orf-virus-derived VEGF) (Li et al., 2005). The inhibition of VEGFR-2
may be regarded as the most fitting biological target for the suppression of
solid tumors (Shibuya, 2006). Researchers working on chalcone scaffold
have put forward some recently tested VEGFR-2 inhibitors as perspective
antiangiogenic agents.

VEGF-A VEGF-C VEGF-D VEGF-E

VEGFR-

\
)\

/
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FIGURE 11.3 Illustration of the VEGFR-2 pathway.

Based on the structure-based virtual screening, quinolyl-thienyl chalcone
series was in silico screened for their ability to inhibit VEGFR-2 kinase.
Further, in vitro research on HUVECs produced noteworthy inhibition by
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the chalcone hybrids. The highest activity was recognized by inhibitor 17
(Rizvi et al., 2012).

Isoliquiritigenin (18), a natural product, has been identified as antiangio-
genic candidate that mediates the activity inhibiting the VEGF expression.
The natural chalcone exhibits HIF-1a (hypoxia inducible factor-1a) protea-
some degradation in breast cancer cells and blocks the kinase activity via
interaction with VEGFR-2 (Wang et al., 2013b).

The strong VEGFR-2 inhibitory activity of 2,4-dihydroxy-6-methoxy-
3,5-dimethylchalcone (2) (Figure 11.4) remained the key highlights of Patent
CN1454895A, which further depicts its utility in chemoprevention due to
antiangiogenesis activity (Sun Yat-Sen Cancer Center, 2003).
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FIGURE 11.4 Chalcones as VEGFR-2 inhibitors.

11.4 INHIBITION OF MATRIX METALLOPROTEINASES-2/9 BY
CHALCONES

Matrix metalloproteinases (MMPs) are the enzyme class responsible for the
degradation of small molecules present in the extracellular matrix (Genis
et al., 2006). Tissue inhibitors of metalloproteinases are known to inhibit
MMP activity. MMP-2 and MMP-9 are the prime components responsible
for the angiogenesis (Sang, 1998). MMP-9 has been seen to degrade the
type-1V collagens present in the basement membrane, which leads to the
clearance of matrix neighboring the endothelial cells. When the cryptic
regulatory sequence gets exposed, it leads to proliferation and migration,
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which consequently leads to triggering of the angiogenic switch (Rundhaug,
2005). As the matrix-bound VEGF gets released by the cleavage process
and the circulating endothelial precursor stem cells are released from bone
marrow, the angiogenesis process initiates (Figure 11.5) (Stetler-Stevenson,
1999). A handful of molecules bearing chalcone pharmacophore have been
preclinically perceived to block MMP-2 and MMP-9 very selectively and
may be rationally designed in future for the complete blockade of angiogenic
switching.
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FIGURE 11.5 Illustration of the MMP-2/9 pathway.

Novel prenylated chalcones (19- and 20) obtained from the twigs of
Dorstenia turbinate presented remarkable and complete inhibition of
MMP-2 in brain tumor-derived glioblastoma cells. The authors also high-
lighted the importance of two prenylated groups in respective positions that
play a dominant role in interaction with the MMP-2. The presence of free
hydroxyl groups perceptibly improved the inhibition of MMP-2 (Ngameni
et al., 2006).
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The wonder chalcone molecule isoliquiretigenin (18) has been seen to
modulate a large number of biochemical targets. The compound of natural
origin considerably reduces the VEGF expressions, MMP-2/9 expressions,
and HIF-1a levels in cancer cells and demonstrates antimigratory activities,
which are the potential biomarkers for the antiangiogenic process. In addi-
tion to the above activities, the chalcone also inhibits phosphatidylinositol-3
kinase (PI3K) expression and p38 and Akt kinase phosphorylation and the
suppression of NF-kf deoxyribonucleic acid (DNA)-binding activity (Wang
etal., 2013a).

