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Basic biomedical research aims to provide a comprehensive and detailed under-
standing of the mechanisms that underlie the development and normal functions of
humans and other living organisms. Therefore, those insights into the pathological
and pathophysiological mechanisms that cause disease are understood. There have
been remarkable conceptual and technical advances in biological and biomedical
sciences in the last few years and are continuing rapidly. The genome project and
developments provide new language to understand the occurrence, mechanism, and
prevention of disease. For this reason, organismal physiology has been a most
significant challenge ahead in basic and clinical research. With new technologies,
molecular mechanisms of many acquired and inheritable diseases are elucidated.
Attempts are on to understand the integrated function of organs and organisms by
using the combination of molecular, computational structural biology, and imaging
technology.

Mysteries of the brain are being unravelled for the study of cells, organs, and
patients. Though there has been an explosion of information in all these areas, it is
difficult to collate all that for practical uses. There is, thus, a wide gap in knowledge
and its applications. To mitigate the challenges faced by humans, this gap must be
bridged. There is a dire need to have an effective dialogue between physicians and
scientists. It will help to understand clinical medicine in a much practical way. The
interaction of astute clinicians with patients may stimulate clinical investigations that
may suggest novel mechanisms of disease. There is, in fact, a bidirectional flow of
information from patients to the laboratory and back. It helps to accelerate under-
standing of human diseases, to develop new strategies for their prevention, diagno-
sis, and treatment. The route may pass through various experimentation and
validation stages in lower and higher animal species and now on chips, cell-free
systems, and bionomics. There can be no doubt that the frequency and intensity of
interactions have tremendously increased now. The primary and clinical workforces
linked by biomedical scientists are presently termed “translational” researchers.
They are trained to be knowledgeable in the primary and clinical biomedical sciences
and proficient in patient care.

The volume “Translational Biomedical Sciences” is a platform for clinical
researchers, basic scientists, biomedical engineers, and computational biologists
from various countries to express their experiences and futuristic thoughts in the
form of chapters.

Vil



viii Preface

“Translational Biomedical Sciences” has been compiled in three volumes, i.e., it
summarises emerging technologies for healthcare. Volume II: From Disease Diag-
nosis to Treatment discusses various aspects of biomedical research towards
understanding the diseases’ pathophysiology and improvement in diagnostic
procedures and therapeutic tools. Volume III: Drug Design and Discovery focuses
on biomedical research’s fundamental role in developing new medicinal products.

This Volume I articulates the innovations and new technologies in biomedical
sciences emphasising on genomic analysis, immunology, stem cell, tissue engineer-
ing, nanotechnology, computation and structural biology, and biomedical engineer-
ing. This book is a useful information source for clinical researchers, basic scientists,
biomedical engineers, and computational biologists.

The editors are thankful to their family members Vipin, Aditi, Vineet, Aastha,
Ankit, and Ira. We compliment the authors who have contributed scholarly chapters
to this book. Special accolades to Dr. Sanjeev Puri for his help in preparing this
volume.

RCS acknowledges the help of the INDIAN NATIONAL SCIENCE
ACADEMY for the help in bringing out this book.

Chandigarh, India R. C. Sobti
Lund, Sweden Aastha Sobti
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Abstract

The emergence of newer technologies has revolutionized the biomedical
sciences, which are in fact in the interface of various branches of science and
engineering to find out ways to meet the challenges faced by humanity. It is now
possible to make precise diagnosis and even detect the stage of diseases by using
molecular biomarkers from noninvasive liquid biopsies. This is also facilitated by
the use of microRNA (miRNA) profiling, the throughput novel sequencing and
the machine-learning approaches, which help in determining marker DNA
mutations. Certain nanoparticles such as the analysis of tissues by biophotonics
and Raman spectroscopy augment the precision in disease diagnosis.

The synthesis of precise and stage specific structure-based and targeted drugs
is possible by using in vivo and in vitro models coupled with molecular biology
techniques and pharmacogenomics. This has further been facilitated by computa-
tional models (bioinformatic tools) for omics (genomic, transcriptomics, proteo-
mics, and metabolomic) approaches. Accurate and better drug targets are
provided by small interfering RNAs (SiRNAs), which are capable of sequence
specific gene silencing.

It is now possible to overcome the treatment resistance by epigenetic and
immune cell mechanisms and targeted therapy. The effectiveness of the drug can
be detected by using organoid models (3D) of diseased (e.g., cancer) cell cultures
from biopsies of primary patients. Genome editing such as CRISPR/Cas systems
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and RNA interference (RNAi) are playing an important role in the treatment of
diseases by editing and regulating genome. Drug binding mechanisms and
kinetics are understood by machine-learning algorithms. The absorption, distri-
bution, metabolism, excretion, and toxicity as well as failure of drugs can be
tracked through high-throughput screening technologies assisted computational
methods and artificial intelligence. For this, in vivo models are also used. Drugs
before administering to patients are tested in vitro in cell lines and patient-derived
xenografts (PDXs). The immune-competent, cell line-derived xenografts
(CDXs), PDXs, and genetically engineered mice (GEM) provide models for
determining the effect of chemotherapeutic drugs, inhibitors, and immunothera-
peutic agents. The impact of physiological variables such as oxygen, pH, and
temperature that affect drug response can be determined by 3-D cell line
bioreactors. The inhibitors of DNA methyltransferases (DNMT), histone
deacetylases (HDACSs), and anti-miRNAs can be used to target epigenetic
mechanisms in different types of diseases. The epigenetic mechanisms can be
modulated by certain dietary photochemicals. Nucleic acid-based therapy
depends on the noncoding RNAs (ncRNAs). The immune therapy approaches
use immune checkpoint inhibitors, T-cell, nonspecific immune therapies and
vaccines against different diseases. G protein-coupled receptor targeting is an
efficient approach to treat certain diseases. In the case of cancers, the
immunopeptidomic approaches involving tumor-associated neo antigens are
used for the development of anticancer vaccines and T-cell-based therapies.
Emphasis on nutrition traffic to regulate the microenvironment and also differen-
tiation and activation of immune cells is another approach in the management of
diseases.

It is now evident that during the last couple of years, the biomedical sciences
including engineering have tremendously increased the precision in disease
detection for appropriate treatment and management.

Keywords

Advancements in biotechnology - Clinical trials and personalized treatment -
Exosome-based immunotherapy - CRISPR/CAS - Trans-Magnetic Stimulation
(TMS) - Cyprogs - Next-generation sequencing (NGS)

1.1 Introduction

Right from the earlier times, biological sciences with the support of chemical,
physical, and mathematics have been trying to unravel the mysteries of life. The
earlier breakthrough discoveries in biological sciences were made by people trained
in techniques of other disciplines. Many of the Nobel prizes in chemistry are
awarded for discoveries related to biological systems. Physicists have developed
techniques that advanced the experimental science of every discipline. Mathematics
is considered the mother of science, and nowadays, computational science and



1 Introduction to Emerging Technologies in Biomedical Sciences 3

Chemical Sciences

. X-Ray Crystallography
In Silico Drug Cryoelectron Microscopy

Design ) A (Protein Structures) NMR Spectroscopy
Protein Design

(Antibody and Enzymes) Single Molecule

Robotic Liquid Handling
Spectroscopy

Protien Structure Predictions {High throughput screening)

(DeepMind by Google) Next Generation

MNA il
Cell free systems DNA sequencing

Mathematics/ Omics Technologies Physics/
Computing Metabolomics Genetic Engineering Technology
Cognitive computing Lipidomics (CRISPR technology, RNAI,
and Al in Biclogy Transcriptomics | Biopharming of molecules Confocal Microscopy
Proteomics In plants)
s ; FITR spectroscopy  Nano-Biotechnology and
(Genome wide virtual cell 2 b
_ d irtual Ce (Synchonise BioMeMS
association studies
) source (Micro electro-mechanical
simulated Organs SpeNoRop} Systemsin biology)
(Living Heart Project) Medical
Big Data Analysis Imaging 3D Culture

In Health Scviences Organ on Chip

Biological Sciences

Fig. 1.1 Emerging techniques at the interface with other disciplines, for the study of biological
systems at various levels of complexity

statistics are leading the measure developments in every sphere of science and
business. The interrelations of various sciences leading to the emergence of new
technologies have been depicted in Fig. 1.1.

The joining of engineering sciences to biological and medical sciences has
brought biomedical sciences at revolutionary. Some of the emerging technologies
in biomedical sciences have been tabulated below (Table 1.1).

1.2  Imaging Cells to Molecules in 3D

Visualizing structures is a solid proof by itself, as it is said: “Seeing is Believing.”
Microscopy was the primary technique in life sciences in its infancy and advanced
microscopy or ‘“imaging techniques” will remain a powerful tool to study biological
systems. Today, fluorescence-based confocal microscopy is used to visualize the
biological samples at molecular precision in 3D. It is possible to determine the
location of molecules in subcellular organelles and detect other spatiotemporal
changes in living systems. Electron microscopy enabled the visualization of
biological structures at a resolution of 0.1 nm. Cryo-electron microscopy is emerging
again as a promising tool for determining proteins’ structure for which x-ray
crystallography or NMR is not feasible (Zhang et al. 2012). Some proteins like
membrane proteins are not easy to crystallize, and therefore, the structure determi-
nation through x-ray crystallography is not feasible. These membrane proteins are
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Table 1.1 Emerging technologies in biomedical sciences

Instrument
Technologies Applications Principle infrastructure
Informatics and | Data analysis, Mathematics and Supercomputing

simulation prediction of structure, | statistics facility, data
function, and
intervention design
NGS Genome sequence, Optics, electronics, Optoelectronic
gene expression nanoscience fabrication
Genetic Crop improvement, Molecular biology Reagents,
engineering therapeutics and genetics oligonucleotide
(CRISPR, synthesis, and protein
RNAIi ) purification facility
Omics System biology Electrophoresis, Mass spectrometer
technologies separation of ions by robotic liquid handler
transcriptomic, their mass-to-charge
proteomics, ratio (m/z),
metabolomics oligonucleotide
hybridization
Spectroscopy Molecular structure Nuclear magnetic NMR spectrometer,
determination and resonance, light cyclotron, synchrotron
chemical composition | diffraction, for a collimated light
of mixtures or systems | absorbance, optics source
Imaging Structure of molecules | Optics, electronics Electron microscope,
to cells and organs imaging facility
Bio-MEMS Diagnosis, biology at Electronics, optics, Cleanroom facilities and

micro and nanoscale
details

fluidics, nanoscience

micro-/nano-fabrication
facility for microfluidic
systems with optical,
electrical, and
mechanical systems
integrated

also not suitable for NMR-spectroscopy-based structure determination because they
require high purity and protein concentration. The significant discovery of lipid
bilayer structure of cell membrane was possible by cryo-electron microscopy.

Developments in low-cost and high-resolution medical imaging are emerging
very fast. X-ray photography of bones, ultrasound imaging of internal organs, MRI
of the brain, fluorescent tracer-dye-based angiography, etc., have enabled precise
diagnosis of ailments. Combining artificial intelligence with very low-cost sensors
like optical imaging and infrared-red imaging can also pick up signatures of diseases
for accurate, but affordable diagnosis. FTIR-imaging can visualize the concentration
of metabolites and macromolecules in cells of a tissue, using false-color rendering
(Kumar et al. 2018). This technique is expected to be a cost-effective cytological
diagnosis tool in the future. Foldscope developed by Manu Prakash at MIT is a
low-cost ($1) cardboard-based educational microscope that may also find uses in
point-of-care diagnosis (Cybulski et al. 2014).
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1.3  Genetic Engineering with Precision

The discovery of RNAi (small RNA interference) by Andrew Fire and Craig
C. Mello revolutionized reverse genetics studies, i.e., the effect of a gene on
phenotype (Fire et al. 1998). Scientists can easily knock out a gene product from
an organism using RNAi, whereas the earlier gene knockout methods were time-
consuming and sometimes not feasible (Saurabh et al. 2014). As per central dogma,
any gene transcribes as an mRNA, and the mRNA translates as a protein, which
ultimately affects the organism’s phenotype. RNAi’s gene sequence to phenotype is
interrupted by the degradation of specific mRNA, transcribed from the target gene. A
piece of complementary small RNA hybridizes with the mRNA, and this unusual
structure of double-stranded mRNA is recognized by protein machinery called RISC
(RNA-induced silencing complex), which degrades it. Therefore, in principle, any
gene can be silenced by adding a small RNA in the cell, which is complementary to
the target gene.

Various techniques are used for changing the DNA of an organism starting from
random mutagenesis to precise changes using CRISPR (clustered regularly
interspaced short palindromic repeats) gene editing. In CRISPR gene editing, the
nuclease cas9 is guided by a designed RNA sequence to cut the gene at the target
complementary site and insert a new sequence (Cohen 2020). CRISPR (clustered
regularly interspaced short palindromic repeats) is a modern, powerful genome-
editing tool. The application of CRISPR/CAS was highlighted when a Chinese
scientist used this technology that resulted in the birth of “CRISPR twins,” although
he was intensively criticized. CRISPR/CAS technique edge out other modern
techniques like zinc-finger nucleases (ZFN) and transcription activator-like effector
nucleases (TALEN) used in genome editing because CRISPR/CAS technique is
more precise and efficient and it is incredibly customizable, which can edit several
genes at once.

CRISPR is a short repetitive sequence present naturally in the prokaryotic cells
where it plays a significant role in defense mechanism. The beauty of CRISPR relies
on its simplicity. It is based on two components, i.e., a molecular scissor-Cas
(CRISPR associated nuclease) that cuts the specific sequence, and the second one
is the guide RNA (gRNA), which works as a GPS, driving the Cas to target a specific
sequence. Although several Cas nucleases like Cas2, Cas5 are isolated from different
bacterial strains, the most prominent is Cas9, isolated from Streptococcus pyogenes
bacteria (Hsu et al. 2014). We know that if we talk about the gRNA, it is undoubtedly
composed of two components of RNA: transactivating CRISPR RNA (tracrRNA)
and CRISPR RNA (crRNA), where each component has its function. The crRNA is
about 15-20 nucleotide base long customized sequence that exhibits the comple-
mentarity to the target DNA sequence while tractrRNA can work as a binding
scaffold for the Cas nuclease. Cas is a nonspecific nuclease that can bind to any
sequence other than the target sequence and might cleave it, so here, gRNA, as its
name suggests, guides the Cas nuclease to target a specific DNA sequence inducing
the double-strand nick. Here in CRISPR/Cas9 technique, two confusing names,
gRNA and sgRNA, are alternatively used. sgRNA is the short abbreviation of single
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Fig. 1.2 Represents the sequential formation and function of the CRISPR/Cas9 system

guide RNA. The name of sgRNA is self-explanatory as it is a single RNA molecule
exhibiting the properties of both the crRNA and tracrRNA.

Upon infection, the viral genome is inserted into the bacterial cell. Bacteria, on
recognition of the viral genome, produce two short RNA sequences (ZRNA: crRNA
and tracrRNA) that form a complex with the Cas9 nuclease (CRISPR-associated
protein 9) (Lee and Malykhina 2017). This complex is then directed to the viral
genome, where Cas9 causes the double strand to break into viral DNA, thus
rendering the virus disabled. Here a problem arises because if a similar target
sequence is present in the bacterial DNA, there is always the possibility of destruc-
tion of bacterial DNA. To distinguish between self and foreign DNA molecules,
there are PAM sequences on the viral genome. Cas9 has the property of binding only
to those DNA molecules, which are immediately followed by the PAM (protospacer
adjacent motif) (Fig. 1.2).

Enzymes of DNA recombination are also used to replace a target DNA piece in
the genome. These precision genetic engineering techniques are precious for treat-
ment of genetic diseases in humans (Cai et al. 2016). CRISPR technology can detect
the DNA/RNA of a pathogen by binding to it through complementary guide RNA
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and giving fluorescence signals while cleaving the target polynucleotide. It is also
being explored to inactivate pathogens like COVID-19 by cleaving its genetic
material (Konwarh 2020). CRISPR-cas9-based genome editing in stem cells opens
up whole new possibilities of treatment and research models of diseases (Valenti
et al. 2019).

Induced pluripotent stem (iPS) cells can be created from any differentiated cell by
expressing only four factors Oct3/4, Sox2, c-Myc, and KlIf4 (Takahashi and
Yamanaka 2006). These combinations of techniques are being tried for genetic
therapy of sickle cell anemia (Park and Bao 2021).

Genetic engineering techniques like site-directed mutagenesis are used to alter
protein structure for a desirable property like thermostability. The genetic engineer-
ing techniques like gene domain shuffling, sequence homology-independent protein
recombination (SHIPREC) method, and error-prone PCR together with rational
design can yield novel protein with desired function (Lee 2005). The binding
proteins called affibodies are designed on a small protein scaffold to replace
antibodies in diagnosis kits. Other new chemical entities like oligonucleotides and
heteropolymers are also used for molecular recognition by binding to target
molecules for in vitro assays. These bioinspired synthetic molecules are used for
detection and catalytic applications (Fodey et al. 2011). As the proteins due to their
structural flexibility and functional-group diversity have very diverse types of
functions, their engineering and in vitro evolution can materialize the concept of
molecular machines for technological applications.

In a system biology approach, designed genetic networks and genes are
constructed from component pieces available at a repository called iGEM (Interna-
tional Genetically Engineered Machine). This repository has DNA pieces available
in a format that the components can be joined in any design because a convention is
followed to provide restriction sites in these DNA elements. The repository has a
wealthy catalog of promoters, reporters, regulatory elements, etc. These DNA
components (also called BioBricks) are supplied to member labs at a nominal charge
in the spirit of open science (Wang et al. 2021).

In an engineering approach to biological systems, the cell-free systems synthesize
protein and metabolites using the necessary cellular machinery components rather
than the live cell (Rollin et al. 2013). These necessary components for synthesis or
other chemical reactions are extracted from cells using separation techniques such as
ultracentrifugation. Using these cell-free systems, even non-coded (unnatural) amino
acids can be incorporated into the proteins to expand the chemical repertoire of
protein, which may require more stability or novel function in the industrial applica-
tion of designed proteins (Noren et al. 1989).

1.4  Omics Technologies
Omics technologies like transcriptomics, proteomics, and metabolomics have,

respectively, enabled the study of complete transcriptome, proteome, and genome
of a cell or tissue. Advanced photolithography techniques have made it possible to
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attach an oligonucleotide probe on a glass slide with a 1-pm precision. Therefore,
millions of oligonucleotide probes can be packed on a glass slide, and all mRNA
products from a tissue can be quantitatively detected at the same time, using only a
small sample. In principle, this is a Southern blotting at a large scale miniaturized
form. The mRNA is detected after converting it to DNA by reverse transcription and
attaching a fluorophore. This technique has enabled a comprehensive study of the
effect on transcription or gene expression in response to various drugs, other stimuli,
or developmental plans. The embryonic development and cell differentiation are
mainly due to spatiotemporal differences in gene expression caused by a signaling
cascade.

Nevertheless, the difference in transcription is not the only difference between
cells of different tissues. The translation process also has a regulatory role in gene
expression through mRNA splicing, editing, and translational modification of
proteins. Proteomics can comprehensively study the difference in the proteome of
various tissues and disease conditions. The key technology in proteomics is a mass
spectrometer that can determine the mass of many proteins simultaneously and with
1 Da precision. Traditionally, the proteins were identified by gel electrophoresis and
western blotting, but various forms have not only decreased the amount of biological
sample required but also decreased cost and time. Through mass spectroscopy, we
can even detect post-translational modifications of a protein in a cell. Mass spectros-
copy and various chromatographic separation techniques have also made it possible
to study the complete metabolic, lipid, and carbohydrates profile, respectively, called
as metabolomics, lipidomics, and glycomics. Integrating all this information of
various molecules in cells through informatics has given rise to the discipline called
system biology, which will comprehend the complexity of living systems and design
intervention. The precision required in these experiments also mandates the robotic
and microfluidic set ups.

1.5 Next-Generation Sequencing

A new era of advancement in biomedical sciences has evolved due to discovery of
next-generation sequencing (NGS). Determining the nucleotide sequence (adenine,
thymine, guanine, and cytosine) is the main objective of NGS. Earlier Sanger
method and Maxam-Gilbert method were regularly employed in finding out the
nucleotide base sequence. Both the methods require considerable time for determin-
ing sequence. Initially, the Sanger method was used to determine the whole human
genome sequence started in 1990 and was completed in 2003; thus, it is about
13 years to complete and was very costly (3 billion USD). Thus, there was a great
demand for newer technology to complete the sequence rapidly and at a
reduced cost.

NGS (high-throughput sequencing) method can be used for sequencing DNA and
RNA. This includes array-based sequencing, which uses Sanger’s method that
processes millions of reactions occurring in parallel. NGS involves the following
three steps: library preparation, amplification, and sequencing. Initially, the DNA is



1 Introduction to Emerging Technologies in Biomedical Sciences 9

digested either enzymatically or mechanically (sonication) into small fragments
followed by the attachment of short, double-stranded synthetic DNA called adaptor
with an enzyme DNA Ligase. One end of the adaptor is cohesive, while the other is
blunt or non-cohesive to provide an efficient ligation. However, the p wrong base
pairing may cause problem. It is prevented by replacing 5’ end of the adapter by the
3’ end. It will not allow the formation of dimmers. It is followed by loading of
libraries onto a flow cell and then application in the sequencer. The clusters of DNA
fragments are amplified in a process called cluster generation, resulting in millions of
copies of single-stranded DNA. In sequencing by synthesis (SBS), chemically
modified nucleotides bind to the DNA template strand through natural complemen-
tarity. Each nucleotide contains a fluorescent tag and a reversible terminator that
blocks the incorporation of the next base. The fluorescent signal indicates which
nucleotide has been added, and the terminator is cleaved so the next base can bind.
This type of method is called paired-end sequencing. After sequencing, the instru-
ment software identifies nucleotides (a process called base calling).
NGS is an important technique in biomedical sciences.

Oncology The chief cause of cancer is mutagenesis and is caused by mutations
occurring in somatic cells. The cancer genome is being studied by capillary-based
cancer sequencing for more than a decade. The constraint was that it could be applied
to only limited samples only. As per the new advents, the NGS has proved to be a
promising technique in studying large-scale cancer genome projects worldwide,
which comprises pediatric cancer genome projects. This technique provides precise
diagnosis and classification of the disease; a more accurate prognosis may be used
for potential identification of mutations induced by drugs. This type of sequencing
provides a path for the personalized management of cancer. Many initiatives are
taken to put NGS in the analysis of cancer genomes in clinical practice, mainly to
identify mutations in tumors that can be treated by targeted by specific drugs.

Microbiology In microbiology, the NGS is used to characterize pathogens by their
specific genomic sequence rather than morphology, staining molecules, and meta-
bolic criteria with a genomic definition of pathogens. The study of genome defines
essential information required by microbiologists like drug resistance and presents
the relationship of different pathogens required to track the origin of infection
outbreaks. Recently NGS is used to trace the outbreak of methicillin-resistant
Staphylococcus aureus (MRSA) in a neonatal intensive care unit in the United
Kingdom. Analysis by NGS of the pathogens shows the precise origin of MRSA
and revealed a protracted outbreak due to a single hospital staff member. Thus, in
microbiology also, this technique is proved to be highly beneficial.

Medical Treatment Mosaic mutations are acquired as a post-fertilization event,
and accordingly, they demonstrate at a varying frequency within the cells and tissues
of a single. Capillary sequencing may bypass these variants as they frequently occur
with a refinement that falls below the technology’s sensitivity. NGS sequencing
provides a more sensitive read-out and can identify variants in just a few percent of
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the cells, including mosaic variation. The sensitivity of NGS sequencing can be
enhanced by increasing the depth of sequencing. Thus NGS can be utilized for
interrogating DNA from maternal blood or chasing the levels of tumor cells from the
circulation of cancer patients.

1.6  Spectroscopy of Single-Molecule and Mixtures

Spectroscopy is mainly about the interaction of electromagnetic waves with matter.
It is used to identify the molecules, determine the structure, and study the mechanism
of action. They are used to study a single molecule to determine the component in the
mixture. UV-visible spectroscopy remains a routine life science technique to deter-
mine the concentration and purity of DNA and proteins. NMR spectroscopy is used
to determine the structure of a protein in a solution. X-ray crystallography is more
convenient than NMR to determine the protein structure, but the NMR structure is
biologically more relevant because it is an aqueous solution in which the protein
performs a function in the cell. NMR studies have given valuable insight into the
mechanisms of enzymes and other proteins (Billeter et al. 2008). However, due to
technical limitations, some proteins cannot be studied by both of these techniques;
cryo-electron microscopy is also coming up as an alternative.

The invention of ZMW (zero-mode waveguide) has made it possible to take a
single molecule spectrum even when the solution has a high concentration of target
molecule-like protein. The detailed chemical mechanisms are studied using the
technique called femtochemistry. ZMWs are extensively used in various NGS
(next-generation DNA Sequencing) techniques. In NGS, a single DNA polymerase
immobilized in a ZMW aperture is observed in action. The incoming nucleotides in a
template or new strand are determined generally using fluorescence properties. In
this way, the sequence of DNA being amplified is determined.

IR spectroscopy and its recent version, FT-IR, are used to identify and quantify
the molecules in mixtures. Raman spectroscopy and FTIR are emerging beneficial
techniques for diagnosis.

1.7 Informatics and Simulations

Every field of science and business has been transformed by increasing computing
power and information technology. In biological sciences, it helps design intelligent
experiments, narrowing down possibilities, and sometimes even deciphering infor-
mation about processes that are not accessible through any other technique yet. For
example, simulation of protein folding has given valuable insights into the mecha-
nism of protein folding, and it can predict the structure of proteins. The experimental
techniques are not adequate to probe the detailed protein folding mechanism, which
is very fast (few microseconds to milliseconds). The folded structure of some
proteins is also not feasible to determine experimentally, specifically for membrane
proteins. Protein structure prediction has been one of the most critical scientific
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challenges because the structure of a protein can open the path toward deciphering its
function, mechanism, and designing drugs on its basis. In 2013, Martin Karplus,
Michael Levitt, and Arieh Warshel were awarded Nobel prizes to recognize their
contribution, which will solve the problem of protein folding and structure predic-
tion someday (Levitt 2014). The best protein structure prediction methods are
announced every 2 years through a competition called CASP (critical assessment
of structure prediction). The artificial intelligence system called alpha fold, housed at
Google Inc. subsidiary DeepMind, has performed the best in CASP14 held in 2020
(Alam and Shehu 2021).

Nevertheless, these knowledge-based methods performing the best in CASP
competitions so far are only up to 90% accurate. These methods are based on the
experimentally known structure of a similar sequence of proteins. The other
approach is de novo structure prediction, which is based on interatomic forces that
fold the protein. But given many atoms of the protein molecule itself and presence of
the surrounding solvent, such calculations are too much for the presently available
commuting power in most labs. The approximation of forces accounted for inter-
atomic interactions is also not perfect. But in the near future, more computing power
and better actuation of forces involved are expected to determine the structures of
new protein sequences by de novo methods. Although the structure prediction of
new natural protein sequences remains uncertain, state of the art has reasonably
advanced to design proteins like therapeutic antibodies, enzymes, etc. Michael Levitt
had developed an algorithm for humanizing antibodies that can transplant the
binding site from animal antibodies to the scaffold of human antibodies (Queen
et al. 1989).

Regarding the simulation studies in general, Albert Einstein said, “everything that
counts is not counted and everything that is counted, does not count.” Therefore, the
ultimate proof of the structure or any truth is experimentation, but simulations help
narrow down possibilities. Such narrowing down of possibilities in other
experiments can also be of immense help. For example, in silico drug design can
narrow down the possibility to a few molecules, whereas testing molecules randomly
will involve wastage of many resources and killing of a large number of animals in
experimentation (Gray et al. 2016). Nowadays, simulation in biological sciences is
used at various levels of detail, depending on the system’s scale in simulation.
Quantum calculations can be performed for a small drug molecule, but for the larger
systems, the forces have to be accounted for, in a coarse-grained manner because the
computing power available is limited. The systems of every level in biology are
studied using simulations like the structure of drug molecules, cellular processes,
cell-cell interaction, organs’ functioning, and up to the whole organism. Computa-
tional science is crucial for the study of biological networks at the cellular and
system level.

The massive data accumulated about biological systems and increased informa-
tion storage capacity of computers has brought big data analytics in biological
sciences. The number of databases about various biological sciences is increasing.
The journal Nucleic Acids Research maintains a comprehensive catalog of biological
informatics resources at its website: https://www.oxfordjournals.org/nar/database/c/.


https://www.oxfordjournals.org/nar/database/c/

12 R. C. Sobti et al.

This includes databases about research literature, protein structure, genomes of
various organisms, secondary databases, and up to the ecological and biodiversity
databases (Rigden and Fernandez 2021). A comprehensive analysis of such massive
information is possible through computational methods/algorithms only. The devel-
opment of such algorithms and data structures is now a separate discipline within
biological sciences called as bioinformatics, which is an integral part of biomedical
research.

1.8  Automation and Miniaturization of Experiments (Robotic
Liquid Handling Systems and Microfluidics)

The cost of the long run experiments has come down due to the miniaturization of
experimental set ups through microfluidics. It has enabled the study of new forces
and phenomena affecting systems at the micro- and nanoscales (Kohl et al. 2021).
Microfluidics requires less volume of chemicals, and the portability of set up makes
it possible to design point of care devices (Dabbagh et al. 2021). Automation of
repetitive experimental work using robotics has made experimentation easy, more
accurate, precise, and free of human errors (Tegally et al. 2020). Automated liquid
handling systems are commercially available for proteomics, transcriptomics, geno-
mics research, and diagnostic at a commercial scale. This had become feasible due to
reduced cost of electronic circuit chips (Gach et al. 2017).

1.9  Microelectromechanical Systems in Biology (Bio-MEMS)

Microelectromechanical systems (Bio-MEMS) are being developed with more
functionalities by integrating the optics, electronics, and mechanical systems in
microfluidic channels (Ino et al. 2020). These Bio-MEMS can do precise manipula-
tion of biosystems and also closely observe the behavior/response. Some new
phenomena and forces emerge at these nanoscale dimensions, such as surface
plasmon response, which is the interaction of electromagnetic waves with electrons.
Similarly, such forces at work in biological systems can also be studied through such
miniaturized experimental setups and detection schemes integrated into it. These
miniaturized systems are also ultimately less costly for extensive scale experiments
like high throughput assays in research and diagnosis. Like LFA
(immunochromatographic lateral flow assays) and glucometer, some of these
devices have come up as point-of-care kits for diagnosis (Huang et al. 2020).
Microfluidics has made it possible to create a microenvironment around cells
similar to the environment, which they experience in tissue or organs. Various
functionalities are integrated into microfluidic channels for 3D cell culture and an
organ on chip (Thompson et al. 2020). The use of these organs on chips not only
does away with ethical clearance required in animal experiments but also is less
time-consuming and more controlled experiments, enabling a clear understanding of
cause and effect relationship. The origin of these technologies can be attributed to
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flow cytometry, wherein the fluid flow is controlled to line up the cells and count
them using advanced optics. Quake et al. had proposed the idea of microfluidic cell
sorters (Fu et al. 2002). If a good purity of shorted cells is achieved, they can be
treasured for label-free sorting of sperms for gender selection in cattle, separating
cancerous cells from blood, harvesting stem cells, etc. Microfluidic systems are
designed to automate DNA profiling from minute forensic samples such as a touch
of a finger (Woolf et al. 2020). These devices extract the DNA, amplify the STRs
using PCR, and detect the size of amplified STRs to create the DNA profile (Hong
et al. 2020). These all-in-one DNA profiling devices are used on-site, such as police
stations and mobile forensic labs. Latest developments in next-generation DNA
sequencing like oxford nanopore technologies are a cutting edge example of
integrating molecular machines, microfluidics, and sophisticated sensors (Kumar
etal. 2019). They use protein as nanopores through which enzymes ratchet the DNA.
The processive enzymes inspire this process in cells that work on DNA (Patel et al.
2018). The integrated optics and electronics are used to sense the chemical identity
of nucleotides passing through the nanopore to determine the whole genome’s
sequence ultimately. This Oxford nanopore NGS is very error-prone, but future
developments are expected to make these devices accurate and so cost-effective that
almost all can get their genome sequenced for use in personalized medicine (Cohen
2020).

1.10 Personalized Medicine

Personalized medicine (PM) shows the potential to precise the therapy with the best
response, and it also promises safety to ensure better patient care. This approach also
promises better health care by receiving an earlier diagnosis, risk assessments, and
better treatments. It also provides opportunities to develop agents specifically
targeted to a group of patients for whom the traditional methods have failed or not
proven to be very useful. Besides, this could lead to effective patient-physician and
provider-patient communication that can improve the patient health outcome and
quality of care. To successfully utilize personalized medicine, a person needs to
change the practice pattern and its management strategy. All stakeholders will also
need to address barriers to implementation if we proceed down the path of
harnessing the ability to alter individualized diagnoses and prognosis. It was found
that certain drugs work well in one person while not in another (Vogenberg et al.
2010). For example, a drug prescribed to one patient may or may not function in
another as everyone’s metabolism and physiology are different.

It is well known to physicians for centuries that few medicines work better in
certain patients but were not aware of the reason behind it (Adams 2008). For
instance, ten people who take the same medication for seizures, heart disease, or
cancer might respond very differently. One person might have severe, even life-
threatening side effects, whereas another might experience few if any and may seem
to sail through treatment, or an anticancer drug may shrink a tumor in one person but
not in another.
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One major cause of this difference is that people inherit variations in their genes
in the form of short nucleotide polymorphisms (SNPs), and these even can affect
how the body responds to certain medications. Pharmacogenetics studies how
genetic variations in individuals affect response to medications (Lynch and Price
2007).

In fact, the pharmacogenetic and pharmacogenomic techniques have strongly
impacted the genetic basis underlying specific drug responses in individual patients.
The initial pharmacogenetic approach is based on identifying sequence variations in
several genes that affect drug response, whereas pharmacogenomic studies encom-
pass the sum of all genes (i.e., the genome). Most of the currently available drugs are
metabolized by the cytochrome P450 (CYP 450) system (Mancinelli et al. 2000).
The variations in enzymes caused by SNPs are responsible for variations in absorp-
tion, distribution, metabolism, and drug excretion in individuals. Hence, just a minor
variation, such as one nucleotide base “mis-spelling,” can have clinically profound
consequences.

Pharmacogenomics is therefore leading to understanding of drug discovery,
personalized drug therapy, and new perceptivities into disease prevention
(Mancinelli et al. 2000).

In drug therapy today, the approach is to treat large patient populations as groups,
irrespective of the possibility of genetically based divergences in drug response. On
the other hand, pharmacogenomics may help concentrate effective therapy on
smaller patient subpopulations that establish the same disease phenotype but are
characterized by distinct genetic profiles.

Genes are DNA segments found in all human cells, and they can influence a
person’s response to medications. DNA is a crucial part of an interactive chemical
operating system in the body, apprising how to behave and interact on a cellular
level. A primary gene can exist in variants and can secrete different chemical
messengers. It is those interactions that also affect drug activity in the body.

To exemplify, consider genetic variation in codeine metabolism. Roughly 5% of
the population does not catalyze codeine to morphine; for that reason, codeine is
ineffective because it provides no pain relief. Codeine converts to morphine using
the CYP 2D6 enzyme. However, genetic variation in this enzyme can result in too
little or too much enzymatic action, resulting in non-conversion or too little absorp-
tion (hence no therapeutic effect). For example, a patient may have a genetic
variation that makes the drug stay in the body longer than expected, causing severe
adverse effects, or another person might have a variation that makes the medication
less potent. It is being tried to identify and then record as many genetic variations as
possible. When a variation is identified, that might be matched with a particular
medication response leading to personalized medicine approach (Fisusi and Akala
2019). Such studies in pharmacogenomics, have demonstrated benefit for a variety
of conditions. Certain medications used for breast cancer have numerous toxic
effects. However now prior to start medication, the genetic variations that are likely
to affect the response of the patient to drug can be identified and based on this
information the appropriate effective but with less toxic one can be selected for him
(Colombo et al. 2013).
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1.11 Exosomes in Cancer Inmunotherapy

Exosomes are single membrane vesicular structures with the approximate diameter
of 30-100 nm, secreted by different cell types like cancerous cells and cells of
immunity (Bobrie et al. 2011). The major molecular components of exosomes are
proteins, lipids, glycoconjugates, and nucleic acids (Trajkovic et al. 2008; Buschow
et al. 2009). These play a role in remodeling the extracellular matrix (ECM) and the
intracellular transmission of signals and molecules. In the case of cancer progression,
it plays a dual role in promoting and suppressing cancers (Fig. 1.3).

Due to high mortality from cancer and its progression, newer approaches are
being made in this area. These include cancer immunotherapy because it involves
strengthening of the immune system and provide endurance to cells. It has been quite
effective against melanoma, non-small cell lung cancer (NSCLC), and kidney cancer
(Savina et al. 2005; Hsu et al. 2010; Savina et al. 2002). Exosomes released by
oncogenic cells alter different cells by promoting stromal cells that cause invasion
and metastasis to activate autocrine VEGF signaling in endothelial cells, leading to
angiogenesis (Ostrowski et al. 2010; Lind et al. 2020). They can also express
molecules that mediate immunosuppression, such as PD-L1 and transforming
growth factor-p (TGF-P) (Robbins and Morelli 2014).

