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We dedicate this effort to our parents, gurus,
& to budding entrepreneurs who aspire to
better the world with new ideas….



Foreword from Academia

Biotechnology is dynamically updating and upgrading its horizons. Students—
teachers and researcher communities—need to keep themselves abreast with the
constantly changing dynamics of this subject. Dr. Arpita Saxena and Dr. Menka
Khoobchandani are committed to this change and have put their best foot forward
through this book—Biotechnology Products in Everyday Life. The book covers a
spectrum of 16 reviews and research articles categorized in seven parts. These parts
are artistically named after colours of rainbow VIBGYOR that symbolize variety
and beauty that the book offers—ranging from nanoparticle history and present
medicinal applications in ailments like cancer. The flow drives us towards intelli-
gent devices that act as interface between humans and machines, speeding up
recovery by complementing medical practices or acting as alternatives altogether.
The book revisits a long-discussed topic—bioplastics—and talks about green
energy, removal of arsenic from groundwater up to 97% in order to make it potable
as per WHO guidelines, using solar energy. Moving ahead, we come across a point
where this has the audacity to reconsider the status of genetically modified crops as
well as proposes orphan crops guaranteeing food and nutrition security.

Having discussed about the crops which ensure ‘food for all’, the book takes us
ahead to improvement of crop production of popular crops like soya bean by novel
metabolites. Interestingly, the book also touches the applications of phyto-stem
cells in cosmetic industry, which catches the limelight often. These products having
stem cells capture the customers’ attention for being topically safe, elevating the
skin quality and their anti-ageing properties. The next segment demonstrates an
orchestrated effort of medical faculties to cure cerebral cavernous malformations, by
targeted pharmacotherapies. Another author in the same section writes about current
trends on herbal neuro-protection and how plant-derived pure compounds/extracts
are preferred alternatives to treat nervous system disorders because of their
non-toxic and long-lasting nature. Cancer is the most dreaded disease today, and
targeted action against these cells with lost/mutated set of normal genes is most
sought after. An article on dual targeting of cancer cells by radiolabeled metallic
and polymeric nanoparticles is intriguing and reliving at the same time. The flow of
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ideas that started with nanoparticles finds another abode, where the cancer cells are
countered by devices having intelligent targeted systems using nanoparticles.

The courageous ideas collaged by the authors from various locations across globe is
a fresh change that transforms themindsets of young readers towards broader spectrum
of application of their subject. Spearheading one of the leading universities of India
gives me the clarity to say that all research must lead to products. Products those are
useful, competitive, commercially viable and scientifically bright. I have taken many
initiatives to encourage entrepreneurship amongst my students including setting up an
incubation centre for the excellence in innovation and entrepreneurship. We believe
that academic non-compartmentalization should be encouraged and multidisciplinary
projects leading to effective change should be brought about in the education system at
all levels.

With the wide scope the book offers, I see many collaborative ideas and inno-
vative products on the way. I congratulate Dr. Arpita Saxena and Dr. Menka
Khoobchandani for successful editing of this book.

Chicago, USA
Prof. B. A. Chopade, Ph.D.

(Microbiology and Molecular
Genetics) Nottingham University

Fogarty Fellow (Genetic Engineering)
Illinois University

Aurangabad, Maharashtra, India Present Position-Vice Chancellor
Dr. Babasaheb Ambedkar
Marathwada University
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Foreword from Industry

Biotechnology has the key to revolutionize the future to a vast extent. To under-
stand this in a better way, the editors of this book, Dr. Menka Khoobchandani and
Dr. Arpita Saxena, have laid down simple and understanding modules to explain
the upcoming technological advances through their unique concept of VIBGYOR
of biotechnology.

This book opens mind to understand the current developments going in each field
and explains the reason how biotechnology is the key in this major breakthrough.

The authors have openly shared their developments in biotechnology and how
the future would be with the possible discoveries. The authors are reputed and have
immense scientific knowledge by which they have made the subject be easy to
understand.

This book is going to have a lasting impression for all people who love
biotechnology and are keen to expand their knowledge in research give them clarity
moving forward.

This is truly a Stunner Recommendation, and the word VIBGYOR each letter is
well coined and more importantly capturing the flow of the topics for better
understanding of the book.

The knowledge of medicine has changed dramatically over the years through
pioneering advances in biotechnology research and innovation.

Chennai, India Mr. S. Abhaya Kumar Jain
Founder of Shasun Pharmaceuticals
and LifeCell International (Leading

Pharmaceutical and Stem Cell
Banking Company, India)

Mr. Deepak Abhaya Srisrimal
Dhanvantari Nano Ayushadi Pvt Ltd.

ix



Preface

Stories are loved by young and old alike. Stories of human evolution, of correlating
‘Mendelian factors’ with genes, of coining the term ‘mutation’ by Hugo De Vries,
of developments related to the fields of medicine, agriculture and technology and
contemporary stories of entrepreneurs who made it big in their own and others’
lives because of their ideas. Therefore to start with, we would first narrate the story
of conception of this book.

While pursuing our Ph.D.s, we met in 2010 when Menka came for a few days’
training at Indian Institute of Integrative Medicine, Jammu, India, where Arpita was
doing her Ph.D. Our intellectual matches caught each other like ligases and we
started discussing personal and professional lives often. Even after completion of
our Ph.D.s, we were in touch. While Menka moved to the University of Missouri,
USA, for her postdoctoral job, Arpita settled in Aurangabad, India, to have a family
and started working with a start-up. We often discussed with each other the life of a
researcher and differences/similarities in USA and India. We felt the challenges are
more or less the same everywhere and that a fair exposure, leaving comfort zones
and moving to new places not only improves our professional outlook but also
refines personal mindsets.

April of 2017, Arpita was thinking about how biotechnology as a subject was
projected in the year 2000 in India, and what its present scope in research was. She
shared the thought of writing/editing a book on biotechnology for youngsters, to
help them decide what to exactly expect from this field of science. Menka could not
agree more and meticulously she got on board authors who would sync in with the
idea and aim to bring innovative scientific ideas from complicated journals into a
simple book form. The journey became more and more interesting as we saw
enthusiasm and energy from our all authors. The team spirit reflects the ‘We believe
magic should be felt’ theory.

This book is written with a not-too-technical narrative aimed at undergraduates
and graduates broadly covering the application of biotechnology products in
everyday life without sacrificing its deeper understanding. As a result, it should
have broad interest for use in college course on biotechnology, bioscience, biology,
material sciences and bioengineering. While this book does not necessarily
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challenge current trends in the field of biotechnology, it contributes to the ongoing
research over the nature and causes of this sector.

Innovations in biotechnology have kept the promise of being ‘biological-
technical- and more importantly-useful’ to every bit of the word essentially for the
scope of enactment it gives to the researchers and the ways it brings relief to
humans. We have also attempted here to build bridges between biotechnology and
intrarelated subjects like drug development, environmental sciences, botany and
agricultural sciences, and various other interrelated disciplines like nanotechnology,
material sciences and robotics, which is relevant in today’s world of interdepen-
dence. There has been a shift in work culture throughout the globe, and people are
turning towards enterprising their ideas instead of engaging in academic research.
Where on the one hand, both are equally important for the complete understanding
of the subject, somewhere this generation takes pride in being the job creators rather
than being job seekers.

This book celebrates various interdisciplinary approaches to address man’s
biotechnological quests. This is divided into seven categories, each containing 1–3
chapters. The chapters are in the form of colours, which are visible to human eye
while triggering the readers to explore those which are not!! The reviews are
simplistic and colourful. Deep and most advanced research is woven into
VIBGYOR.

Very small world: The first category focuses on the role of nanotechnology and
nanomaterials from ancient time to present times; and nanosizing drugs as latest
drug delivery strategy. In this category, authors write about safe and modern
application of green biotechnology that could be useful for cancer cure and early
detection.

Intelligent devices: The second category explores the devices incorporated with
artificial intelligence. It also reviews various products born as result of marriage of
computer sciences to bioengineering while also showcasing point of care devices
and smart devices such as the pacemaker.

Behind the Scenes Genes: Here the authors share the current trends on
CAR-modified T-cell therapy, which is a highly promising treatment for cancer.
Here T cells are engineered to express the antigen-specific CAR to be injected into
the patients to cure cancer.

Greener Environment: As we move towards industrialization, pollution is faced
as the biggest roadblock, and if the groundwater is polluted, the situation just gets
worst. In this category, the authors propose methods to purify arsenic contamination
from groundwater and also talk about bioplastics.

Yielding more (agricultural and industrial): This category deliberates about the
status of genetically modified crop (GMO), which is a classic feature of agricultural
biotechnology. At the same time, it converses about bringing orphan crops to the
market; in order to fill the gaps and snags for most of the identified species as no
concrete scientific data is globally available.

Ordinary to extraordinary: Metabolomics is one of the most emerging tech-
nologies being used for crop improvement. Here analytical chemists step in with
integrated approaches incorporating genomics, transcriptomics, proteomics,
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ionomics and metabolomics for soybean improvement. Another chapter in this
category elaborates on plant stem cells and their use in cosmetology.

Readiness to cure: The applications in medical and pharmaceutical industry are
the most indispensable contribution of biotechnology. This category takes us to
three diverse topics ranging from cancer to neural disorders to cerebral cavernous
malformations and how biotechnology equips us to deal with these ailments better.

We, however, could not bring every topic related to the subject, but we picked
up the most trending and impacting ideas. “Does the highest end of my expectation
get fulfilled here, or this book still triggers me to think more/different in related
spaces?” is the question this book leaves its readers with. Regardless of the last
thought of the reader, this book is a very useful experience for the readers to
channelize their minds with a non-academic temper, atypical for the youngsters and
make them approach the subject in a more enterprising and non-compartmentalized
manner which is a prerequisite for a successful research career.

Wishing you a happy read!

Aurangabad, India Arpita Saxena
Columbia, USA Menka Khoobchandani
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Nanotechnology in Ancient Era

Ketaki Deshmukh

Abstract Nanotechnology is defined as design andproduction of structures, devices,
and systems by controlledmanipulation of sizes and shapes at atomic, molecular, and
macromolecular scale where properties differ significantly from those of bulk mate-
rials. Although the concept of “nanoscience/nanotechnology” was introduced by the
Nobel laureate Richard Feynman in 1959, long before the beginning of “nanoera,”
ancient people used various nanoparticles and processes related to it. Some classic
examples are the Lycurgus cup: A cup made up of glass containing gold–silver-
alloyed nanoparticles which change color from greenish-yellow to red when light is
shone on it; Maya blue: a corrosion-resistant blue pigment which consists of indigo
molecules incorporated into needle-shaped palygorskite crystallites; Damascus steel
sword: an unbreakable and exceptionally sharp sword built using steel blades contain-
ing oriented nanowires- and nanotube-like structure. Nevertheless, the breakthrough
of nanotechnology has been permitted over the last three decades due to invention of
many techniques/instrument which allowed the manipulation and observation of the
nanoworld. Nowadays, nanomaterials/nanoparticles are being used for many appli-
cations in daily life, such as in the fields of electronics, catalysis, optics, biology, and
medicine. This chapter presents an overview of nanotechnology, from ancient eras.

Keywords Nanotechnology · Ancient era · Nanoparticles and nanomaterials

1 Introduction

The manipulation of material at the atomic and molecular scale to create new func-
tions and properties sounds like it should be a profoundly modern concept. However,
from the ancient era, ancestors were controlling the matter at the atomic scales. By
modern-day standards, they were working in a branch of engineering called nan-
otechnology [1].
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The concept of “nanoscience/nanotechnology” was introduced by the Nobel lau-
reate Richard Feynman in 1959, in his visionary talk entitled “There is plenty of
room at the bottom” at the American physical society meeting. Though he did not
explicitly mention the term “nanotechnology”, he suggested the eventual possibility
of manipulating atoms and molecules precisely in a desired fashion to create molec-
ular machines. According to him, the advent of this technology could facilitate the
writing of the entire 24 volumes of the Encyclopedia Britannica on the head of a
pin [2]. In 1974, the term “nanotechnology” was used for the first time by Professor
Norio Taniguchi to describe the processes of creating semiconductor with nanometer
dimension. The term was used again in 1981 when Eric Drexler, inspired by Richard
Feynman’s talk, developed and popularized the concept of nanotechnology [3]. He
published the famous book “Engines of creation: the coming era of nanotechnology”
in which he used the word nanotechnology to describe engineering on the billionth
of a meter scale. Invention of scanning tunneling microscope and the atomic force
microscope has offered opportunities for scientists to the “nanoworld” by providing
them the tools not only to image surfaces with atomic resolution, but also to move
individual atoms as previously predicted by Richard Feynman [4].

Nanotechnology seems to be associatedwithmodern science, it must be noted that
long before the beginning of “nanoera” use of various nanoparticles and processes
related to it have been performed. Indeed, researchers have analyzed a lot of antiq-
uities with unique characteristics such as unusual colors, strength, and anticorrosion
properties that have been attributed to the presence of nanoparticles [1, 5]. Evidences
of use and applications of various nanoparticles such as gold, silver, copper, and car-
bon can be traced back to the time period of BCE. Some historic examples are the
Lycurgus cup invention of Romans; Maya blue: a corrosion-resistant blue pigment,
Damascus steel sword: an unbreakable and exceptionally sharp sword. Nanotech-
nology was not only limited to artifacts, it was also used in ancient medicine in the
form of Bhasmas. The Ayurvedic medicine “Bhasmas” is the most ancient appli-
cations of nanomedicine. This chapter presents an overview about applications of
nanotechnologies in ancient era [1, 5].

2 Classic Examples of Ancient Nanotechnologies

2.1 Lycurgus Cup

The most famous example of the use of metallic nanoparticles in ancient era, a stun-
ning decorative Roman glasswork from aboutAD400, the Lycurgus cupwhich shows
a mythological frieze depicting the legend of King Lycurgus (Fig. 1). The mytholog-
ical scenes on the cup illustrate the death of Lycurgus, King of the Edoni in Thrace at
the hands of Dionysus and his followers. Lycurgus attacked Dionysus and Ambrosia,
one of his maenads. Ambrosia called out to Mother Earth, who transformed her into
a vine. She then coiled herself on the king and captivated him for his evil behavior.
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Fig. 1 Lycurgus cup in reflected (a) and in transmitted (b) light [6]

The cup portraits this moment of Lycurgus entangled in vines. Lycurgus cup is not
only famous for its decorative artwork but also for unusual optical effects. The most
remarkable aspect of this cup relies on its dichroism: it appears jade green when lit
from the front but blood-red when lit from behind (Fig. 1a, b) [6].

In 1958, the British Museum acquired the cup from Lord Rothschild (with the aid
of a contribution from the National Art Collection Fund) [6]. In early modern age,
this cup first came to scholarly attention and preliminary studies including qualitative
spectrographic analysis were carried out at the British Museum and sample was sent
toGeneral ElectricCompanyLtd. (GEC) atWembley formore detailedmicroanalysis
to discover the reasonbehindunusual optical effects [7].B. S.Cooper atGECreported
that the presence of trace quantities of gold, silver, and other elements in the glass
and further suggested that the unique optical characteristics of the glass might be
connectedwith the presence of colloidal gold in the glass [6, 8]. To further understand
the remarkable color effect, sample was sent to Dr Robert Brill of the Corning
Museum in 1962. Brill in collaboration with GEC carried out detailed microanalysis
on the Lycurgus cup and confirmed that the dichroism was linked to the presence
of minute amounts of both gold (about 40 ppm) and silver (about 300 ppm) in the
glass [9, 10]. However, simply adding traces of gold and silver during formulation
of glass would not show this unique optical property. Therefore, Brill suggested that
during the glass manufacture, these metallic salts have been probably added in the
silicate and then partially reduced with suitable reducing agents during further heat
treatment of the glass. Thus, the different colors of the glass are attributed to the
presence of this metallic colloidal dispersion, in particular to a combined effect of
the absorption of gold which leads to the red transmission, and the scattering of
silver which leads to the green reflectance [5, 6, 9, 10]. This dichroism phenomenon
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Fig. 2 Transmission
electron microscopy (TEM)
image of a silver–gold alloy
particle within the glass of
the Lycurgus cup. The
Trustees of the British
Museum [6]

has been referred as the Lycurgus effect [5, 6, 9, 10]. The process used for making
Lycurgus cup was not well understood or controlled by the makers and was probably
accidental discovery. It could be attributed to “contamination” with minutely ground
gold and silver dust. The glassmakers may be unaware of the fact that gold and silver
were involved, as the quantities wereminute. Due to lack of technology, Brill was not
able to prove the presence of metallic particles and the relative contributions of silver
and gold to the optical effect. Therefore, in the late 1980s, a further small fragment
of the cup was examined by Barber and Freestone [11]. Thus, to further analyze,
these metal particles were observed under transmission electron microscopy and to
their surprise it was observed that these particles were nanoparticles with diameter
of 50–100 nm (Fig. 2) [9–11]. In addition to this, X-ray diffraction analysis has
shown that these nanoparticles are silver–gold alloy, with a ratio of silver to gold
of about 7:3, containing in addition about 10% copper [9–11]. The Lycurgus cup is
the outstanding example of Roman technology in every aspect; its excellent cutwork
and unique red-green dichroism render it a distinctive record.

2.2 Stained Glass Windows in European Cathedrals During
Medieval Periods

Stained glass window is another classic example of use of gold and silver nanopar-
ticles during ancient era. In the Medieval age, many churches in Europe were deco-
rated with bright and vibrant colored stained glass windows. Colors were historically
related to emotions; rich red and glorious yellow were traditionally used in stained
glass. Many people were illiterate, and also books were rare during this time; there-
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Fig. 3 Stained glass window
from the Sainte-Chapelle in
Paris Centre des Monuments
Nationaux [5]

fore, stained glass windows played educational role by narrating stories through
pictures [5] (Fig. 3).

The glass was manufactured by melting pure sand (SiO2), which required very
high temperature of about 2500 °F. Therefore, to reduce temperature, artisans mixed
sand with soda ash, lime, potash, and lead oxide, which reduced temperature to
1500 °F. After melting, coloring agents, or colorants, were added [12, 13]. Various
colors attributed to different chemical compounds that were added to themolten glass
during processing. In some cases, the colorants were part of the basic glass making
process (i.e., impurities found in the sand were used tomake the glass, or from smoke
generated in the firing process). Artisans reported that various metallic compounds
(typically metal oxides, sulfides, and chlorides) were responsible for different colors
[5, 14]. Recent analysis by scientist showed that adding gold chloride and silver
nitrate gave red and yellow color, respectively, were originated from colloidal gold
and silver nanoparticles formed during the glass manufacturing process [12, 13].
Particle-induced X-ray emission analyses have revealed the presence of gold with a
concentration between 10 and 35 ppm [5, 12, 13]. The artisans were unaware of the
fact that the color they observed after adding gold chloride and silver nitrate were
from nanoparticles of gold and silver created during the glass process [14].

Use of Nanotechnology in Ancient Cosmetic Cosmetics have been used for thou-
sands of years and were mostly made using the mixture of various naturally avail-
able oils, plant extract, and water. Use of nanoparticles in sunblock, toothpaste, and
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Fig. 4 Observation and identification by electron microscopy (HRTEM) of PbS crystallites inside
the cortex. a Electron diffraction pattern: the d spacing is consistent with the unit cell of PbS. b
High-resolution micrograph of a representative PbS nanocrystal [16]

cream sounds like a new technology; however, ancient Greeks and Romans were
using nanotechnology in their cosmetics. Ancient Greeks and Romans were not only
using cosmetics formulated using naturally available plant extracts but they also had
knowledge of chemical formulation of cosmetics using materials such as lead white
(lead carbonates) as foundation cream and galena for eye makeup [15, 16]. Since the
Greco-Roman period, dying hair was a very common beauty treatment and they were
using organic hair dyes obtained from plants such as henna and also other unusual
recipes based on lead compounds [17]. A Greco-Roman hair-dye recipe based on
lead compound involves applying a paste of lead oxide and calcium hydroxide, or
lime, to greying hair. The lead-lime blend reacts with sulfur present in hair’s keratin
proteins and forms crystals of lead sulfide, also called galena which gives rise to the
black color [16]. This process of dying hair was developed 2000 years ago and also
been used in modern era.

Scientists were interested to know the size of those penetrating lead sulfide crys-
tals; therefore, they soaked blond hairs in a solution of the Greco-Roman chemicals
for up to three days. Upon sufficiently darkening of the strands, the research team
examined it under an electron microscope and they observed that the strands were
covered with lead-sulfide crystals of averaging 4.8 nm in size (Fig. 4). It is remark-
able that Romans-Greeks were using nanotechnology in the dyeing process and were
aware of the basic chemistry methods to develop low-cost methods [15, 16].

Maya Blue Mayan archeological sites always surprised scientists due to the blue
color often used in pottery, murals, and ceremonial artifacts. Unlike other blue
color identified in ancient paintings, this Mayan blue color does not contain cop-
per, lapis lazuli, or lazurite [18]. In the late twentieth century, Maya blue was used
in Mesoamerica and colonial Mexico. In addition to its beautiful color, it is resis-
tant to biodegradation, acids, alkalis, high humidity, and temperatures [19–21]. The
Bonampak archeological (Fig. 5) site is a classic example ofMayan painting inwhich
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Fig. 5 Use of Maya blue
pigment in the famous wall
paintings at Cacaxtla,
Mexico

blue color has not faded even after centuries in the extreme conditions of the rain
[19, 20]. The chemical structure and the origin of the Maya blue color have been
debated extensively among researchers. It has been reported that it mainly contains
clay (mainly palygorskite mixed with smaller amounts of sepiolite and montmoril-
lonite) mixed with indigo dye which was obtained from the sprigs of a plant called
xiuquilit (Indigophera sp.) [22]. Reason behind anticorrosion property of Maya blue
was unclear to the researchers for many centuries. Analysis of authentic samples of
Maya blue using high-resolution transmission electron microscopy, electron energy
loss spectroscopy, and x-ray microanalysis studies revealed that it contains nee-
dles of palygorskite and nanoparticles supported in an amorphous SiO2 substrate.
It mainly contains iron nanoparticles, with a minor quantity of chromium, titanium,
and manganese. The SiO2 substrate contains sodium and magnesium impurities. It
has been observed that palygorskite and indigo molecule forms a superlattice and
iron, magnesium, and copper metal nanoparticles encapsulated in silicate and oxide
nanoparticles on the surface [19, 20, 23]. The anticorrosion property and beautiful
tone of the color is obtained only when both the nanoparticles and the superlattice
are present [19].

Scientist are able to synthesize Maya blue pigment with all the properties of
historical Maya Blue in the laboratory; however, the exact technique that the Mayan
used to synthesize such a sophisticated paint remains unknown [22]. Blue pigment is
a complex of organic/inorganic material which contains clay with nanopores loaded
with indigo to create an environmentally stable pigment. Furthermore, recently many
researchers have been able to replace the organic compound, indigowith innumerable
alternate organic dyes yielding novel dyes with various colors [20].

Damascus Steel Sword Damascus blades were first manufactured in the near
East by using ingots of wootz steel which was supplied by India and Sri Lanka
[24]. Assad Ullah, an Arabian, introduced the wootz steel, and sword is named after
the capital city of Syria, Damascus. These ‘Damascus blades’ were strong, but flex-
ible enough to bend from hilt to tip (Fig. 6). It was exceptional weapons that gave
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Fig. 6 Eighteenth-century Persian-forged Damascus steel sword

the Muslims a benefit, and their blacksmiths succeeded in guarding the secret of
its manufacturing. The secret eventually died out in the eighteenth century, and no
European smith was able to fully reproduce this method [25].

The wootz steel was used to prepare Damascus blades which consist of iron with
carbon that helps in hardening the metal. However, the problem with this steel was
that high carbon contents that made the material harder and brittle. Therefore, wootz
steel with its especially high carbon content of about 1.5% was useless for sword
steel and the blade would shatter upon impact with a shield or another sword. On
the other hand, the existing sabers showed a seemingly impossible combination of
hardness and malleability [27].

In the twenty-first century, finally, researchers fromGermany revealed the extraor-
dinary secret of this sword which was based on the use of nanotechnology [26]. They
solved this mystery by chemical and physical analysis of a Damascus sword manu-
factured by the famous blacksmith Assad Ullah. They dissolved part of the weapon
in hydrochloric acid and studied it under an electron microscope. Interestingly, they
observed that the sword contained carbon nanotubes; each one is half a nanome-
ter larger than other [28]. These carbon nanotubes were cylindrical and hexagonally
arranged. Itwas among the strongestmaterialswith high elasticity and tensile strength
[25]. In the analysis, it was found that the carbon nanotubes were protecting hard
and brittle nanowires of cementite (Fe3C); this structure helped blacksmiths to create
strongest weapon [26, 28]. The malleability of the carbon nanotubes is due to the
brittle nature of the cementite formed by the high-carbon containing wootz steel.
It is not very clear to researcher about exact procedure used by ancient blacksmith
for creation of these nanostructures. Researchers believed that small traces of metals
such as vanadium, chromium, manganese, cobalt, and nickel were present in the
wootz [24, 25]. These impurities were segregated during the hot and cold phases
of making of word, and it would have acted as catalysts for the formation of the
carbon nanotubes, which in turn would have promoted the formation of the cemen-
tite nanowires [26, 27]. One of the reasons that nobody was able to reproduce the
sword could be the absence of particular combination of metal impurities present
in the wootz steel [26–28]. However, it is interesting to know that nanotechnology
was being used at least 400 years before it became the scientific buzzword of the
twenty-first century.
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Fig. 7 Bhasmas—Ayurvedic
nanomedicine of ancient
times

2.3 Ayurvedic Bhasma: Nanomedicine

Ancient scientist were not only using nanotechnology to create artifacts but was
also popular in medicine. Ayurvedic Bhasma was an excellent innovation of ancient
nanomedicine. They are uniqueAyurvedicmetallic/minerals preparation,mixedwith
herbal extract and were widely used by Indians for the treatment of various chronic
disorders, since the seventh century (A.D.) [29]. It is an ash achieved through incin-
eration; the starter material undergoes an elaborate process of purification followed
by the reaction phase, which involves incorporation of some other minerals and/or
herbal extract (Fig. 7). Interesting aspect of this procedure is that it is performed
mechanically and not chemically [30]. Various herbal extract, metals, and non-metals
preparations are used as medicine in Ayurveda and are prepared using Putapaka and
Kupipakwa methods [31, 32].

Putapaka Method In thismethod,metals orminerals are heated at high temperature
and then quenched in suitable media herbal juices or decoction for specified times
and repeated this step to remove toxic effect of metals; this is called “Shodhana”
(purification), and it is transformed into Bhasmas, the biologically active nanoparti-
cles [30–32].

Kupipakwa Method Bhasma is prepared by introducing metals like gold, silver,
and copper into Shodhana, Kajjali preparation, and Kupipaka. After purification,
i.e., Shodhana process, metals or minerals are mixed with mercury and purified
sulfur. Subsequently, the mixture is triturated till it formed black, lusterless, fine, and
smooth paste knownasKajjali.Kajjali is dried, filled in a glass bottle calledKachkupi,
covered by seven layers of cloth smearedwithmud and then introduced into sand bath
(Valukayantra) for homogeneous and indirect heating. Then the bottle is allowed to
cool down, sublimed product is collected from the bottle and then ground to powder
form [23, 30–33]. X-ray diffraction, TEM, and particle size analysis revealed that
these Bhasmas are in nanometer dimension [30].
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These processes reduce not only reduces the particle size to nanometer but also
convert Bhasmas into biocompatible, bio-assimilable, absorbable, and suitable form
for the humanbody.VariousBhasmas such as Swarna (gold), Rajat (silver),Makshika
(pyrites), Abhrak (mica), Tamra (copper), and Louha (iron) are being used to treat
many chronic diseases. The therapeutic effect of Bhasma may be attributed to large
surface area of materials and small particle size by which they can easily transported
into cell nucleus and to specific target sites [34, 35].

In the ancient time, this was a serendipitous discovery that heating of metals like
gold, silver, copper, mercury, lead, iron, arsenic several times with herbal extract
or other medicinal agents drastically alters the effectiveness of Ayurvedic medicines
without producing any toxic or harmful side effects [32]. The scientist of ancient times
had limited means to study that continuous heating and cooling of metals/minerals
(in some case which was more than 100 times) could alter the chemical and physical
properties of the parent metal [33]. They were performing this process to reduce the
harmful effect of the metals and minerals; however, the outcome was incredible. The
drugs resulted from this procedure were effective even at low dosage and also had
longer shelf life. Therefore, nanometals and nanominerals were used routinely in
Ayurvedic therapeutics and became strength of it [30, 33].

3 Conclusion

Nanotechnology is a fascinating branch of science, and it offers uncountable oppor-
tunities for surprising discoveries in various fields such as electronics, physics chem-
istry, and biology. It appears to be a new technology; however, it had already been
used since ancient era. Use of various nanoparticles such as gold, silver, copper, and
carbon has been demonstrated in the ancient era. Lycurgus cup,Maya blue, andDam-
ascus sword are excellent creation of ancient times. Ancient scientist were not only
using nanotechnology to create artifacts butwere also popular inmedicine.Ayurvedic
Bhasmas are classical examples of nanomedicine. These unique innovations inspired
many scientists to design new technologies.
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Nanodeliverables

Arunkumar Palaniappan and Indulekha Singaravelu

Abstract Nanodimensional materials are currently being actively researched in the
area of biomedical sciences for the development of better therapies, imaging modal-
ities, and in some cases combination of both known as theranostics. In case of thera-
peutic applications, these nanoparticulate systems are now extensively researched in
the area of targeted and controlled delivery of small molecule drugs and biological
entities like genes, peptides, proteins, vaccines. Targeted delivery of these molecules
using nanoparticles helps in achieving higher therapeutic concentrations in the dis-
eased region, thus reducing the toxic effects to the surrounding healthier tissues.
Based on the source materials, these nanoparticulate systems can be classified as
(a) lipid nanomaterials, (b) polymeric nanomaterials, (c) inorganic nanomaterials,
(d) carbon nanomaterials, (e) biomimetic nanomaterials, and (f) peptide nanostruc-
tures. In this chapter, these nanomaterial systems and their recent applications will be
explained inmuch greater detail. In case of lipid nanomaterials, liposomes, solid lipid
nanoparticles (SLNs) will be described in greater detail. Polymeric nanomaterials
can be derived from naturally occurring polymers like chitosan, alginate, collagen,
gelatin or can be derived from synthetic polymers like poly lactic-co-glycolic acid
(PLGA), poly caprolactone (PCL), poly-L-lactic acid (PLLA). Stimuli-responsive
nanoparticles which are obtained from stimuli-responsive polymeric materials are
used primarily as on-demand drug delivery systems. Inorganic nanomaterials mainly
consist of gold nanoparticles, silver nanoparticles, platinum nanostructures, copper
nanoparticles, and other metallic oxide nanomaterials, which are widely used, in
theranostic applications. Carbon nanomaterials mainly include graphene oxide, car-
bon nanotubes, fullerenes, carbon nanospheres, and nanodiamonds and are mainly
explored as drug delivery agents for theranostic applications. Biomimetic nanoma-
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terials are those which mimic the nature and properties of the biological compo-
nents/constituents inside the body. Various cells such as erythrocytes, leukocytes,
neutrophils, stem cells, immune T cells, and cancer cells are widely researched
in transforming them as nanovesicles containing the therapeutic and/or imaging
molecules to deliver at their target regions. Peptide nanomaterials are self-assembled
nanostructures, which are currently explored in protein/drug delivery applications
and in tissue engineering applications.

Keywords Nanomedicine · Drug delivery · Liposomes · Polymers · Inorganic
Metal · Carbon · Biomimetic · Peptides · Self-assembly

1 Introduction

Drug delivery systems include technologies/systems, formulations, or sometimes
even approaches to improve the therapeutic and pharmacological effects of thera-
peutic molecules, which can be small molecule drugs or other biopharmaceuticals
like proteins, peptides, genes, vaccines [1]. Nanotechnology-based drug delivery
systems are nanosized carriers (typically 1–100 nm) which have inherently better
pharmacokinetic properties because of their small size (nanometer size), high sur-
face to volume ratio [1]. Also, because of their large surface to volume ratio, a large
number of targeting ligands can be bound on the surface of these nanoparticles, which
aids in their precise disease targeting [1, 2].

1.1 Advantages of Nanodrug Delivery Systems

Nanodrug delivery systems have several advantages when compared to direct admin-
istration of therapeutic molecules. They are as follows: These nanocarriers can pre-
vent degradation of therapeutic molecules in the circulation; they can be targeted
to the desired location, and thereby they may have reduced toxicity to healthier
cells/tissues; nanocarriers can be tuned to have prolonged circulation time bymodify-
ing their surface properties; they can load more amount of therapeutic molecules and
can have controlled release property [1–4]. In case of cancer and other inflammation-
related disorder therapy, because of the enhanced permeation and retention property,
nanocarriers accumulate more in the solid tumor/other diseased region rather than
in the normal tissue. This mechanism of increased accumulation of nanocarriers in
the diseased region using the desired properties of the nanocarriers and the disease
pathology (like enhanced permeation and retention (EPR) effect) is known as passive
targeting [5]. On the other hand, active targeting of nanocarriers includes using spe-
cific ligands like peptides, proteins, antibodies, folates, and other disease-relevant
biological moieties on the nanocarriers’ surface that will be recognized by cells
present in the diseased region [3, 5].
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1.2 Classification of Nanodrug Delivery Systems

These nanocarriers can be classified into the following categories based on the source
materials with which they are synthesized. They are as follows:

1. Lipid-based nanocarriers
2. Polymeric nanoparticles
3. Inorganic nanoparticles
4. Carbon nanomaterials
5. Biomimetic nanostructures
6. Peptide nanostructures.

2 Lipid-Based Nanodeliverables

2.1 Liposomes

Liposomes are self-assembled vesicular structure which has an aqueous core sur-
rounded by bilayered phospholipids shell (Fig. 1). Liposomes are first synthesized
by A. B. Bangham in 1961. Liposomes can typically be used to load both hydropho-
bic and hydrophilic drugs because of their amphiphilic nature. Hydrophilic drugs
can be loaded in the hydrophilic aqueous core, while hydrophobic drugs can be
loaded or impregnated within the lipophilic lipid bilayers [6]. Liposomes, because
of their favorable physicochemical and biocompatible properties, are themost widely
commercialized nanodrug delivery systems. There are a number of liposome-based
nanoformulations available in the market, and a few are in clinical trials. Doxil, a
PEGylated liposomal formulation for anticancer drug Doxorubicin, is the first com-
mercialized liposomal drug formulation. PEGylation of liposomal formulation is
done to prolong the circulation time of the liposomes and thereby enhance the pas-
sive tumor targeting using enhanced retention and permeation phenomenon in the
solid tumor regions [6].

2.2 Stimuli-Responsive Liposomes

Thermo-sensitive liposomes, which are made of thermo-sensitive lipids, are also cur-
rently explored as an option for triggered drug release system for the treatment of
cancer. In thermo-sensitive liposomes, the structure of lipid bilayer changes from a
solid-gel phase to a liquid-crystalline phase at the melting phase transition temper-
ature (Tm). Upon providing heat, this structural change is utilized as a drug release
mechanism to release the encapsulated drug. DPPC (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine) because of its physiologically relevant Tm (~41.4 °C) is the
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Fig. 1 An ideal liposomal drug delivery system for targeted and triggered drug delivery. Lipo-
somes consist of bilayer made of phospholipid (cyan), a destabilizing (pore forming) phospholipid
(yellow), conjugation lipid (green), targeting ligand attached to the liposome by conjugation lipid
(brown), and a cell death marker such as an apoptotic detector (pink). The liposome is loaded with
a chemotherapeutic agent (red) and an imaging agent (blue) in its aqueous core [6]

most predominantly used lipids for making thermo-sensitive liposomes. DSPC (1,2-
distearoyl-sn-glycero-3-phosphocholine) having Tm of ~54.9 °C is often combined
withDPPC in order to raise theTm of the thermo-sensitive liposomes to hyperthermia
conditions and prevent leakage of drug in undesired region [7].

The pH-sensitive liposomes remain intact in the circulation, are endocytosed in
their intact form, and release their content inside the cytoplasm, which is used in the
intracellular delivery of therapeutic molecules like drugs, nucleic acids. Typically,
pH-sensitive liposomes are synthesized using pH-responsive lipids such as phos-
phatidylethanolamine (PE), cholesteryl hemisuccinate (CHEMS) and sometimes
using polymers like poly(organophosphazenes), terminally alkylated copolymer of
poly(N-isopropylacrylamide) (NIPAAm), and methacrylic acid-incorporated lipo-
somes [8, 9].

Redox-sensitive liposomes are those liposomes,which release their contents intra-
cellularly in response to the reducing environments inside the cytoplasm of cells like
the presence of glutathione. These liposomes are mainly constituted by disulfide
(–S–S–) bond containing lipids. This disulfide bond that stabilizes the lipid bilayer
is cleaved upon exposure to the reducing environment inside the cells. Few of the
examples of redox-sensitive liposomes include thiocholesterol-based cationic lipo-
somes for DNA delivery, targeted delivery of Doxorubicin to human B lymphoma
cells using disulfide linkage (mPEG-S-S-DSPE) [8, 9].
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2.3 Solid Lipid Nanoparticles and Nanostructured Lipid
Carriers

Though liposomes are most widely researched and commercialized lipid-based nan-
odrug delivery system, it suffers from the following drawbacks: short shelf life, poor
stability, low drug encapsulation efficacy, rapid elimination by reticuloendothelial
system (RES), cellular interactions or adsorption, and intermembrane transfer [6].
In order to overcome these drawbacks, solid lipid nanoparticles (SLNs) and nanos-
tructured lipid carriers (NLCs) are introduced.

SLNs are spherical lipid nanostructures of size in the range from 40 to 1000 nm in
diameter. SLNs are made using solid lipids in an aqueous solution in the presence of
surfactants. The lipids used in preparation for SLN are fatty acids, steroids, waxes,
monoglycerides, diglycerides, and triglycerides. These nanoparticles can be used
in the encapsulation of both hydrophilic and hydrophobic drugs. Some of the key
benefits of SLN other than the inherent biocompatibiltiy of lipids are as follows: ease
of preparation, excellent physical stability, good drug release profiles, low cost of
production, can be synthesized with little or no involvement of organic solvents. On
the other hand, SLN has a few inherent disadvantages like the tendency to induce
gelation, growth of lipid particles, and dynamics of polymorphic transitions and their
low drug encapsulation because of the crystalline structure of solid lipids. In order
to improve upon these properties of SLN, a new type of lipid nanostructures called
NLC is introduced. In NLC, lipid phase consists of a mixture of both solid and liquid
phase lipids, which results in a formless matrix that has a good stability and drug
encapsulation efficiency. NLC is typically in the size range from 100 to 500 nm.
The main method of the NLC synthesis is through high-pressure homogenization
process. The other less frequently used methods involve microemulsification and
solvent displacement. Some of the benefits of NLC when compared to SLN are as
follows: good drug-loading capacity and minimized drug expulsion during storage
(Fig. 2) [10].

3 Polymeric Nanocarriers

Polymeric nanodrug delivery systems have revolutionized the transport of therapeu-
tic drugs and biomolecules inside the body in order to achieve effective delivery
and enhanced therapeutic efficiency. The main challenge is to attain the maximum
therapeutic index with lower dose of drug and also to reach the target site by evading
the elimination mechanism in the body [11]. However, it is very critical to under-
stand the carrier properties such as improved bioavailability and pharmacokinetics
of the drugs, especially for the water-insoluble drugs and methods in formulating the
drug-loaded carriers. Understanding the size effects and the biological properties,
i.e., nano–bio interface, is essential in developing the nanocarriers for delivery appli-
cations. The physicochemical properties of the polymers, which include their surface
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Fig. 2 Schematic representation of solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC) [6]

charge, functionalities, biodegradability, biocompatibility, transport mechanism, and
drug release mechanism, are the most important parameters to be well understood in
their role as nanodeliverables [1]. Various polymers are employed in preparation for
nanoparticles (NPs). Based on their origin, they are classified as naturally derived
polymers and synthetic polymers.

3.1 Synthetic Polymers

Initially, polymeric NPs are synthesized using synthetic polymers that were usu-
ally non-degradable like poly (methyl methacrylate) (PMMA), polyacrylamide,
polystyrene, and polyacrylates [12]. These polymers are designed in such a way that
they are eliminated through urine or feces quickly after they deliver their cargo inside
the body. Furthermore, they are used extensively in wound healing [13], antimicro-
bial delivery [14] where their role has been needed for long-term use. The synthesis
of these polymers and polymeric NPs is simple and is easy to control the parame-
ters/factors involved in their nanoformulation reactions. However, serious toxicity
and inflammatory issues are reported at most times with these non-degradable poly-
mers. Hence, biodegradable polymers came into picture and are employed widely in
the drug delivery applications. Few biodegradable synthetic polymers include and
are not limited to the following: poly (lactic-co-glycolic acid), (PLGA), polycapro-
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lactone (PCL) which are biodegradable and are widely used in various therapeutics
delivery applications [15–17].

3.2 Natural Polymers

Natural polymers are the biopolymers derived from biological materials and are
made up of polysaccharides, protein, or any other biomacromolecules. Polymers like
chitosan, chitin, dextran, cyclodextrins, alginate, pectin, xanthan gum and proteins
like albumin, gelatin are some of the few naturally derived polymeric structures
and are FDA-approved polymers for biomedical applications. These polymers play
a significant role in drug delivery as nanocarriers with many advantages over the
synthetic polymers. They are as follows: Natural polymers are inexpensive source
of materials that are abundantly found in nature, and NPs of these polymers are
enriched with the presence of more reactive sites for bioconjugation like attaching
drugs, proteins, and targeting ligands. They are biocompatible and biodegradable,
hence rendering themmore attention in drug delivery applications [18]. Being natural
biopolymers, they are mostly hydrophilic in nature, non-toxic, and highly stable in
the biological fluids. Some of these polymeric nanostructures form non-covalent
bonds with the biological tissues due to their muco-adhesive properties, and hence
they are called muco-adhesive polymers. They are most explored in the delivery
of chemotherapeutics for the cancer therapy, gene delivery like siRNA, and also in
the delivery of proteins and growth factors in tissue engineering applications and
regenerative medicine [19].

3.3 Stimuli-Responsive Polymers (SRPs)-Based Nanocarriers

Stimuli-responsive polymers are those that are potentially designed to sense and act
in response to the stimuli in their environment. SRP-based nanocarriers are fabri-
cated in such a way to “respond to their stimuli” and thereby release the drug “on
demand”. They are new generation of “smart” polymeric NPs that respond to the
stimuli in the microenvironment. The stimuli can be extrinsically applied or intrinsi-
cally available in the physiological environment. External triggers can be heat, light,
electric and magnetic field, whereas intrinsic triggers can be cellular pH-shift, redox,
ionic microenvironment of the specific tissues, and enzyme over-expression in cer-
tain pathological states, host–guest recognitions, and antigen–antibody interactions
[20].

Owing to this smart behavior of SRP nanocarriers, they are potential delivery
systems to deliver drugs, dual delivery of contrast agents, and chemotherapeutics in
cancer theranostic applications in response to the stimuli in the microenvironment of
the cancer tissue. Furthermore, they are widely used in targeted delivery of the cells
or growth factors or genes or proteins like insulin to the specific tissues for various
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Fig. 3 Various stimuli for responsive polymeric system [25]

applications [21]. The nanocarriers are tailor-made into dual responsive or multi-
responsive by fabricating them with one or more polymers that responds to more
than one stimulus. For example, dual-responsive nanocarriers can be temperature/pH
or magnetic/pH or pH/redox, or pH/enzyme (Fig. 3).

Thermo-responsive polymers such as poly(N-isopropylacrylamide) (PNIPAAM)
and poly (N vinyl caprolactam) are most widely used in drug delivery applica-
tions [22, 23]. Similarly, chitosan, poly(acrylic acid) (PAA), poly(methacrylic acid)
(PMAA) are pH-responsive polymers and are mostly used in targeting intracellular
delivery like lysosomes (low pH) and in cancer (due to low pH in tumor environment)
[24]. Hence, SRP nanocarriers have the potential role in on-demand and triggered
delivery for various diagnostic and therapeutic applications.

4 Inorganic Nanoparticles

Inorganic NPs have shown a prominent progress in the development of
nanomedicines by their outstanding material properties. Metal and semiconduc-
tor NPs have proved to exhibit excellent therapeutic and imaging properties with
high molar extinction coefficient, size/shape-dependent tunable optical properties,
and high stability against photodegradation [26–28]. Inorganic NPs are broadly
comprised of semiconductors (quantum dots), silica-based, metals, metal oxides,
lanthanum-doped NPs (Fig. 4). Their size, surface charge, and the surface complex-
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ity enable them to conjugate the drugmolecules and the targeting ligands and achieve
targeted delivery of therapeutics to target site inside the body with high specificity.
Surface engineering of such nanostructures allows them to exhibit exceptional mate-
rial properties with biological interactions, which can measure/detect the changes or
abnormalities at the cellular level.

4.1 Quantum Dots (QDs)

Semiconductor or QDs are the fluorescent nanocrystals with size ranging typically
from 1 to 10 nm. Their size is very critical and is responsible for the quantum proper-
ties such as electronic structure and discrete energy levels resulting in novel optical
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�Fig. 4 Various inorganic nanoparticles and its applications. a Fluorescence imaging of mouse 3T3
fibroblast cells using quantum dots (QDs). b Multiplexed fluorescence image depicting five-color
QD staining of fixed human epithelial cells. c Fluorescence imaging for detecting human prostate
cancer with targeted QDs. d Multiplexed fluorescence imaging of five different lymph nodes using
five different QDs. e Three-dimensional (3-D) OCT view of sentinel lymph nodes morphology with
poly(ethyleneglycol)-coated gold nanorods (PEGylated Nurs). f Three-dimensional CT angiogram
image of the heart and great vessels with PEGylated gold NPs. g Photoacoustic imaging for detec-
tion of human melanoma with targeted gold nanocages. h Surface-enhanced Raman spectra for
the detection of human squamous cell carcinoma using targeted gold NPs. i Photothermal ther-
apy of tumor-bearing mice using PEGylated gold NRs. j Magnetic resonance (MR) detection of
human breast cancer cells without (a) and with (b) targeted iron oxide NPs. k MR imaging of
human colon tumor using targeted iron oxide NPs [108]. (l) MR images of a metastatic lymph node
before (a) and after (b) administration of iron oxide NPs [109]. m Magnetic hyperthermia treat-
ments of tumor-bearing mice using superparamagnetic CoFe2O4@MnFe2O4 NP (core–shell NP).
n Upconverted luminescence imaging of NIH 3T3 murine fibroblast cells with NaYF4:Yb3+/Er3+

NPs. o In vivo multiplexed photoluminescence imaging of mouse obtained by simultaneously
using NaYF4:Yb3+/Tm3+ NP (La NP) and QD (QD800). p T1-weighted MR images of human
breast cancer cells with NaGdF4:Yb3+/Er3+ NPs. q Color-mapped MR images of a mouse with
Tm3+/Er3+/Yb3+ co-doped NaGdF4 NPs [29]

and electronic properties, as they are semiconducting materials [30]. Tuning the
size, shape, and chemical composition of the QDs can alter the optical emission and
absorption. Hence, QDs render a potential role in a wide range of imaging applica-
tions, cell labeling, and single molecule tracking than other fluorescent/luminescent
dyes and small molecules [31]. QDs such as CdSe, CdS, CdTe [32] have been exten-
sively studied for the bio-imaging applications because of their near-infrared (NIR)
deep tissue penetration capability. However, being heavy metals, they are found to
be toxic in vivo and thus ZnTe/ZnSe QDs emerged with better fluorescent emission
property and low toxicity [33].

4.2 Metal and Metal Oxide Nanoparticles

Among diverse physical properties of the metal NPs, two distinct properties such as
superparamagnetism and surface plasmon resonance (SPR) are essential for biomed-
ical applications. SPR is the phenomenon of oscillation of the free electrons at the
interface of the metal NPs and surrounding medium resulting in the resonance with
the electromagnetic field [27]. These NPs absorb and scatter the incident light upon
the excitation of SPR oscillations; thus, these scattered lights from the NPs can be
used for biological imaging of dark-field optical microscopy and optical coherence
tomography (OCT) [34]. Their large absorption has allowed for the photoacoustic
tomography (PA) [69 of 10] and photothermal cancer therapy [35]. They also possess
large absorption coefficients that render X-ray imaging, two-photon luminescence
(T-PL), contrast-based imaging computed tomography (CT), and surface-enhanced
Raman scattering (SERS) [36]. Noble metals like gold (Au) are more extensively
studied in various forms of nanostructures like Au nanoshells, Au nanorods, Au
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nanocages, Au clusters, and Au nanowires with different optical and physical prop-
erties. Similarly, silver (Ag) and copper (Cu) nanoparticles have exhibited strong
antibacterial effects against various pathogenic and resistant bacterial strains result-
ing in high impact in the wound healing and antimicrobial applications [29].

Superparamagnetic property is mostly exhibited by the metal oxide nanoparticles
with size range 10–20 nm such as iron oxide (Fe2O3 and Fe3O4) with wide applica-
tions inmagnetic resonance imaging (MRI) andmagnetic field-induced hyperthermia
therapy predominantly in cancer [37]. TiO2 NPs are used as photocatalysts in pho-
todynamic therapy (PDT). Moreover, paramagnetic ions like gadolinium, ytterbium
lanthanum, and europium have a potential role in MRI applications [29].

4.3 Silica-Based Nanoparticles

Amorphous silica-based NPs possess the inherent non-toxic, biocompatible property
in the biological tissues for the targeted delivery of therapeutics and also for the
diagnostic purpose. Mesoporous silica NPs have high loading efficiency of drugs,
and small biomolecules and their flexibility in the surface properties for labeling
of cells and peptides have also been studied. Labeled with targeting ligands and
proteins, they are extensively used in diagnostic and tracking applications [38].

5 Carbon Nanomaterials

5.1 Fullerene

It is a molecule of carbon and exists in the form of a hollow sphere, ellipsoid, or
tube. Spherical fullerene is called as buckyball or buckminsterfullerene (C60). These
are water insoluble and form aggregates in aqueous solutions. In order to improve
the solubility of fullerene in aqueous solutions, functionalization with hydrophilic
biocompatible materials is explored. Few of the materials studied for functionaliza-
tion include amino acids, carboxylic acids, polyhydroxyl groups, amphiphilic poly-
mers. In addition to its application as a drug and gene delivery systems, fullerene
is also explored as photosensitive agents, diagnostic agents in the form of endo-
fullerenes/metallofullerenes, antiviral molecule, and antioxidant material [39, 40].

5.2 Graphene

Over the past 40 years, carbon nanomaterials are one of themost fascinating nanoma-
terials which have attracted much attention among scientific communities because of
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Fig. 5 Schematic representation of the four allotropic forms of sp2 carbon: graphene (a), graphite
(b), nanotubes (c), and fullerene (d) [43]

their unique electrical, thermal, mechanical, and other physicochemical properties
[41]. Graphene is a single-atom-thick layer of sp2− hybridized carbon atoms arranged
in a honeycomb lattice. It is the basic building block of other carbon allotropes includ-
ing 0-D fullerenes, 1-D carbon nanotubes, and 3-D graphite [42] (Fig. 5). In addition
to their excellent electrochemical and optical properties, graphene can adsorb a vari-
ety of aromatic biomolecules through a π–π stacking interaction and/or electrostatic
interaction, which make them ideal materials for biosensors and drug delivery appli-
cations [42].

5.3 Graphene Oxide and Reduced Graphene Oxide

Graphene-based nanosheets include graphene nanosheets, graphene oxide (GO)
nanosheets, and reduced graphene oxide (rGO) nanosheets. The two-dimensional
structure of graphene nanosheets provides excellent surface area for the drugs and
other therapeutic molecules to get loaded and released in a controlled manner. When
compared to graphene nanosheets, GO and rGOnanosheets are studiedmore in terms
of drug delivery applications because of their favorable physicochemical properties.
In case of GO nanosheets, because of the presence of hydroxyl (–OH), epoxy (–O–)
and carboxyl (–COOH) group, electronegative atoms of drug molecules can interact
with it through hydrogen bonding. Moreover, the ionizable carboxyl group at the
edge of GO allows electrostatic interactions with drug molecules. Also, on the basal
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Fig. 6 Structures of graphene-based nanosheets. Structures of graphene (a), GO (b), and rGO (c)
[42]

planar region, drugs can interact through hydrophobic interaction as well as π–π
stacking interaction (Fig. 6).