The antiangiogenic perspective of 4-maleamide peptidyl chalcones (21
and 22) in human prostate cancer cells (PC-3 and LNCaP) was studied by
Rodrigues and co-workers where they observed alterations in the cell cycle,
cellular invasion, changes in migration, anticlonogenic activity, and antian-
giogenic potentials and marked MMP-9 inhibition in micromolar concentra-
tions (Rodrigues et al., 2011).

The MMP inhibitory ability and TM4SF5 antagonistic activity of
4-(p-toluenesulfonylamino)-4'-hydroxy chalcone (TSAHC) (23) (Figure 11.6),
achalcone derivative, were profoundly studied, and its antiangiogenic behavior
was established. The compound has been found to express antitumor activity
in rats with no significant toxicity at a dose of 50 mg/kg (Park et al., 2012).

The antiangiogenic, antiproliferative, antimetastatic, and proapoptotic
perspectives of garcinol (24), a chalcone-like compound isolated from
Garcinia indica fruits, have been reported recently on pancreatic cancer
cells. The polyisoprenylated benzophenone produces dose- and time-depen-
dent induction of apoptosis (G,~G, phase cell cycle arrest) in BxPC-3 and
Panc-1 cell lines at 40 uM concentration. The compound expresses the
activity by targeting transcription factor NF-kB, metastatic factors (PGE2,
MMP-9, IL-8, and VEGF), and apoptotic factors (caspase-3/9, X-IAP, PARP,
and cIAP), thereby preventing chemoresistance and neovascularization
(Parasramka and Gupta, 2011). In addition to it, the molecule exhibit dose-
dependent inhibition of cell invasion against pancreatic and prostate cancer
cell lines by modulating a signal transducer and activator of the transcrip-
tion-3 (STAT-3) signaling pathway (Ahmad et al., 2012).

The MMP inhibitory attributes (both collagenase and gelatinase subfamily)
of4'-hydroxy chalcone (6) and its derivatives as potential anticancer and chemo-
preventive agents remained the center of attention of Ptent WO2003037315A1.
The antiangiogenic perspective of this compound continues to be the sole heart
of this invention (Angiolab Inc., Assignee 2003).
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FIGURE 11.6 Chalcones as MMP-2/9 inhibitors.

11.5 CONCLUSION

This chapter focuses on the budding perspective of chalcone-based natural inhibi-
tors (isoliquiretigenin, butein, garcinol, hydroxysaftlor yellow A, broussochalcone
A, 2,4-dihydroxy-6-methoxy-3,5-dimethylchalcone, 4’-hydroxy chalcone, and
Parasiticin-A, -B, and -C) and synthetic inhibitors (4-(p-toluenesulfonylamino)-
4'-hydroxy chalcone, 4-maleamide peptidyl chalcone, and quinolyl-thienyl
chalcone) that will prevent angiogenic switching (fibroblast growth factor angio-
genin, TGF-B) by directly inhibiting the three vital therapeutic targets: VEGF,
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VEGFR-2, and MMP-2/9, which will block neovascularization, vascular forma-
tion, and network formation. The highlighted studies will positively motivate
young minds, medicinal chemists, future researchers, and allied scientists for
developing or exploring potential angiogenic inhibitors.
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Direct Electrochemical
Oxidation of Blood
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Russia, 426069

ABSTRACT

Protection of the human internal environment is an important aspect of
the ecological problem. In a healthy human, this function is performed
by the liver monooxigenase system that helps to remove hydrophobic
toxic substances from the organism by their hydroxylating oxidation with
molecular hydrogen catalyzed by special detoxicating ferment cytochrome
P-450.

12.1 INTRODUCTION

The new area in efferent medicine—electrochemical oxidation of blood—
is being successfully developed. Originally, the efficiency of direct current
action on blood was found while working on fuel cells. Direct current was
let to flow via various liquids, including blood. It was established that it
destructively affects bacteria and their toxins.