Though there are new aspects of immunotherapy, there has been a widespread
interest in cancer therapy as there are new low-toxicity inhibitors in immunotherapy,
as potential cancer markers, and are more specific methods of delivering the anti-
cancer drugs. These play an essential role in the supply of molecules like proteins,
nucleic acids, and lipid contents, accordingly bestowing intercellular communication
and immune regulation (Xu et al. 2020). Different studies have shown that the
exosome-mediated immune response is dependent on the functional link between
several immune cells and tumor cells. Thus, a transparent approach toward under-
standing the cell-specific molecular events on exosomes will pave the way for
developing novel potential exosome-based biomarkers and therapeutics. Current
advances in molecular and functional profiling of exosomes have led to

Fig. 1.3 Represents the
biogenesis of exosomes. The
exosomes are synthesized by
endosomes and are single
membranous organelles
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identification of increasingly effective agents that show a potential behavior in
cancer immunotherapies.

Although exosomes are potent anticancer agents, they have been shown to
enhance anticancer immunotherapy only at modest levels. The main difficulty arises
in production, separation, biocompatibility, and manufacturing practices (Ludwig
et al. 2019). They are mostly manufactured from cell culture supernatants and
plasma; hence, there are some limitations in their production and purity (Li et al.
2019). Large-scale production and other approaches that may achieve biocompati-
bility are required for immunotherapy (Sharghi-Namini et al. 2014), even if there is a
need of more preclinical and clinical studies for validation. Exosome-based immu-
notherapy also requires specific international guidelines for their production and
application (Normile 2018).

1.12 Neuronal Tracing Techniques

The first step in the field of biology is to establish the connection between structure
and function. All the action and activity of the body parts and coordination are
governed by the central nervous system (CNS) through the neuronal connections.
The prime question arises how these neuronal cells of the brain are associated with
themselves and other parts of the body. The development of the viral neuronal
tracing technique can answer this question. Here, the neurotropic viruses are used
as a tracer. A recombinant viral vector used in neuroscience research is AAV (adeno-
associated virus). AAV can label a specific infected neuron but cannot do so in
nearby neurons as these recombinant viruses cannot replicate (transsynaptic trans-
mission). There is a need for such a viral vector that should replicate inside the
infected neuron and infect the nearby neuronal population via the synaptic connec-
tion (monosynaptic transmission). The rabies virus can be such a viral vector that can
be modified from transsynaptic neuronal tracer to monosynaptic neuronal tracer.
RABYV (rabies virus) can map the whole brain. It first infects one cell (starter cell)
and replicates inside it. Thus, copies of RABV can be transmitted from the starter
cell to the naive cell via a monosynaptic transmission (transmission through only the
synapse). RABV transmission occurs in a retrograde manner, i.e., from the starter
cell to the cell from where the starter cell receives synapse, thereby the whole brain
map can be developed.

To prevent the transsynaptic transmission, RABV was first modified to infect
only a specific neuronal cell type, i.e., monosynaptic transmission, and it can be done
simply by deleting the viral envelope glycoprotein (G). To visualize the rabies virus
infection, a fluorescent dye (green fluorescent protein—GFP) can be inserted at the
place of deleted glycoprotein. Rabies virus with the deleted glycoprotein can also be
pseudotyped with the engineered surface protein EnvA and represented as EnvA-
pseudotyped-RABV. This pseudotyping results in a specific cell type infection. The
EnvA-pseudotyped-RABV will infect only those with TVA (target cell surface
receptor). Rabies virus is an enveloped virus, and its infection to the target cell is
represented by the interaction between the viral envelope and target cell surface



1 Introduction to Emerging Technologies in Biomedical Sciences 17

receptor (TVA). Thus, a specific cell type can be infected via manipulating the rabies
virus, and thus monosynaptic transmission can be achieved (Maksimovi¢ and
Omanovié¢-Mikli¢anin 2017).

The primary concerns of today’s science are technological applications without
destroying, over-exploiting, or depleting natural resources along with the production
of materials that can be completely reused or reclaimed, reduced waste and pollution
during production and consumption, and alternatives technologies without damag-
ing health and the environment, which is the main aim of green technology.
Green nanotechnology is one of the branches of green technology, green energy,
green information technology, and green building, using green chemistry and green
engineering principles. As a new and emerging area, nanoscience offers
opportunities to apply green chemistry principles that create sustainability and
protect and promote organisms’ health and safety (Betts and Baganz 2006).

1.13 Miniaturized Bioreactors

Miniaturized stirred bioreactor (MSBR) development in the biomedical sciences is
becoming a powerful tool for rapid and cost-effective bioprocess. Due to the low
volume of MSBRs, there is an extent of scaling factor (>10°) between these systems
and the industrial scale process. This makes it challenging to establish industrially
relevant conditions in the MSBR (Kumar et al. 2004). However, realizing conditions
that reflect the large-scale process accurately can be challenging. Applications of
MBRs include media development and strain improvement to process optimization.
It can also be used for medium growth development, improvement of strain through
metabolic engineering, or evolution in a directional path, called bioprospecting of
natural products, all of which are methods to carry an enormous bioreactor burden
enhanced using HT miniature devices. Specifically, MBRs may also reduce the labor
intensity and cost of the vast number of cell cultivations necessary in the develop-
ment of bioprocess, increasing the level of parallelism and throughput achievable,
and as such are of growing interest (Lye et al. 2003; Weuster-Botz 2005; Al-Harbi
2012). When utilized for process development, such devices must be relied upon to
mimic laboratory and pilot-scale bioreactors precisely. Growth kinetics and product
expression can be optimized at a miniature scale and expected to scale-up quantita-
tively (Fig. 1.4).

1.14 Transcranial Magnetic Stimulation (TMS)

Several brain diseases occur via the hypoactivation of a particular brain region’s
neuronal population, causing disability. Although several antidepressants and psy-
chotherapy have been developed to overcome the disability, they are less effective.
There is thus an immense requirement to develop some newer therapies that can
result in better treatment. One such therapy is transcranial magnetic stimulation
(TMS). It is a noninvasive brain stimulation therapy based on Faraday’s
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Fig. 1.4 Shows the fundamental assembly of miniaturized bioreactors

electromagnetic induction law. A magnetic field is induced on the scalp by an
insulated copper wire coil connected to a magnetic stimulator. The magnetic field
intensity is determined by using the “landmark,” i.e., the brain’s motor cortex. By
targeting the motor cortex, we can know the best suitable place to locate the
stimulation coil and the magnetic field’s appropriate intensity to achieve sufficient
stimulation. Using the above data, a specific brain region involved in the disease can
be targeted. The induced magnetic field on the scalp via the coil generates an electric
current that causes the neuronal population’s depolarization, and thus specific
response can be evoked (Fakhrullin et al. 2012). As compared to other medications,
this technique does not show serious side effects. There may be headache and
seizures in some cases during or following the TMS session. Patients who have
epilepsy or head injury might be at high risk for the TMS session.

The TMS therapy session requires several sessions for several weeks, i.e., 5 days
a week, and each session lasts for 20-50 min. However, the timing of the session
depends upon the protocol used in the treatment.

1.15 Bionic Organism or Cyborg Cells

Bionic is the science of developing an artificial system that has properties of some
living organisms. Bionics is an interdisciplinary science and can be compared with
other interdisciplinary science, i.e., cybernetics. Both bionic and cybernetics are
considered as two opposite sides of a coin. In this technique, living cells complement
coatings of polyelectrolyte, magnetic and noble metal nanoparticles, shells of hard
minerals, and nanomaterials of various complex types (Li et al. 2012). They are
found to perform functions that are entirely different from their original
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specialization. Such “cyborg cells” are used to find out a range of refreshing
applications in areas of whole-cell biosensors, bioelectronics, toxicity
microscreening, tissue engineering, cell implant protection, and bioanalytical chem-
istry. Recently, it has been found that it is used in determining the cell viability and
function upon direct deposition of nanoparticles, coating with polyelectrolytes,
polymer-assisted assembly of nanomaterials, and hard shells on the cell surface.
For many practical applications, possible adverse effects of the deposited polymers,
polyelectrolytes, and nanoparticles on the cell surface are also considered (Reuter
et al. 2015). The idea of a bionic organism, or a cyborg, is a futuristic way to define a
living system with some inorganic constituents designed to improve or alter its
functionality. Cochlear implants and robotic prostheses are examples of cyborg
devices, and under a broader definition, microchipping the cat or dog might make
it a bionic pet. Two intriguing examples of familiar organisms with nanomaterial
modifications are bionic mushroom and biohybrid yeast.

1.16 Conclusion

There have been tremendous technological developments in biomedical sciences,
and innovation is the driving force. In the past few decades, technological progres-
sion has reached new heights with innovations, developments, and breakthroughs
for precision in diagnosis and treatment of various diseases. Biomed-driven
technologies are constantly evolving and growing exponentially; the example is
the Covid-19 pandemic wherein a large number of vaccines have been produced in a
record time through innovative technologies.
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Abstract

Bioprospecting is the investigation of organic material for industrially significant
roles due to its exclusive biochemical properties. This chapter will be focussed on
the activitiess that could frame the premise of new pharmaceuticals obtained from
the bioprospecting. Verifiably, the vast majority of the dynamic fixings in
medications have been common items, and characteristic items keep on forming
a profitable wellspring of new medications. Given that most novel medication
from the bioprospecting discovered in the parts of the world, which are under
developed but carries most of the biodiversity. There should be some regulations,
whereby access to biodiversity is conceivable under terms and conditions that are
commonly adequate to protect this biodiversity. Following this idea, the United
Nations delivered a system for saving the world’s biodiversity while empowering
the reasonable utilization of biodiversity by bioprospecting.
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2.1 United Nations Convention on Biological Diversity.

The United Nations Convention on Biological Diversity (CBD) (www.biodiv.org)
was one of the significant results of the Earth Summit in Rio de Janeiro in June 1992.
The CBD has three fundamental objectives:

* The conservation of biodiversity.

* The sustainable use of the components of biodiversity.

* The sharing of benefits arising from the commercial and other utilization of
genetic resources in a fair and equitable way.

Signatories to the CBD perceive that nations have sovereign rights over their
hereditary and organic assets (i.e., biodiversity) inside their limits and consent to the
conditions in the CBD for the conservation and economical utilization of biodiver-
sity. Biodiverse-rich nations that have confirmed the CBD need to encourage access
to their organic assets (Article 15.2). Such access must be as per fitting enactment
(Article 15.1) and be on commonly concurred terms (Article 15.4) including earlier
educated assent (Article 15.5). The source nation is relied upon to be engaged with
synergistic innovative work ventures identifying with its biodiversity (Article 15.6),
and the source nation should profit by innovation exchange (Article 16.2), from the
consequences of research (Article 15.7) and from sharing of business benefits
coming about because of utilization of its biodiversity (Article 15.7). Article 8
(j) likewise confers signatories to saving the conventional information of indigenous
and nearby groups and to advancing their contribution in creating more extensive
utilizations of their insight, be that as it may, there is little direction on how this may
be accomplished. Since 1992, 192 nations and the European Union have marked or
sanctioned the CBD, the striking special case being the United States. Nonetheless,
issues identifying with access to organic assets have not been completely settled. Just
around 25 nations have acquainted new directions with encourage get to, and most
by far of nations still need to figure the suitable laws. To help the execution of
bioprospecting under the CBD, the Conference of the Parties (the authority CBD
body) embraced the Bonn Guidelines on ‘Access to Genetic Resources and Fair and
Equitable Sharing of the Benefits Arising out of their Utilization’ (Secretariat 2002).
These are not legitimately authoritative, but rather they are expected to enable all
gatherings to take after accepted procedures in setting up bioprospecting
understandings. Different expert bodies have reacted to the Bonn Guidelines with
their own particular suggestions. For instance, the International Federation of Phar-
maceutical Manufacturers and Associations has distributed its perspectives on
“industry best practices” and the empowering steps that administrations need to
take with respect to managing bioprospecting (IFPMA 2007). The Biotechnology
Industry Organization of the United States has created itemized rules for its
individuals about taking part in bioprospecting. These cover the general direct of
bioprospecting, sharing of monetary advantages and of consequences of research,
licensed innovation rights, and preservation and reasonable utilization of biodiver-
sity. The association has additionally distributed a model Material Transfer
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Agreement for use in bioprospecting tasks. There is an exceptionally valuable asset
distributed by the International Institute for Sustainable Development as an
“entrance and advantage sharing administration apparatus” and a going with hand-
book (IISD 2007). This gives a well ordered manual for acquiring earlier educated
assent, achieving commonly concurred terms, concurring advantage sharing courses
of action, and managing issues identifying with customary learning and protection.
The Bonn Guidelines are probably going to be superseded by the Nagoya Protocol
on Access to Genetic Resources and the Fair and Equitable Sharing of Benefits
Arising from their Utilization to the Convention on Biological Diversity (Secretariat
2011). This is another settlement under the CBD that was received in Nagoya in
October 2010. It will be operational once 50 nations approve it (40 have done as such
before the finish of July 2011). The point of the Protocol is to give more noteworthy
legitimate sureness about all parts of bioprospecting. Specifically, it is expected to
build up more unsurprising conditions for access to biodiversity and to guarantee
fitting advantage sharing. The Protocol bargains more unequivocally than past
archives with the utilization of customary information related with hereditary assets:
contracting parties need to guarantee that nearby groups have given earlier educated
assent and that there is reasonable and impartial advantage offering to the pertinent
groups. The Nagoya Protocol likewise perceives that hereditary assets are seldom
limited to a solitary nation and that customary information identified with utilization
of hereditary assets is frequently shared by various groups. The protocol requests
inclusion and participation of the applicable gatherings. A noteworthy shortcoming
in the execution of the CBD concerning bioprospecting has been the moderate
improvement of national frameworks for administering access to biodiversity. The
Nagoya Protocol is express about the duties of signatories to make “national central
focuses” and “equipped national experts” to make accessible data on the best way to
get to hereditary assets and customary information and to be in charge of giving
access to biodiversity. In Africa, a different scope of approaches and laws pertinent
to access and advantage sharing is set up in a few nations, yet these are most created
in South Africa through the National Environmental Management: Biodiversity Act
(10 of 2004) (‘the Biodiversity Act’) and the directions go under this Act in 2008.
The Biodiversity Act requires bioprospectors to acquire permission from the Gov-
ernment for bioprospecting including indigenous organic assets and for the fare of
these assets. Earlier educated assent is required with landowners and indigenous
groups previously; permission was issued. Profit sharing understandings must go to
indigenous groups who utilize the asset customarily or who knew about its
properties first (Wynberg et al. 2009).

2.2  Virtues of Bioprospecting

Bioprospecting has been a vital marvel of finding new medications since the
beginning of human progress. A few numbers of individuals across the world have
been utilizing in excess of 8000 types of therapeutic plants for the medicinal service
needs. More than 800 therapeutic plant species are as of now being used by Indian
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Table 2.1 List of few pharmacological products derived from herbs (Taylor 2000)

S. Pharmacological

No. products Uses Herb name

1. Atropine Anticholinergic Atropa belladonna

2. Codeine Analgesic, antitussive Papaver somniferum

3. Cynarin Cholerectic Cynara scolymus

4. Digitoxin/Digoxin Cardiotonic Digitalis purpurea

5. Ephedrine Sympathomimetic Ephedra vulgaris

6. Hyoscyamine Anticholinergic Hyoscyamus niger

7. Methyl salicylate Rubefacient Gaultheria procumbens

8. Morphine Analgesic Papaver somniferum

9. Nicotine Insecticide Nicotiana tabacuum

10. Physostigmine Cholinesterase inhibitor Physostigma venenosum

11. Podophyllotoxin Anti-neoplastic Podophyllum peltatum

12. Quinidine Antiarrhythmic Cinchona ledgeriana

13. Theophylline Diuretic, vasodilator Theobroma cacao

14. Tubocurarine Skeletal muscle relaxant Chondodendron
tomentosum

15. Vincristine Anti-neoplastic Catharanthus roseus

16. Yohimbine Alpha-2 adrenoceptor Pausinystalia yohimbe

blocker

home grown industry alone. In pharmaceutical industry, numerous outstanding and
helpful medications have been gotten from leads given by the restorative plants
(Table 2.1). Despite the fact that pharmaceutical firms and researchers keep on
finding valuable use of segments from nature, their hunting techniques and
applications have changed (Kumar 2004). The monetary estimation of plants or
living creatures for pharmaceutical reasons for existing is gigantic and profiting not
exclusively to the pharmaceutical ventures occupied with R and D yet to have nation
and indigenous group additionally, who pick up from responsibility for natural assets
and expect satisfactory remuneration for asset utilize, particularly after the Conven-
tion on Biological Diversity (CBD) in 1992. The Convention unmistakably sets up
the control and sway of neighborhood office over the organic assets and its assorted
variety (Kumar and Tarui 2004). With headway in subatomic science and accessi-
bility of complex symptomatic instruments for screening, it has turned out to be
really compelling for pharmaceutical firms to lead in exploring through
bioprospecting (RAFI Communique 2006). In high-innovation labs, removals
from natural examples experience quick and exact screening systems that consider
the disconnection of chemicals showing a particularly focused on movement. In
1980, none of the US pharmaceutical industry spending plan was spent on inquiring
about higher plants; at the same time today, it is evaluated that more than
200 organizations and research associations worldwide are screening plant and
creature segments for therapeutic purposes. Disclosure of a few life-sparing
medications including hostile to neoplastic medications (e.g., vinblastine, taxol,
topotecan, and etoposide) in later past has recharged the enthusiasm of
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pharmaceutical enterprises in bioprospecting. Endeavors are being made to confine
hostile to HIV drugs from characteristic assets. No less than three hostile to HIV
drugs, (+) calanolide A, (—) calanolide B (costatolide), and conocurovone, discon-
nected from plants are presently experiencing preclinical or early clinical trials
(Taylor 2000). Prostratin and homoharringtonine, the other two against AIDS
drugs separated from plants, are likewise under scrutiny with variable achievement.
Bioprospecting joint efforts between pharmaceutical organizations and nations
providing the restorative crude material and learning offer not just the income
hotspot for immature nations, yet in addition open doors for society for better
training and business roads. Numerous investigations have recommended that if
the bioprospecting seek depends on the data and learning from neighborhood
individuals, at that point, the estimation of bioprospecting advantages will be higher
(Martin 2001).

2.3 Demons of Bioprospecting

There is a developing worry that various pharmaceutical firms and biotechnology
organizations are investigating the woodlands, fields, and waters of creating world
looking for natural wealth and indigenous learning with sole point of creating
protected and beneficial items. Under most by far of cases, no cash has changed
hands, and no acknowledgment has been given to indigenous groups who chose,
kept up, and enhanced customary plant assortments for medication. Pharmaceutical
firms are frequently blamed for deceiving nearby individuals by denying them access
to learning and budgetary advantages. Numerous pharmaceutical firms guarantee
that the procedure of bioprospecting includes components of high hazard and cost,
and subsequently benefits are not critical. Accordingly, the greater part of the
underdeveloped nations occupied with bioprospecting with multinational pharma-
ceutical firms proceed with their noteworthy part of just providers/exporters of crude
materials for gathering of riches in the industrialized countries. The multinational
organizations occupied with bioprospecting are allowed to patent biomaterials;
however, there are no viable rules and conditions characterized for perceiving and
compensating the commitments of indigenous individuals and other casual pioneers
who are in charge of supporting, utilizing, and creating biodiversity. One of the
persevering inquiries in the bioprospecting has been whether the examination and
recognizable proof of dynamic therapeutic constituent in natural examples give the
pharmaceutical firms the sole ideal on environmental territory in asset-rich areas or
not (Zakrzewski 2002). So the inquiry frequently asked is: What gives pharmaceuti-
cal firms the privilege to patent any possibly dynamic mixes as their own disclosures,
along these lines keeping the lawful cases of nearby occupants to sovereignties from
the offer of such medications paying little mind to their imparting information to
organizations? In spite the fact that bioprospecting assentions are authorized by the
multilateral Convention on Biological Diversity, much of the time business
bioprospecting understandings can’t be adequately observed or implemented by
source groups, nations, or by the convention itself (Zakrzewski 2002). In a few
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cases, there is no control set up to guarantee that the source nations of these plants
will be adjusted enough. The fiscal offer by multinational pharmaceutical firms to
asset nations as a rule is not adequate. Numerous countries in the third world
experience the ill effects of pulverizing weight of outside debt; hence, the money
related offer by multinational firms frequently appeal them to auction their natural
assets for allowance (RAFI Communique 2006). A few pharmaceutical firms don’t
offer specifically for access to biodiversity, rather work through middle people
(RAFI Communique 2006). The go-betweens might be privately owned businesses,
administrative, and non-benefit associations or even people utilized on contract
premise. Consequently, it is usually troublesome for indigenous individuals and
associations to know accurately with whom they are arranging or to whom they are
giving their data and hereditary material. Awkwardness in environment because of
over the top misuse of material assets is dependably a probability. The tropical
rainforest districts of the world, which constitute over half of therapeutic plants, are
vanishing (Moran 1992). This is basically because of huge number of business
interests including bioprospecting.

24 Resolution to the Concerns

Attributable to the absence of appropriate direction and sufficient pay for nations
providing the therapeutic plant species, the inquiries and questions of what should be
possible to realize changes in the present framework should be tended to. Endeavors
ought to be made to deal with the distinctions, assuming any, between the
pharmaceuticals firms and the nations providing the plant materials. The disclosures
through bioprospecting ought to be fairly shared between the pharmaceutical firms
and nearby groups and indigenous individuals engaged with the revelation of normal
items. Advantages of bioprospecting can be shared by the two gatherings in various
structures like propel installment and sharing the income through sovereignty
assertions (Smith and Kumar 2002). It is essential to plan a plan where the data
and also access to the assets can be viably shared among firms and the nearby
individuals with bioprospecting site. The terms and states of bioprospecting
understandings under which indigenous individuals may profit fiscally ought to be
clear and straightforward and free from vagueness. Preparing ability ought to be
offered by multinational pharmaceutical organizations to the locals giving crude
material to drugs. Giving employments, preparing, and aptitude to the source nations
would profit neighborhood individuals with chances to advance. Different
advantages can be conceded as far as types of gear and training and innovation are
transferred. The scholarly respectability of indigenous individuals and other rustic
individuals must be affirmed inside the Biodiversity Convention. This incorporates
the privilege of indigenous individuals to profit by their conventions and virtuoso
and a say in all basic leadership discussions. Without a persuading worldwide ethic
or clear intension with respect to the universal group, indigenous groups and local
governments ought to have each privilege and motivation to pronounce a ban on
additionally gathering and new understandings. The privilege of indigenous groups
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to state no to bio-privateers and to genuine bio-miners should likewise be
guaranteed. No licensing of living items and procedures ought to be permitted in
the future. Plants and living beings ought to be viewed as the sole property of
indigenous individuals and governments. The present scholarly property
frameworks don’t and won’t secure the interests of nearby occupants and casual
group pioneers. It must be guaranteed in all bioprospecting understandings that a
piece of advantage subsidizing goes to help ecological insurance in the locales
providing the plants so as to guarantee long haul soundness of the characteristic
biological community.

2.5 Conclusions and Future Prospects

Bioprospecting has been proposed as a potential intend to energize the protection
and feasible utilization of biodiversity. The legitimate structure under the support of
the United Nations is gradually being executed by biodiversity-rich nations, yet
much still should be done if there is to be a bona fide assistance of bioprospecting.
Maybe the execution of the Nagoya Protocol will give the important step. In any
case, the hunger for bioprospecting by pharmaceutical improvement organizations
has obviously reduced since the Rio Earth Summit in 1992, incompletely as a result
of the complexities identifying with access and advantage sharing regularly without
sufficient national administrative lucidity and institutional limit. Notwithstanding the
proceeding with appearance of effective medication improvement ventures in light
of characteristic items, there is an assumption that this approach might be exces-
sively out-dated, making it impossible to be thought about genuinely screening of
normal items for new leads. Different specialized issues without a doubt exist with
the screening and disconnection of characteristic items; however, the prizes for
defeating them would appear to legitimize the exertion required, and specialized
arrangements are being depicted in the writing. For instance, cleansing and recog-
nizable proof of regular items are accepted to be troublesome and moderate: high
throughput division strategies combined with touchy diagnostic procedures can
resolve this (Bugni et al. 2008; Hu et al. 2008). Normal items are artificially intricate:
correlations of the compound properties of accumulations of regular items demon-
strate that they all the more intently coordinate the “concoction space” of effective
medications than accumulations of engineered chemicals (Grabowski and Schneider
2007; Ganesan 2008). Characteristic items are rumored to give excessively numer-
ous false positives on present day screening examines; however, phenotypic tests are
ending up increasingly prevalent, and it has been proposed that common items, with
their medication like properties, are all around coordinated to such cell-based
methodologies, and concentrates of regular items can be prepared to evacuate
responsive mixes or even change over them into novel medication like structures
(Rishton 2008). Regular items may just be accessible in little sums: procedures for
coordinate union (Sunazuka et al. 2008) or generation by subatomic science
(Kennedy 2008) have been quickly creating. While there is absolutely no single
best approach to lead tranquilize revelation, similarly as there isn't a solitary panacea
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for all sicknesses, it is without a doubt time for a new take a gander at the generally
unexplored open doors given by current ways to deal with applying regular items in
sedate disclosure. Maybe the lead should be given by the various scholastic
gatherings dynamic in bioprospecting. Notwithstanding, these gatherings would
stand more shot of accomplishment in the event that they could pool assets and
work toward finding approved lead exacerbates that are probably going to be
appropriate for improvement into meds for neglected remedial needs. The develop-
ment of translational research and the foundation of focuses of translational research
will empower scholastic gatherings to end up basic accomplices in pharmaceutical
advancement. In spite of the confinements and affirmations of bio-theft, the
bioprospecting with its potential as a rich and imperative wellspring of new remedial
operators is a critical device for tranquilize revelation and research. In any case, the
coordinated efforts between the pharmaceutical organizations and the nations
providing the indigenous learning and restorative assets ought to be managed for
commonly valuable relationship.
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Abstract

Biomedical research is the area of science devoted to the study of the life
processes and diseases with the ultimate goal of improving health by generating
preventive interventions and effective treatments for diseases. The fulfillment of
this aim requires framing right questions, well-planned scientific experimenta-
tion, data analysis, and evaluation, which calls for experts from different areas of
both life and physical sciences. Biomedical research has high expectations in
supporting and accelerating medical research. However, limited success is
achieved due to barriers in scientific translation. This raises demand to create
new paths to solve problems that can be tackled only through interdisciplinary
approaches. The potential of interdisciplinary research lies in the fact that this
approach brings together knowledge and expertise from different fields and works
in newer synergistic ways, thus enabling novel integrated perspectives on com-
plex problems of medical science.
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3.1 Introduction

Biomedical research is a broad area of science that involves the study of biological
processes and diseases. It is aimed at benefiting the health sector by providing
solutions to problems faced by biomedical profession, thus accelerating medical
research. This field of research looks for ways to prevent and treat diseases through
well-planned experimentation, observation, and analysis. However, biomedical
research has achieved limited success due to a number of oppressing challenges
such as inadequate statistical data, insufficient funds, and limited integrated research.
These factors and, most importantly of these, limited interdisciplinary research
contribute to a wide gap between biomedical research and clinic application
(Musunuru et al. 2018) for which translation medicine poses a potential solution.

Translational medicine is an aspect of science that bridges the gap between
findings in biomedical science and their effective clinical application (Jane-Budge
et al. 2015). Despite the advancements made in the process of modern research, the
field of translational medicine seems to be in its beginning. Translation of biomedi-
cal science into clinical application requires the facilitation of interdisciplinary
collaborative research (Ravid et al. 2013) within academic and clinical environments
of different areas ranging from molecular biology to physical and other associated
sciences. Biomedical research itself is an interdisciplinary process that requires
careful experimentation by several scientists including biologists, physicists, and
chemists. To increase the productivity of biomedical research, there is a greater need
for convergent interactions among researchers working in the field of genetic
variations, cellular dynamics, behavioral sciences, nutrigenomics, environmental
impact, and pharmaceutical variables (Fig. 3.1). This will be helpful in better
evaluation for determining effective preventive interventions and treatments for
diseases.

3.2 Interdisciplinary Research

Interdisciplinary research is described as “the integration of the analytical strengths
of two or more often disparate scientific disciplines to solve a given biological
problem” (Aboelela et al. 2007). Considering the importance of human health,
attention toward issues associated with biomedical research is of prime importance.
To find an optimum solution to any problem, researchers need to integrate knowl-
edge gained from high-throughput molecular research with biophysical imaging
studies, epidemiological studies, and data from clinical trials. This is also helpful
in understanding what works/does not work and what is safe/unsafe. An association
between socioeconomic status and health (Committee on the Organizational Struc-
ture of the National Institutes of Health 2003) also raises demand for interdisciplin-
ary research.



3 Growing Need for Interdisciplinary Biomedical Research 35

cellular dynamics
biologists
genomics

/ computational techniques
chemists

/ psychologists

biophysical imaging studies

Biomedical
Research __ computer environmental sciences
scientists
nutrigenomics
\ pharmaceutical variables
\ mathematiclans epidemiological studies
physicists behavioural sciences

engineering sciences

Fig. 3.1 Biomedical research is an interdisciplinary field of science and requires efforts by experts
from different sciences including biologists, physicists, mathematicians, computer experts, and
chemists. However, limited success is achieved in biomedical research due to barriers in scientific
translation. To increase the productivity of biomedical research, there is a growing need for
integrated convergent efforts from researchers working in the field of genetic variations, cell
biology, behavioral sciences, nutrigenomics, environmental biologists, anatomists, engineering,
biophysics, and pharmaceutical variables

The recognition of the need and value of interdisciplinary research is not new.
Indeed, the history of medicine has demonstrated innumerable times that important
advancements require interdisciplinary efforts. For example, the Human Genome
Project involved expertise of biologists, chemists, computer scientists,
mathematicians, and engineers, and laser surgery involved combined efforts from
ophthalmologists, anatomists, and physicists (Committee on the Organizational
Structure of the National Institutes of Health 2003).

Notably, many scientific problems require single disciplinary efforts and
techniques. Hence, it is very important to understand that interdisciplinary research
approach should arise out of necessity in response to a problem, which cannot be
gripped by a single discipline. In past few years, fields that conventionally did not
fondle interdisciplinary research have begun to recognize its necessity. Some
examples where interdisciplinary efforts find an implication are discussed below.
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Fig. 3.2 Implication of interdisciplinary efforts in different fields
3.2.1 Cardiovascular Health and Diseases

Several studies have demonstrated that behavior, lifestyle, and traits such as smok-
ing, lack of exercise, exposure to stress, anger, socioeconomic status, and diet
influence the risk of coronary heart disease (Buttar et al. 2005; Phillips and Klein
2010). Hence, research collaborations among experts in areas including
psychologists, cardiologists, nutrition biologists, and behavioral researchers
(Fig. 3.2) would provide new advances in the prevention and management of
cardiovascular diseases (Pellmar and Eisenberg 2000).

3.2.2 Studies on Pathogens

Increasing number of researchers involved in study of pathogens have shifted to
interdisciplinary study of “pathogenomics,” which involves using microbiology,
computer science, and genomics along with information from evolution in a
synchronized way (Fig. 3.2) to determine how pathogens interact with their host
(Pompe et al. 2005). By using computational techniques, scientists are able to
analyze a large amount of data obtained from bacterial genome sequencing for
expeditious identification of features unique to a particular pathogen. This also
helps in saving a lot of time via avoiding huge bench work/experimentation by
providing a well analyzed hint about which epitopes can be potential immunogens
for vaccine generation and which motifs of pathogens are responsible for host-
pathogen interaction that might work best if targeted for therapy (Pompe et al. 2005).

3.2.3 Schizophrenia

Schizophrenia is a chronic mental disorder with abnormalities in perception, speech,
emotional expression, and behavior. Hallucinations and social withdrawal com-
monly occur in the schizophrenic patients. Experts in the area believe that abnormal
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brain development may be a cause of this disorder (Pellmar and Eisenberg 2000).
This is supported by neuroimaging studies, demonstrating that some people with
schizophrenia have abnormally large ventricles in the brain. A physiological link
also exists between development of schizophrenia and impaired migration of
neurons in the brain during fetal development (Jaaro-Peled et al. 2009). Some studies
indicate a genetic predisposition to this disease (Gejman et al. 2010; Kukshal et al.
2012). Together, all these facts about schizophrenia suggest that synergistic efforts
from multiple disciplines (Fig. 3.2) such as neuroimaging techniques, magnetic
resonance imaging, genetics, development, and behavior would advance the under-
standing and treatment of this disease (Pellmar and Eisenberg 2000).

3.3 Increasing Urgency in Some Fields of Research

A greater sense of urgency pervades some fields of research globally including
emerging infectious diseases such as the novel coronavirus disease-2019 (COVID-
19), Zika virus, severe acute respiratory syndrome (SARS), etc. These warrant
special attention on infectious diseases, their epidemiology, and regular monitoring
of exposed people/masses. These diseases that have a huge impact on health and
economy of the affected nations highlight the need for identification of the causative
agents, rapid detection systems, and development of therapeutics. Success in these
areas requires joint efforts from immunologists, experts in bioinformatics,
economists, and scientists from various other fields in ways that might be difficult
with current structural configuration of research.

The persistent threat of bioterrorism arising from spread of highly infectious
causative agents further raises an alarm to set a roadmap for meeting futuristic
challenges (Pompe et al. 2005). Beyond research, greater collaboration with the
public health workers, emergency workers, and pharmaceutical industries is
required. Huge data assessment and technology development also necessitate the
involvement of nonbiologists, such as engineers, physicists, and computer experts
along with biologists in such projects. Working in collaboration can play a pivotal
role in framing appropriate questions and using the right ways to find an immediate
solution by improving scientific knowledge about the subject that is important for
limiting the spread of the causative agents and in developing vaccines and
treatments.

34 Why Do We Need Interdisciplinary Research?

The life processes and medical problems do not fall sharply into subject categories.
Thus, the issues and phenomena cannot always be studied independently by using
tools, expertise, and knowledge from one particular discipline (Boon and Baalen
2019). Therefore, for deeper understanding of phenomenon, scientific collaboration
across disciplinary borders must increase (Mumuni et al. 2016). In fact, many new
fields in science such as tissue engineering, bioinformatics, and nano-biotechnology
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have emerged which are hybrid fields and involve interdisciplinary efforts. Despite
these new avenues, still some barriers to scientific translation exist, and further
advancement is required. Interdisciplinary approaches set the stage for innovation
by uniting together and ultimately opening new avenues/opportunities in research
(Resnick 2011). The opportunities and needs thus generated, further raise questions
about whether current research structure supports, or limits the adoption of collabo-
rative research.

3.5  Future Directions for Interdisciplinary Research

Biomedical research is a long known area of science with well-established principles
and goals. What is changing with time in biomedical research is the recognition of
increasing need for interdisciplinary research. Some of the life phenomenon and
causes of disease and death are found to be exasperatingly complex. Thus, studying
physiological links among genes, environment, behavior, and disease are required
for discovering treatment interventions for several diseases including AIDS, cardio-
vascular diseases, cancers, and schizophrenia. These conditions are difficult to be
understood extensively by limiting oneself to the research scenario of individual
investigators working in isolation in their own discipline. The collective framing of
research questions by research personnel from different disciplines can result in
better questions that can be addressed with comparatively higher chances of positive
outcomes. However, the current scenario of educational practices and research
funding mechanisms has created a system that sometimes presents challenges for
interdisciplinary work (Pellmar and Eisenberg 2000).

The creation of favorable environment for interdisciplinary research and training
may require some changes through redesigning of conventional research training
programs. This will also require support from funding schemes calling for interdis-
ciplinary training and research (Resnick 2011). All these inputs may play a strong
role in synchronizing biomedical science with clinical needs and patient outcomes so
as to deliver evidence-based outputs (Committee on the Organizational Structure of
the National Institutes of Health 2003). Besides biological fields, the active involve-
ment of disciplines such as physics, chemistry, mathematics, and computer science
should also be sorted. This is where the interdisciplinary synergistic research may
show its full potential. Bringing such different ways of thinking to the same bench is
a great way to expedite research that neither individual research group, nor complete
but isolated field, has thought before. In such collaborations, one side can cover the
weaknesses of other discipline by suggesting alternate tools and techniques.