The rGO nanosheets have fewer oxygen-containing functional groups and thus
more hydrophobic when compared to GO. The interaction of drug with rGO is
mainly due to hydrophobic interaction and π–π stacking interaction because of their
hydrophobic nature.

These graphene nanosheets are used in the delivery of chemotherapeutic drugs
like Doxorubicin, Paclitaxel, Fluorouracil, Camptothecin, Methotrexate, platinum
complexes. These nanosheets are also used in the delivery of photosensitizers along
with chemotherapeutics, biologic drugs like nucleic acid, proteins, and peptides. On
the other hand, these nanosheets suffer from toxicity issues in in vivo conditions and
functionalization of the nanosheet surface using biocompatible materials is found to
have better biocompatibility [44]. Some of themost widely researchedmaterials used
for the functionalization include and are not limited to the following: polyethylene
glycol (PEG), poloxamer 407, poly (amido amine), chitosan, gelatin, bovine serum
albumin, low molecular weight heparin, phospholipids [42, 44, 45].

5.4 Carbon Nanotubes

Carbon nanotubes (CNTs) are first discovered by Sumio Iijima in the year 1991.
CNTs are allotropes of carbon, which are formed when graphene sheets are rolled
and held together by van der Waals interactions. CNT can be classified as single-
walled CNT (SWCNT) and multi-walled CNT (MWCNT) based on the number
of graphene layers involved in the formation of CNT [41]. SWCNT has a diameter
between 0.4 and 2 nm, while aMWCNT has diameter between 2 and 100 nm. Having
a typical length of a few microns, CNTs have an aspect ratio (L/D) of 1:1000. CNT
has excellent properties like high tensile strength, excellent chemical and thermal
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stability, a large surface area which can be used to conjugate therapeutic molecules
like drugs, proteins, peptides, and nucleic acids for drug delivery applications. The
internalization ofCNT inside cells is found to occur due to the followingmechanisms:
endocytosis, phagocytosis, or passive diffusion. Energy-dependent endocytosis and
phagocytosis are the key mechanisms by which SWCNT are engulfed by cells, while
MWCNT is taken in by passive diffusion [44].

CNTs readily form aggregates in the physiological solutions, which necessitates
the need for the functionalization of CNT for biomedical applications. The function-
alization techniques include the following: (a) covalent functionalization involving
grafting of molecules on the sp2 carbon atoms of the π-conjugated skeleton of the
CNT, and these molecules can be hydrophilic polymers like polyethylene glycol
(PEG); (b) non-covalent functionalization using amphiphilic surfactant molecules or
polymers; and (c) click chemistry-mediated functionalization reactions [46]. CNTs
are currently explored as a drug delivery agent for the delivery of anticancer drugs,
nucleic acid therapy, and also as a photothermal agent for the treatment of cancer
[42–46].

5.5 Carbon Nanospheres

Carbon nanospheres are formed as a result of pairing of pentagonal and heptagonal
carbon rings which results in spherical arrangements. In case of carbon nanospheres,
the graphite sheets are not closed shells but rather waving flakes that follow the cur-
vature of the sphere, creating many open edges at the surface. These provide reactive
dangling bonds on the surface, which enhances adsorption of molecules interacting
with carbon nanospheres. This property in addition to large surface area of carbon
nanospheres is used in the loading of therapeuticmolecules for drug delivery applica-
tions. In addition to these, carbon nanospheres also have intrinsic fluorescence prop-
erty which could be used for intracellular drug delivery and its subsequent tracking
applications [47, 48].

5.6 Nanodiamond

Nanodiamond is first produced by detonation in USSR in the 1960s. Nanodiamonds
are found to be less toxic than other carbon nanomaterials and thus are best suited for
biomedical applications like drug delivery and biomedical imaging. Typically, nan-
odiamonds are of size 4–5 nm, but because of the aggregation issues they tend to be
larger aggregate particles. Because of the presence of dangling bonds on the surface,
therapeutic molecules can be bound on the particles’ surface for drug delivery appli-
cations. Nanodiamonds are also found to have intrinsic fluorescent properties and by
conjugation with fluorophores on its surface are explored as a potential biomedical-
imaging agent. Nanodiamond is currently used in delivery of Doxorubicin to treat
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drug-resistant breast cancer (4T1) and liver cancer (LT2-M) models. In addition to
this, nanodiamonds coated with polyethylenimine 800 (PEI800) were studied for
nucleic acids delivery. Because of their surface property, nanodiamonds are also
explored as a protein mimics which can mimic enzymatic functions [49].

6 Polymer–Inorganic Composite Nanostructures

Polymer–inorganic composite NPs have revolutionized a wide range of applica-
tions with additive and enhanced physicochemical/material properties, respectively,
when they interact with the biological system. Various factors such as biocompati-
bility, drug-loading efficiency, drug release kinetics, optical and imaging properties
were taken into consideration in designing composite NPs to overcome the unde-
sired effects of the inorganic and polymer NPs separately. Multifunctional composite
polymer-coated inorganic NPs were designed as on-demand, targeted delivery sys-
tems to achieve the desired therapeutic effect with high efficacy [23, 50].

7 Biomimetic Nanostructures for Delivery Applications

Recently, the leveraging of the targeting mechanism in drug delivery has occurred
where the specific targeting moieties have been mimicked by the structures that are
evolved from the biological interactions within the body [51]. In order to overcome
certain biological barriers within the body by mimicking the nature and properties of
the biological components/constituents inside the body, biomimetic nanostructures
are fabricated. These biomimetic structures act as stealth carriers to evade the immune
system of the body and deliver their cargo. Hence, two strategies or approaches were
followed to obtain the desired nano-based delivery systems for therapy and imaging,
i.e., bottom-up and top-down strategies. The “bottom-up” approach comprises of
synthesizing nanocarriers such as polymeric/protein nanogels, liposomes, micelles,
dendrimers, polymerosomes from the biocompatible and biodegradable materials.
Furthermore, it includes the strategy of targeting the nanocarriers with antibodies,
peptides, and other ligands to achieve the right destination of the particles inside
the body. The positive aspect of this approach is the controllability in the physico-
chemical parameters in the nanoparticle synthesis, encapsulation, and also surface
functionalization with ligands and molecules to bind the receptors of the target cells.
However, they fail to reproduce the complexity of the cell membranes on the sur-
face of the nanocarriers and hence remain incompetent in evading the mononuclear
phagocytic system (MPS) [52].

The “top-down” approach encompasses the synthesis of nanocarriers derived from
the biological constituents such as cells, bacteria, viruses, and their cell compo-
nents in the form of nanovesicles (Fig. 7). The major advantage of this top-down
approach is that these biomimetic nanostructures can easily permeate across the bio-
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Fig. 7 Biomimetic nanostructures—synthesis of RBC membrane-coated NPs [54]

logical membrane and evade MPS within the body. However, the limitation of this
approach is the size and homogeneity of the final formulation, which is uncertain
[53]. Such biomimetic nanocarriers are synthesized from various cells using the
top-down approach, namely erythrocytes, leukocytes, neutrophils, cancer cells, stem
cells, dendritic cells (DC), virus-like proteins (VLPs), bacteria, and other eukaryotic
cells.

Biomimetic nanostructures can be synthesized from various cells of origin in three
ways: (1) entire cell as carrier, (2) extracellular membrane as exosomes or vesicles,
and (3) as cell membrane-coated nanoparticles which are depicted in Fig. 7. They
serve the purpose of delivering the cargo at the target site by retaining their biological
functions and their targeting specificity without any alteration [55, 56]. For instance,
RBCs are used as the biomimetic carrier in delivering the drug/biomolecules with-
out altering their biological properties like evading the immunogenic reactions in the
body and providing long circulating life for the carriers [50]. Similarly, leukocytes
[57], platelets [58], stem cells [59], cancer cells [60] are employed in various strate-
gies to achieve the targeted delivery of drugs with low immunogenicity, extended
long-term circulation, and hence enhanced bioavailability. The cells and cell mem-
brane are engineered in such a way to achieve specificity in delivering at the target
site by overcoming opsonization and RES clearance in the circulation [55].

In addition to these, pathogen-derived vectors are also extensively studied which
includes bacterial ghosts and virus-like particles (VLPs). The bacterial membrane
derived from gram-positive and gram-negative bacteria is used as carriers to deliver
drugs/biomolecules in the form of membrane vesicles (MVs) as they are innate carri-
ers of proteins, peptides, nucleic acids, and enzymes. They are more extensively used
for vaccine delivery against infections and cancer-carrying gene targets to achieve
gene silencing and other therapeutic applications [61]. VLPs are also designed for
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vaccine delivery against staphylococcus and other bacterial infections such as bac-
teriophage membrane loaded with antigenic nucleoproteins [62].

8 Self-assembled Peptide Nanostructures

Self-assembled peptide nanostructures are recent discovery in the field of biolog-
ical nanomaterials. These are nanostructures made due to self-assembly of a few
amino acids, which can be either natural or synthetic amino acids. These peptides
can self-assemble into various shapes like spherical nanovesicles, nanoropes, nan-
otubes, micelles, nanofibers based on their amino acids sequence, and the peptide
concentration in the solution (Fig. 8).

Fung et al. used various forms of a self-assembled peptide EAK16 for encap-
sulating and effectively delivering a hydrophobic anticancer drug Ellipticine in two
different cancer cell lines [64]. Koutsopoulos et al. studied the possibility of encapsu-
lating protein molecules in a self-assembled peptide nanofiber hydrogel scaffold and
also proved the possibility of controlled release of these proteins [65]. The proteins
used are lysozyme, trypsin inhibitor, BSA, and IgG. It was found that the protein
release rate depended on proteins’ molecular weight and peptide concentration in the
formulation. These peptide nanostructures are also explored as 3D scaffold in tissue
engineering and regenerative medicine [63, 66].

Conflicts of Interest The authors declare no conflict of interest.

Fig. 8 Schematic illustration of the formation of peptide-based supramolecular hydrogels [63]
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Menka Khoobchandani, Kavita K. Katti, Alice Raphael Karikachery,
Velaphi C. Thipe, Pierce L. R. Bloebaum and Kattesh V. Katti

Abstract Cancer is one of the most aggressive diseases whose prognosis remains
bleak with current therapies. The tumor microenvironment plays a significant role
in the proliferation and invasion of tumor cells. In the complex tumor microen-
vironment, there are several types of immune-suppressing infiltrating cells, which
surround the tumor and promote tumor growth and metastasis. Prostate and pancre-
atic cancers display tumor-infiltrating immune cells, which differentiate into cells
that promote each step of the metastatic cascade and therefore are considered as
novel targets for therapy. Even though several chemotherapeutic drugs are in current
use for treating these cancers, tumor microenvironment targeting immunotherapeu-
tic drugs, with minimum systemic toxic effects, are needed to save human lives
from various forms of cancers. We hypothesize a safe and effective nanoinitiated
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drug delivery system—‘Phytochemical-conjugated gold nanoparticles,’ which can
inhibit the growth and proliferation of tumor cells without affecting normal cells
and at the same time boost the capability of immune system to fight cancer. There
are unprecedented opportunities to advance the treatment of cancer using nanotech-
nology. Among the vast majority of nanoparticles, gold nanoparticles show unique
properties, such as large surface-to-volume ratio, small size in the nanorealm, tunable
surface chemistry, and capable of drug encapsulation. The controlled and targeted
drug delivery approach makes nanoparticles very selective and effective toward can-
cer growth inhibition. In this chapter, we discuss the synthesis and characterization
of clove phytochemical-conjugated gold nanoparticles (CP-AuNPs) and their anti-
cancer activity against prostate (PC-3) and pancreatic cancer (PANC-1) cell lines.
The synthesis and full characterization of AuNPs were confirmed by various tech-
niques including UV–Visible spectrophotometry, transmission electron microscopy
(TEM), and dynamic light-scattering (DLS) technique. We confirmed that AuNP
treatment resulted in decreased cancer cell viability and enhancement in cellular
internalization. These nanoparticles will navigate better to the complex tumor sites.
This ‘Green Nanotechnology’ approach will be potentially effective compared to the
current conventional cancer therapies.

Keywords Green Nanotechnology · Phytochemicals · Gold nanoparticles
Cellular internalization · PC-3 cells · PANC-1 cells

1 Introduction

Cancer, due to its complexity, leads to higher morbidity and mortality in the world.
More than 10 million new cases are reported each year [1]. Prostate and pancreatic
cancers display the most aggressive solid tumors, as current therapies are not very
effective [2]. According to the American Cancer Society, deaths arising from cancer
constitute 2–3% of the annual deaths recordedworldwide [2, 3]. Several chemothera-
peutic agents are used to treat cancer, but often cause severe toxicity, which dissuades
their usage worldwide [4].

However, commonly used treatment methods including chemotherapy, radiation,
and surgery have severe drawbacks and are not cancer cell-specific [4, 5]. Most
chemotherapeutic drugs kill not only cancer cells but also damage normal cells lead-
ing to long-term side effects [4, 6]. Despite significant progress made in developing
more sophisticated cancer therapeutic modalities, multidrug resistance continues
to be a major complication in chemotherapy [7]. Moreover, cancer treatment has
become very expensive and unaffordable to the general population across the world
[8]. Therefore, there is an urgent unmet clinical need to develop the next generation
of drugs that are target-specific, delivered efficiently with minimal side effects and
without rendering the disease drug-resistant [9]. In this context, alternative and/or
complementary methods of treatment are poised to be the treatment choices of the
future for many cancer patients [9].
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In this chapter, we focus on the production of a personalized drug through Green
Nanotechnology approach—an innovative strategy pioneered by Katti et al. which
makes use of the strong antioxidant property of naturally occurring phytochem-
icals for both nanoparticle production and to render a myriad of phytochemical-
encapsulated nanoparticles with tumor-specific cancer killing characteristics [10].
Nanotechnology is defined as the ability to fabricate, characterize, and manipulate
artificial structures at nanoscales. Nanotechnology has the power to radically change
methods of cancer treatment [10]. Currently, there are enormous research efforts
underway for the design and development of novel nanodevices capable of detect-
ing cancer at an early stage, and also for delivering anticancer drugs specifically
to malignant cells. The unique size-dependent characteristics of nanoparticle-based
drugs (referred to as ‘nanoceuticals’) turn nanomaterials to be both effective and
selective [11].

Typically, nanoparticles are defined as microscopic particles between 1–100 nm
and in some instances particle sizes of up to 1 micron are also considered [11].
Nanoparticulate delivery systems provide better penetration of therapeutic and diag-
nostic cargo at a reduced risk in comparison with conventional cancer therapies [12].
The nanoparticle distribution within the body is based on various parameters such as
their size resulting in longer circulation times and their ability to internalize through
tumor cell receptors [13].

We discuss an innovative Green Nanotechnology approach utilizing clove phyto-
chemicals for the development of biocompatible tumor-specific gold nanoparticles.
Clove, a flower bud, belongs to the family Myrtaceae ‘Syzygium aromaticum.’ It is
a very popular spice used in Asian countries. Clove is native to Indonesia and is
also grown in several parts of the world. Clove is a common ingredient in Asian,
African, and Middle Eastern cuisine. It is widely known for its various pharmaco-
logical (antioxidant, anticancer, antimicrobial) properties [14]. Clove is a rich source
of polyphenolic compounds such as eugenol, eugenol acetate, and gallic acid—all
with highly efficient anticancer properties [14].

We report herein: (i) the production and full characterization of clove
phytochemical-functionalized gold nanoparticles (CP-AuNPs) and eugenol-
conjugated gold nanoparticles (E-AuNPs); (ii) in vitro stability studies (iii) detailed
in vitro cytotoxicity and tumor cellular uptake studies. This work demonstrates the
utility of plant-based phytochemicals, through Green Nanotechnology, toward the
development of tumor-specific cancer therapeutic agents.

2 Methodology

Materials Eugenol and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) dye were obtained from Sigma (St. Louis, MO,
USA). RPMI 1640, DMEM, fetal calf serum and TryplE, Trypan blue, and DAPI
(4′,6-diamidino-2-phenylindole) were obtained from Thermo Fisher Scientific,
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Fig. 1 Synthesis of clove phytochemical-based gold nanoparticles

USA. NaAuCl4·2H2O (sodium tetrachloroaurate (III) dihydrate) was procured from
Alfa Aesar, USA. Double-distilled water (DI) was used throughout the experiment.

Preparation of clove powder Clove was purchased from a local grocery shop.
Clove powder was prepared by grinding clove in a mixer. 15 ml of DI water was
added to 100 mg clove powder in a scintillation vial. The aqueous solution of clove
was sonicated for 15 min and was stirred for 2 h at 80 °C further stirred at room
temperature (rt) for another 4 h to obtain the essential phytochemicals in the water.
The extract was cooled down to room temperature and filtered off through aWhatman
filter paper. It was then stored at 4 °C and used for subsequent gold nanoparticle
synthesis.

Synthesis of clove phytochemical-coated gold nanoparticles (CP-AuNPs) The
clove extract obtained from the above-mentioned procedure, 6 ml of extract (con-
taining 40 mg of clove phytoextract), was added in a glass vial and stirred for 15 min
at 90 °C. Then, 100μl of 0.1MNaAuCl4 solution was added to the reaction mixture.
The color of the reactionmixture turned to ruby redwithin few seconds, indicating the
formation of gold nanoparticles (Fig. 1). The gold nanoparticles were characterized
byUV-visible absorption spectrophotometry, DLS, and TEManalysis. Nanoparticles
were stored at 4 °C for further biological studies.

Utility of the active phytochemical ‘eugenol’ in clove for the synthesis of gold
nanoparticles (E-AuNPs). Gold nanoparticles were prepared bymixing eugenol in
acetone–water solution in a mild alkaline condition [15]. Briefly, 500 μl of eugenol
was dissolved in 20 ml of acetone followed by the addition of 10 ml of water and
100μl of 0.1Msodiumhydroxide (SolutionA). Separately, 10ml of 2.5mMaqueous
solution ofNaAuCl4 was prepared followedby the addition of 100μl of 0.1Msodium
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Fig. 2 Synthesis of eugenol (active phytochemical of clove)-based gold nanoparticles (E-AuNPs)

hydroxide (Solution B). Both the solutions were cooled down to 4 °C. Then, solution
A was stirred on a magnetic stirrer followed by addition of solution B at room tem-
perature for 30 min. The color of the reaction was changed to a purple color solution,
indicating the formation of gold nanoparticles (Fig. 2). After 30 min, 200μl of 0.1M
sodium hydroxide was added to stabilize the formed polymer eugenol gold colloid.
The nanoparticles were stirred for another 2 h to form uniform gold nanoparticles.
Nanoparticles were characterized by UV-visible absorption spectrophotometry, par-
ticle size analyzer, and TEM analysis. Nanoparticles were stored at 4 °C for further
use.

Cell line The human prostate (PC-3) and pancreatic (PANC-1) cancer cell lines
were obtained from the American Type Culture Collection (ATCC; Manassas, VA)
and cultured by the University of Missouri Cell and Immunobiology Core facility
using procedures recommended by ATCC.

Characterization of nanoparticles Transmission electron microscopy (TEM)
imageswere obtained on a JEOL1400TEM (JEOL, LTE, Tokyo, Japan). The absorp-
tion measurements were obtained by UV–Visible spectrophotometer (Varian Cary
50 conc, USA). The hydrodynamic size and zeta potential were measured using
Zetasizer Nano S90 (Malvern Instruments Ltd., USA).

In vitro stability study The in vitro stability of were confirmed by mixing of 1 ml
CP-AuNPs to 0.5 ml aqueous solutions of 1% NaCl, 0.5% cysteine, 0.2 M histidine,
0.5% human serum albumin (HSA), 0.5% bovine serum albumin (BSA), and pH7
buffer solution separately. The stability of the conjugates was measured by moni-
toring the UV–Visible absorbance over a period of 1, 4, 24, 48 h and 1 week. A
negligible change in UV–Visible plasmon band confirmed the retention of nanopar-
ticulate composition in all mixtures.

Dark-field microscopy The in vitro cellular internalization analysis of AuNPs was
performed by dark-field microscopy techniques. Ultra clean and sterile cover slips
were kept in six-well plates. The PC-3 and PANC-1 (8× 105 cells/ml medium) were
seeded into six-well plates in RPMI/DMEM medium separately and incubated for
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24 h in CO2 incubator at 37 °C. CP-AuNPs (100μl/ml) were added to cells followed
by 4 h of incubation at 37 °C. The cells were washed 10–12 times with 1xPBS and
fixed with 4% paraformaldehyde (PFA). Cells were further washed 2–3 times with
1xPBS. Slideswere prepared by usingDAPI nuclear dye and observedwithCytoViva
dark-field microscope coupled with dual-mode fluorescence. Cell morphology was
initially observed, followed by uptake of nanoparticles. Images were captured via
Dage Imaging Software.

Cell viability assay The in vitro cytotoxicity of CP-AuNPs was performed as
described by the supplier Sigma, USA. Briefly, human cancer (PC-3 and PANC-
1) cell line (4 × 104 cells/ml) was plated in 96-well tissue culture plates. The cells
were allowed to grow in a CO2 incubator (37 °C, 5% CO2, 90% RH) for 24 h. The
medium was replaced with the medium containing different dilution of clove extract
and CP-AuNPs (80–330 ppm) separately again for 48 and 72 h in CO2 incubator at
37 °C. MTT dye solution (10 μl/well) was added in the cell suspension and incu-
bated for 4 h in the CO2 incubator. Periodically viewing the cells under an inverted
microscope for the presence of intracellular punctuates showed purple coloration.
The reaction was stopped by adding solubilizing DMSO buffer (100 μl) to each
well. The plates were kept for 30 min in dark at 25 °C to dissolve all the crystals,
and the intensity of the developed color was measured using a microplate reader
(SpectraMax plate reader, USA) operating at 570 nm wavelength. Percent of cell
viability was calculated by using the formula: (T /C)×100, where C �absorbance
of the control, T �absorbance of treatment. The IC50 values of test samples were
also calculated.

Statistical analysis All experimental data are given as mean±SEM. Statistical
analysis was carried out using the one-way analysis of variances (ANOVA) using
GraphPad Prism software. P<0.05 was considered significant.

3 Results and Discussion

The aqueous clove extract, rich in antioxidant phytochemicals such as eugenol, was
used as a reducing agent to produce the gold nanoparticles. The nanoparticles were
synthesized by using Green Nanotechnology process [10]. The nanoparticles were
characterized by UV-visible spectrophotometry, DLS, and TEM analysis. Figure 3
represents the UV-visible spectra of the CP-AuNPs that confirmed the surface plas-
mon resonance (SPR) at 530±2 nm. The SPR indicated that the nanoparticles are
smaller in size and uniform based on its narrow peak. The core size of AuNPs
(20±5 nm) was measured by TEM (Fig. 3). The hydrodynamic size of the AuNPs
was confirmed by DLS measurement to be 70±5 nm (Table 1). These results indi-
cate that AuNPs have a 50±5 nm coating of clove extract around an average core
size of 20±5 nm. The stability of the AuNPs was confirmed by measuring its zeta
potential, which was −28±3 mV. A high negative charge indicates that the AuNPs
are stable and have a long shelf life. The magnitude of zeta potential also provides an
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Fig. 3 UV-visible spectrum of CP-AuNPs. Inset TEM image of CP-AuNPs

Table 1 Physicochemical data parameters of gold nanoparticles (AuNPs)

Sample Absorbance (nm) Core size by
TEM (nm)

Hydrodynamic
size by DLS (nm)

Zeta potential
(mV)

CP -AuNPs 530±2 20±5 70±5 −28±3

E-AuNPs 540, 706 a �~35±5
b �~70±5

60±30 −40±5

Note The core size calculation for E-AuNPs has been discussed below

excellent index for knowing the efficient dispersion and the long-term stability (both
in vitro and in vivo) of the CP-AuNPs for biomedical and therapeutic applications.

Eugenol is an active phytochemical in clove extract [14]. The E-AuNPswere char-
acterized by a combination of techniques including UV-visible spectrophotometry,
DLS, and TEM. The UV-visible spectrophotometric analysis confirmed the SPR of
AuNP at 540 and 706 nm due to diamond- and diamond-chain-shaped nanoparticles
corresponding to the transverse and the longitudinal resonance modes (Fig. 4). The
core size of E-AuNPs (a �~35±5 and b �~70±5 nm) was measured by TEM
(Table 1, Fig. 4). These results suggested the successful synthesis of E-AuNPs. The
results obtained by DLS measurement revealed that E-AuNPs showed a hydrody-
namic size of 60±30 nm and a zeta potential of −40±5 mV.

Calculation of average number of gold atoms per nanoparticle (CP-AuNPs)
The average number of gold atoms per nanoparticle is calculated using core size
value of the CP-AuNPs obtained from TEM analysis. The average core diameter of
the particles (D, nm) is summarized in Table 1. Assuming a spherical shape and a
uniform fcc (face-centered cubic) structure, the average number of gold atoms (N)
for each nanosphere was calculated using Eq. 1, where ρ is the density of the fcc gold
(19.3 g/cm3), M is the atomic weight of gold (197 g/mol), and NA is the Avogadro
number [16].
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Fig. 4 UV-visible spectrum of E-AuNPs. Inset TEM image of E-AuNPs

N � πρD3

6M
NA (1)

N �247,200 gold atoms per nanoparticles.
The calculations above confirmed that CP-AuNPs consisted of~247,200 gold

atoms per nanoparticle.

Determination of molar concentration of nanoparticle solution (CP-AuNPs)
The molar concentration of the nanosphere solution was calculated based on the
amount of NaAuCl4 used for the nanoparticle synthesis. By dividing the total num-
ber of gold atoms (NT ) which is equivalent to the amount of gold utilized (327 ppm,
16.6 μM) over the average number of gold atoms per nanosphere (N �247,200)
according to Eq. (1), where V (1 lit) is the volume of the reaction solution in liter
and NA is the Avogadro number [16], the concentration of the nanoparticles can be
calculated with the following formula:

C � NT

NV NA

� 6.7 × 10−9 number of N Ps/mL (2)

Calculation of average number of gold atoms per nanoparticle (E-AuNPs) The
average number of gold atoms per nanoparticle is calculated using core size value of
eugenol AuNPs from TEM analysis (Fig. 4, Table 1). The TEM images of the AuNPs
synthesized are shown to have an isosceles rhomboid shape in the 2D plane, where
a and b describe the length (nm) and width (nm) of the diagonals, respectively.
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a 

b 

If we consider the 3D shape to be an elongated octahedron, then we can break this
into two congruent square pyramids. Assuming the eugenol AuNPs are this shape
and the Au atoms maintain a uniform fcc lattice structure, the average number of Au
atoms/NP (N) can be calculated.

a 

½b

Based on the geometry of a square, the side length of the base x �a/
√
2 and the

height h �b/2. The volume of these two pyramids V is given below:

V � 2Vpyramid � 2

3
x2h � a2b

6
(3)

Since the number of gold atoms per unit cell, n �4, we can calculate N by the
equation shown below:

N � n
V

Vc
� 4 ∗

a2b
6

0.06787 nm3
� 9.823a2b nm−3 (4)

where VC is the volume of the fcc gold unit cell. From TEM images, the eugenol
AuNP core has a width, a ~35±5 nm, and a length, b ~70±5 nm. Using these
values in Eq. 4, we obtain the following:

N � 9.823 ∗ (35)2 ∗ 70 � 842, 297Au atoms (5)

Therefore, we can approximate the number of gold atoms in the eugenol AuNP
to be~842,297 atoms.
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Calculation of number of eugenol molecules per gold nanoparticle. The average
number of eugenol molecules per gold nanoparticle (E-AuNPs) is calculated using
the number of gold nanoparticles per ml (C*) and the number of eugenol molecules
per ml (E). To find the number of gold nanoparticles per ml, a modified version of
the formula to calculate the molar concentration is used, as shown below [16]:

C∗ � NT

NV
� 1.51 × 1019Au atoms

842, 297Au atoms/N P ∗ 40.9ml

� 4.4 × 1017 NPs/ml (6)

where NT is the total number of gold atoms initially added to the reaction, which can
be calculated from the 10 ml of 2.5 mM gold salt, and V is the total volume of the
reaction. To find E (eugenol), we assume that all the eugenol molecules used in the
reaction conjugate equally onto the gold nanoparticles. Using that there is 500 μl of
eugenol added initially, it is easy to calculate E. As such:

E perAuNP � E

C∗ � 1.944 × 1021 Eugenolmolecules/ml

4.37 × 1017 NPs/ml
� 4, 447, 858 (7)

Thus, there are approximately 4,447,000 eugenol molecules per gold nanoparticle.

In vitro stability study of CP-AuNPs The stability of pharmaceutical formulation
is a critical factor in utilizing it for both in vitro and in vivo biological applications.
The stability of the AuNPswas tested by incubating with various biological solutions
such as 0.5% cysteine, 0.2 M histidine, 0.5% human serum albumin (HSA), 0.5%
bovine serum albumin (BSA), 1% NaCl, and pH 7 buffer solution so as to mimic
the physiological conditions. After incubation, the SPR was recorded at various time
points (Fig. 5 represents data at one-week time point). The AuNPs SPR peak was
unchanged at 530 nm after challenging with various biological fluids, indicating the
nanoparticle stability for over a week within all biological solutions. These results
indicate that the AuNPs are robust nanoparticles with optimum stability for in vitro
and in vivo biological applications.

Cellular uptake The interaction between cancer cells (PC-3 and PANC-1) and
CP-AuNPs was demonstrated by dark-field microscopy for exploring the mode of
endocytosis. To elucidate the uptake of AuNPs, cells were incubated with different
dilutions of AuNPs for 4 h. The results showed that AuNPs internalized inside the
cells within 4 h (Fig. 6). The CytoViva technique provides visual observation of
the AuNPs internalization in cancer cells and also confirmed significant uptake of
AuNPs.

Antitumor efficacy studies through in vitro MTT assay The cell viability profile
of CP-AuNPs and clove phytochemicals was evaluated against PC-3 and PANC-
1 cells by MTT assay. The cells were treated with different concentrations of test
samples. Measurements of cell viability are presented in Figs. 7 and 8. Cell via-
bility profiles demonstrated that AuNPs exhibited dose-dependent efficacy in both
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Fig. 5 UV–Visible spectra showing the in vitro stability of CP-AuNPs in aqueous solutions after
1-week incubation

Fig. 6 Dark-field images showing nanoparticle uptake into PC-3 and PANC-1 cells, 4-h post-
treatment. (a, b) PC-3 cells. (c, d) PANC-1 cells; treated with 100 μl of AuNPs/ ml; and control no
treatment

types of tumor cells. This experiment suggests that encapsulating of clove phyto-
chemicals onto gold nanoparticles certainly enhances its pharmacological potential
and increases its bioavailability. Figure 7 shows that clove phytochemical-coated
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Fig. 7 Effect of CP-AuNPs and clove extract on cell viability of PC-3 cells after 48- and 72-h
incubationwith increasing concentration.WhereUNT is no treatment control group. Concentrations
are reported in terms of amount of clove extract in AuNPs and as free phytochemicals

Fig. 8 Effect of CP-AuNPs and clove extract on cell viability of PANC-1 cells after 48- and 72-h
incubationwith increasing concentration.WhereUNT is no treatment control group. Concentrations
are reported in terms of amount of clove extract in AuNPs and as free phytochemicals

nanoparticles inhibit 50% cells death at concentration~300 ppm at 48 h and 170 ppm
at 72 h, whereas clove extract showed only 30% cell death at 330 ppm at 72 h against
prostate cancer cells.

Figure 8 shows that CP-AuNPs inhibit 50% growth of PANC-1 at concentrations
of 100 ppm at 48 h and 80 ppm at 72 h. Under similar experimental conditions,
clove extract (without the gold nanoparticles) exhibited 50% inhibition of growth
of PANC-1 at concentrations of 300 and 200 ppm at 48 h and at 72 h, respectively.
The results corroborated that encapsulation of clove phytochemicals onto AuNPs
significantly enhanced their bioefficacy to inhibit PANC-1 cells growth.

These results confirmed that phytochemicals exhibit enhanced antitumor efficacy
against various cancer cell lines when encapsulated onto AuNPs using the Green
Nanotechnology approach.

Implications of Green Nanotechnology in Oncology Despite numerous investi-
gations demonstrating experimental success in in vitro and preclinical studies, there
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has been limited progress in the clinical translation of natural phytochemicals and
phytochemicals-based vectors to the clinic as the first line or adjuvant therapy in treat-
ing cancers and various other diseases. Analysis of extensive in vitro (and in vivo)
data provides important following insights on the limitations and impediments on
why phytochemicals-based therapy has met with limited success so far: (i) In vitro
assays involve direct incubations of cancer cell lines resulting in an acute presentation
of phytochemicals. Such exposers induce significant anticancer and antiproliferative
effects at tested concentrations which are normally not achieved under normal phys-
iological conditions, of oral delivery, even upon consumption of large quantities of
the raw or the pure phytochemicals extracts; (ii) another significant challenge that
continues to impede successful clinical translation of various phytochemicals for
treating cancers and various diseases/disorders is associated with the problem of
bioavailability.

The process of phytochemical disposition in vivo, similar to that of disposition
of drugs and other xenobiotics, involves absorption, metabolism, distribution, and
excretion, and each of these processes contributes to pharmacokinetic variability
and consequently drug efficacies of individual or cocktail of phytochemicals-derived
drugs. In the context of designing phytochemicals-based drugs, it is important to rec-
ognize that a majority of these phytochemicals are part of normal human diet. This
aspect presents a key bioavailability problem that they are efficiently metabolized
and cleared by the human body. The suboptimal biological half-life of phytochem-
icals in vivo means that phytochemical constituents fail to persist in physiological
systems, and therefore, therapeutic effects are either usually short-lived or are elim-
inated. Overall, the enzymatic and non-enzymatic degradation in vivo undermines
the beneficial ‘pleiotropic’ effects of phytochemicals in therapy.

Green Nanotechnology approaches of encapsulating hundreds of signatures of
clove phytochemical (eugenol) around gold nanoparticles surface, as described in
this chapter (Figs. 1 and 2), appear to successfully circumvent problems related to
delivery and bioavailability—the two key problems that have haunted the full utility
of phytochemicals as first line or adjuvant therapeutic agents. Gold nanoparticles,
with multitudes of clove phytochemical (eugenol) molecules bound to the large sur-
face area of gold, deliver a huge cargo of the therapeutic phytochemical through
endocytosis as shown in Fig. 6. Entry of clove phytochemical-encapsulated gold
nanoparticles is synergistically poised due to the optimum size and charge of gold
nanoparticles as well as tumor cell receptor affinity of the bound eugenol—thus
leading to selective uptake of therapeutic nanoparticles by tumor cells. The innate
antiangiogenesis effects of gold and the inherent therapeutic power of eugenol col-
lectively result in tumor destruction.

Eugenol-functionalized gold nanoparticles in immunotherapy of cancer—con-
cluding remarks The literature indicates that polyphenols present in the clove
extract would be effective in the modulation of intracellular nuclear factor-kappaB
(NF-κB) signaling pathway involved in the deregulated expression of cell prolifera-
tion and cell cycle regulatory molecules [17]. Therefore, our Green Nanotechnology
approach which provides a pragmatic pathway for tumor cell-specific delivery of
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clove phytochemical (eugenol)-encapsulated gold nanoparticles is a scientifically
sound approach for tumor therapy through immunomodulatory pathways. The tar-
geting of NF-κB signaling pathway by CP-AuNPs (eugenol) will have a significant
impact on the utility of eugenol-functionalized gold nanoparticles as immunomodu-
latory agents in tumor therapy.

The endocytosis of CP-AuNPs (Fig. 6) would inhibit NF-κB signaling specifi-
cally within the tumor-associated macrophages (TAMs) [18]. This transforms TAMs
to become cytotoxic to tumor cells by switching to a ‘classically’ activated M-1 phe-
notype displaying high levels of tumor suppressive IL-12 and concomitantly reduce
tumor proliferating IL-10 cytokine [18]. Therefore, CP-AuNPs (active phytochemi-
cal ‘eugenol’) provide new strategies for immunomodulatory cancer therapy through:
(i) specific interference with M2-like TAM survival by selectively inhibiting their
signaling cascades, (ii) suppression of macrophage recruitment to tumors, and (iii)
re-education of tumor-promoting M2-like TAMs to a tumor suppressing M1-like
phenotype.

Acknowledgements We thank the Institute of Green Nanotechnology for supporting this interdis-
ciplinary research. We also thank the University of Missouri Departments of Radiology and School
of Medicine for financial support.

Author Contributions Menka Khoobchandani, Kavita K. Katti, and Kattesh V. Katti conceived
and designed experiments, analyzed data, and edited the manuscript. Menka Khoobchandani per-
formed the experiments, analyzed and observed the data, and wrote the paper. Kavita K. Katti and
Alice Raphael Karikachery edited themanuscript. Velaphi C. Thipe reviewed themanuscript. Pierce
L.R. Bloebaum analyzed and performed nanoparticles calculation.

Conflicts of Interest The authors declare no conflict of interest.

References

1. (a) Jemal, A., Ward, E.M., Johnson, C.J., Cronin, K.A., Ma, J., Ryerson, B., Mariotto, A.,
Lake, A.J., Wilson, R., Sherman, R.L., Anderson, R.N., Henley, S.J. Kohler, B.A., Penberthy,
L., Feuer, E.J., Weir, H.K.: J. Natl. Cancer Inst. 109 (2017); (b) Ryerson, A.B., Eheman, C.R.,
Altekruse, S.F., Ward, J.W., Jemal, A., Sherman, R.L., Henley, S.J., Holtzman, D., Lake, A.,
Noone, A.M., Anderson, R.N., Ma, J., Ly, K.N., Cronin, K.A., Penberthy, L., Kohler, B.A.:
Cancer 122, 1312–1337 (2016)

2. Heymach, J., Krilov, L., Alberg, A., Baxter, N., Chang, S.M., Corcoran, R., Dale, W.,
DeMichele, A., Magid Diefenbach, C.S., Dreicer, R., Epstein, A.S., Gillison, M.L., Graham,
D.L., Jones, J., Ko, A.H., Lopez, A.M., Maki, R.G., Rodriguez-Galindo, C., Schilsky, R.L.,
Sznol, M., Westin, S.N., Burstein, H.: J. Clin. Oncol. 36, 1020–1044 (2018)

3. Moeller, B., Balagamwala, E.H., Chen, A., Creach, K.M., Giaccone, G., Koshy, M., Zaky, S.,
Rodrigues, G.: Pract. Radiat. Oncol. (2018)



Targeted Phytochemical-Conjugated Gold Nanoparticles … 51

4. (a) Kobayashi, S., Ueno, M., Hara, H., Irie, K., Goda, Y., Moriya, S., Tezuka, S., Tanaka, M.,
Okusaka, T., Ohkawa, S., Morimoto, M.: Oncology 91, 117–126 (2016); (b) Gardiner, R.F.,
Nicol, D.L., Green, H.J., Pakenham, K.I.: BJU Int. 98, 229–230 (2006); (c) McCann, J.: J. Natl.
Cancer Inst. 92, 449–451 (2000)

5. Arriagada,R.,Averbeck,D.,Dahl,A.A.,Darby, S., Fossa, S., Friberg, S., Polgar,C., deVathaire,
F.: Eur. J. Cancer 45, 354–359 (2009)

6. Slonina, D., Klimek, M., Szpytma, T., Gasinska, A.: Int. J. Radiat. Biol. 76, 1255–1264 (2000)
7. Chang, H.P., Lu, C.C., Chiang, J.H., Tsai, F.J., Juan, Y.N., Tsao, J.W., Chiu, H.Y., Yang, J.S.:

Int. J. Oncol. (2018)
8. (a) Kaye, D.R., Min, H.S., Herrel, L.A., Dupree, J.M., Ellimoottil, C., Miller, D.C.: Oncolo-

gist (2018); (b) Bao, Y., Maciejewski, R.C., Garrido, M.M., Shah, M.A., Maciejewski, P.K.,
Prigerson, H.G.: J. Pain. Symptom. Manage. 55, 1113–1121 e1113 (2018)

9. (a) Khoobchandani, M., Katti, K., Maxwell, A., Fay, W.P., Katti, K.V.: Int. J. Mol. Sci. 17, 316
(2016); (b) Khoobchandani, M., Ganesh, N., Gabbanini, S., Valgimigli, L., Srivastava, M.M.:
Fitoterapia 82, 647–653 (2011); (c) Khoobchandani, M., Ojeswi, B.K., Sharma, B., Srivastava,
M.M.: Oxid. Med. Cell Longev. 2, 160–165 (2009); (d) Ojeswi, B.K., Khoobchandani, M.,
Hazra, D.K., Srivastava, M.M.: Hum. Exp. Toxicol. 29, 369–375 (2010); (e) Yue, Q.X., Gao,
G.G., Zou, G.Y., Yu, H.Q., Zheng, X.: Biomed. Res. Int. (2017)

10. (a) Al-Yasiri, A.Y., Khoobchandani, M., Cutler, C.S., Watkinson, L., Carmack, T., Smith, C.J.,
Kuchuk, M., Loyalka, S.K., Lugao, A.B., Katti, K.V.: Dalton Trans. (2017); (b) Chanda, N.,
Kattumuri, V., Shukla, R., Zambre, A., Katti, K., Upendran, A., Kulkarni, R.R., Kan, P., Fent,
G.M., Casteel, S.W., Smith, C.J., Boote, E., Robertson, J.D., Cutler, C., Lever, J.R., Katti, K.V.,
Kannan, R.: Proc. Natl. Acad. Sci. U S A 107, 8760–8765 (2010); (c) Chanda, N., Shukla,
R., Katti, K.V., Kannan, R.: Nano Lett. 9, 1798–1805 (2009); (d) Chanda, N., Upendran, A.,
Boote, E.J., Zambre,A.,Axiak, S., Selting,K.,Katti,K.V., Leevy,W.M.,Afrasiabi, Z.,Vimal, J.,
Singh, J., Lattimer, J.C., Kannan, R.: J. Biomed. Nanotechnol. 10, 383–392 (2014); (e) Gamal-
Eldeen, A.M.,Moustafa, D., El-Daly, S.M., Abo-Zeid,M.A.M., Saleh, S., Khoobchandani, M.,
Katti, K., Shukla, R., Katti, K.V.: Biomed. Pharmacother. 89, 1045–1054 (2017); (f) Gamal-
Eldeen, A.M., Moustafa, D., El-Daly, S.M., El-Hussieny, E.A., Saleh, S., Khoobchandani, M.,
Bacon, K.L., Gupta, S., Katti, K., Shukla, R., Katti, K.V.: J. Photochem. Photobiol. B 163,
47–56 (2016); (g) Katti, K., Chanda, N., Shukla, R., Zambre, A., Suibramanian, T., Kulkarni,
R.R., Kannan, R., Katti, K.V.: Int. J. Green Nanotechnol. Biomed. 1, B39–B52 (2009); (h)
Kattumuri, V., Katti, K., Bhaskaran, S., Boote, E.J., Casteel, S.W., Fent, G.M., Robertson, D.J.,
Chandrasekhar, M., Kannan, R., Katti, K.V.: Small 3, 333–341 (2007); (i) Khoobchandani, M.,
Katti, K., Maxwell, A., Fay, W.P., Katti, K.V.: Int. J. Mol. Sci. 17 (2016); (j) Khoobchandani,
A.Z.M., Katti, K., Lin, C.H., Katti, K.V.: Int. J. Green Nanotechnol. 1, 1–15 (2013); (k) Nune,
S.K., Chanda, N., Shukla, R., Katti, K., Kulkarni, R.R., Thilakavathi, S., Mekapothula, S.,
Kannan, R., Katti, K.V.: J. Mater. Chem. 19, 2912–2920 (2009); (l) Shukla, R., Chanda, N.,
Zambre, A., Upendran, A., Katti, K., Kulkarni, R.R., Nune, S.K., Casteel, S.W., Smith, C.J.,
Vimal, J., Boote, E., Robertson, J.D., Kan, P., Engelbrecht, H., Watkinson, L.D., Carmack,
T.L., Lever, J.R., Cutler, C.S., Caldwell, C., Kannan, R., Katti, K.V.: Proc. Natl. Acad. Sci. U S
A 109, 12426–12431 (2012); (m) Shukla, R., Nune, S.K., Chanda, N., Katti, K., Mekapothula,
S., Kulkarni, R.R., Welshons, W.V., Kannan, R., Katti, K.V.: Small 4, 1425–1436 (2008);
(n) Silva, R.A., Giordano, R.J., Gutierrez, P.S., Rocha, V.Z., Rudnicki, M., Kee, P., Abdalla,
D.S., Puech-Leao, P., Caramelli, B., Arap, W., Pasqualini, R., Meneghetti, J.C., Marques, F.L.,
Khoobchandani, M., Katti, K.V., Lugao, A.B., Kalil, J.: Int. J. Mol. Sci. 17 (2016)

11. Dreaden, E.C., Austin, L.A., Mackey, M.A., El-Sayed, M.A.: Ther Deliv 3, 457–478 (2012)
12. (a) Langston Suen,W.L., Chau, Y.: J. Pharm. Pharmacol. 66, 564–573 (2014); (b) Shan, Y., Ma,

S., Nie, L., Shang, X., Hao, X., Tang, Z., Wang, H.: Chem. Commun. (Camb) 47, 8091–8093
(2011)

13. Nichols, J.W., Bae, Y.H.: Nano Today 7, 606–618 (2012)
14. Cortes-Rojas, D.F., de Souza, C.R., Oliveira, W.P.: Asian Pac J Trop Biomed 4, 90–96 (2014)



52 M. Khoobchandani et al.

15. Milczarek, G., Ciszewski, A.: Colloids Surf. B Biointerfaces 90, 53–57 (2012)
16. Liu, X., Atwater, M., Wang, J., Huo, Q.: Colloids Surf. B Biointerfaces 58, 3–7 (2007)
17. Tsai, T.H., Huang, W.C., Lien, T.J., Huang, Y.H., Chang, H., Yu, C.H., Tsai, P.J.: Food Agric.

Immunol. 28, 916–931 (2017)
18. Islamuddin,M., Chouhan,G.,Want,M.Y.,Ozbak,H.A.,Hemeg,H.A.,Afrin, F.: PlosNeglected

Trop. Dis. 10 (2016)



Part II
Intelligent Devices



Enterprising Artificial Intelligence:
Aiding Patients as Well as the Healers

Arpita Saxena

Abstract Artificial intelligence is ‘the’ word that best describes the future of health
sector. With the advent of the age of Internet of things (IOT), almost every aspect of
life has changed. Biotechnology also does not remain untouched with these changes.
Today, while there are robots to generate and analyze the data, there are also devices
with ability to interpret those results. As the biotechnologists today extend their
learning into making software for medical and clinical data mining, there are also
computer and electrical engineers who seek their careers in making smart and intel-
ligent devices which aid to medical, pharmaceutical, or clinical requirements. In the
last two decades, especially the last 7–9 years, the market has witnessed many such
devices and there is a whole community of start-ups mushroomed in the recent past,
dedicated to the making of these devices. This review revisits some of the latest,
popular, and enterprising technologies in biotech space, which integrate artificial
intelligence with medical science. This chapter also emphasizes on the growing cul-
ture of start-ups around the globe dedicated tomanufacturing of devices and software
that assist the hospital staff with medical data collection, maintenance, and analysis,
while most of them foster the field of diagnostics. These several categories of devices
have not yet replaced human intelligence completely, though they have speeded up
the process and ensured more efficacy level than simple, mechanical, humanized
efforts.

Keywords AI · E-Health ·M-Health ·Machine learning · Start-ups
Deep learning

1 Introduction

As ‘Sophia,’ the humanoid [1], attains citizenship of a country (now received citizen-
ship of more than one country) and retains many special rights which are not even
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offered to the women citizens of respective country, the debate of artificial verses
human intelligence gets heated again [2]. The debating communities on either side
of the table, howsoever different principally, appreciate the technology and emotion-
ally expressive face of the humanoid. This picture typically brings to our minds a
visualization of human being assisted by artificial intelligence in every sphere of life,
to say the least, that is the basic idea behind their creation.

Artificial intelligence (AI) in human health care has been a game changer [3]. The
last 15 yearswere dedicated to smart devices that ensure speed, precision,monitoring,
and control over health and diseases. This era has seen a shift in focus from human
resource (humanized team efforts) to data resource, from data resource (collection
of detailed medical facts and figures) to machine learning (large data pool which
starts co-relating these facts and figures), and from machine learning to artificially
obtained intelligence (ability to interpret a new sample on the basis of past data
analysis) (Fig. 1).

Electronic-health (e-health) solutions are the software applications related to
health care that provide tools, processes, and communication means to support elec-
tronic healthcare practice [4–7]. Mobile-health (m-health) comes under the umbrella
of e-health that refers to e-health functionality on mobile phones, which further
diverges into technologies of networking, medical sensors, computation, and com-
munication [8]. There is another term called tele-health which refers to medical
counseling on phone by an expert doctor to medical staff in remote areas lacking
high-end medical expertise.

Artificial intelligence has recently stepped into health care but has made major
transformations to the whole system of diagnosis, analysis, and even drug develop-
ment.

Fig. 1 Evolution of healthcare systems with respect to artificial intelligence
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1.1 AI Around the World

The geographical distribution of start-ups in artificial intelligence around the world
is itself an interesting topic to work on as the dynamics are changing fast. There
are several applications of AI like health care, retail, financial services, manufactur-
ing, [9] and if all included, the USA alone has around 3000 start-ups followed by
China, Britain, India, and Canada. Countries like Israel, Germany, France, Spain,
and Switzerland also make a mark [10]. Within the USA, states holding maximum
start-up sector were California (51%), New York (11%), Massachusetts (9%) and
states like Utah, Colorado, New Jersey, Texas, Illinois, Virginia, Washington, Michi-
gan, Ohio, and Florida are witnessing a generation of well-funded start-up growth
[11]. Globally, the AI revenue is estimated to reach $37 billion by 2025 [12]. A sole
share of $19.2 billon will be claimed by healthcare applications of AI with image
analysis leading the chase, followed by virtual assistance, patient data processing,
computational drug discovery, and converting paperwork into digital data [13].

1.2 Some Products as an Example of Collaborative Research

Before we get into AI and its applications in medical entrepreneurship, let us witness
a few interesting stories where biotechnology has wedded multidisciplinary research
and led to wonderful products.

1.3 3D Printed Bones

Rhys Cornock, a 23-year-old graduate from University of Wollongong, Australia,
is transforming the world of medical sciences by his 3D printed bones [14]. He has
used advanced bioengineering techniques to manufacture complex scaffolds that can
exactly fit into fractured bone areas with the help of specific scans and imaging of
the fractured area. These perfectly tailored bones, printed through 3D printers, are
then transplanted into patients’ body.

Another product of the same university is a biopen that is used to deliver live
cells and growth factors directly to the site of injury. This reduces the surgery as
well as recovery time as regeneration of functional bone and cartilage is stimulated
by the growth factors. These types of implants are best for cases with diseased
bone structures. It is made from biodegradable, non-toxic material that provides a
structure through its polymer component and recovery through its growth factors and
drug component [15].

In the same area of research, Professor Milan Brandt, RMIT’s lead researcher,
furthered the 3D printed bone implants surgery by bringing in the robotics. The
project teamhas combined 3Dprinting, robotic surgery, and advancedmanufacturing
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to create tailored implants for patients with bone cancer [16]. This is a 5-year project
that brings together the Australian Government, RMIT University, the University of
Technology Sydney (UTS), St Vincent’s Hospital, Melbourne, and global medical
technology firm Stryker.

1.4 Sickle Cell Chip

A diagnostic kit developed by a team from IIT Bombay has made it possible to detect
sickle cell anemia, a commonblood disorder found in tribal areas of central and south-
ern India. This kit is affordable, portable and can be used even by untrained medical
staff. Debjani Paul, Ninad Mehendale, and Ammar Jagirdar from the Indian Institute
of Technology, Powai, have developed this kit [17] as an example of laboratory on
chip diagnostics that can facilitate distant, rural, underprivileged sections of human
population. The idea was funded by BIRAC and the Bill & Melinda Gates Founda-
tion. Invention of this kit has proved to be a savior for all the patients, especially
children who died before even being diagnosed with the disease. A drop of patient
blood added to this—reagents loaded plastic micro-fluidic chip—can be imaged by
a mobile phone camera.