In Russia, this method was developed in the works of the Academician Yu.
M. Lopukhin. However, accidentally, the significant limitations of the method
emerged. Under the electric field action, the blood corpuscles adsorbed,
during the electrolysis in stagnant liquid in an electrolyzer, on the surface of
electrodes and blocked them. The circuit current was interrupted. The attempt
to recover the lost electrical conductivity by rigid mechanical actions upon
the electrodes unblocked them and the electrolysis could continue as long as
required, but, at the same time, a number of other problems emerged, which
prevented the development in this area. The investigations followed the way
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of electrolysis of sodium chloride aqueous solutions with further introduction
of electrolysis products into the blood.

The process development received a boost after the elaboration of the
method of direct electrochemical oxidation of blood by its electrolysis directly
in the blood vessel. This technology significantly simplifies the method and
the process instrumentation. The test on animals demonstrated its efficiency in
various diseases. At the same time, a new capability of the method, previously
inaccessible, was discovered. As the electrolysis is conducted directly in the
blood flow, it allows saturating the blood with elemental hydrogen. High
hydrogen reducibility contributes to the reduction of nonequilibrium radicals
in the course of cancer chemotherapy, facilitating the recovery process. This
was the impulse to develop a variety of processes that allow selectively
saturating blood either only with hypochlorite or only hydrogen, depending
on the aim of the method application.

12.2 DIRECT ELECTROCHEMICAL OXIDATION OF BLOOD

Here, important is the issue of creating artificial systems modeling the liver
detoxicating functions. This is conditioned by the fact that the existing
methods of extracorporal detoxication (hemodialysis, hemosorption) are not
efficient enough in removing hydrophobic toxins (Vasiliev et al., 1991).

Electrochemical methods can be used to clean blood and tissues from
poisonous and ballast substances by their hydroxylating oxidation. The idea
of modeling the liver detoxicating function with the help of electrochemical
oxidation was formulated earlier (Yao and Wolfson, 1975). Despite the
profound interest in the method of electrochemical oxidation, it did not find
proper clinical application as, for the first time, only the principal capabilities
of organism detoxication by direct electrooxidation of blood and other
biological fluids were considered.

The systemic investigations were carried out to reveal the principal
capabilities of electrooxidation of hydrophobic toxins in blood, lymphatic
fluid, and plasma, to study kinetics and oxidation mechanism of typical
toxins, to define the influence of electrochemical oxidation on different
homeostasis indexes of intact animals, as well as to demonstrate how much
effective is the electrochemical oxidation when used at the organism level
(Vasiliev et al., 1991).

In this research, it was found out that electrooxidation of organic substances
can proceed on different electrodes, but the majority of typical toxins are
oxidized with a sufficient rate only on electrodes—catalysts of platinum group
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metals. A platinum electrode is the most suitable catalyst for modeling the
hydroxylating function of cytochrome P-450 since practically all toxins are
oxidized on it. The preliminary research studies, conducted by different authors
and referenced in this paper, are dedicated to the investigation of electrooxida-
tion of various endogenic toxins on the platinum anode: bilirubin, cholesterol,
urea, glucose, xenobiotics: methanol, ethanol, phenol, formaldehyde, and
barbituric acid derivatives.

The device for electrochemical oxidation of blood in the form of an
electrochemical cell with a volume of up to 150 mL equipped with input and
output nozzles was tested. The cell is equipped with two electrodes, one of
them is platinum. It is noted that under the same current load the increased
electrode actual surface leads to a sharp increase in the blood trauma due to
the increased number of blood corpuscles getting into the field of a double
electric layer. Besides, during the blood contact with the electrodes, the
development of blood clots is observed, the electrode surface gets rapidly
covered with proteins and decomposed blood corpuscles, which block the
electrode surface, and the electrooxidation process is stopped. The current
does not pass through the cell. Two methods are proposed to respond to
this phenomenon: the method of vibrating electrodes (Sergienko et al.,
1984) and method of oxidation in the boiling bed (Vasiliev et al., 1986).
The electrode vibration with a frequency of 22 Hz and an amplitude of
2 mm provides a normal passage of current through the cell. The method
of oxidation in the boiling bed means that the process proceeds at the
current high densities when its main part is spent on water electrolysis with
oxygen and hydrogen evolution. The evolved gas bubbles form a boiling
bed near the electrodes preventing the formation of a condensed film of
proteins and blood corpuscles on the electrode surface. It is pointed out
that both methods allow conducting the blood electrolysis for a long time.
It should have generated some optimism in further works; however, in the
course of extended systematic research studies, a broad range of the method
applicability opportunities was found (Petrosyan, 1991); in addition, the
method of direct electrochemical oxidation was considered unpromising
at that time due to the complexity of practical implementation and low
reliability of operation under clinical conditions.