3.6 Concluding Remarks

Many biomedical problems can effectively be solved by researchers of the respective
field. However, some problems are complex and cannot be tackled by a single
discipline. Besides biologists, these require mutual knowledge and efforts from
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experts working in different fields such as physics, engineering, chemistry, mathe-
matics, and computer science that were traditionally considered peripheral to main-
stream biomedical science. Thus, in past few years, there is an increasing demand for
generating integrated working platforms, which work through sharing of knowledge
and providing their tools, techniques, and expertise in order to supplement the
success of biomedical research and apply the outcome in clinical practice. This
will ultimately be beneficial to improve human health in long-run. One of the critical
steps toward implementing collective intelligence in translational medicine can be
the inclusion of redesigned research training programs and funding schemes that can
support the interdisciplinary biomedical research.
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Interplay Between Theory and Experiment:
A Future Approach for Biomedical Research
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Abstract

Theoretical and computational chemistry have become indispensable in various
fields of chemical research as they provide structures, properties, and reactivities
of the molecules. Computational enzymology is a rapidly developing area and is
testing theories of catalysis, challenging “textbook” mechanisms, and identifying
novel catalytic mechanisms. Modeling of enzymes is contributing to the experi-
mental study of enzyme-catalyzed reactions in the field of drug discovery,
catalyst design, and interpretation of experimental data. In the present text, we
would discuss some controversies and reaction mechanisms which were later
resolved with the help of theoretical calculations.
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4.1 History

In late 1960s with advent of microprocessor technology (Moore 1965; Whitworth
1979; Brinkman et al. 1997), foundation of interdisciplinary scientific field, which is
today known as computational chemistry, was laid. This field is an amalgamation of
mathematics and computational science with scientific discipline such as physics,
chemistry, and biology. A few decades ago, theoretical modeling played a minor role
in understanding redox-active reaction of metalloenzymes. The theoretical methods
were underdeveloped; due to this, either result were not accurate enough, or
processing time was too long.
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But in today’s scenario, the situation is changed with the development of methods
and insights from application. Development of density functional theory (DFT) was
reached at a stage where their accuracy was not far from most accurate. The
breakthrough was incorporation of density gradient terms for the exchange part
and of fractions of exact exchange (Becke 1993). During first year of its applications
in transition-metal complexes, it was clear that results were quite accurate
(Bauschlicher 1997; Siegbahn 1996). Decades of experience gained from study of
small models of transition metal containing complexes gave idea for further
improvements in method to be used and how to address mechanism studies of
large organometallic complexes; as surprisingly, small model methods were quite
helpful in gaining insights in action of mechanism of biomolecules. Transition-state
structures and individual reaction steps turned were not entirely dependent of the size
of the model for understanding of reaction mechanism. There are two originally
different approaches in study of enzymatic systems. First is the cluster model
approach, which uses small or truncated model system; this small model approach
had a potential to elucidate main features of mechanism. First study using this model
was done in 1997 on methane monooxygenase enzyme (MMO) (Siegbahn and
Crabtree 1997). Second approach is treating small core active site of the enzyme
with extensive QM methods using DFT, while rest of the system is described by
molecular mechanics; hence, this approach is called as QM/MM model (Warshel
and Levitt 1976).

The first application of QM/MM on the mechanism of galactose oxidase was
made in 2000 (Mulholland and Richards1993). Both approaches have been devel-
oped over the years from their original form. Nowadays, with improvement in
computer technology, QM cluster models can handle quite big model, i.e., with
more than 200 atoms, and even larger QM core can be used in the QM/MM
approach.

Nowadays, theoretical model calculation can be regarded of equal importance in
determining mechanism of metalloenzymes. Experimental methods have advantage
that they are studied on the actual system, but spectroscopically guarding of short
lived species, electron transfer, and interpretation of results is quite troublesome. In
both approaches, accuracy of the results should be there. In theoretical modeling,
accuracy of the results depends on the accurate choice of the method and real system
under consideration. More than two decades of experience in this area has made the
understanding of limitations and applicability on different models to reach a mature
stage.

4.2 Introduction

Enzymes are green ‘“catalysts,” ever since their potential is recognized; researchers
have wondered and argued about how they work (Mulholland 2007). Better under-
standing of the mechanism by which they work and performs biological transforma-
tion reactions will lead to advances in the area of designing new drugs (as many
drugs are inhibitors, which will eventually bind to enzymes and prevent them from
further functioning), designing of new and better biomimetic or engineered catalysts,
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and analysis of effect of mutations will help in predicting metabolism of
pharmaceuticals. Thus, there is a great demand of development of protein catalyst
for the practical applications in the field of pharmaceutical, chemical, and biotech-
nology industries. Computational modeling has a major role in understanding these
enzymatic processes due to unstable species such as reaction intermediates and
transition state, which cannot be studied directly via experiments in these complex
systems (Mulholland 2005; Garcia-Viloca et al. 2004; Warshel 2003; Mart{ et al.
2004).

Enzymology raises rigorous debates and controversial proposals about mecha-
nism of reaction performed by enzymes. Identifying and sticking to one proposal
seems too difficult, and it is often hard to differentiate between alternative proposals.
Some of the controversies in the field of enzyme catalysis are low “barrier-hydro-
gen” bonds (Cleland et al. 1998; Mulholland et al. 2000; Schutz and Warshel 2004;
Molina and Jensen 2003), the role of enzyme dynamics in catalysis (Garcia-Viloca
et al. 2004; Warshel 2003), and quantum tunneling (Masgrau et al. 2006).
Controversies are hard to resolve by experimental analysis because of the complex-
ity of the system. Atomistic simulations have offered a potentially vital role in these
debates by providing a molecular level picture of action of mechanism in enzymes
and in the interpretation of experimental data. It is now possible by theory to reach
unprecedented level of chemical accuracy of (1 kcal/mol) in accord with experimen-
tal data (Claeyssens et al. 2006).

In this article, some of these debates and complementary behavior of theory and
experiment have been tried to discuss.

4.2.1 Cytochrome P450 (P450)

From a catalytic point of view, P450s are fascinating because they oxidize a wide
range of relatively inert substrates both stereoselectively and regiospecifically. Thus,
Cytochrome P450 is a nanomachine (Shaik et al. 2005) that operates by means of the
catalytic cycle (Hata 2004; Shaik and de Visser 2004; Ogliaro et al. 2000a, b)
depicted in Fig. 4.1, that it gets triggered by entry of substrate, followed by series
of electron and proton transfer reaction transforming the inactive resting state to the
catalytically active species, and thereby, insertion of oxygen into substrate is
believed to be universal among all P450 isoforms (Ortiz de Montellano 2004).
Although there is difference in protein environment due to which redox partners
and electrons sources are different in isoforms of P450 (Munro et al. 1996, 2007,
Matsunaga et al. 2002). The catalytic cycle mainly consists of eight steps, the
catalytic cycle begins with the resting state (1) in which water molecule is bound
to the distal position to the ferric-ion. The iron is hexacoordinated with Fe (III)
oxidation state, d-block orbitals contains five electrons in total and results in low spin
doublet electronic configuration. Arrival of substrate (any drug like compound,
alkane, alkene, etc.) displaces the distal water, which results in pentacoordinated
ferric-porphyrin (2) high spin sextet species. This ferric complex so formed is
relatively better electron acceptor than the resting state and hence accepts electron
from a reductase protein leading to a high spin ferrous complex (3). Molecular
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SubH

SubH

Fig. 4.1 Catalytic cycle of P450 after entry of substrate SubH

oxygen subsequently binds on the distal side, to produce ferrous dioxygen complex
(4), which has a singlet spin state and is a good acceptor of electron. The second
reduction occurs, which is also the rate determining step in the catalytic cycle, to
generate a ferric—peroxo ion species (5), this is a good Lewis base hence it readily
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gets protonated to form ferric-hydroperoxide species (6), which is called Cpd 0. This
is a precursor for the formation of the primary oxidant Cpd I. As it is also a good
Lewis base so it accepts proton to released water and results in the formation of
ferryl-oxo species (7) compound I, i.e., Cpd L. This proton transfer step of conversion
from Cpd 0 to Cpd I is quite fast. This oxidant performs oxygen insertion reaction in
substrates, and then products leave the protein pocket, and water molecule enters
inside and binds to the distal side of the ferric ion restoring the resting state (1). In the
P450 catalytic cycle, electron transfer processes mostly originate from either nico-
tinamide adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide phos-
phate (NADPH) coenzymes, with sequential delivery of two electrons through
auxiliary electron-transfer proteins. Early studies on synthetic models and
chloroperoxidase (CPO) suggested an iron(IV)-oxo heme cation radical ([heme
(+°)-FeIV=0] or Compound I) as the active species able to abstract a hydrogen
atom from a substrate and rebind the hydroxyl group to form an alcohol product
(Sono et al. 1996; Groves 2005; Rutter et al. 1984; Zaks and Dodds 1995). But the
role of active oxidant had always been the topic of debate between theoreticians and
experimentalists. This problem originated due less sophisticated tools available to
detect the electron transfer processes in later stages of catalytic cycle of P450. The
Cpd I active oxidant as suggested by DFT studies was short lived and spectroscopi-
cally never been trapped at that point of time. The possibility for a second oxidant
species in the cycle of P450 enzyme was sensed indirectly due to various results
from reactivity studies of P450 for different substrates, lifetime measurements of
short-lived intermediates, and product distributions of P450s and site directed
mutagenesis (Shaik et al. 2007). As can be seen, there was a gray area between
theory and experiment. Recently reported work of Rittle and Green (2010) gave the
firm evidence of existence of Cpd I and its catalytic properties using various
spectroscopic studies such as UV-Vis, EPR, and Mossbauer effect. They were
successfully able to generate substrate-free ferric sample of the thermophilic
CYP119, which was then reacted with meta-chloroperbenzoic acid (m-CPBA) at
4 °C, leading to the formation of pristine Cpd I efficiently. Cpd I was characterized,
and its existence was detected for first. In addition, they further studied its reactivity
(oxidant power) with a selection of substrates, which identified Cpd I as a potent
oxidant ruling out all experimental findings. Thus, the first firm evidence of the
capacity of P450 enzymes to form Cpd I was much later provided through
experiments, which showed theory as an efficient tool in this field.

4.3 Experiment That Created Doubt

4.3.1 Site-Directed Mutagenesis

The protonation machinery in P450.,,, basically consists of two main residues: the
alcohol side chain of Thr252 and carboxylic acid group of Asp251. As the name

suggests “site-directed” mutagenesis, some key residues, which are involved in
proton transfer in conversion of Cpd 0 to Cpd I, were altered (or mutated) (Newcomb



46 R. Yadav et al.

and Toy 2000; Vaz et al. 1998). The reactivity patterns for the wild type enzyme and
mutated ones were different. The reaction profile for mutated enzyme with cis and
trans 2-butene yielded more epoxidation products compared with hydroxylated (Vaz
et al. 1998) ones, thus showing likeliness for epoxidation in mutated enzyme. DFT
studies showed that the proton affinity of Cpd 0 is as high as 334 (Harris and Loew
1998) or 330.1 kcal/mol (Ogliaro et al. 2002a, b), which allows barrier less second
proton transfer and thus collapses to Cpd I. EPR/ENDOR studies of Davydov et al.
(2001) showed that in the T252A mutant of P450cam formation of Cpd I was
blocked and catalytic cycle was thought to be terminated at Cpd 0; hence, it was
not able to hydroxylase camphor, but surprisingly its was able to form epoxide in
double bonds of camphene (Jin et al. 2003), although sluggishly than WT enzyme.
The study mutated both the proton transferring residues T252A/D25N1 and hence
completely disrupted the proton transfer machinery; the results were quite surprising
as it showed little activity toward camphor hydroxylation. These studies made
researchers think that either Cpd 0 showed different reactivity in different mutants
(that include the T-to-A mutation) or may be different amount of Cpd I is present in
different T — A mutants. Also, in cases where epoxidation and hydroxylation
mechanisms were competitive, a regioselectivity switch was observed (Vaz et al.
1996, 1998). Based on these studies, a two-oxidant scenario was hypothesized by
both theory and experiment. We shall review here some of the DFT calculations
associated with the reactivity of Cpd 0 toward substrates (Shaik et al. 2005).

4.3.1.1 Ethylene Epoxidation by CPD 0 and CPD |

To test the validity of two oxidant present in catalytic cycle of P450, comparative
studies for epoxidation via both oxidant Cpd 0 and Cpd I were performed by two
groups, Shaik and Yoshizawa. They both tested epoxidation of ethylene (Ogliaro
et al. 2002a, b; Kamachi et al. 2003) with truncated model of enzyme active site that
involves protoporphyrin IX macrocycle without side chains. Shaik et al. studied the
reaction profile with cysteniate ligand has been replaced by thiolate; the epoxidation
barriers for ferric(I1I) hydroperoxy species and iron(IV) oxo species were compared.
It was found and can be seen in Fig. 4.2 that barrier for Cpd 0 was very high
(37-44 kcal/mol) as compared with Cpd I with barrier height of 13.0 kcal/mol. The
Cpd I performs the epoxidation reaction on two spin states due to degeneracy. It
follows nonsynchronous epoxidation mechanism; high spin (HS) state involves
cationic intermediate and can lose stereochemistry, whereas the low spin state
(LS) proceeds via concerted mechanism. On the other hand, Cpd 0 catalytic activity
involves single spin state. The results of Yoshizawa et al. were in agreement to the
present study with slight variation in energy values due to difference in the choice of
axial ligand (methyl mercaptan in place of thiolate). Later experimentally conclusion
was drawn that the ferric-hydroperoxo complex is a sluggish oxidant as compared
with Cpd I for epoxidation reactions (Park et al. 2006).
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Fig. 4.2 Epoxidation of ethylene by Cpd 0 and Cpd I with energies in kcal/mol

4.3.2 DFT and QM/MM Studies of Alkyl Sulfide

4.3.2.1 Sulfoxidation by Cpd 0 and Cpd |

Sulfoxidation reactions were also studied by several groups in the search of potent
oxidant. Using truncated P450 model complexes, quantum mechanical calculations
were employed in both Cpd 0 and Cpd I using dimethyl sulfide (DMS) as their active
substrate (Sharma et al. 2003; Kumar et al. 2005; Li et al. 2007; Porro et al. 2009;
Rydberg et al. 2008; Kumar et al. 2011a). Figure 4.3 depicts the potential energy
curves of DMS with Cpd 0 and Cpd 1. Sulfoxidation reaction with Cpd I involved
single transition states unlike C=C epoxidation and C—H hydroxylation reactions.
Here, two electrons are transferred from DMS to heme for S—O bond formation. The
reaction is stepwise and involves two spin states. However, the difference between
TSSO and *TSSO is considerably, so one can say sulfoxidation proceeds via SSR
(single state reactivity). The barrier heights are different for quartet and doublet due to
the electron transfer in different orbitals. In doublet spin state, the electron transfer
process occurs by filling of a,, and =}, and quartet spin state involves electron transfer
in ap, and o}, orbital. The orientation of substrate to oxidant in rate determining
transition state depends on the orbital in which electron is being transferred like in case
of electron transfer in x;,, the substrate attack from sideways, whereas in quartet spin
state 6, involved the substrate attacks from top. Now when Cpd 0 is used as a oxidant,
the barrier height for S—O bond formation were quite high; this gain suggested that
Cpd 0 is a sluggish oxidant in comparison with Cpd L.
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Fig. 4.3 Potential energy profile of sulfoxidation of DMS by Cpd I and Cpd 0

4.3.2.2 Radical Clock Experiment

Rebound Controversy and Its Resolution by TSR Scenarios

The mechanism for C—H hydroxylation by Cpd I as active oxidant was given by
Groves et al. (1978) shown in Scheme 4.1a. It was first coined “rebound mecha-
nism,” then only its initial step involves hydrogen abstraction from the alkane
(Alk-H) by Cpd 1. Subsequently, the alkyl radical (Alk) can either instantaneously
rebound to ferric hydroxy intermediate to give unarranged (U) alcohol product
complex keeping original stereochemistry of the alkane preserved or can undergo
skeletal arrangement first and thereafter rebound to form a rearranged (R) alcohol
product. The rebound mechanism justifies key experimental data of partial loss of
stereochemistry and geometrical rearrangement (a) Ortiz de Montellano and De
Voss (2002) (b) Auclaire et al. (2002), large intrinsic kinetic isotope effects (KIEs)
when hydrogen in transition is replaced by deuterium (Groves and McClusky 1976;
Sorokin et al. 1993; Gelb et al. 1982; Sono et al. 1996; Woggon 1996; Meunier and
Bernadou 2002; Fretz et al. 1989; Ortiz de Montellano and Stearns 1987; Audergon
et al. 1999).

The apparent radical lifetime (t,,5) calculation study was first done by Ortiz de
Montellano Scheme 4.1b using bicycle [2.1.0] pentene. They basically calculated
the ratio of unarranged (U) to rearranged (R) product yield [U/R], divided by rate
constant for rearranged free radical clock (Kg). The lifetime of radical intermediate
was found to be short lived but finite ( = 50 ps).

The rebound mechanism was well accepted and looked solid until Newcomb and
colleagues (Newcomb et al. 1995, 2000; Newcomb and Toy 2000; Toy et al. 1998)
started investigation through ultrafast radical and carbocationic clocks. The determi-
nation of quantity [U/R], with one of the probe substrates depicted in Scheme 4.1b,
lead to the conclusion that if radical intermediates are involved in the catalytic cycle
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Scheme 4.1 (a) Rebound mechanism suggested by Grooves and McClusky. (b) Apparent lifetime
(Taap) Of @ putative radical intermediate from the ratio of rearranged (R) to unrearranged (U) alcohol
products produced from P450 hydroxylation of a substrate probe, here bicycle [2.1.0] pentene. (c)
Probe that can distinguish between radical and carbocationic rearrangements, and the mechanistic
proposal of C—H hydroxylation via two oxidants, Cpd I and Cpd 0

of P450s, then these will have a lifetime of 100 fs or less (Newcomb et al. 1995,
2000), which means that real intermediate species is not possible. In P450 mutant
species where Cpd I is assumed to be absent, the ratio [R/U] was larger than wild
type enzyme (Ortiz de Montellano and De Voss 2002; Auclaire et al. 2002).

This ought to conclusion that rearranged product originate from the non-radical
intermediates, which get generated due to presence of another oxidant species which
becomes active in mutants. Substrate that can distinguish between radical and
carbocationic rearrangement pattern was subjected to validate this hypothesis, and
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results from this suggested that intermediate is a carbocation not a radical in the
hydroxylation reaction of alkane. Newcomb hence proposed that alkane hydroxyl-
ation proceeds via two oxidants present in enzyme Cpd I and its precursor Cpd
0 without involvement of radical intermediate Scheme 4.1c. Cpd I allow concerted
mechanism with insertion of [O] in C—H; on the other hand, Cpd 0 involves insertion
of hydronium ion (OH+) in C-H bond and generates a protonated alcohol, which
undergoes rearrangement for carbocationic species. From the discussion in above
section one can say that Cpd 0 is a sluggish oxidant. It can only play role where Cpd I
is suppressed or not present. Thus, the two-oxidant mechanism is not reconcilable
from experiment or theory from reactivity study of Cpd 0 and Cpd 1. But indeed
Newcomb studies lead door open to intrude further into action of mechanism as
experimental results pointed in the direction of products that behaved as they are
originated from two different sources.

The role of theory comes into the picture, and it has already offered a reasonable
resolution (Ogliaro et al. 2002a, b; de Visser et al. 2001; Shaik et al. 2002;
Yoshizawa et al. 2001; Kamachi and Yoshizawa 2003) of the main mechanistic
problems depicted by experiment with the help of two-state reaction (TSR) mecha-
nism (Ogliaro et al. 2002a, b; de Visser et al. 2001; Shaik et al. 2002).

Let us first give a brief revision to our knowledge of Cpd I from theory and
experiment and throw some basic light on the origin of idea of two state reaction
(TSR) mechanisms (Shaik et al. 2002, 2005). The very idea of “two-state reactivity”
is based on the fact that Cpd I has two closely lying (nearly degenerate) spin surfaces
due to its molecular orbital arrangement (de Visser et al. 2003). The five 3-d orbitals
of metal split into the characteristic 3t,, — 2., pattern. The 3t,, further disassemble
itself into one nonbonding (d,>_,2) and two antibonding metal and distal oxygen
orbital (*xz, *yz). oy, and o, are two high lying antibonding virtual orbitals. o,
originates from the mixing of ¢ orbitals on nitrogen and orbital of metal center, and
G, is the outcome of mixing of orbital along O-Fe-S axis, i.e., mixing of 3dz? of Fe,
2pz orbital on oxygen, and lone pair of thiolate axial ligand. The orbital occupation
of metal looks like 5i27y2,*le, >“yzl, hence the oxidation state of iron is IV Fe (IV).

Apart from these metal orbitals, there are two high lying orbitals of porphyrin, a;,
and a,,; these two orbitals are degenerate (Ghosh 1998) in pure heme macrocycle,
but in case of P450 enzymes, there is mixing of a,, and ¢ orbital of axial sulfur
ligand, which results in increase in energy of a,, with respect to a;,. Thus, due to
lower energy, a;, is doubly occupied in ground state, and a,, is singly occupied, and

overall ground state electronic configuration of Cpd I becomes 6§27y2, a1, as',

#xz', *yz'. These three unpaired ferromagnetically and antiferromagnetically

couples to give what we called quartet and doublet spin states, respectively, with
same orbital occupation. All the orbitals are shown in Fig. 4.4. The extensive
density-functional calculations (DFT) reveals that energy difference between quartet
and doublet spin states are within 1 kcal/mol. The ordering and energy of these states
depends on the axial ligand effects and perturbations in protein environment (Green
1999, 2001; Schoneboom et al. 2002; Kumar et al. 2011b; Latifi et al. 2013)
(Fig. 4.4).
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Fig. 4.4 Typical reaction profile for C—H hydroxylation (Alk-H is the substrate) showing two-state
reactivity (TSR) due to the closeness of the two spin-state profiles

Cpd I has two closely lying spin states quartet and doublet, which are referred as
high spin (HS) and low spin (LS) states, respectively. These states follow rebound
mechanism (Kumar et al. 2003).

It can be seen from Fig. 4.4 that reaction pathway involves C—H activation phase
that involves barrier and nature of this transition state is hydrogen atom abstraction
type. After this step, alkyl moiety attains a radical character, and this moiety is
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loosely coordinated to ferric iron-hydroxo intermediate by C---HO hydrogen bond,
followed by reorientation process in which radical “reorients” itself away from OH
bond in a manner so that it can have a direct C---O bond formation. The last step of
the process is a rebound phase, which allows C—O bond formation to give away the
alcohol product.

The HS and LS profile stays close in energy till PorFeOH/Alk,- and then both states
bifurcate. The LS manifold follows effectively concerted ones, the radical snaps out of
the C---HO interaction from iron-hydroxo species (Ogliaro et al. 2000a, b; de Visser
et al. 2001; Shaik et al. 2002) pathways leading to a product formation, while HS
surface offers considerable barrier what we call rebound transition state. The reason
behind the rebound barrier in HS surface is due to promotion of electron from substrate
to high lying virtual orbital ¢7,, and on LS state, the promotion of this substrate
electron takes place two a much low lying orbital *xz. Hence, it can be inferred that
radicals on the HS profile will have a significantly long lifetime. Contrast to HS, LS
will have intermediate with shorter lifetime, and its upper limit will depend on the
frequency of rotational modes, which establish a rebound position. Thus, TSR
provides two-state information on the lifetime of the radical containing both “ultra-
short” radical and “normal” radical (Shaik et al. 2004).

Now, this picture was extended to explain the radical clock experiment result
from Scheme 4.1 that says that amount of rearranged product R mainly arrives from
HS manifold and the unarranged product U is the outcome of both HS and LS
manifold, or most of the time LS state. Apparent lifetime, which is derived from the
ratio [U/R], cannot be regarded as a true lifetime since it is also taking relative yields
of HS and LS in account. Taking example of C—H hydroxylation, the yield of
product due to HS surface, i.e., rearranged product, will be small, and majority of
product will be unarranged product type, which is outcome of LS manifold, and this
will lead to unrealistically short apparent lifetime calculation. But the matter of the
fact is that radicals exist on HS surface and have normal lifetime; apparent lifetime
manifestation is a result of assumption that both the products arise from single
radical intermediate. TSR mechanism can accommodate both the KIE results
(de Visser et al. 2013), which shows that the transition state is hydrogen, abstraction
type in bind activation step, and also it was able to explain that two-state rebound
step too can lead to controversial lifetime if [U/R] is justified by single radical
intermediate, which can partition between immediate rebound and first rearrange-
ment followed by rebound (Kumar et al. 2004).

4.3.2.3 Products Isotope Effect and TSR

In kinetic isotope studies for two probe substrates 1 and 4, it was indicated by
Newcomb et al. (2003) that products of rearranged R (3) and unarranged U (2) for
this clock substrate respond differently on their isotropic substitution of scissile C—-H
bonds. It can be seen from Scheme 4.2 that the kinetic isotope effect for unarranged
is large than the rearranged due to which there exist a product isotope effect (PIE),
which is greater than unity PIE [U,2/R,3] > 1. These results rule out the possibility of
product arising from common intermediate and are indicating its support in the
direction of products of reaction mechanism by P450 with two processes. PIE # 1
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Scheme 4.2 Rearranged (R,2)) and unarranged (U,3)) products of substrate 1 and its observed
product isotopes effect (PIE), and substrate 4 with its sole product 5

indicates that either mechanism is TSR or it is two-oxidant mechanism. Ogliaro et al.
(20004, b) anticipated that PIE will not be equal to unity with TSR scenarios, since
U and R originate from two different H abstraction transition state. But, as objected
by Newcomb et al. (2003) based on the studies of methane hydroxylation and allylic
hydroxylation using TSR results, the PIE would be less than one, entirely opposite to
the experimentally measured quantities, i.e., PIE [U,2/R,3] > 1. Hence, his findings
ruled out TSR scenario and again supported two-oxidant hypothesis. The resolution
of this puzzle was addressed by theory using DFT studies on two of the substrates
used by Newcomb et al. (2003) and their theoretical determination of PIE[U,2/R,3]
quantity. Kumar et al. (2004) studied the reaction profile of trans-2-phenyl-methyl
cyclopropane with DFT (B3LYP) calculations and found product isotope effect for
the same, which revealed PIE > 1, the results from TSR scenario for the probe were
in direction of experimental results.

Since the structure and position (along H-abstraction coordinate) of transition
state of LS and HS (4’2TSH) are different, the corresponding KIE will also be
different, i.e., KIE; g # KIEys. This will lead to intrinsic PIE;,, on the rearranged
R and unarranged U product, defined by equation below:

PIE;y = PIErsg = [Un/Up/Ru/Rp]. = (KIELs/KIEgs)

int —

This equation is based on the fact that U arises from effectively concerted LS
pathway, while rearranged product arises from the stepwise HS pathway. The
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deviation of PIE;,, = 1 and its direction (<, >1) will depend upon the structures of
2TSH versus 4TSH (Shaik et al. 2007). Intrinsic PIE can be determined by the
calculation of intramolecular KIE on the rearranged and unarranged products since
the masking of intramolecular isotope effect is negligible or small. TSR scenario
reveals that PIE > 1 because doublet transition state is “central” and quartet TS is
“late” (Shaik et al. 2007). It was also inferred from these studies that PIE;,; also
depends on the nature of the substrate and the structure of >*TSy as well.

4.3.2.4 Quantum Mechanical and Molecular Mechanical Application
in Biomedical

The description of chemical reactions involves bond making and bond-breaking or
other processes that involves charge transfer; change in electronic structure requires
use of quantum-mechanical (QM) methods. But their extensive computational cost
restricts the study to only several tens to hundreds of atom (nearly 100-200). This
problem was resolved by considering treatment of chemically active region by QM
(i.e., substrate, cofactors, and important residues if needed) and rest of the system
containing residual protein and solvent by less exhaustive MM method (Senn and
Theil 2007b). The resulting schemes are commonly referred to as combined or
hybrid QM/MM methods. They enable the modeling biomolecular systems at
reasonable computational cost and provide the necessary accuracy. The QM/MM
concept was introduced, as early as 1976, by Warshel and Levitt, who presented a
semi-empirical QM/MM treatment for a chemical reaction in lysozyme, exactly
30 years ago, a method that addressed all the aspects of QM/MM calculations in
the field of enzymology. Singh and Kollman (1986) after 10 years from Warsehl and
Levitt combined ab initio approach to QM (Hartree-Fock) with molecular mechan-
ics. They were first to report QM/MM geometry optimization with coupled ab initio.
Field et al. (1990) developed the method by coupling semi-empirical method (AM1
or MNDO) with CHARMM force field.

The generalized model of QM/MM can be understood by Fig. 4.5, where the
system is partitioned into two parts. The inner region (I) is treated with QM methods,
and the rest of the system (protein) is treated by classical mechanics, region (II). The
part where these two interact is called boundary region. This region requires careful
attention; it can also contain additional atoms, which are not a part of the system and
are used to cap the QM region or there could be some atoms at this boundary, which
are part of both QM and MM region (Senn and Thiel 2007a, b).

There are two approaches to do QM/MM calculations. (1) Subtractive scheme:
these methods involve two set of calculations; first MM energy of whole system is
calculated using MM methods, followed by calculation of energy of QM region
(active site) at QM level of theory. After this, QM energy is added to MM energy
and MM energy of QM part is subtracted from this sum. In this method, entire
QM/MM interaction of the system is handled at MM level. This type of calculation
is problematic where there is electrostatic interaction. (2) Additive scheme: this
comprises of sum of QM energy of QM region, MM energy of MM region, and
coupling term of QM/MM (i.e., boundary). This scheme is preferred in most of the
calculations as it includes both bonded and non-bonded terms present at the QM/MM
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boundary, both handled at the MM level of the theory, and it also counts electrostatic
interaction terms, which are modeled explicitly by QM method (Shaik et al. 2011).

It is beyond the scope of this article to throw light on all studies performed by
QM/MM methods, but few of them are discussed, which covers different areas of
biomedical field.

4.4  Establishing and Testing Reaction Mechanisms
4.4.1 Lysozymes

The hypothesis for reactions mechanism is developed from the information from
experimental data such as structural kinetics and mutational data (Vocadlo et al.
2001; Kirby 2001).

But such data cannot give complete the idea of the possible reaction mechanism
and could also indicate multiple mechanisms for the same. To elucidate the likely
mechanism from these experimental data alone is far from trivial task. One can say
this because even in textbook, some of these data presented is wrong (Vocadlo et al.
2001; Bowman et al. 2008). Hen egg white lysozyme (HEWL) is such an example of
the first enzyme whose x-ray crystallography structure has been solved (Phillips
1967). Lysozymes are glycosidase, which are present in peptidoglycans that occur in
cell walls of bacteria, and here, it catalyzes the hydrolysis of bond between N-
acetylmuramic acid (NAM) and N-acetyl-p-glucosamine (NAG) (Van der Kamp and
Mulholland 2013). Based on the structure of HEWL, the mechanism proposed by
Phillips (1967) was present in the textbooks of biochemistry. It involved
oxocarbenium ion intermediate when proton is transferred from Glu35 to glycosidic
oxygen and subsequently results in the cleavage of glycosidic bond. Later experi-
ment by Koshland (1953) suggested formation of covalent intermediate due to bond
formation between Asp52 and NAM, and crystallography and mass spectrometry
experiments also indicated the same (Vocadlo et al. 2001; Kirby 2001). It was still
unclear whether covalent mechanism is used or not because these studies used wild
type HEWL and unnatural substrates.
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Free energy profiles for protonation of glycosidic oxygen and cleavage of glyco-
sidic bond by Glu35 was calculated using QM/MM at the PM3-CHARMM?27 level
of the theory. They observe spontaneous formation of covalent bond with Asp52. At
higher level of QM theory when same was studied, results were in accord with
experimental predictions suggesting Koshland-type mechanism. The transition state
was oxocarbenium ion like for glycosidic bond breakage. Thus, the very first
QM/MM studies were helpful in elucidating the possible mechanism and also
concluded that lysozymes provide good electrostatic stabilization for such species
(Warshel and Levitt 1976).

4.4.2 Citrate Synthase

Citrate synthase catalyzes the first reaction mechanism in citrate acid cycle, i.e.,
conversion of oxaloacetate into citrate acid. This conversion reaction is an important
model in the study of carbon-carbon bond formation in biological systems (Van der
Kamp and Mulholland 2013). The reaction involves initial hydrogen abstraction
from acetyl-coenzyme A (acetyl-CoA), followed by condensation of acetyl-CoA
with oxaloacetate to form citryl-CoA. The last step is the hydrolysis of stable
intermediate citryl-CoA to form citrate and CoA. The nature of this deprotonated
acetyl-CoA intermediate was uncertain. Proposals suggested it to be either enolate or
enol of acetyl-CoA or enolic form that has so called “low-barrier” hydrogen bond
between His274 residue and acetyl oxygen (Van der Kamp and Mulholland 2013).

QM/MM tried to address this problem and elucidate the mechanism. QM/MM
studies were done for hydrogen abstraction reaction firstly at AM1-CHARMM2765
level and after that at higher level of the theory using MP2/6-31+G(d)-
CHARMM2766. Results from both set of calculation indicated in favor of enolate
formation with bond between His274 and conserved water molecule, which gives
stabilization to the species and discarded the “low-barrier” hydrogen bond formation
(Mulholland et al. 2000; Van der Kamp et al. 2007).

QM/MM modeling using SCS-MP2 was applied in analysis of enantioselective
conversion of fluoroacetyl-CoA to fluorocitrate (Van der Kamp et al. 2011).
AMI1-CHARMM?27 MD simulations were performed with enzyme model with
oxaloacetate, and fluoroacetyl-CoA bound (PDB code 4CSC) revealed that
fluoroacetyl group can give both the pro-S and pro-R proton to the proton abstracting
Asp375. Proton transfer along (r = d(OAsp375H) — d(CFaCoAH)) reaction coordi-
nate generated five TS structures (Fig. 4.6) and hence five potential energy surfaces
for each reaction by performing geometry optimization at B3LYP/6-31+G(d)-
CHARMM?27 level and SCS-MP2/aug-cc-pVDZCHARMM?27 level to calculate
energies. The energy difference for the pro-R abstraction and Pro-S abstraction
between reactant state and enolate state are in favor of pro-R abstraction by
~2 kcal/mol leading major product 2R,3R-fluorocitrate. This result is in accordance
with experimental major and minor product distribution, and different fluorocitrate
enantiomers are result of inherent energy distribution between two enolates.
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Fig. 4.6 Reaction mechanism for carbon—carbon bond formation in citrate synthase proposed by
high-level QM/MM calculations. Proton transfer to Asp375 leads to an acetyl-CoA enolate inter-
mediate, which later attacks the carbonyl carbon of oxaloacetate to create citryl-CoA intermediate,
an unusual proton transfer from Arg329 appears to be required. All structures are optimized at
B3LYP/631-G(d)-CHARMM?27 level

Formation of acetyl-CoA enolate, studied with high-level of QM/MM in CS also
indicated, is not a rate limiting step (Van der Kamp et al. 2010). This would imply
that condensation of acetyl-CoA with oxaloacetate could be the possible rate limiting
step for the mesophilic forms of the enzyme (Eggerer 1965), although condensation
and hydrolysis will have similar barriers (Kurz et al. 2009). Mechanism for conden-
sation process is still unclear, and proton donation to the formal carbonyl oxygen of
oxaloacetate is suggested from several residues, which include several histidines in
the active pocket (Karpusas et al. 1990; Remington 1992) controversial proton
donation from Arg329, which is also supposed to donate proton to carbonyl oxygen
(Remington 1992).

Van der Kamp et al. tried to elucidate this unclear step by performing calculation
considering different proton donors in this reaction step (Van der Kamp et al. 2008).
AM1-CHARMM27 calculation results depicted Arg329 as best possible donor; later
optimization at 31+G(d) CHARMMZ27 level of theory also repeated the same result,
i.e., Arg329 as proton donor residue (including enolate formation, Fig. 4.6). Ab
initio QM/MM energy calculation by MP2/aug-cc-pVDZCHARMM?27 energies is
in accordance with so far results from theory and experiment (Alter et al. 1990)
(barriers of 14.2 kcal mol™' and 14.7 kcal mol™', respectively), confirmed the
likelihood of proton donation by Arg329.

4.5 QM/MM Modeling of Drug Target Enzyme
4.5.1 Fatty-Acid Amide Hydrolase (FAAH)

This enzyme is mainly involved in the degradation of fatty acids amides that are
biologically relevant, and hence, it is a prime target for the treatment of anxiety,
hypertension, and pain (Minkkila et al. 2010). Its protein contains unusual catalytic
triad of Ser-Ser-Lys function of which are modeled by QM/MM reaction modeling
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(Lodola et al. 2005). B3LYP/6-31+G(d) corrected PM3 CHARMM27 generated
potential energy profiles are consistent to the barrier heights calculated from experi-
mental observations reaction of oleamide, which indicated neutral Lys142
deprotonates the Ser241 with Ser217 and thus acts as a proton shuttle. Another
group Tubert-Brohman et al. (2006) performed QM/MM-FE Monte Carlo
simulations, using PDDG/PM3 as QM method and supported the role of Lys142Ala
mutant on the hydrolysis rate of different substrates. The acylation of oleamide in
FAAH occurs with high energy conformational substrates of the enzyme substrate
complex; this was highlighted in QM/MM and MD simulations studies (Lodola et al.
2007, 2010). QM/MM calculation also provides direct insights into the binding modes
of carbamic acid lead compound (Ladola et al. 2008), which cannot be predicted by
docking and quantitative structure activity relationship (QSAR) studies (Lodola et al.
2011a). The binding modes were later confirmed by x-ray crystallography (Mileni
et al. 2010). The knowledge gained from these results was used in investigation of
better inhibitors (Mor et al. 2008). QM/MM studies on reaction mechanism of three
carbamate compounds gave further insights (Lodola et al. 2011b).