Other than these two stories, there are other products likewearable solar cell-based
textiles [18, 19] that can be coupled with sensors to form active smart materials that
can be used for monitoring health parameters like electrocardiogram (ECG) [20],
electromyography (EMG) [21], electroencephalography (EEG) [22, 23]. Another
product which is already in the market is a pair of affordable socks from ‘Barefoot’
that does not need shoes as they are 15 times stronger than steel [24]. It gives a feeling
of barefoot walking and gives a fine grip to the feet during any sport.

2 An Overview of Healthcare Products Using AI Around
the World

2.1 When Artificial Intelligence Completes Human Body [25]

See Table 1.

2.2 Medical Imaging, Diagnostics, and Artificial Intelligence

See Table 2.
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Table 1 List of the various products that have replaced parts of human organs or play as extended
body parts, with their advantages over contemporary systems [25]

Products Features and advantages over
existing technologies

Companies/university

(i) Portable dialysis • A machine that can carry out
complete dialysis process
efficiently round the clock

• Fully automated,
battery-operated,
waterproof, and absolutely
portable

• Cuts down long hospital
visits

Xcorporeal, Los Angeles [25,
26]

(ii) Absorbable heart stent • Biodegradable, this stent
starts to dissolve after
6 months and completely
departs in 18 months,
leaving behind a healthy
artery

• Another category of stents
releases medication at
prefixed intervals that keeps
the artery from narrowing
again

Abbott Laboratories, Illinois
[25, 27]

(iii) Smart contact lens • A pair of lens that contain
conductive wires that
continuously monitor
pressure and fluid flow
within the eyes of people at
risk with glaucoma

• The lenses wirelessly
transmit information to a
computer where doctors can
use it

• In the future, lenses may
also automatically dispense
drugs in response to
pressure changes

University of California, Davis
[25]

(iv) Speech restorer • This device produces speech
through the impulses
received wirelessly from its
counterpart installed on
patient’s neck brace

• The neuronal signals
signaled from the brain to
the vocal cords are detected
and converted to words
though smartphone

• Patients have a feel of
slowly sounding out words

Illinois-based Ambient
Corporation and Texas
Instruments [25]

(continued)
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Table 1 (continued)

Products Features and advantages over
existing technologies

Companies/university

(v) Autonomous wheelchair • A mobile and
audio-sensitive wheelchair
which listens to its user and
takes to places

• Works on machine learning
principles

• Builds maps using Wi-Fi
• Equipped with cameras,
laser rangefinders, and a
collision—avoidance system

MIT [25, 28]

(vi) Nerve regenerator • This is a nanogel that
self-assembles into a
scaffold of nanofibers

• These nanofibers express
peptides that instruct stem
cells to normally form scar
tissue which in turn produce
cells that encourage nerve
development

Northwestern University [25,
29]

(vii) Stabilizing insoles • This technology is
developed to help elderly
patients against falls

• These sensors are installed
on the insoles to analyze the
pressure distribution of the
feet

Lieberman’s iShoe [25]

(viii) Smart pill • These pills not only contain
medication but are also
loaded with sensors that
track the exact time drugs
are ingested

• These signals from sensors
are received on
Band-Aid-like receivers on
the skin

• Also used to monitor heart
rate and respiration and the
data can be wirelessly
transmitted to a smart device

Proteus Biomedical,
California [30]

(ix) Prosthetic feedback • This device stretches an
amputee’s skin near the
prosthesis in ways that
provide feedback about the
limb’s position and
movement.

Karlin Bark, Stanford
University [25]

(continued)
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Table 1 (continued)

Products Features and advantages over
existing technologies

Companies/university

(x) Muscle
stimulator—MyoSpare

• This device facilitates
muscle movement during
fracture to keep them strong
during recovery

• Battery-operated, this device
uses electrical stimulators,
to be worn underneath casts

StimuHeal, Israel [25]

Table 2 Companies using AI involved in the field of medical imaging and scanning [32, 33, 35]

Products/companies Features and advantages over
existing technologies

Founder

(1) Neuralink 2016 • Developing ultra-high
bandwidth brain–machine
interfaces to connect
humans and computers

Elon Musk based in
California, USA

(2) Arterys with GE
Healthcare 2015

• Cloud-based cardiac
imaging

• Fast and accurate, takes
6–10 min instead of an hour

• Acquires seven dimensions
of data, which include 3D
heart anatomy, blood flow
rate, and blood flow
direction

ViosWorks Project [31]

(3) MJN Neuroservices 2014 • MJN develops
high-technology innovative
devices to predict epileptic
seizures

David Blanquez Caurel based
in Catalonia, Spain

(4) 3Scan 2011 • Robotics microscopy used
for tissue analysis

• Can eliminate some
drudgery for drug
researchers who have been
stuck using manual
processes

• Faster than any other manual
processes

Ben Turley start-up based in
Provo, Utah, USA

(5) Imagia’s Deep Radiomics
2015

• Uniting radiomics and deep
learning

• Utilizes existing routine
clinical imaging data to
discover robust imaging
biomarkers that predict
cancer patient outcomes

Alexandre Le Bouthillier
based in Quebec, Canada

(continued)
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Table 2 (continued)

Products/companies Features and advantages over
existing technologies

Founder

(6) Butterfly Network 2011 • MRI and ultrasounds made
cheaper convenient and
more efficient

• Automated medical imaging
processes

• Alternatively, an
iPhone-sized scanner that
has to be held up to a
person’s chest to see a vivid,
moving, 3-D image of
what’s inside is also
available

• It works with a deep
learning algorithm trained
by ultrasound experts

Jonathan Rothberg start-up
based in Guilford, USA

(7) Bay Labs 2013 • Interprets ultrasounds to
treat heart disease.

• Software for diagnosis of
rheumatic heart disease
(RHD) of congenital heart
disease

Charles Cadieu Company at
San Francisco, CA, USA

(8) Enlitic 2014 • Based on machine learning,
its unique interpretation
skills are beyond compare

• 10,000 times faster than
average radiologist with false
negative 0%

Felix Baldauf-Lenschen
Company at San Francisco

(9) Cancer spit test 2016 • This breakthrough
technology detects oral
cancer from a single drop of
saliva putting away all
biopsies and pain

• This laboratory on chip
technology has sensor which
can detect proteins
associated with cancer cells

• These proteins further react
with fluorescent dyes that
can be detected with a
fluorescent microscope

University of California, Los
Angeles
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2.3 AI and Drug Discovery

See Table 3.

2.4 AI and Data Mining/Medical Records Mining

See Table 4.

2.5 Indian Start-ups in the Healthcare Sector Using AI

See Table 5.

3 Challenges Involved in Medical Applications of Artificial
Intelligence [33]

There are unexpected and unique obstacles in using AI as a medical savior like:
(a) Stakeholdership is scattered and so whenever there is an operational error, it
is difficult to trace back the responsible factor or person. (b) Sharing health data
across hospitals, through mobile devices, or in other databases implies many unique
challengeswithHealth Insurance Portability andAccountabilityAct (HIPAA, passed
byCongress in 1996) compliance. (c) The job of replacing an entire doctor is unlikely
as personal diagnosis at the time of consultation cannot be replaced entirely by past
data history. (d) Machine learning and deep learning (unlike stodgier AI approaches
like expert systems) are unable to express why they achieved the result that they did.

The challenges of this field are ever increasing as they are counter-faced through
innovation and further more grit.

4 Discussion

With the societal and lifestyle changes, health monitoring and maintenance itself
have become a challenge. The solution also comes from the same age of e-health
where artificial intelligence assists human intelligence to confront these challenges of
day-to-day life not only for the patients but also for their caretakers. Mobile phones,
electronic gadgets, and Internet services have involved non-medical practitioners
along with patients themselves, to be the first monitors of their ailments, and have
personalized health monitoring and treatment. An ever-increasing number of health-
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Table 3 Companies involved in the drug discovery process using AI [32, 33]

Products/companies Year Features and advantages over existing
technologies

Founders

(1) Atomwise 2012 • First deep learning technology for novel small
molecules discovery

• Unprecedented speed, accuracy, and diversity
• Aims to reduce the costs of medicine
development

• Total funding amount $6,570,000
• Target disease/organism—Ebola virus and
multiple sclerosis

Abraham
Heifets,
Alexander
Levy, Dr.
Izhar
Wallach

(2) Recursion
Pharmaceuticals

2013 • Best elements of high-throughput biology and
automation

• The company has identified novel uses for
known drugs, bioactive compounds, and
shelved pharma assets in the space of rare
genetic diseases

• They promise to fulfill their ambitious goal of
curing 100 diseases in just 10 years

• Total funding amount $84,330,000

Blake
Borgeson,
Chris
Gibson,
Dean Li

(3) Whole Biome 2014 • Focus area—microbiome interventions
• For the known fact that microbiome
represents a wealth of opportunity in shaping
health and house many microbes that are
beneficial for health, they have made genomic
and analytical tools to make it happen

• One of their products help women avoid
preterm labor

Colleen and
James; col-
laborator,
Mayo Clinic

(4) Deep Genomics 2014 • Focus area—genome
• Based on machine learning from data of
mutations

• Ability to try and predict the effects of a
particular mutation

• Their findings are used for genome-based
therapeutic development, molecular
diagnostics, targeting biomarker discovery,
and assessing risks for genetic disorders

• Total funding amount $16,700,000

Andrew
Delong,
Brendan
Frey,
Hannes
Bretschnei-
der, Hui
Yuan Xiong

(5) iCarbonX 2015 • Maintains a personal biological library
containing biological samples such as saliva,
proteins, and DNA of individuals

• The company is developing algorithms to
analyze the data, with the intention of
recommending tailored wellness programs,
food choices, and possibly prescription
medicines

• Total funding amount CN¥1,300,000,000

Jun Wang,
Yingrui Li

(continued)



Enterprising Artificial Intelligence: Aiding Patients … 65

Table 3 (continued)

Products/companies Year Features and advantages over existing
technologies

Founders

(6) Turbine 2015 • Personalized treatments for any cancer type
or patient faster than any traditional
healthcare service

• The technology models cell biology on the
molecular level

• It can identify the best drug to target a specific
tumor with; moreover, it identifies complex
biomarkers and design combination therapies
by performing millions of simulated
experiments each day

Szabolcs
Nagy,
Daniel
Veres,
Kristof
Szalay, Ivan
Fekete

care start-ups are incorporating machine learning and algorithm-driven platforms to
achieve their milestones through artificially intelligent solutions that can ease and
accelerate the process of diagnosis as well as interpretations for the doctors.

In the Indian scenario, the culture of healthcare start-ups based on AI is mostly
in tier 1 cities and the trend is likely to extend to tier 2 cities with the increasing
number of IT professionals interested in multidimensional uses of their capabilities.
Also, the effective utilization of funds and stimulating groups of venture capital-
ists are also increasing in numbers, some of who belong to neither health care nor
software development, but are still interested in investing into such ventures. Angel
investors and mentor groups associated with organizations like BIRAC which are
working with the prime objective of making healthcare start-ups a success add to
this ecosystem. To top all this, the ‘make in India’ campaign initiated by the Gov-
ernment of India supports this through its policies through ‘Atal Incubation Mission’
(AIM), where constant funds are disbursed to universities and similar institutions
for the development of incubation centers, where new start-ups can be incubated
without having to worry about space, instrumentation, and basic facilities. National
eHealth Authority (NeHA) was proposed for the development of an integrated health
information system by theMinistry of Health and FamilyWelfare in 2015 in India. It
will be the nodal authority that will develop an integrated health information system
along with the application of telemedicine and mobile-health by collaborating with
various stakeholders. The ‘Task Force on AI for India’s Economic Transformation’
was set up by theMinistry of Commerce and Industry in 2017 to explore possibilities
to leverage AI for development across various fields.

The contemporary trends of utilization of AI in healthcare services remain in day-
to-day monitoring of vital data points, diagnostics, and predictive analytics followed
by deep learning (Table 5). Companies like Tricog (Bangalore), Lybrate (Faridabad),
LiveHealth (Pune), Practo (Bangalore), MUrgency (Mumbai), Portea (Bangalore),
Advancells (Noida), Forus (Bangalore), AddressHealth (Bangalore), Mitra Biotech
(Bangalore) are strongly surfacing serving the fields of m-Health, e-Health, medical
emergency services in one app, stem cell therapy, blindness, pediatrics, and numerous
other dimensions [34].
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Table 4 Companies dedicated to the medical data-mining sector [32, 33]

Products/companies Founding year Features Location

(1) Zephyr Health 2007 • The start-up combines
databases, machine learning
algorithms, and as its biggest
plus, great data visualization
to help healthcare companies
gain insight into a diverse set
of data more quickly

• The start-up was selected as
one of the 2016s 100 Most
inspiring people in the life
sciences industry by
PharmaVOICE magazine
readers

Newark,
California, USA

(2) Google Deepmind
Health

2010 • Predetermined algorithms
are used to mine medical
records in order to provide
better and faster health
services

• This also includes
experimenting with disease
monitoring technologies

– Collaborators—Moorfields
Eye Hospital NHS
Foundation Trust

– Verily, the life sciences arm
of Google’s umbrella
corporation

– Alphabet is working on its
genetic data-collecting
initiative, the baseline study

London, UK

(3) Sentrian 2012 • Their fundamental objective
is to eliminate all preventable
hospital admissions through
remote patient monitoring

• Health-related predictions
for individuals on the basis
of their database

• Firstly, it collects the vital
data points in details noting
even the subtle signs through
biosensors

• And then, it interprets and
predicts through its machine
learning technology

Aliso Viejo,
California, USA

(continued)
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Table 4 (continued)

Products/companies Founding year Features Location

(4) CareSkore 2014 • A real-time, cloud-based
predictive analytics platform

• CareSkore basically predicts
through its Zeus algorithm
in, based on combination of
clinical, laboratories,
demographic and behavioral
data, how likely a patient will
be readmitted to a hospital

• Hospitals improve the
quality of care based on their
input, while patients could
also get a clearer picture
about their health

• Special communication
service platform is available
for patients with notifications
about their risks and issues

Chicago, USA

(5) CloudMedX Health 2014 • Another data-mining start-up
situated in the heart of the
Silicon Valley

• Focuses on optimizing
patient and financial
outcomes through predictive
analytics

Palo Alto,
California, USA

(6) Oncora Medical 2014 • Focus area—cancer research
and treatment, especially in
radiation therapy

• They have built a data
analytics platform that can
help doctors design sound
radiation treatment plans for
patients

• Seed fund of $1.2 million
received in 2016

• In 2017, it will be extending
its services of precision
radiation oncology platform
to three major medical
centers to help 10,000
patients receive personalized
treatments

Philadelphia,
Pennsylvania,
USA

(continued)
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Table 4 (continued)

Products/companies Founding year Features Location

(7) IBM WatsonPaths 2015 • It consists of two cognitive
computing technologies

• They help physicians make
more informed and accurate
decisions faster and to cull
new insights into electronic
medical records (EMR)

• Collaborator—Cleveland
Clinic Lerner College of
Medicine of Case Western
Reserve University

New York, USA

In the global context, AI already holds a big share of market in the healthcare
sector. There are devices that can automatically detect diseases like anemia, malaria,
leukemia, and other cancers, thus reducing waiting time of the patients to get pathol-
ogy reports before treatment. There are also a category of devices, which are used to
continuously monitor normal health parameters like blood pressure, heart rate, and
sugar level (Table 2). Noninvasive techniques like ‘liquid biopsy’ (spit test) cut off
all the pains associated with the diagnosis of cancer and act as first line of treatment
as even a day saved in diagnosis is a chance won to survive the disease. The gen-
eral methods of peeping inside the living systems like cardiac imaging, MRI, ECG,
ultrasonography, microscopy, tissue analysis, radiology are known and are evolving
at a pace faster, which is another level of research altogether. This ever-growing
and unrolling world of technologies in diagnostics and analysis, to unfold the inner
secrets of human body, when amalgamated to data collection, deep learning, and AI,
become a powerful combat against disease and illness.

The process of drug discovery is a long tedious and exorbitant process. A single
over the counter (OTC) drug may also prove extortionate for the pharmaceutical
business sometimes. Here, AI coalesced with bioinformatics (Table 3) seems to be
the game changer by working out years’ job in hours, plus the saved resources are
an advantage. This, however, is directly not related to patients, as here the customers
are usually drug manufacturing companies, but the saved resources would definitely
lead to reduced prices of medicines and treatment for patients.

Another aspect of AI-powered devices is that they reduce complete dependence
on medically trained staff. Some devices are so user friendly and portable that the
sophistication and complexity of a typical hospital-type environment are completely
kept at bay. Where on one hand devices like portable dialysis machine (Table 1)
give the patient the ease of mobility, the devices like absorbable heart stent eradicate
the botheration of aftereffects. Smart pill like medication today makes it completely
possible to track the exact time of ingestion of drug, and devices like speech restorer
and autonomous wheelchair not only act as augmented body parts but also impact
the patient’s personal and social life by heightening their self-confidence.
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Table 5 Companies based in India striving in the field of artificial intelligence-assisted healthcare
services [36]

Products/company Year Features CEO

i. Advenio Technosys
Location—Chandigarh

2010 • Machine learning-based computer-assisted
detection (CADx)

• These services are applicable in those
clinical settings where resources are less
and burden is more

• They are into diagnostics of respiratory
infections through researching algorithms
and analyzing images

Mausumi
Acharyya

ii. Aindra
Location—Bangalore

2012 • Focus area—cancer diagnostics, especially
cervical cancer

• Digital microscopy is followed by
pathologist’s confirmation, which is
automatically learned by machine

Adarsh
Natarajan

iii. Ten3T
Location—Bangalore

2014 • Focus area—cardiac care remote
monitoring system

• Cicer is Ten3T’s first wearable medical
device that fits into an adult’s palm

• It is loaded with a biomedical sensor
coupled with machine learning methods

• This sensor streams continuous data in real
time to the doctors

• It monitors real-time ECG, respiration,
pulse, temperature

• It being tested for multiple healthcare
settings like in private practice, nursing
homes, or for at-home monitoring

Sudhir
Borgonha

iv. Qorql
Location—Noida

2014 • An online healthcare start-up that uses AI
and big data to enhance the productivity of
doctors and to help patients manage their
ailments

Sanjay
Singh

v. SigTuple
Location—Bangalore

2015 • Product name—Shonit
• AI pathologist for medical diagnosis with
reduced time and effort

• Analysis of medical images, scans, and
videos to generate information for
diagnosis

• Automated procedure to detect diseases
like anemia, malaria, leukemia, and other
diseases reduced waiting time

• A smartphone and a mechanical
component are attached to regular
microscope for imaging samples

• Product name—Manthana. An AI-driven
continuous learning platform that provides
solutions for automated analysis of
peripheral blood smear, urine and semen
sample, retinal scans, and chest X-rays

Rohit
Pandey

(continued)
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Table 5 (continued)

Products/company Year Features CEO

vi. VectorDoc
Location—Bangalore

2015 • They are developing a mobile app for
preliminary diagnosis with high accuracy

• It allows real-time collaboration between
healthcare providers, nurses, pharmacists,
laboratories, and hospitals

• They aim to deliver health care in
resource-constrained areas also like in rural
and poor urban areas

Thekkethala
Pyloth
Vincent
and Joffy
Vincent

vii. Touchkin
Location—Bangalore

2015 • It uses smartphone sensors which can sense
changes in the patterns of communication,
activity, and sleep

• Touchkin platform collects the data from
mobile phones and sensors and uses the
data to identify changes in behavioral
patterns

Jo
Aggarwal

viii. HealthMir
Location—New Delhi

2015 • The app developed by the company
provides health-related information
through videos

• It facilitates personalized health trackers

Abhash
Kumar

ix. Niramai Health
Analytix
Location—Bangalore

2016 • Cancer diagnostics, especially breast
cancer solutions

• A thermal analytics-based pain-free,
portable, light, and small screening device

• It utilizes big data analytics, artificial
intelligence, and machine learning for
reliable, early, and accurate breast cancer
screening

Geetha
Manjunath

x. Qure.ai
Location—Mumbai

2016 • Qure.ai is a decision support tool for
diagnosis of diseases from radiology and
pathology

• The start-up offers personalized cancer
treatment plans from histopathology
imaging and genome sequences

• Deep learning assists the machines to learn
from various sources and to interpret
medical images quickly and accurately to
generate useful data

Prashant
Warier

xi. Predible Health
Location—Bangalore

2016 • Medical imaging targeting advanced
knowledge in the cancer treatment powered
by a neutral cloud computation platform

• It focuses on building radiology solutions
for improving accuracy and efficiency of
radiologists and physicians

Suthirth
Vaidya

xii. Orbuculum
Location—Chennai

2017 • Predictive interpretation of genomic data in
a fast, cost-effective, and accurate way

• Diseases such as cancer, diabetes,
neurological and cardiovascular disorders
can be predicted early

Pranav
Gangwal
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Themost apparent application ofAI is patient data recording andmining (Table 4).
Using a robot to explain laboratory results to patients or taking a chatbot as a life
coach is no more an exaggeration now. The number of efficient workers in health
care is not a big number already, and this goes down further as some members are
busy only to maintain patient data records. Here, AI has played a vital role in helping
the medical world with data collection, maintenance, and deriving a meaningful
interpretation through deep learning. This data mining is helpful not only for doctors
and medical staff, but these days insurance companies also use this information to
digitally verify patient’s insurance information to ensure it is valid and accurate and
digitization reduces the manual load. With the growing population, it is not possible
to proportionally increase the number of health practitioners per person, but it is
possible to make the process easier and faster through AI.

The interpretation based on data size is sometimes more than even the number
of cases handled by the health professionals, but anyways AI is used as a helping
hand and not as an alternative for doctors. Artificial intelligence has also accelerated
technology-assisted programs in areas like mental health (emotional intelligence
indicators and post-traumatic stress disorder treatment program is already inmarket),
rehabilitation and dentistry. Healthcare research is as vast as the curiosity of human
mind, and the challenges are ever changingwith changing times. This is of course just
a beginning of wireless medical technologies, and a lot of research still needs to be
done on at actual application of such devices including the psychological responses
of the subject. Moreover, this paradigm shift in medical culture also needs to be
supported and endorsed by doctors as common people still consider a doctor’s advice
over gadgets, and if so, the extended expenditures should be justified. As nature finds
out ways to balance human population through constantly evolving diseases, human
quest to conquer death, decay, and injury continues with all the more preparedness.
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Point of Care Devices

Tabassum Zafar

Abstract In the recent digital era, biotechnology has also expanded the wings in the
development of sophisticated intelligent devices. Points of care (POC) devices are
one of the most recent and sophisticated digitalized applications of biotechnology
and biochemistry. POC devices are a result of collaboration between biotechnol-
ogy, biochemistry, electronics and marketing. POC devices employ technology for
detection of various diseases and disorders without centralized, expensive,
laboratory-specific equipment and tools. POC device is one of the best examples
of lab-on-a-chip advancement, where only a small POC chip can efficiently perform
the work in absence of a whole laboratory set-up. The best about POC devices is their
easy, convenient, automated operational procedures, which made them user-friendly.
Nowadays, where users prefer customized less time-consuming, portable and reli-
able methods for various purposes, POC devices are the most suitable technology
to meet the demands. Nowadays, POC devices are serving various sectors of soci-
ety, including healthcare, food safety and personal care. Major applications of POC
devices are the test kits available in the market for detection of many clinical con-
ditions. Pregnancy and diabetes test kits are the most popular and relatively cheaper
older examples of POC technology. POC testing is a rapidly growing application of
biotechnology, which offers new advancements and enormous growth possibilities
for biotech professionals. Purpose of the present chapter is to focus on the attention
of readers towards this relatively new, less popular but commercial application of
biotechnology.
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1 Introduction

Over the years, biotechnology has extended contributions in social convenience
beyond the conventional approach. In the similar relevance, intelligent devices are
one of the remarkable milestones in the field of healthcare management. Traditional
clinical care is now having an alternate, improved and accurate testing tool named
Point of care (POC) testing. POC devices are minimized assay devices, which are
used for detection of any clinical condition or health issue by immediate diagnos-
tic testing at the site where clinical care is delivered to patients [1]. POC testing is
also known by various other names including near-patient testing, patient-focused
testing, bed-site testing, satellite testing, ancillary diagnosis, alternate site testing,
lab-on-a-chip testing and peripheral testing [2]. POC devices are modern diagnostic
tools to perform rapid, accurate, cost-efficient, portable, on-site diagnostic testing
without any involvement of complicated instrumentation to facilitate continence.

In the twenty-first century, various advancements are available in the field of
diagnostics. Microfluidics is a branch of science, which is based on the fluid char-
acteristics in the microenvironment. POC devices are one of the best applications
of microfluidics. Recent advancements in the field of microfluidic sciences are the
basics behind most of the POC systems.

Availability of POC testing is a revolutionary boon in the sector of health man-
agement that facilitates improved and immediate clinical assistance, when patients
are supposed to get tested on their bed site. In contrast to classical testing procedures,
POC devices are portable with the possibility of an immediate shift in response to the
need of the user. The limitation of confined space laboratory testing is overcome by
the availability of point of care devices. Rapid diagnosis, reduced cost, high through-
put, convenience, portability are some of the major facts, which prove the suitability
of these devices over conventional laboratory techniques [3].

Most of the chips and devices work on the principles of immunology and bio-
chemistry. Development of any new point of care system is a vigorous and lengthy
process, which requires lots of background research with specific range of stan-
dardizations. Optimization and standardization of lab-on-a-chip technique require
highly sophisticated, sterile and ideal set-up, but once the miniature identification
techniques related to any disease have been developed by researchers, the cost of
peripheral testing turns relatively lower than the conventional procedures. Mass pro-
duction of POC devices for population actually reduces the cost by hundreds of times
for patients.

The purpose of the present chapter is to provide an overview of the POC devices
in interestingly and concise manner to make the young readers aware of the most
popular technological advancement in the field of microfluidics. The present chapter
summarizes a critical, unbiased overview of POC industry and also briefly discusses
the recent advancements, future perspectives, along with the limitations of current
trends.
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2 Biochemistry Behind the POC Testing

POC devices interact with various classes of analytes, including proteins, nucleic
acids, cells, enzymes, immunological markers, electrolytes and many other small
molecules [4]. Once presence of these analytes is detected by POC intelligent device,
immediately samples are allowed to react with the pre-existing substrates in order to
perform a reaction, which results in the formation of the respective product. Product
formation is usually identified by the end user either qualitatively in the form of color
change or qualitatively in the form of signal. Sometimes it is required to amplify the
low signal to enhance the test precision. Protein-based clinical specimens such as
whole blood, serum, plasma, saliva, urine, and few other samples are clinically tested
by both immunoassays and enzymatic microdevice-based POC assay [5].

Some examples of protein-based ancillary tests include detection of viral infec-
tions (anti-HIV antibodies, antibodies against influenza A/B virus, rotavirus anti-
gens), bacterial infections (antibodies against Streptococcus A and B, Chlamydia
trachomatis, Treponema pallidum), parasitic infections (histidine-rich protein 2 for
P. falciparum, trichomonas antigens), and non-communicable diseases (PSA for
prostate cancer, C-reactive protein for inflammation, HbA1c for plasma glucose con-
centration). Saliva-based nano-biochip immunoassay is another popular example of
protein analyte-based POC testing, which has been constructed to detect a panel of
C-reactive protein, myoglobin, and myeloperoxidase in acute myocardial infarction
patients [4, 6–8].

Cell-based POC devices are generally used for the hematological purposes. These
methods do not employ the use of any proteins or biologies to achieve cell separation.
Size-dependent, density-based techniques and affinity-based methods are usually
incorporated in this category of POC device, e.g. CD4C lymphocyte counting used
to monitor the progression of HIV/AIDS is one of the classic examples of cell-based
POC testing [9].

POC devices are capable to perform highly sensitive, fully integrated molecular
diagnostic testing with remarkable efficacy. Nucleic acid testing (NAT) is based
on the identification of organism-specific DNA or RNA sequences. Nucleic acid
detection and analysis is the key to identify the source of infection, pathogen and
disease. In the similar connection, HIV (diagnosis and viral load monitoring), H1N1

influenza, tuberculosis, and group B streptococcal disease testing POC devices are
some noteworthy examples [10]. Electrolytes are also utilized in some cases for
ancillary testing. Many POC devices are sensitive enough to identify the status of
sodium, potassium, chlorine, calcium as electrolytes in the sample. They can also
monitor the amount of blood gases using pH change, potentiometric, amperometric
and conductance measurements. Color-dependent pH analysis of blood is one of the
widely used electrolyte-based POC microfluidic devices [4, 11, 12].



78 T. Zafar

3 Remarkable Features of POC Devices

POC devices have a narrow range of universally accepted properties. In order to
meet the user’s need, an identical POC device is supposed to carry some remarkable
feature as mentioned below [13].

• POC devices should be user-friendly.
• POC devices should be affordable.
• POC devices should be sensitive enough to minimize the possibility of false-
negative or false-positive results.

• POC devices should be rapid and robust in storage and use.
• POC devices should provide results should be concordant with an established
laboratory method.

• Results of POC testing should be delivered to the end-user.

4 Clinical Applications of POC Testing

The applied methods, area and utility of POC devices are very vast and overlapping.
Although POC test systems are initially meant to be used bymedical professionals to
provide immediate assistance to patients within their immediate vicinity, nowadays
POC devices are widely used for self-clinical assessment. However, a test performed
without a medical indication cannot be strictly described as POC testing, but blood
glucose monitoring devices and pregnancy test kits are some of the popular exam-
ples of self-monitoring POC devices. These devices also frequently used in hospitals
and healthcare centres. Some classic examples of POC testing, which brought rev-
olution in the healthcare industry, include assessment of lipid markers, hematologi-
cal assessment, C-reactive protein assay, serum bilirubin assessment, determination
of hepatic and cardiac injury markers. Investigation of more than one parameters
sequentially or simultaneously with automatic calibration of hand-held microflu-
idics and microsensor-based POC devices have become very convenient [11, 14,
15]. Blood gas analyser (BGA) is a ubiquitous tool to determine level of the blood
gases, acid-base equilibrium and electrolyte concentrations. Blood gas analyzer and
blood sugar analyzers are long-established POC systems with the capabilities to pro-
cess samples for the assessment of more than 100 parameters [16]. Point of care
determination of blood sugar employs a small, mobile instrument which works on
enzymatic reactions, followed by photometric or electrochemical detection [17].

Individual clinical biochemistry parameters with a wide analytical spectrum such
as creatinine, urea, glutamate oxalate transaminase (GOT) and glutamate pyruvate
transaminase (GPT) tests are also performed by POC devices nowadays. POC deter-
mination of C-reactive protein (CRP) is used in hospitals and practices for the
rapid evaluation of the necessity of antibiotic therapy. Pharmacy-based testing of
lipid parameters is another POC prototype [18]. Detection of hyperbilirubinemia
in neonates is a popular example of using immediate photometric serum bilirubin



Point of Care Devices 79

POC testing [19]. The popularity of POC device is evident by enormous utility of
these intelligent devices to determine quick values of various markers such as car-
diovascular injury markers, e.g. immunological determination of cardiac troponins,
BNP (brain natriuretic peptide), D-dimers (fibrin degradation product, FDP) along
with hemostaseological assessment including international normalized ratio (INR),
partial thromboplastin time (PTT) and activated clotting time (ACT) in whole blood
[20–22].

The outbursting utility is not only confined in these spaces, but it is extending its
branches in various critical areas, including detection of HIV, malaria, dengue, sexu-
ally transmitted infections, various blood infections [23–31]. Nucleic acid detection
is also an application of nanotechnology-based point of care devices [32, 33]. The
field of lab-on-a-chip testing is not only limited to classic bed-site testing but also
now various advancements are available according to the necessity and economy. Lit-
tle recent advancement in intelligent device industry includes contact lens glucose
sensors, tattoo-based sensors and smart holograms [34–36].

5 Advantages of POC Devices Over Existing Technologies

POC testing devices broadly organized into two categories, namely professional
category and non-professional category. Professional category usually deals with
the emergency, critical care and extensive care ancillary testing related to infectious
diseases, cardiacmarkers, diabetes, lipid and hematology. The non-professional term
is used for ‘over the counter’ point of care products including glucosemonitoring and
pregnancy detection kits. Diabetes testing is the largely used non-professional point
of care device followed by pregnancy testing while peripheral testing of infectious
diseases is the fastest growing professional point of care zone [37].

New advancements in point of care patient management made the clinical care
very portable and organized. The advantages of POC devices over other existing
technologies include drastically reduced assay volume, fast diagnostic processing,
and quick readouts. POC devices are very convenient as compared to high-efficacy
cutting-edge technologies. In comparison to POC devices, next-generation sequenc-
ing, droplet-based microfluidics and many such techniques are time-consuming and
difficult. Some of the advantages of peripheral testing are discussed below.

Cost efficiency Cost-efficacy is one of the remarkable properties of POC devices in
comparison to classical instrumentation earlier required for the diagnostic purpose.
Micro-POC testing systems are a relative cost-efficient option as it reduces the cost of
sample transportation, maintenance of laboratory set-up and management of costly
chemical stock. Many satellite-testing devices are meant for single-time immediate,
use and therefore, they do not employ any additional maintenance cost [38].

Quick readability Clinical laboratory testing required a technical procedure includ-
ing various steps like the recommendation of test on prescription, laboratory visit
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or sample collection, manual or instrument-based experiment and preparation of
reports. This time-consuming procedure is not suitable for the cases where imme-
diate assistance is required. POC devices are the most suitable tool for such cases
because of its quick readability and immediate results.

Portability Classical laboratory techniques required incorporation of huge sophis-
ticated immobile instrumentations organized in wide physical space. POC testing
overcomes the major limitation of physical laboratory set-up and provides a portable
alternative. A POCdevice is like the lab on a chip, where the test performed at clinical
laboratory could easily perform by using a small chip likemini device. Portability is a
remarkable feature of peripheral-testing devices, which make it a suitable option for
testing at the remote area, testing at the site of any natural disaster or bed site during
emergencies. Portability of these devices reduces the transport time and provides
immediate results during emergencies [39].

Automation Automation is the basic the key feature of point of care diagnosis. POC
devices detect clinical conditions in a fully automatedmanner with least involvement
of manual laboratory operating protocol. Automatic bed-site testing facilitates the
rapid and accurate clinical testing. Automation not only reduces the involvement
of manpower required for the conventional testing method but also minimizes the
possibilities of man-made errors [1, 39].

Rapid processing POC systems are very fast in sample processing. In comparison
to traditional laboratory methods, usually, POC testing does not require any extended
incubation or long processing. When the sample is loaded on the detection site of the
peripheral-testing device, it gets process immediately and provides a suitable signal to
identify the completion of biochemical reaction within the device. The lack of delay
in sample processing contributes in the accuracy of clinical testing in various ways.
During routine laboratory-based diagnostic methods, long-term storage, incubation,
temperaturemaintenance, transport, additions of preservatives or anticoagulant could
possibly interfere with the quality of the sample. The strong possibility of activity
change and loss exists in this case, while during the point of care testing immediate
assessment of sample reduces such possibilities considerably [40].

Minimized sample requirement Classical instrument-based clinical assays
require a certain amount of sample in order to achieve accuracy. Separation of
serum for clinical tests required a little bit more blood sample comparatively,
while POC testing is usually designed to perform with direct biological sample.
Peripheral-testing devices are miniature-testing tools; hence, they are very beneficial
for the cases where less amount of sample is available for bed-site testing [41].

Product specificity POC testing methods are very much specific to the particular
test for which it is commercially prescribed to minimize the possibilities of false-
positive or false-negative results [42].
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6 Market Opportunities and Technology Trends

Developments of such technical advancements open up a wide area for profes-
sional possibilities in the field of research and clinical product marketing for young
dynamic and enthusiastic biotech professionals. POC testing is an emerging technol-
ogy that looks promising for the future. Many well-established POC technologies
and improvements therein have taken place in many related areas so as to make the
devices easier to use, less prone to errors, more compact and portable, sound ana-
lytical performance, which is sufficient for clinical purposes. It is likely that such
incremental improvements with existing technologies will continue as the spin-off
from the continual miniaturization of electronics and increased computing power.
Various documentations are available to support the POC devices over existing cen-
tralized laboratory diagnosis [1, 2, 40, 43].

POC devices are equally growing their business in both developed and developing
world. In 2011, POC testing devices share a remarkablemarket of approximately $15
billion in total $51 billion markets of the total in vitro diagnostics, which signifies the
fast pace commercialized growth of these systems [39, 44]. This commercial share is
expected to increase with 4% annual growth rate. The USA, Europe and Asia cover
the top consumers of the point of care devices. Various marketing reports predict
that global POC market is expected to reach USD 36.96 billion by 2021, at CAGR
of 9.8% from 2016 to 2021, which will further build a business of $48.2 billion by
2025 worldwide [45, 46].

A sharp rise is still expected in advancements and popularization of peripheral-
testing systemswithin few next years inWestern healthcare markets. However, meet-
ing the demand for POC devices at a reasonably low price is still a challenging task
for health-care industry.

7 Discussion

POC is, essentially, the delivery of care wherever the patient may be and a POC
technology is defined as a technology that is used for bringing care to the patient
rather than taking the patient to care. POC intelligent devices are one of the revolu-
tionary biochemical and biotechnological and biochemical advancement in the field
of clinical health management to facilitate less fragmented, patient centerd diagnosis
[47].

The lab-on-a-chip concept is an emerging clinical testing tool, which will extend
enormous possibilities of research and employment in the coming fewdecades. These
are one of the best widely popular commercial products of biotechnology and bio-
chemical diagnosis. The development of POC devices becomes possible with the col-
laboration of various interdisciplinary streams, including biotechnology, biochem-
istry, immunology, electronics and marketing in focused, ethical and professional
way. Most of the lab-on-a-chip systems work on biochemical and immunological
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principles. Some devices are supposed to provide the quantitative results, while some
others are capable to quantify the sample. These various functions decide the various
principles employed for kits development. The popularization of point of care devices
is increasing with each passing year by health professionals and patients. Realizing
the full potential of POC technologies represents a critical factor in advancing overall
healthcare sector by making the predictive, pre-emptive, preventive and personalized
care of the future accessible to all communities [48].

Every coin has two sides; similarly, the POC device industry is also facing various
complexities beyond the existing advancement. POC testing may sometimes exhibit
considerable differences in analytical sensitivity and precision in compare to the
routine laboratory testing. One of the basic limitations of POC devices is that these
tests are largely restricted to automaticallymeasurable parameters. Like other in vitro
diagnostic tests, POC testing devices also have limitations related to legal conditions
such as certification, licensing, operation and quality assurance. Reducing the cost
of point of care devices for the mass availability is another big challenge for the
healthcare professionals [49].

Numerous POC testing devices are available in the market with different pro-
tocols and standardization. In clinical healthcare, POC devices employ according
to the need of the patient, availability of different devices, financial limitations and
ethical standards. These possibilities may affect the selection of appropriate tool for
immediate use. Despite its portability and apparent simplicity, POC testing systems
also face many, analytical and post-analytical issues like any other centralized lab-
oratory. An abrupt procedure, unsuitable storage, improper handling may affect the
accuracy of point of care devices [50].

Maintaining high-level accuracy coordinated with operator technical competency
is a rising challenge for healthcare industry. To overcome the existing challenges, an
interdisciplinary healthcare system is desired with technical expertise to overcome
the present challenges of POC intelligent device industry.

POC is a rapidly growing application of biotechnology,which offers new advance-
ments and enormous growth possibilities as a researcher and entrepreneur. The future
prospect of portable intelligent device-based healthcare industry is very bright and
glorious. Advancements in the lab-on-a-chip technique are supposed to create fully
automated clinical diagnostic to replace centralized laboratories. Involvement of
enthusiastic, dynamic professionals is required for the POC healthcare industry to
contribute in the field of research; policy-making and marketing to achieve fast pace
commercialization and globalization.
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Cardiac Pacemaker—A Smart Device

Xuwei Hou

Abstract Maintaining a normal heart rate (between 60 and 100 beats per min)
and rhythm (beats regularly) is vital for human health. The significant reduction in
heartbeat (less than 60 beats per min) is called bradycardia. It has enhanced mortality
rate because of the lack of effective treatment. Treatment patterns are changing, since
1960s a pacemaker was used for the first time in a clinical setting and revolutionized
the bradycardia therapy. In this chapter, readers will learn the history of modern
pacemaker, mechanism, function, and its pros and cons. Readers will be surprised
to discover how smart a modern pacemaker is. Till now, pacemaker is the definitive
treatment for a drug refractory bradycardia and has saved tens of thousands of lives
worldwide.

Keywords Pacemaker · Bradycardia · Cardiomyopathy · Cardiovascular disorder

1 Introduction

Pacemaker is a small electronic device that is implanted in the chest of the patients to
pace heart. What makes a modern pacemaker distinguished from other thousands of
medical devices is that it is a smart device, which means a pacemaker can track and
sense patient’s need for heartbeat and adjust to the best workingmode to fit that need.
It works automatically in a small self-powered chamber similar to a cookie in size,
without any external intervention. More importantly, pacemakers seldom cause error
during their whole working lifespan. Hence, a modern pacemaker can fully replace
our natural pacing cells in the heart to trigger heart muscle contraction. Amazingly,
a modern pacemaker can do something our natural heart cannot do. Pacemakers
improve pumping function in a heart with weak muscles and resynchronize the
heartbeat in an obstructive cardiomyopathy.
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2 Basic Knowledge About Our Heart and Cardiac
Arrhythmia

To begin with, let’s understand basic knowledge about our heart. Our heart is com-
posed of four chambers, namely the left and right atria, and left and right ventricles
(Fig. 1).

Cardiac muscle contraction is triggered by electrical impulses generated at a
sinoatrial node located at the upper part of right atria of the heart. The sinoatrial node
consists of a cluster of cells (called pacing cells) that can automatically generate
regular electrical pulses at the frequency between 60 and 100 per min. The electrical
pulses are like bioelectricity. They are very week in intensity, but enough to trigger
left and right ventricles to contract almost at the same time (because right ventricle
beats little behind its left counterpart, it is normal). The sinoatrial node is the heart’s
natural pacemaker.

The heart also has its own conduct system, made of special fiber tissues, to spread
electrical signals throughout the heart rapidly and evenly causing the heart muscle to
contract in a coordinated, rhythmic pattern (Fig. 1). As a result, the blood is ejected
effectively from heart to whole body. It should be noted that, in the conjunction area
between atria and ventricle, there is another important node called atrio-ventricular
node. The electrical signals will have a brief delay (0.12–0.20ms, shorter than human
blink eyes), followed by rapid conduction downward into ventricular muscles.

3 Cardiac Arrhythmia

It is an abnormality in heartbeating. It can be either the rate or the rhythm of heart-
beat, which means that the heart beats either too quickly (>100 beat per min, called

Fig. 1 The pacing and conduct system in heart (Image created by Xuwei Hou)



Cardiac Pacemaker—A Smart Device 89

tachycardia), too slowly (<60 beat per min, called bradycardia), or irregularly (such
as atrial fibrillation). As such, the electric impulses cannot be generated or conducted
properly, causing a shortage in a heartbeat. A patient will have different symptoms
such as palpitations, dizziness, black vision, and shortness of breath, chest discom-
fort, exercise intolerance, fainting, or even a seizure onset, depending on the severity
of cardiac arrhythmia. They can cause fatal consequence if they are not properly
treated. Cardiac arrhythmia has enhanced mortality rate in the past, of which a major
portion of death was occurred from severe bradycardia. Pacemaker was initially
invented to treat severe bradycardia, and it functions perfectly in replacing sinoatrial
node, and/or, atrio-ventricular node. Thousands and thousands of lives have been
saved since its clinical use in the 1960s.

4 The History of Pacemaker

Prior to the advent of pacemakers, doctors have no reliable treatment for patients
suffering from bradycardia, and many died of severe heartbeat loss. No medication,
including atropine, epinephrine, can maintain patient’s heart rate for a long time.

The first pacing machines in human history came into being between late 1920s
and early 1930s [1]. The Australian anesthesiologist Mark Lidwell and the American
physiologist Albert Hyman shared the credit for the first external cardiac pacemaker.
They worked independently, and they developed their own cardiac pacing machines.
Lidwell’s device needed a needle to be placed into the patient’s ventricle. In 1928,
he used his machine to generate electrical impulses and saved the life of a child born
with cardiac arrest. Hyman is the person who invented the name “pacemaker” for
his pacing-aid device (Fig. 2) in 1932 [2, 3]. He experienced lots of frustrations due
to technical problems in pacemaker and faced many oppositions, including that of
the Journal of the American Medical Association. As a result, his device had never
been used clinically.

Fig. 2 Albert Hyman’s “pacemaker”. Source https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3232561/

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3232561/
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The pace of heart pacing technology accelerated in early 1950s [4, 5]. A Canada
researcher Wilfred Bigelow restored heartbeat to a dog with hypothermia induced a
cardiac arrest, using a device generating electrical impulses. In 1951, a Boston car-
diologist, Dr. Paul Zoll designed a tabletop pacemaker (Fig. 3) that was successfully
used for the treatment of heart block, which means one or several electrical impulses
are lost during their conduction, so no impulse stimulates ventricle to contract [6]. Dr.
Zoll saved several lives during his practice using this device. He published the first
study on the use of external pacing for cardiac arrest treatment [7, 8]. However, this
unit being so bulky and heavy that it had to be carried on a cart. In 1956, two British
researchers, Aubrey Leatham and Geoffrey Davies, introduced an external simulator
with a demand capability. That is a big progress in pacing technology because it
allows the pacemaker to sense the intrinsic cardiac activities. Pacemaker started to
get smart at this time [9].

Late 1950s and early 1960s are the “Golden Years” in pacemaker history. These
ten years witnessed many important achievements in the domain of cardiac pacing
technology. In 1957, Earl E. Bakken, an American electrical engineer and a TV
repairman, produced the first battery-operated wearable pacemaker (Fig. 4). This is
another a leap in the history of pacemaker, because it makes the in vivo use possible.
Bakken later established a company called Medtronic Inc., which now is a giant in
the pacemaker industry. The first pacemaker implantation was performed on October
8th, 1958, in Sweden. The pacing system (Fig. 5) had been developed by the surgeon
Ake Senning, and the physician inventor Rune Elmqvist implanted on a 43-year-old
engineer, Arne Larsson. He had been hospitalized because of 20–30 heart arrests
daily despite maximized medication treatment. His condition was hopelessly poor.
In desperation, his wife learned from a local newspaper that Dr. Rune Elmqvist in
Stockholm developed an implantable pacemaker. Under her insist, Mr Larsson was
transferred to Stockholm and had the implantation procedure, and he survived [10].
Because of the short life of battery, he had to go back to hospital to replace a new
one every six months. As the first human to receive an implanted pacemaker, he had
been implanted a total of 26 different pacing devices during his life. He died in 2001
at the age of 86. It was pacemakers, which extended his life from 1958 to 2001, a
total of 43 years of life!

5 Components of a Modern Pacemaker

A modern pacemaker usually consists of a lithium battery, an electrical impulse
generator, also called stimulator, and wires with sensors at their tips (also called
leads, or electrodes). The battery supplies power to the whole system, which is
housed in a thin metal box with excellent biocompatibility. The wires connect the
generator to the heart.
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Fig. 3 Zoll’s external pacemaker

6 Basic Functions of Modern Pacemaker

Two basic functions, called sensing and pacing, are seen in all modern pacemak-
ers. Modern pacemakers can continuously monitor the intrinsic cardiac activity of
patient heart though its sensors built on the end of wires. Normal heart beats and the
pacemaker will sense that will not interrupt our natural heart activity, which lessens
power consumption from battery. This is called sensing function. Once the sensor
on top of the pacemaker lead detects a slow heart rate or interrupted conduction,
either from a problem of sinus node or conduct system, the stimulator of pacemaker
will generate an electrical impulse to replace our natural heart and start new heart-
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Fig. 4 Bakken’s pacemaker
with leads. Source https://
www.ncbi.nlm.nih.gov/pmc/
articles/PMC3232561/

Fig. 5 First-implanted
pacemaker. Source https://
www.ncbi.nlm.nih.gov/pmc/
articles/PMC3232561/

beats. This is termed as pacing function. Besides, the basic functions, all modern
pacemakers have an advanced feature called “rate-responsive capability function.”
This function depends on a more sophisticated sensor installed on top of pacemaker
wires that can detect the patient’s physical activity, respiratory rate, blood tempera-
ture, blood carbon dioxide level, and other physiological parameters, and switch to
the best pacing mode to fit the patient’s physiologic need. All these steps happen
automatically and accurately.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3232561/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3232561/
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7 Temporary and Permanent Pacemaker

Based on the duration of usage, pacemaker can be classified as temporary and per-
manent. Temporary pacemakers are designed for short-term use only. They are only
used when the arrhythmia arises due to a transient or emergent cause, or, to pro-
tect patients until a permanent pacemaker is placed. The generator of a temporary
pacemaker is placed outside patient’s body, and taped to the skin or attached to a
belt or to the patient’s bed. A medical staff will continuously monitor the patients.
Medical staff will perform regular examinations to monitor for any possible compli-
cations. Temporary pacemakers will be only used in hospitals or clinics, and will be
eventually removed, or replaced by a permanent pacemaker.

In contrast, permanent pacemakers are for long-term used to treat arrhythmia,
which lasts long, or causes severe clinical outcome. These pacemakers are always
located inside the patient’s body. Patients will live with a permanent pacemaker for
long time for the rest of their life.

8 Pacing Modes

After 60 years of development, various pacemakers and pacing modes have been
developed and used to restore and sustain a regular heartbeat. Based on the pacing
sites, pacemakers are classified as single, dual, or triple chambered. The pacing site
for single-chamber pacemakers is either the right atrium or right ventricle, which is
usually used for patients with single node disease, either sinoatrial node, or atrio-
ventricular node. The pacing mode of single-chamber pacemakers can be further
classified as single-chamber atrial pacing and single-ventricle pacing [11–14].

In single-chamber atrial pacingmode, the leadof pacemaker is permanently placed
in the right atrium. The candidates for pacing mode are those with sinoatrial node
dysfunction only, which means their atrio-ventricular node still function. This is a
problem of electrical pulses production, but not their conduction. The pacemaker
will track normal atrial activity, and remains silent if the natural pacing cells work
normally. Once pacemaker detects the atrial activity is under normal limit value, e.g.,
lower than 60 beats per min, it will generate electrical pulses to replace the failed
natural pacing cells. In the case of single ventricular pacingmode, the lead is placed in
the right ventricle, which is used in patients with atrio-ventricular node dysfunction.
Under this mode, pacemaker will generate electrical pulses and send these pacing
signals directly to the apex of right ventricle, from where the pacing signal will
spread to the rest of the heart. This mode is enough to save life during a cardiac
emergency; however, it sometimes causes a troublesome problem called pacemaker
syndrome, a phenomenon associated with conflict between intrinsic cardiac activity
of a patient and pacemaker signals, causing loss of atrium and ventricles synchrony
in beating. Patient will have symptoms such as palpitation, dizziness, and short of
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breath [15–17]. If that happens, upgrade to dual-chamber system will be the only
definite way to treat pacemaker syndrome [18].

Dual-chamber pacemakers have two leads, which stimulate right atrium and right
ventricle [19]. This mode is used for patients with both sinoatrial node and atrio-
ventricular node dysfunctions. Dual-chamber pacemaker allows a heart rhythm to
be more naturally and acts like the normal activities of the heart [20]. That is the
reason why this mode is also called “physiological pacing.” As a result, “pacemaker
syndrome” seldom occurs under this mode. This pacing mode is widely used in
patients worldwide, but the cost is considerably higher than single-chamber pacing
[21, 22].