Therefore, Petrosyan (1991) worked out and produced the device for
electrochemical detoxication with indirect electrochemical oxidation of
blood. The electrolysis of physiological saline is carried out in the electro-
chemical cell, and the product is introduced into the blood system with the
help of a dropper tube. The method has shortcomings; thus, the volume of
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the solution introduced should not exceed 0.1 of the total blood volume at a
low concentration of the final product, decreasing its efficiency.

Rudenok et al. (2004), for the first time, were able to solve the problem
of blood corpuscles sticking onto the electrode surface and eliminate the
effect of spontaneous stoppage of current flowing through the system
by conducting the electrolysis inside the blood vessel without applying
rigid mechanical actions upon metal electrodes. The mechanism of this
phenomenon is still not entirely clear. Probably, the defining role is played
here by “flow potential” preventing the blood corpuscles to nonreversibly
adsorb as a dielectric barrier on the electrode surface. The method of direct
electrochemical oxidation of blood envisages the electrolysis directly in the
blood vessel based on bipolar polarization of the extended electrode. The
process modeling in the electrochemical cell demonstrated that with the
bipolar inclusion of the extended wire platinum electrode, the potential is
distributed along its length, and at one of its ends the polarization potential
corresponds to the oxidation process of chloride ion, and at the second one
(cathode) the polarization potential corresponds to the potential of hydrogen
reduction (Figure 12.1). Here, the detoxicating action is made by hypochlorite
being synthesized but not by the electrical current in the blood (Rudenok and
Marasinskaya, 2005; Rudenok et al., 2008).

FIGURE 12.1 Scheme of direct electrochemical oxidation of blood. 1, blood vessel; 2, wire
electrode; 3, skin covering; 4 and 5, applicator electrodes.

The hypochlorite action was positively tested on rabbits and calves with
staphylococcal infection and pneumonia (Rudenok et al., 2004, 2011), and
the method was introduced in one of the veterinarian clinics to cure skin
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conditions of dogs (Shabalina et al., 2006). More detailed investigations of
the method using biochemical and other techniques were clinically made
(Rudenok et al., 1999).

The experiments were conducted on 18 nonpedigree dogs of 1.5-2 years
old, with the bodyweight from 20 up to 30 kg, selected by the principle
of analogs. Three groups of six animals in each were formed: reference—
clinically healthy, and the first and second test groups with the diagnosis of
moist eczema on the back.

The reference animals underwent morphological and biochemical blood
investigations, and the microelectrophoretic activity of their erythrocytes
was determined with the help of the device “Cyto-Expert.” The data served
as a reference. The dogs in the first test group underwent medical treatment
following the scheme described below, without the direct electrochemical
oxidation (DECO) of blood. The dogs in the second test group underwent
medical treatment in combination with blood DECO. The eczemas of dogs
were medically treated following the traditional techniques by parenteral
administration of glucocorticoids (4 mg/animal), gamavit (following the
instruction), and spot treatment with antiseptics (terramycin).

The animals in the second test group additionally underwent blood DECO
with the help of the device for organism detoxication to treat endogenic and
exogenic intoxication conditioned by the accumulation of various toxic
substances. For this, the conductor of platinum wire was introduced into
the forearm cavity of the lateral subcutaneous vein. Two bipolar electrodes
connected with the direct current source were applied to the skin covering at
end parts, and 3 mA current was imposed within 15 min. The procedure was
repeated 10 times every second day.