The first reaction step was modeled using two reaction coordinates creating a 2-D
potential energy surface; one is proton abstraction from Ser241 by Ser217 coupled with
nucleophilic attack by Ser241, and another is proton transfer between Ser217 and
Lys142 (Lodola et al. 2011b). Energy calculation for the approximate TS and interme-
diate was carried out at B3ALYP/6-31+G(d)-CHARMM?27 level (Lodola et al. 2005) in
which predicted rate of inhibition in carbamylation of Ser241 depends upon the
formation of first tetrahedral intermediate in all three cases (Lodola et al. 2011b).
These results also pointed out that electron-donating substituents on the inhibitors
does not produce significant effects on the key TS in reaction due the fact that Ser241
and Ser217 mainly involves proton transfer and no increased inhibition potency can be
seen, but these substituents do effect the inherent reactivity (Lodola et al. 2011a). Hence,
QM/MM calculation results of FAAH inhibitors can be used in better drug design.

4.5.2 Zn Enzymatic Drug Metabolism: Antibiotic Hydrolysis by
Metallo-f3-Lactamases Enzymes

Zn is an essential metal ion in living organism (Andreini et al. 2009). Zn ions provide
major drug resistance in bacteria (Fretz et al. 1989). Zinc is silent to most spectroscopic
methods, and calculations can therefore provide an excellent complement to the
experimental work. Over the years, a large number of different zinc-dependent
enzymes have been studied with quantum chemical methods, using both the cluster
approach and various QM/MM techniques (Smith et al. 2011; Amata et al. 2011; Chen
etal. 2012; Zhang et al. 2012; Wong and Gao 2011; Wu et al. 2010). Metallo-f-lactase
(MBLs) is a zinc-dependent metelloenzyme, which is responsible for the degradation
of P-lactom moiety present in antibiotics like penicillins, cephalosporins, and
carbapenems (Frere 1995). Any of the inhibitors are not able to disrupt catalytic
activity of MPLs representing serious clinical threat (Meini et al. 2013). Talking
about classification of MPLs, they are divided into three subclasses, B1, B2, and B3,
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and require one or two Zn (II) ions present inside protein that should be catalytically
active. B1 and B3 active site has tetrahedral Zn binding sites (ZnA) and a second
tetrahedral/trigonal bipyramidal binding site (ZnB), which is also common in B2
subclass. Despite exact no. of metal ions required to cleave the antibiotics being
unclear (Sgrignani et al. 2012), the B1 and B3 classes is catalytically active with use
of one or two Zn ions (Crowder et al. 2006; Sgrignani et al. 2012). Besides, B2
subclass require single ZnB metal ion, and it is usually found in degradation of
carbapenem antibiotics in disfunctioning resistant gram-negative bacteria (Vidossich
and Magistrato 2014). QM/MM method-based calculation has been employed in
better understanding of the mechanism in some family members of this enzyme
(Ackerman and Gatti 2013; Dal Peraro et al. 2004, 2007; Diaz et al. 2000, 2001;
Simona et al. 2007; Suarez et al. 2002; Wu et al. 2010; Zhu et al. 2013). Enzymatic
mechanism study was performed by Simona et al. (2009) in degradation of CphA by
Aeromonas hydrophila, which belong to B2 subclass.

QM (Car-Parrinello)/MM MD simulation were performed to study hydrolysis
reaction for different water content in initial active site taken from the crystallographic
structure that contains CphA and partially hydrolysed biazapine complex. The MM
part was treated using AMBER force field, while the QM region was treated at
DFT/B3LYP level (Becke 1988; Zhao et al. 2012). Model ES1 considers coordination
of Zn ion by Cys221, Asp120, and His263 with carboxylate group of Bia completing
its coordination sphere. In model ES2, carboxylate group is replaced by Wat-A, but
both models have Wat-B molecule placed right in between the His118, which are
supposed to be possible H-bond acceptor during first reaction step.

Modeling of reaction mechanism with thermodynamic integration revealed in
ES1 is the Aspl20 residue, which activates the attacking water molecule by
deprotonating it from hydroxide nucleophile. After this step, nitrogen of the
B-lactum moiety gets coordinated with Zn ion by displacing carboxylate group of
Bia. The barrier for this step is found to be 15 =+ 3 kacl/mol. Subsequent intermediate
formed after TS has a distorted tetrahedral geometry with Cys221, His263, nitrogen
of B-lactum, and carboxylate in its coordination sphere. Second protonation step is
mediated by Aspl120, and it transfers hydrogen that it has abstracted in first step to
the N of B-lactum with energy barrier 15 & 2 kcal/mol; hence, overall reaction barrier
is nearly 24.3 kcal/mol. The data produced here is inconsistent with experimental
barrier that is reported to be 14 kcal/mol, whereas in ES2 complex, there is a
synchronous exchange of proton, which leads to product formation in single step
with energy barrier 15 & 3 kcal/mol. The process in the chronological order involves
deprotonation by His118 of Wat-B, protonation of N1 by Wat-A, readily becoming
Zn-bound hydroxide and last transfer of proton from His118 to the Zn bound
hydroxide to restore Wat-A. This mechanism has striking similarity with the work
performed by Dal Peraro et al. (2007) for B1 catalyzed MBL CCrA in complex with
cefotaxime. The modeling results indicate that ZnB is of prime importance in
hydrolysis of p-lactam antibiotic, and this structural motif could be the target for
drug design studies of inhibitors for different MPLs (Vidossich and Magistrato 2014)
(Fig. 4.7).
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4.6 Summary

Understanding reaction mechanisms of metalloenzyme is important challenges in
the drug industries. With known reaction mechanisms, the drug/substrate may be
modified for efficient action. Since these reactions are much fast, its mechanism
cannot be identified and sometimes two or more experimental setups come up with
controversies. With the help of modern day computational tools, these controversies
can be resolved, and also the short lived intermediates can be easily characterized.
Hence, the interplay between theory and experiment will play important role for the
studies of enzyme reactions.
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Abstract

Innovation to design, develop, and deploy biomedical technologies, for use in
health care, has been actively pursued in our country for several decades.
Excellent work done by individuals, institutions, and organizations laid the
seeds for a biomedical innovation culture in the country. Some of these seeds
resulted in revolutionary technologies such as the Jaipur foot, Kalam-Raju coro-
nary stent, Chitra heart valve, and SBMT ventilator. In addition, organized efforts
by various governmental agencies and research projects in engineering and
medical institutions have given further impetus for innovation to develop bio-
medical devices. At the same time, these initiatives have taught several hard
lessons for current and future innovators. The exigencies created by the COVID-
19 pandemic demanded an accelerated pace of innovation to address the urgent
needs and uncertainties created by the pandemic. This led to extremely rapid
revival, refinement, and recycling of existing technologies. However, most of the
so-called COVID-inspired innovations in the country are merely imitations,
improvisations, and improvements in existing technologies. Very few can be
classified as novel innovations, and almost none are inventions. Failure of these
technologies to address the real needs of end-users, limited laboratory testing,
absence of clinical validation, and infringement of intellectual property rights
makes them unsuitable for use in the healthcare sector. This represents a tremen-
dous wastage of human, material, and financial resources. The way forward is for
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innovators (and institutions/organizations facilitating innovation) to consider all
aspects of the innovation cycle, starting from the generation of ideas to address
the real needs of end-users, designing of prototypes, laboratory testing, clinical
validation, regulatory approval, commercialization, and post-marketing surveil-
lance. A simplified framework—the KNOW ESSENTIALS algorithm—is
presented here, which can help to consolidate the gains of past innovation efforts
and encourage genuine innovation in the country.

Keywords

Biomedical innovation - Healthcare technologies - Innovation pathway -
Innovation ecosystem - COVID-19

5.1 Introduction

Biomedical innovation to design, develop, and deploy healthcare technologies has
been active in our country during the past few decades. Excellent work done by
individuals, institutions, and organizations laid the seeds for a biomedical innovation
culture in the country. Some of these seeds resulted in the world-famous Jaipur foot,
Kalam-Raju coronary stent, floor-reaction orthosis, CytoScan, Chitra heart valve,
and SBMT ventilator. In addition, organized efforts by the Society for Biomedical
Technology (SBMT), National Program on Smart Materials, Structures and Systems
(NPSM, NPMASS), Stanford India Bio-design program, National Hub for
Healthcare Instrumentation Development (NHHID) Chennai, and Biomedical
Instruments and Devices Hub (BIDH) Chandigarh have paved the way for develop-
ing innovative technologies. Besides, research projects funded by the Department of
Science and Technology (DST) through Indian Institutes of Technology (IITs),
Indian Institute of Science (IISc), and some Engineering and Medical institutions
have given further impetus for innovation to develop biomedical devices. However,
many of these efforts have resulted in reports and publications, rather than products
and processes. At the same time, these initiatives have taught several hard lessons for
current and future innovators.

The exigencies created by Coronavirus Diseases 2019 (COVID-19) (World
Health Organization 2020a) put a spotlight on the need for rapid innovations to
urgently meet the needs created by the pandemic (World Health Organization
2020b). At the time of writing this, there are almost 80 million cases worldwide,
with 1.75 million deaths (COVID-19 Coronavirus pandemic 2020). India alone has
over 10 million cases, and our country occupies the second place in terms of the
number of people affected by the virus (COVID-19 Coronavirus pandemic 2020).
The full impact of the virus goes beyond the number of cases and includes adverse
impacts on the economy, healthcare system, and political discourse. In fact, the
pandemic has dramatically altered every aspect of life. However, a proverbial silver
lining in the dismal cloud caused by the pandemic is the innovation in various fields.
In fact, the wave of innovation has even been declared as a “benefit” of COVID (Luo
and Galasso 2020; Sahasranamam 2020).
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This chapter highlights some of the important innovations that have taken place in
India over the past few decades and the lessons to be learnt from them. It also
provides a glimpse into COVID inspired “innovations” and their limitations. Finally,
it presents a way forward to encourage true innovation in the biomedical field.

5.2 Background to Biomedical Innovation in India

The paradigm of healthcare technology acquisition in India is neatly summarized in
Fig. 5.1 adapted from lectures by Prof. T Lazar Mathew (n.d.). Traditionally,
biomedical technologies used in health care were (and to a large extent, still are)
“imported” from other countries. For many decades, these imports occurred from
developed countries, although recent years have witnessed lower cost importations
from some developing countries also. The costs related to dependence on imports
resulted in efforts at “imitation” of foreign technologies. The euphemism “reverse
engineering” is applied to the process of imitating an imported technology,
disregarding the intellectual property issues, and attempting to recreate the technol-
ogy in the local setting. Success of imitation efforts was naturally restricted to
low-end health technologies. However, the entrepreneurial spirit of Indian
industrialists and scientists led to the next stage, viz., “improvisation.” These
improvisations occurred on imported and imitated technologies initially and gradu-
ally led to efforts at developing low(er) cost solutions to local needs. However, the
problem with improvised technologies (colloquially referred in Hindi as jugaad) is
the lack of consistency, unclear safety, and limited responsibility of developers. The
focus of improvisation is restricted to quick-fix solutions, without concomitant
emphasis on long-term sustainability.

The next step in the pathway, viz., “indigenization” of biomedical technologies
resulted in the creation of several medium-tech, medium-cost biomedical products,
with technologies from other spheres extrapolated to health care. This not only made

Fig. 5.1 Healthcare
technology acquisition in |mp0 rtation

India. (Source: Lectures on
Health Care Management by Imitati
Prof. (Dr.) T. Lazar Mathew) mitaton

Improvisation

Indigenization
Improvement
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India less reliant on imported technologies but also enabled the country to export
some technologies to other resource-limited countries. However, high(er)-end
healthcare technologies remained outside the ambit of such efforts. Indigenization
led to “improvements” with adaptations, to make them applicable for use in the local
context. The penultimate step toward self-reliance in healthcare technology is
“innovation.” This is the process wherein novel technology components are devel-
oped, or existing technologies are adapted for novel uses. Biomedical innovation in
India started a few decades back and has picked up pace very rapidly in the last
20 odd years. The final step of self-sufficiency, viz., “invention” of new technologies
remains largely out of reach at present. Capacity and capability of a country to invent
technologies usually coincides with the stage of becoming fully developed, hence
India is expected to follow this trajectory in the ensuing years.

5.3 Biomedical Innovation in India: Lessons Learned from
the Past

A careful study of the past efforts in biomedical innovation is crucial to understand
the current efforts for innovation, especially in the context of COVID-19. Some of
the landmark developments are summarized here. These are highlighted to empha-
size lessons for current and future innovators, rather than being a compendium of
salient innovations.

The Jaipur Foot Dr. P K Sethi and Sh Ram Chandra Sharma designed a revolu-
tionary prosthesis for people with foot amputations, as far back as 1968 (Jaipur leg
2020). At that time, such people had limited options that were mostly unwieldy, had
limited functionality, and were uncomfortable. The Jaipur foot prosthesis was made
of polyurethane resulting in lighter weight and water resistance. It also had an
aesthetic appeal as it was designed to look and function like a normal foot. From
the medical perspective, the prosthesis was far superior to then available prostheses,
because it offered greater range of movements in the amputated foot (including
inversion-eversion and dorsiflexion). Below-knee amputees were able to sit, run,
squat, climb, walk, and swim, thereby dramatically improving the quality of life.
Many of these functions could be performed by above-knee amputees as well. The
total contact socket provided better sensory feedback to the wearer and prevented
edema (Jaipur leg 2020).

In addition to the revolutionary prosthesis, the innovative duo also built a novel
delivery platform for this great technology. Through this, the prosthesis was
provided free of charge, at the center in Jaipur. Patients could walk in without
prior appointment, and the complete process from assessment, fitment, and discharge
home was completed within 1-3 days. The center even provided board and lodging
to poor patients (Jaipur foot 2020). Not surprisingly, the Jaipur foot was widely
acclaimed as one of the greatest innovations of the twentieth century (Bhargava
2019). To this day, it is a sterling example of an innovation ecosystem comprising
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(1) assessment of need, (2) product design and development to address the actual
need, and (3) a platform to deliver the health technology to the end-users.

Society for Biomedical Technology (SBMT) This was an interministerial initia-
tive encompassing the Defence Research and Development Organization (DRDO),
Department of Science and Technology (DST), Department of Rural Development,
and Ministry of Health. The Society was formed in 1993 under the leadership of
Dr. APJ Abdul Kalam (Founder Chairman) and Dr. Lazar Mathew (Founder CEO),
with the goal of bringing the benefits of high-end technologies developed for
defense, space, atomic energy, etc. to the common man (Society for Biomedical
Technology 2020; Defence technology spinoff for healthcare 2020). The Society
was successful in creating many landmark technologies, including Kalam-Raju
coronary stent, floor reaction orthosis, CytoScan, laparoscopic surgery training
simulator, slit lamp microscope, eye laser, cardiac stress test system, titanium bone
and dental implants, cochlear implant, and speech enhancer (Affordable healthcare
technology 2020). One of the most important developments was the indigenous
ventilator, which became very important during the COVID pandemic.

Kalam-Raju Coronary Stent This product was envisioned to make coronary
stents affordable in India. The DRDO provided material and manufacturing inputs,
and the Nizam’s Institute of Medical Sciences (NIMS) provided design and testing
inputs (Kalam-Raju coronary stent 2020). The stent was initially manufactured by
ancillary units of the defence sector, hence the cost of development, manufacturing,
marketing, etc. were absorbed. Thus, the product could be sold in the market for as
little as Rs 15,000/- compared with more than Rs 80,000/- for imported stents.
Clinical efficacy was established through real-world use in patients at NIMS
(Kalam-Raju stent-Missile Man’s invention saved many lives 2020). The initial
high demand from hospitals resulted in plummeting of the prices of imported stents
also. However, being a technology development, there was no marketing strategy or
business model for the stent. Hence, aggressive marketing by commercial
manufacturers and the practice of offering commissions to physicians rapidly
built-up resistance even in government hospitals (Krishna 2020). The availability
of imported drug-eluting stents finally elbowed the indigenous stent out. Thus, an
indigenous novel technology completely faded out of existence in the country,
although some other countries readily accepted it.

SBMT Floor Reaction Orthosis (FRO) This was developed as a remedy for polio
patients (having quadriceps paralysis) (Kalam 2020). It was based on the cantilever
principle, wherein application of body weight creates reaction forces from the floor,
causing turning movement locking the knee joint (Floor reaction orthosis 2020). The
extremely light weight of the calipers (350 g compared with 3.5 kg of existing
calipers) was achievable by using glass filled polypropylene (Menon 2020). Work-
ing in a mission-mode manner under the inspiration of Dr. Abdul Kalam, over
50,000 units were manufactured and distributed free-of-charge to polio patients
(Tanwar and Kumar 2015). The Artificial Limb Manufacturing Corporation of
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India (ALIMCO) was the main agency involved in production and distribution
(Lower limb orthotics calipers 2020). However, this excellent biomedical innovation
was also edged out by commercial manufacturers with stronger marketing tactics.

CytoScan This was a computer-based system capable of acquiring and analyzing
the image of single cells, to detect and classify cell abnormalities based on image
processing and pattern recognition (Cytoscan 2020). Statistical programs to analyze
large volumes of cell data were also developed, with the ultimate goal of automated
classification of cells as normal or abnormal. In a sense, this was one of the first steps
in India, to use artificial intelligence in diagnosis of cervical cancer (Defense
bio-engineering and electro-medical lab 2020). The technology was validated at
two leading oncology institutions in the country and field tested by screening rural
women for cervical cancer, in two districts of Andhra Pradesh under Project Tulasi
(Mudur 2020). Besides the technological revolution, this was a unique model of
doorstep healthcare delivery to a highly disadvantaged population. However, this
program also faded away due to lack of marketing strategies.

Ventilator As far back as 1995, the SBMT conceived a project to develop an
indigenous ventilator. The development team comprised Dr. T. Lazar Mathew
(representing SBMT), Sh Arun Joshi (DMRL/DRDO Hyderabad), Dr. Gourie
Devi and GS Umamaehswara Rao (NIMHANS Bangalore), and engineers from
PSG College of Technology (Dr. P. Radhakrishnan, Dr. PV Mohanram, Dr. PC
Angelo, Sh. S Benedict Biju, and Sh. P Gopishankar). The team designed a proof-of-
concept model (Fig. 5.2a) and a bench model (Fig. 5.2b) that were together used to
create a working prototype. The prototype was evaluated for clinical use at NIMHAS
Bangalore (Fig. 5.2c, d). Following successful clinical trials, the ventilator was
launched on 31 August 2002 (Angelo PC, personal communication). Thus, the
entire process from conception of the novel idea to a clinically useful product was
completed within 7 years. The technology was transferred to a Coimbatore-based
company, Pricol Medical Systems, which successfully developed a commercial
model. Later, Pricol Medical Systems transferred the technology to M/s Skanray
of Mysore (Ventilator 2020; Biju B 2020), which was able to market a sizeable
number of units in competition with imported ventilators. Almost two decades after
its rollout, the COVID pandemic revived interest in this indigenous ventilator. The
company received a contract for delivering 30,000 ventilators to meet the exigencies
created by the pandemic, bringing to fruition the seeds of innovation sown around
three decades previously.

The next step was to develop a critical-care ventilator (Critical care ventilators
2020). This was achieved successfully by designing and developing Inventa—a
volume and pressure controlled model with mandatory and assisted breaths (Kannan
2020). It was priced at approximately 30% of the comparable imported product.
Subsequently, the DST sanctioned a project to develop an infant ventilator, which
was also successfully developed (Fig. 5.3). The foundation for the current indige-
nous critical-care ventilators were thus laid, several years before the pandemic
created a necessity.
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Fig. 5.2 Design and development of India’s first indigenous ventilator

Chitra Heart Valve Prof. M.S. Valiathan successfully developed a state-of-the-art
cardiac valve at the Sree Chitra Tirunal Institute for Medical Sciences and Technol-
ogy (SCTIMST) (Chitra heart valve 2020). The indigenous heart valve had several
unique features including in-vitro noise reduction, blood flow resistance reduction,
greater durability on account of high quality materials, and good manufacturing
(Raghu 2020). The cost was almost a quarter of the imported counterpart, making it a
great leap in indigenization of high-end, critical-care technologies (Sankarkumar
et al. 2001). This revolutionary indigenous valve has stood the test of time for nearly
three decades. Subsequently, an oxygenator and blood bag were also developed by
the same team and marketed widely.

Real Time Quantitative Automated Micro-PCR Systems BigTec Bangalore
under the leadership of Dr. Chandrashekaran Nair successfully developed battery-
operated diagnostic platforms using miniature Bio-MEMS-based “PCR-on-Chip”
technology, which were marketed by Molbio Diagnostics Pvt. Ltd. (Mobio
diagnostics for the real world 2020). This has the potential to revolutionize the
field of diagnostics with accurate diagnosis, rapid turn-around time (sample to result
in less than 1 h), and detection of multiple diseases at one go. The initial experience
with diagnosis of tuberculosis (TrueNAAT) suggests that simplified sample
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Fig. 5.3 Indigenous infant
ventilator
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processing, absence of the need to refrigerate test reagents, and non-dependence on
electricity could make it ideal for point-of-care diagnosis in nonhospital settings as
well (Truenat™ MTB-RIF Dx 2020; Molbio publications 2020). The innovations in
this field paved the way for development of similar diagnostic platforms for other
infectious diseases, including COVID-19.

54  Contemporary Advancements in Biomedical Innovation

Stanford India Biodesign Program This was a unique program led by Prof.
Balram Bhargava at AIIMS New Delhi, in collaboration with IIT Delhi, through
international leadership and support provided by Stanford University (Stanford-India
biodesign 2020). The program was designed to bring together medical professionals
and engineering/technology experts to design novel solutions for local needs and then
take it to the next level by building a business model to manufacture and market the
products. Thus, the program aimed to take novel technologies to the end-user. A few
start-up companies were established to make this a reality. Some of the better-known
technologies from this program include fecal incontinence device, limb-
immobilization device, neonatal resuscitation device, patient transfer device,
fetomaternal parameter monitoring system, portable hand sanitization device, auditory
impairment screening device, soft tissue biopsy device, abdominal paracentesis
device, assistive device for enteral tubes, and aspiration device. However, only a
few of these are in actual use in clinical environments (Million+ patients helped 2020).

National Program on Smart Materials, Structures, and Systems (NPSM
and NPMASS) This unique program spear-headed by the Ministry of Defense
was initiated to address the burning need for indigenous technologies for the country
across multiple streams (Aatre 2020). One stream was dedicated to health care
(including medical technologies). Coining the slogan “Project for a Product,”
Dr. Lazar Mathew was able to translate several innovative ideas to commercially
viable healthcare products within a short span of time. Some of the salient
innovations include uropathogen detection and antibiotic sensitivity sensor with a
ready-to-use kit for rapid culture of uropathogens (developed by Prof. Suman Kapur
at BITS Pilani), lab-on-chip for cardiac markers using the micro-cantilever principle
to detect antigen-antibody interaction by measurement of voltage fluctuation (devel-
oped by Prof. Ramgopal Rao at IIT Bombay,), miniature drug delivery systems,
noninvasive detection of analytes, and microfluidic-based micro-PCR (Sukshma
2020).

National Hub for Healthcare Instrumentation Development (NHHID)
Chennai The Department of Science and Technology established the NHHID at
Anna University, Chennai, to harness the capabilities and skills of engineers and
industrialists for healthcare needs in the country (NHHID 2020). The Hub has
succeeded in developing commercial prototypes of healthcare devices, undertaking
R&D services and product validation from healthcare industries, providing
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calibration and testing of medical devices with certification, and manpower training.
Some of the salient innovations with potential for clinical use include data acquisi-
tion system for neuromuscular and cardiac parameters, antibiogram device, RFID-
based infant theft prevention system, hand-held milk adulteration detector, and
ophthalmic lesions detector (software to analyze fundus images) (NHHID healthcare
device innovations: the gateway for healthcare product realization 2020).

Biomedical Instruments and Devices Hub, Chandigarh Recognizing the poten-
tial for clinician-driven innovative development of healthcare devices, the DST
recently established this Hub at PGIMER Chandigarh (Biomedical instruments
and devices hub: a centre for innovation, design and clinical validation 2020). The
focus of this Hub is to identify unmet clinical needs that can be solved through
indigenous innovation, test prototypes beyond the laboratory in a real-world clinical
environment, and bridge the gap between engineering/technology solutions and
clinical needs of users (viz., healthcare professional and consumers). Salient
developments through the Hub include the Artificial Breathing Capability Device,
machine for double volume exchange transfusion in neonates, infusion alarm,
cricoid pressure sensor, device to estimate integrity of intestinal mucosa by measur-
ing impedance, a novel device for use with endoscopic ultrasonography to treat intra-
abdominal cysts, virtual reality-based rehabilitation programs for children with
neuromuscular problems, hand-held indigenous pupillometer, and a teaching aid to
assist endotracheal intubation (Biomedical instruments and devices hub: a centre for
innovation, design and clinical validation 2020).

Closed Loop Anesthesia Delivery System (CLADS) Prof. GD Puri at PGIMER
Chandigarh, developed the first-of-its-kind computer-based anesthesia management
system (Puri 2020), wherein depth of anesthesia measured by EEG electrodes is
communicated to infusion pumps delivering anesthetic agents. This enables an
automated control to maintain the desired level of anesthesia in patients. It has
been clinically validated in a variety of patients undergoing various surgical
procedures under general anesthesia (Puri et al. 2007; Mahajan et al. 2017).
CLADS has also opened up the possibility of automating the delivery and control
of other medications using electronic monitors to guide dosage, flow-rate, etc.

AgVa Ventilation Device This ventilation device was developed by an engineer,
Diwakar Vaish in collaboration with Prof. Deepak Agrawal of AIIMS New Delhi
(AgVa ventilator 2020; AgVa Healthcare 2020). The device is capable of ventilation
without using compressed air and can be trained to deliver ventilation based on
patients’ respiratory patterns and volumes. A display unit linked to an app permits
easy visualization of ventilation graphics, notably breathing curves and lung
volumes. It is claimed that the ventilator consumes only 100 watts of energy and
hence can run on a small battery. One of the main applications of this device is to
provide ventilation for normal lungs (as in patients with neurological brain injury).
The innovators also claim that it can be used safely at home as it does not require an
ICU setup for its operation. However, the technical specifications of these ventilators
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are not available in the public domain. The company has also developed different
version of their basic ventilator, and there was high hope that it would be useful for
COVID patients (Srivastava 2020).

Artificial Breathing Capability Device (ABCD) This device developed in 2018
by Prof. Joseph L Mathew at PGIMER Chandigarh, in collaboration with Prof.
Manu Sharma (Panjab University), Dr. Navin Kumar (IIT Ropar) and Dr. Sukesha
(Panjab University) is the country’s first clinically validated automated device to
replace manual ventilation (Mathew et al. 2018). The device enables physicians to
automate the compression of self-inflating bags (such as Ambu bags) at preset peak
inspiratory pressure, preset ventilation rate, and preset inspiration time. Thus, the
device provides several features of a ventilator, at a much lower cost (WIPO IP
Portal 2020). In addition, the smart device has inbuilt safety features, including
cough alert, leak alarms, and disconnection alarms. ABCD underwent extensive
laboratory testing for efficacy and safety including 396 combinations of user settings
suitable for adult and pediatric patients in 2019 (Mathew et al. 2020). Laboratory
testing also included nonstop functioning for 60 continuous days (Mathew et al.
2020). Thereafter, the device was also tested on a patient simulator in PGIMER
Chandigarh, followed by clinical trials in real patients in the Emergency ward at
PGIMER (Artificial breathing capability device 2020). The design of ABCD has
been liberally imitated during the COVID-19 pandemic, but none of the imitated
designs have been successful (Fig. 5.4).

Besides the above examples, considerable efforts were also made at IIT Delhi
(by Dr. SK Guha and Dr. Sneh Anand), IIT Bombay, and LI.Sc, to develop
biomedical devices and equipment to meet the needs of the country. These
prototypes need to be clinically validated and marketed.

5.5 Lessons Learnt from Pre-COVID Biomedical Innovation in
India

It is important to draw lessons from the pre-COVID era of biomedical innovations in
India, in order to understand the challenges, limitations, and potential for innovative
healthcare solutions in the country. Despite a plethora of innovative ideas,
imitations, and improvisations, fueled by ingenuity, imagination, and enthusiasm,
there are very few products that have been successfully commercialized. The
proportion of commercialized products that are in actual use by healthcare
professionals is even smaller. One of the major reasons for this is that most of the
innovations are merely technology solutions without considering end-user needs
(Mathew 2019). Naturally, such products are not welcomed for use in healthcare
settings. Very few innovative products have been adequately tested in the laboratory
for robustness, precision, and reliability. In fact, most have undergone only cursory
lab validation at the prototype stage. Naturally, almost none of the innovative
products have been clinically tested in patients or hospitals or other clinical settings.
This deficiency makes physicians wary of using these technologies (Mathew 2019).
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Fig. 5.4 Artificial Breathing
Capability Device (ABCD)
being used in a child

The other important lessons are the need to have a strong scientific background,
with consideration of all aspects of the innovation cycle (from an idea to a prototype,
to commercialization and post-marketing surveillance) (Mathew 2018). A mission-
mode approach and multidisciplinary teamwork is required to make a commercially
viable product. The failure of several useful technologies to be commercially
successful showed that a clear business plan (commercial model) is essential to
ensure that innovative technologies are not crushed by market forces. These
considerations are essential to ensure that the full benefit of indigenous technology
reaches the common man.

5.6 “Innovations” Stimulated by the COVID-19 Pandemic

The onset of the COVID-19 pandemic witnessed a flurry of innovations geared
toward the pandemic. The term “innovation” is loosely applied as most of the
products are at best, merely imitations, improvisations, and indigenization efforts.
The range of technologies claimed to be innovations or inventions have been
recently compiled in a detailed review article by the authors (Mathew and Mathew
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Table 5.1 Developments in response to the COVID-19 pandemic hailed as innovations

Potentially life-saving technologies
» Critical-care ventilators
* Devices to automate manual ventilation
* Devices to provide humidified oxygen at high flow rates
» Adaptors for splitting ventilator output
* Oxygen delivery splitters
Critical, but not life-saving technologies
Personal protective equipment (PPE) products
¢ Face masks
» Face shields and splash guards
* Intubation boxes
* Aerosol guard boxes
Sanitation products and solutions
» Indigenous hand sanitizers
e Ultra-violet light emitters

* Ozone
* Silver-based products
e Others

Solutions to reduce contact
* Foot-operated sanitizer dispensers
» Contactless sanitizer dispensers
» Personal guards at desks, counters, etc.
* Automated door openers
* Foot-operated door openers
Diagnostic testing Kkits
* Indigenous antibody-based testing kits
* Indigenous antigen detection kits
* PCR based diagnostic kits
e Micro-PCR kits
¢ Loop-mediated isothermal amplification (LAMP)
Information Technology solutions
* Tele-health solutions (conventional and adapted versions)
» Tele-education solutions (for professionals, students, public, etc.)
¢ Tele-meeting solutions (i.e., platforms for communication)
* Remote patient monitoring systems repurposed for COVID
* Apps for various applications
Repurposing/Retrofitting/Adapting existing technologies for healthcare applications
* Wearable devices adapted for COVID monitoring and/or tracking
* GPS enabled technologies adapted as COVID trackers
* Artificial intelligence (Al)-driven platforms for automation of radiological diagnosis,
patient monitoring, environmental monitoring, etc.
* Robots for contact-less delivery of medications, etc.
* Drones for sanitization, transportation of small objects, and public health messaging

2020), hence are not replicated here. A broad list is summarized in Table 5.1.
Besides these, there are numerous apps designed for various functions related to
management of COVID-19.
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Ventilators Early in the pandemic, the government estimated that approximately
75,000 ventilator units would be required in the country within 3 months. The public
sector company HLL Lifecare Limited was tasked with arranging 60,000 ventilators
through various local companies (Sharma et al. 2020). The long standing need to have
a license to produce ventilators (as essential medical equipment) was waived off.

At that time, Skanray Technologies had the technical know-how to manufacture the
SBMT ventilators (described previously). However, the capacity to deliver the gov-
ernment order of 30,000 units within a few weeks was lacking. A collaboration with
Bharat Electronics Limited (BEL) made this possible by diverting huge amounts of
workforce, raw material, supplies, and floor space. Thus, the BEL-Skanray Pavan CV
200 ventilators were produced (Sharma et al. 2020). This ventilator was also equipped
with a robust battery permitting electricity-free operation for several hours, and an
inbuilt compressor made it possible to function without an external source of com-
pressed air. It is theoretically able to deliver tidal volume as low as 50 ml, hence could
be used in children also. In short, the manufacture and deployment of these ventilators
for the COVID pandemic were not innovative, but upscaling of production.

Technical know-how of a somewhat different nature was also available with
AgVa Healthcare, which received an order to deliver 10,000 units within a short
span of time. This was facilitated by collaboration with Maruti Suzuki Limited.
Similarly, the Andhra Pradesh MedTech Zone (AMTZ) was tasked with producing
another 13,500 ventilators (Sharma et al. 2020).

In addition to mass-production of ventilators based on pre-existing technology,
several manufacturing companies were able to provide parts/components to be
incorporated into the ventilators. Many of these parts could be produced using 3-D
printing technology (Sharma et al. 2020).

Respiratory Support Devices The COVID pandemic spawned the imitation and
improvisation of a slew of devices to mechanize and/or automate the compression of
self-inflating bags (SIB), such as Ambu bags. Although the concept of mechanizing
the compression is not novel (Bergman 2020a, 2020b), the effort to provide a high
degree of precise control for successfully ventilating patients was pioneered by the
Artificial Breathing Capability Device (ABCD) discussed previously. In response to
the anticipated shortage of ventilators, many individuals and institutions attempted
to replicate the design of ABCD (Indian Institute of Technology Kanpur: Standard
Chartered Bank first entity to fund ventilator prototype by IIT Kanpur 2020; BW
Online Bureau 2020; Bora 2020; Watch: how the world’s lowest-cost ‘made in
India’ ventilator 2020; Indian Railways develops low-cost ventilator ‘Jeevan’, seeks
ICMR approval 2020; Nanda 2020; Hyundai Motor India develops automatic
AMBU bag actuator prototype 2020; Rana 2020; Karnataka based startup comes
up with automatic AMBU bag 2020; SCTIMST ties up with Wipro 3D to make
automated ventilators 2020; COVID-19: NIT-Durgapur builds artificial breathing
device 2020; Khanna 2020). However, unlike ABCD, all these devices failed to
consider and correct the main problems of manual ventilation, viz., lack of control
over compression pressure, the need for plateau pressure during the inspiratory
phase, positive end-expiratory pressure, ventilation volume, and dyssynchrony
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with patient events such as cough, spontaneous breaths, etc. Despite these limitations
and the complete lack of clinical validation, prototypes of several such devices were
widely publicized in the lay media and social media platforms (Indian Institute of
Technology Kanpur: Standard Chartered Bank first entity to fund ventilator proto-
type by IIT Kanpur 2020; BW Online Bureau 2020; Bora 2020; Watch: how the
world’s lowest-cost 'made in India' ventilator 2020; Indian Railways develops
low-cost ventilator ‘Jeevan’, seeks ICMR approval 2020; Nanda 2020; Hyundai
Motor India develops automatic AMBU bag actuator prototype 2020; Rana 2020;
Karnataka based startup comes up with automatic AMBU bag 2020; SCTIMST ties
up with Wipro 3D to make automated ventilators 2020; COVID-19: NIT-Durgapur
builds artificial breathing device 2020). Naturally, these devices were unsuitable for
clinical use and attempts to do so resulted in mishaps (Singh 2020; Outlook Web
Bureau 2020; ‘Approved by centrally accredited lab’: Gujarat govt defends locally
developed ‘Dhaman-1" ventilators 2020).

Recognizing the dangers posed by the use of such devices in clinical settings
(Singh 2020; Outlook Web Bureau 2020; ‘Approved by centrally accredited lab’:
Gujarat govt defends locally developed ‘Dhaman-1° ventilators 2020) and the
absence of technical specifications for such devices (to guide innovators and
users), recently a set of detailed technical specifications was published by the lead
author of this chapter (Mathew 2021). These are summarized in Table 5.2 and
encompass both efficacy and safety parameters.

Most of the other so-called innovations in response to COVID, listed in Table 5.1,
are mere imitations and improvisations of existing (national and international)
technologies, hence are not discussed further. A limited SWOT analysis of these
innovation efforts is presented in Table 5.3.