Dual-chamber pacing is an advanced pacing mode. The ventricle will be paced
following every sensed atrial event, up to a preset maximum rate. If the patient
develops an irregular atrial beat (e.g., atrial fibrillation, meaning atrium beats irreg-
ularly fast), the ventricle would also beat fast and irregularly, which is undesirable.
To solve this problem, all dual-chamber pacemakers have a function called “mode
switching,” which means automatic reprogramming of a pacemaker to a mode that
no longer tracks the intrinsic atrial rate, to avoid the fast heartbeating followed by
abnormal atrial activity [23].

Triple-chamber pacing is an even more advanced mode, but it requires three inde-
pendent leads. First lead in the right atrium, second in the right ventricle, and the
third lead in the left ventricle. Triple-chamber pacing is used in patients who have
dilated and weakened heart muscle (medical name is heart failure). These pacemak-
ers “resynchronize” the left and right ventricles and improve the efficiency of the
contraction of the heart [24, 26].

The biggest advantage of triple-chamber pacemakers is that they can increase
heart-pumping function and improve patient’s symptoms in the case of heart failure.
For years, medication is the only way to treat heart failure. If patients do not response
well to medications, heart transplantation is the only way to prolong their lives [27,
28]. The advent of triple-chambered pacemakers revolutionizes the heart failure
treatment. Doctors can now make a patient’s heartbeats better with a device. In
addition to the two leads located in right atrium and right ventricle, as a dual-chamber
pacemaker, a triple-chamber pacemaker has a third lead that is positioned in a vein on
the outer surface of the left ventricle, which allows the pacemaker to simultaneously
stimulate the left and right ventricles and restore a coordinated and synchronous
pumping action. This is why it can increase the cardiac output of each heartbeat.
The triple-chamber pacemaker is sometimes named as “biventricular pacemakers,”
or cardiac resynchronization therapy (CRT) [29].

Besides CRT, there is another pacemaker-based treatment for heart failure, called
CRT defibrillators (abbreviated as CRT-D), which is a combination of pacemaker
and defibrillator [30, 31]. CRT-D can rapidly terminate an abnormally fast, life-
threatening heart rhythm frequently seen in a heart failure patient. If the device
senses arrhythmia, it immediately delivers an electrical shock (called defibrillation)
to the heart.
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9 How to Implant a Pacemaker

A pacemaker implantation is typically conducted in a sterile laboratory or operating
room by an experienced cardiologist. Only a local anesthesia on the chest skin is
needed; so, patients remain conscious during the whole procedure. The pacemaker is
inserted into soft tissue beneath the skin in an area below the clavicle. The pacemaker
leads are placed into a major vein. During the procedure, doctors can check the
position of these leads to make sure they are secured within the proper regions
inside the heart. The typical time for this procedure is somewhere between 1 and 3 h.
However, in an emergent situation, a temporary pacemaker implantation can perform
on the bedside by experienced doctors to save patient’s life.

After surgery, the patients need some restrictions on arm movement and limited
activities for the first month to avoid the dislocation of leads. To optimize the pace-
maker function, doctors can always program the implanted device from outside using
an electrical device, to set some important parameters, such as baseline heart rate
and the upper heart rate at which the pacemaker will pace.

10 New Advances in Pacemaker

One of the most recent innovative technologies in pacemaker industry is lead-
less pacemaker [32–34]. A leadless pacemaker is small, less than ten percent the
size of a conventional modern pacemaker. No skin pouch is need for a leadless pace-
maker since it is directly inserted into the apex of right ventricle through a special
steerable catheter, making the pacemaker implantation procedure much easier to
doctors and much safer to patients. The procedure-related complications, includ-
ing device pocket infection and lead failure, are dramatically decreased in leadless
pacemakers (Fig. 6) [35–38].

Fig. 6 A leadless pacemaker and its installation in heart (Image created by Xuwei Hou)
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CAR-T Cell Immune Therapy:
Engineering T Cells to Treat Cancer

Sohinee Bhattacharyya and Anindit Mukherjee

Abstract Immunotherapy is a combination of therapeutic strategies thatmake use of
a patient’s immune system to confront tumors. Over the past few years, immunother-
apy has evolved as a crucial therapeutic program to manage some types of cancer.
Our immune system is a collection of cells and tissues which perform the specialized
function of defending our body against foreign pathogens. Although our immune sys-
tem is designed to combat foreign agents that pose a threat, it often fails to detect
and eradicate tumor cells because tumor cells have evolved complex genetic adaptive
mechanisms that help them evade the immune surveillance program. In order to over-
come this obstacle and in order to improve tumor cell detection and eradication by
the immune system, researchers have developed a novel therapeutic treatment strat-
egy called chimeric antigen receptor T cell therapy (CAR-T cell therapy). T cells are
immune cells that play a key role in shielding our body against foreign pathogens
by mounting a potent immune response that ultimately eradicates abnormal cells. In
brief, CAR-T cell therapy involves the isolation of T cells from patient blood, geneti-
cally altering the T cells to express receptors on their surface that specifically can bind
to antigens present on the tumor cell, proliferating them in the laboratory to make
millions of cells and finally, injecting back into the patient. T cells genetically manip-
ulated in this manner harbor the capacity of multiplying inside the patient’s body and
can also eradicate tumor cells that express surface antigens specifically recognized
by the engineered receptor. It took researchers all around the globe several years of
research to have CAR-T cell therapy approved in August 2017 for the treatment of
children with acute lymphoblastic leukemia (ALL). So far, CAR-T cell therapy has
shown extremely promising results in patient populations, especially for patientswho
have developed chemo-resistance. The scope of this chapter is to provide a broad and
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general idea about all the different aspects of CAR-T cell therapy that are essential
for the application of this therapeutic strategy to combat cancer. Some of these key
features include selection of a specific tumor antigen to target, developing a strong
co-stimulatory signaling strategy to elicit a potent immune response, enhancing the
migratory properties of CAR-T cells so that they can localize to tumor sites, and
finally, engineering T cells in a manner so that they can effectively proliferate and
eliminate tumor cells. In conclusion, CAR-T cells hold tremendous potential for the
treatment of cancer and have shown promising results in clinical trials.

1 Introduction

The concept of CAR-T cells was initially developed over 15 years ago at the Weiz-
mann Institute in Israel by Zelig Eshhar and colleagues [1]. They conceptualized
a novel strategy of genetically engineering T cells. By genetically manipulating T
cells, the idea was to enable them to express tumor-antigen-specific receptors on
their surface that would specifically and selectively bind to antigens present on a
tumor cell, mount a potent immune response, and finally eradicate tumor cells by
causing cytotoxicity. Generally, T cell receptors can only recognize antigens that are
displayed in concert with major histocompatibility complex (MHC) proteins on the
target cell. Cancer cells have evolved mechanisms of evading the immune surveil-
lance mechanism by downregulating the surface expression of MHC proteins [2].
CAR-T cells have a tremendous advantage in overcoming this challenge as they
have the capacity of directly binding to the protein antigen without the need of MHC
presentation by the tumor cell.

2 Domain Organization of CAR

CAR consists of the following key structural components [3]:

(a) An extracellular antigen-recognition domain coupled to an extracellular spacer
domain

Themost commonly utilized antigen-recognition domain in CARS comprises heavy-
and light-chain antibody fragments purified from a whole antibody. The heavy and
light chains are usually attached together with the help of a linker region. The extra-
cellular antigen-recognition domain confers antigen-binding selectivity and is also
attributed to binding tumor cell antigen in an MHC-independent manner. Other
tumor-antigen-binding domains such as endothelial growth factor peptide and hereg-
ulin have also been exploited in recent technological advances tomodify and enhance
CAR-T cell function [4]. The extracellular antigen-binding domain is physically
separated from the intramembrane region by a spacer domain that confers physical
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Fig. 1 Chimeric antigen receptors are a hybrid of extracellular domain or the single-chain fragment
of variable region (scFV) of an antibodywith the co-stimulatory domain of a T cell receptor (CD3-ζ)

separation as well as added flexibility in binding to the target tumor-specific antigen.
In most CAR-T cell engineering strategy, these spacer sequences are modified from
antibody IgG subclasses [5] (Fig. 1).

(b) An intramembrane region

The transmembrane spanning domain aids in physically separating the extracellular
domain from the intracellular signaling domain is most commonly adapted from
existing sequences from T cell molecules [4, 6].

(c) Signaling/intracellular/cytosolic domain

The signaling domain is most commonly referred to as the endo-domain, and the
structural engineering of this domain plays a vital role in determining the effective-
ness of the immune response. There has beenmuch debate in the field on themodeling
of an optimum T cell signaling endo-domain that can potentially mount the strongest
immune responsewithout compromising on specificity. First-generationCAR-Tcells
utilize the CD3z chainmotif [7] tomount an immune reaction. To further improve the
strength of the immune response mediated by first-generation CAR-T cells, scien-
tists engineered second-generation CARs that combined other co-stimulatory signals
in addition to CD3z chain motif. One example of such a co-stimulatory signaling
molecule is CD28, a co-stimulatory receptor that physically binds to B7 proteins
commonly displayed on the surface of tumor cells [8]. To further improve upon this
model, third-generation CARs were engineered to combine two such co-stimulatory
signals to further strengthen the immune response. A few clinical studies using mice
as the model system have demonstrated these third-generation CARs to have more
tumor inhibitory functions and improved cytokine array production [9].

Although the basic general structure of the three generations of CAR-T cells
developed so far share a large amount of overlap, clinical studies utilizing these have
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shown varying efficacy in clinical and preclinical studies. Some of the prime features
of these three broad groups of CAR-T cells are as follows:

(a) First-generation CARs

First-generation CARs directly bind to the tumor cell-specific antigen but do not
possess a co-stimulatory signal. Due to the lack of this co-stimulatory signal, they
fail to mediate T cell replication, expansion, and circulation in vivo upon binding
to tumor cell antigen. In summary, these first-generation CAR-T cells did not prove
to be potent in eradicating tumor cells. There have been several clinical trials using
first-generation CARs, but the outcomes from these studies demonstrated that this
therapeutic strategy only showed modest effects in multiple different patient cohorts
[7].

(b) Second-generation CARs

To overcome the weak immune responses mounted by first-generation CARs, scien-
tists developed second-generation CARs with improved antigen-specific T cell acti-
vation. In brief, these second-generation CARswere designed to include a secondary
co-stimulatory molecule such as CD28. In comparison with the first-generation
CARs, second-generation CARs showed improved proliferation and cytokine in clin-
ical studies [8, 10].

(c) Third-generation CARs

To further improve upon the immune response mounted by second-generation
CAR-T cells, researchers developed third-generation CARs that include several co-
stimulatory signaling motifs [9]. Although third-generation CAR-T cells showed
very promising outcomes in clinical studies, one of the major pitfalls of this strategy
is that such receptors may produce a very strong activation signal. Ultimately, this is
a cause of great concern, as too potent an immune response can lead to potentially
lethal consequences [9] (Fig. 2).

Some of the different aspects of CAR-T cell therapy that are essential for the
application of this therapeutic strategy to combat cancer are summarized as follows:

• Targeting a specific antigen displayed selectively by tumor cells

Whether T cell therapy is effective or not is primarily determined by the tumor cell-
specific antigen to target. If the antigen targeted is not specific to the tumor cell,
the specificity of the strategy may be compromised. The most common guidelines to
choosing an ideal antigen to target are chosen keeping inmind the following features:

(1) For the therapy to be safe, the antigen should be displayed only by tumor cells.
(2) The tumor cells should be dependent on the target antigen for their proliferation.

Some routinely used examples of targets for CAR-T cells include the carcinoem-
bryonic antigen specifically expressed by colon cancer cells and folate receptor
expressed on the surface of ovarian cancer cells [10, 11].
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Fig. 2 Different generation of CARs: First-generation CARs have only ITAMs for signaling.
Second-generation CARs have an added co-stimulatory (CM I) CD23 domain. Third-generation
CARs have a second co-stimulatory domain (CM II). The co-stimulatory domains increase the
effectiveness and persistence of the T cells expressing the CARs in the body

• Overcoming immune evasion by tumor cells

Tumor cells have evolved mechanisms to evade the immune response mounted
against them. Tumor cells and their surrounding microenvironment have been doc-
umented in the secretion of factors such as transforming growth factor b (TGF-b)
that can negatively influence the proliferation and survival of T cells in vivo. These
evasion mechanisms make it extremely challenging to maintain CAR-T cells in their
actively proliferating states [12]. To overcome this challenge, scientists have mod-
ified CAR-T cells to express a dominant negative (dn) TGF-b receptor utilizing
retroviral transduction. These modified T cells thus become resistant to the antipro-
liferative effects of secreted evasive factors like TGF-b and retain their proliferative
and replicative capacities in vivo [13].

• Producing an effective immune response

In order to destroy tumor cells, T cells have to survive and replicate inside the patient
after infusion. Apart from proliferating in vivo, the transferred T cells have to also
secrete tumor cell toxic cytokines. First-generation CAR-T cells were designed to
carry out all of the above-mentioned crucial functions, but clinical and preclinical
studies demonstrated poor cytokine secretion and poor replicative potential by the
first-generation CAR-T cells [14–16].

In order to develop a better strategy, scientists developed second-generation CAR-
T cells that in addition to the primary tumor-antigen-binding sites also incorporated a
secondary stimulatory signal. One of the most frequently utilized stimulatory recep-
tors that is expressed on the surface of second-generation CAR-T cells is the CD28
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Fig. 3 Potentialmechanisms ofCAR-mediated toxicity: CAR expressed on the T cell recognizes
and binds to tumor cell surface antigen

receptor molecule, which specifically binds with B7 tumor antigens that are dis-
played by a broad range of tumors [17–19]. This strategy proves to be better than
the first-generation CAR-T cells in eradicating tumor cells, and several preclinical
and clinical studies demonstrated increased cytokine secretion specifically that of
IL-2, increased replication and survival in hosts after adoptive transfer and also over
expression of proteins related to preventing spontaneous T cell death upon transfer
into a patient.

To further improve on the effectiveness of second-generation CAR-T cells,
researchers developed third-generation CAR-T cells that were designed to com-
bine two stimulator signals in addition to the primary stimulatory signal. While
some clinical studies have demonstrated better proliferation, cytokine production,
and replication by these third-generation CAR-T cells, other clinical studies have
shown the third-generation CAR-T cells to have comparable efficiency to that of
second-generation CAR-T cells. One major concern with third-generation CAR-T
cells is that they canmount a too strong immune response thatmay lead to the produc-
tion of a cytokine storm inside the body of the receiving patient, ultimately leading
to fatal outcomes [15, 20]. Ongoing clinical studies are currently trying to compare
and test the efficacy of second- and third-generation CARs in a more in-depth and
exhaustive manner (Fig. 3).
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3 Trafficking and Migration of CAR-T Cells to Tumor Sites

In order to eradicate tumor cells, genetically manipulated CAR-T cells must be able
tomigrate to the disease sites [21]. In a clinical study conducted by Savoldo et al. [22],
the trafficking of CAR-modified T cells to a skin lesion two weeks after adoptive cell
transfer (ACT) was demonstrated in a patient with non-Hodgkin lymphoma (NHL)
[22]. Since then, several studies have effectively demonstrated that second-generation
T cells can localize to the tumor site more effectively than first-generation CAR-T
cells [22–24].

• The ability of CAR-T cells to persist in vivo after adoptive transfer

For CAR-T cell therapy to be effective and successful, the infused T cells must repli-
cate, proliferate, and survive inside the patient for an appreciable period of time.
Outcomes from clinical and preclinical studies have demonstrated that in order to
be successful, CAR-T cells need to survive after adoptive transfer into a patient.
One such clinical study was conducted by Savoldo et al. [22]. In brief, their stud-
ies documented improved survival of T cells modified with a co-stimulatory signal
containing second-generation CAR compared to first-generation CAR-T cells. Other
clinical investigations have also supported these findings [23, 25]. In summary, the
survival of T cells in vivo after transfer into patients is determined by the signaling
motif incorporated into the CAR.

• Mounting a tumor cell cytotoxic function

Tumor cells have evolved mechanisms to evade the immune surveillance program
mounted by CAR-T cells. Tumor cells can secrete several immunosuppressive secre-
tory proteins like TGF-b that inhibit the cytolytic function of CAR-T cells in vivo
[26]. In fact, researchers attribute the failures of early clinical trials using CAR-T
cells to the immune evasion mechanisms exploited by tumor cells [27]. To address
this major hurdle in CAR-T cell therapy, scientists have utilized multiple different
strategies like preconditioning patients beforehand with chemotherapy and irradia-
tion to reduce the number of immune evasive tumor cell populations [23] (Fig. 4).

Fig. 4 A schematic overview of adoptive T cell transfer
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4 Clinical Application of CAR-T Cells

4.1 Clinical Trials with First-Generation CAR-T Cells

Several centers have conducted clinical trials of first-generation CAR-modified T
cells. However, first-generation CAR-modified T cells have failed to establish sig-
nificant clinical benefit for antitumor efficacy [11, 27, 28].

4.2 Second-Generation CAR-Modified T Cell Trials

Based on promising preclinical data, clinical trials using T cells modified with
second-generation CARs have been initiated. One study worth mentioning here is
that conducted by Savoldo et al. [22]. In brief, their group treated six cancer patients
by infusing them simultaneously with two different types of CAR-T cells (first-
generation and second-generation CARs). In this clinical study, the results showed a
better performance in all aspects in comparisonwith the first-generationCAR-T cells.
Specifically, these studies showed the second-generation CAR-T cells to proliferate,
survive, and secrete more tumor necrotic cytokines than the first-generation CAR-T
cells [22]. In a separate study, researchers also demonstrated therapy with second-
generation CAR-T cells resulted in partial remission of the patient’s lymphoma (for
up to 32 weeks) [25].

4.3 Third-Generation CAR-Modified T Cell Trial

There has been a lot of debate over the development and clinical application of
third-generation CAR-T cells as they can potentially lead to lethal consequences by
mounting a too strong immune response. One specific study used third-generation
CAR-T cells to treat one patient with colon cancer [29]. The therapy caused a tremen-
dous release of cytokines that lead to inflammatory responses due to toxicity from
the CAR-T cells, and the patient died five days later from multi-organ failure [29].

5 CAR-Modified T Cells: Advantages

CAR-T cells can provide several advantages for cancer immunotherapy. The most
prominent advantage of CAR-T cell-based immunotherapy is that it allows for the
production of a large quantity of tumor-specific T cells for use in the clinical set-
ting [30]. Secondly, CARs distinguish tumor antigens in a human leukocyte antigen
(HLA)-independent manner [26]. This authorizes CAR-modified T cells to directly
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bind to the target antigen displayed on the surface of the tumor cell and avoids
the tumor’s immune evasion strategy [31]. Finally, selective and specific targeting
of broad array tumor antigens like proteins, carbohydrates, and liquids is possible
using CAR-T cells.

6 CAR-Modified T Cells: Major Challenges

Recent clinical studies have revealed several pitfalls in the clinical application of
CAR-modified T cells that need to be addressed with the help of more exhaustive
and in-depth clinical studies. One of the primary concerns regarding the application
of CAR-T cells in the clinic is the autoimmune reaction against self-tissues produced
by “off-target” toxicity [32]. Most selectively targeted tumor cell antigens have over-
lapping expression on normal tissues, and this can cause potential off-target effects by
generating a too potent and too effective immune response that results in a cytokine
storm inside the patient’s body and ultimately lead to a fatal outcome [33]. This
off-target effect is specifically a major concern with the second and third-generation
CAR-T cells. Scientists are currently trying to developmeans to overcome this hurdle
by generating CARs displaying a lower affinity to their target antigen, and several
research groups are currently working on generating CARs that show lower affinity
binding to their target tumor cell antigens [34, 35].

7 Concluding Remarks

With this chapter, an attempt was made to highlight the essential features of CAR-T
cell development, which contribute toward successful tumor immunotherapy, namely
selecting the specific tumor cell antigen to target, engineering the signaling domain
for maximum efficiency, ability to overcome immune evasion by tumor cells, ability
to localize to disease sites, ability to persist and expand in vivo, and finally the
ability to retain tumor cell lytic function.While clinical trials with the first-generation
CARs showedmodest antitumor efficacy, these initial trials paved the way for further
improvements of CAR function and CAR design. This culminated in the engineering
of second- and third-generation CARs capable of delivering greater strength and
quality activation signals that directly resulted in enhanced antitumor properties. So
far, clinical reports show tremendous promise and potential for tumor management
but also highlight challenges to overcome in order to advance toward an effective
and safe cancer therapy.
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Performance Evaluation of Solar
Energy-Based Distillation System
for Groundwater Purification: A Green
Concept for Rural Development
of Indian Villages

Shivakshi Jasrotia

Abstract Globally, increasing water pollution and lack of safe drinking water has
raised an alarming situation. There are breaching water treatment systems which are
increasing the rate of mortality by severely affecting the health and severe health
effects due to lack of potable water. This guides us to develop and initiate sustainable
solutions for both urban and rural communities. A common solution for many water-
related key issues like an assurance to its availability, its reliability, and purity can
be dealt with the development of low-tech systems which reflect and promote long-
term sustainable solutions. The following chapter discusses a process that harnesses
the solar energy for the removal of arsenic contamination in water, followed by
phytoremediation to treat the generated waste to meet the disposal requirements. The
chapter also throws light on alternative solutions relying on solar energy for rural
development, with economic evaluation to address the vulnerability of residents in
context to the changing environment, climate change, and groundwater pollution,
etc. The chapter opens new roads of environmental sciences taking the lead for
agricultural biotechnological problems of groundwater contamination.

Keywords Groundwater pollution · Solar energy · Public health · Remediation
Rural development · Climate change and vulnerability

1 Introduction

Sustainability means the use of natural resources with principle of—equity, effi-
ciency, optimization, and decentralized planning. Resources include both natural
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endowments and man-made. Water is one of the most fundamental and versatile
resources among all natural resources. It is both unitary and finite with few substi-
tutes or no substitute for many applications. Indiscriminate use and toxic discharges
have polluted groundwater and made it unfit for human consumption. “Water and
health” is the theme that poses major challenge to sustainability of man on earth.
Nearly, 1 billion people in developing countries, particularly the rural poor, lack
access to potable water and 2.6 billion has to contend with inadequate sanitation
facilities [1]. It is now globally accepted that water- and sanitation-related diseases
are the single most cause of mortality and morbidity. The two inseparable aspects
of sustainable water management are water quantity and its quality. In recent times,
other than microbial diseases, chemical characteristics of water, such as arsenic
metal, fluorides, and nitrates are increasingly being recognized. Among the present
contaminants in drinking water, the risk of dissolved arsenic in its various forms is
life-threatening. The factors responsible for this include industrial discharge, climate
change, and the large variability in rainfall and hence more dependence on ground-
water sourceswith the large-scale abstraction of groundwater (at timesmore than that
of recharge potential). The risks associated with consumption of arsenic and nitrates,
etc., and affected drinking water are both toxicological as well as environmental.
Coincidentally, most of the arsenic-affected areas are rural and the economically
poor population is the most vulnerable.

The menace of arsenic has been reported very high in groundwater especially in
countries like India, Bangladesh, Pakistan, andNepal. The condition is such that these
countries have the elevated levels more than 10 times in comparison to the drinking
water standards as mentioned byWHO of 0.01 mg/L [2]. Nearly, 100 million people
are at a health risk due to the elevated arsenic metal presence in groundwater [3].
From the 33–77 million affected patients, approximately 70 million people are in
India itself who are vulnerable and residing in arsenic affected areas, respectively [4,
5]. Numerous methods for its treatment have been investigated time and again like
coagulation; filtration and ion-exchange for arsenic removal; methods like these have
been developed and tested on the field. But, ironically, it has also been mentioned in
the literature that these methods either need electricity to run or require monitoring
of certain performance parameters on a regular basis. They are also found to generate
hazardous waste that limits the sustained performance of these technologies in rural
field application.Now in context to a rural area that has no access to skilledmanpower
and electricity, these treatment alternatives will be defunct and futile with time. The
following threemajor barriers have been highlighted whichmake safe drinkingwater
supply and sanitation programs in rural areas unsuccessful over the time. Firstly, due
to focus on other major priorities, the rural infrastructure projects in low- andmiddle-
income countries are found to be financially unattractive. Secondly, an uninterrupted
electrical form of energy for 100% operation of treatment units is needed for most
of the water treatment process (energy intensive). Thirdly, the reliability of treated
water gets questionable in such systems based on the adsorption method as most
of the natural systems suffer from the lack of information about the completion
of media or its replacement. Therefore, sustainable management of water in rural
areas which is consistent and reliable requires an innovative approach that takes
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into account ground realities before operation. In light of this, the present study
aims to provide a renewable energy-based cost-effective and sustainable solution
for drinking water and sanitation in rural areas. One such approach is exploring and
harnessing solar energy for this purpose. The solar energy on earth is most efficiently
tapped in two forms which are—solar energy as heat (thermal capturing) and solar
capturing through plant biomass-based remediation and biomass production (photon
or radiation capturing).

The objective of this research is to not only to address this issue through the
use of solar energy for water purification in the context of rural water supply and
removal of metal like arsenic, but to also evaluate the sustainability equation in
terms of application. This research study outlines and investigates a concept for
drinking water supply in rural household, which is provided through the process of
(1) capturing solar heat using solar still technology, (2) the wastewater generated
from solar still (brine) is disposed after post-treatment options like plant biomass
remediation.

2 Solar Distillation and Water Purification: Historical
Perspective and Types

Water and energy are two indivisible items that have governed our lives and promoted
civilization [6]. Desalination is the oldest technology and has been used for water
purification globally especially salt water to drinking water. Between the several
possible options for desalination, renewable energy technology is themost promising
technique for water purification in terms of economic stability and technological
feasibility [7]. The various technologies that have been invented and employed for
desalination purpose include vapor compression distillation, reverse osmosis, and
electrodialysis where electric energy is the source energy. Considering the rising
energy crises, renewable energy-driven desalination technologies such as distillation
desalination using solar energy becomes a widely acceptable solution.

Distillation has been considered as a way of making salt water drinkable from
sources in remote locations [8]. The history of using solar energy to treat water dates
back to the era of the Renaissance, when desalination was the natural method used to
treat brackish water [6]. It was Arab alchemists in the sixteenth century, whowere the
first known to have used the solar distillation system for treating water [8]. Wheeler
and Evans received the first American patent in 1870 for solar distillation [6, 9]. Later
on, after two years, in 1872, the first large solar still was built in Las Salinas, Chile,
by Carlos Wilson, which had 64 basins designed from wood and timber framework
with sloping glass covers [6, 8]. From 1950 onwards, developments have been made
in solar still for developing larger plants to treat water globally. In 1978, Bhavnagar
got the first largest solar distillation plant with 90 still units, installed by Central Salt
and Marine Chemical Research Institute to supply drinking water to non-electrified
Awania village of the system are (1) raw water, (2) enough sunlight, and (3) black
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Fig. 1 Single and double slope still

basin body. Unlike a community water supply system, it does not require any other
infrastructure like water pipelines, heavy maintenance, and Chhachi lighthouse [8].

Solar stills are sealed units with glass cover, which evaporate brine/brackish water
for household or large community supplies [9]. As these stills have the capacity to
produce limited quantities of drinking water for a household and require no grid
electricity or skilled labor or heavy technology, they can be a viable solution in rural
areas where above-mentioned limitations are not a constraint [9, 10].

Numerous types of solar still like single slope, double slope multi-basin (Fig. 1)
have been reviewed by various researchers. [11, 12]. Among the existing solar still
types like conventional type, single and multiple basin, wick type, multiple effect,
basin-type stills have been used for the supply of large and small quantities of water
[11]. In this study, single slope, single basin (SSSB) was selected for the study and
application for rural location as it’s the cheapest and most easily constructed basins
[13].

The objective of the research is to eliminate metal from the water identifying
and testing cost-effective, simple to operate and maintain and is sustainable on long
runs on test field site. Also, the research investigation targeted to check the system
success for arsenic-free water supply in terms of three important components, i.e.,
social viability and acceptance, technical and economic viability.
Methodology for solving the problem: The research used solar still technology for
drinking water production, which is metal ion free and also treatment of leftover
brine with natural options like plant biomass. The schematic representation for the
same is given below (Fig. 2). The study consisted of four phases as described below:

• Phase I: Investigations on solar distillation unit suitable for domestic water supply,
field trials for entire village.

• Phase II: Investigations for project design for application of the system in rural
village with remediation and analysis per unit cost of water from the system.

• Phase III: Analysis of system in terms of sustainability parameters—social accep-
tance technical and economic viability.

• Phase IV: Monitoring the health targets and benefits attained by rural people.
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Fig. 2 Schematic representation of the concept for arsenic removal and system evaluation for
sustainability

3 Experimental Set up

Figure 3 shows the unit of SSSB (single slope, single basin)-type solar still for
which performance was evaluated. The unit was 1 m2 (both length and breadth) in
dimensions with a tilt angle of 8.6°. The basin was made of black fiber with a total
carrying capacity of about 40 L for the basin and had a glass top ranging to 4 mm
thickness. SSSB was placed in east to west direction and had both the inlet and
the outlet pipes made of steel material (this helped to avoid corrosion). Different
combination of sample water spiked with the variability of arsenic was added to the
basin body through the inlet pipe for the 10-day study period. For the operations
of the unit and experimental analysis, batch study was done, and every 10th day
of outlet, distillate was collected (approximately ranged between 1.5 and 3 L) for
sample analysis against different input water load.
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Fig. 3 Single slope, single basin-type solar still with distillate collector [7]

4 Results for Solar Still Investigations for Rural Water
Supply

This section brings forth the results of the study where inlet water quality has been
compared to outlet water quality with reference to WHO drinking water standards.
Referring to Fig. 4, it is evident that there exists a sharp decline in the values of TDS
and chlorides both, for the outlet distillate in comparison to initial inlet water quality.
TDS value was found to be lowered down to nearly 95% (i.e., from 1200–1350
range mg/L to 25–50 mg/L). Similarly, chlorides value was reduced to 96% (i.e.,
from 300–500 mg/L to 25–50 mg/L). No odor emissions were found in the run.
The brine therefore had only 3.5–4.0% of TDS and chloride salts as leftovers. The
same trend of similarity was found for dissolved arsenic, iron, nitrates, alkalinity,
pH, hardness and sulfate salts.

In compliance to the drinking water standards (WHO), the level of nitrate salts
should be less than 50mg/L; for arsenic, it should be less than 0.01mg/L andfluorides
should exist as 1.5mg/L. These were found in regulation toWHO limits. In reference
to WHO standards, to make the distillate water potable and for human drinking use,
some additional fluoride salts can be added as a supplement. As per WHO standard,
as safe drinking water should not have coliform in any 100 ml of sample (Table 1).
There were no such Coliforms found in the sample post-treatment.
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Fig. 4 Inlet and outlet water quality after distillation

5 Discussion and Conclusions

The literature has already established that the solar energy application in form of
distillation using a solar still has very high treatability potential for various parameters
of water to make it potable at different situations. In the study, twomajor conclusions
can be drawn with respect to arsenic rich-groundwater—a) treated water was found
to be free frompathogens andColiforms both and b) the study results also highlighted
that the selected basin has an efficiency to remove pollutant (arsenic) for more than
97%. The study results strikingly also brought forward that the other remaining
parameters do meet the required drinking water standards as in accordance with
WHO limit [14, 15] but with some addition of salts. This is in reference to making
potablewater fit for drinking; somepost-treatmentmeasure is required as the distillate
water is deficient in essential salts (needed for human metabolism). Therefore, these
essential salts have to be added to the distillate for drinking purpose. This would be
in accordance with the current requirements as per drinking water quality standards
that need 1.5 mg/L of fluoride, 240 mg/L of chlorides, etc.

The present study aimed at addressing the global problem of arsenic as a heavy
metal dissolved in groundwater blocking access to potable water supply to many
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Table 1 Comparison of distillate water quality with drinking water standards

S. No. Parameter Outlet average WHO limits (mg/L) Remarks

1 pH 7.14 6.5–8.0 Post treatment not
required

2 TDS 45 600 Post treatment not
required

3 Arsenic <0.01 0.01 Post treatment not
required

4 Alkalinity 38.3 Not defined Post treatment not
required

5 Hardness 33.8 200 Post treatment not
required

6 Sulfate 0.72 250 Post treatment not
required

7 Fluoride 0.02 1–1.5 Needs supplement
for Fluoride salts

8 Chlorides 10.8 251 Needs supplement
for Fluoride salts

9 Coli NA Should not be
detectable in any
100 mL of sample

Post treatment not
required

10 Iron 0.00 0.3 Post treatment not
required

11 Nitrates 0.74 51 Post treatment not
required

Taken from reference no. 15

vulnerable residents [16]. The research study was a contribution made for this global
concern-wide spreading at an alarming rate. The study can be identified as one the
most sustainable—novel concepts as (a) it’s a simple concept with no requirement of
skilled labor, (b) it runs on renewable energy-solar sunshine, (c) environment friendly
as brine is also co-treated before release, and (d) it is sustainable on long run with
less maintenance cost-effective.

The method explained in Fig. 2 clearly defines these points of credit for this
unique system as a novel concept meant for human betterment. It is actually due to
the ease of working and operation of the selected solar still basin SSSB (single slope,
single basin) that the system is considered to be sustainable with a novel concept.
The following inferences can be summed from this study:

1. Treatment offers a simple and easy to operate method for the water supply and
sanitation in arsenic affected rural areas.

2. The method is independent of any requirement of electric power as it uses solar
energy.

3. It does not generate any hazardous by-products and has a negligible operating
cost.
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4. The experimental results show that the treated water meets WHO drinking water
standards.

The co-benefits of the system are health improvement of the community, hygiene
and public welfare, and a complete removal of arsenic from water ecosystem. It is
actually the women with families who are required to fetch water for family use in
the general rural household. Installation of solar stills on the ground or rooftops can
help them save their time and runs to different locations in search for water. The time
saved can be further be used by them for personal interest or education, etc. There
exists ample sunlight and space in rural areas; therefore, solar distillation along with
other solar-dependent energy-saving options for rural household could be a green
and safe solution in upcoming time (Fig. 5).
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Biodegradable Plastics Production
by Cyanobacteria

Ranjana Bhati

Abstract Commercial production of polyhydroxyalkanotes (PHAs), used as
“green” thermoplastics in medicinal, fibre and agricultural field, is done by bac-
terial fermentation. The major drawback with bacterial system is high fermentation
cost incurred due to expensive substrate and continuous oxygen supply. Therefore, in
order to make PHAs production economically competitive, research efforts abound
to exploit photoautotrophic hosts. In this context, phototrophic cyanobacteria are
rising as a promising host for high PHAs accumulation in cytoplasm. Due to short
generation time and minimum nutrient requirements, cyanobacterial cultivation is
quite successful in wastewaters. Cyanobacteria accumulate high PHAs with various
growth conditions, i.e. photoautotrophic, chemoheterotrophic with various carbon
sources like glucose, fructose. It is evident from the recent studies that limiting nutri-
ents supply and supplementation of excess carbon sources in the culture medium
results in improved PHAs yield. Moreover, they grow better when fed with car-
bon dioxide, the major greenhouse gas. Therefore, utilization of cyanobacteria with
wastewaters and carbon dioxide, for PHAs production seems highly promising as it
has the dual advantage of polymer production and wastewaters recycling with pho-
tosynthetic utilization of CO2. This chapter presents an overview on the progresses
and prospects of PHAs production from cyanobacteria. Different production strate-
gies with nitrogen and non-nitrogen fixing cyanobacteria are discussed. Material and
thermal properties of the produced PHAs are also analysed and compared with com-
mercial polymers. This opens up the possibilities for low-cost production of PHAs
polymers from cyanobacteria.
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1 Introduction

In the last few decades, applications of petroleum-based plastics have increased
significantly worldwide after their debut in 1950s. Plastics have gained tremen-
dous importance in every sphere of human activities and become an integral part of
human’s day-to-day life. Plastics are resistant to decomposition by micro-organisms
(non-biodegradable), highly resistant and have long lifespan in nature [1].

To decrease the environmental impact caused due to the excessive plastic uses, a
number of efforts are being made. Expensive solid waste disposal, dangerous incin-
eration of plastic waste and reducing capacity of municipal landfills are the major
concerns for bringing the world into the mainstream of eco-friendly and sustainable
development. Therefore, substitution of synthetic plastics by biodegradable plastics
is one of the key interests of basic and applied research. Research on biodegradable
polymers is the need of the hour.

Growing concern for environment has resulted into the development of a variety
of biodegradable polymers with potential as environment friendly ‘green plastics’
[2]. Three main classes of biodegradable plastics are:

1.1 Chemically Synthesized Plastics

Polyglycolic acid, polylactic acid, poly(ethylene oxide), polycaprolactone and
polyvinyl alcohol are included in this category. These are biodegradable. They are
not commercially viable as alternative for petro-chemical plastics as they do not
possess all the properties similar to plastics [2].

1.2 Starch-Based Biodegradable Plastics

In this type, starch is added to hold together the fragments of plastics (e.g. starch-
polyethylene). When starch-linked plastics are discarded into landfills, soil micro-
organisms degrade the starch easily, thus releasing the polymer fragments. Starch is
degraded by bacteria, but polyethylene fragments remain non-biodegradable, which
remain in environment [3].

1.3 Completely Biodegradable Plastics

This type of plastics is completely utilized by micro-organisms. These are the only
100%biodegradable polymers. Polyhydroxyalkanoates (PHAs), polylactides (PLA),
polysaccharides, aliphatic polyesters and co-polymers are included in this category.
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Among all, the microbially produced PHAs offer important contributions as ‘bio-
plastics’. Bioplastics are plastics produced from renewable resources and completely
biodegradable.

2 Polyhydroxyalkanoates (PHAs)

PHAs constitute a family of polyesters of wide range of different hydroxyalkanoic
acids (HAs). PHAs are synthesized by numerous micro-organisms as intracellular
carbon and energy compound under limiting nutrition conditions (such as phosphorus
andnitrogen)with presence of excess carbon sources [4]. Physical properties of PHAs
are similar to various synthetic plastics like polypropylene, and therefore can be used
as substitute for conventional plastics [5].

PHAs are derived from the renewable sources and also completely degraded to
carbon dioxide and water under aerobic conditions and to methane under anaero-
bic conditions by micro-organisms in soil, sea, lake water and sewage [2, 5]. PHAs
accumulation by micro-organisms can be stimulated with numerous growth condi-
tions including nutrient limitation and intermittent substrate feeding [4, 6, 7]. More
than 300 species of micro-organisms are known to synthesize and accumulate PHAs
[8]. Research and commercial interest in PHAs have increased recently since they
are biocompatible [9] and have immense scope for medical applications [10]. Use
of PHAs for packaging and other goods can help in preserving the environment by
reducing the pollution and conserve oil reserves. PHAs also have wide applications
for tissue engineering, surgical implants, drug delivery and other specialized fields
[11–13]. PHAs are also used as starting material to produce enantiomerically pure
drugs and chemicals [14].

2.1 Structure of PHAs

Based on the number of carbon atoms in the chain, PHAs can be divided into three
classes, i.e. short-chain length (SCL), consisting of 3–5 carbon atoms, medium-
chain length (MCL), consisting of 6–14 carbon atoms and long-chain length (LCL),
consisting of more than 14 carbon atoms [2, 4, 15, 16] (Fig. 1).
For example:

Fig. 1 Structure of
polyhydroxyalkanoates [4,
15]
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x �1 R�hydrogen Poly(3-hydroxypropionate)

methyl Poly(3-hydroxybutyrtate)

ethyl Poly(3-hydroxyvalerate)

x �2 R�hydrogen Poly(4-hydroxybutyarte)

x �3 R�hydrogen Poly(5-hydroxyvalerate)

2.2 Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate)
[P(3HB-co-3HV)] Co-polymer

Among the 150 types of PHAmonomers studied so far, the homopolymer of hydrox-
ybutyrate, i.e. poly(3-hydroxybutyrate) (PHB) is most commonly found in prokary-
otes including cyanobacteria and also the best-known characterized member of PHA
family [17]. However, PHB has poor material properties such as high crystallinity,
brittleness and low mechanical strength, thus its application is limited. Moreover, its
high melting temperature, i.e. about 170 °C, makes its processing a difficult task [6].
Initial research developments were therefore directed for making PHAs that have
superior material properties and easier to process. Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) or P(3HB-co-3HV) co-polymer is a co-polymer of PHB containing
random segments of hydroxyvalerate and is found to have superior material prop-
erties as compared to PHB. P(3HB-co-3HV) co-polymer is less stiff and tougher.
Incorporation of 3-hydroxyvalerate, i.e. 3(HV) units reduces the crystallinity and
melting temperature (Tm) of PHB homopolymer and, gives better flexibility and ten-
sile strength to the polymer [6]. This is advantageous as low Tm widens the size of
processingwindow as compared to PHB. P(3HB-co-3HV) co-polymer can be used to
prepare films with excellent water and gas barrier properties and can be processed at
a lower temperature while retaining most of the other mechanical properties of PHB
homopolymer [18]. Therefore, the commercial production of reformative P(3HB-
co-3HV) co-polymer has been exploited for a stronger and more flexible plastic
(Fig. 2).

Fig. 2 P(3HB-co-3HV) co-polymer [4, 15]
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Table 1 PHA manufacturers worldwide [19]

Trade name Polymer Manufacturer

Biogreen PHB Mitsubishi Gas Chemical
Company Inc. (Japan)

Biocycle® PHB PHB Industrial Company
(Brazil)

Mirel™ PHB Telles (USA)

Biopol PHBV Metabolix (Cambridge, MA,
USA)

Biomer® PHB and PHBV Biomer Inc. (Germany)

Enmat® PHB and PHBV Tianan Biologic, Ningbo
(China)

Nodax™ PHBH Procter & Gamble (USA)

Lianyi Biotech (China)

Kaneka PHBH PHBH Kaneka Corporation (Japan)

Green Bio P(3HB-co-4HB) Tianjin Gree Bio-Science Co.
(China)

2.3 Applications for PHAs

Bioplastics have been used in variety of applications since the first industrial produc-
tion of PHB by W.R. Grace & Co., New York, U.S. in 1959 [19]. They are widely
used for the fabrication of bottles, fibres and several products of commercial, agri-
cultural and packaging interest [16]. In response to the needs of tissue engineering,
PHAs are used in medical applications as absorbable polymer and tissue scaffold.
The commercial applications of PHAs are in agriculture, pharmaceuticals and med-
ical fields [17]. Biodegradability and hydrophobicity makes PHAs suitable for use
in packaging industry and hygiene products [12].

2.4 Commercially Available PHAs

Commercial PHBV production was done by Imperial Chemical Industries Ltd.
(ICI/Zeneca BioProducts, Bellingham, UK) with the trade name of Biopol™ in
1970. Then the technology was taken by Monsanto (USA) and then by Metabolix
[19]. Soon worldwide many companies commercialized PHAs solely or in collabo-
ration with research institutes as detailed in Table 1.
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3 P(3HB-co-3HV) Co-polymer Accumulation in Bacteria
and Commercial Drawbacks

A large number of bacteria (over 300 species, Bacillus sp., C. necator,Methylobac-
terium sp., Pseudomonas sp., etc.) have the metabolic capacity to synthesize PHAs.
In heterotrophic bacteria, maximum PHB accumulation amounted up to 80% dry
cell weight has been produced with fermentation [20]. P(3HB-co-3HV) co-polymer
synthesis in some bacterial species are reported with supplementation of appropriate
carbon sources such as acetate, glucose, propionate, glycerol and valerate. Bacterial
PHA production can be seen in the extensive reviews of Khanna and Srivastava [2],
Anderson and Dawes [4], Braunegg et al. [5], Lee [6], Lee et al. [8], Philip et al. [14],
Reddy et al. [20], Doi [21], Steinbüchel [22], Sudesh et al. [23] and Suriyamongkol
et al. [24].

Despite the various researches from the past 75 years, PHAs seem to be far reached
from commercial production. The major obstacle for wide acceptance of PHAs,
over the replacement of synthetic plastics, is their cost difference (e3.5–5.0/kg for
PHA compared withe1/kg for polypropylene) [19]. PHA is commercially produced
by pure cultures of micro-organisms, such as C. necator or recombinant E. coli,
and the main cost of production by bacteria is primarily due to expensive carbon
substrate, oxygen supply and need for sterile operation during bacterial fermentation
process [6]. Economic analysis of PHAs production process suggested that 50% of
the total production cost is contributed mainly by the cost of carbon substrate [25].
Consequently, in order tomake PHAs production economically competitive, research
efforts abound to exploit photoautotrophic organisms or other low-cost substrates.

4 Attempts for PHAs Production in Transgenic Plants

Photoautotrophic PHAs accumulation in agricultural crops is another potential alter-
ative for large-scale and low-cost production [26, 27]. PHA production in plant
system is considerably less expensive when compared with bacteria because plants
require water, soil nutrients, CO2 and sunlight. Plants photosynthetically fix CO2 and
water to accumulate biopolymer, which are degraded back to CO2 and water after
disposal [24]. PHA synthesis in crops economically increases the value of crops [26,
28].

First attempt of PHB production in plants was carried out with model plant, Ara-
bidopsis thaliana, and transformed with Agrobacterium tumefaciens. Intracellular
PHB accumulation reached up to 0.1% of the shoot dry weight. Moreover, a negative
impact was found on the growth of the plant [29]. A negative correlation between
PHB accumulation and plant growth was observed in plants accumulating PHBmore
than 5% (dcw).With these experiments, it was concluded that high level of PHB syn-
thesis in the plastids beyond some critical point had adverse effect on chloroplast
function [30].
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A landmark in plant PHA production was achieved by synthesis of P(3HB-co-
3HV) co-polymer in A. thaliana and rapeseed (Brassica napus) [31]. Expression
of all the genes for P(3HB-co-3HV) co-polymer in A. thaliana with CaMV35S
promoter resulted in accumulation between 0.2 and 0.8% (dcw) in shoots, with
4–17 mol% hydroxyvalerate content. P(3HB-co-3HV) co-polymer accumulation up
to 2.3% (dcw) with 6.5 mol% hydroxyvalerate content was reported for seed-specific
expression of the same pathway in leucoplast of rape embryos [31]. P(3HB-co-
3HV) co-polymer accumulation was consistently lower compared to PHB in both
Arabidopsis and rapeseed, although the same C. necator gene constructs were used
in these different transgenic plants. Overexpression of the threonine deaminase and
synthesis of propionyl-CoA indicates a negative metabolic effect which eventually
affects the PHAs accumulation [30]. These studies indicates the major challenges
involved in modifying several independent pathways, as in the case of P(3HB-co-
3HV) co-polymer with fatty acid and amino acid biosynthetic pathways, and to
supply different monomers for the synthesis of PHA co-polymers. Therefore, low
expression level, retarded growth and difficulties in isolating the polymer are the
major limitations in plant-based polymer production [30].

5 Cyanobacteria as Production Hosts for PHAs

Polyhydroxyalkanoates from cyanobacteria have been an important subject of
research since last five decades. Cyanobacteria (blue-green algae) are photoau-
totrophic gram-negative prokaryotes that carry out oxygenic photosynthesis for
PHAs accumulation. Cyanobacteria are one of the oldest life forms on earth and
simplest known photoautotrophic organisms having characteristics of both algae and
bacteria. They carry out oxygenic photosynthesis with possession of chlorophyll a
and phycobiliproteins as photosynthetic pigments [32]. They need simple inorganic
nutrients such as calcium, magnesium, potassium, phosphate, nitrate (not in case of
nitrogen-fixers) and sodium as macronutrient, and B, Co, Cu, Fe, Mn, Mo and Zn as
micronutrients for their growth and multiplication [33]. Further, wastewater can be
used for their cultivation due to their ability to utilize inorganic nitrogen and phos-
phorus for their growth. Photoautotrophic PHAs production in cyanobacteria may
overcome the expense incurred due to feeding of organic carbon and oxygen supply
during bacterial fermentation. Therefore, utilization of cyanobacteria for PHAs pro-
duction with carbon dioxide, and wastewaters seem highly encouraging as it has the
dual advantage of polymer production and recycling the wastewaters while photo-
synthetically utilizing CO2.

PHAs accumulation in cyanobacteria has been the subject of intense research,
after Carr [34] demonstrated PHB accumulation inChlorogloea fritschii by chemical
analysis. Further Jensen and Sicko [35] demonstrated PHB inclusion bodies with
the same cyanobacterium by electron microscopy. Since then, cyanobacterial PHAs
accumulation has been studied by many researchers, but the contents are found to be



138 R. Bhati

very low and amount less than 10% (dcw) with photoautotrophic growth conditions
[36–39].

A landmark in cyanobacterial PHA research was achieved when Nishioka et al.
[40] found PHB accumulation up to 55% (dcw) under phosphate-limited condi-
tion in a unicellular cyanobacterium, Synechococcus sp. MA19, isolated from the
volcanic rock of Japan. Further, N2-fixing cyanobacterium Nostoc muscorum was
reported with PHB accumulation up to 46% with chemoheterotrophy under phos-
phate limitation [41]. This N2-fixing cyanobacterium was also able to synthesize the
P(3HB-co-3HV) co-polymer up to 31% under acetate and propionate-supplemented
condition [42].More recently, high PHB accumulation up to 85% (dcw)was reported
for cyanobacterium, Aulosira fertilissima CCC 444 with 0.28% acetate, 0.26% cit-
rate and 5.58 mg l−1 K2HPO4-supplemented condition [43]. Further, studies with the
same strain reported the maximum P(3HB-co-3HV) co-polymer accumulation up to
77% (dcw) with fructose and valerate supplementation [44]. In Nostoc muscorum
Agardh P(3HB-co-3HV) co-polymer production increased up to 58 and 60% (dcw)
with 0.4% acetate and 0.4% valerate supplementation under phosphorus and nitro-
gen deficiencies, respectively [45]. Further rise in co-polymer content was recorded
up to 78% (dcw) with optimized condition (0.28% acetate, 0.38% glucose and 0.3%
valerate) and N-deficiency after 7 days of incubation [46]. Table 2 presents the some
cyanobacterial strains with high PHAs accumulation potential.

6 Mechanical and Thermal Properties of PHAs

Physical properties of PHAs are significant in determining the polymer application
and suitability in different fields. For producing a range of different thermoplastics
with varying degrees of toughness and flexibility, the variations in 3HV content in
P(3HB-co-3HV) co-polymer are desirable. A comparison of mechanical and thermal
properties of PHB homopolymer and P(3HB-co-3HV) co-polymer with different
3HV fractions (mol%) obtained fromcyanobacteria (Aulosira fertilissima andNostoc
muscorum) with commercial co-polymers is listed in Table 3.

Overall, the material properties of the films isolated from cyanobacterial sources
were comparable with the commercial co-polymers and advocate its potential appli-
cation in various fields. Thus, cyanobacteria can be considered as a suitable source for
P(3HB-co-3HV) co-polymer production for agricultural as well as pharmaceutical
applications.