Before the experiment and then after 1, 3, 7, 14, 21, and 28 days, all sick
animals underwent clinical checkup, morphological and biochemical blood
investigations, and the microelectrophoretic activity of their erythrocytes
was determined with the help of the device “Cyto-Expert” for expressing the
diagnostics of endotoxemia and microelectrophoresis of cells. The changes in
the electrophoretic activity of erythrocytes in the process of eczema treatment
by various methods allowed the authors to speak about the intoxication
decrease and (or) its elimination.

The blood investigation of the dogs in the reference group demonstrated
that the main morphological and biochemical indexes were within the
physiological norm. The following blood changes of the dogs in both test
groups were found before the treatment: decrease in the number of erythrocytes
and hemoglobin, ESR increase, leukocytosis, eosinophilia, neutropenia, and
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lymphocytosis. The conducted investigations of the blood erythrocyte content
when treating animals with eczema applying blood DECO demonstrated their
number increase at all investigation stages. By the end of treatment, they
exceeded the reference data by 2.78%. In the dogs in the first test group, even
by the end of therapy, the index was by 8.33% lower in comparison with that
of the clinically healthy ones. Hemoglobin in the blood of the dogs in the first
and second test groups before the experiment was 104.0 + 1.26 and 102.0 +
1.11 g/L, respectively, and 125.0 + 3.6 and 135.0 &+ 4.0 g/l, respectively, after
the experiment. In the dogs in the first test group, it did not reach the reference
level by 6.72%, in comparison with the second test group. The data obtained
indicate a favorable influence of this treatment method on the dynamics of
erythrocytes and hemoglobin.

It was found that the amount of leucocytes in the blood of the dogs in
the first and second groups starts decreasing during the treatment, but this
process is more intensive in the dogs additionally treated with blood DECO.
As can be seen from Table 12.1, the amounts of eosinophils, stab neutrophils,
and lymphocytes decrease and approach the indexes of the reference group
in 28 days after starting the treatment. This indicates the arresting of allergic
and inflammatory reactions. Neutropenia and lymphocytosis, indicating the
antigenic stimulation of the organism, disappear by the end of treatment.
However, in the dogs in the first test group, the amount of lymphocytes
decreases considerably, possibly being the reaction to the administration of
glucocorticoids, and the immune suppression, resulting in organism weak-
ening and emergence of a new pathology of these animals in the future, can
develop. The dogs in the second test group, additionally treated with blood
DECO, do not have such immune suppression that can be recommended as
the way of immunity improvement.

The positive dynamics of the total protein in the animals of both test
groups is observed. However, the most vivid changes are seen in the dogs
treated with medicals and blood DECO. The increased level of protein
exchange also indicates the improved immunity response from the animal
organism as the reaction to blood DECO.

Aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
are important indexes in the evaluation of the medical effect of the above
eczema treatment schemes. Before the treatment, the amount of AST in the
animals in the first and second test groups exceeded the indexes of clinically
healthy animals in 2.8 and 3.3 times, respectively. However, the AST content
in the blood serum of the dogs in the first test group exceeded the reference
data by 86.67%, even by the end of treatment, and in the dogs in the second
test group, in which blood DECO was applied, by only 13.33%.
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TABLE 12.1 Leukogram of the Dogs During Eczema Treatment by Various Methods

Indexes Animal Before After 7 After 14 After 28
Groups Treatment  days days days
1 2 3 6 7 9

Eosinophils, % Reference 40+04
I testgroup 7.5+047° 58+044" 48+0.34" 424023
2testgroup 7.5+£0.73° 55+£047° 42+044 4.0+0.40°
Stab neutrophils, % Reference 3.5+0.24
I testgroup 5.2+0.18" 43+037 4.0+040" 3.7+037
2 test group 5.3+£0.23" 4.8+0.18 43+£0.37 33+0.24"
Segmented Reference 62.7 +0.83"
neutrophils, % | test group  55.5+0.84° 60.8+0.87° 64.3+0.67° 69.3+0.97
2 test group  55.7+0.73" 58.2+0.91" 60.5+0.84" 62.8+0.72"
Lymphocytes, % Reference 28.1+0.5
1 test group 30.0+0.80° 27.3+0.61" 25.2+0.71" 20.5+04"
2 test group  29.8+0.72° 29.3+£0.83" 28.8+0.66° 27.6+0.2
Monocytes, % Reference 1.7+£0.37""
I test group 1.8 +0.34™ 1.8+0.34™ 1.7+0.37"" 2.3+0.37"
2 test group 1.7+0.37"" 22+0.34" 22+0.34" 23+0.37"
Note: "P<0.001, P<0.002, **P<0.005, “**P<0.01.