5.7 Lessons from COVID-Related Innovations

Innovation should be regarded as a process, not only an outcome. In other words, the
journey is as important as the destination, and the pathway to develop a product
ultimately determines its usability. The process (journey) should ideally start with a
detailed appraisal of the need for the new technology (Mathew and Mathew 2020).
Assessment of need requires a thorough understanding of the problem and
limitations of existing solutions. This requires active engagement of end-users of
health technologies (viz., healthcare professionals and/or patients and/or public)
from the inception of the innovation efforts. These stakeholders best understand
the limitations of existing health technologies and hence the requirement for
new/innovative technologies. They are also in the best position to assess the success
(or failure) of innovative solutions.

Unfortunately, many innovators bypass this crucial step and develop prototypes
based on their limited understanding of the problem and the needs of end-users.
However, innovative prototypes require extensive laboratory testing, to be followed
by clinical validation (for efficacy and safety) in real-world healthcare settings. Only
then can such technologies be processed for regulatory approval and ultimately reach
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Table 5.2 Efficacy and safety specifications for devices automating manual ventilation

Efficacy specifications

* Device should provide pressure-controlled
ventilation, or volume-controlled ventilation,
or both modes

* Devices merely compressing Ambu bags
without measuring and/or controlling either
pressure or volume should not be developed

¢ Peak inspiratory pressure (PIP) in the range
1040 cmH,O

* Tidal volume (V) in the range 200-800 ml
for adults and 50-300 ml for infants/children

* Ventilation rate (VR) in the range 10-30/
min (for adults) and 15-50/min for infants and
children

* Inspiratory time (7;) in the range 0.4-3.0 s
(for adults) and 0.25-3.0 (for infants and
children). The ratio of inspiration time to
expiration time (I/E) should be in the range
0.25-1.0

* Positive end expiratory pressure (PEEP) in
the range 5-15 cmH,O

* Set parameters should be delivered without
lag (i.e., within the first two breaths)

* Device should permit users to change
desired ventilation parameters without
switching off and restarting the system

* Device should permit connection with an
air-oxygen blender so that variable FiO, can be
provided as per clinical need

Safety specifications

» Compliance with established safety norms
for electrical equipment, medical devices,
ventilatory support equipment, and anesthetic
equipment

e Self-regulatory checks for mechanical
integrity, electronic integrity, ventilation
circuit integrity, and prevention of inputting
nonphysiological ventilation parameters.

e Auto cut-off if patient coughs during
inspiration, followed by auto-resumption with
the original settings

* Real-time display of ventilation parameters
delivered in each breath

* Audio and visual alarms in case of
deviation of delivered parameters from preset
values

* Audio and visual alarms in the event of
ventilation circuit disconnection, endotracheal
tube blockage, and SIB displacement

* Battery charging status and available
battery life display

* Internal cooling system to prevent over-
heating of parts/fire hazard

* For devices designed to be used in
COVID-19 patients, exhaled air should be
vented out without risk of environmental
contamination

* Laboratory testing for at least 60 days to
ensure fail-safe functions

Table 5.3 SWOT analysis of biomedical innovations during the COVID-19 pandemic

Strengths Weaknesses

* Multidisciplinary » Lack of originality

e  Multi-sectoral e Duplication

* Flexible » Failure to analyze need

* Focus on products (rather than e Limited lab testing

prototypes) * Absence of clinical validation
Opportunities Threats

* Time available during the lockdown * Lack of sustainability

* Industry support * Dependence on low-cost imported parts/raw
* Funding (by govt agencies and NGOs) | materials

* Lay media encouragement * Disregard of intellectual property issues
* Social media platforms * Lack of regulation of innovation

the market. Thereafter, post-marketing surveillance is essential to ensure effective-
ness (which is beyond efficacy) and on-going safety for the end-users (Mathew

2018; Mathew and Mathew 2020).
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The COVID-inspired innovations in India were borne out of the desperate need
for quick solutions, fuelled by lay media focusing on feel-good stories, and
supported by financial and other support by governmental and private agencies.
However, the emphasis on rapidly achieving outcomes resulted in short-circuiting
the innovation cycle described above. The failure to consider the clinical (or public
health) needs of end-users in the COVID-inspired innovation race has resulted in
considerable wastage of resources (human resource, financial resources, material
resources, and the most important resource-time) (Mathew and Mathew 2020). The
desperation also resulted in a total disregard of intellectual property rights (IPR)
issues, with two consequences. First, existing technologies were liberally plagiarized
in the guise of responding to the pandemic. Second, plagiarized ideas were liberally
disclosed in the lay press and social media platforms, creating difficulties for genuine
innovators to patent their ideas, prototypes, or products.

The other serious consequence of short-circuiting the innovation cycle is the
limited emphasis on safety. Quick-fix solutions for COVID generally focus on
proving efficacy (i.e., the ability of the technology to work) without a concomitant
emphasis on establishing patient safety. This is largely because confirmation of
safety (in the context of healthcare environments) is cumbersome, expensive, and
time-consuming. However, establishing safety of users of health technologies is
critical, because many biomedical innovations can have (anticipated and unantici-
pated) adverse effects if they are not rigorously tested and designed to be fool proof.
Table 5.4 summarizes an assessment of efficacy and safety of various “innovations”
in response to the COVID pandemic.

The development of innovative respiratory support devices (by automation of
Ambu bag compression) provides a classic case study of the two issues described
above. On account of shortage of ICU ventilators, the high cost of these machines,
and the need for an ICU set-up to use them, the actual “need” was (and is) for devices
to ventilate patients safely at a lower cost. However, innovation efforts focused on
developing devices that merely compress Ambu bags (at preset rate, pressure, etc.).
Although this could be achieved very rapidly, it did not benefit the healthcare system
as the clinical need (of ventilating patients safely) was not addressed. Consequently,
most of these devices remained mere prototypes. Attempts to use these devices in
clinical services without adequate testing for patient safety resulted in disastrous
consequences (Singh 2020; Outlook Web Bureau 2020; ‘Approved by centrally
accredited lab’: Gujarat govt defends locally developed ‘Dhaman-1’ ventilators
2020).

During the early phase of the pandemic, the inventors of the Artificial Breathing
Capability Device (ABCD) were approached by government officials offering
significant resources for rapidly scaling-up production of the device. At that time,
ABCD was undergoing clinical validation in non-COVID patients; hence, the
inventor team politely declined the offer until clinical efficacy and safety were
confirmed. Further, ABCD was not designed for use in COVID patients, wherein
the clinical requirements are somewhat different from many other conditions. How-
ever, these limitations did not deter the government agency from offering large
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Table 5.4 Assessment of efficacy and safety of various innovations in response to the COVID

pandemic
In
Availability Potential risk Clinical clinical

Box 1. COVID-19 | of efficacy for harm (due Laboratory | validation and/or
inspired and safety to limitations in | testing conducted | public
innovations in norms for efficacy and/or | done prior prior to health
India development | safety) to release release use
Critical (life-saving) equipment and devices

Critical-care Yes Very high Limited No Yes
ventilators

Devices to No Very high Limited No No
automate manual

ventilation

Devices to provide | Yes High No No No
humidified oxygen

at high flow rates

Adaptors for No High No No No
splitting ventilator

output

Oxygen delivery No Moderate No No Yes
splitters

Oxygen Yes Moderate to Yes Limited Limited
generators high

Personal protective equipment (and components)

Indigenous PPE Yes High Yes No Yes
kits

Indigenous face No Moderate to No No Yes
masks high

Indigenous N95 Yes High Yes No Yes
(and other

specialized masks)

Face shields and Yes High No No Yes
splash guards

Intubation boxes No High No No Yes
Aerosol guard No High No No Yes
boxes

Sanitization solutions

Indigenous hand Yes Moderate to No No Yes
sanitizers high

Ultra-violet light Yes Moderate to No No Yes
emitters high

Ozone-based Yes Moderate to No No Yes
disinfection high

Silver-based Yes Moderate to No No Yes
products high

Other disinfectants | Yes Moderate to No No Yes

high

(continued)
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Table 5.4 (continued)
In
Availability Potential risk Clinical clinical

Box 1. COVID-19 | of efficacy for harm (due Laboratory | validation and/or
inspired and safety to limitations in | testing conducted | public
innovations in norms for efficacy and/or | done prior prior to health
India development | safety) to release release use
Sanitization No Moderate to No No Yes®*
tunnels high

Disinfection No Moderate to No No No
chambers high

Hand hygiene No Moderate No No No
testers

Solutions to reduce contact

Foot-operated No Low No No Yes
sanitizer

dispensers

Contactless No Low No No Yes
sanitizer

dispensers

Personal guards at | No Low No No Yes
desks, counters,

etc.

Automated door No Low No No Yes
openers

Foot-operated No Low No No Yes
door openers

Sampling kiosks No Moderate to No No Yes

high

Consultation No Moderate to No No Yes
kiosks high

Robots for No Moderate No No Yes
contactless

delivery of

medications etc.

Drones for No Moderate No No Yes
sanitization,

transportation of

objects, and public

health messaging

Devices to reduce | No Low No No No
hand contact with

face

Social distancing No Low No No No
tags

Contactless No Low No No Limited
dustbins

Digital No Low No No Limited
stethoscope

(continued)
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Table 5.4 (continued)

In

Availability Potential risk Clinical clinical
Box 1. COVID-19 | of efficacy for harm (due Laboratory | validation and/or
inspired and safety to limitations in | testing conducted | public
innovations in norms for efficacy and/or | done prior prior to health
India development | safety) to release release use
Wearable devices No Moderate No No Limited
for remote
monitoring of vital
signs
Technologies for diagnosis
Indigenous Yes High Yes Limited Yes
antibody-based
testing kits
Indigenous Yes High Yes Limited Yes
antigen detection
kits
PCR-based Yes High Yes Limited Yes
diagnostic kits
Micro-PCR Kkits
Loop-mediated Yes High Yes No No
isothermal
amplification
(LAMP) kits
Contactless Yes Moderate Yes No Yes
thermometers
Technologies claimed to be for treatment
Indigenous No High No No Yes
remedies
Ayurvedic No High No No Yes
products
Home-based No High No No Yes
remedies
Vaccines
Indigenous Yes High Yes Yes Yes
vaccines
Information Technology solutions
Tele-health Yes Low to Limited No Yes
solutions moderate
Tele-education Yes Low No Not Yes
solutions applicable
Tele-meeting Yes Low No Not Yes
solutions applicable
Remote patient Yes Moderate No No Yes
monitoring
systems
Apps for various Variable Low Variable Not Yes
applications applicable

& Now discontinued
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grants to other innovators for mass producing similar devices. As expected, none of
these imitation devices can be used in clinical settings.

The inventors of ABCD recently redesigned the device to make it suitable for use
in COVID patients. They applied for a grant to another government agency inviting
applications for COVID solutions. The comprehensive application included design
and development of a new device along with rigorous laboratory testing followed by
clinical validation. The proposal was readily approved; however, the timeline was
slashed to 6 months (as the funding agency assumed that the pandemic would be
over within that duration) and the project was sanctioned only for developing a
prototype with limited testing (COVID-19: DBT-BIRAC supported products and
technologies compendium 2020). This type of short-sighted focus on the innovation
outcome (rather than the process) results in the situation wherein the innovation
pathway remains incomplete and the benefit of the novel technology does not reach
the people who need it.

5.8  Future Perspectives: The Way Forward

It is important to build up the foundation of biomedical and healthcare technology
innovations of the past few decades and consolidate the limited gains from the
recent COVID-related accelerated innovation. This will help current and future
innovators to develop usable technologies, without repetition of past mistakes. The
following framework (Table 5.5) adapted from the KNOW ESSENTIALS tool
for health technology assessment (Mathew 2011) can help innovators, funding
agencies, non-governmental organizations, and even the general public to design
and develop innovative technologies that are appropriate for use. It can also help to
build up the innovation ecosystem that was recently proposed for the country
(Mathew and Mathew 2020). KNOW ESSENTIALS is an acronym wherein each
letter represents a specific issue to be considered (Mathew 2011). The points
mentioned should ideally be considered before innovation work begins but also
can be used to assess an already-developed innovation, at any stage in the innovation
cycle.

5.9 Conclusion

Innovation for producing useful and usable technologies for improving healthcare
has been going on in our country for the past few decades. The excellent work by
individuals, institutions, and organizations working singly or jointly has led to the
development of several technologies with positive impacts on health care. These
initiatives laid the seeds for a biomedical innovation culture in the country. At the
same time, these efforts have taught several hard lessons for current and future
innovators. The exigencies created by the COVID-19 pandemic demanded
innovation due to multiple, urgent needs created by the pandemic. While this led
to laudable efforts across disciplines, most of the COVID-inspired innovation in the
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Table 5.5 Framework to assess and assist healthcare innovation in the country (adapted from the
KNOW ESSENTIALS tool for health technology assessment)

E

Criteria

Knowledge

Need

Outcomes of
interest

Who is the
target

Evidence of
effectiveness or
efficacy

Evidence of
safety

Social issues

Economic
considerations

Remarks for innovators intending to
develop innovative technologies

Is there sufficient knowledge of the
problem?

Is there a clear understanding of the
needs of the end-user?

Are the outcomes clearly defined
(as opposed to open-ended)?

Are the target end-users identified?

How will the effectiveness (or at
least efficacy) of the innovation be
objectively measured?

What are the safety considerations
for end-users?

Are there any ethical, social legal or
other issues (ELSI) that can impact
the innovation?

Is the innovation cheaper than
existing solutions? If not, does it add
value?

Remarks for agencies (e.g.,
funding agencies) facilitating
innovation

Does the innovator team have
an appropriate level of
knowledge, experience, and
expertise to understand the
problem and work towards its
solution?

Have the innovators
considered the need and does
the innovative technology meet
the real need? Has the problem
been identified and defined
appropriately?

Does the innovative
technology meet the desired
outcomes?

Who are the potential
end-users of the innovative
technology? Can the target user
base be broadened by different
applications of the technology?

Is there evidence of
effectiveness (or at least
efficacy) in the target end-users
w.r.t the outcomes of interest?

Have all safety considerations
(for end-users) been
considered, and does the
innovative technology

meet them? How has safety of
end-users been established? Is
there a risk of safety issues
appearing later?

Have the innovators
considered the potential
ethical, social, legal, or other
issues (ELSI) associated with
the innovative technology
development and/or
deployment and/or its use in
healthcare? Is there a risk of
ELSI appearing late(r) in the
innovation cycle?

What are the economic
implications of the innovative
technology? Is the final price to
be paid by the end-user

(continued)
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Table 5.5 (continued)

Criteria

Novelty

Timeframe for
innovation

Integration with
existing
technologies

Alternatives

Likely impact
of not having
the technology

Sustainability

Remarks for innovators intending to
develop innovative technologies

Does the innovation add any new
knowledge?

How soon can the innovation reach
the end-user (from the stage of idea
to certified product)?

Can the innovation be readily
integrated with existing systems in
healthcare?

How does the innovation score over
other alternatives (in use) for the
same problem?

What is the likely impact if the
innovation was not developed?

Does the innovation provide a
temporary or sustainable solution to
the need it seeks to meet?

Remarks for agencies (e.g.,
funding agencies) facilitating
innovation

commensurate with the value
provided? Would payers of
healthcare (public and private
sector) show willingness-to-
pay for the innovative
technology?

Is there true novelty in the
design, development, or
deployment of the innovative
technology, or does it merely
represent replication of
existing technologies?

Does the innovative
development require an unduly
long time period to complete
all the steps of the innovation
cycle? Is there a risk of the
innovation becoming
redundant by the time the cycle
is complete?

Does the innovative
technology require a stand-
alone delivery system, or can it
be used with other technologies
for the same (or other)
healthcare problems?

What are the limitations of
existing technologies
addressing the same problem,
and what value advantage does
the innovation have over them?

Are there likely to be adverse
impacts on end-users and/or
the healthcare system if the
innovative technology was not
designed, developed, or
deployed?

Does the innovative
technology provide sustained
efficacy and safety for
end-users in terms of the needs
required to be addressed? Will
there be need to restart the
innovation cycle if the
technology is not sustainable?
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country appears to be limited to imitation, improvisation, and improvements in
existing technologies, or merely broadening the application of such technologies.
It has also raised new challenges and problems including the total disregard for
intellectual property rights. Very few of these technologies were developed to
address the real needs of end-users; hence, most of them are not suitable for use in
the healthcare sector. The way forward is for innovators to consider all aspects of the
innovation cycle, from the generation of ideas to meet real-world needs to the stage
of product deployment. The modified KNOW ESSENTIALS algorithm can be used
by innovators and innovation facilitators to consolidate the gains of past innovation
efforts and encourage genuine innovation in the country.
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Abstract

Unraveling the relationship between disease phenotypes and disruptions in the
underlying cellular functions is an important challenge of contemporary biology
and medicine. The traditional approaches to study disease focus primarily on
individual genes or proteins related to certain phenotype. Gene-based approach to
establish factors that predispose an individual to disease, involved identification
of specific genetic defects and single nucleotide polymorphisms and copy number
variations. These approaches, though successful, are insufficient since function of
various cellular components is exerted through intricate networks of regulatory,
metabolic, and protein interactions. On the other hand, the systems biology-based
network approaches can facilitate the development of better diagnostic markers
and the discovery of core alterations for human complex diseases by system wide
analysis on disease diagnosis and the identified disease-responsive genes and
modules. Complex diseases result from variations in a large number of correlated
genes and their complex interactions rather than by alterations in individual
genes. Systems network biology approaches enable investigation of complex
interdependencies among a cell’s molecular components, to identify significant
underlying relationships between apparently distinct disease phenotypes. Such
approaches can further facilitate the development of better diagnostic markers and
the discovery of core alterations for human complex diseases by system wide
analysis on disease diagnosis and the identification of disease-responsive genes
and modules.
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6.1 Introduction

The discovery of genes and genetic modules that drive disease has been enabled by
study of biological networks. Systems biology aims to investigate multiple biomo-
lecular components and their dynamical behaviors to understand nonlinear
interactions that characterize phenotypic alterations leading to complex etiologies
of multifactorial diseases such as cancer, diabetes, Alzheimer’s disease, etc. The
study of complex diseases using traditional approaches such as genetic studies was
difficult as multiple factors such as genetic, epigenetic (e.g. environmental factors),
cells, and tissue types, and their interactions are involved in the occurrence and
development of complex diseases. Furthermore, additional difficulty arises from
disruption of normal behaviors of the complex molecular networks of genes and
proteins resulting in molecular defects associated with complex diseases. Therefore,
for understanding complex diseases, a new paradigm of systems network biology
has emerged in view of the availability of large-scale genomic, transcriptomic,
proteomic, and metabolomic data that has enabled the identification of risk factors
of complex diseases, personalized medicine, and so forth.

Traditional classification of diseases was mainly based on the observed and
correlation between pathological analysis and clinical syndromes, which has been
widely recognized to have shortcomings on sensitivity and specificity (Loscalzo
et al. 2007). In contrast, the network-based systems biology approach can facilitate
the development of better diagnostic markers and the discovery of core alterations
for human complex diseases by system wide analysis on disease diagnosis and the
identified disease-responsive genes and modules (Gijsen et al. 2001).

Network systems biology has facilitated the investigation of complex diseases
and their co-occurrence by using all available molecular interaction and ontology
data. It is necessary to study disease comorbidities as it is a major problem at the
clinical level as it results in the increase in the patient mortality and also complicate
the choice of treatment strategies. Furthermore, comorbidity cases are typically
associated with polypharmacy (the use of multiple drugs), which can decrease
treatment efficacies and can cause unexpected adverse effects, further adding to
the disease spectrum in a given patient (Von Lueder and Atar 2014).
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6.2 Systems Network Biology Perspective to Study Disease
Co-occurrence

Biomolecular networks are integral parts of cellular systems and play a fundamental
part in giving rise to life and maintaining the homoeostasis in living organisms.
Complex diseases are believed to arise from the dysfunction of these networks rather
than single components like genes or proteins (Erler and Linding 2010).

The availability of high throughput genomic, transcriptomic, proteomic, and
metabolomic data provides the opportunity to investigate the essential mechanisms
by biomolecular networks, in which each node is a biological molecule, and each
edge represents the dysfunction interaction or association of a pair of molecules
related to disease complex diseases. Hub proteins in PPI networks correspond to
essential proteins having a higher probability of involvement in the disease (He and
Zhang 2006). Therefore, the omics datasets can be integrated into higher level
understandings of a disease process. There exist various biomolecular networks,
namely, protein—protein interaction network [PPIN], gene regulatory network
[GBN], metabolic network [MBN], and signal transduction network [STN]; these
networks interacts with each other to build complex network of interactions
(Hu et al. 2016). The human genetic interactions are one of the most important
predictors of a link between diseases. Any malfunctions observed in these networks
can indicate a presence of disease phenotype.

6.3  Analysis of Disease Co-occurrence Using Biological
Networks

The study of disease similarities can provide information of etiology, common
pathophysiology, and/or suggest treatment that can be appropriated from one disease
to another (Butte and Kohane 2006). Different diseases in the same disorder class
may exhibit concordance in protein networks and biological processes, which can be
viewed in terms of a “diseasome.” To investigate comorbidity between diseases,
various types of information such as genetic, symptomatic, and phenotypic in
association with penetrance models and medicare data have been used (Rzhetsky
et al. 2007; Suthram et al. 2010; Mathur and Dinakarpandian 2012).

Two important computer languages, viz., R (Team RC 2013) and python (Van
Rossum and Drake Jr 1995), provide a programming environment for detailed, data-
driven biological network analysis and visualization. Many packages are easily
downloadable from bioconductor using R platform such as “neat” (efficient network
enrichment analysis test) (Signorelli et al. 2016) Version 1.2.1 that integrates gene
enrichment analysis (GEA) tests with information on known relations between
genes, represented by means of a gene network. Clustering biological functions
using gene ontology and semantic similarity can be performed using ViISEAGO
(Brionne et al. 2019). Online open source software cytoscape (Shannon et al. 2003)
can be used for integrating biomolecular interaction networks with high-throughput
expression data to decipher the associations among protein-protein, protein-DNA,
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and genetic interactions. RCytoscape (Shannon et al. 2013) merges the powers of R
and Cytoscape, thereby resulting in a synergistic tool that combines statistical and
data handling facilities with the powerful network visualization and analysis
capabilities of cytoscape software.

Another common observation is that a complex disease may lead to the appear-
ance of another phenotype through physiological changes referred to as pleiotropy.
Example it has been reported that patients with type 1 diabetes mellitus having
hyperglycemia can develop diabetic retinopathy. Thereby treatment of DM (Type I)
can prevent the occurrence of the complications associated with it. However, this is
not the case when two or more diseases are co-occurring owing to shared genetics or
shared diseased pathways. Therefore, it is important to identify the underlying
pathways using phenome-wide association studies (PheWAS) that detect genotype-
to-phenotype associations by combining and linking genotype data with detailed
clinical data from health records (Denny et al. 2013; Bush et al. 2016). Genome-wide
association studies (GWAS) can be used to detect pleiotropic risk variants, while
studying comorbidity of diseases, which may not otherwise be found in single-
disease studies (Ellinghaus et al. 2016). BUHMBOX (Bellou et al. 2020; Gao 2020)
is one such online tool that can distinguish between pleiotropy and heterogeneity
where the latter refers to misclassification in which a subgroup of cases in one
disease is genetically identical to another disease (Ellinghaus et al. 2016).

To understand complex relationships between multifactorial diseases in a popu-
lation, a systems network biology approach involving computational biology helps
to elucidate their underlying common factors. Some of the approaches are as
follows:

6.3.1 Using Protein-Protein Interaction to Study Diseases

Proteins interact with one another to form physical or functional interactions, and
any perturbations may alter the interactions causing disturbance in the biological
functions and leading to one or more diseases. Therefore, studying protein-protein
interactions (PPIs) can help us interpret the underlying mechanism of a disease and
its relationship with other diseases (Baudot et al. 2009).

Studying the co-occurrence between two or more diseases involves construction
and analysis of the PPIs. The PPIs can be retrieved from two types of databases:

1. Primary PPI databases such as MINT and InAct that contain data from the
experimental evidence in the literature and use a manual curation process.

2. Metadatabase or a predictive database that include STRING and UniHI, which
use the interactions defined in primary databases to computationally predict and
refine the interactions.

The PPI data retrieved from the databases can be visualized and analyzed using
various bioinformatics tools like Cytoscape, NAViGaTOR, POINeT, Gephi, and
Pajek (Leong et al. 2013). These network analysis tools have the ability to take data
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from varied sources. They perform various analysis using different algorithms to
identify various critical hub nodes that may be responsible for various diseases along
with gene ontology (GO) annotations by various plugins such as BiNGO and
ClueGO, which use gene ontology (GO), Reactome, and KEGG annotations
(Maere et al. 2005; Bindea et al. 2009; Kanehisa et al. 2017; Fabregat et al. 2018).

6.3.2 Using Gene-Gene Interaction Networks to Study Diseases

Gene products, i.e., the proteins, work together to perform a particular task. One of
the important genetic interactions is that between the genetic variants, which can be
lethal or have a suppressor effect. It is important to study the complex networks of
these genes to understand the complexity of the diseases and their co-occurrence
(Bebek 2012). Co-expression networks of the genes can be constructed to study the
correlations between the expressions of the different genes (Cho et al. 2012). Like
the PPI data, analysis of gene-gene interactions also involves the retrieval of genes
from the databases such as gene database (NCBI), KEGG or WikiPathways,
BioGRID, IRefIndex, and 12D (Zuberi et al. 2013). This is followed by building
an analysis of a gene-gene interaction network using various bioinformatics tools
like Cytoscape application GeneMANIA and CytoCluster (Zuberi et al. 2013; Li
et al. 2017).

6.3.3 Pathway Enrichment Analysis or Functional Enrichment
Analysis

Pathway enrichment or functional enrichment aids in achieving deep biological
insights of the functional roles of the proteins, genes, and metabolites from multi-
omics datasets by comparing the activity of the pathways or biological processes of
interest in two or more states or cohorts to be compared. Three approaches for
pathway enrichment are as follows (Paczkowska et al. 2020):

1. Over-representation analysis approach gives information about the number of
genes in each pathway and whether the pathway is upregulated or downregulated.
MetPA is a software based on this approach (Khatri et al. 2012).

2. Functional Class Scoring Approach uses all available molecular measurements
for the analysis of the genes. An example is gene set enrichment analysis (GSEA)
software that analyzes set of the genes that are differentially expressed, which can
later be visualized using EnrichmentMap plugin in Cytoscape (Khatri et al. 2012;
Reimand et al. 2019; Subramanian et al. 2005).
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6.3.4 Disease-Gene Interaction

Disease-gene networks can be used to identify the dysregulated genes of a particular
disease that are responsible for causing other diseases too. DisGeNET is a repository
that contains information about genes, genetic variants, and their interaction with the
complex human diseases including Mendelian, environmental, and rare diseases
(Bauer-Mehren et al. 2010). DisGeNET integrates data from expert curated
repositories, GWAS catalogues, animal models, and the scientific literature. The
information provided in it is accessible through a web interface, a Cytoscape App, an
RDF SPARQL endpoint, scripts in several programming languages, and R package
(Pifiero et al. 2016). The information retrieved can be used to decipher information
of a gene and its cross-talk with the other diseases.

6.4 Identifying Critical Hub Proteins and Probable Therapeutic
Targets

In the omics era, the study of interconnections amongst genome, transcriptome,
proteome and metabolome using systems biology approaches has led to increasing
awareness of complex diseases and their comorbidities. Studies based on the systems
network biology approaches revealed genes that frequent between breast and bone
cancer were found to be enriched in various signaling pathways such as cell cycle,
transcription misregulation in cancer, p53 signaling, breast cancer, integrated breast
cancer, FOXO signaling pathway, and DNA damage pathways, thereby indicating
that they may be responsible for common molecular origin of these cancers
(Sahrawat and Kaur 2017). Another study identified common molecular signatures
and pathways that interact between inflammatory bowel disease and colorectal
cancer, and the indispensable pathological mechanisms revealed 177 common dif-
ferentially expressed genes (DEGs) between the two diseases (Al Mustanjid et al.
2020). Using a systems biology network approach involving PPI network analysis,
critical protein was identified, viz., HSPAS/HSC70, which could be targeted to affect
the regulation of CFTR (cystic fibrosis transmembrane conductance regulator),
which is mutated in cystic fibrosis (Sahrawat and Bhalla 2013). The genes and
their protein products may act as potential biomarkers for early detection of predis-
position to co-occurrence of diseases and potential therapeutic targets based on the
common molecular underpinnings of comorbid diseases such as diabetes, depres-
sion, and cardiovascular disease (Sahrawat and Talwar 2020) and age-related
diseases such as Alzheimer’s disease and diabetes for better understanding of
pathophysiology (Sahrawat and Dwivedi 2020).Thus, systems biology approach
may hold great promise to identify probable therapeutic targets for diseases that
are comorbid.
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6.5 Concluding Remarks

In systems biology, the individual molecules of the biological systems do not exist in
isolation. On the contrary, they work in conjunction with one another to produce a
specific phenotypic pattern specific to a given cell type. Study of bimolecular
networks using systems biology approaches can be used to identify biomarkers
and critical control proteins that can play an important role in the understanding
disease etiologies and design treatment regimens for diseases that are comorbid due
to the common genes/proteins in the pathways of complex human diseases. The
elucidation of such common genes/proteins in comorbid diseases can go a long way
for better quality treatment for the patient in a timely manner.
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Abstract

Bioinformatics is an amalgamation of multidisciplinary sciences that has played a
significant role in extending tremendous benefits through comprehending the
biological information in a quick and precise manner. The recent opening of
multiple “omics” technologies have provided plethora of information; the bioin-
formatics has provided means to process this humongous information in more
systematic and precise ways to provide potentially beneficial biological informa-
tion. Continuing efforts and zeal that set the premise for mapping of Haemophilus
influenza genome potentially led to successful decoding of the human genomic
information in a very ambitious human genome project. The systematic break-
down and understanding of huge nucleic acid sequence data out of human
genome has been an important milestone of this field. Taking on with the
futuristic and additional developments in the field of bioinformatics has now
brought this field at the stage where now functional outcome has proceeded from
mere prediction to a reality. All the aspects of biological functioning, viz.,
genomics, proteomics, metabolomics, transcriptomics, RNAiomics, and
kinomics to drug development, etc. are now being revolutionized, (courtesy of
the bioinformatics).
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7.1 Introduction

Bioinformatics is a fast-growing field that is bringing in revolutionary changes in
almost all the fields of biological sciences. In order to comprehend the biological
data, various tools of bioinformatics, initially utilized genomic as well as the
proteomic data. To start with, the genomic data initially entailed the information
out of the human genome mapping, and later on, data out of proteomics,
transcriptomics, metabolomics, etc. continue to challenge the scientist. The enor-
mous body of the data gets further accentuated when considering large number of
organisms whose omics information is getting uploaded every day. Handling of such
data is indeed a daunting task, which has inclined the focus on the systematic data
gathering, processing analysis, and giving a right interpretation. Thus, start from
gathering the data to interpretation, there is an amalgamation of multiple disciplines,
viz., biochemistry, genetics, microbiology, biotechnology, data science, mathemat-
ics statistics, engineering, etc. (Fig. 7.1).

Together, the multiple disciplines led to the final outcome of the biological data
interpretation, which has actually contributed toward birth of this new discipline, the
bioinformatics. Today, the bioinformatics has even gone beyond the realm of the
data management, analysis, and interpretation to a level where its applications are
helpful in drug development, toxicokinetic, disease diagnosis, and marker

Fig. 7.1 Spoke and hub of
interdisciplinary field of
bioinformatics
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identification, thus revolutionizing the field of clinical medicine including
personalized medicine.

The information retrieved from vast array of the genomic data formed the very
important basis for our processing and understanding of both the basic biological
information on its application in the field of medicine (International Human Genome
Sequencing Consortium 2001). Such efforts clearly dates back to a time point when
genomic sequencing was being thought to provide much needed answers to the
biological functionality. Even though genome sequencing of H. influenza
(Fleischmann et al. 1995) set the ball rolling, it was the whole genome sequencing
of different organisms including the human genome project that the field of bioin-
formatics saw unprecedented growth both in its utilization and applications. It was
well realized that no doubt the genomic information is pertinent to its function, but
the emphasis has be on the gene product for making it functionally applicable.
Having sequenced the human genome (Luscombe et al. 2001; Subramanian et al.
2001), the bioinformatics has been utilizing comparative and functional genomics
and proteomics to better understand the genes and their products for better under-
standing of the biological information. Subramanian et al. (2001) pointed out that
comparative genomics and proteomics besides helping to locate human gene has
also enabled to fully comprehend the gene’s function. This is a significant contribu-
tion of the bioinformatics toward biological data, which in a time to come would
bring applications at a personalized level.

7.2 Bioinformatics Databases

Today, the collection of biological information has reached to a level where its
systematic storage has enabled the researcher to retrieve the information with ease,
update the existent information, and manage it. The huge amount of biological
information is filling up the space that the task of bioinformatician is dauntingly
getting overwhelmed. The challenge is to get to the most comprehensible informa-
tion from the hugely available biological data. Bioinformaticians are coming up with
novel strategies to put this data in more systematic way that resulted in development
of huge number of databases today. As per the 2020 report published in the month of
January, a total of about 1637 different databases were cited in the journal of Nucleic
Acids Research (Neerincx and Leunissen 2005). Off course, the number is increasing
continuously by the time this review appears; it is envisaged that about 500-1000
new databases would have certainly been added to the existing one. This shows the
amount of challenge and the necessity of process owing to newer and newer species
that are being decoded or diseases being understood to count a few. These databases
are now equipped with the collection of information that are providing and proving
to be the most invaluable for lending huge support to the execution of biological
research. A large number of databases have been generated encompassing nucleic
acid, proteins, peptides, metabolite set of resources, viz., DNA and protein
sequences, structural information of different macromolecules, gene sequencing
data, 3-D structure, and metabolomic data, thus enabling researchers to retrieve the



110

Table 7.1 Important databases (Baxevanis 2001)

Primary
databases

DNA/
nucleotide
sequence
databases
Protein
sequences

Primary
structure
databases
Secondary
databases
Sequence
related

Structure
related

Relational/
specialized
databases

Contains

o Experimental data repositories

® Sequence databases
o Structure databases

Ensembl

(EBI/Wellcome Trust

Sanger Inst.)

UniProtKB (UniProt
Knowledge Base)
UniProtKB/Swiss-

ProtUniProt
KB/TrEMBL

Protein Data Bank

(PDB)

Store curated datasets

ProSite

DSSP Database of
Secondary Structure

Assignments

GenBank
(NCBI)

NCBI Protein

Nucleic Acid
Database

Pfam

HSSP
Homology-
derived
Secondary
Structure of
proteins

Curated Datasets of specialized types

Gene expression data
Protein expression
data—Human Protein

Atlas

Pathway-

related KEGG,

Reactome,
Metacyc

DNA Data
Bank of Japan
(DDBJ)

Cambridge
Structural
Database

Enzyme

Dali: Proteins
comparing
protein
structures in
3-D

General human
genetics
databases, e.g.,
HGMD,
OMIM
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European
Nucleotide
Archive
(EMBL-EBI)

REBase
(restriction
enzymes)

General
polymorphism
databases, e.g.,
dbSNP

huge amount of stored information and process to gain insight into biological
processes, which otherwise were more intricate and complex. Plethora of informa-
tion is now available and far more is now getting flooded with more user-friendly
databases, which provide multi-omic approaches. Similar accessibility about differ-
ent databases have also been elaborated in different observations (Subramanian et al.
2001; Manohar and Shailendra 2012). Some of the commonly available databases

are presented in Table 7.1.

These databases are actually categorized as primary and secondary databases. The
primary databases include EMBL (European Molecular Biology Laboratory), NCBI
(GenBank at the National Center for Biotechnology Information) and DDBJ (DNA
Database of Japan) while the secondary databases include secondary databases,
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Table 7.2 The International Nucleotide Sequence Database Collaboration (INSDC) repositories

Data category DDBIJ EMBL-EBI NCBI
Next-generation read Sequence Read | European Nucleotide Archive | Sequence Read
sets Archive (ENA) Archive
Genome sequence GEA GenBank
archive

Data annotation/ DDBJ GenBank
assembled sequences

Genotype /Phenotype JGA EGA (European Genome-

archive Phenome Archive)

Samples BioSample BioSample
Projects BioProject BioProject

Protein Information Resource (PIR), UniProtKB/Swiss-Prot, Protein Data Bank
(PDB), Structural Classification of Proteins 2 (SCOP), and Prosite. These databases
are often presented after their proper curation based on their information of protein
structure, function, domains, and classification (Pevsner 2015).