7 Conclusion and Future Perspectives

Polyhydroxyalkanotes are prime focus of environmental, agricultural and biomedi-
cal sciences nowadays. Various studies show that cyanobacteria could act as alterna-
tive phototrophic host for polymer production and intensive studies are required to
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Table 2 Reports on increased PHAs accumulation in some cyanobacterial species

Name of the
cyanobacterium

Culture condition Polymer type (% dcw) References

Synechococcus sp.
MA19

Photoautotrophy
nitrogen-starved

PHB (27%) [47]

Anabaena cylindrical
10 C

Acetate+propionate P(3HB-co-3HV) (2%) [36]

Synechococcus sp.
MA19

Photoautotrophy
phosphate limitation

PHB (55%) [40]

Nostoc muscorum Chemoheterotrophy
(acetate)

PHB (43%) [33]

Synechocystis sp. PCC
6803

Mixotrophy
(glucose+acetate)+
phosphate-deficiency

PHB (29%) [37]

Synechocystis sp. PCC
6803

Mixotrophy (acetate+
fructose)+gas
exchange limitation+
phosphate-deficiency

PHB (38%) [48]

Nostoc muscorum Chemoheterotrophy
(acetate+glucose)+
phosphate limitation

PHB (46%) [41]

Acetate (0.11%)+
propionate (0.08%)

P(3HB-co-3HV)
(31%)

[42]

Synechocystis sp.
UNIWG

Mixotrophy
(acetate)+
nitrogen-starved

PHB (14%) [49]

Nostoc muscorum Phosphate-starved+
(aeration+CO2)

PHB (22%) [50]

Nostoc muscorum
Agardh

Acetate+valerate+
nitrogen-starved

P(3HB-co-3HV)
(60%)

[45]

Aulosira fertilissima
CCC 444

Citrate+acetate and
K2HPO4

PHB (85%) [43]

Fructose+valerate P(3HB-co-3HV)
(77%)

[44]

Acetate+gas
exchange limitation

PHB (49%) [51]

Nostoc muscorum
Agardh

Optimized condition P(3HB-co-3HV)
(78%)

[46]

CO2 +poultry litter P(3HB-co-3HV)
(65%)

[52]

Synechocystis sp. PCC
6714

Photoautotrophy
phosphate limitation+
nitrogen limitation

PHB (16.4%) [53]
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Table 3 Properties of commercial PHAs and PHAs films produced by cyanobacteria

Property Commercial PHAs PHAs from
Aulosira
fertilissima

PHAs from Nostoc
muscorum Agardh

PHB P(3HB-co-3HV)
(mol fraction)

P(3HB-co-3HV)
(mol fraction)

PHB P(3HB-co-3HV)
(mol fraction)

100:0 86:14 75:25 100:0 75:25 100:0 84:16 78:22

Tm (°C) 180 150 137 174 155 176 154 148.8

Tg (°C) 0–5 −4 −6 0.6 −5.5 0.8 −2.2 −4.3

Xc (%) 60–80 59.6 40 60.7 46.1 62.4 44.7 39.5

Young’s
modulus
(GPa)

3.5 1.5 0.7 3.4 0.6 3.9 1.2 0.8

Tensile
strength
(MPa)

40 35 30 37.6 18.1 32.4 26.5 21.5

Elongation
to break
(%)

5 20 nr 4.9 87.2 4.7 72.1 85.1

Reference [17, 54–56] [44] [45, 46, 57]

enhance PHA productivity in cyanobacteria. Only few cyanobacteria are reported to
accumulate PHAs at par with bacterial species. However, bacterial PHA productivity
is many folds higher when compared with cyanobacterial productivity. Cyanobac-
terial productivity should be further improved for cost-effective PHAs production.
PHB and P(3HB-co-3HV) co-polymers with widemonomer composition can be effi-
ciently produced by cyanobacteria with changing substrate concentration in growth
medium.

Research efforts are needed to develop novel strategies for improved cyanobac-
terial growth, development and exploitation of better strains for cost-effective PHAs
production in near future. Extensive studies are required for improvements of down-
stream processing for better utilization of cyanobacterial biomass to produce eco-
friendly bioplastics.

Moreover, cyanobacteria are potent host for producing biopolymers by CO2 fix-
ation and wastes utilization. In the current scenario, this is no doubt one of the
powerful, economic and eco-friendly processes of CO2 mitigation and waste recy-
cling for biomass and PHAs production. At present, only few reports are available in
this area and intensive research is essential in near future for resourceful utilization
of cyanobacterial biomass to produce eco-friendly affordable bioplastic. Therefore,
intense researches are required at pilot-scale for commercial production of cyanoplas-
tics.
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Abstract From last 20 years, commercialization of biotechnological crops confirms
that the genetically modified crops have conveyed a significant agronomic, ecologi-
cal, monetary, social, and health advantages to ranchers, and along this, it witnessed
increased numbers of consumers. The regular appropriation of GM crops reflects the
generous numerous advantages for both minor and large-scale ranchers in developed
and in developing countries. The principle point of GM crops is to accomplish food
security or to improve nutrition, enhance sustenance, and advance manageable farm-
ing. In 2016, from 26 countries, 19 are developing and 7 are industrial countries and
these countries established a biotech crops but according to International Service for
the Acquisition of Agri-biotech Applications (ISAAA) top ten countries including
both developed (USA and Canada) and developing (Argentina, Brazil, China, India,
Pakistan, Paraguay, South Africa, and Uruguay) countries which are growing biotech
crops in 1.0 million hectors of land. Secondly, in 2016 biotech crops are globally
increased from 179.7 million hectares to 185.1 million hectares, and an increase of
3% is equal to 5.4 million hectares. As per the study in 2015 global economic benefit
15.4 billion US$ (7.5 billion US$ was from developing and 7.9 billion US$ was from
industrial countries).
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1 Introduction

Since 1996, the work on biotech crops is been carried out and the survey points
toward the fact that biotech crops are important with respect to agronomics, environ-
ment, economics, health, and socially beneficial to farmers. The frequent adoption
of biotech crops is a proof that both hefty and trivial agrarians in industrialized and
emerging countries are reaping the benefits of commercially grown biotech crops [1,
2].

It has been recorded that in the past 20 years, around 2 billion hectares of biotech
crops have been industrially developed. It contained 0.1 billion hectares of biotech
canola, 0.3 billion hectares of biotech cotton, 0.6 million hectares of biotech maize,
and 1.0 billion hectares of biotech soybean. It has been noticed that biotech products
give 7.4 billion peoples sustenance and accommodation. On the basis of statistic data,
demand for food is constantly expanding day by day. It is projected to be 9.9 billion
of every 2050 and 12.3 billion out of 2100, which is a challenging assignment. As
per estimates, food production needs to be increased by 50–70% to meet the world’s
requirement for food. Moreover, it has to be achieved with deteriorating land and
water resources along with the environmental and agrarian challenges because of
climate change [3].

The worldwide scientific group endorses the possibility of protected and econom-
ical approaches. It is to use the top of conventional crop technology or biotechnology.
For example, it can be a combination of well-adapted agronomically desirable high-
yielding germplasm and GM/non-GM traits. This will help in achieving sustainable
intensification of crop throughput of cropland globally (1.5 billion hectares) [4].

In around 30 countries, more than 18 million farmers (90% small/poor farmers)
have benefitted from biotech crops. In the past 20 years, they have witnessed the
following positive impact:

• Increment in productivity that adds to worldwide food, feed, and fiber safety.
• Autonomy with respect to a country’s farming land.
• Conservation of biodiversity by preventing deforestation and protecting biodiverse
sanctuaries.

• Overcoming tasks that are related to overall climate change.
• Improvement in health and economic status.

2 Worldwide Expanse of GM Crops

In 2016, the accrued hectare (planted since 1996) flowed was documented for 2.1
billion hectors and from 26 countries 7 industrial countries and 19 developing coun-
tries were planting GM crops (Fig. 1). It would be noticed that around 185.1 million
hectares of GM crops are proportionate to around 20% of aggregate land zone of
China with 956 million hectors of US 937 million hectares, and it is more than 7
times the land territory of the UK with 24.4 million hectares [5]. The expansion
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Fig. 1 Worldwide area of
biotech crop from 1996 to
2016 (in million hectares):
developing and industrial
countries (ISAAA 2016)
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in 2015 and 2016 is recorded around 3% in equivalent to 13.3 million acres or 5.4
million hectares of land (Fig. 1).

3 Dissemination of Biotech Crops

According to 2016 data, a total of 26 countries are planting biotech crops, and among
them19 are emerging and 7 are fromdeveloped countries.All top ten developed coun-
tries which are cultivating over 1 million hectares are led globally by USA (39%)
while in 2015 around 72.9 million hectares which followed by Argentina (13%
around 23 million hectares), Brazil (27% around 49.1 million hectares), Canada (6%
around 11.6 million hectares), China (2% around 2.8 million hectares), India (6%
around 10.8 million hectares), Pakistan (2% around 2.9 million hectares), Paraguay
(2% around 3.6 million hectares), South Africa (1% around 2.7 million hectares)
and Uruguay (1% around 0.3 million hectares). Furthermore, 16 countries grow an
aggregate of roughly 4.9 million hectares (Fig. 2).

It was testified that eight out of top ten countries (Argentina, Brazil, China,
India, Pakistan, Paraguay, South Africa, and Uruguay) are growing about 1.0 mil-
lion hectares of biotech crops. While in 2016, Burkina Faso and Romania did not
plant biotech crops due to modification in cotton germplasm so arduous reporting
requirement of biotech crops planting, respectively.

There are totally 18 biotech mega-countries. These are those countries which
grow 50,000 hectares or more biotech crops. Among these 18 mega-countries, 14
are emerging countries fromAfrica,Asia, andLatinAmerica. In 2016, the high extent
of biotech mega-countries (18 out of 26 which come to 69%) mirrors the significant
deepening, broadening, and stabilizing in GM crops adoption. It has occurred within
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Fig. 2 Worldwide expanse of GM crops (million hectares) from 1996 to 2016, by country, mega-
countries, and for the top ten countries (Source ISAAA 2016)

the group of more advanced mega-countries that adopted more than 50,000 hectares
crops in all six continents [6].

In total hectares, Brazil had the major year-over-year growth with 4.9 million
hectares, trailed byUSAwith 2million hectares,whileCanadawith 600,000hectares,
South Africa with 400,000 hectares, and Australia with 200,000 hectares. In terms
of worldwide share, million hectares of biotech crops are planted globally, and top
three biotech countries are USA (39%), Brazil (27%), and Argentina (13%) for a
total of 78%. In 2016, out of 26 countries that planted biotech crops are America (12
countries), Asia (8 countries), Europe (4 countries), and Africa (2 countries). On the
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basis of hectare for biotech, plantation is 88% from America, 10% from Asia, 2%
from Africa, and less than 1% from Europe [6, 7].

Currently, there are ten countries in Latin America, which was showing an advan-
tage from thewide acceptance of GMcrops. Countries in descending order of hectare
are Brazil, Argentina, Paraguay, Uruguay, Bolivia, Mexico, Colombia, Honduras,
Chile, and Costa Rica. While in the Pacific and Asia, there are eight countries plant-
ing biotech crops led by India, Pakistan, China, Australia, Philippines, Myanmar,
Vietnam, and Bangladesh. From last 6 years, Japan also commercializing biotech
flower (commonly known by blue rose) by growing them in green house through
more advance techniques then other countries.

Four European countries Spain, Czech, Portugal, and Slovakia are continuing
the growth of biotech plants as it led by 17% (136,363 ha in 2016 as compared
to 116,870 in 2015) by Spain, Portugal, Slovakia, and Czech Republic. In 2016,
Romania decided not to plant biotech crops because of the onerous requirement by
the government [8].

4 Monetary Benefits of GM Crops

In the past 20 years (1996–2015) of commercialization, it is noteworthy that other
than 167.8 billion US$ farmer gain additional income generated by biotech crops,
around 81.7 billion US$ was generated in industrial countries and 86.1 billion US$
in developing countries. In 2015, developing countries had a lower share with 48.7%,
equivalent to US$ 7.5 billion of the total US$ 15.4 billion grains with industrial coun-
tries at US$ 17.9 billion [7]. From last 20 years of biotech crops commercialization,
a total six principal countries have gained economically. In descending order of mag-
nitude are USA (73 billion US$), Argentina (21.1 billion US$), India (19.6 billion
US$), China (18.6 billion US$), Brazil (16.4 billion US$), Canada (US$ 7.3 billion),
and others (11.8 billion US$) for a total of 167.8 billion US$. In 2015 worldwide
economic benefits were 15.4 billion US$. From this total amount, 7.5 billion US$
for emerging and 7.9 billion US$ was for industrial countries (Fig. 7) [7, 8].

5 GM Crop Approvals by Different Countries

GM crops achives the endorsements at the crest in 2014 by issuing the endorsement
from 22 countries (Fig. 3). In 2016, a couple of endorsements were allowed to some
degree because of different reasons, incorporating changes in country regulations, for
example, in the Mexico and Philippines, climate-related issues influencing trial, and
the attention on new single occasion as in USA. The USA had just 18 endorsements
in 2016, which is the most minimal since 2012.
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Fig. 3 Countries that issued
approvals, 1992–2016
(ISAAA 2016)

6 Number of GM Events Approved

In 2015, high numbers of GM events are permitted with just a couple of occasion
endorsements in 2016 (Fig. 4). As this could be a normal eventual outcome of a large
number of occasion endorsements in the previous year, but technology developers
observed endorsements and adoption in different countries. This could also be a result
of the relatively slow release of new GM crops as technology developers put more

Fig. 4 Number of proceedings sanctioned events, 1992–2016 (Source ISAAA)
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Fig. 5 Trait dispersal in the
permitted year, 1992–2016

focus on using new approaches and reproducing techniques in developing improved
crops.

In 2016, the greater part of affirmed approved events was stacked or pyramided
(Fig. 4). This pattern of stacked events outnumbering the single events started in
2008 and peaked in 2016. This means agriculturists are more selective and choose
biotech events/varieties with more traits to offer for cost reduction and better mon-
etary benefit. The same is shown in Fig. 5, in which events with both herbicide
tolerance and insect resistance included over 25% of the occasions affirmed, while
events with more than one trait made up at least 43% (HT+PC, HT+PQ, and IR+
DR) of the endorsed events. This pattern will probably proceed into the future since
farmer demands more traits in an event, particularly in maize. It was reported that
maize still has the most number of event occasions in the catalogue. This is likely
because of the quantity of single maize events, which can be joined with different
proceedings to shape the desired occasion.

For 2016, the cumulative nourishment, feed, and cultivation endorsements were
115, 87, and 49, individually (with an overall total of 251). These endorsements are
partitioned among 87 events from seven crops and were granted by 16 countries.
Among all Argentina had the most astounding number of approvals which were
generally from maize events.

In 2016, total feed, food, and agronomy sanctions were 115, 87, and 49, respec-
tively (with an overall total of 251), in 2016. These agreements are divided among 87
proceedings for seven crops and were contracted by 16 countries (Fig. 6). The num-
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Fig. 6 Endorsement per
country for 2016 (Source
ISAAA GM sanction
catalogue)
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ber of approvals for 2016 is lower than the previous 2 years (318 in 2015 and 302 in
2014). Argentina had the maximum sum of endorsements which were typically from
maize proceedings. Since 2007, the number of stacked proceedings endorsed has
dominated the single event approved. In 2016, the stacked proceedings sanctioned
are made up of 82.6% of the combined sanctioned proceedings [9].

This is suggestive of the expanding request by agrarians for the event with more
characters to additionally build their benefit. From 1992 to 2016, 40 countries have
given 1777 food approvals, 1238 feed approvals, and 813 agronomy endorsements,
scattered among 477 events from 29 crops (ISAAA GM Approval Database).

7 Imminent of Biotech Crops

The upgrading and release of GM crops follow a borderless trend in terms of
crop/trait. This pattern might be considered as a technique by farmers or food devel-
opers to gain acceptance of products. The original biotech crops are supplied to
farmers to increase yield and resist biotic stresses. The second-age GM crops incor-
porate stacking IR/HT traits and these traits that can help to mitigate the effects of
climate change.While the third era of GM crops incorporate all specifications of both
era and includes the supply of Biotech crops to the consumers and manufacturing
industry [10].

8 First-Generation Biotech Crops with Agronomic Traits

The first generation of biotech crops primarily involved the exertion qualities, such as
herbicide tolerance, insect resistance, and disease. These were positioned in the four
noteworthy biotech harvests such as canola, cotton, maize, and soybean. Since 1996,
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there has been a various number of single and stacked same trait events (HT/HT and
IR/IR) that were popularized with IR cotton and HT soybean, and both crops have
the most numbers of events [10, 11].

All these insect resistance crops established a tremendous monetary advantage
to ranchers for around 50.3 billion US$ (Fig. 7). IR (Bt) cotton benefits ranchers
in different countries such as USA, India, Pakistan, Brazil, and China. The next
crop/trait with the highest economic benefits is herbicide-tolerant soybean at 50.04
billionUS$. Large hectarages ofHT soybeanwere planted inBrazil, USA,Argentina,
Paraguay, and Canada, the top five countries [11].

9 Second-Generation Biotech Crops with Stacked Input
Traits

The second-age input traits incorporate different heaps of HT/IR in maize, cotton,
and soybean which result in reduced production in expenses and ease in farming.
These attributes were released toward the end of the first span (1996–2005) and then
the start of the second decade (2006–2015). Advantages for stacked maize were US$
12.5 billion and the stacked soybean US$ 2.4 billion. Second-age crops also possess
traits to address issues related to environmental change, such as cold tolerances,
salt interruption, and drought. Drought tolerant in maize, propelled in 2013 in the
USA at 50,000 hectares and expanded to ~1.2 million hectares in 2016, can diminish
transpiration by 175% under stress conditions.
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10 Third-Generation Biotech Crops for Nutrition
and Product Advantage

In 2016, world food prize featured about the human nourishment and prosperity,
which turned into the basic segment of food production strategy. World Food Prize
victors—Dr.Maria Andrade, Dr. Howarth Bouis, Dr. Jan Low and Dr. Robert Mwan-
ga—were granted for their endeavors to elevate the well-being and prosperity of the
worldwidepoor andmalnourishedpopulace.Andrade,Low, andMwangaof the Inter-
national Potato Center (CIP)were documented for their determinations in developing
“the single most successful example of biofortification” which is the orange-fleshed
sweet potato.

Bouis was praised for making HarvestPlus, an association that spotlights on
enhancing nourishment and general well-being through biofortification. Similarly,
third-agebiotech crops are equipped toward enhancingwholesomequality. Thedelib-
eration for third-age biotech crops is on creating yield attributes for enhanced item
quality and composition, for example, modified/improved oils (omega-3 unsaturated
fats and high oleic acid in soybean), transformed starch/sugar (potato), low lignin
(alfalfa), non-browning fruits (potatoes, apples) that are already accessible in the
market, and expanded betacarotene, ferritin, and vitamin E in real staple harvests,
which are in the advanced phases of advancement [12].

Soybean has the most production qualities to suggest clients with a high oleic acid
event that reduce trans fats, low phytate. It also improves mineral absorption by the
human body and reduces phosphorous levels in animal manure, while high stearic
acid and omega-3 reduce harmful fats in humans.

Recently, biotech crops are adopted by farmers so that it can help to reduce food
waste and environmental impact. According to FAO data globally enough food was
produced to feed everyone on the planet, but virtually 800 million people around the
world suffer from hunger because roughly 1.3 trillion tones of food is wasted per
year [12, 13].

As per report Environmental Protection Agency (EPA) of US estimates 133
billion pounds of the US food supply (approximately 31%) is wasted annually, and
contributing 18%of the totalmethane emission that comes from landfills. In addition,
about half or more than that all vegetables and fruits are wasted each year because
consumers prefer crops that always look fresh and unblemished. Therefore, through
biotechnology crops are designed with non-browning and non-bruising traits so that
it becomes available and greatly eliminate losses due to wastage [13].

11 New Developments and Products in the Pipeline

According to 2016 data, the numbers of GM events for commercial cultivation, reg-
ulatory stages get doubled from 2008 to 2014 [9]. The program of new endorsements
recorded in the ISAAA GM Approval Database demonstrates the transcendence of
insect resistance and herbicide-tolerant traits, and gene stacking in the four major
crops.
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Crop Life International published a list in 2016 about the stacking of IR/HT traits
and a few products of soybean and canola. The published biotech crops, which are
in pipeline, are in public sector research institute and are geared toward yield and
biomass improvement, disease resistance, improved nutrition and product quality.
This indicates that both industry and public technology developers are addressing
the needs of both consumers and farmers.

12 Food Safety Regulation

From the last two decades of biotech crops, safety and its commercialization is been
impeccable with consumer’s health, poultry and livestock, and non-targeted organ-
ism. The technical advice to Codex Alimentarius Commission of several experts
consultant on the evaluations of GM crops (by The Food and Agriculture Organiza-
tion (FAO) and World Health Organization (WHO)) so that it inducted in the Codex
Guidelines on safety assessment of GM foods.

The safety of GM crops is under WHO and to view public health protection,
in close partnership with the Food and Agriculture Organization along with other
international bodies. Even though all the records are maintained for biotech by the
safety point of view, still some government’s bodies and public are still showing
hesitation to accept biotechnology. There are reasons other than food safety, which
effect public attitudes toward GM foods, including customer decision, control of the
worldwide seed market and natural pecking order, and effects on small agriculturists.
Such concerns influence the acknowledgment and take-upof the innovation andought
to be recognized, comprehended, and considered amid exchanges about GM items
and the advancement of policy [13].

13 Regulatory Barriers to GM Crops Adoption

13.1 Budget and Erection of Regulation

The selection of biotech crops globally depends upon the cost and structure of
National Regulatory Organization, but the regulatory process is very expensive. So
McDougall revealed that from 2008 to 2012 the expense is about 136 million US$
for the approval of the innovation, improvement, and biotech determined harvest
quality [14]. Therefore these timelines and cost become a huge burden to small and
medium innovation engineers, and just a couple of vast corporate organizations can
continue utilizing the innovation and commercializing the item. Consequently, these
turn into an illusory and erroneous view of a native connection among GM and the
extensive organizations [14, 15].
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13.2 Rigorous and Incompetent Parameter

Efficiency of the regulatory process is vital for the incessant adoption of biotech
crops that will profit the entire stakeholder. Both open (local farmers) and private
area (Industrial) developers depend on a productive, expectable, and arduous however
non- arduous science-based monitoring process as a critical part in the development
strategy. The innovative work results contribute to the solutions that address food and
agriculture challenges, but product commercialization delay resulted in the hindrance
to this solution to the farmers and consumers. Therefore, it effects the growth and
progress of farmers and consumers, foodmanufacture industries, locally andglobally.
Finally, it will create vagueness among public and private investors in agriculture
research anddevelopment, or said that the further investment in agriculture innovation
is jeopardized.

14 Conclusion

The year 2016 has been surprising for biotech yields with respect to the first runtime
because some Nobel Laureates released an announcement in favor of biotechnology
alongwith the critics as precarious deportment against theGoldenRice. Furthermore,
according to the agenda of sustainable agriculture vision 2030 aimed to resolve
the hunger problem with the help of agencies or governing bodies like UN FAO,
IFPRI, the G20 countries, and other similar bodies. Along this several academies
likes National Academic of Sciences, Engineering and Medicine (US) are investing
several studies on biotech crops and found that the GM crops and conventionally
breed crops are similar in respect to possible risk to human health and environment.

Today, biotech crops have a perfect record of safe use and its utilization, while
future generations can gain profit by an extensive variety of biotech crops with an
enhanced attribute for high yields and nutrition so that all GM crops are safe for
utilization and environment. In 2016, the third era of GM crop commercialization
was high as 26 countries cultivated around 185.1 million hectors of biotech crop
with agronomic traits in 4 biotech crops such as soybean, maize, cotton, and canola.
From recent reports, biotech crops are playing a significant role in building up the
profitability percentage; hence, it can be served as an engine of economic growth,
particularly for the poor farmers. The strategy of sustainable biotech harvests is
supported by the numerous Academics of Science around the world, and it permits
the expedition ofworldwide crop production. Biotech crops are necessary, but it is not
a solution of all crop-related problems. Biotech crop needs are same as convention
crop needs such as the practice of rotations and resistance management for insects,
pathogens, and weeds. Moreover, biotech crops are profitable but still have some
challenges which are incorporated as:

1. The governing barrier limits the scientific innovation and sometimes restricts the
technology development that may benefit the farmers and consumers.
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2. Distribution in the growth trade as it brought by synchronous approvals and
thresholds on the low-level presence in GM crop-trading countries.

3. The requirement for continuous discussions among the stakeholders for quick
understanding and raise of biotechnology emphasizing stressing benefit and
safety. So, the better way to communication is the use of social media. To over-
come these challenges is a difficult task that requires the collaborations among
government and private sectors. Collaboration or partnership could be an assur-
ance for the sufficient and nutritious supply of food for everyone.
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Global Food Security: A Truncated Yield
of Underutilized and Orphan Crops

Anoop Anand Malik and Gulshan Chaudhary

Abstract Orphan crops and underutilized crops are considered as the major
staple food crops in many developing countries because of their particular role in
food security, nutrition, and foremost income generation to resource-poor farmers
and consumers. Alike other crops, orphan crops are also categorized under cereals,
legumes, root crops, and fruit crops. Orphan crops are in general more adapted and
acclimatized to the innumerable abiotic stress than themajor crops of theworld.How-
ever, due to lack of exposure to new era of biotechnological practices and techniques,
orphan crops produce inferior qualitative and quantitative yields. According to crop
science society of America data indicated 12,650 edible plant species exist and only
30 of them are being utilized by 95% population of world. These inclined selections
of limited crop production will lead to the breakdown of United Nations goal of end-
ing global hunger by 2030. Biotechnology interventions and its new era expansions in
the field like tissue culture, marker-assisted breeding, in vitro gene modulations etc.
are some important capacities to upsurge the productivity of planting material and,
hence, could eventually increase the global consumption. These techniques have con-
tributed tremendously to the safeguarding, improvement, and distribution of orphan
crops, especially the vegetatively propagated crops. Market surveys revealed these
orphan crops are an important source of household incomes and substantially con-
tribute to global poverty reduction. The robust research is required to fill knowledge
gaps and snags for most of the identified species as no concrete scientific data is
globally available.

Keywords Food security · Orphan crops · Biotechnology · Underutilized crops
Nutritional security ·Marker-assisted selection · DNA markers
Molecular genetics · Agricultural policies

Anoop Anand Malik and Gulshan Chaudhary contributed equally to the chapter.

A. A. Malik
TERI School of Advanced Studies, New Delhi, India
e-mail: anoopanandmalik@gmail.com

G. Chaudhary (B)
The Energy and Resources Institute, New Delhi, India
e-mail: chaudhary84@gmail.com

© Springer Nature Switzerland AG 2019
M. Khoobchandani and A. Saxena (eds.), Biotechnology Products in Everyday Life,
EcoProduction, https://doi.org/10.1007/978-3-319-92399-4_11

161

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92399-4_11&domain=pdf
mailto:anoopanandmalik@gmail.com
mailto:chaudhary84@gmail.com
https://doi.org/10.1007/978-3-319-92399-4_11


162 A. A. Malik and G. Chaudhary

1 Introduction to Orphan and Underutilized Crops

Orphan crops are the least investment minor crops and neglected species in the
field of agricultural science which have a great prospective for food production and
development worldwide. The inadequate appreciation of their potential and incessant
exploitation could be one of themajor issues for its low agricultural value [1, 2]. They
should be better described as “minor crops” for the reason that there low commercial
value of production and trade as compared to themajor crops in theworld. In addition,
these orphan and underutilized crops receive low attention toward the research and
development, therefore, not enough scientific information is available in the public
domain. Hence, these yields remain underutilized for further improvements due to
ignorance as neither the private and nor the public sector has invested significantly
[3]. An Important key points to insistence about orphan crops are that, they vary in
different geographical vicinities. There are few significant crops, which could be of
high importance and play a major role for global advancement. The less usage and
limited markets could be the real reasons for our focus which can be legitimized to
advance the generation and usage of these minor yields as portrayed beneath [4].

• It represents colossal revenue of agro-biodiversity.
• It would be of great potential to improved incomes, food security, and nutrition.
• It can also solve the problem of “hunger in the world.”
• It has no authentication for seed supply.
• It gets considerably less attention fromresearch, extension services, farmers, policy
and decision makers, donors, technology providers, and consumers.

• Most of them are highly nutritious and/or have medicinal properties or other mul-
tiple uses.

Furthermore, India is a developing country and agriculture is considered to be a
backbone of Indian economy. This chapter is focused on the challenges and oppor-
tunities for using several orphan harvests in India and worldwide. The total area
harvested and total production of orphan crops were observed from Food and Agri-
culture Organization (FAO) of the USA database for two different sets of countries
and India [5]. The country dataset comprises 15 developed countries, 45 developing
countries, and India to compare the yield status (Fig. 1).

Orphan and underutilized crops in India are diverse because of their genetic,
agro-climatic, and economic niches. These viewpoints gave rise to a new series of
questions regarding the orphan crops.All biotechnological interventions and research
on major species nowadays being used as research models—such as wheat, rice, or
Arabidopsis—play an important role for forthcoming improvements of orphan crops
and help in a hike of agricultural economy. And slowly but surely, it will be possible
to compare major crop benefits over the orphan crops in the near future in India.
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Fig. 1 Detailed world map showing the two major groups of developed and developing countries
along with India as the source of data collection for area harvested and total orphan crop production
(Source FAO database)

2 Conceivable Biotechnological Interventions for Boosting
Orphan and Underutilized Harvests

Agricultural biotechnology is generating new implements to wrestle with the issue
of rustic destitution, employment, and income generation by upgrading the farm
productivity and production, enhance quality, and investigate showcasing openings
in more up-to-date ways. Among other fields of agriculture science, biotechnology
is a rapidly developing field, which could be helpful in an attempt to meet the current
and emerging challenges, for example, poor sustenance, unstable and constrained
food production, and confined fuel availability. Indeed, there are few sectors, which
cover the foremost part of agricultural biotechnology.

(a) Molecular marker characterization of genetic diversity
(b) Tissue culture and micro-propagation
(c) Marker-assisted selection (MAS)
(d) Genomics and the related disciplines of proteomics and metabolomics
(e) The production of transgenic crops [6].

The description of few advanced techniques including the use of micro-
propagation for in vitro vegetative multiplication through somatic embryogenesis
or organogenesis to clone huge numbers of plants from genotypes of predominantly
desirable traits, should be used more broadly. The upcoming technologies and devel-
opments in the field of genetics and genomics provide a more unified understanding
of the biology of plants, which as a result can further emerge new opportunities for
applying advanced science to orphan crops. Moreover, portrayal of genetic diver-
sity by molecular markers is critical for formulating effective sampling strategies,



164 A. A. Malik and G. Chaudhary

e.g., keeping inmind the end goal to determine diverse material for pre-breeding pro-
grams. The advancedmolecular markers include amplified fragment length polymor-
phism (AFLP), random amplified polymorphic DNAs (RAPDs), simple sequence
repeats, or microsatellites (SSRs); and, more recently, genotyping by sequencing–s-
ingle nucleotide polymorphism (GBS-SNP). Nowadays, genomics-assisted breeding
approaches have successfully swapped most of the projects using Sanger sequenc-
ing methodology. The advanced next-generation sequencing (NGS) technologies not
only produce DNA sequence data economically but also enhance the order of mag-
nitude as compared to other technologies. Modern breeding program specifically for
orphan crops requires a high-quality reference genome for in-depth further analysis.
This will certainly assist the plant breeders to reveal more agricultural benefits for
such crops. The outcomes of these efforts will conclusively have an unfathomable
impression on crop breeding.

This all will eventually lead to establish an association by markers and can be
used to understand complex traits, which further assist in selection for traditional
breedingmethods. The result of genetic engineering, a transgenic, is one that changed
by the addition of at least one transgene from another, often unrelated organism.
These foreign genes add to a scope of properties including resistance/tolerance to
biotic and abiotic factors and enhance the nutritional status of the crops. Genetically
modified/transgenic/engineered plants can be used as sources of new germplasm or
cultivars, which acts as a new source of variation in breeding programs and extremely
useful as proof-of-concept tools to dissect and characterize the activity and interplay
of gene networks for biotic/abiotic stress resistance [7]. The method to combine
a high-throughput whole-genome re-sequencing with a bulked-segregant analysis
represents a quicker andmore efficientmethod of identifying a target gene. Therefore,
the functional orthologs of gene with mutations could also be selected so-called as
“green revolution genes” in rice and barley [8]. In spite of significant talk with respect
to the potential employments of biotechnology for addressing worldwide agrarian
difficulties, practical deployment for a vagrant harvest is currently limited [9]. The
biotechnological interventions are required to advance and inflate the formation of
nourishment products to meet the dietary requirements of the families. The objective
of strategy system is to decrease neediness, sustenance security, social insurance
change, industrialization, and assurance of the earth through the protected utilization
of biotechnology.The real concentration range for the approach is the improvement of
the preservation and use of biodiversity. The strategy for attaining the goals is the use
of biotechnological tools to characterize primitive plants and to assess their economic
potentials for biotechnological applications as it explains the non-competitiveness
and underutilization of orphan crops; also, it has insufficient scientific evidence
about their potential value. Other than this, now government is additionally offering
an opportunity to the utilization of present-day advanced biotechnology strategies
for the change of orphan crops and its preservation for their hereditary assets as its
more productive route for the choice of increases for phenotypic portrayal.

The objective of biotechnology is to comprehend the genetic andmolecular origin
of every biological process in orphan andmajor crops that are pertinent to the species.
Furthermore, it is premier requirement to develop a set of indicators, and a system for



Global Food Security: A Truncated Yield … 165

observing biotechnology interventions, by which the costs and benefits of activities
can be fully assessed, especially costs and benefits for smallholder producers [10].

3 Interest in Logical Research for Development for Orphan
Crops

The vagrant harvests advancement is needed to build interest in logical research and
development since there is considerably less attention from international or regional
crop research organizations (such as CGIAR, the Consultative Group on Interna-
tional Agricultural Research). To meet the requirement of hunger and the global
development, orphan crops demand for substantial investments in scientific research
and innovations. The multilateral treaties and agreements like Convention on Bio-
logical Diversity (CBD) and Cartagena Protocol on Biosafety respectively ensures
to conserve biological diversity, to use biological resources sustainably, and to share
equitably the benefits arising from the use of genetic resources. But then again in case
of India, government should pay more attention over this issue by a sort of unique
program to concentrate on logical research on yield-related traits and advancement
for all states orphan crops either by traditional or advanced GM technologies for the
betterment of food security level in the near future [11].

4 Change in the General Population Expansion Framework

According to the present scenario, the population growth throughout the following
30 years will be gathered solely in the developing countries, where more than 1
billion individuals as of now live on less than US$ 1 per day, more than 800 mil-
lion individuals are underfed, and 200 million children are underweight [12]. The
worst condition was observed in rural areas where agriculture was the prominent
foundation of earnings and payments. Due to extremely low agricultural investments
by the public and private divisions, there were many poorest and neglected regions
in the world in crop production. There is a strong need to remove the bleak from
some societies by introducing certain mechanisms which can help in fueling the
advanced agriculture practices. The latest uploaded data (2014) for orphan crops on
FAO was observed to compare the total area harvested (ha), yield (ton/ha), and pro-
duction (tonnes) between developed, developing countries (like China, Afghanistan,
Sri Lanka, Kenya, South Africa, Iraq, Bangladesh, Pakistan, Turkey, Georgia, Zam-
bia) and India [5] (Table 1).

The data observed was directing toward the fact that the yield and area harvested
on production of orphan cropswere comparatively low in developing countrieswhich
could be amajor problem in the near future in nutrition deficiency, loss of biodiversity,
food security, etc. The precise and latest data was available for only seven orphan
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Fig. 2 Graph plotted with the values of total area harvested and total production of orphan crops
for a developed countries, b developing countries, and c India

crops namely beans (dry), buckwheat, chickpeas, fonio, millets, mustard seed, and
pigeon peas (Fig. 2).

The values in the table were further analyzed by calculating the average values in
each set of developed and developing countries. The unavailable data in a particular
countrywasmarked as zero (0) in the table for average estimations. For the imperative
part that vagrant products play in agricultural advancement, respected authorities
in the government ought to keep up and educate people in general horticultural
augmentation framework. This will further lead to address the necessities for poor
people in the country who have sustained and keep on growing these yields [13].

5 Conservation and Security of Orphan Crops
by Reinforcing the Seed Framework

In respect of conservation and security of crops, WFP goals targeted to maintain the
genetic diversity of seeds, cultivated plants including through soundly managed and
diversified seed and plant banks at the national, regional, and international levels.
Furthermore, this helps in promoting the access to fair and equitable sharing of
benefits arising from the utilization of genetic resources and associated traditional
knowledge at international level [14]. The conservation is managed at two major
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sectors of the society, the public sector which has a relative advantage in discovery,
while the private sector has a comparative lead in overcoming regulatory issues
and distributing seeds. Some challenges are that seed for most of these harvests is
not readily available on the market to the farmers. Those ranchers who still cultivate
these crops rely on farmer saved or recycled seeds, which are frequently of low-grade
quality. Though, nearly that is a challenge, it additionally creates an opportunity for
developing farmer-driven seed frameworks for these harvests. The farmers who have
conserved these crops would be authorized and acknowledged for their contribution
[15]. This conservation dexterity needs for the conservation of pure lines of crops
for the future research to enhance its nutritional value and other potential factors.
Consequently, seed is the most significant contribution to any crop production in an
agrarian framework. So seed approach headway is crucial, as seeds are necessities
of agriculturists for developing vagrant crops with an untainted assortment. With
the goal that the more extensive utilization of vagrant yields is utilized to expand
salaries for the provincial poor, the National Export Strategy ought to be returned
to intentionally incorporate national vagrant products. Above all else, the system
should go for provocative prerequisite and markets for these harvests and their items
in the neighboring nations where shoppers have comparable taste. Conservation and
security of orphan crop could be pragmatic by strengthening the seed framework in
the agricultural production, agro-preparing, and marketing strategy [16].

6 Embrace and Implement of Various Policies on Food
and Agriculture

Many studies revealed that the nourishment and farming-related strategies can be
utilized to stimulate the use and generation of vagrant harvests in national improve-
ment program. Agrarian policies are measures related to the domestic farm sector
and exchange of farming products. Agrarian policies address an extensive variety
of issues, including giving adequate sustenance at sensible costs for customers,
guaranteeing nourishment security, and enhancing natural quality. Organization for
Economic Co-operation and Development (OECD) is to promote policies that will
improve the economic and social well-being of people around the world as it pro-
vides a forum in which governments can work together to share experiences and
seek solutions to common problems. They work with government to understand eco-
nomic, social, and environmental changes. Theymeasure profitability andworldwide
streams of exchange and venture. OECD has created agribusiness bolster pointers
that, despite this diversity, express policy measures with numbers in a hasty way to
across time and between countries [17].

The International Food Policy Research Institute (IFPRI) teams up with accom-
plices around the globe; it includes advance implementers, public institutions, pri-
vate segment, and farmers’ organizations to ensure that local, regional, national, and
global food policies are based on evidence. IFPRI is a member of the CGIAR Con-
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sortium. Recently, FAO Project is generously funded by the Italian Government and
executed in close coordination with the Syrian Ministry of Agriculture and Agrarian
Reform (MAAR), supporting the establishment of a cadre of professional agricul-
tural policy analysts for the National Agriculture Policy Center (NAPC) and other
institutions involved in the Syrian agricultural policy-making process.

According to FAO data in India “The National Agroforestry Policy” was adopted
on 2014 under category crop development and diversification, forestry. The pol-
icy includes adverse policies, weak markets, and a dearth of institutional finance.
Agroforestry has the potential to achieve sustainability in agriculture while opti-
mizing its productivity and mitigating climate change impact. Twelfth Five-Year
Plan (2012–2017) emphasized on faster, more inclusive, and sustainable growth. It
proposes a two-pronged strategy focusing initially on the need to bring the macroe-
conomic imbalances under control and to reverse the slowdown, while also pushing
for structural reforms in many areas that are critical for maintaining medium-term
growth. The Twelfth Plan has set a target of 8% growth over the 5-year period from
2012–13 to 2016–17 [18]. Indian Government launches Pradhan Mantri Fasal Bima
and Paramparagat Krishi Vikas Yojana to address the critical importance of soil and
water for improving agricultural production.

The policy structure that gives chance to the protection, improvement, and utiliza-
tion of orphan crops is theNationalBiotechnology andBiosafety Policy (NBBP). The
objective of this structure is to add the national advancement goals such as poverty
eradication, improved health care, food security, industrialization, and eco-friendly
environment through the use of biosafety markers of biotechnology for conservation
of their genetic resources to identify useful variants for conventional plant breeding.
The National Environment Management Policy for Uganda (NEMP) is working suc-
cessfully in Uganda promoting orphan crops in national development, and its aim
is to ensure the conservation and sustainable management of Uganda’s biological
diversity. The other agency like African Orphan Crops Consortium (AOCC) aim is
to promote orphan crop cultivation.

7 Conclusion and Future Aspects

As per the updated status available with World Food Program (WFP 2017), women
represent 60% of all undernourished people in the world and 70% of the world’s
poorest people live in rural area and depend on agriculture for their livelihood. The
nutrition data also stated that 2 billion people suffer from micronutrient deficien-
cies and 45% of the deaths among children under age of 5 have malnutrition as
an underlying cause from WFP in 2015 which could be a major reason to pro-
mote the agriculture practices for orphan crops. It has been noted only 24% of the
world’s productive lands are degraded for agricultural practices, but this degraded
land greatly affects the lives of 1.5 billion people across the globe. From the most
recent information of FAO (2012), it was discovered that the populace expanded
from 2.5 billion in 2010 to 6.9 billion in 2050. UN populace projection indicates
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that the world aggregate populace scopes to 9.15 billion of every 2050 so expecting
2.25 billion over next 40 years. This expansion populace in per capita utilization
will affect on a world agribusiness by it rate of development as thought about the
past. Consumption of food in kcal/person/day is an important key variable used for
evaluating and measuring the evolution of the world food situation. The world has
gained critical ground in raising sustenance utilization per individual because in last
three and a half decades it expanded from normal of 2370 to 2770 kcal/individual/day
and the development was joined by huge auxiliary change. This indicates that diets
shifted toward more livestock products, vegetable oils, etc., and away from staples
such as roots and tubers. Therefore, it can be concluded that the world as a whole
the pressures on agriculture to produce more food for the growing population will
increase beyond 2050. It comes about that worldwide agrarian creation would need
to develop at 0.4% for each year from 2050 to 2080, i.e., not as much as a large
portion of the development rate anticipated for the period 2005/2007–2050. To meet
the need of global agriculture, it is important to improve the policy perspective and
integrate new programs in the legal and safety areas with the help of external aid
and consultation to facilitate the adoption of hi-tech agriculture technology. The
arrangement needs the foundation of legitimate and security measures as it is more
vital that allotting extra subsidizes to biotechnology to improve in crop research by
using molecular markers and mapping strategies for a regular harvest rearing, and
the involvement of private segment participation useful in distributing seeds. The
government goals have been mostly coordinated at advancing the creation and use
of significant products which need to be concentrated on the poor people group’s
yields—the vagrant harvests. In this regard, orphan products can perhaps upgrade
the nourishment and sustenance security, as well as empowerments to the farm-
ers. Regardless, if given the required supportive bolster in the regions of agrarian
research, augmentation, agro-preparing, and promoting many vagrant products gear
up the extraordinary market potential broadly worldwide. This is the ideal time to
ensure sustenance and occupation security of our rustic poor by putting resources
into their products. On the other hand, in advancing orphan and underutilized crops,
it is vital for government to look back their financial aspects. The key role played
by these crops in assuring the food and nutrition security of the rural poor people as
their role in maintaining and increasing biodiversity which is critical for sustainable
environmental management and agricultural production, its adaptability to marginal
settings and their ability to stabilize fragile environments are critical considerations
in themselves which merit these minor crops for getting more policy support than
they are currently being given. More operative plant husbandry and involvement
of advanced biotechnological technologies (like marker-assisted breeding technolo-
gies, transgenic approaches, high-throughput sequencing) should be implemented to
enhance the genetic and genomic resources of vagrant crops. The yield of orphan
crop plays a significant role in ensuring sustenance and nourishment security of the
country’s poor people group. Orphan crops should be as much as biological diverse
to fulfill the needs of farming generation as these crops also have the capacity to
balance out a delicate situation to ensure nourishment and solve the problems related
to food security worldwide.



Global Food Security: A Truncated Yield … 171

Acknowledgements The authors acknowledge the gracious funding provided by the postdoctorate
fellowship by University Grants Commission, Government of India. The authors are also thankful
to Dr. Ajay Mathur, Director General, TERI, for his kind support.

Conflicts of Interest The authors declare no conflict of interest. The founding sponsors had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing
of the manuscript; and in the decision to publish the results.

References

1. Naylor, R.L., Falcon, W.P., Goodman, R.M., Jahn, M.M., Sengooba, T., Tefera, H., Nelson,
R.J.: Biotechnology in the developing world: a case for increased investments in orphan crops.
Food Policy 29, 15–44 (2004)

2. Dawson, I.K., Hedley, P.E., Guarino, L., Jaenicke, H.: Does biotechnology have a role in the
promotion of underutilised crops? Food Policy 34, 319–328 (2009)

3. Kamei, C.L.A., Severing, E.I., Dechesne, A., Furrer, H., Dolstra, O., Trindade, L.M.: Orphan
crops browser: a bridge between model and orphan crops. Molecular Breeding, 36 (2015)

4. Naluwairo, R.: Investing in orphan crops to improve food and livelihood security of Uganda’s
rural poor: policy gaps, opportunities and recommendations. ACODE Policy Res. Series 43
(2011)

5. FAOSTAT. FAOSTAT database
6. FAO: Preliminary review of biotechnology in forestry, including genetic modification. Forest

Genetic Resources Working Paper FGR/59E (2004)
7. Jewell, M.C., Campbell, B.C., Godwin, I.D.: Transgenic plants for abiotic stress resistance.

Springer-Verlag, Berlin Heidelberg (2010)
8. Dong,W.,Wu,D., Li, G.,Wu,D.,Wang, Z.: Next-generation sequencing frombulked segregant

analysis identifies a dwarfism gene in watermelon. Scientific Reports 2018, 8, https://doi.org/
10.1038/s41598-018-21293-1

9. Jain, S.M.,Gupta, S.D.:Biotechnologyof neglected andunderutilized crops, Springer Science+
Business Media Dordrecht (2013)

10. Tumushabe, G.W.: The precautionary principle, biotechnology and environmental litigation:
complexities in litigating new and emerging environmental problems. ACODE Policy Res.
Series 3 (2001)

11. Naluwairo, R., Tabaro, E.: Promoting food security and sustainable agriculture through facili-
tated access to plant genetic resources for food and agriculture: understanding the multilateral
system of access and benefit sharing. ACODE Policy Res. Series, 18 (2006)

12. Smil, V.: Feeding the world: a challenge to the 21st century. MIT Press, Cambridge (2000)
13. Brookes, G., Barfoot, P.: Global impact of biotech crops: socio-economic and environmental

effects 1996–2006. AgBioForum 11, 21–38 (2008)
14. Goals, G.: The global goals. http://www.globalgoals.org/global-goals/no-hunger/ (2017)
15. Kaushik, S.: 5 schemes introduced by the government to make agriculture a profitable sector.

Food and Agriculture 2016
16. Mugyenyi, O., Zeija, F.: The east african customs union protocol: an audit of the stakeholders’

participation in the negotiation process. ACODE Policy Res. Series, 14 (2006)
17. Agricultural Policy Monitoring and Evaluation: http://www.oecd.org/tad/agricultural-policies/

monitoring-and-evaluation.htm (2017)
18. Twelfth Five Year Plan (2012–2017) Faster, more inclusive and sustainable growth. Planning

Commission (Government of India). SAGE Publications India Pvt Ltd. (2013)

https://doi.org/10.1038/s41598-018-21293-1
http://www.globalgoals.org/global-goals/no-hunger/
http://www.oecd.org/tad/agricultural-policies/monitoring-and-evaluation.htm


Part VI
Ordinary to Extra-ordinary
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Abstract Metabolomics is one of the most emerging technologies being used for
crop improvement. It allows a comprehensive understanding of complex networks
of biological processes, which will certainly help to accelerate the sustainable crop
production. In a short time, valuable efforts have been made in developing high-
throughput instruments, online tools, and databases for its global application. Soy-
bean is the most widely grown protein/oilseed crop in the world and also used as
processed foods, raw material for industrial and pharmaceutical applications and for
the production of biodiesel. Due to the high demand for soybean, metabolomics has
been applied to understandplant response to different biotic and abiotic stresses and to
improve soybean yield. Currently, there is a demand for the development of computa-
tional tools and databases for data processing and analysis of metabolic information.
Although several large-scale datasets for other ‘omics’ approaches (such as genomics
and transcriptomics) are publicly available, very few studies have been conducted
to integrate the genomics–metabolomics approaches to identify QTL/genes. In an
effort to comprehend the current scenario and prospects in soybean metabolomics,
this chapter highlights the details of soybean metabolomics studies and advances
being made to improve environmental stress tolerance. In addition, we discuss pros
and cons of different metabolomics approaches. The potential integrated approaches
incorporating genomics, transcriptomics, proteomics, ionomics, and metabolomics
for soybean improvement were also discussed.
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1 Introduction

Metabolomics is an important progression to contemporary omics technologies such
as genomics, proteomics, transcriptomics, ionomics, and phenomics those are being
used for the crop improvement. Some of the advantages of metabolomics include
the ability to study the changes in the entire metabolite profile and understand the
role and regulation of different metabolites that leads to enhancing yield, abiotic
and biotic stress tolerance, disease resistance, seed composition, and flavor enrich-
ment. Furthermore, metabolites are the most predictive of the phenotype because
they are the end products of gene expression and protein translation [1]. Plants pro-
duce enormous numbers of metabolites that play important roles in plant growth,
development, and response to environments. A range of metabolites are responsible
for crop yield and quality, also nutrition and energy source for human and livestock
[2]. Plant metabolites are broadly categorized as primary and secondary metabolites,
the former is responsible for the growth and development of a plant while the latter
is essential for plant survival under stress conditions [3]. Metabolite profiling can
provide an understanding of the biochemical function of plant metabolism [4]. It
involves the measurement of all small molecules, such as sugars, amino acids, and
lipids, which are the products and substrates of chemical reactions within biological
systems that carry an imprint of all genetic, epigenetic, and environmental factors
[5]. Such analyses offer a direct link between a gene sequence and the function of
the metabolic network in plants. Hence, metabolite profiling allows interpretation of
connections that arise mainly through regulation at the metabolic level [6] (Fig. 1).

Metabolomics progress has benefited from technological advances in mass spec-
trometry (MS) over the last few years, and the amount and complexity of the

Fig. 1 Schematic representation of metabolomics analysis and its utilization for the soybean
improvement
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methodological standards produced have been growing rapidly. Several methodolog-
ical applications have been introduced for metabolite profiling, including Fourier-
transform ion cyclotron resonance (FT-ICR-MS), Fourier-transform infrared spec-
troscopy (FT-IR), gas chromatography (GC-MS), liquid chromatography (LC-MS),
capillary electrophoresis mass spectrometry (CE-MS), electrospray ionization (ESI-
MS), and nuclear magnetic resonance (NMR) [7]. Despite the advances in modern
technologies for metabolome analysis, the major challenge is to develop compu-
tational and statistical methods that can decode the information in the large-scale
datasets. The computational programs such as MZmine [8], MS-DIAL [9], XCMS
[10], OpenMS [11] and other specialized programs have been used as the pipeline
of the metabolomics workflow [12]. In addition, there are custom software and Web
resources such as Metabolic Networks (MetNet), Plant/Eukaryotic and Microbial
Metabolomics SystemsResource (PMR) [13], andPlantMetaboliteAnnotationTool-
box (PlantMAT) [14] which have been developed to address the biggest challenge,
i.e., identification of metabolites. Due to advances in availability of tools and meth-
ods for metabolic profiling, metabolic profiling has been employed in many biolog-
ical studies, for example, metabolite profiling to discriminate specific compounds
[15], identification of candidate gene(s) and its function in compound synthesis [16],
response in abiotic stress [17], and as well as in the improvement of breeding mate-
rials [18].

Despite the above-mentioned advantages, a stand-alone omics technology cannot
provide a full understanding of biological processes to improve the environmental
stress tolerance. Hence, integration of metabolomics with other omic technologies
is an important step for the crop improvement [19]. The accessibility to the ‘omics’
data has further fueled the progress in plant metabolomics, and efforts have been
made to develop tools to integrate genomics, transcriptomics, and metabolomics
data, for example, KaPPA-View 4 (http://kpv.kazusa.or.jp/kpv4/) is an important
tool to understand metabolic regulation and to generate hypotheses from publically
available ‘omics’ data. The availability of genomics and transcriptomics informa-
tion and combined analysis with metabolomics has facilitated the interpretation and
understanding of complex biological processes [20].