Before the treatment, the ALT content in the blood of the dogs in the first
and second groups differed from the indexes of clinically healthy animals by
2.2 and 2.4 times, respectively. Despite the fast drop in the ALT amount in
the animals in both test groups, the content of this ferment in the dogs, who
underwent only the medical treatment, did not reach the level of the clinically
healthy ones and differed by 1.4 times. In the animals in the second test group,
who were treated with blood DECO in combination with the basic traditional
therapy, the ALT index reached the level of clinically healthy dogs.

Thus, blood DECO elicits the positive reliable dynamics of such laboratory
indexes as AST and ALT, important during eczemas. The investigations
carried out demonstrated that blood DECO inclusion into the treatment
scheme during eczema treatment favorably influences the dynamics of
alkaline phosphatase, total bilirubin, cholesterol, creatinine, and urea.

Since eczema is accompanied by intoxication, the authors applied the
method of express diagnostics of endotoxemia based on microelectrophoresis
with the help of the device “Cyto-Expert” (Table 12.2).



276 Natural Products Chemistry

TABLE 12.2 Dynamics of Electrophoretic Activity of Erythrocytes in the Dogs During
Eczema Treatment by Various Methods (P < 0.001)

Indexes Animal Groups Before After 7 After 14  After 28
Treatment days days days

1 2 3 6 7 9

Oscillation Reference 13.69 £0.71

amplitude of | test groupin % 5.49+0.63 7.91+£0.32 9.1+0.39 11.2+0.61

ryIIOCYLEs, MM o the reference 4 | 578 66.5 80.5
2 test group in % 5.58 £0.53  8.99+0.41 10.7+0.38 13.4+0.52
to the reference 49 g 65.7 782 98.0

Share of mobile ~ Reference 96.5+0.5

erythrocytes, % 1 test group 599+0.6 71.8+12 765+0.6 83.7+0.5
2 test group 591+1.0 749+10 81.2+£0.7 96.0+1.0

The investigations revealed the following. Before the treatment, the
amplitude of erythrocyte oscillations in the animals in the first test group
differed from the reference by 40.1% and in the animals in the second test
group by 40.8%. By the end of treatment, this index maximally approached
the data of the group of clinically healthy animals. The number of mobile
erythrocytes in relation to their total number demonstrated the tendency to
growth: from 59.9% + 0.6 up to 83.7% + 0.5 and from 59.1 + 1.0% up to 96.0
+ 1.0% in the dogs in the first and second test groups, respectively. However,
this process was more intensive in the animals treated with DECO. Thus, blood
DECO, in combination with traditional eczema treatment scheme, results in a
reliable stable increase in the number of mobile erythrocytes in the animals
of the second test group in a shorter period of time in comparison with the
animals in the first test group treated only with medications that should prove
the DECO detoxication effect.

Thus, blood DECO, following the above technique, activates the produc-
tion of erythrocytes, white blood cells, increases blood hemoglobin, and
also provides vivid biostimulating and detoxicating actions. Based on the
aforesaid, the authors make the conclusion that blood DECO inclusion into
the intensive therapy complex during dog eczema treatment improves meta-
bolic processes, increases the activity of the organism protective factors, and
contributes to faster arresting of inflammatory reaction and also the healing
of the affected skin areas.