These represent the central databases of nucleotide sequences and proteins. The
interesting attractive feature of these databases is sharing of deposited information
on daily basis among each other. And together, these are the constituents of the
International Nucleotide Sequence Database Collaboration (INSDC) consortium
(Table 7.2), which represents consolidated information starting from raw data
retrieved from different samples and the experimental designs to functional annota-
tion through the process of data assembly and their alignments (Manohar and
Shailendra 2012). An identification system of the sequences deposited has been
taken into consideration by INSDC to provide much needed information about the
origin and the nature of the data (Amaral et al. 2007). Based on the data types, this
identification system uses the accession number (AN) as represented by the grouping
of one to three letters and five or six digits. These identifiers have further been
designated to represent sequence identifier (GI Genlnfo Identifier) that corresponds
an assignment to every nucleotide or protein sequence (Protein ID). This GI identi-
fier is individual and neither transferable and nor modifiable. Different codes and/or
prefixes that are used to represent these sequences include: GB (GenBank) and emb
(EMBL), e.g., Xenopus laevis leptin gene that has the following Accession:
NM_001095714.1 GI:148233266.

In order to make sense of the fast-developing pool of molecular biological data,
bioinformaticians have developed large collections of tools. Since all biological
systems tend to be complex and diverse, therefore to comprehend these better, it is
often required to link many of the datasets and make use of different tools to
integrate these datasets. Several strategies are available and getting revised for the
integration of these datasets. Over the past few years, building services with web
interfaces have become a wildly used system for data and tool sharing that have
resulted in accomplishing many bioinformatics projects. The interoperability prob-
lem of web services that used to resolve biology queries has led to the evolution of
tools with web interfaces from HTML/web-based tools. Better tools and robust


http://trace.ddbj.nig.ac.jp/dra/index_e.html
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realization of the multidisciplinary aspect of bioinformatics have enabled to cross the
boundaries with respect to handling and integrating huge amount of the biological
data. The tools use methods by exploiting experimental evidences as their founda-
tion and predict the novel associations of biological entities.

Luscombe et al. (2001) pointed out two dimensions in bioinformatics to better
understand the biological data. These two dimensions encompass both the breadth
and depth of the data both for its organization and the understanding of the biological
data. Biological sequence comparison by alignment has been processed by the
increase in availability of data generated by NGS technologies.

Role of Attificial Intelligence (AI): Al has given much needed thrust to the
bioinformatics and computational biology. Both the areas have provided the scien-
tific community with way to handle enormous body of data that is getting added
continuously. The delineation of the final outcome of the biological information rests
on knowing the origin and evolution of species. That utilizes the molecular approach
encompassing comparisons among the nucleotide sequences (DNA/RNA) and
amino acids (peptides or proteins). This aspect helps to provide information w.r.
t evolutionary relatedness of organism, genes, prediction functions, and structures
besides other information (Manohar and Shailendra 2012).

With the availability of different types of Al algorithms, it has become common
for the researchers to apply the off-shelf systems to classify and mind their databases.
At present, with various intelligent methods available in the literature, researchers
are facing difficulties in choosing the best method that could be applied to a specific
dataset. Researchers need tools, which presented the data in a comprehensible
fashion and annotated with context and estimates of accuracy and explanation.

With better tools and robust realization, the multidisciplinary aspect of computa-
tional biology has enabled to cross the boundaries to with respect to handling and
integrating huge amount of the biological data. Retrieving the multitier genomic data
and finding ways to link it to disease pathophysiology have enabled to reorient the
approach for therapeutic intervention. As a result, it has now become far more
possible to devise customized medical treatment. Advanced robust tools of the
multidisciplinary aspect of computational biology have enabled to cross the limits
for annotating huge amount of the biological data. Retrieving the multitier genomic
data and finding ways to link it to disease pathophysiology will enable to reorient
therapeutic interventions in a novel strategy. Extensive number of studies regarding
these has been brought up (Ritchie et al. 2015; Schmidt et al. 2001; Zhao et al. 2010).
This approach can be further harnessed for personalized genomics. Already, com-
mercial players have come up wherein linking of different gene markers with related
trait has now become possible. Futuristically, the genomic, proteomic,
transcriptomic, and metabolomic data are going to be huge posing significant
challenges, which can be addressed by computational and/or bioinformatics
approach.
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Role of Artificial Intelligence in Diagnosis
of Infectious Diseases

Vandana Kaushal and Rama Gupta

Abstract

The burden of infectious diseases on the world is overwhelming. The advent of
novel technologies like machine learning (ML) and artificial intelligence (AI) has
brought a paradigm shift in the manner in which the world is tackling these
diseases. Clinical microbiology laboratories have undergone complete transfor-
mation—from manual processing of specimens to technology-driven automation
and digitalization. We discuss here the integration of Al in clinical microbiology
for image analysis of gram stains, automated digital culture plate reading, identi-
fication of bacterial isolates using matrix-assisted laser desorption-ionization/time
of flight mass spectrometry (MALDI-TOF) data, and whole genome sequencing
of microbial pathogens. We have also explored the application of Al in infection
prevention and control especially in hospital acquired infections, surveillance,
and epidemiology of diseases. Contributions of Al during the ongoing fight
against Coronavirus disease (COVID-19) pandemic have been huge in the areas
of surveillance, diagnosis, and treatment.
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8.1 Impact of Infectious Diseases

Infectious diseases are defined as disorders caused due to pathogenic
microorganisms such as viruses, bacteria, fungi, and parasites that can spread from
one individual to another. During the past, including the prehistoric era, these
diseases caused epidemics and pandemics that led to high morbidity and mortality
worldwide (Table 8.1). In the twentieth century, a large number of deaths occurred
due to infectious diseases throughout the world. Today, we live in an ever more
connected global village, and the effect of globalization is becoming more and more
apparent in terms of transmission of infectious diseases. The blurring of borders due
to increased international travel has affected global microbial traffic in such a manner
that humans can reach almost any part of the earth today within the incubation period
for most disease causing microbes. This had brought about a dramatic effect on the
frequency of reemergence of many old and new infectious diseases. Emerging
diseases include HIV, SARS-CoV, Influenza A/HIN1, MERS-CoV, dengue fever,
West Nile virus, Zika virus, Ebola virus, Lyme disease Hantavirus, and coronavirus.
Emergence of newer infections is also linked to various human factors such as
population explosion, ecological factors like urbanization, climate change, and
increased in land brought under agricultural use. Reemergence of many diseases
that were once under control like tuberculosis, cholera, malaria, pertussis, influenza,
etc. can be attributed to a myriad of factors like human behavior, over use of
antibiotics, breakdown in public health measures, or appearance of new strains of
known disease causing organisms.

8.2 New Technologies for Infectious Diseases

Humanity has faced several epidemics and pandemics responsible for ravaging
human populations, which had changed history. The world has leant quite a few
lessons from previous outbreaks. Advancements in information technology and
digitalization of records have flooded the present era with big data where information
is like an economic asset and novel and intelligent tools are gaining popularity in

Table 8.1 Historical

¢ of ma ool Disease Year of occurrence Deaths

zflig:er;kz ailijglre;;lrez}fects Russian flu 1889-1890 IM

in the past 150 years Spanish flu 1918-1919 40-50 M
Asian flu 1957-1981 1M
Hong Kong flu 1968-1970 1M
HIV/AIDS 1981—present 25-35M
Swine flu 2009-2010 200,000
SARS 2002-2003 770
Ebola 2014-2016 1100
MERS 2015—present 850

COVID-19 2019-present
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tackling disease burden across the world. In the present times, we have the capacity
to collect and analyze huge amount of information related to disease burden,
distribution, transmissibility, progression, etc. Big data in the context of health
care consists of billions of continuous computerized data entries regarding details
of the patients, laboratory and radiological investigations, disease diagnosis, treat-
ment (therapeutic drugs and surgical procedures), final outcome, etc. It becomes
difficult to organize and analyze these incoming data streams using traditional
computational algorithms. New age digital tools like machine learning (ML), artifi-
cial intelligence (Al), and Internet of things (IoT) have enabled scientists and public
health agencies to analyze this big data in a meaningful way. Box 8.1 contains
definitions and technical explanations of terms used in this chapter. World Wide
Web has enabled raw data collection from a variety of smart devices, mobile phones,
and sensors that are largely interconnected. This vast data when analyzed using Al
powered tools provides significant information regarding the pattern or trends of
emerging infectious diseases, which is helpful in monitoring, predicting, and
preventing the spread of such diseases.

8.3  History of Artificial Intelligence

The term Al was first used by John McCarthy in 1956 to define the ability of
computers to simulate cognitive human intelligence. Al enabled intelligent machines
have an ability to think like human mind and perform functions such as learning and
problem solving. Al was first applied in the field of medicine with the development
of a tool called ELIZA in1964, which was a chat box that recreated the conversation
between a psychotherapist and a patient (Weizenbaum 1976). In the year 1970, the
Stanford University, USA, developed another system called Dendral where the
scientists applied Al to analyze mass spectral data of organic molecules to identify
unknown organic chemicals (Lindsay et al. 1980). In 1973, another artificial
intelligence—based expert system called Mycin was designed for identification of
pathogens responsible for severe infections like bacteremia and meningitis and to
assist physicians in treating blood infections by recommending antibiotics dosages
adjusted according to the body weight of the patient (Shortliffe and Buchanan 1975).
Dendral and Mycin were written in LISP programming language. Scientists from the
KAIST University in South Korea used a software called LUNIT in the year 2013
and developed an Al assisted algorithm for advanced image analytics for accurately
identifying breast and lung cancer using mammography and x-rays images (Landau
and Pantanowitz 2019). In 2018, James Kirby first demonstrated the use of deep
convolution neural network (CNN) for automated identification and interpretation of
gram stains from blood culture systems. Since then, the field of Al has grown and
progressed incredibly (Smith et al. 2018).
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Box 8.1 Definitions

Artificial intelligence is defined as a set of rules that enable a computer to
make decisions and perform tasks, which are normally performed by a human
brain. These rules are based on visual pattern recognition by automated
systems followed by an action or conclusion, which is more reliable and
efficient than humans.

Artificial neural network (ANN) is a collection of biologically inspired
simulations of neurons that are performed on the computer configured to
perform specific tasks like clustering, classification, pattern recognition, etc.
by simulating the way the human brain analyzes and processes information. It
is the foundation of artificial intelligence (AL).

Big data is the term used for extremely large amount of diverse ever
growing data (structured and unstructured) that may be computationally
analyzed for insights that lead to better decisions by revealing trends, patterns,
and associations just the way human brain processes and analyzes the
information.

Convolution neural network (CNN) refers to a deep learning tool that
comprises of a series of algorithms interconnected just like the neurons of
human optical cortex. These algorithms help in transforming images into
analyzable data, which is then classified to give probabilities and trends.

Decision tree (DT) belongs to the family of supervised learning algorithm
that uses a free-like model of decisions and their possible consequence for
solving classification and regression problems.

Deep learning refers to a specific type of ML where the computer uses
large datasets analyzed by a series of algorithms that are interconnected like
neural network of human visual cortex to make predictions about new data.

Internet of Things, or IoT, is a term used for billions of computing and
digital devices that are capable of collecting information and sharing the data
through Internet.

K-nearest neighbors (KNN) algorithm is a machine learning supervised
algorithm that can be used for solving classification problems and regression
problems.

LISP or list processing is the name of a programming language, which is
used for manipulation of datasets.

Logistic regression (LR) is a predictive analysis algorithm used to assign
observations to a discrete set of classes or when the data has binary output.

Machine learning: The subset of artificial intelligence algorithms, which
are adaptive and evolve over time, learning from datasets of past experiences
and makes future predictions based on the new data is known as machine
learning (ML). ML performs either discriminative tasks or regressive tasks.
ML helps in both prognostic and therapeutic activities.

(continued)
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Box 8.1 (continued)

Support vector machine (SVM) is another type of ML algorithm for
unlabeled data represented as points on a graph. This support vector clustering
classifies the data into various categories using regression analysis.

8.4  (linical Microbiology and Artificial Intelligence

With the ever increasing burden of infectious diseases and the need for accurate and
timely diagnosis for better treatment of patients and control of infections, there is a
need of specialized clinical microbiology laboratories. Skilled microbiologists play a
vital role in fast and accurate identification of pathogens using different staining
techniques, for identification of microbial growth on a variety of culture media and
their antimicrobial susceptibility pattern. This is a time-consuming manual process
that requires skill, expertise, patience, and experience of a specialist microbiologist.
During last two decades, there has been a lot of advancement in technology mostly
due to integration of computers, robotics, and automation. With the advent of
artificial intelligence and big data analytics, modern microbiology labs have
transformed from manual processes to fully automated technology-driven arena
focusing mainly on timely and accurate diagnosis. The way in which clinical
laboratories look today is very different from how they looked 10 years ago. The
world is moving toward automation at great pace making use of technologies like lab
on a chip and cloud computing (BlaZ and Luka 2019).

Al systems have existed in clinical microbiology laboratory for over a decade in
the form of expert rules used by some automated systems for identification and
susceptibility testing of microbes (Winstanley and Courvalin 2011). Antimicrobial
susceptibility rules help in accurate reporting of antimicrobial combination most
effective against a particular microorganism. The computer-assisted decision tree,
based on rules of CLSI or EUCAST guidelines, simulates intelligent human behav-
ior, thereby leading to more reliability, reproducibility, and efficiency in reporting.
These nonadaptive Al algorithms have now paved the way to more adaptive Al
algorithms that evolve over time as the machine learns.

Recent advances in medical image analysis and introduction of novel imaging
biomarkers using artificial intelligence (Al) have been very helpful in timely and
accurate diagnoses of diseases. Scientists have experimented with microscopes
enhanced with Al that are highly proficient in accurate identification of bacterial
images. This embedding of Al in microscopy was undertaken by training a CNN, a
class of AI modeled on the mammalian visual cortex to analyze the freshly acquired
visual data and comparing it with thousands of previously stored images in order to
identify and categorize the new pathogen on the basis of its distribution, shape,
and size.
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Digitalization of microbiology laboratories coupled with AI advances has
enabled faster reporting of negative cultures and accurate reporting of positive
cultures using digital plate readers. This technology also helps in quick screening
of pathogens growing on chromogenic agar plates without actual handling of culture
plates by a microbiologist. Results are automatically transferred to patient’s record
on the Hospital Information System (HIS) enabling the treating physician to start
appropriate antimicrobial therapy. The working of microbiology laboratories have
been hugely impacted by these technological advancements as the skilled lab
personnel are now able to devote their time to more difficult tasks.

8.4.1 Microscopy Image Analysis

Al was first applied for automated analysis of Gram stain from positive blood
cultures by Smith et al. (2018). Morphological characteristics of bacteria like
shape, size, distribution, etc. were selected to represent most common pathogenic
bacteria. A pre-trained CNN platform called Google Inception version 3 was used to
recognize several Gram stain images of unknown bacteria from positive blood
culture bottles. These were classified into gram-negative rods, gram-positive cocci
in chains, and gram-positive cocci in clusters etc. with a success rate of 95%. Later,
the same group of researchers used a computer with more advanced graphics
processing and analyzing unit and converted 100,000 image crops to create an
algorithm that increased the classification accuracy to 99%. Software called Tech-
nologist Assistant (TA) has been combined with trained CNN to support
technologists to evaluate selected cropped images on a computer screen enabling
them to report from remote locations (Smith et al. 2020). Further advancements in
microscopic analysis of bacteria include training algorithms to analyze and interpret
new morphological types and to recognize these bacteria and fungi from Gram
stained smears made directly from the specimens. Training software has been
developed to identify and score bacteria that cause bacterial vaginosis based on
Nugent classification (Nugent et al. 1991). Other smears that can be analyzed
similarly include calcoflour white KOH smears, lactophenol cotton blue fungal
slide preparations, and acid fast bacilli smears. Comprehensive training and
supervised ML tools are required for such Al-based applications.

Microscopic examination of direct stool specimen or peripheral blood film is the
gold standard for detection, characterization, and quantification of parasites. The
identification of Plasmodium species and Babesia species in peripheral blood films
is a time-consuming and highly specialized endeavor. Al has helped in making this
process more efficient and accurate especially in a high volume laboratory or field
hospitals where expertise is limited. A device for WBC differential count called
CellaVision attached with automatic slide scanner has been cleared by FDA for
screening of detection of intracellular parasites like Babesia in a Giemsa stained
peripheral blood smear (Oscar 2007). The efficiency and accuracy of diagnosing
malaria from peripheral blood films has been increased many fold with the develop-
ment of an automated CNN model (Fuhad et al. 2020). A support vector machine
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(SVM) has an ability to detect malaria parasite from microscopic images with
99.23% accuracy. This miniaturized mobile phone model that works through Inter-
net has been validated for different mobile phones. Deep learning models used for
automatic and quick detection of malaria pathogens from thousands of microscopic
images significantly improve the efficiency of the clinical pathologists especially in
rural settings (Fuhad et al. 2020). HRMAn (Host Response for Microbe Analysis) is
a neural network-based ML software that has been used to analyze Toxoplasma
gondii and Salmonella enterica infections in a variety of cell lines. Artificial intelli-
gence and digital slide scanners have also been tried for detection of helminthes eggs
and protozoan cysts from stool specimens (Holmstrom et al. 2017; Intra et al. 2016).
This intriguing technology holds great promise for development of future diagnostic
platform for accurate and speedy reporting of results. These images can be sent
remotely and read by Al anywhere in the world, thereby helping the labs in resource
poor settings.

8.4.2 Digital Plate Reading (DPR)

Digital plate reading software is used to interpret microbes growing on solid culture
media by comparing the image with previously stored digital images of culture
positive plates instead of directly viewing the plates. This technology is already
being used in clinical microbiology laboratories further strengthening the automa-
tion process in these labs. The wave of automation in clinical microbiology labora-
tory has already replaced manual process like inoculation, incubation, and transfer of
plates from workstation to incubator and vice versa. The current development efforts
are primarily focused on automating the interpretation of primary cultures using Al,
by developing efficient digital bacterial culture plate reading computer vision soft-
ware (Glasson et al. 2016, 2017). As a consequence, a microbiologist can report the
culture results while sitting in front of a computer screen. Full lab automation by
Copan (Bresica, Italy), WASP lab, and BD sparks Kiestra have become popular for
performing inoculation, incubation, and reading of petri dish images. This is known
as total or full lab automation (TLA/FLA). Two upcoming systems in this field are
Automated Plate Assessment System (APAS-LBT Innovations Ltd., South
Australia) and i2a platform (Montpellier, France).

Digital Plate Reading in most advanced microbiology laboratories is presently
performed by technologists. However, Copan has recently developed and marketed a
software called PhenoMatrix, which is designed to capture and interpret images of
culture plates (Faron et al. 2016, 2019; Van et al. 2019). Software called Optis has
been developed by BD Kiestra for digital plate reading (Croxatto et al. 2017). DPR
was first applied to segregate plates with growth from those showing no growth for
miscellaneous specimens and to segregate urine culture plates into no growth, no
significant growth, growth of mixed flora probably due to contamination, or pure
growth suggestive of UTI pathogen. DPR also helps in screening of antibiotic-
resistant bacteria by showing growth or no growth on chromogenic agar. Results
of these studies have shown excellent sensitivity, comparable with nucleic acid
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testing (NAT) for certain specimens (Van et al. 2019). Advanced Al systems are
capable of characterizing the culture growth on the basis of colony characteristics,
purity of culture, and colony count per milliliter of the specimen. A vast study
undertaken by three centers for urine samples cultured on blood agar and
MacConkey agar evaluated using COPAN software showed 99.8% sensitivity and
72.0% specificity (Faron et al. 2020). This efficiency would further increase with
newer and advanced software. With the help of these fast evolving technologies,
large volume of pyogenic cultures from sterile body fluids and urine can be screened
for growth or no growth in very little time, thereby reducing the turnaround time
(TAT) for culture reporting (Glasson et al. 2017).

8.4.3 Matrix-Assisted Laser Desorption lonization Time of Flight
Mass Spectrometry (MALDITOF MS)

MALDITOF MS is becoming a popular tool for fast and accurate identification of
bacterial and yeast isolates. In fact, various studies have reported direct identification
of bacterial pathogens and their antimicrobial resistance patters directly from the
specimen (Florio et al. 2018; Doern and Butler-Wu 2016). This can be of immense
help in predicting the resistance pattern of bacterial pathogens and strain typing
especially during an outbreak. ML techniques using MALDI-TOF MS are able to
differentiate vancomycin-intermediate Staphylococcus aureus (VISA) from
vancomycin-susceptible S. aureus (Wang et al. 2018; Mather et al. 2016). Another
group utilized a SVM model to distinguish between vancomycin-resistant Entero-
coccus faecium (VRE) from vancomycin-susceptible Enterococci (Griffin et al.
2012). They also performed hierarchical cluster analysis on 66 VRE isolates and
found a cluster of four isolates, which were found indistinguishable when checked
by pulse field electrophoresis. This technology has been found to be useful in strain
typing of Acinetobacter baumannii that could potentially cause a nosocomial out-
break (Mencacci et al. 2013) and for capsular typing of Haemophilus influenza
(Ménsson et al. 2018).

8.4.4 Antimicrobial Resistance Prediction by Whole Genome
Sequencing (WGS)

Al and ML can be applied to the field of clinical microbiology to predict antimicro-
bial resistance using WGS of commonly occurring pathogens. Sequencing can also
be helpful in identifying fastidious bacteria, to detect virulent phenotypes and to
investigate potential nosocomial outbreaks. In addition, WGS proves invaluable
while investigating patients presenting with unusual disease presentation (Long
et al. 2014; Olsen et al. 2015; Nasser et al. 2014). The data generated by WGS of
bacteria is helpful in predicting sensitivity pattern of bacteria and identifying resis-
tant and moderately resistant phenotypes based on their minimum inhibitory con-
centration (MIC) values (Long et al. 2017; Davis et al. 2016; Nguyen et al. 2018,
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2019). Accurate prediction of antibiotic susceptible or resistant phenotypes of
Klebsiella pneumonia against 16 antibiotics has been done using WGS data (Long
et al. 2017). Another study has applied ML model to predict bacterial phenotypes
and MIC of various antibiotics tested (Nguyen et al. 2018). Such ML predictions
based on WGS are unlikely to replace traditional susceptibility methods due to
inhibitory cost of WGS and due to constantly evolving resistance mechanisms.
Still a timely predicted result based on ML can help in initiating appropriate and
early therapy much earlier, thus leading to improved patient outcome. As WGS is
gaining popularity, the cost is also decreasing, which will enable microbiology
laboratories to introduce such ML models in their routine working.

8.5 Al in Infection Prevention and Control (IPC)

Another application of Al is in prevention and control of infections under these three
areas identified by WHO—surveillance of nosocomial or healthcare-associated
infection (HAI), accurate and quick laboratory diagnosis of these infections to
facilitate preventive measures, and education and audit of hand hygiene compliance
(Storr et al. 2017).

8.5.1 Surveillance of Healthcare Associated Infections (HAI)

Hospital acquired infections are those infections acquired by the patient during the
process of health care. Surveillance of HAI is very important for implementing
effective infection prevention and control of nosocomial infections. Surveillance
done by conventional methods is time-consuming, expensive, and needs a lot of
resources. In this advanced age of computers, newer information technologies and
digital record keeping of patient data through HIS, surveillance of HAIs, has become
partially automated and easy (Sips et al. 2017). Intensive data generated through
electronic healthcare records has been analyzed through ML tools to predict
outbreaks of influenza, methicillin-resistant Staphylococcus aureus (MRSA), and
Clostridium difficile infection (Cusumano-Towner et al. 2013; Li et al. 2019; Wiens
et al. 2014; Oh et al. 2018). Next-generation sequencing is now extensively used for
identification of disease causing microbes, their antimicrobial resistance pattern, and
strain typing (Deurenberg et al. 2017). Usefulness of ML tools in monitoring HAIs
has been reviewed for surveillance of central line associated bloodstream infections
(CLABSI), surgical site infection (SSI), Clostridium difficile infection (CDI), and
sepsis (Scardoni et al. 2020). It has emerged from this review of 27 studies that
surveillance conducted through ML-based tools resulted in early, accurate, and cost-
effective prevention of HAISs as high risk patients could be identified at an early stage
and timely infection prevention measures could be taken.
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8.5.2 Improved Laboratory Diagnosis to Facilitate IPC
Interventions

Deep learning through convolution neural networks (CNN) has helped to accurately
classify tuberculosis on chest x-rays in resource poor areas where prevalence of TB
is high. Automated detection of pulmonary tuberculosis based on chest radiography
can be used to screen and evaluate a large number of patients (Lakhani and
Sundaram 2017). CNN has also been used to accurately characterize bacteria
isolated from blood culture specimen based on their Gram stain morphology
(Smith et al. 2018). Direct microscopy coupled with Al tools offer innumerable
possibilities for clinics and hospitals in remote areas that do not have a microbiolo-
gist to seek expert opinion by sending the images of their findings to a central facility
and hence make the disease diagnosis. Al-assisted microscopy could also be applied
to analyze Gram stains of sterile body fluids, CSF, and AFB smears for
Mycobacterium, etc.

8.5.3 Hand Hygiene

Al has been applied to monitor compliance of hand hygiene among doctors and other
healthcare workers. An automated gaming and training system commercially avail-
able by the name of SureWash has been implemented for education of healthcare
workers (Higgins and Hannan 2013). Surveillance of hand hygiene compliance
through Al-powered cameras installed near the sinks in surgical wards followed
by an appropriate feedback by the infection control team resulted in improved
compliance (Lacey et al. 2020). Though Al applications have a huge potential to
control hospital acquired infections yet the need for strict policies and good gover-
nance remain crucial for improving IPC.

8.6 Disease Surveillance and Epidemiology

Web-based surveillance tools powered by Al are being used to predict epidemics in
some countries (Orji and Moffatt 2018). Major tasks performed by these intelligent
methods are risk assessment and timely detection of the outbreak; however, their
widespread use is still lacking. Two groups of emerging viral pathogens, airborne
viruses and arthropod-borne viruses, pose a constant threat to mankind. Out of these
two, the airborne viruses are more dangerous as they spread very fast and in an
uncontrolled manner especially due to increased international travel. The pandemic
potential of such viruses has been seen during the outbreaks of SARS-CoV, influ-
enza A/HINI, and MERS-CoV (Fitzpatrick et al. 2020). With the emergence of new
respiratory pathogen, there is a need for immediate action to diagnose new cases, for
disease surveillance, contact tracing, and making policies for quarantine of infected
persons. During the SARS-CoV outbreak, these mitigation strategies helped to
eliminate virus from the affected area, but in the pandemic influenza A/(HINT1),
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the virus quickly spread all around the globe leading to a pandemic. Since viruses
that have a human and animal reservoir are very difficult to eradicate, there is
pressing need for continuous surveillance. Dengue is the most widespread arboviral
infection, and about 390 million people are infected every year (Liu-Helmersson
et al. 2014). Zika virus can be transmitted in utero from a pregnant woman to her
fetus, and it causes congenital neurological disorders and morbidity. In 2018, an
outbreak of West Nile virus was reported by the European Centre for Disease
Control (ECDC 2016) affecting both humans and animals (CDTR 2018). The threat
posed by emerging arboviral diseases when they become epidemics emphasizes the
need for a serious focus on their management and control as these viruses of sylvatic
origin (usually a bird or small mammal) evolve rapidly, adapt to urban
environments, and then spread the infection to human beings world over (Gould
etal. 2017). Arboviral diseases are hard to diagnose as they present with nonspecific
symptoms, and control of vectors is very important to prevent their spread.

Combining Al with modern simulation models based on machine learning,
artificial neural network (ANN), decision tree (DT), logistic regression (LR), and
support vector machine (SVM) can be very helpful for policy makers to assess
complex layers like geographical, epidemiological, biological, social, cultural, and
economic factors. Such systematic evidence-based assessment and multilayered
analysis can help in the control and spread of such diseases.

Several teams from the United States, China, New Zealand, and South Africa
have utilized autoregressive integrated moving average (ARIMA) model for
predicting infectious diseases (Zhang et al. 2020).

8.7 Role of Artificial Intelligence in COVID-19 Pandemic

COVID-19, caused by SARS-CoV-2 (Zhou et al. 2020), was first discovered in
Wuhan City of China in December 2019 and has since evolved into a global
pandemic (Reeves et al. 2020). In order to address this global health crisis, ML
and Al tools have been deployed to track the spread of virus and to identify the
patients who are at a high risk of getting infected. These monitoring systems rely on
real-time digital health data collected by each country.

Al technologies that have provided a vital role in helping humans in the ongoing
fight against COVID-19 include supervised, unsupervised, and reinforcement
learning. A mathematical model has been proposed for studying transmission
dynamics of COVID-19 pandemic (Ndairou et al. 2020). Additional techniques
like auto-encoders and recurrent neural networks are important components of
many prominent natural language processing tools (Nguyen 2020).

8.7.1 Predicting and Monitoring the Infection

Al has been applied during COVID-19 pandemic by a Canadian company called
BlueDot that specializes in forecasting of infectious diseases (Bogoch et al. 2020).
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BlueDot links the data from centralized disease surveillance through artificial intel-
ligence with the airline itineraries collected 24/7 to anticipate the forthcoming
pandemics across our interconnected world. This company gathers data using an
Al engine continuously for a large number of diseases from a range of different
sources across the globe. It is worth mentioning that BlueDot was able to predict the
onset of COVID-19 outbreak much before WHO alerted the world (Bowles 2020).

8.7.2 Early Detection and Diagnosis of Infection

Since radiological diagnosis is based on imaging data, it is most compatible for deep-
learning techniques (Yu et al. 2018). Computed tomography (CT) chest images of
COVID-19 patients predominantly show bilateral ground-glass opacification and
consolidation (Wang et al. 2020). COVNet is a three dimensional automatic deep-
learning software used for accurate and fast detection of COVID-19 as it takes less
than 5 s to process each CT scan (Li et al. 2020). This method of radiological
diagnosis is gaining popularity over the gold standard RT-PCR for COVID in case of
critically ill patients where time is a big factor. Another similar Al system called
InferRead CT Pneumonia can identify features of coronavirus infection in CT scans
of patients having false-negative RT-PCR reports (Li et al. 2020). Al can thus assist
in making quick triage and clinical decisions regarding patients with COVID-19 and
hence facilitate the optimal use of hospital resources (Jiang et al. 2020). Hurt et al.
(2020) used an Al-augmented system for plain chest x-rays to track and predict the
progression of COVID-19 among hospitalized patients and to provide critical care to
needy patients.

An artificial intelligence enabled cough-based screening system called
AI4COVID that works through a smartphone has been developed (Imran et al.
2020). This app can easily distinguish between coughs of COVID-19 patients and
several other types of coughs of non-COVID patients. It records the 3-s cough sound
of a suspected patient, sends it to an Al engine running in the cloud, analyses the type
of cough, and sends back the result within a timeframe of 2 min. Thus, it serves as an
important screening tool.

8.7.3 Monitoring Treatment

Spread of this deadly coronavirus can be monitored using Al-based platform. A big
database of X-rays and CT chest images can be created for proper monitoring of
disease progression and treatment of COVID-19 patients (Haleem et al. 2020;
Biswas and Sen 2020; Stebbing et al. 2020). Such tools capable of providing daily
updates of patient’s condition are extremely helpful during the pandemic. Another
successful application of Al has been witnessed in the form of online training of
doctors and paramedics for providing better care to COVID-19 patients and for
control and spread of disease. Persons at risk of getting infection can be easily
identified, and clinicians are better equipped to initiate timely treatment, thus
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resulting in better outcomes. Jiang et al. (2020) developed an Al tool using several
clinical parameters to predict the course of patient disease with good accuracy.

8.7.4 Surveillance

Web-based tools for surveillance called Google Flu Trends (GFT) was used to
monitor influenza activity in real time (Christaki 2015). Drones have proven helpful
in monitoring the movement of people during lockdown especially in containment
zones and check those breaching the rules. Al-enabled CCTV cameras have been
used to identify the mask violators. Robots have been used for dispensing medicines,
giving hand sanitizers, and delivering educative public health messages for aware-
ness. Al-enabled chatbot called SGDormBot has been used in Singapore for mass
screening of COVID-19 symptoms in migrants (Chen and See 2020).

8.7.5 Real-Time Spread Tracking and Contact Tracing

A collaborative app for contact tracing was developed by two big tech giants, Apple
and Google in April 2020 to trace COVID-19 patients. This app works on Bluetooth
and is being used in several western countries. The Government of India in collabo-
ration with private companies developed a similar app named Aarogya Setu in May
2020 to control the spread of COVID-19. This contact tracing app uses real-time
location of its users via Bluetooth and alerts them about positive patients around
them, the risk of getting the virus, and how to deal with it. Approximately 16.73
crore users have downloaded this app, thereby strengthening India’s fight against
COVID-19, and total of 173,111,694 samples had been tested for COVID-19 up till
December 31, 2020. The Bluetooth contacts of positive patients are advised for
taking precautions, get themselves tested, and quarantined depending on the extent
of the exposure. This app identifies localities where clusters of positive patients
could be anticipated and helps to undertake extensive testing in such areas, thereby
helping in controlling the spread of COVID-19 infection.

8.7.6 Projection of Cases and Mortality

Ever since the start of COVID-19 outbreak in December 2019, several groups of
scientists around the globe have come up with computational models to predict the
spread of disease around the world (Duccio and Francesco 2020; Boccaletti et al.
2020). Such statistical models for disease forecasting are accessible to the public,
and these intelligent mathematical tools give information regarding number of new
cases, recovered cases, deaths, hospitalization needs, travelling restriction, and also
emphasize on importance of social distancing, etc. The predictions using these
models are sometimes variable due to vast and uncertain data and also due to
differences in design of these models (Woody et al. 2020; Jewell Nicholas et al.
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2020). The reason for such variations is nonavailability of data on this novel virus
during the initial phase of outbreak and lack of authentic, complete, and reliable data
from various geographical regions. Attempts are being made to resolve these issues
in revised models, but errors in predictions are still high. Secondly, these models
give predictions based on data of lab confirmed patients of COVID-19 who are
symptomatic and/or need hospitalization. Complete data of asymptomatic patients is
not available. Further scant information regarding predisposing conditions is avail-
able, thus limiting the reliability of such models. Consistent efforts and research are
required to improve and standardize these models for making timely and accurate
predictions based on information available.

8.7.7 Creating Chatbots

In order to face the challenge and threat posed by the growing pandemic of COVID-
19, the Government of India launched an innovative app called MyGov. This
helpdesk chatbot is helpful in establishing a beneficial partnership between govern-
ment and citizens to provide accurate real-time information about the coronavirus to
its two million users. MyGov chatbot has been created by Haptik (conversational
Artificial Intelligence platform), and more than 7.8 billion people have used this
chatbot till 31st December 2020.

8.7.8 Treatment Through Al

An Al powered tool for in silica screening can help to identify potentially effective
therapeutic drugs from the pool of already existing drugs. This is known as drug
repurposing. For example, ZINC15 has been found to be effective against COVID-
19 using deep learning technology (Ton et al. 2020). A molecule transformer-drug
target interaction (MT-DTI) NLP tool has been used to predict binding efficiency
between antiretroviral drugs like Atazanavir and surface proteins of SARS-CoV-
2 (Beck et al. 2020).

8.8  Summary, Conclusion, and Future Prospects

Al- and ML-driven technologies are extremely powerful and very promising in
accurate and quick disease diagnosis and treatment. These advanced tools facilitate
speed, consistency, and capability of handling large datasets. Integration of modern
technologies with traditional tools has transformed the field of clinical microbiology.

Though AI tools look very promising in improving health care, it is very
important to use these novel tools with great caution as the reliability of results
generated by these techniques depends largely on the data collected from various
sources. Therefore, challenge remains in improving the availability of high quality,
accurate, and unbiased data so as to make reliable predictions and to enable better
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decision making by healthcare authorities. Data integrity, appropriate data
processing, algorithms, appropriate model selection, remodeling, continuous moni-
toring of models, and improved validation strategies must be used in order to achieve
the maximum benefits of these futuristic tools. The constant mutating of diseases and
viruses make it difficult to stay ahead of curve, but continued advances in Al promise
in help people to live a longer and healthier life.
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Baljinder Singh

Abstract

Digital information is increasing continuously, and therefore long e-term storage
is required to store data. Magnetic media and optical media have many
disadvantages, which can be overcome by deoxyribonucleic acid (DNA), a
natural mechanism of storing data. The latest technique has transform science
fiction into reality. DNA has all the resources to replace the conventional hard
disk store huge amount of data with in small volume. Although DNA has a
massive potential to store data but some limitation such as very expensive costs,
slow reading and writing mechanisms are required to solve till now. In this
chapter, I highlight how DNA can store data in the future and limitation of
using DNA as data storage.