Soybean is the most important legume crop, which provides sources of starch,
dietary fiber, protein, lipids, and essential minerals oil and protein for human as
well as for livestock. Soybeans are unique in legumes with contents of about 40%
protein and 21% oil. It is the most widely grown protein/oilseed crop in the world,
with both North and South America producing a large portion of the world’s sup-
ply and constitutes about half of the global oilseed production [21]. Besides the
consumption as a food and feedstock, soybean oil can potentially serve as a future
fuel source with efforts being made to improve soy-diesel production [22], besides
soybean protein-based biodegradable materials being researched can serve as an
alternative for plastics [23]. Diverse soybean use makes it a widely desired crop
plant, and the demand is rapidly increasing. Studies have demonstrated that genetics
and environment can significantly affect soybean, with the production greatly influ-
enced by climatic conditions, geographical location, and environmental stress such as
drought, flooding, and salinity [24]. However, since complex interaction is involved

http://kpv.kazusa.or.jp/kpv4/
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Fig. 2 Distribution of recent publications on applications of metabolomics in soybean by research
area. Numbers of publications were obtained by searching for the corresponding keywords (e.g.,
metabolomics AND soybean seed) in PubMed with a time range of 2001–current (April 2018) and
fractions were calculated by dividing the number obtained for each area by the total number of
publications in metabolomics

between molecular, biochemical, and genetic mechanisms in soybean, a thorough
understanding of the relationship between crop performance and metabolic response
of soybean to various growing conditions is needed for its effective management.
In recent years, metabolomics has been applied in soybean for various environmen-
tal stress tolerance enhancement (Fig. 2). Here in this chapter, we discuss recent
progress in soybean metabolomics studies for biotic and abiotic stress tolerance and
other growth conditions.

2 Metabolomics in Soybean Biotic/Abiotic Stress

Due to the high demand for soybean, quantity and quality control are critical for soy-
bean production. In view of the demand, the environmental stress is one of the factors
that can cause serious yield loss. Biotic or abiotic stresses could be defined as any
alterations in the plant’s growth conditions, which causes a change in its metabolic
pathways to achieve a new state of homeostasis [25]. For example, several pathogens,
such as bacteria, fungi, nematodes, virus, and insects or other environmental stresses,
such as drought, heat, and salt are serious threats to soybean cultivation in the USA
and other soybean growing countries, causing losses and increasing production costs
every year. In order to improve soybean production and quality, the metabolomic
analysis could help to monitor precursors, intermediates, and metabolic pathways
to detect metabolic responses to various environmental stress. In soybean, several
efforts have been made to improve salt tolerance [26], flooding [27], drought and
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heat stress [28], and various pathogen infections such as virus [29] and aphid [30]
(Table 1) (Fig. 2).

A metabolomic study was performed to understand root nodulation by nitrogen-
fixing symbiotic bacterium Bradyrhizobium japonicum in soybean. The study iden-
tified 2610 metabolites in root hairs using GC-MS and UPLC-QTOF-MS, and 166
metabolites were observed to be significantly associated with the responses to B.
japonicum inoculation. Subsequent analysis revealed that trehalose was among the
most strongly induced metabolites detected following B. japonicum inoculation. The
study suggested that B. japonicum likely experiences osmotic stress during the infec-
tion process, either on the root hair surface or within the infection thread because of
osmoprotectant trehalose [31].

Since wild soybean (Glycine soja) is considered to be resistant and adaptable to
different environmental conditions, it has been utilized vastly in salt stress-related
studies. Lu et al. (2013) characterized metabolic changes in cultivated (Glycine max)
and wild soybean under salt stress. The results indicated that wild soybean con-
tained higher sugar alcohols, disaccharides, and acetylated amino acids than the cul-
tivated soybean, but with relatively lower amounts of monosaccharides, carboxylic
acids, and unsaturated fatty acids. To obtain high yields in saline soil conditions,
it is important to dissect the plant metabolic mechanisms in response to salt stress
[26]b. Zhang et al. (2016) characterized 68 metabolites in cultivated soybean and
wild soybean under neutral-salt and alkali-salt stresses using GC-MS to uncover the
physiological and molecular differences in salt tolerance. The study revealed that
wild soybean contained significantly higher amounts of phenylalanine, asparagine,
citraconic acid, citramalic acid, citric acid, and α-ketoglutaric acid under neutral-salt
stress, and higher amounts of palmitic acid, lignoceric acid, glucose, citric acid, and
α-ketoglutaric acid under alkali-salt stress, than cultivated soybean resulting into
lower inhibition in wild soybean than in cultivated soybean especially under alkali-
salt stress [32]. Furthermore, another study corroborated the fact that wild soybean is
more salt tolerant than semi-wild and cultivated soybeans because of higher amounts
of specific metabolites in wild soybean [33]. Similarly, water stress was assessed in
cultivated soybean (drought tolerant (NA5009RG) and sensitive (DM50048) geno-
types) for overall growth, nitrogen fixation, ureide, and proline dynamics to elucidate
metabolic changes in relation to the physiological responses in the nitrogen-fixing
plants toward water limitation [34]. The results demonstrated differences in physio-
logical responses between these two genotypes on the basis of metabolite variation
in response to drought conditions. Moreover, drought/heat stress was further stud-
ied in cultivated soybean, and metabolomic data showed that the specific metabo-
lites involved in various cellular processes, such as glycolysis, the tricarboxylic acid
(TCA) cycle, the pentose phosphate pathway, and starch biosynthesis, were differ-
entially accumulated in soybean leaves [28].

Also, metabolomics approach has been used to understand metabolism regula-
tion in response to pathogen infections such as Rhizoctonia solani [35] and Soybean
Mosaic virus [29] and supported the fact that change in particular carbohydrates and
amino acids concentrations determine the plant response in stress conditions. With
above-mentioned studies, thus, metabolomic profiling in soybeans demonstrated
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Table 1 Details of significant efforts of metabolomics studies performed in soybean

Tissue Purpose of the
study

Methods Metabolites References

Leaf Metabolome
compartmenta-
tion
assessment

NAQF and GC-MS 100 [41]

Seed Comparative
metabolite
profiling for salt
tolerance

HPLC-UV-ESI-MS 200 [26]a

Seed Metabolite
comparison in
GM and
conventional
soybean

CE-ESI-TOF-MS 45 [42]

Germinated
soybean

Defense
response

LC-MS and GC-MS – [43]

Dried soybean Fermentative
capability of
soybean starter

1H NMR spectra – [44]

Root hairs Metabolic
response on B.
japonicum
infection

GC-MS,
UPLC-QTOF-MS

199 [30]

Cotyledon Defense-related
prenylated
isoflavones

LC-MS and NMR 26 [45]

Leaves and
nodules

Water stress in
tolerant and
sensitive
soybean

1H NMR spectra – [34]

Leaf Salt stress
comparison in
G. max and G.
soja

GC–MS/LC–FT/MS 98 [26]b

Leaf Aphid resistance
in sensitive and
tolerant soybean

CE–TOF-MS 196 [30]

Pods Metabolite
changes under
greenhouse and
field condition

GC-MS, LC-MS, and
GC-FID

20 [36]

Leaf Metabolic
comparison in
cultivated and
semi-wild
soybean

1H NMR spectra – [46]

(continued)
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Table 1 (continued)

Tissue Purpose of the
study

Methods Metabolites References

Seedling roots Salt tolerance
comparison in
wild, semi-wild,
and cultivated
soybean

GC–MS/LC–FT/MS 47 [33]

Seedling Shade tolerance
at seedling stage

HPLC 12 [47]

Seed Effect of
shading on fatty
acid metabolism

GC-MS – [48]

Leaf Effect of
drought and heat
stress on sugar
and nitrogen
metabolism

GC-MS and LC-MS 266 [28]

Leaf and root Metabolic
response
evaluation to
Mg deficiency

GC-TOF – [39]

Seedling roots Salt stress in G.
soja

GC-MS 28 [26]c

Leaf Effect of
geographical
dependence on
metabolic
composition

1H NMR spectra – [38]

carbohydrates and amino acids concentrations associated with sugar and nitrogen
metabolism are of prime significance under environmental stress conditions. There-
fore, to combat environmental stress for increased productivity and yield, it is impor-
tant to understand the key metabolite changes that regulate different physiological
and biochemical processes in various stress conditions.

3 Metabolomics in Soybean Grown Under Different
Growth Conditions

Since the metabolic compositions are likely affected by environmental conditions
during growth, the effect of geographical location and various growth conditions
on metabolites have been compared in soybean. Due to changing climate, reduced
agriculture acreages, and increasing soybean demand, greenhouse cultivation can be
helpful to enhance productivity. A greenhouse can provide extended growing sea-
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sons, minimal pest infestations, and protection against drastic weather fluctuations
like frost, heat, rain, and wind. To understand metabolite changes in field and growth
conditions, John et al. (2016) examined the metabolic responses of nine soybean
varieties grown under field and greenhouse conditions. The metabolites such as glu-
cose, sucrose, and pinitol and isoflavone aglycones were found to be increased, but
the isoflavones glucoside content decreased in the greenhouse cultivated soybeans.
The results indicated that genetic variation and growing conditions certainly influ-
ence the soybean metabolites composition [36]. Similarly, another study supported
the metabolite composition change in various growth conditions [37]. Dwarf (Mini-
Max) and commercially cultivated (Williams 82) soybean genotypes were assessed
under greenhouse and field conditions. Interestingly, isoflavone aglycones content
was observed higher in both genotypes in greenhouse grown samples as compared
to the field grown samples. This study concluded that metabolite composition gets
influenced by both growing conditions and cultivars [37]. Furthermore, the cultivated
soybean (G. max cv. Sinhwa) was investigated by growing soybean in various geo-
graphical locations in Korea, namely the southernmost island and volcanic region of
Korea, the central section and the limestone region of theKorean peninsula to observe
the metabolite composition of soybean leaves under various environmental condi-
tions.Due to differences in soil compositions and climatic conditions between the two
growing areas, differences in accumulations of pinitol and diverse flavonoids were
noted in soybean leaves, suggesting that soybean plants have the distinct metabolism
and physiological adaptation toward different environmental conditions [38].

Besides metabolomics being used for understanding environmental factors and
their impact on soybean, it is also being used to study the impact of mineral defi-
ciency. For example, magnesium (Mg) deficiency has been reported to affect soybean
plant growth and development through regulating key metabolic pathways [39]. The
results showed that Mg deficiency could cause large metabolite alterations in car-
bon and nitrogen metabolism. The Mg-deficient plants displayed distinct changes
at a metabolic level from controls at 4 days after stress (DAS) and were clearly
discriminated at 8 DAS. Also, the carbon and nitrogen metabolic responses were
found to be distinct in leaves and roots under Mg deficiency. The data suggested that
most amino acids (such as phenylalanine, asparagine, leucine, isoleucine, glycine,
glutamine, and serine) had higher accumulation in the leaves, while most organic
acids (including pyruvic acid, citric acid, 2-ketoglutaric acid, succinic acid, fumaric
acid, and malic acid) were significantly decreased in the roots [39]. From the studies
mentioned above, it can be understood that the complexity of plant physiological
processes necessitates the use of metabolomics analysis for a comprehensive under-
standing with regard to metabolite regulation and response to various environmental
and genetic factors.
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4 Integration of Metabolomics with Other Omics
Approaches in Soybean

Advancements in various omics approaches and computational tools have pro-
vided information related to gene function, genome structures, biological pathways,
metabolic and regulatory networks. Although there are many biological network
models available, they do not always provide a complete depiction of cellular and
molecular networks of the plant systems solely based on genome, transcriptome, or
metabolome data. Thus, integration of multiple ‘omics’ approaches is essential to
decipher the physiological, biochemical, andmolecular levels to develop high-quality
soybean with stable yield.

In soybean, a combination of approaches has led to successful discoveries, for
instance, Kovinich et al. (2011) combined gene expression and metabolite data to
elucidate the control of the R locus identification of pigment biosynthesis genes [40].
Recently, proteomics and metabolomics were integrated to investigate the changes
in soybean leaf metabolism upon ethylene (ET), abscisic acid (ABA), and combined
ABA+ET treatments [19]. A total of 4129 unique protein groups were identified.
Further analysis showed an abundance of specific proteins associated with flavonoid
and isoflavonoid biosynthesis in response to ET treatment. In addition, metabolome
analysis assigned 79 metabolites, which further corroborated the accumulation of
flavonoids and isoflavonoids upon ET treatment [19]. Hence, above-mentioned stud-
ies clearly illustrated that a combination of approaches is required for better under-
standing of physiological and biochemical processes in soybean.

5 Conclusion and the Future Outlook

The advancements in metabolomics technologies have accelerated the possibility
of biological process regulations study at different levels for the desired traits in
soybean. Recent developments in computational resources, statistical tools, and high-
throughput instruments have paved the way for the discovery of novel metabolites
and specific metabolite networks toward improving soybean seed composition and
environmental stress tolerance, etc. These advances would greatly help in the precise
understanding of various biological processes and signaling pathways. Nevertheless,
challenges remain in multiple areas.

Although there are several metabolomics platforms and resources available, the
greatest challenge in metabolomics is still to decide the best approach in experiments
to achieve best biological insight. In addition, there are thousands of plant metabo-
lites, out of which many are still unknown. Therefore, no single method is sufficient
to evaluate plant metabolomics, a combination of approaches (i.e., LC-MS, GC-MS,
NMR) dependent on the chemical properties of the metabolite could be implemented
to acquire comprehensive metabolome information.
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Due to the complex interactionbetween several traits, it is also essential to combine
metabolomics data with other ‘omics’ databases (i.e., genomics, transcriptomics,
and proteomics) to obtain a clear picture of the biological processes during soybean
growth, development, and stress conditions. Despite the availability of metabolomics
resources andother omics technologies, computational tools anddatabase still need to
be designed for the utilization of publicly available data. Therefore, the establishment
of high-throughput data analysis and processing standards will be crucial step to
further advance the multi-omics approach for more comprehensive understanding.

In spite of these challenges, efforts are underway to create better approaches
and protocols to make advances in the metabolomics field. Even though the future
outlook formetabolomics is promising, the currently available technologies are fairly
progressed allowing identification of unknown genes, biomarker discovery, and rapid
discovery of novelmetabolites. The information presented in this chapterwill provide
glimpses of the current scenarios and future perspectives for the stress tolerance
improvement of soybean.
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Phyto-Stem Cell: New Door
in Cosmetology

Megha Jha

Abstract The recent upsurge in use of herbal medicines and cosmetics is based on
new technical inputs that include the use of biologically active ingredients, genetic
study for individual skin care, regenerative therapies, and tissue engineering. The
biological active ingredients not only use in skin care products but also for use in
various dermatological disorders. A healthy balanced mind and body are associated
with muscle, bone, skin, hair, nails, subcutaneous tissues, and glands. The stem cells
can be nudged to develop into specialized cell types to regenerate tissue. Cosmetics
nowadays take advantage from those technologies for achieving healthy results. One
of them is stem cell technology; the idea behind using stem cells is that they stim-
ulate the growth of more stem cells in skin. Plant stem cell extracts act as an active
ingredient in cosmetics due to the biologically beneficial properties; therefore, some
researchers have focus toward stem cells for cosmetic formulation preparations.
There is a concern about harmful chemical used in personal care products which
has increased consumer interest in naturally prepared cosmetics formulations. Many
biotech companies are manufacturing anti-aging, skin soothing, acne-prone personal
care products from biologically active ingredients derived from plants. The present
review focuses on biotechnologically prepared plant stem cells for production of
active ingredients in cosmetic industry for keeping skin looking youthful.

Keywords Subcutaneous · Acne prone · Cosmetology

1 Introduction

The term cosmeceuticals was first used by Raymond Reed founding member of U.S.
Society of Cosmetics Chemist in 1961. He actually used the word to brief the active
and science based cosmetics. The above term cosmetic and therapeutic was further
used by Dr. Albert Kligman in 1984 [1]. In the last few decades, there has been an
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exponential growth in the field of herbal cosmeceuticals which are gaining popularity
in world market because of their skin friendliness, purity, and less side effects. In
India, cosmetic industry has a plethora of natural cosmetic brands as Himalaya,
Biotique, Patanjali, Dabur, VLCC, Lotus, etc.

Herbal cream formulation is very popular and is said to have various beneficial
effects such as soothing of skin irritation as it contains powerful antioxidants that
help improve skin texture, along with the benefits of Vitamins C and E and fatty
acids, which promoting relaxation, offering intense hydration, and moreover it also
helps in reducing the appearance of the first signs of aging as elastic and toning
of skin. The phytocomponents play a major role in healing potential as described
in Ayurvedic literature resources and characterized in Ayurvedic pharmacopeias.
Duringmanufacturing, cosmetic formulations were standardized at all quality testing
levels of manufacturing from plant selection, procurement, molecular biomarkers
mechanistic level to product development.

Herbal cosmetics and ingredients do not require having Food and Drug adminis-
tration approval before they reach market. Like cosmetics, these are only subjected
for their safety assessment as per the given rules of FDA. Generally, it is not manda-
tory for a manufacturer to claim about product formulation [2]. There are rising
numbers of consumers concerned about the ingredients such as synthetic chemicals,
mineral oils, who are demanding more natural products with traceable and more
natural ingredients free from harmful chemicals [3].

Past literature confirmations about the use of phyto-stem cells technology for slow
skin aging and keep skin youthful for long time. Phyto-stem-cell-based cosmetics are
particularly preferred because of their eco-friendly nature, and it would not provide
any side effects to the skin and the body. Several plants extracts are used for new
cosmetic products development. Phyto-stem cells products are the formulations,
which represent cosmetic associated with active phytoconstituents; thus, it helps
to reduce damage, irritation, and aging of the skin (Fig. 1).

2 Plant Cell Culture Technology

Plant tissue culture allows the propagation of undifferentiated plant cells to regen-
erate a whole plant or to produce single cells culture for production of secondary
metabolites [5]. The use of plant cell culture allows a controlled production indepen-
dent of the season and weather influences, also free from the risk of contamination
from pesticides. Cosmetologists are desperately looking for new innovative natural
approaches for cosmetic applications by the help of plant tissue culture technique.
Cosmetic societies are bringing up new aspect of cosmetic plant-derivedmetabolites.

Plant cell culture technology should ensure the growth of plant cell in aseptic
condition. The process involves the selection of appropriate plant material and ster-
ilization of a tissue to eliminate damage of meristem cell which is required for new
cell line creation. Sterilized plant tissue is reduced to fragments (explants) and placed
on the petri plates containing solid medium. An unorganized mass produced (callus)
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Fig. 1 Schematic structure
of hair follicle. Modified
from [4]

whichmust be regularly transferred to a proper nutrientmedium including a source of
organic carbon and energy (most frequently a saccharose) and plant hormones equal
proportions (auxin and cytokine), vitamins, and also micro- and macroelements.
Plants can be induced by hormones auxin to cytokinin ratio greater than cause root
development on many replicate plantlets, and treatment with auxin to cytokinin ratio
is lesser than induces shoot development onmany replicate plantlets. The suspension
cultures require gradual adaptation for growth inside a conical flask (200 mL) and
then to grow inside bioreactors (100 L). Cultures carried in bioreactors must have
ensured a constant temperature and proper gaseous exchange level required for cell
metabolism. The increase in biomass is monitored by measurement of: sugar con-
tents, electrical conductivity, pH level, optical density measurement, cell vitality, and
contents of secondary metabolites. The choice of the suitable cell lines depends on
the large-scale production of cultures and lesser doubling time. The established sus-
pension cell culture processed with high-pressure treatment to break the suspended
cells in a mixture thus releases the active ingredients. The extract obtained from plant
stem cells can be then further encapsulated for better flux and increased permeability
in various nano-structured carrier systems for topical delivery as a cosmetic product
[6].
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3 Phyto-Stem Cells

Stem cells are characterized by the ability to regenerate and continuously give rise
to new specialized cells that have the potential to grow into any organ, tissue, or
cell in the plant’s body. Phyto-stem cells do not undergo the aging process, and
their everlasting life gives rise to specialized and unspecialized cells. They have
the potential to grow into any organ, tissue, or cell in the body and, by being multi-
functional, they create a powerful nutrient balm; a wealth of amino acids, sugars, and
proteins that you are extracting and putting into the product. The use of phyto-stem
cell is to create secondary metabolite by tissue culture technique as it has several
advantages, such as availability of fresh materials, standardization, high levels of
consistency from batch to batch, extracted compound are safe as produced in aseptic
conditions, cells can be induced to produce specific compounds of interest. That
is the brief by which scientists have more control over the quality and quantity of
anti-aging substance the plant produces.

The stem cells from which the plant body develops are located in shoot and
root meristems, and new research indicates that the balance between proliferation
and differentiation in each is controlled by related proteins that interact in a similar
feedback network. By using cell cultures, plant biotech industries can grow wide
variety of plants, creating a sustainable registry of plant extracts without disrupting
the environment (Fig. 2).

Extensive effort has been expanded by pharmaceuticals and cosmetic industries to
understand the skin aging processes. Stem cells have attracted similar interest from
the cosmetics industry, and various companies are already exploring their potential
for skin care products. In the entire life cycle of plants, stem cells remain active over
hundreds to thousands of years, revealing the exquisite precision in the underlying
control of proliferation, self-renewal, and differentiation (Fig. 3).

Fig. 2 Diagrammatic representation of stem cells in plant meristem (root and shoot meristem)
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Fig. 3 Flow diagram of Phyto-stem cell technology

4 Genetic of Healthy Skin

Aging depends on various factors such as diet, environment, genetic factors, and other
personal habit. It is a multifaceted progression of the skin layers: epidermis, dermis,
and subcutis with denaturing proteins and reduced functioning of regenerative cells.
Stem cell residing in the epidermis is divided into basal layer stem cells and inter-
follicular stem cells [7]. A decline in epidermal stem cells has been observed with
reference to shortened telomeres, which reduced proliferative potential when cells
exposed to UV radiations thus, leading to aging and also cell death [8].

A rejuvenating enzyme telomerase can add telomeric repeats at the end of the
chromosome and these repeats with the help of telomerase enzyme prevent the dete-
rioration as well as shortening of chromosomal end each time after the cell division.
Since, telomere is an important tool for maintaining chromosomal stability. Telom-
erase consist of Protein and RNA sequences as a template for synthesizing telomere
DNA.
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5 Benefits of Plant Stem Cells for Human Skin

Natural cosmetic is general term applied to all preparation and external conditioning
or beautifying the body [9]. Stem cells play an important role in skin care as they
are having self-renewal property. Antioxidants are considered important cosmeceu-
ticals on justification of skin care benefits by protecting cell from UV damage and
by neutralizing free radicals. A world-class cosmetic product contains plant extracts
derived from plant stem cells and that helps in protecting the skin from damage.
Biotechnology is no longer limited to cloning techniques. Through stem cell tech-
nology, researchers are able to extract tissues from plants. The plant kingdom has
provided an endless source of medicinal plants first used in their crude forms as
herbal ointments and powders. Today, researcher focuses upon the plants ability to
regenerate stem cell for human use. Hence, it is believed that a nature has provided
an excellent storehouse of remedies to cure skin diseases. Stem cell technology holds
promise for stem cell cosmetics, which involves plant extracts for skin fairness as
well as reducing side effects. Research shows that plant stem cells can slow skin
aging by defending against extrinsic stress, keeping skin looking youthful, longer.
This discovery opened the door in cosmetic stem cell research.

6 Phyto-Stem Cells

6.1 Edelweiss Stem Cells

Edelweiss (Leontopodium alpinum) is tiny flower that withstand harsh alpine climes,
and its extract is having a strong antioxidative and radical scavenging activity as it
contains leontopodic acids A and B, an strong antioxidants. An Italian company,
the Institute of Biotechnological Research, that produces the edelweiss stem cells
explains an interesting technique in which they chop up some of the plant’s biomass,
and the surrounding cells revert to stem cells in order to protect the plantwith awound
healing tissue called callus. Edelweiss also contains various effective components
such as polyphenols, belongs to classes of phenylpropanoids (phenolic acids, glyco-
sides, flavonoids, coumarines, and lignans), terpenes (sesquiterpenes and diterpene
acids), and alkaloids (benzofuran and pyrane derivatives) [10]. According to pharma-
cological aspects, the extract of Edelweiss from aerial parts and roots possessing an
anti-inflammatory and antibacterial property due to the presence of phenylpropanoids
[11]. The analytical chemistry of Edelweiss revealed the presence of glycosides and
aglycones of flavonoids (luteolin, quercetin, and apigenin) as well as high content
of leontopodic, chlorogenic, and 3, 5-dicaffeoylquinic acids, that may help to lead
younger-looking skin. It is said to have cytoprotective property and allegedly prevents
collagen breakdown [12].
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6.2 Apple Stem Cells

PhytoCellTec Malus Domestica is a liposomal preparation based on the rare Swiss
apple stem cell called Uttwiler Spatlauber. Plant stem cells can be integrated easily
into cosmetic products in form of artificial vesicles to enhance anti-aging property
of skin. It not only protects skin’s own stem cells but has been shown to have excel-
lent age-delaying and anti-wrinkle properties, and at this time it is one of the most
pioneering ingredients in skin care [13].

6.3 Lilac Stem Cells

Syringa vulgaris is a shrub commonly known as Lilac. Studies are showing that the
enzyme produced by plant tissue culture reduces acne lesions up to 40%. Tissue cul-
ture technique also helps to slow down the sebum production, and it is a tyrosinase
inhibitor. Enzyme tyrosinase—akey factor in themelanogenesis process—ultimately
leads to the deposition of hyper-pigmentation. Past research revealed that the uses
of lilac stem cells in skin lightening products have beneficial effect in post inflam-
matory hyper-pigmentation, and its results recommend that it has an antioxidant,
anti-inflammatory properties, and reduces the trans-epidermal water loss. Verbas-
coside is the active component, an effective antioxidant, anti-inflammatory agent,
and anti-acne also. Verbascoside has also been shown to suppress the 5-α reduc-
tase enzyme that triggers sebum activity—one of the four contributing factors in the
pathogenesis of acne. Lilac stem cells inhibit 5α-reductase, an enzyme involved in
sebum production, and they also decrease the pro-inflammatory chemokine IL-8. In
a clinical research study, lilac stem cell extract reduced lesions in 29 acne patients by
40% in 30 days and significantly decrease in inflammation andmelanin pigmentation
[14].

6.4 Argan Stem Cell

The argan tree recognized as Argania spinosa is endemic to semi-desert areas of
southwestern Morocco, where they cover more than 8000 km2 and have important
socioeconomic and environmental impacts. Active ingredients of Argania spinosa
were tocopherol and essential fatty acids (linoleic acid and oleic acid). Argan is
capable of both protecting and vitalizing human skin stem cells. Studies revealed
that it accelerates the natural repair process and helps to tighten, tone, revitalizing
and protecting the skin cells. Previous studies from the manufacturers revealed that
argan is working in the skin cells. It reduces the wrinkle depth by up to 26% and
increases skin density, encouraging collagen and elastin growth [15].
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6.5 Echinacea Stem Cell

Echinacea Stems GX™ is plant-based stem cell obtained from the culture of Echi-
nacea angustifolia, and it is traditionally used in neutraceuticals as an immunos-
timulant ingredient. Phenylpropanoid such as echinacoside, an active ingredient in
Echinacea Stems GX™, efficiently preserves the capillary wall and reinforces the
micro-vascular environment. The skin around the eyes is the thinnest body skin and
is exposed to a wide range of stress conditions, such as aging. These external factors
cause an inflammatory response to activate macrophages that release a large amount
of nitric oxide, a potent vasodilator. Thus, attack the capillary wall and improve cap-
illary permeability that causes blood vessel leakage, and the hemoglobin molecule
is degraded into bilirubin and biliverdin responsible for skin darkens. Echinacea
Stems GX™ strengthens the thin and delicate eye contour skin and stimulate the
immune system, suppresses infection also have regenerating, wound healing, anti
stress, anti-inflammatory, antioxidant, skin revitalizer property [16].

6.6 Grape Stem Cell

Grape (Vitis vinifera), one of the most commonly consumed fruits in the world, con-
tains a variety of active compounds, including organic acids, oils, and polyphenols.
Melatonin (N-acetyl-5-methoxytryptamine) a molecule with low molecular weight
and an indole-based structure is an important compound present in grapes.Melatonin
is a potent free radical scavenger and suppresses UV-induced damage to skin cells
[17]. Phenolics are derivatives of hydroxycinnamic acid and hydroxybenzoic acid
and polyphenols include flavonoids, stilbenes, and proanthocyanidins [18, 19]. The
grape stem cells contain special epigenetic factors and metabolites which are able to
protect human skin stem cells against UV radiation [20].

6.7 Mushroom Stem Cells

Mushrooms are spore-bearing fruiting body belonging to phylum Ascomycota and
Basidiomycota. Every cell formed by a fungus can function as a “stem cell.” Each
adult stem cell from a mushroom is totipotent [21, 22]. Mushrooms are rich in
protein, vitamins, minerals„ and excellent sources of β-glucan, selenium, thiamine,
riboflavin, niacin, pantothenic acid, and folic acid, etc. [23, 24]. Since mushrooms
contain valuable ingredients, they are helpful in maintaining one’s optimal weight,
longevity, and unnecessary aging [25, 26].

Nowadays, formulation was prepared using mushroom for topical application in
the form of gels, creams, ointments, and other facial cosmetic products. These mush-
rooms include Shiitake (Lentinula edodes), Maitake (Grifola frondosa), Reishi or
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Lingzhi (Ganoderma lucidum), Fu Ling (Wolfiporia extensa), Yartsa Gunbu (Cordy-
ceps sinensis), cauliflowermushroom (Sparassis latifolia, formerly Sparassis crispa),
and jelly fungi (Tremella spp.) [27–29]. Mushroom stem cells are being extensively
studied by many researchers for skin cancer, healing, and angiogenesis.

7 Advantages of Plants Based Cosmetics Over Synthetic

Currently, much of the scientific research focuses on the use of natural cosmetics
which was prepared by top 10 leading brands such as LOTUS, Himalaya, Biotique,
Shahnaz Husain, Hindustan Unilever, VLCC, Emami. However, many researchers
acknowledge the potential benefits of their use in personal care products. The aim
of developing effective product is recognizing that the various plants have different
properties andmetabolism. Nowadays, plant stem cell-based OTC products are gain-
ing popularity and public prefer natural products over chemicals for their personal
care to enhance their beauty as these products supply the body with nutrients and
enhance health by providing satisfaction as these are free from the synthetic harmful
chemicals used in cosmetics.

8 Conclusion

Nowadays, society has an increasing interest in naturally prepared cosmetics formu-
lations. Several researches support the beneficial effect of extracts, such as antiox-
idant capacity, tyrosinase inhibition, and antimicrobial activity. The present review
refers to use of stem cell technology for preparation of healthy topical formulations.
So, scientific studies aiming at the development, evaluation, and application of plant
stem cell in topical formulations and that simultaneously meet consumer concerns
challenges. Natural products are mild and biodegradable, exhibiting low toxicity and
minus side effects. Therefore, phyto-stem cell produced by biotechnology and encap-
sulated for better properties as they were compatible to human skin and support skin
stem cells protecting skin from UV damage. Stem cells contain growth-regulating
factors, which play a role in cell division, growth of new cells, and for the production
of collagen and proteins. If compared to synthetic low-grade cosmetic products, plant
origin cosmetics are safe to use. As phyto-stem cells are made of natural ingredients,
people do not have to worry about getting skin rashes or itchiness.
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Abstract Radiolabeled targeted nanoparticles have been extensively studied for
medical applications. Their multifunctionality and multivalency (among other prop-
erties) make them suitable candidates to target different diseases by means of phar-
macophore groups for molecular, cellular, and/or tissue targeting. They have been
used for molecular imaging and as drug delivery systems to improve drug efficacy
and decrease side effects by passive accumulation of drugs in healthy tissues. Metal-
lic nanoparticles can be radiolabeled or be radioactive themselves in order to deposit
a large amount of energy into malignant cells, which produces irreversible damage.
Because of their high surface area, these can be functionalized with small molecules
and biomacromolecules for targeted radiotherapy. Moreover, their quantum size
effect and resulting properties recently proved to produce hyperthermia. Polymeric
nanoparticles are also acquiring importance in molecular imaging as diagnostic and
therapeutic agents, due to their biocompatibility, biodegradability, and pharmacoki-
netic advantages, including the ability for controlled drug release or targeted radio-
therapy.Bothmetallic andpolymeric nanoparticles havebeenproposed as new, smart,
pharmaceutical devices to produce dual-targeted therapy and molecular imaging. In
this chapter, we will discuss the development and potential medical applications of
radiolabeled metallic and polymeric nanoparticles as intelligent targeted systems.
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1 Introduction

Nanoparticles (NPs) play an important role in life science research. Particularly,
nanosystems that enable molecular imaging of biological processes and therapeutic
applications have been successfully developed based on their capacity to produce
multifunctional and multivalent effects.

In the medical field, these nanosensors can be designed to target pharmacophore
groups in select cells in order to produce a desired in vitro or in vivo effect. NPs
have been purposed as in vitro approaches for diagnosis, in vivo molecular imaging
or targeted delivery, and in vivo tissue engineering [1].

For human applications, only a few nanosystems or nanoplatforms have been
approved for use in patients. Several shortcomings, mainly safety issues, have chal-
lenged their translation to clinical applications. Among them, their inherent toxicity
produced by the accumulation in the reticuloendothelial system (RES) originated by
their relatively slow hepatic uptake and biliary excretion continues to hamper their
widespread use in vivo [2].

Molecular imaging for clinical use refers to the implementation of imaging tech-
niques with highly sensitive and specific recognition with an additional high degree
of spatial resolution. Modalities based on nuclear techniques combined with nuclear
resonance imaging (NMR) promise a high degree of efficiency, increasing the diag-
nostic accuracy. Additionally, radiolabeled techniques extend the possibility for their
therapeutic application using proper surface architecture to guarantee selectivity by
molecular targeting.

Nuclear imaging modalities include single-photon emission computed tomogra-
phy (SPECT), positron emission tomography (PET), and more recently, Cerenkov
luminescence (CL) has also gained prominence. By using these imaging modalities,
several approaches based on nanoparticles are being currently studied.

In this chapter, we discuss the development and potential medical applications of
radiolabeled metallic and polymeric nanoparticles as intelligent targeted systems for
applications in molecular imaging and therapy.

2 Multitargeting Receptors

In several diseases, including cancer, the heterogeneity of overexpressed receptors is
well known. This fact opens the possibilities to target concurrentlymultiple receptors
in vivo, in order to improve the detection sensitivity. In general, there are three
different strategies for multireceptor targeting [3]:



Dual-Targeted Therapy and Molecular Imaging … 203

(a) Heteromultivalent ligands, which allow simultaneous binding to different recep-
tors.

(b) The co-injection of multiple radiotracers.
(c) The sequential injection of different imaging agents.

NPs have emerged as heteromultivalent and multifunctional systems that enable
targeting of more than one receptor site to enable both therapy and imaging [4]. In
the medical field, multifunctional nanoparticles that combine therapeutic molecules,
molecular targeting, and diagnostic imaging abilities and exhibit appropriate fea-
tures for in vivo use can improve the efficacy of cancer therapy and disease diagnosis.
Althoughmost of the nanosystems studied have demonstrated a wide variety of prop-
erties, multifunctional and multivalent nanoapproaches that simultaneously exhibit
all needed functionalities for human applications are currently limited. Essential
functionalities for multifunctional nanocarriers comprise:

• In vivo stability before attainment the target sites.
• Long circulation time in the bloodstream.
• Sensitivity to local stimuli to produce controlled release (temperature and/or pH).
• High drug loading content.
• Ability to specifically accumulate in the target sites.
• Ability to effect the intracellular drug uptake behavior.
• Capability to monitor disease advancement.

Targeting molecules that are capable of attaching onto the surface of nanoparticles
include peptides, aptamers, small molecules, and antibodies [5].

3 Nuclear Imaging Based on Nanoparticles

A wide number of nanoplatforms have the capability for chemical conjugation to a
chelator or to be radiolabeled on a chelator-free way. The selection of radionuclide
to be attached or adsorbed onto the nanoparticle surface depends on the usefulness
of that nanoplatform. Some features to be considered include the emission mode,
emitted energies, and physical half-life. Gamma-emitting radionuclides with a short
half-life are preferred for imaging, and beta-particle emitters are chosen for thera-
peutic purposes. Radionuclides that enable both imaging and therapeutic capabilities
are called “theranostic” (177Lu, 90Y or 198Au). In nuclear imaging, gamma radiation
emitted by different radionuclides in diverse decay modes allows the acquisition of
images (Fig. 1).

Positron emission tomography (PET) allows measurement of physiologic pro-
cesses. This imaging can be performed by the annihilation of a positron emitted
from a radionuclide with an electron. In this phenomenon, two 511 keV photons are
emitted at 180°, which pass through the body and are detected by a ring of detectors
around the subject. Radiolabeled NPs can be imaged in a quantitative mode to define
the tumor uptake provided by the radiolabeled NPs [5]. Among PET radionuclides,
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Fig. 1 Decay modes for nuclear imaging and therapy

68Ga (t1/2 � 68 min) has a t1/2 necessary to produce in vivo imaging of NPs and has
been used for both PET and Cerenkov imaging. The 18F (t1/2 � 110 m) radionuclide
is also employed to label NP. For longer in vivo PET imaging, 64Cu (t1/2 � 12.7 h),
89Zr (t1/2 � 78.4 h), and 124I (t1/ 2 � 4.18 d) are commonly used [6].

In single-photon emission computed tomography (SPECT), the emission of a
gamma photon originated by the nucleus produces regional foci of the in vivo distri-
bution.Collimators are used to detect a specific rangeof photon energies.Usually, two
opposite detectors are used to obtain images through rotating from multiple angles
around the field of view, which are then reconstructed to render three-dimensional
images [7].

Cerenkov imaging is produced by the visible light wavelength produced by a
charged particle traveling through a dielectric medium faster than the speed of light
in that medium [8]. Radionuclides 177Lu and 90Y are used as imaging and therapeutic
agents. Moreover, other radionuclides can be used in combination with NPs to obtain
a theranostic agent [5].

4 Radiolabeling of Nanoparticles

In general, there are four main strategies to radiolabel nanoparticles:
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• Bifunctional approach using chelators to coordinate radionuclides, chemically
bound to the nanoparticle surface.

• Achelator-free radiolabelingmethodwhereby radionuclides can be directly bound
to the nanoparticle surface.

• Direct bombardment with neutrons or protons to produce some radioactive atoms
in the nanoparticle.

• Radionuclides can be embedded into the nanoparticle.

In nuclear imaging, several chelators have been used to bind radionuclides
onto the nanoparticle surface. NOTA (1,4,7-triazacyclononane-1,4,7-triyltriacetic
acid), DOTA(1,4,7,10-tetra-azacyclododecane-1,4,7,10-tetrayltetra-acetic acid),
p-SCN-Bn-DOTA (S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane
tetraacetic acid), and diethylenenetriaminepentaacetic acid (DTPA) are bifunctional
complexing agents which bind radioactive atoms to a target biomolecule.

The conditions of radiolabeling include reaction temperature, incubation time,
and biomolecule degradation control,making somemodifications on affinity, binding
properties, and consequent pharmacokinetic behavior, possible.

5 Radiolabeled Metallic Nanoparticles

Stable inorganic NPs have been prepared using different approaches.Mainly, NPs for
biomedical applications are based on nanocolloids formed by heavy metal suspen-
sions stabilized with a coating process using polymers, proteins, or polysaccharides.
The coating provides NPs colloidal biocompatibility, stability, and increases their
circulation time reducing their uptake by the RES. Nanoparticle biodistribution gen-
erally depends on their coating but also on their size. Small NPswith amean diameter
less than 10 nm undergo fast renal filtration; unlike NPs with a diameter greater than
200 nm are quickly removed by the RES system from the bloodstream. Therefore,
NPs with diameters between 10 and 100 nm have achieved a higher accumulation at
the target site, as a result of their longer circulation times. Furthermore to minimize
the opsonization and clearance processes, generally NPs can be coated with some
polymers as poly(ethylene glycol) (PEG) [9].

The most investigated inorganic NPs are gold NPs (AuNPs) and iron oxide NPs
(IONPs), but there are also some reports of other noble metals such as silver and cop-
per. Nanoparticles offer two key advantages as targeted agents: Firstly, nanoparticle
geometry consists of a core, typically with thousands of detectable atoms such as
iron and gold; secondly, they can be coatedwith targeting peptides, antibodies, or any
molecules with biological activity. In addition, they have a large surface area, which
is ideal not only for efficient modification but also can incorporate various func-
tional moieties on the surface to produce systems with multiple receptor targeting at
the same time. This produces multivalent effects caused by multiple simultaneous
interactions between the surface of the nanoparticle and that of the cell [10–12].
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Fig. 2 Sentinel node localization by SPECT/CT in patient with breast cancer (24 h 99mTc-AuNP-
mannose post-administration). Image courtesy of National Cancer Institute (Mexico)

5.1 Radiolabeled Gold Nanoparticles (AuNPs)

Gold nanoparticles continue to show great potential for clinical applications. In
recent years, important breakthroughs have been made in the development of gold
radiolabeled nanoparticles, which can be used as novel diagnostic tools in multi-
modality imaging systems. Some multimeric systems of AuNPs radiolabeled with
99mTc have been reported as suitable target-specific drugs for molecular imaging of
tumors and sentinel lymph node detection [13, 14]. Moreover, 177Lu-AuNPs conju-
gated to different targeting peptides have been proposed as theranostic radiopharma-
ceuticals [15–18]. Recently, Ferro-Flores et al. (2017) developed an antiangiogenic
cancer-specific dual-targeting 177Lu-Au-nanoradiopharmaceutical based on AuNPs.
The nuclear localization sequence (NLS)-Arg-Gly-Asp peptide and an aptamer (HS-
pentyl-pegaptanib) to target both the α(v)β(3) integrin and the vascular endothelial
growth factor (VEGF) overexpressed in the tumor neovasculature has been demon-
strated. The nanosystem showed properties of angiogenesis inhibition [19].

Only few examples of AuNPs have demonstrated successful clinical applications,
but several approaches are still in clinical trials [20]. To localize sentinel lymph
node in breast cancer patients (Fig. 2), 99mTc-AuNP-mannose radiopharmaceutical
showed a suitable response by using 1-day or 2-day conventional protocols [21].
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Plasmonic Gold Nanoparticles for Photothermal Therapy

NPs of noblemetals have a broad absorption band in the visible spectrum, due to plas-
mon resonance.Metallic nanomaterials display strong absorption in the near-infrared
(NIR) region (700–1100 nm); mostly, it converts optical energy into thermal energy.
This effect is called photothermal ablation and can be used to destroy tumor cells by
local heating. Photothermal ablation therapy has gained increasing attention because
of its minimally invasive approach for cancer treatment. Several specific target-
ing approaches for photothermal heating with gold nanoparticles have been widely
reported [22–26]. The plasmon resonance for common gold 20-nm nanosphere is
520 nm and redshift in NIR region from 800–1200 nm. Further, these materials can
be conjugated with specific targeting molecules for better efficacy [27, 28].

In order to elucidate the temperature increase necessary to produce cell death
by photothermal therapy when AuNPs in different tissues are irradiated with a Nd-
YAG laser (532 nm), the optical properties (coefficient of extinction, absorption, and
scattering) were calculated [29].

Recently, a new generation of nanosystems, which enablesmore than one pathway
of producing therapy and imaging, has emerged. As expected, these systems have
demonstrated clear advantages to those of individual therapy approaches. The pho-
tothermal and radiotherapeutic potential of the 177Lu-dendrimer conjugated toward
folate andbombesin conjugatedwith goldnanoparticles in the dendritic cavity (177Lu-
DenAuNP-folate-bombesin) was demonstrated. The intense NIR fluorescence emit-
ted at 825 nm from the conjugate inside breast cancer cells corroborated the effec-
tiveness of 177Lu-DenAuNP-folate-bombesin for optical imaging [30]. Moreover,
the synergistic interaction in a breast cancer model between heat produced by pho-
toconversion and cytotoxicity with doxorubicin was demonstrated by small AuNPs
(less than 20 nm) when irradiated by laser [31].

Intrinsically Radiolabeled Gold Nanoparticles

Au-198 can be used for tumor therapy because of its half-life of 2.7 days and higher
energy β-emission (βmax � 0.96 meV) which enables it to penetrate up to 11 mm in
tissue to produce therapeutic cross-fire effect on the tumor cells with a minimal radi-
ation dose to the normal tissue surrounded. In vitro/ in vivo biocompatible of Au-198
compounds was produced and evaluated the first time by Katti et al. [32, 33]. They
prepared trigonal and tetrahedral gold compounds functionalizedwith biocompatible
water-soluble hydroxymethyl phosphine that showed suitable in vivo clearance by
renal and hepatobiliary pathways. The present article also demonstrates antitumor
properties of these complexes against some types of human cancer established in
mice and dogs as lung, breast, non-Hodgkin’s lymphoma, prostate, and pancreatic
tumors [34]. The promising radiochemical and biodistribution properties of these
Au-198 nanoparticles encouraged their stabilization with other polymers as epigal-
locatechin gallate (EGCG) and gum arabic glycoprotein (GAP) [35]. The utility
of amino acid-based phosphines for reducing gold salt into gold nanoparticles has
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allowed to prepare biocompatible 198AuNPs for theranostic applications [36, 37].
Recently, Axiak-Bechtel et al. used dogs to develop a human-mimicking prostate
cancer model. They found that dogs with spontaneous prostatic tumors treated with
a single dose of GAP-198AnNP (105 Gy) did not show short-term toxicity.

In addition, the combination of imaging modalities (CT/SPECT) revealed that,
following the injection of GAP-198AuNP, the therapeutic agent was mainly localized
in the prostate, with some loss in the bladder and urethra [38]. Advantageous Au-
198 radiochemical properties also encouraged Chanda et al. to conjugate 198AuNPs
with BBN peptides in order to develop a tumor-targeted therapeutic agent. 198AuNP-
BBN in vitro and in vivo studies in mice evidenced a high binding affinity (IC50)
in microgram ranges and a selective uptake in GRP-receptor-rich organs such as the
pancreatic acne in normal mice and the tumors in prostate tumor-bearing mice. The
difference in prostate tumor sites between the mice treated with 198AuNP-BBN and
the pretreated group demonstrated the realistic clinical potential of these targeted
nanoparticles [39]. Radioactive AuNP has been also functionalized with mangiferin,
a promising xanthonoid for tumor targeting. The therapeutic efficacy studies ofMGF-
198AuNPs provided conclusive evidence that the nanosystem has the ability to reduce
tumors volume and did not cause any adverse radiotoxicity [40].

5.2 Radiolabeled Iron Oxide Nanoparticles

Iron oxide nanoparticles (IONPs) are one of the most widely studied NPs for imag-
ing applications over the past two decades, because they can enable contrast in
MRI through the production of localized magnetic field inhomogeneities. IONP
size can range from several nanometers to microns and can be classified according
to their hydrodynamic diameter into: ultra-small paramagnetic iron oxide (USPIO)
NPs below 50 nm; superparamagnetic iron oxide (SPIO) from 60 to 250 nm; and
micron-sized iron oxide particles (MPIO) from 1 to 8 μm [41].

Iron oxide NPs are produced by physical, chemical, and biological methods.
However, chemical synthesis methods based on the co-precipitation of Fe2+ and
Fe3+ aqueous salt solutions by addition of a base are the most commonly used due to
their low production cost and the high yield. In addition, using these methods is easy
to control the size, composition, and the shape of the NPs produced, changing some
factors as the Fe2+ and Fe3+ ratio, the type of salts used (e.g., chlorides, sulfates,
nitrates, or perchlorates), pH, and the ionic strength. Other chemical methods such
as precipitation (solgel and gas/aerosol gel preparation) have been developed [42].

Functionalized IONPs provide the opportunity to develop tumor-specific thermal
therapy for metastatic cancer when inductively heated by an externally applied, alter-
nating magnetic field. To be used as targeted agents, however, IONP cores have to be
first stabilized with an adsorbed layer of a biocompatible polymer (such as dextran,
chitosan, or polymethacrylate) and then conjugate the target-specific molecules such
as antibodies, proteins, peptides [9].
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IONPs have been radiolabeled with SPECT and PET imaging isotopes using
direct, indirect labeling, and doping approaches, in order to develop multimodal-
ity imaging agents for dual PET/MR or SPECT/MRI, as well as trimodality imag-
ing (MR/NIR/PET or SPECT) when conjugated to fluorescent near-infrared optical
agents [41].

Several dual-mode imaging probes for PET/MRI using 64Cu have been reported.
Jarrett et al. designed iron oxide nanoparticles coupled with 64Cu for the diagno-
sis of vascular inflammation. Glaus et al. reported 64Cu-DOTA-PEG-IONPs showed
strongMR and PET signals and stability inmouse serum. 64Cu-bis (dithiocarbamate-
bisphosphonate) conjugated to IONPs has also been reported for in vivo lymphatic
imaging. To image αvβ3 expression, multifunctional 64Cu-labeled IONPs conjugated
to the RGD (Arg-Gly-Asp) peptide have been developed and demonstrated a spe-
cific glioblastoma tumor-targeting capability by PET/MRI dual imaging [43]. Xie
et al. dual-labeled IONPs encapsulated into human serum albumin matrices with
64Cu-DOTA and Cy5.5, and using in vivo PET/NIR fluorescence/MRI trimodality
imaging in a subcutaneous U87MG xenograft mouse model, demonstrated a huge
accumulation in lesions, a high extravasation rate, and low uptake by macrophages
in tumor microenvironment [44].

Both Ga-67 and Ga-68 have been used for multimodal imaging. Jalilian et al.
reported a 67Ga-labeled IONP-folate system with adequate cell membrane perme-
ability and paramagnetic properties for thermotherapy. This system showed excel-
lent stability at room temperature, low liver uptake, and high blood circulation after
24 h. Stelter et al. covalently bonded the transfection agent HIV-1 Tat, the fluores-
cent dye fluorescein isothiocyanate, and 68Ga to IONPs, and demonstrated that the
radionanoconjugate can be applied to efficient cell labeling, subsequent multimodal
molecular imaging, and possible thermoablative therapy [44].

Madru et al. prepared 99mTc-labeled IONPs for the SPECT/MRI imaging multi-
modality of sentinel lymph nodes. The labeling was carried out through polyethy-
lene glycol coated over the solid iron oxide core. SPECT/MRI imaging confirmed
its potential applications in the diagnosis of breast cancer and malignant melanoma,
due to the accumulation of 99mTc-IONPs in animal lymph nodes. Shanehsazzadeh
et al. evaluated the biodistribution in mice of dextran-coated IONPs labeled with
99mTc and found high uptake in the reticuloendothelial system.

In order to study the concomitant efficacy of heating injected magnetic nanoparti-
cles, 111In-labeled ChL6 was conjugated to carboxylated polyethylene glycol (PEG)
in different-sized, dextran-coated IONPs, with one to two ChL6 antibodies per
nanoparticle. Using athymic mice bearing the human breast cancer model, it was
observed that heating the nanoparticleswith an externally appliedAMFcaused tumor
necrosis in all cases. SPECT imaging showed a tumor uptake of 14% of the injected
dose per gram at 48 h. However, although the heating capacity of the large nanopar-
ticles (30 and 100 nm) was several times greater, the tumor-targeting efficacy was
significantly less than that of their 20-nm-sized counterparts [43].