As indicated before, the problems of blood corpuscles sticking onto the
electrode surface in the course of direct electrolysis in blood resulted in the
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necessity to develop the methods of indirect electrochemical electrolysis.
As the process was conducted in a stagnant solution in a remote cell,
it contributed to the permanent loss of the second important product of
electrolysis—elemental hydrogen. In the process of long-term accumulation of
hypochlorite in the solution, hydrogen completely volatilized from the liquid
and was not considered by the experimentalists.

At the same time, it is known that the introduction of hydrogen into
the blood decreases the necrologic effect in the presence of chemotherapy
medications, not decreasing the therapeutic effect (Nakashima-Kamimura et
al.,2009). Moreover, since in the process of electrolysis, the equivalent amount
of hydrogen is evolved in the blood vessels simultaneously with hypochlorite,
the authors attempted to use the electrolysis process in the blood vessel to
accumulate hydrogen in the blood (Rudenok et al., 1999). This allowed
coming close to the possibility of experimental detection of the efficiency of
hydrogen obtained during the electrolysis as the deoxidant of nonequilibrium
radicals being the reason of the side effects of chemotherapy in oncology. In
this regard, it was necessary to expand the functional capabilities of the device
due to the selective synthesis of either only hydrogen or only hypochlorite in
the blood flow. For that purpose, the electrolysis technique was changed; the
device scheme is shown in Figure 12.2.

The device consists of wire electrode 1, one part of which is submerged
into blood vessel 2 and the second part is submerged into the attachable
vessel 3 with the solution of electrolyte 4. Porous diaphragm 5 permeable
for solution 4 is mounted in the bottom part of vessel 3. Additional elec-
trode 6 is submerged into solution 4; the second additional electrode 7 is
applied to the surface of skin covering 8 near the end of wire electrode 1
submerged into the blood. Electrodes 6 and 7 are connected to the direct
current source (not indicated) via contacts 9, and vessel 3 is applied to
skin covering 8 from the side opposite to the place, where electrode 7 is
applied, with the possibility of electrical contact of solution 4 with the skin
covering via porous diaphragm 5. When the electric current flows between
electrodes 6 and 7 along the organism tissues, wire electrode 1, being on
the way of the current lines, is polarized so that the part of wire electrode
1 submerged into the blood in blood vessel 2 is polarized to the potential
with the sign opposite to the sign of electrode potential of electrode 7. The
second part of wire electrode 1, being above the surface of skin covering
8 and submerged in the solution of electrolyte 4 inside attachable vessel 3,
is polarized to the potential with the sign opposite to the sign of electrode
potential of electrode 6.
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FIGURE 12.2 Scheme of direct electrochemical oxidation of blood, which allows
synthesizing only either hypochlorite or hydrogen in the blood flow (Patent no. 2566199).

Thus, wire electrode 1 is polarized by the bipolar scheme in such a way
that its one end is polarized cathodically and the second one anodically. At
the same time, oxidation proceeds on the surface of one part of wire electrode
1 and reduction on the second one. Depending on the polarity of electrode 7,
at the end of wire electrode 1, either chlorine ion in the blood plasma will be
oxidized with hypochlorite ion formation or water molecules will be reduced
with elemental hydrogen formation.

Accordingly, the opposite electrode processes will proceed in attachable
vessel 3 on the surface of the part of electrode 1 submerged into solution 4.
Consequently, the operation conditions of electrode 1 model the operation
conditions of the bipolar electrode split by double diaphragms 5 and 8,
excluding the penetration of the electrolysis products from one electrode
space into another.

The literature review dedicated to the perspective area of blood electro-
chemical oxidation directly in the blood vessel, in particular, revealed a great
interest of researchers in this direction. However, mostly, the problems were
detected, the solution of which is still far to be clear. The experimental and
ethical difficulties do not give a chance to rapidly complete all the tasks
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put. However, the promising perspectives can become an incentive to the
in-depth study of this problem.

12.3 CONCLUSION

The ways for developing the method of organism detoxication and treat-
ment by an electrochemical synthesis of sodium hypochlorite and elemental
hydrogen in the bloodstream immediately in the blood vessel from the
components contained by the blood are discussed.
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