Keywords
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9.1 Introduction

Biocomputers (BCs) are a computer made from living cell. BCs use chemical inputs
and biological molecules such as proteins and DNA. BCs use two term “neural
networks” and “genetic algorithms” to study and assess the given information. There
are average 86 billion neurons in human brains that process and transmit informa-
tion. Neural network works on the basis of the same principle. Genetic algorithms
are based on genetic code sequences and computer retrieve information from code
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and give predicted outcomes or result in the production of a particular protein. These
biocomputers are used for studying and reprogramming the living system. The
scientists have already created a biological transistor inside Escherichia coli using
DNA and RNA. These transistors are called transcriptors. The biological
transcriptors control the flow of enzymes along a strand of DNA. These transcriptors
could be used to reprogram living system such as gene expression. The biological
transcriptors can also be used to cellular therapeutics. Scientists are trying to transmit
genetic information between cells called the biological Internet. By using computa-
tional input inside the cell, researchers are trying to sense and report the presence of
cancer. Such system will also help in designing of drugs. Artificial intelligence,
brain—computer interface, optogenetics and molecular computers, and DNA
computers are the recent technique related to BCs. BCs capable of performing task
like the human intelligence are called artificial intelligence (AI) or machine intelli-
gence. The point where BCs exceed human intelligence is called superintelligence.
Brain—computer interface uses brain activity and converts it into artificial output that
helps person to communicate their wishes that have brain disorder or are severely
paralyzed.

Any innovation that inspired by nature is called biomimicry. Biomimicry is
something like the leaf, bird wings, etc. and tries to figure out better resource from
them. Biomimicry is based on nature principle because nature always operates in
economical and efficient manner with no waste generation. DNA as a data storage is
also a type of lesson that has been learnt from nature, living cell, and molecular
biology to tackle the computational challenges faced by the silicone-based hardware.
Nowadays, data is stored in an electronic devices using binary code 0 and 1, and to
retrieve this data, applications are run to extract and process this binary code and
present the information in its original form. But these technologies have limitations,
especially when required to design small devices. To tackle this problem, scientist
tried to make alternate mechanism for data storage using biomolecules such as DNA
and synthetic chemicals to develop inevitable approaches to data storage and
computation. Storing data in DNA was first demonstrated in 1988 (Davis 1996).
After that, scientists have tried many experiments to store data using biological
material.

9.2  Why Scientist Selected DNA for Data Storage System

DNA is a natural mechanism of data storage; it contains all the genetic instructions
required for the body to grow and function. If DNA can store all biological data, is it
possible to store digital information too. Researcher found that DNA can also store
digital information. Scientists are using genetic DNA to create data storage system.

Humanity has generated huge data in past year. In the study conducted by Google
by using company Doma software in 2018 on 3.88 million searchers, it was found
that in every minute people watched 4.33 million videos on YouTube, tweeted
473,000 times, and sent 159,362,760 e-mails. From this study, it was estimated
that 1.7 megabytes data will be required for storage per person per globally. Vast
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Table 9.1 Properties of information data storage devices

Storage devices Data reserve time (years) Data holding capacity Access time
Hard disk >10 Terabyte Seconds
Flash memory >10 Gigabyte Seconds
DNA 100-1000 Zetabyte Hours

majority of our data is stored in magnetic media like hard drives and optical media
such as CD and DVD. Therefore, optical or magnetic data storage system cannot
hold data of 7.8 billion world population for more than century. With the passage of
time, the data storage problems become more serious. Table 9.1 shows data storage
capability of different devices. One of the major limitation magnetic and optical
media is it iS not robust, has low information density, and each media required
special device to read and write data. These problems can be overcome by using
DNA as data storage. The problem of robustness in magnetic media is that hard drive
is unreliable with life and is 1-3% died in first year and in the subsequent year that
rise to over 10% death. For example, in 1991, mummy of Otzi iceman was found in
Alps. He was died in 5000 years ago, and yet we are still able to extract DNA, read it,
and found to be lactose intolerance and still have living relatives in Austria today. If
Otzi have been carry hard drive with him, we were not able to extract data after
30 year. Facebook cold storage data center is 5700 m? in size and can store 1 exabyte
data. As huge amount of data is generated in 2018, hence storage of such data
required some novel or natural storage material. DNA is the best answer to this
problem, as we can store data of 1 zettabyte per gram DNA. In this way, only 5 g of
DNA is required to store whole data of Facebook cold storage data center. On the
basis of theoretical calculation, DNA can encode 455 exabytes per gram of ssDNA.
Human have huge DNA storage capsules, as 37 trillion cells are normally found in
human body. If human genome is 750 MB in size per cell of body, and then it
contains 750 x 37 trillion MB data storage capacity.

9.3 How Data Can Be Stored in DNA

Traditionally, we stored data in binary code 0 and 1. Like binary code, DNA stores
genetic information through the sequence of nucleotide base adenine (A), guanine
(G), cytosine (C), and thymine (T). With four possible base units, data normally
required two number of binary that can be stored in one nucleotide base. This means
information can encode twice the amount of information in DNA than as in binary.
In hard drive 0 is represented by area of the disk, which is magnetized. DNA has four
nucleotide base A, T, G, and C. This mean we have four distinct value A, T, G, and C
in a set of two O and 1. Therefore, we have to revise with binary file. Instead of
storing each 0 or 1 individually, we store in comparison of two like 00-A, O1-T,
10-C, and 11-G (Fig. 9.1). Once we have this setting, we can encode data into
synthetic DNA. This is exactly like the real stuff but only the difference is that
synthetic DNA is not stored in cell. Data stored inside DNA can be read out by DNA
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sequencer. However, this process is not perfect, and read error may occur. The
sequencer may read T instead of G or not able to sequence if DNA became damaged.
In organic DNA, change in nucleotide may results in mutated proteins or even kills
the cell. But in synthetic DNA, we don’t have protein, and therefore, this problem
can be overcome by adding error correcting codes into data that stored in DNA. How
this error correcting codes works? It’s simple, imagine we want to store three digits
2, 8, and 3, and you are able to recover all three codes even if one is missing. This is
possible if you add these three digits (2 + 8 + 3 = 13) in data, e.g., if 3 is missing, it
can be recovered by 13 — 2 + 8§ = 3. Now, DNA data can also be copied by using
polymerase chain reaction (PCR).

So far, scientists have enabled to store entire books and music videos in DNA
sequences. This digital books and audio files are converted into binary code that is
translated into specific sequences in nucleotides. A strand of DNA, which is then
freeze dried and once freeze dried this DNA, the information it contain can last for
thousands of years. When the time comes to access this stored data, the DNA strands
are sequenced and can be converted back to binary code or any other base
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representation. Besides DNA storage, scientists are developing new molecular
storage strategies using the wide varieties of small molecules, including small the
molecules that make up metabolome. Metabolome is the complete set of all small
and macromolecules in the biological system. Its diverse chemical composition
makes incredible information dense. Complex processes occur in our body at
molecular level; the makeup of metabolome is the informational basis for all these
events. Based on this idea, scientists are creating extensive libraries of synthetic
molecules that like metabolome can be used to encode information stored and even
execute complex data computation. With the mixture of these complex molecules
dissolved in solution, scientist can retrieve information by analyzing the mixture
with special instrument. The read out from instrument indicates the presence or
absence of specific molecules. This information can be converted to base represen-
tation system code like binary, which computer can interpret. For example, the
presence of molecule “A” in sample can equated to 1 while its absence is equivalent
to O in binary. By referencing the preestablished library, the presence or absence of
the molecule in a mixture represents one bit of information. In a 4 x 4 well plate,
with 16 unique mixtures, four molecules can then encode 64 bit data. Imagine this
process on much larger scale and you can get an idea that just how much data can be
stored in this way. Traditionally, by understanding how these molecules were react
in certain environments, scientist can apply different reaction conditions to change
data storing molecules in a manner like traditional computation. In this way,
complex manipulation and calculation can be performed on data in multidimensional
spaces, while this store in a very small volume of solution. This would allow for
sophisticated parallel computing, enhanced parallel recognition, and improved such
algorithm used by popular web services today. Once we able to find storage
computing power of small molecules like DNA, metabolites will be able to contain
more information in less volume, in which electronic devices become even smaller
than they are today. One of the major drawbacks of DNA as data storage is the cost
and speed of reading DNA. For the synthesis of one megabyte, 3500 US dollar is
required.

94 Related Work

The data encoding is big challenges for researcher. Earlier researchers were able to
recover very short massages. Bancroft et al. (2001) used ternary encoding to translate
text to DNA. They sequenced three nucleotides A, T, and C for 26 English characters
and space characters, but these encoding results reduced consistency for longer
messages. In 2010, Gibson et al. performed in vivo study and recovered 1280
characters from bacterial genome, but the applications are quite different in vitro
study. Later on Church et al. (2012) and Goldman et al. (2012) recovered 643 kb and
79 kb message, respectively. But both studies have bits of error, 10 bits error, and
25 nucleotides are missing in Church et al. and Goldman et al. studies, respectively.
Finally, Grass et al. recovered 83 kb message without error. Yazdi et al. (2015)
developed the first DNA-based storage architecture that facilitates random access to
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data blocks and rewriting of information stored at arbitrary locations within the
blocks. The CRISPR-Cas gene editing not only is a recent technique known for
assisting scientists to treat genetic diseases but also has potential to be used in BCs.
Shipman et al. (2017) encoded digital movie into the genomes of bacteria(s) using
CRISPR-Cas, Casl-Cas2 integrase system. They recorded the images of a human
hand into the genome of E. coli with more than 90% accuracy. Recently, Kim et al.
(2019) created CRISPR-Cas based core processors into human cells.

9.5 Conclusion

DNA-based storage has the capability to store data of world in future. Its durability
and data holding capacity attracted researcher for use as storage devices. However,
synthesis of DNA and reading and writing is expensive process, but advancement in
biotechnology will definitely overcome this problems in the future. Now, it’s the
right time for collaboration of biotechnology and computer-based industries to
accept the challenges to combat with problems.
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Abstract

The IoT (Internet of Things) is a mechanism of connecting biomedical and
implantable medical devices by the network and sending the data over the
network without any human interference. IoT is a novel technology in the
biomedical that allows the network to reach out to the existing world of touchable
objects. This technology is growing very fast, and most of the healthcare systems
are now enabled by IoT. The best examples of this can be seen in the context of
smart city, agriculture, health care, transport and logistics, etc. Cloud computing
plays an important role in the IoT processes like data processing, securing the
data, and other tasks. However, as the biomedical data is being transferred over
the network, there are possibilities of breach in the security of the biomedical
data. For solving and improving the security issues, an inventive approach is to
integrate cloud and the IoT. For the integration of IoT and cloud, the key factors
to reckon are: validation methods and IoT framework, which must be reliable and
secure. This chapter is an exhaustive analysis of the IoT, Cloud, Cloud model,
integration of Cloud with IoT, and its applications in biomedical. The study also
enlists the various challenges that the practitioners are contending within the
framework of IoT and Cloud. The chapter attempts to posit workable solutions
that would be an effective reference for future research and adaptation in the
domain of securing the biomedical data exchanged through Cloud and IoT.
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10.1 Introduction

In the digital world, the Internet of Things (IoTs) is a revolutionary technology,
especially in terms of the biomedical, social, as and financial flexibilities that this
technology offers. The IoT has captured most of the engineering fields like computer
science, biomedical engineering, electrical and electronics engineering, and other
technical and nontechnical fields. Like the other networked devices, biomedical IoT
is also a networked device, which is used to communicate with other implantable
devices. The use of IoT is predicted to reach approximately 22 billion till 2025
(Lueth 2018). Figure 10.1 tabulates the increasing span and rate of IoT networked
devices from 2015 to 2025. Biomedical IoT devices are gaining popularity because
of the ease of communication, which they afford over the Internet. However, these
networked devices are facing security and monitoring issues (Alam 2017a).
Web-based and mobile-based biomedical IoT control technology is popular, and
numbers of networked devices are increasing by the day (Alam 2017b). Implantable
IoT devices transmit the data to other device connected through the Internet (Alam
and Benaida 2018).

Biomedical (implantable) IoT contains the sensor, which senses the signal and
other object and store the data. Biomedical IoT devices are connected to each other
through the wireless network and send the data to the cloud for the preprocessing
(like, storage, computation, and many more) (Tiwari and Matta 2019). Biomedical
IoT devices use heterogeneous technologies for data transmission and protocol for
communication like “Bluetooth,” ‘“Zigbee,” RFID, and near-field communication
(NFC). For the worldwide data transmission, IoTs used mobile network services like
GPRS-Edge, 3G, 4G, and 5G. IoT sensors automatically work as a machine to
machine communication. Application of IoTs is too broad and ranges from
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developing smart home, smart city, environment forecasting, healthcare manage-
ment, energy management, and agriculture. All these sectors generate a large amount
of data that needs to be easily and frequently accessed (Baskar et al. 2017).
Managing large amount of data that is created by the heterogeneous devices requires
flexible network. But the performance of biomedical IoTs decrease by the increased
use of heterogeneous devices (Olleros and Zhegu 2016). The reasons for this include
limited power, bandwidth availability, and memory. The best solution for
overcoming these limitations can be the integration of Cloud and IoT. Cloud can
provide on demand the storage space and application development platform (Misri
et al. 2019). Cloud IoT concept evolved from MIT’s Auto-ID labs, and this concept
was created by the integration of two heterogeneous biomedical IoT devices and
Cloud platform. The biomedical IoTs face the problems of limited computation
power and storage space and limited power backup. Yet another drawback is that
biomedical IoT operates by the energy, and in some cases, IoT consume more energy
than required. This may cause extra heating in the device and reduce its efficacy and
damage the organs of the patient. These issues also lead to security flaws and breach
in the privacy of the biomedical IoT (Shah and Bhat 2020). Cloud IoT can ensure
efficient power and resource management and provide a far more expansive platform
for biomedical and different application areas. Cloud IoT may process the data in
real-time application in a far more secure and reliable fashion. Clients (health care)
can use the services of the Cloud IoT on pay per use basis or on subscription. Cloud
IoT provides the countless services by Cloud-based application like Software as a
Service (SaaS), Platform as a Service (PaaS), and Infrastructure as a Service (Iaas).
Quality of Service (QoS) is also maintained by the Cloud (Mehetre et al. 2018).

Few characteristics of the Cloud IoT implementation include: a virtually large
storage space and fast computational for biomedical IoT, processing of images,
efficient and effective resource management, and quality of services among several
others. Reliability of the data, secure transmission, and data storage are other
solutions of the Cloud IoT. Hence, Cloud IoT technology can be a highly effective
virtual means for transmitting the biomedical, economic, and business data. How-
ever, even Cloud IoT is vulnerable to cyber-attacks as data predators are continu-
ously poaching on highly sensitive data for commercial exploits. Hence, the
developers should focus on the safety, confidentiality, privacy, integrity, availability,
and authenticity (Mehetre et al. 2018). For the authenticity and data encryption, the
cryptography technique is used, to ensure that the biomedical (implantable) IoT is
tamper-proof and has not been damaged by overheat (Pawar and Vanwari 2016).
When two different technologies are integrated, then all the services should be
flexible, unstoppable, and provide biomedical data under surveillance (Kosba et al.
2016). In this chapter, we have discussed the security issues, which affect the
biomedical IoT and vulnerabilities, which are added with Cloud.
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10.2 Related Work

Since biomedical (implantable) IoT support different protocols, it is difficult to
maintain the adaptability, reliability, accessibility, and authenticity of the data
being transferred through it. Integrated technology of Cloud IoT provides reliable
communication, storage, and computation (Sandeep 2018). “Cloud” would provide
support to the [oT by increasing the adaptability to interconnect with the real-world
appliances (Ahanger and Aljumah 2019). In this league, we analyzed several
research studies that explore the advantages and features of integrating Cloud and
IoT in biomedical engineering. The relevant literature is enunciated below:

Pawar and Vanwari 2016 presented a detailed review on Cloud and IoT integra-
tion. In this paper, the authors find out different characteristics of cloud and IoT and
also identify the prime factors that are responsible for the integration of Cloud
and IoT.

Xu et al. (2000) explained the steps required for the practical implementation of
integrated Cloud IoT.

Khan and Salah 2018 designed sensor-based cloud infrastructure and explained
the architecture and implementation. This infrastructure was based on converting a
physical sensor into virtual sensor over the cloud.

Al Fuqaha et al. (2015) implemented open source cloud-based integrated plat-
form known as the [oTCloud, which permitted the users to create flexible and proper
sensors for the IoT applications. Future Grid Cloud test bed was used for the
performance and empirical analysis.

Qui et al. (2018) presented the latest principal representation for intercloud
architecture and also helped in the common and different range of management
based on the nonfunctional requirements of the heterogeneous cloud. However, this
study does not elaborate the cloud relation with IoT.

Pustisek and Kos (2018) implemented a Media Edge Cloud framework, which
contained storage space, CPU, and graphics processing unit. The Media Edge Cloud
provides the parallel and common computing and also maintains the QoS. However,
the empirical cost analysis has not been verified in the study.

Khattak et al. 2019 proposed a novel framework of communication for integrated
vehicular ad hoc network, cloud and IoT, known as VCoT, through the vehicular
clouds and IoT services for new applications. This framework is designed for
particular application like smart city. It is operated and controlled by the LoORaWAN
vehicular ad hoc network.

Tanweer Alam (2019) introduced the integrated framework Cloud-MANET-IoT
for solving the data transmission security issue and increasing the performance. The
main objective of this study was to create a communication system between the
embedded Cloud and IoT. This chapter defines the Cloud IoT paradigm and integra-
tion elements and also points out the important issues in Cloud IoT along with their
feasible solutions.
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10.3 Internet of Things Model

IoT communicates over the Internet by using the divergent protocols with the
heterogeneous devices. Devices connected from other devices in the network are
also known as IoT or Things. IoT contains short range of communication and low
power consumption devices like radio-frequency identification (RFID), Bluetooth,
Zigbee, and many more.

Main elements of IoT like Internet, Processing, and Things are shown in
Fig. 10.2.

10.3.1 Internet

Internet provides the connection among the devices by the Internet protocols.

10.3.2 Processing

In the IoT, processing on the received data is done through the sensors with the help
of microcontroller.

10.3.3 Things
Things include sensors, appliances, and other instruments, which observe their

surrounding by the RFID. Things act as an actor and perform the task after sensing
the processed signals.

10.3.4 Hierarchical Architecture

This is an era of smart devices in which the device is connected to the Internet and
the information is transmitted over the network. The model depicted in Fig. 10.3 is
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divided into four layers in a hierarchical manner. These layers are denoted as: the
Application layer, Middleware layer, Network/Transport layer, and Physical layer.
All the layers have their own defined function and services.

10.3.4.1 Physical Layer

First layer of the architecture is physical layer, which uses the sensors, like RFIDs,
barcode reader, and many more. Main function of this layer is to take inputs and then
send the information to the processing system. After processing, the information is
sent to the upper layer for operation or control.

10.3.4.2 Network Layer
Network layer is used for data transferred from initial source to the goal source.

10.3.4.3 Middleware Layer

Middleware layer works as an intermediary between the application and network
layer. The entire data management task is performed in this layer. Thereafter, the
processed data is sent to the upper layer.

10.3.4.4 Application Layer

Application layer is the user-friendly layer that contains many application functions.
Application layer promotes different application areas like the Smart industry
system, Smart health care, and Smart city and traffic.

10.3.5 Cloud Model

Cloud provides the on demand service to the users like application development,
computational power, homogenous database, and data analysis. Most of the IoTs
choose Cloud service for its economic feasibility, reliable performance, flexibility,
scalability, and enhanced security. Cloud differs from traditional processing systems
because of various advantages that include: the feature, on demand services, broader
network access, collection of multiple resources, and the elasticity of resource.

Figure 10.4 demonstrates the Services of Cloud in different stages. These
stages are: Infrastructure as a Service (IaaS), Software as a Service (Saas), and
Platform as a Service (Paas).

10.3.5.1 Software as a Service (SaaS)

SaaS provide the unlimited access to the software and database through the sub-
scription for that service. Cloud provides the security for the users’ data, and the data
are not lost due to hardware failure. We can access Cloud anywhere and anytime
from any geographical location.
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10.3.5.2 Platform as a Service (Paas)

PaaS provide multitasking on the work stations, and different users can work
simultaneously on it. By using the interface, the users can manage, develop, test,
and deliver apps to clients.

10.3.5.3 Infrastructure as a Service (laaS)
IaaS provide the virtual space and resources to the users for purchasing the services.
IaaS is scalable according to users’ needs. IaaS provide the services like the billing
system.

Cloud services are categorized into four entities which are:

1. Public Cloud
Best explained by the term Public, the Public Cloud makes the resources available
for public access through the Internet. Service providers charge the users
according to the services accessed. Examples include: Google cloud, Amazon
Elastic Compute Cloud (EC2), IBM Blue Cloud, and Sun Cloud.

2. Private Cloud
Private Cloud is serviced by the company or organization for their use, for
example, Google Drive. This is also referred to as the Mobile Cloud.

3. Community Cloud
This service is hired by a particular community and organization for personal
tasks; this is also like a private Cloud.

4. Hybrid Cloud
Hybrid Cloud is a combination of all three Clouds: the Private, Public, and the
Community Cloud services.

10.4 Integrated Cloud with loT (Cloud loT)

With the ubiquitous use of smart biomedical devices, the dependability on Internet is
increasing. Since the interconnectedness among different Things is also on the rise,
the rate of data generation by the things is also increasing voluminously. However,
the biomedical IoT have limited storage space, and the data generated on the Things
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cannot be stored in this capacity. In the biomedical 10T, the sensors send the data to
mainframe system (apps), which needs infrastructure and resources for computing.
Data storage on the mainframe system is costly, and the process of an application
running in the mainframe is also times consuming. Besides this, if the biomedical
IoT fails, then the whole system (device) stops functioning. The present day demand
of the patients is biomedical IoT devices at low cost but with more accurate and
computational power. Cloud IoT is an apt solution as it is cost-effective, robust, and
tangible in nature (Farooq et al. 2015). In the integrated Cloud IoT, biomedical IoT
sensors takes inputs data of patients and sends the data over the Internet while Cloud
provides the space and resource for the processing on the data taken by the IoT
implemented on the patient (Khan and Salah 2018). Figure 10.5 explicates the
working of the integrated Cloud IoT. In the figure, the data from the biomedical
IoT device is sent to the biomedical IoT layer, and this layer sends the data to the
Cloud for the storing and preprocessing on the data. After the data has been
processed, the users can access the data through the application layer.

10.4.1 Features of Integrated Cloud loT

10.4.1.1 Storage Space

Biomedical IoT generates large amount of patient data. The generated patient data
that comes in the semistructured and nonstructured form is called the big data
(Dhaliwal et al. 2010). The biomedical IoT devices cannot capacitate the big data.
However, Cloud can effectively and efficiently manage big data. Patient data is
stored in the Cloud and processed on the patient data through different data
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analytical tools. Further, required data can be accessed for extracting fruitful infor-
mation. Multiple cryptography techniques are applied for securing the patient data
from trespassing.

10.4.1.2 Computing Power

Every biomedical IoT has limited power of computing, and this debility impedes the
data processing operation of the IoT. For removing this issue, the patient data is sent
to the powerful and scalable computational Cloud.

10.4.1.3 Communication

Though biomedical IoT provide reliable data share over the network, the communi-
cation through the Internet is costly and is not economically feasible. But the patients
can avail similar and more efficient services through Cloud. Moreover, these
services are economical and can also be accessed at any given hour from any
geographical location.

10.4.1.4 New Security Model

Maintaining the adaptability, validity, accessibility, and authenticity between bio-
medical [oTs and protocols is a very difficult and costly process. This issue can be
solved by Cloud, because Cloud provides authenticity, easy access, and economi-
cally feasible distribution of patient data.

10.4.2 Cloud loT Applications

Integrated Cloud and IoT communication technologies are like: Machine to Machine
(M2M), Human to Human (H2H), and Machine to Human (M2H). The real-world
application has been displayed in Fig. 10.6.

10.4.2.1 Smart Health Care

Digital health care is a rapidly growing application driven by Cloud IoT today.
Healthcare monitoring system contains (1) sensors and implantable devices to
monitor and record the patient’s data; (2) healthcare devices use wireless body
area network for communication, this permits the doctors to access the data even
from remote zones; (3) and Cloud server for data storage and analysis. Health care
produces huge data on a daily basis; the data are stored over the cloud. For the
processing on the data, many data mining tools are applied for the decision making.
Thus, the integration of Cloud and IoT technology is highly recommended for
maintaining the efficacy of the Smart Healthcare.

10.4.2.2 Internet of Robotic Things (IoRT)

IoRT is emerging technology of Al and big data. IoRT is used for the surgery and
other medical work. IoRT can be controlled by programs, manipulates, and transport
materials in different types. [oRT is used to minimize the risks, better surgical results
with low cost.
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Fig. 10.6 Cloud-based IoT
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10.4.2.3 Signal Processing

IoT used in biomedical for medical data processing. Biomedical IoT implant in the
human body and capture the signal and send to the mobile and cloud for the
processing of the data for the better treatment.

10.4.2.4 Smart Medical Devices

IoT is making the medical devices smart by the connected with the Internet.
Biomedical devices take the patient information and directly transmit the data for
the processing over the Internet and reduced the interference of human and save time
and money.

10.4.2.5 Wearable loT (WioT)

Wearable device generates the huge amount of the personal health data. Cloud, Fog
computing, and big data play an important role in the WIoT. All these services
manage the huge healthcare data and improve the biomedical process at remote and
local servers.

10.4.3 Open Challenges in Integrated Cloud loT

It is clear that tangible benefits will add to the integration of Cloud and IoT.
However, this technology needs to be secured from the data invaders who are
constantly working on inventive mechanisms to hack and pilfer the sensitive data
of the users. Hence, the researchers and the security practitioners need to eke out
effective safeguards against cyber-attacks.
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10.4.3.1 Privacy and Security

In the Integration of Cloud and IoT, the privacy and security is the most important
concern. Privacy checking methods are required to check the patient data on the
network. Moreover during the storage time also, the integrity and authenticity of data
must be maintained because the privacy of patient data is necessary for the perfor-
mance of application and framework. Thus, there is a need to develop secure
framework for heterogeneous technique information sharing among the biomedical
IoT and Cloud.

10.4.3.2 Need for Standard Architecture of Protocol

There is yet no standard architecture of protocol available for communication for
biomedical IoT. All the protocols are available for heterogamous devices only. Even
the homogenous devices in network use the heterogeneous communication protocol.
It is possible that at the time of data aggregation gateway, due to incompatibility, the
protocol does not support the device. Incompatibility issues become more serious
when they are connected or integrated with Cloud. If service providers want to
ensure secure and seamless integration of Cloud and IoT services, it is imperative to
develop standard protocol.

10.4.3.3 Efficient Power Consumption

Power consumption is a very important issue in integrated Cloud IoT, because all
biomedical IoT devices contain batteries. All these batteries do not have the requisite
backup, and if video surveillance is in process, then problem becomes more serious.
There is an urgent need to harness the natural resource (wind and solar power) for
power generation, and inventive models can be designed in this context (Khari et al.
2016). Other solution to this problem is to write the program for the energy saving.
Program routinely checks the biomedical devices and ensures that when the action
occurs, then the biomedical device is in operation mode or in the sleeping mode.

10.4.3.4 Limited Bandwidth

Limited bandwidth of biomedical IoT devices bars the performance of biomedical
devices, retarding their ability to give optimal efficiency. Therefore, there is a
compelling need for high bandwidth so as to optimize on a biomedical device’s
performance.

10.4.3.5 Delayed Services

Cloud has various services and countless computing resources, but these services
cannot be utilized and will not be beneficial if they are delayed. Thus, for removing
the delay, fog computing must be enlisted along with the Cloud and IoT. The fog
computing is used for achieving low latency and preventing delay for the sensitive
applications.
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10.5 Conclusion

Integrated framework developed in the twenty-first century has various advantages
in biomedical data processing. Integration of Cloud and IoT (Cloud IoT) provides
the services for powerful computing, unlimited data storage space, and availability
of network any time to medical data. However, this technology needs more inventive
interventions to ensure that the privacy and integrity of users’ data is not infringed
upon. The chapter chronicles several lacunae and possible solutions for the same in
the integrated Cloud IoT in biomedical engineering. This discussive study is an
attempt to engage the attention of the present day research investigations in domain
of Cloud IoT in biomedical engineering.
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Abstract

Recent technological advances in next-generation sequencing (NGS) methods
have made significant achievements in the field of cancer genetics. These
technologies have helped to reveal diverse genomic heterogeneity landscape
across various tumor types. The most promising aspect of NGS technologies is
the identification of cancer-causing genes and actionable genomic alterations that
could help in selecting patients for targeted therapies. This chapter focuses on
applications of NGS in cancer research in solid and liquid biopsies, discusses
NGS-related methods, reviews progress in clinical oncology, and summarizes
challenges.

Keywords

Cancer - NGS - Cancer therapy - Clinical oncology - Genomics

11.1 Introduction

In recent years, the rapid progress in next-generation sequencing (NGS)
technologies has profoundly impacted our understanding of cancer genomics. To
date, NGS-based technologies have been comprehensively applied in many fields
such as genomics, epigenomics, transcriptomics, metabolomics, and proteomics.
These systems also have the potential to characterize the single-cell genome.
Many large-scale projects such as the Cancer Genome Atlas (TCGA) (Weinstein
et al. 2013), International Cancer Genome Consortium (ICGC) (Hudson et al. 2010),
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and American Association for Cancer Research (AACR) GENIE (Genomics Evi-
dence Neoplasia Information Exchange) (Gulbahce et al. 2017) are using these high
throughput technologies to characterize individual tumors and a various cancer types
and subtypes. The application of NGS technologies into these large-scale sequencing
projects has revealed insights into the mechanisms underlying tumorigenesis in
various anatomical sites (Weinstein et al. 2013). In addition, these NGS-based
assays are now being introduced into the clinical practice that enables physicians
to provide patients with more personalized care. For instance, the identification of
cryptic actionable variants uses whole genome sequencing in cancer susceptibility
genes (Welch et al. 2011; Link et al. 2011).

NGS has been gaining more attention in recent years as an important diagnostic
tool in the field of liquid biopsies, such as circulating tumor cells (CTCs), circulating
tumor DNA (ctDNA), or cell-free DNA (cfDNA), with more sensitivity and speci-
ficity. The application of NGS in liquid biopsies has revealed insights into tumor
heterogeneity and clonal evolution (Aparicio and Mardis 2014; Shi et al. 2018).
Many physicians are using NGS liquid biopsy tests such as Guardant360, Guardant
Health, Foundation Medicine for the detection of activating and resistant genomic
alterations in actionable genes and to also determine the tumor mutation burden.
More importantly, the genomic/transcriptomic/proteomic profiling at the same time
from the same cell provides a more comprehensive understanding of the cellular
processes that occur in tumor cells (Macaulay et al. 2015, 2017; Angermueller et al.
2016; Dey et al. 2015). Although the application of NGS in solid and liquid biopsies
has expanded the translational research, however, the clinical implementation of
NGS in both areas is challenging because of the complexities of the assays and
requires validation before implementation in a clinical diagnostic laboratory.

This chapter aims to provide a concise picture of the recent technological
advances in NGS and their applications in cancer research and will further discuss
challenges and future research directions.

11.2 Overview of the Experimental Approach for DNA/RNA
Sequencing Platforms

Below are the NGS technologies used to identify genomic alterations in solid and
liquid biopsies:

11.2.1 Whole-Exome Sequencing (WES)

WES is routinely used for the identification of rare and common disease-related
genetic variants in humans (Oliver et al. 2009; Bolze et al. 2010, 2013; Byun et al.
2010; Bamshad et al. 2011; Tennessen et al. 2012; Koboldt et al. 2013; Casanova
et al. 2014). This technology targets approximately 1% of the whole genome and
detects up to 85% of disease-causing mutations. There are two main methods of
exome capture technology: solution-based and solid-phase hybridization capture or
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array-based capture method. In the solution-based hybrid selection method, the
DNA samples are first sheared and followed with basic steps of library preparation
including the end-repair and A-tailing and adaptor ligation. The amplified fragments
were then subjected to hybridization with biotinylated oligonucleotide probes spe-
cific to the region of interest. The magnetic beads are used to separate the
biotinylated molecules, and non-hybridized molecules are washed away. The
samples are then sequenced with any standard exome sequencing platforms such
as [llumina, Nimblegen, and Agilent before doing computation analysis. The solid-
phase hybridization capture method is similar except the probes that are bound to a
high-density microarray. The array-based method requires less input DNA and is
more efficient than a solution-based method (Asan et al. 2011; Bodi et al. 2013).
However, the solid-based approach is less scalable, time-consuming, and requires
additional equipment.

11.2.2 Whole-Genome Sequencing (WGS)

WGS enables the identification of the full spectrum of genomic alterations including
noncoding mutations in cancer cells (Nakagawa and Fujita 2018). This sequencing
technology provides a comprehensive picture of the entire genomic DNA sequence
by capturing both large and small genomic alterations that would be missed when
applying a targeted sequencing approach. Many studies have shown that WGS is
more powerful than WES in detecting exome variants (Belkadi et al. 2015; Lelieveld
et al. 2015; Meienberg et al. 2016). However, WGS provides less coverage than
WES. The library preparation does not require any enrichment step, thus introducing
less bias in sample preparation procedure and sequencing. The DNA is first mechan-
ically or enzymatically fragmented, and then barcodes are attached to the fragments.
The barcodes are 6—8 unique nucleotide tag sequences to allow the pooling of
different samples into a single pool. The pool can be sequenced in a single lane of
a flow cell.

11.2.3 Targeted Panel Sequencing

The NGS-based deep targeted cancer panel assays allow for the detection of most
common genomic aberrations. The number of genes included in each cancer panel
ranging from a small to larger number. For instance, the US Food and Drug
Administration (FDA) has recently approved the NGS-based FoundationOneCDx
test of 315 genes and MSK-IMPACT panel of 410 genes that identifies clinically
relevant alterations in cancer-related genes and can guide therapeutic decisions. In
comparison with WES, targeted panels offer deep coverage and high sensitivity for
the identification of rare and low-frequency variants (Gulbahce et al. 2017
Weinstein et al. 2013). Since these panels included genes that have a known
association with cancer, they have a very high probability to detect a variety of
somatic mutations and low probability to detect unknown variants (Kluk et al. 2016;
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Froyen et al. 2016; Gulbahce et al. 2017; Weinstein et al. 2013). However, targeted
panels have lower sensitivity in detecting copy number alterations (CNAs) and
complex genomic rearrangements. There are two methods used for targeted sequenc-
ing: amplicon-based or hybridization capture-based NGS. The amplicon sequencing
method uses PCR to produce DNA sequences called amplicons. The barcodes
unique to each amplicon are added so they can be identified and amplicons are
then pooled. Before pooling, libraries are prepared from each sample and target
enrichment was performed via PCR amplification. In comparison with the amplicon-
sequencing method, the hybridization capture-based NGS approach targets a larger
number of genes (>50) and comprehensively profiles all variant types. For the
library preparation, the DNA is fragmented by the mechanical or enzymatic shearing
method. The targeted region of interest is then captured using biotinylated oligonu-
cleotide probes. Streptavidin magnetic beads are then used to separate biotinylated
molecules, and nonhybridized molecules are washed away. Samorodnitsky et al.
(2015) evaluated both approaches and found that the hybridization capture-based
approach performs better with more uniform sequencing depth and better coverage
(Samorodnitsky et al. 2015), while the amplicon-based method utilizes a smaller
amount of DNA and had higher on-target rates.

11.2.4 RNA Sequencing (RNA-seq)

This technology is used to characterize the whole transcriptome. RNA-seq not only
is used to identify the genes that are differentially expressed in different biological
conditions but also allows detecting gene fusions, splice junctions, noncoding RNAs
such as microRNAs and long noncoding RNAs (Oliver et al. 2009). In addition, this
platform also identifies post-transcriptional modifications, RNA-editing, and
mutations/SNPs. The RNA library preparation workflow involves the conversion
of RNA into the first-strand cDNA followed by second-strand cDNA synthesis using
reverse transcriptase and random primers. The cDNA is fragmented by mechanical
method or enzymatic digestion and followed by end repair to generate blunt ends and
adapter ligation. The library molecules are then amplified with PCR to create the
final cDNA libraries for sequencing (Fig. 11.1).

11.2.5 Single-Cell DNA/RNA Sequencing

Tumor heterogeneity is the biggest hurdle in precision cancer therapeutics. To
understand the dynamics of tumor heterogeneity and its association with genomic
instability, it is essential to sequence the entire genome or transcriptome at the
single-cell level. Single-cell sequencing technologies enable to characterize hetero-
geneity and provide insights into the cell’s phenotype and genotype. Single-cell
DNA seq technologies have high sensitivity and specificity for the detection of
minority clones and mutually exclusive or cooccurring alterations (Gonzalez-Silva
et al. 2020), which can be used to select appropriate targets for therapy. Single-cell
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transcriptomics is used to profile gene expression between individual cells and to
detect rare cell types within a heterogeneous cell population. This technology is also
employed in immunological research and provides insights on key processes in cell
development and differentiation. There are many single cell RNA-seq (scRNA-seq)
platforms such as Drop-seq, InDrop, MARS-seq, SMART-seq?2, Fluidigm C1, and
10x Genomics chromium. Some of these methods use fluorescence-activated cell
sorting (FACS) technology, which involves labeling cells with fluorescent markers
or micromanipulation equipment for single-cell isolation. The 10x genomics chro-
mium system is automated equipment that encapsulates single cells using a gel bead
in emulsion (GEM) approach. The processing of single cells for library preparation
are having simple steps including reverse transcription, cDNA amplification, and
library construction for sequencing (Fig. 11.1).