Also, beta-particle emitters such as I-131 have been conjugated to NPs for radio-
therapy purposes. For example, Liang et al. radiolabeled IONPs with Re-188 using
a direct method with a labeling efficiency of 90% and good in vitro stability and
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Table 1 Radiolabeled iron oxide nanoparticles for SPECT/PET MR imaging

Nanoparticle Application References

99mTc-IONPs/diethylene
triamine pentaacetic acid
(DTPA) and 1,4,7-
triazacyclononane-triacetic
acid (NOTA)

Multimodality contrast agents
for sentinel lymph node
mapping

[45]

99mTc-PEG-BP-USPIO/Poly
etilenglycol-bisphosphonates
(BP)

Visualization of blood vessels
and vascular organs with high
spatial definition

[46]

99mTc-USPIO-bevacizumab Targeted imaging of
hepatocellular carcinoma

[47]

99mTc-PEG-SPIONs Molecular imaging for
sentinel lymph node (SLN)

[48]

111In-antimesothelin antibody
(mAbMB)-SPION

Early diagnosis and treatment
planning of
mesothelin-expressing cancers
using SPECT-MR imaging

[49]

64Cu-DTPA-SPION-
Fluorochrome

Trimodality reporter for
macrophage and inflammatory
plaque components

[50]

68Ga/111In-TAT-FITC-
aminosilated-SPIONs

Cell labeling for trimodal
imaging

[51]

64Cu-PEG-fosfolipid-SPIONs Dual PET-MRI imaging agent [52]

64Cu-bifosfonate-dextran-
SPIONs

PET-MR dual modality for
draining lymph nodes image

[6]

64Cu-DOTA-polyaspartic acid
(PASP)-IONPs-RGD

Dual PET and MRI of tumor
integrin expression

[53]

Intrinsically radiolabeled
[59Fe]-SPIONs

Dual SPECT-MR detection [54]

67Ga3+ and Cu2+-labeled
SPIONs

Multimodal PET/SPECT-MRI
agent

[55]

demonstrated the ability of 188Re-IONPs to kill liver cancer cells. Cao et al. prepared
silica-coated magnetite nanoparticles immobilized with histidine and linked the Re-
188 onto their surface, obtaining a labeling yield of 91%. Chen et al. reported the
development of 131I-anti-VEGF cross-linked to dextran-coated IONPs and investi-
gated their therapeutic effects in nude mice with induced liver tumors. Tumor growth
delay and tumor inhibition were observed. Therefore, their results suggested that the
radioimmunotherapy of an intratumoral injection of 131I-anti-VEGF-IONP is effec-
tive for the treatment of liver cancer [44] (Table 1).
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5.3 Radiolabeled Silver Nanoparticles

Silver NPs (AgNPs) have been used as antimicrobial agents because they can be
incorporated into plastics, textiles, and other materials. However, little is known
about in vivo trafficking and deposition of AgNPs. Therefore, a few studies have
been reported recently to study the accumulation of AgNPs in organs and their
toxicological implications. Ichedef et al. [56] reported a synthesis method for radio-
labeled silver nanoparticles from proton activation of silver metal powder, enriched
in Ag-107, with a 30.7meV proton beam to produce the γ-emitter Ag-105 g (half-life
of 41.29 days). Following the activation, the powder was dissolved in concentrated
nitric acid in order to form silver nitrate (AgNO3), which was used to synthesize the
105AgNP. Chrastina and Schnitzer [57] developed a rapid method for the radiolabel-
ing of AgNPs with I-125 in order to track in vivo tissue uptake of silver nanoparticles
after systemic administration by SPECT imaging. Biodistribution analysis revealed
uptake of the nanoparticles in the liver (24.5% ID/g) and spleen (41.5% ID/g) at 24 h.
Similar results were obtained by Ashraf et al. [58] using water-based suspension of
bare silver nanoparticles and dextran-coated AgNPs (dextran AgNPs) radiolabeled
with Tc-99m. Both 99mTc-AgNPs and Tc-99m-dextran-AgNPs were mainly accu-
mulated in the liver/spleen region although dextran delayed liver uptake, enhancing
the blood retention time. Farrag et al. reported a simple and rapid method for radi-
olabeling of three types of Ag NPs using I-125, with high labeling yields (>90%),
without disturbing the optical properties. After intravenous injection of the radio-
compound in normal and solid tumor-bearing mice, they found that 125I-AgNPs was
localized in the tumor site for a long period of time [59].

5.4 Radiolabeled Copper Nanoparticles

Synthesis of intrinsically radiolabeled nanoparticles is an emerging concept in cancer
theranostics and is expected to play an imperative role in translating nanotechnology
research. Therefore, recently Zhou et al. [60] synthesized radioactive 64CuS NPs, in
which 64Cu is an integral building block of CuS rather than a chelate to the NPs.
These simple tomake 64CuSNPs demonstrated to possess excellent stability and to be
suitable both for PET imaging and as photothermal coupling agents for photothermal
ablation. Furthermore, the 64CuS NPs showed a passive targeting preference over the
tumor site and a strongNIR absorption thatmediated ablation ofU87 tumor cells after
either intratumoral or intravenous injection. Based on these results, a viable strategy
for a large-scale production (GBq level) ofCu-64usingmediumflux research reactors
was explored. Biological studies of 64CuS NPs produced with this method on mice-
bearing melanoma tumors revealed a significant tumor uptake (4.64 ± 1.71% ID/g)
within 4 h post-injection, with good tumor-to-background contrast [61].

A smart nanosystem was developed for tumor-targeting drug delivery and
PET/MR imaging. The nanocarrier is based on superparamagnetic iron oxide
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nanoparticles radiolabeled with 64Cu and demonstrated favorable properties for
combined targeted anticancer drug delivery and PET/MRI dual-modality imaging
of tumors overexpressing integrin αvβ3. The size (hydrodynamic diameter) was
68 ± 2 nm and was pH-sensitive in order to deliver Doxorubicin. The in vivo 64Cu-
labeled cRGD-conjugated SPIO nanocarrier uptake was mainly in the tumor and
liver, but not in most normal tissues. The system demonstrated good tumor-targeting
capability and successful tumor contrast [4].

6 Radiolabeled Polymeric Nanoparticles

Polymeric nanoparticles have been extensively reported as effective carriers to thera-
peutic pharmaceuticals and are recently emerging as a new class of molecular imag-
ing (MI) agents for detection and treatment of human diseases [62]. An optimal
polymeric nanosystem for MI applications possesses the following components: (a)
controlled- and sustained-release properties; (b) smaller size (5–250 nm) to facili-
tate internalization and probing of cells and they do not have rapid renal clearance;
(c) their surface is easily modified with molecular signaling and receptor-targeting
molecules; (d) payload-carrying capacity delivers high concentrations of imaging
agents to desired region; (e) multimodal potential offers visualization in more than
one imaging modality; and (f) theranostic capability enables detection and treatment
of disease using a single platform [63].

A wide variety of natural or synthetic polymers (chitosan, PLA, PGA, PLGA,
PEG, HPMA, and other acrylate derivatives) with outstanding biocompatibility and
biodegradability and nanoparticle preparation techniques (nanoparticles obtained
by polymerization of a monomer or obtained directly from a preformed polymer)
have been described for polymeric nanoparticle production [64]. There is no exclu-
sive polymer for the encapsulation of any therapeutic or imaging agent, and not all
molecules can be incorporated in all polymers. Both the physicochemical properties
of the polymer and candidate molecule to be incorporated must be considered.

There are two general methods for the generation of polymeric nanosystems for
imaging applications. The first is covalent conjugation of contrast agents to a poly-
meric matrix, followed by the formation of nanoparticles by conventional techniques
or the conjugation can be in the surface of preformed nanoparticles. The second is
the physical encapsulation of the contrast agent within polymeric nanoparticles.

The major advantage of grafted polymers is that the contrast agent is covalently
bound to the polymer; thus, the burst release does not occur. However, disadvantages
include poor loading efficiency and nonhomogeneous distribution of contrast agents
within the polymeric matrix. The physical encapsulated systems may have superior
advantages over the covalently bound polymer because of high loading efficiency
within the polymeric matrix. However, controlling the burst release contrast agents
from nanoconjugates within a biological system remains a significant challenge [65].

For nuclear imaging, radionuclides such as 11C, 18F, 64Cu, 76Br, 99mTc, 111In, and
90Y have been used with a wide range of copolymers to formulate robust nanosized



Dual-Targeted Therapy and Molecular Imaging … 213

Table 2 Examples of polymeric nanoparticles used in nuclear imaging

Polymeric system Agent Modality References

99mTc-PLGA 99mTc SPECT [66]

HPMA-LMA 18F PET [67, 68]

Poly(t-butyl acrylate),
PEG, methyl acrylate,
styrene

64Cu PET [69]

Poly-glycidyl-
methacrylate(poly-
2,3-epoxy-
propylmethacrylate)

68Ga PET [70]

Polyethylene
glycol-coated micelles
dually labeled

Cy7, 111In SPECT, NIR, FL [71]

PVPh 124I PET [72]

PAMAM
dendrimer-entrapped
gold NPs

99mTc SPECT/CT [73]

PEG-b-PPA/DNA
micellar nanoparticles

111In SPECT/CT [74]

PEGylated dendrimer
poly(amidoamine)
(PAMAM)-folic acid
conjugates

99mTc SPECT [75]

Poly(N-
vinylimidazole-co-N-
vinylpyrrolidone)g-
poly(D,L-lactide)

123I SPECT/CT [76]

Dextran nanoparticles 89Zr PET/MR [77]

CT , Computed tomography; FL, Fluorescence

delivery systems. Additionally, the fluorescence imaging technique is integrated with
polymeric NPs to develop the image-guide drug delivery system to monitor drug
pharmacokinetics, intratumoral drug distribution, and drug tumor accumulation in
real time.

The versatility of these nanomaterialsmakes them an attractive platform for devel-
oping highly sensitive molecular imaging agents. Table 2 covers the recent use of
polymeric nanoparticles as carriers of molecular MI agents.
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7 Discussion

Many different types of nanoparticles have been designed and evaluated over the
years. Initially, nanosystems were primarily used for therapeutic purposes, that is,
for a more efficient delivery of therapeutic drugs to pathologic sites, while reducing
their accumulation in potentially endangered healthy tissues. Currently, some ther-
apeutic nanoparticles are used clinically, and more of these so-called nanomedicine
formulations are being evaluated in preclinical and clinical trials. However, in recent
years, interest for nanoparticles as diagnostic agents has increased.

Radiolabeled nanoparticles developed as a smart multifunctional platform,
designed for in vivo imaging and/or therapy have demonstrated high potential to
be used in medical applications. The use of noninvasive nuclear imaging modalities
such as PET, SPECT, or CL allows for the study of NP biodistribution in animal mod-
els, which can provide essential information for clinical translation of radiolabeled
nanosystems to human trials. Medical applications of multifunctional nanoparticles
could be reached if therapeutic agents could be incorporated in the same platform as
molecular targeting agents with diagnostic imaging capabilities.

The potential of using nanoparticles for molecular imaging is compromised
because their pharmacokinetic properties are difficult to control. Among the chal-
lenges to translate, these nanoapproaches to human application for imaging and/or
therapy are the lack of ability to administer them intravenously and their low specific
activities are the main shortcomings to deal with. Nanoparticles would either have
to be administered by an intratumoral injection or directly deposited on an artery
that feeds a target organ to avoid RES in order to achieve therapeutic applications
in humans. It is important to note that in order to facilitate the clinical translation of
radiolabeled nanoparticles, appropriate dosimetry and toxicological studies should
be included.
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Abstract Plant-based herbal formulations were the only possible hope for health
care management in ancient times. Along with the advancement of social and med-
ical sciences, various drugs came in fashion to treat different diseases and clinical
conditions and for a time, the interest in naturally derived compounds is waned.
In the current era of biotechnology, where health sciences are at the peak of their
advancements, herbal alternatives to synthetic drugs are again gathering tremendous
interest. Why are herbal drugs of such interest? Maybe it is good to mention here
about the less detrimental side effects of naturally derived compounds. Pharmaceu-
tical biotechnology is a relatively new branch of science, which covers the advance-
ments in pharmaceutical science by the involvement of biotechnological approaches
and techniques. Along with the recent advancement of pharmaceutical biotechnol-
ogy, utilization of compounds derived from medicinal plants for neuroprotection
has increased worldwide. Although many synthetic compounds are commercially
available nowadays for the patients of neurodegenerative disorders, search for novel
herbal options for neuroprotection is still of great significance because of their less
non-toxic and long-lasting nature. Without claiming to deal with all features of this
topic, this chapter aims to provide a substantial and concise overview of the pharma-
ceutical biotechnology with a special emphasis in the area of herbal neuroprotection.
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1 Introduction

Medicinal plants and herbs are plants with medical importance for the treatment
of different diseases and health conditions. The word “herb” refers to any part of
the plant like fruit, seed, stem, bark, flower, leaf, stigma, or a root, as well as a
non-woody plant. However earlier, the term “herb” was only applied to non-woody
plants, including those that come from trees and shrubs.Medicinal plants are also used
widely as food, flavonoid, medicine or perfume and also in certain spiritual activities
due to their rich aroma and phytoconstituents. With the advent of civilization, man
has learnt many techniques for better survival. Since prehistoric period, man has
explored the potential of plants and herbs for curing a wide variety of maladies.
Different parts of plants like flower, bark, stigma, and leaves as well as whole plants
have been tested for their specific value. Herbs and plants that were studied and
explored over a period of time and were designated as the medicinal plant for their
specific properties to cure adverse diseases [1].

Recently, the World Health Organization (WHO) estimated that 80 percent of
people worldwide relies on herbal medicines for some aspect of their primary health
care importance. According toWHO, around 21,000 plant species have the potential
for being used for medicinal value. Almost three-quarter of the world’s population
rely on almost 30 percent of entire plant species for the treatment and cure of primary
health concerns. Medicinal plants have great significance in health industry. They
have impact on the economy of the developing countries like India in comparison
to developed countries. These countries provide two-thirds of the plants used in
the modern system of medicine and the healthcare system of rural population depend
on indigenous systems of medicine [2].

Biotechnology has promoted tremendous advancement in the field of neurology
andhas given rise to another newbranchof science, called neurobiotechnology,which
deals with neuroimaging, neurosurgery, and neuroprotection. This chapter aims to
provide a substantial and concise overview of the pharmaceutical biotechnologywith
a special emphasis in the area of herbal neuroprotection.

2 Neurodegeneration and Neuroprotection

The nervous system is one of the very important body systems. It is responsible to
make communication between the body and the brain. Autonomic nervous system
and peripheral nervous system work in coordination to perform various vital vol-
untary as well as involuntary functions. Nervous system transmits signals among
various body parts to and from body to perform many vital and voluntary functions.
The functions of the nervous system include accomplishment of numerous body
processes including vision, sight, smell, hearing, touch, thinking, hunger, thrust,
and thermoregulation. There are many disorders that affect the function and coor-
dination of peripheral or central nervous system. These abnormal conditions could
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cause drastic alterations in humans. The progression of various neurological disor-
ders associated with accident, trauma, stress, and neurodegeneration become more
common within the population since last few decades. Performance of somatic,
autonomic, sensory, motor, endocrine, and exocrine organs is closely related with
the perfect neurological signal transduction. To maintain the health of nervous sys-
tem is of great importance for vitality. Neuroprotection contributes in management
of a healthy nervous system by reducing the nerve damage, nerve degeneration,
and autolysis. Neuroprotection could be achieved by restoring antioxidant status,
neurotransmitter-mediated pathways, caspases mediated pathways, vitamin medi-
ated pathways, suppressing autoimmune disorders, etc. [3, 4]. To date, there is no
synthetic drug available, which is capable of restoring all the nervous system func-
tioning without potential side effects. To overcome such issues, search for potential
herbal neuroprotective agents remains a point of interest among researchers.

3 Significance of Herbal Neuroprotectors Over Existing
Options

Medicinal plants and herbs have been used since the ancient era to cure different neu-
rological diseases. With all the recent scientific advancements, still, phytochemicals
from medicinal plants and herbs are useful in many neurological disorders includ-
ing dementia, epilepsy, Alzheimer’s, Parkinson’s, and paralysis. [5–7]. In biological
research, the scopolamine-induced animal model of dementia and oxidative stress
is widely used as a primary screening test for the determination of anti-Alzheimer
effect of unknown plants or drugs. Incorporation to plant-based medical treatment
with many other factors also promotes the healing or reduced the severity of neu-
rological damage. Changes in lifestyle is a prompt way to boost immunity against
progression and severity of disease. The management of neurological disorders is
possible to achieve using dietary restrictions, improved nutrient intake, enhancement
of physical and mental activity, obesity management and psychological counselling
[8].

Medicinal plants are a very rich source of nutritive compounds alongwith different
antioxidants such as polyphenols, trepenoids, and alkaloids, which are very efficient
in removal of reactive oxygen species or free radicals. Free radicals are molecules
with unpaired electrons in their outer orbit. Free radical serves many important func-
tions in vivo, for example, oxygen radicle participates in many cellular functions.
Overproduction of free radicals can initiate a prominent cause of cell damage. Nerve
cell damage such as post-ischemic perfusion injury, myocardial infarction, cardio-
vascular diseases, chronic inflammation, stroke and septic shock, aging, and other
degenerative diseases are related with free radicle induced cell damage.

Antioxidant enzymes like such as superoxide dismutase (SOD), catalase (CAT),
and glutathione reductase play a vital role in compensating the oxidative stress of
cells to make it less vulnerable to cell damage. These enzymes convert harmful
hydrogen peroxide into non-toxic molecular oxygen and water.
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The antioxidant pool of phytochemicals within the plant body is not only a pro-
tector of the plant itself from different kind of the stressors, but also it contributes
significantly to the medicinal value of the respective plant [9–11]. Phytochemicals
from different sources are usedwidely for the treatment of countless major andminor
diseases. In the treatment of the neurodegenerative diseases, the phytoconstituents
of medicinal plants play a crucial role [12].

Herbal medicines from plant-derived chemicals are consistently gaining commer-
cial importance due to many significant properties [13]. Significance statement of
medicinal herbs and plants are discussed below:

• Medicinal plants are the only herbal source for disease treatment, which is renew-
able in terms of economy and environment.

• Cost efficiency, low side effects and convenience of processing are the key features
of herbal medicines, whichmade them popular than allopathic options among both
developed and developing countries.

• Conventional herbal medicine systems like homeopathy, Ayurveda, Unani, and
Chinese medicine are the vital proof of the efficacy of herbal medicine systems.
These conventional systems are still very popular even though we are living in an
era of the advanced synthetic drug industry.

• Medicinal plants are a good source of phenols, polyphenols, antioxidants, polyun-
saturated fatty acids, short-chain lipid molecules, and fatty acids.

• Purification of phytochemicals is relatively convenient in comparison to the iso-
lation of pure chemical from animal sources as there is no chance of blood-borne
infections.

• Plants are the better option in comparison to any animal source or synthetic
molecule designed for neurological and other diseases. Plants are the virgin source
for medications; phytochemicals are the most popular option for medical treat-
ments for pure vegans.

• Lack of any associated ethical issue also makes the herbal options widely popular.

4 Some Neuroprotective Bioactive Compounds from Plants

Over the last few decades, there has been considerable interest in phytochemical
bioactive constituents from herbal medicines due to their long-term medicinal and
health-promoting qualities. Some of them have been successfully investigated in ani-
mal experiments or clinical trials for potential development into herbal formulations
for the treatment of neurological disorders. Ginkgo biloba, Allium cepa, Rosa lae-
vigata, Fructus chebulae, Leonurus heterophyllus, Olea europaea, Allium sativum,
Vitis vnifera, Vinka minor, Mellisa officinalis, Narcissus poeticus and Galanthus
nivelis, Panax ginseng, Polygala tenuifolia,Crocus sativus, Piper methysticum,Cen-
tella asiatica, Ocimum sanctum, Lavandula angustifolia, and Withania somnifera
are some popular plants and herbs used widely for the treatment of neurologi-
cal disorders. Plant secondary metabolites and products of secondary metabolism
are the key components, which work as bioactive compounds. Asiaticoside, acacetin,
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magnolol, xyloketal, morin, napthazarin, fucoidan, the aflavin, astragaloside, and
tetramethylpyrazine are some bioactive compounds from various plant sources,
which are very useful in neurological disorders. These bioactive compounds are
the key molecules to treat the underlying mechanism of neurological disorder. These
bioactive these chemical components reduce the in vivo oxidative stress, enhance
motor functions, and boost immunity and memory. These chemicals also affect
the level of neurotransmitters such as serotonin, norepinephrine, or dopamine to
cure the abnormalities of nervous system [7, 14–17]. Use of Ginkgo Biloba improve
the effects of memory loss associated with abnormalities in the blood circulation.
Phytoconstituents include terpenoids bilobalide, ginkgolides, flavonoids, steroids
(sitosterol and stigmasterol), and organic acids (ascorbic, benzoic shikimic, and
vanillic acid) are the sourcemolecules behind the unique polyvalent pharmacological
action of Ginkgo Biloba [18]. Similarly, Bacopa includes many active constituents
include the alkaloids brahmine and herpestine, saponins d-mannitol and hersaponin
and monnierin, betulic acid, stigmastarol, beta-sitosterol repair of damaged neurons
by enhancing kinase activity, neuronal synthesis, and restoration of synaptic activity,
and ultimately nerve impulse transmission [19, 20].

Several beneficial effects of curcumin on the nervous system (at least ten known
neuroprotective actions) have been reported. In an animal model of stroke, curcumin
treatment protected neurons against ischemic cell death and ameliorated behavioral
deficits [21]. Red grapes contain a high amount of resveratrol, a phytophenol, which
exhibits antioxidant potential. It protects neurons in the brain and spinal cord against
ischemic injury [22].

5 Discussion

Pharmaceutical formulations have transformed the health sector significantly. In
combination with biotechnology, developments in the pharmaceutical industry have
been profound and significant. Pharmaceutical biotechnology used to make complex
and larger injectable molecules with the help of living cells as primers (such as cells
those found in the human body, bacteria cells, yeast cells, and animal or plant cells).
Pharmaceutical biotechnology differs from conventional pharmaceutical industry as
it involved the synthesis and formulation of complex biological molecules that affect
the underlying mechanism of any disease. In some cases where the complete cure is
not possible using drugs, still, management of visible symptoms of the disease is pos-
sible to achieve using pharmaceutical biotechnology. Management of type 1 diabetes
mellitus is a noticeable example of this category, where symptoms of the disease are
managed successfully using insulin.

Biotechnology provides a great path for the advancement of pharmaceutical and
pharmacogenomics industry by providing opportunities andmeans tomanipulate and
modify organisms, including plants at the molecular level. Pharmaceutical biotech-
nology incorporates recombinant DNA technology for the genetic manipulation of
cells to enhance or suppress production of the desired plant-derived compound.
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Biotech pharmaceutical products like proteins, antibodies, and recombinant DNA
products enlighten new hopes in the area of herbal neuroprotection. Incorporation of
pharmaceutical biotechnology on herbal alternative medicine has many advantages
over classical allopathic methods to treat neurological disorders [23, 24]. Some of
the significant implications of pharmaceutical biotechnology are discussed below:

• Safety and side effects: Pharmaceutical biotechnology when paired with herbal
and natural sciences become a fine tool to reduce the involvement of synthetic
chemical-based harsh drugs. All the chemicals utilized as drugs to treat neurologi-
cal disorders have many other side effects, while natural compounds are relatively
safe and specific to particular clinical symptoms.

• Specificity: Involvement of pharmaceutical biotechnology in routine pharmacoge-
nomics and pharmacy-based industry open possibilities to develop more specific
medicines according to the genetic makeup and the individual response of patient.

• Market trends and opportunity: Involvement of pharmaceutical biotechnology
in classical medicine enhances the market opportunities and growth opportunities
for producers of medicinal plants and herbs.

• Bridging between in silico, in vitro, and in vivo: Pharmaceutical biotechnology
creates a realistic approach to achieve accurate and potent results of drug designing
and molecular modeling tools. Now, it is possible to synthesize specific medicines
in the wet laboratory, which are designed by software according to the specific
need.

• Biochemical engineering: Biochemical pathways modification in plants for up-
regulation of desired phytochemical become possible due to the incorporation
of pharmaceutical biotechnology. Development of transgenic plant and herbs to
enhance the production of desired chemicals has improved the medicinal value of
herbal neuroprotectors.

• Early diagnosis: Incorporation of latest technologies such as DNA microarray
has increased the probability of early identification and diagnosis of neurological
disorders widely.

• Rapid accessibility: Although herbal options are quite old concept to retain the
health and vitality. Involvement of such latest commercial techniques promotes the
rapid accessibility of commercialized form of herbal neuroprotectors worldwide.

6 Conclusions

Pharmaceutical biotechnology is the key to solvemysteries related to classical neuro-
sciences. Pharmaceutical biotechnology is a new hope for health sciences to explore
the potential of natural and herbal alternatives for nervous system disorders.
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Considerable Therapeutic Strategies
for Treatment of Genetic Defects Govern
Neurovascular Disease

Kiranj K. Chaudagar and Abhinav Kanwal

Abstract Vascularmalformations are considered as an important substrate formany
brain-related diseases. One among them is cerebral cavernous malformation (CCM),
which is a mulberry-like blood-filled vascular structure present in the brain. Approx-
imately, 0.5% population has been diagnosed with CCMs worldwide. Although sig-
nificant progress has been made in exploring the cause of the CCM including gene
therapy, understanding of the mutations involved, and the intra- and intercellular
pathogenic mechanisms, still no unified theory has been accepted. Keeping this in
mind, in this chapter, we are discussing the current understanding about the clinical
significance and pathobiology of CCMs followed by various preclinical and clinical
developments. Due to severe hemorrhagic disability, asymptomatic nature, and inci-
dental cases, CCM is a significant health burden and is a rare disease. Many United
States Food andDrugAdministration (USFDA) drugs have been approved for CCMs
over the time, but resistance to these therapies is the biggest challenge. Hence, the
need for significant and effective therapy is the demand of the time.

keywords Cerebral cavernous malformation · CCM · Therapeutic targets
Drug action · Pharmacotherapy · Gene therapy

1 Clinically Significant Need and Lack of Effective
Pharmacotherapy

Biotechnology has revolutionized the pathological understanding of rare and com-
plex diseases. Development of these diseases is usually related to miniscule bio-
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logical modifications in genes that could be difficult to define without advances in
the biotechnology. Biotechnology has provided mechanistic definition, improved
diagnostics, and patient care guidelines to these rare diseases. Other than these,
it fulfills the need for novel target discovery of gene therapy. The study of brain
and cerebrovascular system is usually considered as a complex. Cerebral cavernous
malformation (CCM), a rare complex cerebrovascular disease, is a mulberry-like
blood-filled vascular structure present in the brain [1]. These caverns genesis, lesion
maturation, and related symptomatic phenomena are considered as a CCM disease.
An approximately 0.16–0.5% population has been diagnosed with CCM [1, 2]. The
population-based annual detection rate is 0.56 per 100,000 per year in adults older
than 16 years [1]. Recently, the systemic analyses ofCCMhistory have suggested that
the average presentation age of disease is 42.7 years. It is more prevalent in female
(52% patients) than male [2]. In contrary to this, the prevalence of CCM is slightly
higher in older and younger (50–89 years old and younger than 21 years) male (55.4
and 54%, respectively) than age-matched female [3, 4]. With respect to location,
CCM is usually present in lobar (66% cases) and brainstem area (18% cases), rarely
found in supratentorial (8% cases) and cerebellar area (8% cases) [2]. CCM patients
are suffering from seizure (30%), hemorrhage (26%) and focal neurological deficits
(16%, FND) [1, 2]. There are 17% adults and 26% children cases usually diagnosed
for CCM, incidentally [3, 4]. However, 20–50% CCM patients are asymptomatic
and have been diagnosed incidentally because of wide utilization of brain magnetic
resonance imaging (MRI) for neurological diagnosis [1]. Due to severe hemorrhagic
disability, asymptomatic nature, and incidental cases, CCM is a significant health
burden even it is rare disease.

Genetically, CCMgenesis ismainly associatedwith autosomal dominantmutation
in Krev interaction trapped 1 (KRIT1), CCM2, and programmed cell death protein 10
(PDCD10) genes [5]. Approximately, 33% of CCM patients are familial in nature,
and among them, CCM1, CCM2, CCM3, and other genes mutated cases are 65, 20,
10, and 5%, respectively [5]. The high prevalence of CCM1 mutation (Q455X) is
related to founder effects in Hispanic American population who are located near the
southwest region of USA and northern states of Mexico [6, 7]. Ashkenazi Jewish
population has CCM2, c.30+5_6delinsTT founder mutation that causes degradation
of respective transcript and decreases CCM2 level [8]. The 77.6 kb deletion in exon
2–10 of CCM2 gene is considered as founder effects due to recombination events in
US population. CCM2 mutated Italian, French, German, and Swiss populations are
different from respective US population [9]. This difference indicates the presence
of disease-predisposing elements in CCM gene due to founder effect. Although the
prevalence of CCM3 is rarer than CCM1 and CCM2, the severity of disease is high
in CCM3 patients than CCM1 and CCM2 [10]. The rate of lesions enrichment with
respect to age is high inCCM1patients thanCCM2.Other cases are sporadic in nature
and occur due to somatic mutation of these CCM genes [11]. A somatic mutation
is found only in endothelial cells but not in surrounding fibrotic tissue, and it is bi-
allelic [11]. There is ~20% multiple CCM patients, and many of them are familial
[1]. In sporadic patients, multiple lesions formation is governed by the presence of
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developmental venous anomalies [12]. Thus, CCM progression is usually based on
genotyping and anomalous angioarchitecture nature.

Clinically, the CCM disease activity and need of health care are mainly related
to lesion hemorrhagic events. Pooled analysis of CCM natural history from seven
published studies suggested that the annual hemorrhage rate is 2.5% (1.3–5.1%) per
patient-year over 5081.2 patient-years follow-up. The hemorrhage risk is correlated
to prior hemorrhage and brainstem location but not with younger age, female sex,
lesion size, number of lesion, and developmental venous anomalies. According to
prognostic factor-based classification, the 5-year estimated risk of intracerebral hem-
orrhage (ICH) in patients is 3.8% with non-brainstem CCM presenting without ICH
or FND, 8.0% with brainstem CCM presenting without ICH or FND, 18.4% with
non-brainstem CCM presenting with ICH or FND, and 30.8% with brainstem CCM
presenting with ICH or FND. Here, the hemorrhage risk with ICH CCM patients
is also known as a re-hemorrhage risk. Similar to this data, the meta-regression
analysis in another study has highlighted annual incidence rate of hemorrhage and
re-hemorrhage. An annual incidence rate of hemorrhage is 0.3 and 2.8% per person-
year for non-brainstem and brainstem CCM lesion, respectively. The re-hemorrhage
annual incidence rate is 6.3 and 32.3% per person-year for non-brainstem and brain-
stem CCM lesion, respectively. The median time for re-hemorrhage is 10.5 months.
The recovery after hemorrhage is 79.5%with minimal disability in 50% patients. For
solitary sporadic CCM patients, the annual rates of hemorrhage and re-hemorrhage
are 1.03 and 11.95%, respectively. The 5-year risk of re-hemorrhage in these patients
is 40.3, and 30% hemorrhagic patients are prone to moderate or severe disability.
Due to ~30% risk of re-hemorrhage and at least 20.5% chance of worsening disease
activity after each hemorrhagic event, brainstem or prior hemorrhagic CCM patients
are considered as critical cases for clinical setting.

Other than hemorrhage, CCM-associated seizure is also a significant symptom for
clinical attention. The 5-year risk of first-ever seizure after incidental CCM is 4%,
and 5-year risk of epilepsy after first-ever seizure is 94%. This highlights the need
of significant therapy for seizure. The 64.7% CCM-related seizure can be controlled
by United States Food and Drug Administration (USFDA)-approved drug such as
levetiracetam although 26.5% patients are resistant to available anti-epileptic therapy
and 8.8%have epilepsy but rare seizure. Herein, CCMmanagement is the only option
for anti-epileptic drug-resistant CCM-associated seizure.

From the published evidence, it can be concluded that symptomatic CCMpatients
are managed by surgery, stereotactic radiosurgery, or propranolol therapy. The sys-
temic reviewdocumented higher 5-year risks of hemorrhage (6%) and re-hemorrhage
(29.5%) in conservatively managed asymptomatic patients than natural history.
Therefore, the surgical decision in CCM patients is based on accessibility of lesions,
high risk of bleed, and severity of neurological defects. Particularly, for deep lesion,
various surgical approaches are used by skill surgeons to easily access lesion such
as anterior transcallosal transchoroidal supracerebellar infratentorial approaches for
thalamic lesions and retrosigmoid, suboccipital trans-cerebellomedullary fissure or
transnasal transsphenoidal approaches for brainstem lesions. In spite of the appli-
cation of these approaches, current decision-making knowledge, and advance tech-
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nologies in surgery, the postoperative outcome is worsened. The 4-year follow-up
in microsurgically resected 17 medulla oblongata patients indicated new onset or
worsened neurological defects in 6 patients. In surgically resected brainstem CCM
patients, the early postoperative morbidity appeared in 29–67% patients, and mortal-
ity rate was 1.9%. On long-term follow-up, the 50% resected brainstem lesions were
re-bleed, and 0.5%were fatal. In other studies, the 14% brainstem CCM patients had
worsened motor symptoms postoperatively even the supportive surgical approaches
such as functional MRI, diffusion tensor imaging, and tractography were used. Mag-
netic resonance thermometry (MRT)-guided stereotactic laser ablation (SLA) rapidly
show improvement in disability status of 80% epileptogenic CCM. However, this
study is limited due to short follow-up (12–28 months) data, and it needs to provide
same beneficial replica on long-term follow-up to prove it worth for broad impli-
cations in CCM patients. In CCM-associated seizure patients, preoperative seizure
duration and frequencywere predictive factors for postsurgical outcome in retrospec-
tive study. Apart from these, the patient’s decision to undergo surgical management
is mainly based on availability of social supports during recovery period. Ultimately,
multiple advancements of technologies or even enrichment of knowledge on surgical
risk predicting factors are insufficient to resolve CCM symptomatic behavior.

Stereotactic radiosurgery (SRS) is a non-surgical option for eloquent CCM lesion
removal. A small single cohort included six CCM patients treated with 13–29 Gy
radiation therapy.After 6months, two patients (33%) re-bleedwith increase inVEGF
from26.35 pg/mL (presurgical level) to 65.68 pg/mL (postsurgical level). Thismeans
high risk of re-bleed after SRS. These post-irradiatedCCM lesions had additional his-
tological features such as EC necrosis and scar formation compared to non-irradiated
lesions. This suggests new pathology developed by SRS intervention and limits its
application. A SRS outcome meta-analysis in brainstem CCM patients documented
5.61% mortality rate and 11.8% new focal neurological deficits. The relief by SRS
management appeared after a long term. The optimal dose of radiation is still a ques-
tion of debate with respect to safety and effectiveness. Ultimately, SRS is not a good
choice for effective CCM management.

Propranolol is approved by USFDA for the treatment of infantile hemangioma,
a dermal vascular neoplasm found in children. The benefits of propranolol in infan-
tile hemangioma pertain to vasoconstriction, apoptosis of endothelial cells, loss of
angiogenic growth factors, and attenuation of migration–differentiation of endothe-
lial cells. Based on the histopathologic similarity of infantile hemangioma and CCM,
propranolol was used off-label for treating CCM. The two propranolol (20 mg three
times per day for first year or until tolerable; later 20 mg two times per day up
to 2 years)-treated CCM patients (those were unwilling for recommended surgical
intervention) highlighted benefits of therapy by decreasing lesion size. Propranolol-
related adverse events such as shortness of breath and decrease in exercise tolerance
were encountered in one patient and enforced to discontinue treatment before the
end of second year. On stopping propranolol administration, this patient again had
hemorrhage and lesion growth in 1 year. Therefore, propranolol discontinuation is
associated with CCM re-growth and long-term safety of propranolol administration
is still a question in CCM patients. Other than these cases, the propranolol treat-
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ment checked the CCM hemorrhage in patient with mild von Willebrand disease, no
mutation for CCM1–3 gene and non-responsive to tranexamic acid, hemostatic fac-
tors, thalidomide, and simvastatin. This case is not appropriate to justify the benefits
of propranolol in CCM because of sequential and overlapping treatment of various
agents.

According to American Stroke Association/American Heart Association guide-
line, there is no level A recommendation for any treatment or procedure and very
few (eight evidence) are present with Class A recommendation. Collectively, this
evidence directs for needs of sustain CCM target-specific pharmacotherapy rather
than transient decrease in lesion burden by either nonspecific medications or surgical
resection.

2 Pathobiology of CCM Lesions

Structurally, CCM lesion consists of adherent junction-deficient vascular endothelial
cells those are without supports of mural cells, basement membrane, and susceptible
to transit intomesenchymal cells. These features lead toCCMpertaining pathological
changes such as leakiness of vessels (hyperpermeability), non-heme iron deposition,
B cell recruitment, and in situ clonal expansion of B cells. All such events are
correlated to CCM clinical activity. CCM lesion genesis is mainly based on loss of
function mutation in KRIT1, CCM2, or PDCD10 gene due to founder or somatic
origins. Physiologically, the products of these gene form adaptor complex known as
CCM complex which is going to disrupt due to mutation in any one of these genes.

With respect to CCM complex formation nature, KRIT1 is characterized into
three distinct structural parts: NPxY/F motif, ankyrin repeats, and C-terminal a band
4.1/ezrin/radixin/moesin (FERM) domain. NPxY/F motif requires for interaction
of KRIT1 with phosphotyrosine-binding domain (PTB) domain in CCM2, mitogen-
activated protein kinase kinase kinase 3 (MEKK3), and integrin cytoplasmic domain-
associated protein 1 (ICAP1/ITGB1BP1). Loss of NPxY/F motif in KRIT1 caused
dissociation of CCM2, ICAP1,MEKK3, and activatedMEKK3. An activation of this
MEKK3–ERK5 axis in brain endothelial cells is a central dogma for CCM lesion
genesis. MEKK3 activated at early stage in Krit1ECKO and Ccm2ECKO cells. This led
to RhoA activation, Kruppel-like factor 2 (Klf2), Klf4 expression, increased a dis-
integrin and metalloproteinase with thrombospondin motifs (ADMTS4) proteolytic
activity, loss of junctional proteins, and ultimately increased permeability. Following
this, familial and sporadic CCM lesions demonstrated increase in MEKK3 activity.
Both, Ccm1 ECKO and Ccm2ECKO mice, possessed same lesion burden, and MEKK3
heterozygosity induction attenuated lesion development in these mice. Similar to
CCM2, CCM2-like protein (CCM2L) exists in complex and is crucial for modulat-
ing the function of CCM2–MEKK3 pathway. The expression of CCM2L is tightly
regulated by flow. Loss of the flow in CCM lesion decreased expression of CCM2L,
activatedMEKK3, and worsened CCM disease in rats. In contradiction to these data,
MEKK3−/− endothelial cells resulted in hyperpermeability, and multiple organ hem-
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orrhage by increased Rho-associated chain kinase (ROCK) activity mediated loss of
vascular endothelial (VE)-cadherin. This was related to CCM complex stabilizing
action of MEKK3–CCM2 interaction and role of MEKK3-independent pathway in
endothelial hyperpermeability.

CCM2 acts as a linking protein for CCM1 and CCM3 for complex formation.
The LD-like motif of CCM2 interacts with focal adhesion targeting (FAT) homology
domain of CCM3. CCM2L does not interact with CCM3. Ccm3ECKO cells increased
permeability for insulin via extracellular signal-regulated kinase 1/2 (ERK1/2)-
dependent cortactin phosphorylation, dissociation of cortical actin from scaffolding
protein, zonula occludens-1 (ZO-1). At here, free ZO-1 promoted redistribution of
tight junction proteins to cytosol (occludin and claudin-5). These events decreased
tight junction (TJ) complex and their protein levels in cytosol without altering respec-
tive mRNA expression. Similar to this, cavernoma-lined endothelial cells of sporadic
and CCM3 patients decreased TJ complex compared to control.

Other than plasma membrane, CCM3 is found on Golgi apparatus where it reg-
ulates exocytosis and plays a pleiotropic role in endothelial junction homeostasis.
Endothelial cells are rich in Weibel–Palade body (WPB) that contains angiopoietin
2 (Ang2) and von Willebrand factor (VWF) for secretion. These secretory vesi-
cles possess UNC13 family protein for vesicle docking and priming. The function of
UNC13B is inhibited by CCM3 and STK24.Ccm3ECKO mice expressed high amount
of Ang2 in brain during maturation of CCM lesions. Secreted Ang2 abolished the
membranous localization of VE-cadherin (adherens junction), ZO-1 (tight junction),
and connexin43 (endothelial–pericyte junction) by activation of TIE2. It increased
number of branch point, lumen diameter, and total number of lumens with loss of
pericyte coverage. In support to this, an examination of recurrent human CCM-lined
endothelial cells showed high number of WPB under TEM examination. Other than
this, permeability control and pericyte coverage inhibited migratory and angiogenic
nature of endothelial cells. This pericyte communication was dependent on Notch3
activation through endothelial cells secretedDLL4, andNotch3 functioning impaired
in Ccm1ECKO mice. Collectively, CCM1 and CCM2 govern common signaling path-
ways and CCM3 plays a distinct role in CCM complex. Loss of any protein from
CCM complex disturbs its integrity and TJ complex on plasma membrane of EC.

Similar to CCM2, ankyrin repeats and sterile alpha motif containing protein 1B
(ANKS1B) contains PTB and interacts with CCM1. In siCCM1-treated endothelial
cells, a loss of ANKS1B restored endothelial barrier function without affecting cas-
cades of angiogenesis such as proliferation, migration, and sprout formation. This
beneficial action was independent on RhoA inactivation. Consistent with this, Ras-
associated protein 1 (Rap1) directly interacts with KRIT1 for vascular homeostasis
and prevents hemorrhage. The loss of both, Rap1a and Rap1b, in EC caused hem-
orrhage in mouse embryo. Endocytosis and endosomal trafficking regulator, sorting
nexin 17 (SNX17), had high affinity to NPxY/F motif of KRIT1 in the in vitro exper-
iment. There is still no study to reveal its direct role in CCM lesion pathogenesis.
Ultimately, hyperpermeability of endothelial cells is governed by multiple signal-
ing axes; ROCK activation is a prominent downstream cascade of many signaling
pathways.
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2.1 Endothelial Mesenchymal Transition (EnMT)

Endothelial mesenchymal transition (EnMT) is a crucial phenotypic change for
persistence of hyperpermeability other than early-stage permeability modulation.
β-catenin plays an important role at the early stage of CCM lesion development
by provoking endothelial cells for EnMT whereas TGFβ–pSmad axis leading this
EnMT at late stage. More than 70% of EC in human CCM lesion underwent for
EnMT. CCM lesions from both sporadic and familial patients have been indicated
the role of TGFβ–pSmad axis and β-catenin for EnMT in 90 and 20% endothelial
cells, respectively. β-catenin transcriptional activity found in Ccm3ECKO cells of cav-
ernoma and normal brain vessels, whereas TGFβ activity limited to Ccm3ECKO cells
of large cavernoma (>150μMin diameter). This β-catenin activity inCcm3ECKO cells
was independent on canonical pathways (Wnt receptor and its ligands) but governed
by Ccm3 loss directed autonomous activation mechanism. Herein, a loss of Ccm3
caused dismantling of adherens junction, loss of VE-cadherin–β-catenin interaction,
transportation of β-catenin in the nucleus, and expression of Klf4. Functionally, Klf4
is a zinc finger-containing transcriptional factor that binds on promoter region of
EnMT-associated proteins. It strengthened the binding of Smad on promoter region
for expression ofEnMTproteins and directly enhanced expression ofBMP6 for phos-
phorylation/activation of Smad inCcm3ECKO cells. At a later stage, β-catenin activity
decreased but sustained activity of β-catenin at initial stage was sufficient for phos-
phorylation of Smad1 and Smad3, an intracellular messenger of TGFβ–BMP axis
and provoked late-stage EnMT. Other than β-catenin-dependent axis, CCM1ECKO

cells increased expression of Klf4 by activation of MEKK3–MEK5–ERK5 path-
way. Disruption of MEKK3 and CCM2 interaction by modifying carboxyl-terminal
helical harmonin domain led to MEKK3-mediated Klf4 expression. Human CCM
lesions (both familial and sporadic cases) analysis demonstrated the upregulation of
Klf4 in endothelial cells surrounding cavernoma. Currently, Klf4 is considered as a
biomarker of EnMT in CCM lesions.

Autophagy is a cytosolic bulk cleaning process of cells that digests waste
organelles and insoluble proteins. Accumulation of p62/SQSTM1, a marker of
autophagy defect, correlated to increase in expression of mTOR, CD44, and ID1,
markers of EnMT, in Krit1ECKO cells. Ccm3ECKO cells and human CCM lesions
aggregated p62 in endothelial cells. Based on this, defective autophagy is associated
with aggresomes accumulation and EnMT in CCM. Additionally, a loss of CCM3 in
endothelial cells impaired senescence and autophagy due to loss of cytokine-induced
C/EBPβ induction.With respect toEnMT, autophagy is a regulatory cascade forCCM
pathobiology.

Other than these, surgically excised CCM lesion examinations have suggested
infiltration of various immune cells (B cells, T cells, macrophage, and antigen-
presenting DR cells) and their coexistence. These cells were collectively responsible
for oligoclonality in IgG by modulating complementary-determining region three
sequences in CD20+ B cells. The oligoclonality was lesion specific and not found in
blood. In addition, IgM and IgA are detected in few lesions, and IgM predominance
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over IgA correlated to lesion growth. The number of infiltrated immune cells did
not correlate with bleeding or lesion growth. Instead, they represented disease char-
acteristics. CD20+ B cells and CD3+ T cells were high in CCM-associated venous
anomaly and solitary lesion, respectively. In young CCM patients, lesions were rich
in CD3+ T cells and had rare number of macrophages as compared to adult CCM.
This suggests the role of autoimmunity in CCM lesion pathophysiology. However,
themolecular cross talk between endothelial barrier integrity and neuroinflammatory
sequelae remains to dissect.

Recently, a role of TLR4 stimulation via lipopolysaccharide, endotoxin, and gram-
negative bacterial burden in gastrointestinal tract for direct MEKK3 activation has
been revealed. In Krit1ECKO and Ccm2ECKO mice, either TLR4 fl/+ or CD14−/− geno-
typic modulation increased lesion volume at least three times, and TLR4 activa-
tion accelerated lesion burden more than ten times. CD14 is a TLR4 co-receptor
that amplifies intracellular signal transduction pathways of TLR4. VWF and throm-
bospondin 1 also play a role in CCM pathology. Usually, it is rapidly degraded by
proteolytic system after released from endothelial cells. iCcm2KO mice expressed
ultra-large VWFmultimeric form on cavernous line endothelial cells that speculated
for thrombi formation inside some CCM lesions. Thrombospondin 1 (TSP1) is an
endogenous angiogenesis inhibitor. A loss of Krit1 suppressed expression of TSP1 in
endothelial cells and dismantled tight junctions. The lesion burden inKrit1ECKO mice
decreased by re-expression of TSP1 or its anti-angiogenic fragment, 3TSP. In addi-
tion, human CCM lesion lined EnMT, and endothelial cells expressed Notch3, and
EphB4, respectively. Flk1, VEGF, HIFα, and endoglin were present, respectively, in
71, 41, 48.1, and 63.6% adult CCM lesions endothelial cells. Approximately, 50% of
CCM-lined endothelial cells behaved as proliferative by expressing proliferating cell
nuclear antigen (PCNA) and nestin. This speculates the role of angiogenic growth
factors in CCM development. Till date, the lesion-specific molecular role of only
Ang2 is explored.

3 CCM Targets-Based Pharmaceutical Agents

3.1 RhoA–ROCK Signaling Inhibitors

RhoA is found inside the cytosol in bound form with GDP. On activation, guanosine
nucleotide exchanger protein replaces GDP with GTP, and RhoA translocates to
plasma membrane [13]. Prenylation plays a significant role in translocation of GTP-
bound RhoA [13, 14]. After this localization, ROCK binds with RhoA and starts
phosphorylation of downstream signaling proteins. The phosphorylation of myosin
light chain phosphatase inhibits its own functions and increased the expression of
contractile machinery, a phosphorylated myosin light chain [13, 15]. Preclinical
and clinical studies demonstrated increase in activation of RhoA and expression of
phosphorylated myosin light chain upon inactivation of CCM1, CCM2, and CCM3
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in endothelial cells. Therefore, it is a most suitable candidate for drug development.
According to RhoA–ROCK signaling mechanism, there are mainly two types of
the therapeutic agents for RhoA–ROCK signaling inhibition: (1) RhoA prenylation
inhibitors and (2) direct ROCK inhibitor.

Fasudil is approved for the short-term treatment of cerebral vasospasm after sub-
arachnoid hemorrhage as an IV regimen (30 mg infused in 30 min; three times per
day for 14 days) in Japan since 1995 but not available in USA [16]. Fasudil is an inac-
tive moiety and metabolized (more than 95% in human) into active hydroxyfasudil,
a direct ROCK inhibitor (Ki�0.17 μM) [16, 17]. Placebo-controlled clinical trial of
fasudil for cerebral vasospasm management (in 267 Japanese patients) suggested no
serious adverse reactions, but infusion decreased 2 mmHg arterial blood pressure for
15 min. Other adverse reactions were intracranial bleeding, hematoma, and reduc-
tion in platelet count those were not significantly higher than placebo group [18].
Similar safety profile of fasudil in human has been documented by post-marketing
surveillance analysis on 1400 patients and trials on pulmonary arterial hypertension,
vasospastic angina, ischemic stroke, and vascular complications of type 2 diabetic
patients [16, 17, 19–23]. Preclinical studies have been demonstrated in anti-CCM
role of fasudil. Upon chronic administration (>4 months), fasudil (100 mg/kg) was
effective to improve survival in Ccm1+/−Msh2−/− mice by decreasing mature lesion
burden, iron deposition in lesions, proliferative endothelial cells, recruitment of B
cells, inhibiting endothelial ROCK activity and phosphorylated myosin light chain
level (pMLC) inEC [24, 25]. These actionswere prominent inmalemice. Fasudilwas
ineffective to decrease mature lesion burden in Ccm2+/−Trp53−/− mice. It inhibited
hyperproliferating phenotype of Ccm3−/− primary astrocytes (isolated from neonatal
mice). This shows that fasudil failed to differentiate the ROCK inhibition selectiv-
ity in Ccm3−/− primary astrocytes compared to wild-type primary astrocytes. This
provides an importance and need of developing CCM–ROCK selective agents for
clinical purpose instead to promote fasudil.

Since three decades statins are well known for lipid lowering, vasculo-beneficial
pleiotropic actions, and approved by FDA [26]. Simvastatin (40 mg/kg,>4 months)
decreased iron deposition and phosphorylated myosin light chain level in endothelial
cells, a marker of ROCK activity, but it did not modulate the lesion burden and sur-
vival in Ccm1+/−Msh2−/− mice [25]. Similar to fasudil, simvastatin was ineffective
in Ccm2+/−Trp53−/− mice for decreasing lesion burden. Simvastatin and atorvas-
tatin upregulated the expression of CCM2L. Fluvastatin documented most potent
CCM-selective RhoA prenylation inhibition in hyperproliferating Ccm3−/− primary
astrocytes compared to other short-acting statins (lovastatin, cerivastatin, simvas-
tatin) and long-acting statins (atorvastatin, pitavastatin, pravastatin, mevastatin). In
spite of this in vitro experimental proof, it is still indecisive to determine the in vivo
CCM–ROCK selective statin.

Each statin is distinct for their pharmacokinetic, toxicological, and pharmacody-
namic behavior in humans [27]. Atorvastatin (10–80 mg/day) is considered as a gold
standard for prophylaxis of myocardial ischemia or stroke due to pleiotropic actions
[28]. A meta-analysis of intensive dose (80 mg/day) atorvastatin or simavastatin
therapy suggested benefits by reducing cardiovascular death, myocardial infarction,
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and stroke through pleiotropic actions. This intensive dose was significantly associ-
ated with safety issues such as myalgia-associated withdrawal of patients and liver
dysfunction [29]. A recent population-based study suggested no difference between
hydrophilic statins and lipophilic statins for intracranial hemorrhage risk in ischemic
stroke patients [30]. Another pilot study done on 61 patients reported that hyperc-
holesterolemic patients unable to tolerate other statins including atorvastatin, pravas-
tatin, fluvastatin, simvastatin, lovastatin but rosuvastatin at doses of 5 and 10 mg/d
+ diet was well tolerated, effective, and had a good safety profile [31]. The study
pertaining to effect of simvastatin on permeability in CCM patients has completed,
and data are not published yet. Therefore, atorvastatin is a first-choice candidate for
CCM development, and later one is rosuvastatin.

Zoledronic acid is a FDA-approved drug for treatment of osteoporosis in post-
menopausal and multiple myeloma patients. It acts as a prenylation inhibitor by
interacting with geranyl–geranyl pyrophosphate synthase and farnesyl pyrophos-
phate synthase. It shows synergistic effects in combination with fluvastatin and this
combination extended the longevity and decreased lesion burden in endothelial cell-
selective Ccm3−/− mice. These drugs had beneficial anti-CCM actions by inhibiting
JNK and ERK1/2 but not by KLF2/4. However, there is a lack of in vivo preclini-
cal data to support synergistic interaction between zoledronic acid and fluvastatin.
The combination of zoledronic acid (4 mg infusion every 4 weeks) and pravastatin
(10 mg/day) or fluvastatin (40 mg/day) or atorvastatin (20 mg/day) has been stud-
ied in human to prevent bone metastasis of renal cell carcinoma and bone damage
in Hutchinson-Gilford Progeria syndrome [32]. These trials documented safety of
using statins in combination with zoledronic acid. This synergism concept will help
in clinic to reduce adverse dose of statins with same efficacy.

Due to lack of in vivoCCMselectivity and safety data of statins, it is appropriate to
look for new therapeutic agent. ROCK1 and ROCK2 are isoforms of ROCK present
in mammals, and they are different in their distribution in tissues [33]. ROCK2 is
expressed in heart, brain, andmuscle, whereasROCK1 is found everywhere in tissues
except muscle and brain [13, 15]. Because of this difference, ROCK1 plays a role in
circulating inflammatory cells processing whereas ROCK2 involves in contraction
of vascular smooth muscle [13]. Brain endothelial cells are selectively expressing
high amount of ROCK2 [15]. BA-1049 is a novel ROCK2-selective inhibitor and
currently under preclinical development for CCM [15]. Ultimately, CCM–ROCK
inhibition hypotheses can be satisfied by brain-selective ROCK inhibitor.

3.2 B Cell Depleting Agent

Autoimmunity plays a critical role in the genesis of neurological diseases (multiple
sclerosis (MS) and neuromyelitis optica) [34]. In consistent with these diseases, a
pathobiological investigation of excised human CCM lesions has strongly supported
the involvement of CD20+ B cell, oligoclonality, and neuroinflammation in CCM
lesions development. In our previous study on both Ccm3+/− (mild phenotypic) and
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Ccm3+/−Trp53−/− (strong phenotypic) mice, long-term treatment (12–15 weeks) of
anti-mouse BR3 antibody (5 mg/kg/week) significantly decreased number of mature
lesion burden, non-heme iron deposition, endothelial ROCK activity without mod-
ulating immature lesion burden. These effects were related to depletion of lesion B
cell in response to peripheral B cells depletion. Based on this data, B cells are mainly
involved in process of lesion maturation.

Various anti-CD20 monoclonal antibodies (rituximab, ibritumomab tiuxetan,
tositumomab-I-131, ofatumumab, obinutuzumab, and ocrelizumab) are approved
for the treatment of CD20+ B cells driven diseases such as MS, rheumatoid arthri-
tis, chronic lymphocytic leukemia, and non-Hodgkin‘s lymphoma [34, 35]. Among
these, rituximab (Rituxan approved in 1997 by USFDA and invented by Genentech),
ofatumumab (Arzerra approved in 2009 by USFDA and launched by Novartis), and
ocrelizumab (Ocrevus approved in 2017 by USFDA and invented by Genentech)
have been tested for management of MS, and only Ocrevus is a USFDA-approved
treatment for relapsing-remitting or primary progressive MS [36–40].

As compared to rituximab, which is a chimeric antibody, ofatumumab and ocre-
lizumab are humanized monoclonal antibodies and favor their regulatory approval
with respect to safety concerns so these drugs have been prominently focused for
repurposing use in MS [34]. Ocrelizumab is humanized, glycosylated monoclonal
antibody that binds with CD20 antigen present on the surface of pre-B cells and
mature B cells receptor [34, 36]. Due to this, ocrelizumab facilitates systemic B cells
loss by direct induction of apoptosis, complement dependent cytotoxicity (CDC), and
antibody-dependent cell-mediated cytotoxicity (ADCC). This systemic depletion of
B cells for long term (6 months) ultimately decreased availability of peripheral B
cells for local neuroinflammation [36, 41]. Compared to rituximab, ocrelizumab is
five times potent for ADCC, three times potent for CDC, and similar in potency for
apoptosis of B cells. Both, Rituxan and Ocrevus are invented by Genentech. With
respect to long-term legal marketed protection and strong technical background,
Genentech has proposed and launched Ocrevus of management of MS. In case of
ofatumumab, Phase-III trial data are still pending after announcement of trial initia-
tion in Sep 2016 by Genmab, a product-specific partner of Novartis. In randomized,
double-blind, placebo-controlled Phase-II trial, 700 mg infusion of ofatumumab at
24 weeks interval well-tolerated and infusion-related reactions were 100% in ofatu-
mumab 700 mg versus 25% in placebo [37].

Ocrevus is an intravenous injection available as a single vial with strength of
300 mg/10 mL [41]. USFDA recommended OPERA (randomized, double-blind and
active controlled Phase-III) trials administration schedule for Ocrevus with consid-
ering individual feasibility for hospital visits [41]. Based on OPERA trials, hepati-
tis B virus infection negative patients eligible for Ocrevus infusion and first dose
(600 mg) should be divided into two equal doses administered at an interval of
14 days because of high infusion-related reaction with first dose (35%). Subsequent
dose (600 mg) should be given one time at every 24 weeks [38]. Before every infu-
sion, patients should be premedicated with prophylactic methylprednisolone and
diphenhydramine to reduce the risk of infusion-related reactions [38]. However,
in ORATORIO (randomized, double-blind, and placebo-controlled Phase-III) trial,
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most of infusions-related adverse reactions were mild in nature and managed by
flow rate adjustment. There was no significant difference in patient withdrawal rate
between ocrelizumab-treated group and placebo due to adverse reactions [39]. The
risk of respiratory infection (59% vs. 14%) and malignancy (2.3% vs. 0.8%) was
higher in Ocrevus-treated groups compared to placebo [39]. According to current
data on safety profile of ofatumumab and ocrelizumab in multiple sclerosis trials,
both of them are prominent for CCM clinical development.

3.3 Vitamin D Analogue

Vitamin D, particularly calcifediol class, acts as a micronutrient and regulates cal-
ciumbalance in human body through activating vitaminD receptor (VDR), amember
of thyroid–steroid nuclear receptor family. Biologically, an active form of vitamin D
in human is a 1,25-dihydroxycholecalciferol (calcitriol, active vitamin D3), which is
synthesized by kidney from precursor, 25-hydroxycholecalciferol (calcifediol, par-
tially active vitamin D3). Human can get calcidiol by two routes: (1) synthesized
by sequential transformation of 7-dehydrocholesterol in skin and liver during sun
exposure and (2) available from diets or dietary supplements. Even these two routes,
the serum 25-hydroxyvitamin D3 level in 88.1% populations from developed, devel-
oping, or underdeveloped countries was lower than recommended level (75 nmol/L)
according to meta-analysis which included data of vitamin D3 monitoring trials
around the world. Other than calcium homeostasis, various clinical studies suggested
an inverse association between vitamin D3 level and severity of neurological disease.
Low serum level of 25-hydroxyvitamin D3 exposed persons for risk of dementia,
highlighted in longitudinal follow-up Finnish study. The Extended Disability Status
Scale (EDSS) more than 4 predicted by plasma vitamin D3 level (below 20 ng/mL)
in relapsing-remitting MS patients. In CCM patients, low 25-hydroxyvitamin D3
levels are associated with prognosis or early onset of malignancies related to onset
of lesions, multiplicity of lesions and various other hematalogical malignancies.
Therefore, 25-hydroxyvitamin D3 is a pleiotropic micronutrient for CCM and other
neurological diseases.

Preclinical studies have reinforced hypothesis on pleiotropic beneficial role of
vitamin D3 in CCM. In endothelial-specific Ccm2 knockout mice, approximately
50% of lesion burden attenuated by long-term treatment (5 months) with cholecal-
ciferol (25 IU/g). Its acute treatment also halted modulation in structural–functional
phenotypes in siCCM2 RNA-treated endothelial cells and abolished vascular leak
in endothelial-specific Ccm2 knockout mice. Cholecalciferol, but not its precursor
7-dehydrocholesterol, decreased RhoA expression and myosin light chain activation
in Ccm2 knockdown endothelial cells. The upregulated expression of Klf2 and Klf4
did not attenuate by vitamin D3 treatment in Ccm1ECKO mouse cells. This chole-
calciferol and other vitamin D analogues (ergocalciferol, calcifediol, calcitriol, dox-
ercalciferol, calcipotriene, and paricalcitol) are approved by USFDA for treatment
of rickets, hypoparathyroidism, hypophosphatemia, plaque psoriasis, and secondary
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hyperparathyroidism due to chronic kidney disease. Due to 100 times rapid systemic
clearance of calcipotriene than calcitriol, it is suitable for topical administration,
only. Cholecalciferol is available in combination dosage forms with other nutri-
tion or anti-osteoporotic agent. Other vitamin D analogues (Drisdol (ergocalciferol,
50KIU capsule, US Pharm); Rayaldee (calcifediol, 0.03 mg, extended-release cap-
sule, OPKO); Rocaltrol (calcitriol, 0.25/0.5 μg capsule, Validus Pharm); Hectorol
(doxercalciferol, 0.5/1/2.5 μg capsule, Genzyme); and Zemplar (paricalcitol, 1/2 μg
capsule, Abbvie)) are available in oral dosage form as a single therapeutic ingredient.

Hypercalcemia and related vascular calcification are major drawbacks of vitamin
D analogues clinical use. Preclinical and clinical data suggested vasculo-protective
action of paricalcitol, whereas calcitriol did not modulate vascular response. This
protection was independent on increase in serum calcium and decrease in parathy-
roid hormone level. Based on this data, paricalcitol is the first choice among vitamin
D analogues for CCM development. There is no data on vasculo-protective poten-
tial of other vitamin D analogues (ergocalciferol, calcifediol, and doxercalciferol)
treatment. However, they are safe for hypercalcemia risk compared to calcitriol.
Ergocalciferol and calcifediol are transformed by kidney into active metabolites,
whereas doxercalciferol transformed into active metabolites by liver. Therefore, they
are prone to subsequent CCM development. Apart from these, VS-105 (developed
by Vidasym, Chicago) is a pleiotropic effect-specific vitamin D receptor agonist.
It attenuated ventricular abnormalities and improved endothelium-dependent aortic
relaxationwithout affecting serumcalcium level in nephrectomized ratswith decreas-
ing parathyroid hormone concentration. Currently, it is under clinical development
phase for treatment of osteoporosis, and it would be an appropriate future target for
CCM development.

3.4 EnMT Inhibitors

EnMT is a migratory phenotypic modulation in endothelial cells that lead to loss of
cell–cell contacts and persistent neuroinflammation [42]. EnMT induction is gov-
erned by activation of Notch, Wnt/β-catenin, and TGF-β-signaling pathways [43].
Mesenchymal stem cell markers’, CD44 and α-smooth muscle actin, analysis in
CCM lesions demonstrated EnMT in pristine EC line. In constituent to this, preclin-
ical evidence suggested that initiation and persistent of EnMT in CCM is regulated
by activation of two mechanism i.e β-catenin and TGF-β signaling respectively [43].
Therefore, both the pathways are considered as an important targets for the develop-
ment of CCM therapeutic agents.

Sulindac sulfide and sulindac sulfone are metabolites of nonsteroidal anti-
inflammatory drug, sulindac. Sulindac sulfide is an active metabolite and inhibits
cyclooxygenase but sulindac sulfone is not. The short-term treatment (3–9 days) of
both sulindac metabolites (30mg/kg) improved survival and decreased lesion burden
in endothelial-specific Ccm3 knockout mice. These benefits are due to the relocal-
ization of VE-cadherin and recruitment of β-catenin at plasma membrane. Loss of



242 K. K. Chaudagar and A. Kanwal

EnMT driving proteins expression in the endothelial cells also helps in improving
the survival. However, due to devoid of COX inhibitory action in sulindac sulfone
(exisulind), it is the preferential choice for CCM clinical development by selectively
targeting β-catenin pathway. Because of phosphodiesterase V (PDEV) inhibitory and
related antineoplastic action, it was under clinical development alone or in combi-
nation with other antineoplastic agents for treatment of prostate, lung, and breast
cancer. Even exisulind was well tolerated in cancerous patients, it did not improve
efficacy and failed for treating prostate, lung, and breast cancer [44–48]. In 2015,
it has been received orphan drug designation for CCM from European Medicines
Agency (EMA) on request of Firc Institute of Molecular Oncology (IFOM).

LY-364947,LY-2109761, andSB-431542 (TGF-β andpSmad signaling inhibitors,
respectively) attenuated lesion burden and restored endothelial–pericyte cells inter-
action in Ccm1ECKO mice [43]. However, all of these are experimental agents.
LY2157299 (galunisertib, invented by Eli-Lilly) and pirfenidone (invented by Inter-
immune Inc) are TGFβ receptor and synthesis inhibitors, respectively [49, 50]. Pir-
fenidone (Esbriet, 267 mg capsule/tablet, 801 mg tablet for oral administration up
to 2403 mg/day, produced by Genentech) is approved by USFDA for treatment of
idiopathic pulmonary fibrosis. In ASCEND trial, 52 weeks treatment of pirfenidone
caused significant increase in gastrointestinal (5.4% vs. 1.4%, grade 3 reactions) and
skin (1.8% vs. 0.4%, grade 3 reactions) adverse reactions compared to placebo but
they were mainly mild or moderate in nature and did not lead to treatment discon-
tinuation [49, 51]. Galunisertib is under clinical development for glioma, hepatocel-
lular carcinoma, and pancreatic cancer [52–55]. In Phase-II recurrent glioblastoma
trial, galunisertib (300 mg/day, 14 days on/14 days off intermittent dosing) was well
tolerated and improved overall survival compared to lomustine [52]. Therefore, pir-
fenidone and galunisertib are primary options for CCM clinical development with
respect to TGFβ specific therapy.

3.5 TLR4 Inhibitors

TLR4 is an endotoxin recognizing receptor that activates innate immunity at early
age of infections. For this physiology, it interacts with cluster differentiation antigen
14 (CD14), lipopolysaccharide (LPS)-binding protein (LBP), and myeloid differ-
entiation protein 2 (MD2), those accelerates TLR4-mediated immune activation.
Depending on this, overactivation of TLR4 is critical for multiple organ failure in
sepsis by inflammatory events. In addition to sepsis-related inflammation, TLR4 is
activated by endogenous ligands such as defensin, heat shock proteins, high mobility
group box1 and causes sterile inflammation in absence of endotoxin. It is one pos-
sible mechanism for the occurrence of neuropathic pain. In CCM, TLR4 and CD14
expression enhancing polymorphism have been correlated to high lesion burden in
Q455X Hispanic founder mutant-carrying patients. TLR4 inhibited CD36-mediated
phagocytosis of brain-deposited RBC in microglia. Recent discovery on involve-
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ment of endothelial-specific TLR4 in CCM lesion development urges for the TLR4
antagonist in the treatment of CCM.

TLR4-mediated septic inflammation is a sequential and multiprotein containing
cascade so various types of TLR4 antagonists have been discovered and screened
such as LPS sequestrants, CD14 inhibitors, TLR4 inhibitors, and TLR4 intracellular
signalingmodulators. None of these TLR4 antagonists are approved for the treatment
of sepsis. Eritoran (E5564, invented by Eisai) and TAK-242 (Resatorvid, invented
by Takeda Pharmaceuticals) are selective TLR4 antagonists which are in advanced
clinical stage. There was no significant change in primary outcome of trials, and eri-
toran failed to replicate the beneficial data of Phase-II sepsis trial. Therefore, eritoran
further development stopped for treatment of sepsis. However, this trial provided the
safety data of eritoran to foster other indications. Recently, it is under Phase-II clin-
ical investigation for diabetes. Similar to eritoran, TAK-242 failed for significant
improvement in primary outcome of sepsis patients. This trial provided safety signal
for TAK-242-related transient dose-dependent methemoglobinemia. TAK-242 had
TAK-242 tested at preclinical stage for CCM, and it abolished lesion development in
Krit1ECKO mice. Therefore, these agents are good choices for preclinical evaluation
in CCM experimental models.

Apart from these new agents, the TLR4 inhibitors screening experiments high-
lighted potential blocking activity of marketed drugs such as naloxone, naltrexone,
and ibudilast. The inhibitory activities of naloxone and naltrexone are non-classic
and non-competitive on TLR4. Naloxone (Evzio�0.4 mg or 2 mg/0.4 mL prefilled
autoinjector for intramuscular use by Kaleo Ltd; Narcan�2 mg or 4 mg/0.1 mL
nasal spray by Adapt Pharma) and naltrexone (Vivitrol, 380 mg/vials for intramus-
cular use by Alkermes) are opioid receptor antagonists and approved to treat opioid
overdose/dependence or alcohol dependence in USA. Evzio and Narcan are recom-
mended for short-term emergency use, and Vivitrol is extended release for long-term
prescribed dosage forms. The common safety signals with Vivitrol use in patients are
hepatotoxicity and injection site reactions. The 6 months administration of Vivitrol
did not cause any significant change in liver chemistry and hepatic abnormality of
alcohol dependence patients. Other than these, the opioid overdose vulnerability and
opioid withdrawal precipitation are also naltrexone/naloxone administration associ-
ated with adverse risk in opioid prescribed populations. Naloxone and naltrexone are
stereoselective for opioid antagonism (means only (+)-forms act as antagonist but not
(−)-forms) and non-stereoselective for TLR4 antagonism. Therefore, stereoselective
(+)-naloxone/naltrexone are possible choices to develop safe and selective TLR-4
antagonist for CCM according to outcome from future study in CCM experimental
models.

Ibudilast is approved in Japan and Korea for treatment of asthma (20 mg/day) and
post-stroke syndrome (30 mg/day) more than two decades, but it is not available in
USA.Due to phosphodiesterase inhibition-related neuroprotective action, ibudilast is
under clinical development for multiple sclerosis in USA. In this Phase-II relapsing-
remittingMS trial, 60mg/day ibudilast administrationwas safe for 12months admin-
istration and also efficient to decrease disability progression. Means, there will be
high probability of USFDA to allow clinical trial of ibudilast in CCM if it will prove
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benefits in CCM experimental model. Currently, due to lack of preclinical efficacy
data on these TLR4 antagonists in CCM, it is required to screen them in respective
murine experimental models.

3.6 Thrombospondin 1 Mimetics

In neurological diseases such as subarachnoid and intracerebral hemorrhage, TSP-1
is elevated in plasma but its therapeutic implication is not concluded yet [56–58]. In
CCM, the expression of TSR, an anti-angiogenic peptide of TSP-1, abolished dis-
mantling of tight junctions and CCM lesion burden in Krit1ECKO mice. This recent
preclinical data clearly provide insight for beneficial anti-CCM role of TSP-1. Small
molecules such as ABT-510 and ABT-898 (both developed by Abbott) have been
discovered for TSP-1mimetic action [59, 60]. ABT-510 (developed byAbbott) is nat-
urally derived from TSP-1 and possesses strong anti-angiogenic action. Currently, it
is under clinical Phase-I/II trial in combinationwith standard chemoradiation therapy
or alone for treatment of glioblastoma and other advanced solid tumors (colorectal,
renal, breast, sarcoma, and melanoma) [59, 61–65]. In Phase-II soft tissue sarcoma
trial, ABT-510 was achieved more than 100 ng/mL in plasma and remained stable at
least more than 3 h/day in all patients after subcutaneous administration of 100 mg
ABT-510 two times in a day. This dose schedule was efficient for anti-angiogenic
actions of ABT-510 [59]. At same dose, ABT-510 (up to 28 days administration)
was well tolerated, and two patients had treatment-associated adverse events. One
patient had grade 4 hyponatremia that caused withdrawal of patients, and another
patient had grade 3 lymphopenia [59]. Preclinical study of ABT-898 depot prepara-
tion highlighted convenience of this new formulation for long-term administration
with tolerable safety profile compared to ABT-510 bolus administration [60]. There
was a thrombospondin 1 mimetic antibody, CVX-045 (a product generated by CovX
technology), under clinical development for advanced solid tumor treatment in 2008
[66, 67]. Later, Pfizer stopped research pipeline on CovX–Body technology due
to financial priority. Therefore, it seems promising to evaluate both ABT-510 and
ABT-898 for preclinical anti-CCM action.

3.7 Antioxidant Agents

A plenty of preclinical and clinical evidence has been indicating the role of oxidative
stress in neurological diseases by modulating vascular barrier functions and hemor-
rhage activity [68–70]. Oxidative stress is indicated by presence of reactive oxygen
species (ROS) which are generated by mitochondria metabolic system. CYP activ-
ity is responsible for ROS production, and MMP activity is modified by ROS. The
ROS generation by oxidative stress plays a crucial role in CCM1 patients. It raises
the possibility that inter-individual variability in genes related to oxidative stress
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might contribute to the phenotypic differences observed in these disease. Polymor-
phism in gene for CYP4F2 and CYP8A1 is related to large lesions count and total
lesions, respectively. Intracerebral hemorrhage is associated with CYP46A1 and
MMP3 polymorphism. Polymorphism in other oxidative stress genes for glyoxalase
and paraoxonasewas linked to variation in susceptibility of CCM. These data suggest
the potential role of oxidative stress in CCM severity.

Few preclinical reports have been supported beneficial role of antioxidant sup-
plementation in CCM. Tempol is a synthetic molecule to scavenge superoxide in
biological system. During CCM drug screening experiments, it inhibited siCCM2
RNA-induced structural–functional phenotypes in endothelial cells, dermal vascu-
lar leak, normalized acetylcholine-induced middle cerebral artery vasodilation, and
decreased lesion burden in endothelial-specific Ccm2 knockout mice. Tempol did
not inhibit upregulated expression of Klf2 and Klf4 in Krit1ECKO cells. Platinum
nanozyme (PtNP) is a synthetic monodispersed endotoxin-free nanomaterial with
particle sizes 5 and20nm.Due to these precise physicochemical characteristics, PtNP
is to be more defined for biological properties than other heterogeneous antioxidant
nanomaterials such as cerium oxide NP and fullerenes. Functionally, PtNP includes
nanocarrier and antioxidant behavior together. Nanocarrier properties lead to accu-
mulation of PtNP inside the endocytic vesicles, and this is without any cytotoxic
action on HeLa cells. In terms of antioxidant nature, PtNP possesses SOD, catalase,
and peroxidase activities. PtNP decreased ROS stress in the Krit1 knockout cells.
Avenanthramides are secondary metabolites of plants and known for antioxidant and
anti-inflammatory activities. Two derivatives of avenanthramide class are generated
using bioengineering process from S. cerevisiae and tested for the antioxidant activ-
ity in Krit1−/−MEF cell line. These compounds increased SOD2, FOXO1 expression
and reduced cyclin D1 level. Among these agents, tempol is proposed by Ricursion
Pharmaceuticals to USFDA for orphan drug designation and achieved approval sta-
tus in 2015. Currently, Recursion Pharmaceuticals is looking to file IND of tempol
for cerebral cavernous malformations.

Except this long pathway of new antioxidants discovery for CCM, FDA-approved
antioxidants are available for treatment of neurological diseases, and it is worthier
to target them for CCM development. Edaravone (Redicava, 30 mg/100 mL in infu-
sion bag, 2017) is recently approved for long-term treatment of amyotropic lateral
sclerosis. Pramipexole (Mirapex ER, 0.375–4.5 mg per tablet) is approved since
1997 for treatment of Parkinson’s syndrome. Other than antioxidant, its D2 recep-
tor antagonistic action proposes risk for dyskinesia, hallucinations, and compulsive
diseases [71]. Dexpramipexole is devoid of D2 receptor antagonism and tested for
amyotropic lateral sclerosis clinical development by Knopp Biosciences and Biogen
Idec [71, 72]. In Phase-III EMPOWER trial, dexpramipexole was tolerated but did
not improve efficacy with respect to any end points such as combined assessment of
function and survival (CAFS) score, amyotrophic lateral sclerosis functional rating
scale-revised (ALSFRS-R) total score, and time to death up to 12 months [72]. Cur-
rently, it is under clinical development for treatment of hypereosinophilic syndrome
by Knopp Biosciences. Edaravone and dexpramipexole are good choice for CCM
development.
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3.8 Gene Therapy and Local Therapeutic Target Delivery

The pathobiological changes in CCM diseases are related to loss of functional muta-
tion in CCMgenes that ultimately lead to dismantling of CCM complex. The restora-
tion of wild-type CCM protein may govern stabilization of CCM complex, recon-
struction of endothelial junctions, and barrier integrity. The application of CCMgene
therapy will cure the disease. In Phase-I study, the use of adeno-associated virus
serotype-2 (AAV2) for direct intracranial delivery of human aspartacylase gene in
Canavan disease suffering patients had shown 30% incidences of immunological
response by increasing neutralizing antibodies and provided the clinical proof for
safety of AAV2 vector in other brain gene delivery [73]. The 2-year follow-up study
on stereotactic delivery of AAV2–neuturin (glial cell-derived neurotropic factor) in
substantia nigra and putamen regions of Parkinson patients has documented no seri-
ous adverse events and no signs of damage on MRI [74]. Another clinical study on
Parkinson disease has proven the safety of lentiviral vector and stereotactic surgical
procedure for brain gene delivery [75, 76]. However, none of these trials has shown
the efficacy by gene delivery method. In murine arteriovenous malformation model,
the intravenous administration of AAV2–sFLT02 (a short arm of VEGF receptor)
significantly reducedmortality rate and abnormal vessels formation. The Tat peptide-
decorated calcitonin gene-related peptide (CGRP) gene containing gelatin–siloxane
nanoparticle intracisternal administration had improved neurological functional out-
come and decreased vasospasm in murine model of subarachnoid hemorrhage [77].
This non-viral vector delivery system was selective to endothelial cells because of
Tat peptide (HIV-1 envelope peptide that requires for cell penetration). These reports
are providing insight to conduct preclinical gene therapy trial for CCMmanagement
using AAV2 or Tat peptide as a vector- and site-specific intracranial delivery using
surgical procedure [77].

Other than these CCM targets-based therapeutic agents, thioram, pyrithione zinc,
and silibinin were reported as a selective CCM phenotype (hyperproliferation of
astrocytes and EnMT axis, respectively) inhibitors. Gedunin, pindolol, dimercaprol,
aloin, and apomorphine have shownanti-CCMactions in drug screening experiments.

4 Conclusion

Taken together, CCM is a rare disease, and the insufficient outcomes by surgical
management or evidence-based medications direct the need to develop CCM target-
specific pharmacotherapy. The advancement in understanding the molecular mech-
anisms of CCM pathobiology, preclinical experimental models for drug screening,
and clinical outcome monitoring markers for designing trials has opened the avenue
to reveal novel pharmacotherapy for CCM. BA-1049, atorvastatin, exisulind, and
tempol are currently under CCM preclinical development stage, and none of the
drugs are under controlled CCM clinical trial except simvastatin. Marketed FDA-
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approved drugs (rosuvastatin, paricalcitol, doxercalciferol, ergocalciferol, naloxone,
naltrexone, pirfenidone, edaravone, dexpramipexole) and clinically developing drugs
for other indications (VS-105, ibudilast, eritoran, TAK-242, galunisertib) are good
choice for preclinical development. For clinical development, FDA-approved drugs
such as ocrelizumab, ofatumumab and non-FDA-approved drugs such as fasudil are
preferential candidates.

Acknowledgements Dr. KKC and Dr. AK summarized this chapter on the basis of the original
science reported in the mentioned references. The funders had no role in the study design, data
collection, decision to publish, or preparation of the manuscript.

Conflict of Interest The author declares no conflict of interest.

References

1. Akers, A., et al.: Synopsis of guidelines for the clinical management of cerebral cavernous mal-
formations: consensus recommendations based on systematic literature review by the angioma
alliance scientific advisory board clinical experts panel. Neurosurgery 80(5), 665–680 (2017)

2. Gross, B.A., Du, R.: Hemorrhage from cerebral cavernous malformations: a systematic pooled
analysis. J. Neurosurg. 126(4), 1079–1087 (2017)

3. Flemming, K.D., et al.: Population-based prevalence of cerebral cavernous malformations in
older adults: Mayo clinic study of aging. JAMA Neurol. 74(7), 801–805 (2017)

4. Gross, B.A., et al.: The natural history of cerebral cavernous malformations in children. J.
Neurosurg. Pediatr. 17, 1–6 (2015)

5. de Vos, I.J., et al.: Review of familial cerebral cavernous malformations and report of seven
additional families. Am. J. Med. Genet. A 173(2), 338–351 (2017)

6. Gunel,M., et al.: A foundermutation as a cause of cerebral cavernousmalformation inHispanic
Americans. N. Engl. J. Med. 334(15), 946–951 (1996)

7. Laurans, M.S., et al.: Mutational analysis of 206 families with cavernous malformations. J.
Neurosurg. 99(1), 38–43 (2003)

8. Gallione, C.J., et al.: A founder mutation in the Ashkenazi Jewish population affecting messen-
ger RNA splicing of the CCM2 gene causes cerebral cavernous malformations. Genet. Med.
13(7), 662–666 (2011)

9. Liquori, C.L., et al.: Different spectra of genomic deletions within the CCM genes between
Italian and American CCM patient cohorts. Neurogenetics 9(1), 25–31 (2008)

10. Shenkar, R., et al.: Exceptional aggressiveness of cerebral cavernous malformation disease
associated with PDCD10 mutations. Genet. Med. 17(3), 188–196 (2015)

11. Akers, A.L., et al.: Biallelic somatic and germline mutations in cerebral cavernous malforma-
tions (CCMs): evidence for a two-hit mechanism of CCM pathogenesis. Hum. Mol. Genet.
18(5), 919–930 (2009)

12. Dammann, P., et al.: Correlation of the venous angioarchitecture of multiple cerebral cavernous
malformations with familial or sporadic disease: a susceptibility-weighted imaging study with
7-Tesla MRI. J. Neurosurg. 126(2), 570–577 (2017)

13. Oka,M., et al.: Therapeutic potential ofRhoA/Rhokinase inhibitors in pulmonaryhypertension.
Br. J. Pharmacol. 155(4), 444–454 (2008)

14. Yao, L., et al.: The role of RhoA/Rho kinase pathway in endothelial dysfunction. J. Cardiovasc.
Dis. Res. 1(4), 165–170 (2010)

15. Bond, L.M., Sellers, J.R., McKerracher, L.: Rho kinase as a target for cerebral vascular disor-
ders. Future Med. Chem. 7(8), 1039–1053 (2015)



248 K. K. Chaudagar and A. Kanwal

16. Shibuya, M., et al.: Effects of fasudil in acute ischemic stroke: results of a prospective placebo-
controlled double-blind trial. J. Neurol. Sci. 238(1–2), 31–39 (2005)

17. Shimokawa, H., et al.: Anti-anginal effect of fasudil, a Rho-kinase inhibitor, in patients with
stable effort angina: a multicenter study. J. Cardiovasc. Pharmacol. 40(5), 751–761 (2002)

18. Shibuya, M., et al.: Effect of AT877 on cerebral vasospasm after aneurysmal subarachnoid
hemorrhage.Results of a prospective placebo-controlled double-blind trial. J. Neurosurg. 76(4),
571–577 (1992)

19. Fukumoto, Y., et al.: Double-blind, placebo-controlled clinical trial with a rho-kinase inhibitor
in pulmonary arterial hypertension. Circ. J. 77(10), 2619–2625 (2013)

20. Jiang, X., et al.: Acute hemodynamic response of infused fasudil in patients with pulmonary
arterial hypertension: a randomized, controlled, crossover study. Int. J. Cardiol. 177(1), 61–65
(2014)

21. Suzuki, Y., et al.: A postmarketing surveillance study of fasudil treatment after aneurysmal
subarachnoid hemorrhage. Surg. Neurol. 68(2), 126–131 (2007). (discussion 131–2)

22. Guo, R., et al.: Fasudil improves short-term echocardiographic parameters of diastolic function
in patients with type 2 diabetes with preserved left ventricular ejection fraction: a pilot study.
Heart Vessels 30(1), 89–97 (2015)

23. Otsuka, T., et al.: Administration of the Rho-kinase inhibitor, fasudil, following nitroglycerin
additionally dilates the site of coronary spasm in patients with vasospastic angina. Coron.
Artery Dis. 19(2), 105–110 (2008)

24. McDonald,D.A., et al.: Fasudil decreases lesion burden in amurinemodel of cerebral cavernous
malformation disease. Stroke 43(2), 571–574 (2012)

25. Shenkar, R., et al.: RhoA kinase inhibition with fasudil versus simvastatin in murine models
of cerebral cavernous malformations. Stroke 48(1), 187–194 (2017)

26. Bedi, O., et al.: Pleiotropic effects of statins: new therapeutic targets in drug design. Naunyn
Schmiedebergs Arch. Pharmacol. 389(7), 695–712 (2016)

27. Schachter, M.: Chemical, pharmacokinetic and pharmacodynamic properties of statins: an
update. Fundam. Clin. Pharmacol. 19(1), 117–125 (2005)

28. Gresser, U., Gathof, B.S.: Atorvastatin: gold standard for prophylaxis of myocardial ischemia
and stroke—comparison of the clinical benefit of statins on the basis of randomized controlled
endpoint studies. Eur. J. Med. Res. 9(1), 1–17 (2004)

29. Silva, M., et al.: Meta-analysis of drug-induced adverse events associated with intensive-dose
statin therapy. Clin. Ther. 29(2), 253–260 (2007)

30. Quinn,K.L., et al.: Lipophilic statins and the risk of intracranial hemorrhage following ischemic
stroke: a population-based study. Drug Saf. (2017)

31. Glueck, C.J., et al.: Rosuvastatin 5 and 10 mg/d: a pilot study of the effects in hypercholes-
terolemic adults unable to tolerate other statins and reach LDL cholesterol goals with nonstatin
lipid-lowering therapies. Clin. Ther. 28(6), 933–942 (2006)

32. Manoukian, G.E., et al.: Pilot trial of bone-targeted therapy combining zoledronate with fluvas-
tatin or atorvastatin for patients with metastatic renal cell carcinoma. Clin. Genitourin. Cancer
9(2), 81–88 (2011)

33. Shah, S., Savjani, J.: A review on ROCK-II inhibitors: from molecular modelling to synthesis.
Bioorg. Med. Chem. Lett. 26(10), 2383–2391 (2016)

34. Bittner, S., et al.: Targeting B cells in relapsing-remitting multiple sclerosis: from pathophysi-
ology to optimal clinical management. Ther. Adv. Neurol. Disord. 10(1), 51–66 (2017)

35. Lim, S.H., et al.: Anti-CD20monoclonal antibodies: historical and future perspectives. Haema-
tologica 95(1), 135–143 (2010)

36. Kappos, L., et al.: Ocrelizumab in relapsing-remittingmultiple sclerosis: a phase 2, randomised,
placebo-controlled, multicentre trial. Lancet 378(9805), 1779–1787 (2011)

37. Sorensen, P.S., et al.: Safety and efficacy of ofatumumab in relapsing-remitting multiple scle-
rosis: a phase 2 study. Neurology 82(7), 573–581 (2014)

38. Hauser, S.L., et al.: Ocrelizumab versus interferon beta-1a in relapsing multiple sclerosis. N.
Engl. J. Med. 376(3), 221–234 (2017)



Considerable Therapeutic Strategies for Treatment of Genetic Defects … 249

39. Montalban, X., et al.: Ocrelizumab versus placebo in primary progressive multiple sclerosis.
N. Engl. J. Med. 376(3), 209–220 (2017)

40. Reagan, P.M., Friedberg, J.W.: Reassessment of anti-CD20 therapy in lymphoid malignancies:
impact, limitations, and new directions. Oncology (Williston Park) 31(5), 402–411 (2017)

41. Frampton, J.E.: Ocrelizumab: first global approval. Drugs 77(9), 1035–1041 (2017)
42. Troletti, C.D., et al.: Molecular alterations of the blood-brain barrier under inflammatory con-

ditions: the role of endothelial to mesenchymal transition. Biochim. Biophys. Acta 1862(3),
452–460 (2016)

43. Maddaluno, L., et al.: EndMT contributes to the onset and progression of cerebral cavernous
malformations. Nature 498(7455), 492–496 (2013)

44. Sinibaldi, V.J., et al.: Phase II evaluation of docetaxel plus exisulind in patients with androgen
independent prostate carcinoma. Am. J. Clin. Oncol. 29(4), 395–398 (2006)

45. Weight, C.J., et al.: A prospective, controlled phase II study of neoadjuvant exisulind therapy
before radical prostatectomy: effect on apoptosis. Urology 80(2), 484-e17–22 (2012)

46. Attia, S., et al.: Phase I/II study of vinorelbine and exisulind as first-line treatment of advanced
non-small cell lung cancer in patients at least 70 years old: a wisconsin oncology network
study. J. Thorac. Oncol. 3(9), 1018–1025 (2008)

47. Weiss, G.J., et al.: Docetaxel and exisulind in previously treated non-small cell lung cancer
(NSCLC) patients: amulticenter, phase II clinical trial. J. Thorac. Oncol. 2(10), 933–938 (2007)

48. Pusztai, L., et al.: Phase I and II study of exisulind in combination with capecitabine in patients
with metastatic breast cancer. J. Clin. Oncol. 21(18), 3454–3461 (2003)

49. King Jr., T.E., et al.: A phase 3 trial of pirfenidone in patients with idiopathic pulmonary
fibrosis. N. Engl. J. Med. 370(22), 2083–2092 (2014)

50. Herbertz, S., et al.: Clinical development of galunisertib (LY2157299 monohydrate), a small
molecule inhibitor of transforming growth factor-beta signaling pathway. Drug Des. Devel.
Ther. 9, 4479–4499 (2015)

51. Nathan, S.D., et al.: Effect of continued treatment with pirfenidone following clinically mean-
ingful declines in forced vital capacity: analysis of data from three phase 3 trials in patients
with idiopathic pulmonary fibrosis. Thorax 71(5), 429–435 (2016)

52. Brandes, A.A., et al.: A Phase II randomized study of galunisertib monotherapy or galunisertib
plus lomustine compared with lomustine monotherapy in patients with recurrent glioblastoma.
Neuro Oncol. 18(8), 1146–1156 (2016)

53. Capper, D., et al.: Biomarker and histopathology evaluation of patients with recurrent glioblas-
toma treated with galunisertib, lomustine, or the combination of galunisertib and lomustine.
Int. J. Mol. Sci. 18(5), 995 (2017)

54. Ikeda, M., et al.: Phase 1b study of galunisertib in combination with gemcitabine in Japanese
patients with metastatic or locally advanced pancreatic cancer. Cancer Chemother. Pharmacol.
79(6), 1169–1177 (2017)

55. Cao, Y., et al.: NGS-based transcriptome profiling reveals biomarkers for companion diag-
nostics of the TGF-beta receptor blocker galunisertib in HCC. Cell Death Dis. 8(2), e2634
(2017)

56. Chen, Q., et al.: Elevated cerebrospinal fluid levels of thrombospondin-1 correlate with adverse
clinical outcome in patients with aneurysmal subarachnoid hemorrhage. J. Neurol. Sci. 369,
126–130 (2016)

57. Dong, X.Q., et al.: Changes in plasma thrombospondin-1 concentrations following acute intrac-
erebral hemorrhage. Clin. Chim. Acta 450, 349–355 (2015)

58. Shen, Y.F., et al.: The prognostic value of plasma thrombospondin-1 concentrations after
aneurysmal subarachnoid hemorrhage. Clin. Chim. Acta 448, 155–160 (2015)

59. Baker, L.H., et al.: Randomized, phase II study of the thrombospondin-1-mimetic angiogen-
esis inhibitor ABT-510 in patients with advanced soft tissue sarcoma. J. Clin. Oncol. 26(34),
5583–5588 (2008)

60. Sahora, A.I., et al.: Prospective study of thrombospondin-1 mimetic peptides, ABT-510 and
ABT-898, in dogs with soft tissue sarcoma. J. Vet. Intern. Med. 26(5), 1169–1176 (2012)



250 K. K. Chaudagar and A. Kanwal

61. Hoekstra, R., et al.: Phase I safety, pharmacokinetic, and pharmacodynamic study of the
thrombospondin-1-mimetic angiogenesis inhibitor ABT-510 in patients with advanced can-
cer. J. Clin. Oncol. 23(22), 5188–5197 (2005)

62. Gietema, J.A., et al.: A phase I study assessing the safety and pharmacokinetics of the
thrombospondin-1-mimetic angiogenesis inhibitor ABT-510 with gemcitabine and cisplatin
in patients with solid tumors. Ann. Oncol. 17(8), 1320–1327 (2006)

63. Hoekstra, R., et al.: Phase I study of the thrombospondin-1-mimetic angiogenesis inhibitor
ABT-510with 5-fluorouracil and leucovorin: a safe combination. Eur. J. Cancer 42(4), 467–472
(2006)

64. Gordon, M.S., et al.: A phase 1 trial of 2 dose schedules of ABT-510, an antiangio-
genic, thrombospondin-1-mimetic peptide, in patients with advanced cancer. Cancer 113(12),
3420–3429 (2008)

65. Nabors, L.B., et al.: A phase 1 trial of ABT-510 concurrent with standard chemoradiation for
patients with newly diagnosed glioblastoma. Arch. Neurol. 67(3), 313–319 (2010)

66. Molckovsky, A., Siu, L.L.: First-in-class, first-in-human phase I results of targeted agents:
highlights of the 2008 American society of clinical oncology meeting. J. Hematol. Oncol. 1,
20 (2008)

67. Li, L., et al.: Antitumor efficacy of a thrombospondin 1 mimetic CovX-body. Transl. Oncol.
4(4), 249–257 (2011)

68. Najjar, S., et al.: Neurovascular unit dysfunction and blood-brain barrier hyperpermeability
contribute to schizophrenia neurobiology: a theoretical integration of clinical and experimental
evidence. Front Psychiatry 8, 83 (2017)

69. Imai, T., et al.:Nrf2 activator ameliorates hemorrhagic transformation in focal cerebral ischemia
under warfarin anticoagulation. Neurobiol. Dis. 89, 136–146 (2016)

70. Laplace, C., et al.: Endothelial oxidative stress induced by serum from patients with severe
trauma hemorrhage. Intensive Care Med. 31(9), 1174–1180 (2005)

71. Pandya, R.S., et al.: Therapeutic neuroprotective agents for amyotrophic lateral sclerosis. Cell.
Mol. Life Sci. 70(24), 4729–4745 (2013)

72. Cudkowicz, M.E., et al.: Dexpramipexole versus placebo for patients with amyotrophic lateral
sclerosis (EMPOWER): a randomised, double-blind, phase 3 trial. Lancet Neurol. 12(11),
1059–1067 (2013)

73. McPhee, S.W., et al.: Immune responses to AAV in a phase I study for Canavan disease. J.
Gene. Med. 8(5), 577–588 (2006)

74. Warren Olanow, C., et al.: Gene delivery of neurturin to putamen and substantia nigra in
Parkinson disease: a double-blind, randomized, controlled trial. Ann. Neurol. 78(2), 248–257
(2015)

75. Bartus, R.T., et al.: Safety/feasibility of targeting the substantia nigra with AAV2-neurturin in
Parkinson patients. Neurology 80(18), 1698–1701 (2013)

76. Palfi, S., et al.: Long-term safety and tolerability of ProSavin, a lentiviral vector-based gene
therapy for Parkinson’s disease: a dose escalation, open-label, phase 1/2 trial. Lancet 383(9923),
1138–1146 (2014)

77. Tian, X.H., et al.: Tat peptide-decorated gelatin-siloxane nanoparticles for delivery of CGRP
transgene in treatment of cerebral vasospasm. Int. J. Nanomed. 8, 865–876 (2013)


	Foreword from Academia
	Foreword from Industry
	Preface
	Contents
	About the Editors
	Very Small World (Nanodeliveries)
	Nanotechnology in Ancient Era
	1 Introduction
	2 Classic Examples of Ancient Nanotechnologies
	2.1 Lycurgus Cup
	2.2 Stained Glass Windows in European Cathedrals During Medieval Periods
	2.3 Ayurvedic Bhasma: Nanomedicine

	3 Conclusion
	References

	Nanodeliverables
	1 Introduction
	1.1 Advantages of Nanodrug Delivery Systems
	1.2 Classification of Nanodrug Delivery Systems

	2 Lipid-Based Nanodeliverables
	2.1 Liposomes
	2.2 Stimuli-Responsive Liposomes
	2.3 Solid Lipid Nanoparticles and Nanostructured Lipid Carriers

	3 Polymeric Nanocarriers
	3.1 Synthetic Polymers
	3.2 Natural Polymers
	3.3 Stimuli-Responsive Polymers (SRPs)-Based Nanocarriers

	4 Inorganic Nanoparticles
	4.1 Quantum Dots (QDs)
	4.2 Metal and Metal Oxide Nanoparticles
	4.3 Silica-Based Nanoparticles

	5 Carbon Nanomaterials
	5.1 Fullerene
	5.2 Graphene
	5.3 Graphene Oxide and Reduced Graphene Oxide
	5.4 Carbon Nanotubes
	5.5 Carbon Nanospheres
	5.6 Nanodiamond

	6 Polymer–Inorganic Composite Nanostructures
	7 Biomimetic Nanostructures for Delivery Applications
	8 Self-assembled Peptide Nanostructures
	References

	Targeted Phytochemical-Conjugated Gold Nanoparticles in Cancer Treatment
	1 Introduction
	2 Methodology
	3 Results and Discussion
	References

	Intelligent Devices
	Enterprising Artificial Intelligence: Aiding Patients as Well as the Healers
	1 Introduction
	1.1 AI Around the World
	1.2 Some Products as an Example of Collaborative Research
	1.3 3D Printed Bones
	1.4 Sickle Cell Chip

	2 An Overview of Healthcare Products Using AI Around the World
	2.1 When Artificial Intelligence Completes Human Body [25]
	2.2 Medical Imaging, Diagnostics, and Artificial Intelligence
	2.3 AI and Drug Discovery
	2.4 AI and Data Mining/Medical Records Mining
	2.5 Indian Start-ups in the Healthcare Sector Using AI

	3 Challenges Involved in Medical Applications of Artificial Intelligence [33]
	4 Discussion
	References

	Point of Care Devices
	1 Introduction
	2 Biochemistry Behind the POC Testing
	3 Remarkable Features of POC Devices
	4 Clinical Applications of POC Testing
	5 Advantages of POC Devices Over Existing Technologies
	6 Market Opportunities and Technology Trends
	7 Discussion
	References

	Cardiac Pacemaker—A Smart Device
	1 Introduction
	2 Basic Knowledge About Our Heart and Cardiac Arrhythmia
	3 Cardiac Arrhythmia
	4 The History of Pacemaker
	5 Components of a Modern Pacemaker
	6 Basic Functions of Modern Pacemaker
	7 Temporary and Permanent Pacemaker
	8 Pacing Modes
	9 How to Implant a Pacemaker
	10 New Advances in Pacemaker
	References

	Behind the Scenes Genes
	CAR-T Cell Immune Therapy: Engineering T Cells to Treat Cancer
	1 Introduction
	2 Domain Organization of CAR
	3 Trafficking and Migration of CAR-T Cells to Tumor Sites
	4 Clinical Application of CAR-T Cells
	4.1 Clinical Trials with First-Generation CAR-T Cells
	4.2 Second-Generation CAR-Modified T Cell Trials
	4.3 Third-Generation CAR-Modified T Cell Trial

	5 CAR-Modified T Cells: Advantages
	6 CAR-Modified T Cells: Major Challenges
	7 Concluding Remarks
	References

	Greener Environment
	Performance Evaluation of Solar Energy-Based Distillation System for Groundwater Purification: A Green Concept for Rural Development of Indian Villages
	1 Introduction
	2 Solar Distillation and Water Purification: Historical Perspective and Types
	3 Experimental Set up
	4 Results for Solar Still Investigations for Rural Water Supply
	5 Discussion and Conclusions
	References

	Biodegradable Plastics Production by Cyanobacteria
	1 Introduction
	1.1 Chemically Synthesized Plastics
	1.2 Starch-Based Biodegradable Plastics
	1.3 Completely Biodegradable Plastics

	2 Polyhydroxyalkanoates (PHAs)
	2.1 Structure of PHAs
	2.2 Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) [P(3HB-co-3HV)] Co-polymer
	2.3 Applications for PHAs
	2.4 Commercially Available PHAs

	3 P(3HB-co-3HV) Co-polymer Accumulation in Bacteria and Commercial Drawbacks
	4 Attempts for PHAs Production in Transgenic Plants
	5 Cyanobacteria as Production Hosts for PHAs
	6 Mechanical and Thermal Properties of PHAs
	7 Conclusion and Future Perspectives
	References

	Yielding More (Agricultural and Industrial)
	Global Status of Genetically Modified Crops and Its Commercialization
	1 Introduction
	2 Worldwide Expanse of GM Crops
	3 Dissemination of Biotech Crops
	4 Monetary Benefits of GM Crops
	5 GM Crop Approvals by Different Countries
	6 Number of GM Events Approved
	7 Imminent of Biotech Crops
	8 First-Generation Biotech Crops with Agronomic Traits
	9 Second-Generation Biotech Crops with Stacked Input Traits
	10 Third-Generation Biotech Crops for Nutrition and Product Advantage
	11 New Developments and Products in the Pipeline
	12 Food Safety Regulation
	13 Regulatory Barriers to GM Crops Adoption
	13.1 Budget and Erection of Regulation
	13.2 Rigorous and Incompetent Parameter

	14 Conclusion
	References

	Global Food Security: A Truncated Yield of Underutilized and Orphan Crops
	1 Introduction to Orphan and Underutilized Crops
	2 Conceivable Biotechnological Interventions for Boosting Orphan and Underutilized Harvests
	3 Interest in Logical Research for Development for Orphan Crops
	4 Change in the General Population Expansion Framework
	5 Conservation and Security of Orphan Crops by Reinforcing the Seed Framework
	6 Embrace and Implement of Various Policies on Food and Agriculture
	7 Conclusion and Future Aspects
	References

	Ordinary to Extra-ordinary
	Metabolomics: An Emerging Technology for Soybean Improvement
	1 Introduction
	2 Metabolomics in Soybean Biotic/Abiotic Stress
	3 Metabolomics in Soybean Grown Under Different Growth Conditions
	4 Integration of Metabolomics with Other Omics Approaches in Soybean
	5 Conclusion and the Future Outlook
	References

	Phyto-Stem Cell: New Door in Cosmetology
	1 Introduction
	2 Plant Cell Culture Technology
	3 Phyto-Stem Cells
	4 Genetic of Healthy Skin
	5 Benefits of Plant Stem Cells for Human Skin
	6 Phyto-Stem Cells
	6.1 Edelweiss Stem Cells
	6.2 Apple Stem Cells
	6.3 Lilac Stem Cells
	6.4 Argan Stem Cell
	6.5 Echinacea Stem Cell
	6.6 Grape Stem Cell
	6.7 Mushroom Stem Cells

	7 Advantages of Plants Based Cosmetics Over Synthetic
	8 Conclusion
	References

	Readiness to Cure
	Dual-Targeted Therapy and Molecular Imaging with Radiolabeled Nanoparticles
	1 Introduction
	2 Multitargeting Receptors
	3 Nuclear Imaging Based on Nanoparticles
	4 Radiolabeling of Nanoparticles
	5 Radiolabeled Metallic Nanoparticles
	5.1 Radiolabeled Gold Nanoparticles (AuNPs)
	5.2 Radiolabeled Iron Oxide Nanoparticles
	5.3 Radiolabeled Silver Nanoparticles
	5.4 Radiolabeled Copper Nanoparticles

	6 Radiolabeled Polymeric Nanoparticles
	7 Discussion
	References

	Pharmaceutical Biotechnology in Herbal Neuroprotection
	1 Introduction
	2 Neurodegeneration and Neuroprotection
	3 Significance of Herbal Neuroprotectors Over Existing Options
	4 Some Neuroprotective Bioactive Compounds from Plants
	5 Discussion
	6 Conclusions
	References

	Considerable Therapeutic Strategies for Treatment of Genetic Defects Govern Neurovascular Disease
	1 Clinically Significant Need and Lack of Effective Pharmacotherapy
	2 Pathobiology of CCM Lesions
	2.1 Endothelial Mesenchymal Transition (EnMT)

	3 CCM Targets-Based Pharmaceutical Agents
	3.1 RhoA–ROCK Signaling Inhibitors
	3.2 B Cell Depleting Agent
	3.3 Vitamin D Analogue
	3.4 EnMT Inhibitors
	3.5 TLR4 Inhibitors
	3.6 Thrombospondin 1 Mimetics
	3.7 Antioxidant Agents
	3.8 Gene Therapy and Local Therapeutic Target Delivery

	4 Conclusion
	References