11.3 NGS Utility in Clinical Oncology in Solid Tumors

Rapid progress in the development of NGS technologies in recent years has enabled
clinicians to provide patients with more personalized care. As an alternative to single
gene analysis, NGS provides a more comprehensive catalog of genomic alterations
and a better understanding of the mechanism of drug resistance. These sequencing
technologies can help the clinicians in different ways including diagnosis, prognosis,
cancer subtype classification, identification of actionable mutations, and selection of
targeted therapy or personalized medicine, switch to a second line inhibitor if
resistance occurs or treatment fails. The cancer diagnosis is generally performed
using small presurgical biopsies or aspirations and an accurate diagnosis is difficult
to obtain. Nikiforov et al. (2014) found that the fine needle aspiration cytology
method results in unclear diagnosis in 20-30% of the thyroid cancer cases in
comparison with the thyroid cancer-related genetic markers (ThyroSeq v2)
NGS-based assay. This panel performed with 83% of the overall positive predictive
value and 92% accuracy for cancer diagnosis in thyroid nodules in 143 fine needle
aspiration samples. Similarly, in another study of fibrolamellar hepatocellular carci-
noma patients, DNAJB1-PRKACA chimeric transcript was identified in 15/15
(100%) patients using RNA-seq, suggesting the promising role of this sequencing
technology in tumor pathogenesis (Honeyman et al. 2014). The NGS-based panels
are also suitable in identifying genomic alterations that may be targeted by certain
targeted specific drugs or provide prognosis to guide treatment decisions. A study of
metastatic colorectal cancer patients who had other RAS mutations, in addition to
KRAS mutations in exon 2, predicts poor response and negative treatment effects to
inappropriately targeted therapies (Douillard et al. 2013), suggesting the applications
of these technologies in targeted therapy. Janne et al. (2015) found that resistance to
EGFR-targeted therapies in NSCLC patients can possibly be overcome by switching
to second-line treatment. The mutations in GNAS and KRAS identified using
targeted deep sequencing approach provides valuable information regarding prog-
nostic biomarkers in intraductal papillary mucinous neoplasmic lesions (Tan et al.
2015). Similarly, Kriegsmann et al. (2014) observed the high frequency of druggable
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molecular alterations in PI3K pathway and their association with clinical outcomes
in triple negative breast cancer cases using breast cancer-specific ultradeep
multigene sequencing.

Many studies on various cancer types have shown that NGS can be utilized in
identifying drug targets and drug-resistance mutations (Malapelle et al. 2015; Muller
et al. 2015; Tinhofer et al. 2016; Preusser et al. 2015). The Ion Torrent AmpliSeq
panel identified mutations in KRAS, NRAS, and BRAF that are associated with anti-
EGFR treatment resistance in metastatic colorectal cancer patients (Malapelle et al.
2015). The NGS technology can be used as a screening strategy in selecting patients
for genomic-based clinical trials that can utilize personalized treatment plans based
on patients’ tumor molecular profiles. The individual cancer therapy (iCat) study
evaluated the feasibility of identifying actionable alterations in pediatric solid tumors
using Oncopanel NGS-based assay. The authors found that 43% of high-risk,
relapsed patients had potentially actionable alterations (Harris et al. 2016). Another
example is the NCI-MPACT trial (National Cancer Institute-molecular profiling-
based assignment of cancer therapy) where the therapy is selected according to the
mutations detected using NGS technology in various tumor types (Lih et al. 2016).
In MOSCATO-01 (Molecular Screening for Cancer Treatment Optimization) trial,
patients with solid cancers underwent multiplatform profiling (array-based compar-
ative genomic hybridization (CGH), RNA-seq, WES). The potentially actionable
target was identified in 49% of the patients and 24% of them received a matched
targeted therapy that resulted in improved clinical outcomes (Massard et al. 2017).

Taken together, these studies suggest that the implementation of NGS
technologies in solid biopsies can aid in the prognosis and choice of therapeutic
strategies.

11.4 NGS Utility in Clinical Oncology in Liquid Biopsies

Compared with conventional tissue biopsy, liquid biopsy is less invasive, more
feasible, and provides a more comprehensive picture of tumor heterogeneity
(Siena et al. 2018). Liquid biopsy could be used for all stages for cancer diagnosis,
prognosis, recurrence-risk prediction, tumor mutational burden, and drug response
(Kidess and Jeffrey 2013; Cai et al. 2015). Nowadays, NGS technologies are gaining
enormous attention in the field of liquid biopsies in terms of detection sensitivity and
clinical implications for personalized therapy. The NGS analysis of liquid biopsies
has been applied in multiple tumor types such as breast, prostate, cervix, lung,
leukemia, and other cancers (Gulbahce et al. 2017; Lohr et al. 2014; Ramskold
et al. 2012; Yu et al. 2012).

Many studies have used liquid biopsies to detect actionable genomic alterations.
For example, the application of NGS technology in cfDNA analysis in patients with
a variety of cancers identified potentially actionable alterations in 40% of the patients
(Schwaederle et al. 2016a). Kaur et al. (2020) identified the complete repertoire of
somatic alterations (mutations, CNAs, and structural variations (SVs)) in CTCs and
matched formalin-fixed paraffin-embedded (FFPE) specimens from metastatic
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breast cancer patients using WES approach and also highlights the intrapatient
genomic differences between CTCs and metastases. Marchetti et al. (2014) study
has shown that deep sequencing NGS technology can detect circulating EGFR
mutations involved in acquired resistance to tyrosine kinase inhibitors in
non-small cell lung cancer CTCs.

The NGS profiling of liquid biopsies may help in stratifying patients for basket
trials (enrolls patients with any cancer type) and umbrella trials (enrolls patients with
one cancer type). For example, ctDNA molecular profiling for 54 cancer-related
gene panel in patients with diverse cancers identified 58% of the patients that had a
molecular alteration and 71% of them had an alteration tractable by an
FDA-approved drug (Schwaederle et al. 2016b). Moreover, the NGS technology
can also identify patient-specific DNA rearrangements that can be used to design
specific assay to monitor changes in tumor burden in plasma samples (Olsson et al.
2015; Leary et al. 2010; McBride et al. 2010; Russo et al. 2016).

In summary, the implementation of NGS technologies in liquid biopsies can
reliably reveal the molecular signature of the patient’s tumor and can also be used
for the detection of the emergence of treatment resistance and to guide therapy
selection.

11.5 Challenges of NGS Technologies

Although the advent of NGS technologies has enabled the identification of genomic
alterations that could help in the selection of targeted therapy, there are some
challenges for implementing these approaches in the clinical setting and the data
interpretation. The NGS technologies are capable of producing hundreds of
gigabytes of base calls and quality score data in a single sequencing run. To analyze
the NGS data, high-performance computer clustering is required so that different
algorithms and pipelines can be directly compared. Although some open-source
tools and commercially available software are available, however, smaller labs
cannot afford the cost and advanced network infrastructure. Another challenge
arising in the analysis of multiple datasets is to identify consistent and reproducible
data from sequencing technologies and laboratory platforms. Kaur et al. (2019)
identified inconsistencies in the genomic alterations in the GENIE and TCGA
datasets, suggesting validation steps are required for both experimental work and
data analysis of NGS-based assays independently by the clinical laboratory before
implementation. Another limiting step is the interpretation of the genetic variants
identified through NGS that requires validation before implementing in clinical
settings, particularly that contributes to disease pathogenesis. The interpretation of
variants of unknown significance (VUS), which account for about 40% of total
variants, represent a problem and VUS use in the clinical settings is challenging.
This creates confusion in the patients’ genetic data when receiving reports of
undefined variants. Another major caveat is in the personalized cancer treatment
field when filtering out driver mutations from passenger mutations, especially when
both may change during tumor development.
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11.6 Concluding Remarks

This chapter discusses the NGS methods used in solid and liquid biopsies and
summarizes their potential applications and limitations in terms of their implemen-
tation in clinical practice. The advent of NGS technology in oncology has
revolutionized our fundamental understanding of biology and opened up new
frontiers of research from identifying mutations to a comprehensive analysis of the
patient’s genome to personalized cancer therapy. Although the utility of these
technologies in cancer research have proven remarkably in uncovering cancer-
causing alterations, several challenges remain to overcome in clinical settings. To
achieve long-term success in the clinical domain, more research is needed to
overcome the challenges associated with the translation of genomics into the clinical
arena. The availability of user-friendly bioinformatics tools will provide novel
insights into tumor biology, which may lead to the development of effective
therapeutic strategies.
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Abstract

Ever since the DNA double helix was discovered, DNA-manipulating
technologies have enabled significant advances in biological sciences. One such
tool that mediates genome modification with high precision is the use of targeted
nucleases such as site-directed ZFNs (zinc finger nucleases) and TALENs (TAL
effector nucleases) which work on the principle of DNA-protein recognition. The
advent of RNA-programmable CRISPR-Cas9 technology has brought about a
transformative phase in the field of precision genome engineering. CRISPR-Cas9
is a multiplexable genome editing tool that has enabled the precise manipulation
of specific genomic elements. This system consists of a programmable CRISPR
RNA (crRNA) and a Cas9 nuclease, which cleaves the DNA by generating
double-stranded breaks at specific target sites. Desired changes occur at the target
sites when subsequent cellular DNA repair process takes place. This chapter
discusses how the CRISPR sequences were discovered in bacterial and archaeal
genomes, the basis of their classification, the molecular mechanism that helps in
genome modification, the applications of CRISPR-Cas9-mediated genome
editing, and the challenges that this technology needs to overcome in the future.
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12.1 Introduction

Phages are the most abundant entities on planet earth and exhibit a constant danger to
prokaryotic life. Several innate defense strategies such as restriction modification of
phage genome, bacteriophage adsorption suppression, and abortive infection have
been developed by prokaryotes to withstand phages. The revelation that an adaptive
and heritable immune system named CRISPR (clustered regularly interspaced short
palindromic repeat) is present in prokaryotes was one of the most exciting
discoveries. This adaptive immune system memorizes past infections, and when
reinfection occurs, it uses RNA-guided nucleases to silence specific sequences of
phages, plasmids, and transposons. CRISPR loci has many noncontiguous direct
repeats which are separated by variable sequence stretches called spacers
(corresponding to captured plasmid and viral genome sequences) and are often
flanked by cas (CRISPR-associated) genes. A large, heterogeneous protein family
is encoded by cas genes, including functional domains that are typical of helicases,
nucleases, polynucleotide binding proteins, and polymerases. CRISPR-Cas system
is formed when CRISPR is combined with Cas proteins. Cas proteins guide the three
phases of CRISPR-based immunity, namely, adaptation, crRNA biogenesis, and
interference. Apart from adaptive immunity, the slow evolution and high conserva-
tion suggested the possibility of other important nondefense functions of this system
such as pathogenicity and regulation of collective behavior. CRISPR-based immu-
nity has many underlying aspects that provide its prospects in industrial applications
such as driving viral evolution, using its hypervariability for typing purposes,
executing natural genetic tagging of various strains, and regulating viral resistance
in case of domesticated microbes. CRISPR-Cas systems have the ability to inhibit
particular phage or plasmid DNA sequence transfer into a host, which might help in
genetic engineering for the prevention of undesirable genetic element dissemination.

12.2 Discovery

CRISPRs were discovered by Yoshizumi Ishino in 1987 while analyzing alkaline
phosphatase isozyme conversion causing gene iap in E. coli K-12 cells. When iap
gene containing fragment of DNA was sequenced, it was observed that different
clones had the same repetitive sequence downstream of iap gene (Ishino et al. 1987).
However, a definite function of this sequence was not known due to the absence of
advanced sequencing technologies. After a while, similar sequences were observed
in other strains of E. coli as well as other bacteria like Mycobacterium tuberculosis
(Hermans et al. 1991), Shigella dysenteriae (Nakata et al. 1989), etc.

In 1993, Mojica and coworkers identified similar sequences in archaebacterium
Haloferax mediterranei while studying regulatory mechanisms that help halophilic
archaea to survive in environments that are highly saline. It was suggested that these
sequences could be responsible for regulation of gene expression leading to double-
stranded DNA transition from B to Z form to facilitate a regulator protein binding.
Later, it was hypothesized that these sequences could be responsible for replicon
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partitioning when similar sequences were found in Haloferax volcanii (Mojica et al.
1995). These unusual sequences were later detected in multiple archaeal and bacte-
rial genomes when automated DNA sequencing was invented during the 1990s.
Various scientists described these sequences using different terms such as SPIDRs
(spacers interspersed direct repeats), SRSRs (short regularly spaced repeats), and
LCTRs (large cluster of tandem repeats) (She et al. 2001). It was found that the
replication origin of archae Pyrococcus horikoshii and Pyrococcus abyssi had two
sets of symmetrically located LCTRs on each side which again implied a role in
replicon partitioning (Zivanovic et al. 2002). The relatedness between these
sequences in archaeal and bacterial genomes was first identified by Mojica et al in
2000. The confusion caused by different names for these sequences was impeded
when Jansen et al. coined the term CRISPR in 2002. Through comparative genomic
analysis, it was established that CRISPR sequences contain numerous direct repeats
interspersed with some sequences which are non-conserved and are situated in
intergenic regions. Also, the repeat cluster has a several hundred base pair common
leader sequence. When CRISPR sequences were found in both archaeal and bacterial
systems, it was inferred that there is a possibility of these sequences having a more
general function in life systems. However, no such sequences have still been found
in eukaryotes.

Four conserved genes were found to be present next to the CRISPR region when
CRISPR regions were compared in various genomes with the help of accumulated
genomic sequences. These genes were named CRISPR-associated (cas) genes 1-4
(Jansen et al. 2002). Casl and Cas2 had no functional similarity with any known
protein’s functional domains. On the other hand, Cas3 encompassed seven motifs
which are found in superfamily two helicases, and Cas4 was related to RecB
exonucleases. This led to the assumption that Cas3 and Cas4 were involved in
various DNA metabolism processes such as transcriptional regulation, DNA repair
and recombination, and chromosome segregation. As Cas proteins were associated
with CRISPRs, it was also proposed that these are involved in CRISPR loci genesis.
It was also suggested that Cas proteins might have a role in a DNA repair system that
is specific to only thermophilic organisms (Makarova et al. 2006).

The fact that thermophilic and hyperthermophilic organisms had more amounts of
larger CRISPRs compared to mesophilic organisms indicated that CRISPR might
have a role in adaptation to high temperatures (Jansen et al. 2002). But this
suggestion turned out to be insubstantial when the availability of new sequences
revealed the presence of CRISPR sequences in mesophilic organisms as well. It was
established that CRISPR sequences work as a part of biological defense system upon
the entry of foreign genetic elements just like the eukaryotic RNA interference
system when Mojica and Pourcel, in 2005, detected spacer regions homologous to
prophage, plasmid, and bacteriophage sequences between the repeat sequences and
that plasmids and phages were not able to infect the organisms that had these spacers
between CRISPR sequences. It was also proposed that pieces of the foreign DNA are
captured which is triggered by CRISPRs so that a memory of past genetic invasions
can be constituted.
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In the same year, another group of scientists indicated that antisense RNA can be
produced using CRISPR and that there is a correlation between the number of phage
origin spacers and the degree to which the host resists phage infection (Bolotin et al.
2005). A year later, Makarova et al. analyzed Cas protein sequences in detail and
tried to find the similarity between these sequences and the eukaryotic RNA inter-
ference system. They also emphasized on the resemblance between the memory
component of the CRISPR-Cas system and the vertebrate adaptive immune system
except the fact that the former is inheritable. The diversity, high mobility, and
pervasiveness of the CRISPR-Cas system directed toward the possibility of this
system emerging in ancient archaeal ancestors and horizontal spread to bacteria. The
prospect of CRISPR-Cas systems being utilized in Cas protein encoding organisms
for gene silencing was also put forward.

In 2007, it was experimentally proven that CRISPR-Cas functions like the
acquired immune system when a phage sequence inserted into Streptococcus
thermophilus CRISPR spacer region made the bacteria resistant to the phage, and
when the same protospacer sequence was removed from the genome of that phage,
the resistance disappeared (Barrangou et al. 2007). In 2008, it was demonstrated in
E. coli that the CRISPR region, upon transformation, forms RNA molecules that
work along with Cas proteins which were encoded by the genes present alongside
the CRISPR region (Brouns et al. 2008). In 2011, heterologous protection was
observed against phage infection and plasmid transformation in E. coli having
reconstituted S. thermophilus CRISPR-Cas system expression (Sapranauskas et al.
2011). By 2013, it was proved that target DNA can be cleaved by purified CRISPR-
Cas9 RNA complex in vitro and Streptococcus pyogenes CRISPR-Cas system was
used for genome editing in mouse kidney and human nerve cells (Gasiunas et al.
2012; Jinek et al. 2012). All these observations led to CRISPR-Cas being known as
the acquired immunity system in prokaryotes.

12.3 Classification

The classification of CRISPR-Cas systems and consistent annotation of Cas proteins
becomes difficult because the genomic location of CRISPR-Cas loci varies highly
and most cas genes evolve quite rapidly (Vestergaard et al. 2014). As the genome
architecture and composition of CRISPR-Cas systems is very complex, it took a
polythetic approach that involved structural, phylogenetic, and comparative geno-
mic analysis (Makarova et al. 2011). Mainly there are two classes of CRISPR-Cas
systems which can be easily distinguished by unique signature proteins: class I and
class II.

12.3.1 Class 1

Originally, class I CRISPR-Cas system comprised of type I, type III, type IV, and
12 subtypes that can be differentiated by comparing loci organizations, sequence of
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repeats, and effector protein sequence similarity clustering. Recently four new
subtypes—III-E, III-F, IV-B, and IV-C—have been added to this class.

A ssDNA stimulated superfamily two helicase that can unwind RNA-DNA
duplexes, and dsDNA is encoded by the signature gene cas3 which is present on
all type I system loci. There are seven subtypes within type I systems which include
I-A to I-F and I-U (later reclassified as I-G) (Makarova et al. 2011). In type I-A and
I-B systems, cas genes have clusters of two or more operons, while in types I-C, I-D,
I-E, and I-F, there is typically only a single operon that constitutes the Cascade
complex subunit genes along with casl, cas2, and cas3 genes (Vestergaard et al.
2014). All the subtypes of type I system have a specific combination of operon
organization and signature genes. In I-F systems, cas2 and cas3 are fused with each
other, while cas4 is missing in I-E and I-F systems. In the phylogenetic trees of Cas3
and Casl, both I-E and I-F systems are monophyletic and have distinct signature
genes. I-A, I-B, and I-C systems are derived from the same ancestral type I gene
arrangement which is casl-cas2-cas3-cas4-cas5-cas6-cas7-cas8 (Makarova et al.
2015). Subtype I-B has the same arrangement, while I-A and I-C have diverged
arrangements with rearranged order of and differential loss of genes. However, these
subtypes did not have any distinct signature gene. Instead of Cas8 protein, I-D
systems have a Cas10d and a Cas3 variant.

The signature gene cas10 is present in type III systems which encodes a Palm
domain containing multi-domain protein. To identify the loci of type III systems,
many PSSMs are needed due to the large amount of variation in CaslO protein
sequences. Casl0 is generally fused with HD family nuclease domain that has a
circular permutation of conserved domain motifs (Makarova et al. 2006). Type III
systems have six subtypes, i.e., III-A to III-F. Subtype III-A has genes that encode a
small subunit csm2, and most of its loci contain casl, cas2, and cas6 genes, while
these genes are absent in most subtype III-B loci (Makarova et al. 2013). It has been
observed that both these subtypes target RNA and DNA co-transcriptionally (Hale
etal. 2012; Samai et al. 2015). In subtype III-C, the sequence of Cas10 protein shows
extreme divergence, and the cyclase-like domain of Cas10 is apparently inactivated.
The Cas10 protein encoded by subtype III-D loci does not contain the HD domain.
II-E systems have a putative Csm2-like small subunit fused with various Cas7
proteins in such a way that the effector module’s crRNA binding part is compressed
within a large multi-domain protein. Subtype III-F consists of a single Cas7-like
protein with the Cas10-like large subunit fused to the HD domain which is supposed
to cleave target DNA due to the presence of catalytic residues (Makarova et al.
2018).

Type IV CRISPR-Cas system loci do not contain casl and cas2 genes and are not
present near a CRISPR array. Subtype IV-A contains the dinG gene, while subtype
IV-B lacks this gene but has a separate version of the small subunit of the effector
complex and encompasses ancillary gene cysH (Shmakov et al. 2018). IV-C system
Cas5 and Cas7 homologues are quite similar to the IV-A and IV-B system proteins.
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12.3.2 Class 2

A single subunit crRNA effector module is present in class 2 CRISPR-Cas systems.
Types II, IV, and VI CRISPR-Cas systems are included in this class.

Type II CRISPR-Cas systems have the signature gene cas9, which codes for a
protein that combines target DNA cleavage (Jinek et al. 2012) with the functions of
crRNA effector complex and helps in adaptation (Heler et al. 2015). Cas9 is also the
most studied multi-domain effector protein. Type II loci also contain casl and cas2
and most of the loci encode tracrRNA which is somewhat complementary to the
respective CRISPR array repeats (Chylinski et al. 2013, 2014).

The effector proteins of type V systems have a different domain architecture
compared to type II systems. These effector proteins of type II systems (cas9) have
two nuclease domains, HNH nuclease and RuvC-like nuclease, each cleaving a
strand of the target DNA. On the other hand, type V effectors (cas12) have only
one domain, RuvC-like nuclease, which causes the cleavage of both strands
(Strecker et al. 2019). Effector proteins of type VI systems (casl2) are entirely
different from type V and type II systems, containing two HEPN domains which
target invading DNA genome transcripts. These effector proteins have nonspecific
RNase activity which makes the virus-infected bacteria dormant.

The uncomplicated design of class 2 effector complexes makes these CRISPR-
Cas systems an easy choice for genome editing.

12.4 Molecular Mechanism

Cas9 and all the other effector protein nucleases generate targeted breaks in the DNA
which leads to DNA damage response, which in turn stimulates various endogenous
repair mechanisms. The double-stranded break (DSB) caused by cas9 in target DNA
can be repaired through either nonhomologous end joining or homology-directed
repair. Eukaryotes largely use nonhomologous end joining (NHEJ) pathway for
DSB repair, which is quite error prone as it induces numerous small insertions or
deletions (indels). This repair mechanism is useful in cases where large targeted gene
knockouts are required. Alternatively, homology-directed repair (HDR) is error-free
but has a lower efficiency compared to NHEJ-mediated repair. HDR uses cas9 to
deliver a repair template that is homologous to the target site so that a specific change
such as a DNA segment insertion or a point mutation can be introduced.

The recognition and cleavage of foreign DNA by CRISPR-Cas systems occurs in
a sequence-specific manner. There are three stages that take place during the
CRISPR-Cas defense mechanism: (a) spacer acquisition or adaptation, (b) crRNA
biogenesis, and (c) target interference.
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12.4.1 Adaptation

The invading mobile genetic element has a distinct sequence called protospacer
which gets incorporated into the CRISPR array and generates a new spacer. This
leads to the host organism being able to display this system’s adaptive nature by
memorizing the foreign genetic material (Barrangou et al. 2007). The spacer acqui-
sition process involves Casl and Cas2 as they are present in most of the CRISPR-
Cas systems. However, some CRISPR-Cas systems further require other proteins
such as Cas4, Cas9, Csn2, etc. for the same process. The target sequence selected for
integration into CRISPR locus is specific. The protospacer adjacent motif (PAM),
which is a short sequence located adjacent to the protospacer, plays an important role
in acquisition and interference. Protospacer selection occurs with the help of
PAM-recognizing domain of Cas9. After the selection is done, Casl, Cas2, and
Csn2 are recruited by Cas9 so that the new spacer can be integrated into the CRISPR
array (Swarts et al. 2012).

12.4.2 crRNA Biogenesis

Immunity is enabled when CRISPR array gets transcribed into pre-crRNA, a long
precursor crRNA which is processed into mature guide crRNAs that contain
memorized invader sequences (Carte et al. 2008). The processing of pre-crRNA is
carried out by Cas6 in type I and type II systems and by Cas5d in type I-C systems.
In type II systems, tractrRNA is involved in pre-crRNA processing as its anti-repeat
sequence facilitates the formation of RNA duplex with pre-crRNA repeats, stabilized
by Cas9. This duplex is processed by RNase III of the host creating a crRNA
intermediate form, which ultimately forms a mature small guide RNA (Deltcheva
et al. 2011). Type V-A systems have Cpfl, which alone is sufficient for maturation
of crRNA. Aside from processing of premature crRNAs, Cpfl cleaves the target
DNA by using this processed crRNA (Fonfara et al. 2016) (Fig. 12.1).

12.4.3 Interference

The mature crRNAs are now used as guides that help in interfering with the invading
nucleic acids. In class 1 systems, target degradation is achieved by Cascade
(CRISPR-associated complex for anti-viral defense) like complexes, while in class
2 systems, one effector protein is enough for target interference (Zetsche et al. 2015;
Bhaya et al. 2011). Self-targeting is avoided by specific recognition of PAM
sequences located upstream (types I and V) or downstream (type II) of the
protospacer (Jiang et al. 2013; Semenova et al. 2011). Target degradation occurs
in type I systems when Cas3 nuclease is recruited after the invading DNA is
localized by Cascade in a crRNA-dependent manner (Brouns et al. 2008). Cas3
generates a nick on the target DNA and degrades it. The tractRNA-crRNA duplex in
type II systems guides Cas9 to create a double-stranded break in the invading DNA.



174 Aiana and K. Singh

Q

( Detecting foreign \ [ Cas proteins CRISPR array\ rCas proteins CRISPR array \
genetiemateral || ) 40000008 | | ) oleTelene

| lTranscriptionl

CaS ( 2 f i
Integration 3 3 Q— i 1
(_ Effector nuclease \ {

Cas1-Cas2
Target interference

Cas proteins CRISPR array

:> ¢ dlello0e Surveillance complex Immunity Q—) j
kg J \ Y,

ADAPTATION EXPRESSION INTERFERENCE

Fig. 12.1 Three stages of CRISPR immunity: A part of foreign DNA is selected by Cas1-Cas2
complex and is integrated into CRISPR array of the host during adaptation. crRna maturation
involves the transcription of CRISPR array into pre-crRNA, which is then processed by Cas
proteins, and a surveillance complex is formed. During interference, foreign genetic elements that
are complementary to crRNA are targeted by Cas effector nucleases which leads to target interfer-
ence and immunity

Type III systems have Cas10-Csm and Cas10-Cmr complexes which can target both
RNA and DNA. Cas10 subunit cleaves DNA, while Csm3 and Cmr4 cleave the
transcribed mRNA (Tamulaitis et al 2014; Staals et al. 2014).

12.5 Applications
12.5.1 Genome Editing

Cas applications have a very extensive scope, but precision genome editing still
remains at the forefront of this technology. Genome editing can be induced by
RNA-guided nucleases such as Cas9 and Casl2a by initiating double-stranded
break repair at a specific DNA site. Cas9 has been used to disable defective genes
that cause neurological diseases like Huntington’s disease (Staahl et al. 2017) and
amyotrophic lateral sclerosis (Gaj et al. 2017). Using Cas9, an entire chromosome
has been eliminated in human pluripotent stem cells (Zuo et al. 2017); an endoge-
nous retrovirus has been inactivated in pigs (Dong et al. 2017). T cells have been
engineered as a lead up to the development of advanced immunotherapies for
targeting cancerous cells (Rupp et al. 2017). Apart from somatic cell editing,
correction in human embryo genetic mutations is also possible (Ma et al. 2017).
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Fig. 12.2 A collection of hallmarks that characterize the cancer phenotype. (Proposed by Hanahan
and Weinberg)

However, creating heritable changes in the human germline remains ethically
questionable (Fig. 12.2).

12.5.2 Transcriptional Regulation

Catalytically deficient Cas9 (dCas9), which is a functional scaffold that recruits
RNA or protein components to a certain locus to disturb transcription without
permanently changing DNA, is created by mutating nuclease domains of Cas9
which leads to the decoupling of enzymatic activity from DNA binding (Kampmann
2018). Use of dCas9 has enabled rapid, specific, and multiplexed genetic
knockdowns in various cell types like neurons and immune cells (Bak et al. 2017,
Zheng et al. 2018). This shows that genomic perturbation is feasible without risking
damage to DNA, which is a very important attribute when it comes to therapeutic
development studies. A modified dCas9 target gene activation system has been
successfully implemented in gain-of-function studies to treat acute kidney injury,
type 1 diabetes, and murine muscular dystrophy (Liao et al. 2017).
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12.5.3 Post-transcriptional Engineering

The transcriptome can be transiently perturbed through direct RNA targeting by
applying Cas effectors. A programmable RNA-targeting system, created by engi-
neering SpCas9 with the help of PAM-presenting oligonucleotide, helps in RNA
targeting with Cas9 (RCas9) (O’Connell et al. 2014). Pathogenic RNA foci can be
eliminated, and mRNA splicing defects can be rescued by targeting RCas9 to RNA
(Batra et al. 2017). Cas9 also helps in achieving site-specific RNA modifications by
fusing with single-base RNA modifiers. Cas13a has been used in plant and mamma-
lian cells for specific knockdown. RNA editing and RNA interference is also
possible in mammalian cells with the help of programmable RNase activity of
Cas13b enzymes (Smargon et al. 2017; Cox et al. 2017).

12.5.4 Programmable DNA and RNA Imaging

The function of mRNAs, noncoding RNAs, and specific genomic loci necessitates
correct spatiotemporal localization. Repetitive genomic loci has been imaged in live
cells using fluorescent reporter fused dCas9 (Knight et al. 2018). As dCas9 is very
stringent in PAM recognition, it can be used for high-resolution CRISPR live cell
imaging of DNA loci (Maass et al. 2018). However, a low signal-to-noise ratio limits
widespread localization studies of specific genomic loci at non-repetitive genomic
sequences. RNA-targeting Cas9 has helped in visualizing repeat expansion-
containing transcripts that are clinically relevant by tracking RNA in live cells.
Catalytically deficient Casl3a (dCasl3a) also helps in RNA imaging through
RNA-guided RNA targeting (Abudayyeh et al. 2017).

12.5.5 Nucleic Acid Detection and Diagnostics

Casl2a and Casl3a can be used in innovative nucleic acid detection tools as they
possess RNA-guided nuclease activities. Multiple turnover nuclease activity is
activated by a target nucleic acid by correctly base-pairing with the guide RNA in
both Casl2a and Casl3a. Out of a pool of RNA, the detection of target RNA
transcripts of interest can be done by detecting its RNase activity with the help of
the switchable nuclease activity of Casl3a (East-Seletsky et al. 2016). Multiple
CRISPR-based diagnostic platforms such as SHERLOCK (Specific High-Sensitivity
Enzymatic Reporter UnLOCKing), SHERLOCKv2, DETECTR (DNA
endonuclease-targeted CRISPR trans reporter), etc. have been developed by
exploiting the nuclease activity of Cas proteins. CRISPR-Cas-based detection of a
specific transcript facilitates rapid and accessible diagnostics for future use
(Gootenberg et al. 2017, 2018; Chen et al. 2018).
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12.6 Future Prospects

A rapidly increasing interest can be seen in the area of CRISPR-Cas in recent years.
With the help of CRISPR-Cas-based tools, the pace of research in understanding
genetics of unstudied organisms and discovering disease contributing genes has
vastly accelerated. But many facets of this fascinating system still require further
insight. One such aspect is the accomplishment of immunization by incorporating
new spacers in CRISPR array and the biochemical basis behind it. Further research
can be conducted on CRISPR-Cas functions that are unrelated to immunity such as
various regulatory processes by studying Cas protein interactions with DNA repair
and recombination pathway components. Despite the considerable potential of
CRISPR-Cas9 technology, further research needs to be done so that this system
can be made a safe and applicable tool for approaches that are therapeutically useful.
Another major concern is off-target cleavage by Cas9 which is a major issue that
needs to be addressed as it affects the precise remodeling of genomic content in
eukaryotic cells. This technique needs to have higher specificity as some cases have
seen higher frequencies in off-target genetic alterations compared to desired
mutations. Also, CRISPR-Cas systems have a relatively large size, and its packing
is not suitable for viral vectors. Efficient genetic engineering requires a smaller-sized
CRISPR system. The applications of Cas9 get limited because a PAM site is required
at the target sequence which arises the need for a multiple PAM site selection system
so that target scope can be increased. Knock-in homologous recombination also
needs to have increased efficiency. New strategies that inhibit endogenous NHEJ
activity or CRISPR-associated transposase application should be considered. Sub-
stantial advancements have been made in the last few years, but many aspects of this
system still need to be discovered. It is anticipated that a holistic understanding of the
multifariousness of CRISPR-Cas biology can be unearthed in the near future.
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Abstract

The term “omics” refers to collective high-throughput approaches that include
genomics, transcriptomics, proteomics and metabolomics. Primary focus of
OMIIC technologies includes identification of genes and genomic variants (geno-
mics), mRNA expression levels (transcriptomics), proteins (proteomics) and low
molecular weight metabolites (metabolomics) in cell or tissue type. Omics
technologies may lead to detection of the novel molecular signatures (gene/
protein/metabolites) which are specific to disease and may serve as a promising
candidate for early diagnosis, prediction of therapeutic response and prognosis of
disease. Individually, these technologies have contributed significantly towards
medical advances. Tuberculosis (TB), caused by Mycobacterium tuberculosis
(Mtb), is one of the deadly diseases, and worldwide millions of people suffer from
TB and die every year. Diagnostics constitutes the most important component of
TB control programme, and in recent years considerable progress has been made
in the field of TB diagnosis. However, a rapid, cost-effective point-of-care (POC)
diagnostic test for different forms of tuberculosis is still lacking. In this context,
recent advancements utilising the multidimensional omic approach including
genomics, transcriptomics and proteomics provide an improved platform for
discovering the key molecular signatures to facilitate TB diagnostics and
predicting treatment response. Utilising advanced and integrated omics
technologies, recently there has been a tremendous progress in the field of
biomarker discovery for TB diagnostics to achieve the goals set by the World
Health Organization (WHO) End TB Strategy and the Foundation for Innovative
New Diagnostics (FIND) Strategy for tuberculosis. This chapter is focused on
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various TB diagnostics based on various omics approaches with main emphasis
on genomics and proteomics.

Keywords

OMICS - Metabolonomics - Mycobacterium tuberculosis - Transcriptomics

13.1 Introduction

As per the WHO report 2020, 4000 people died every day, and nearly 30,000 fell ill
with this disease during 2019 (WHO 2020a). India being the most populated country
of the world has nearly one fourth of global TB burden. The End TB Strategy aims to
end the global TB epidemic, with targets to reduce TB deaths by 95% and to cut new
cases by 90% between 2015 and 2035 (WHO 2015), and these targets can be
achieved only by effective tools for TB diagnosis and treatment.

Following exposure to Mtb through inhalation of aerosol droplets, tubercle bacilli
enter into the lungs and taken over by host innate immune system. However, if
innate immunity fails, Mtb start multiplying inside alveolar macrophages in the lung.
The intracellular multiplication of Mtb triggers the host adaptive immune response
resulting in the control of bacterial replication in 90-95% of cases without any overt
signs or symptoms of disease, and this stage of disease is known as “latent TB
infection (LTBI)”. It is a stage where host innate immune system maintains a
dynamic relationship with tubercle bacilli with the containment of infection in an
organised structural collection of immune cells known as granuloma (Schwander
and Dheda 2010). In contrast, in some individuals, Mtb takes over the adaptive
immune response resulting in the granuloma rupture and replication and dissemina-
tion of bacilli thus resulting in “active TB” with clinical symptoms, radiographic
abnormalities and/or microbiologic evidence (Fig. 13.1). In some individuals, there
is a stage of “subclinical TB” which is before the appearance of classical symptoms
of “active TB”. About one-third of the world’s population has latent TB, and
individuals with LTBI may develop active TB in the near or remote future, a process
called TB reactivation (Fig. 13.1) with 5-10% lifetime risk of reactivation within the
first 5 years after initial infection. However, the risk is considerably higher in the
presence of predisposing factors, such as HIV infection or any event that weakens
cell-mediated immunity (Gengenbacher and Kaufmann 2012). Another significant
aspect of TB is the ability of Mtb to infect almost every organ in the human body.
The most common form of TB is pulmonary tuberculosis (PTB) affecting the lungs;
however, with advances in diagnostic tools, it is being understood that
extrapulmonary TB (EPTB) also contributes significantly to morbidity and mortality
associated with TB infection. Extrapulmonary tuberculosis has a broad spectrum of
clinical manifestations as any organ system including bone, joint, genitourinary tract
and central nervous system can be involved (Fig. 13.1).

Conventionally, bacteriological confirmation in biological samples via sputum
smear microscopy and culturing acid fast bacilli either using solid or liquid culture
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have been used as gold standards for TB diagnosis. These diagnostic tests have their
own limitations since it depends on mycobacterial abundance in the biological
specimen. Smear microscopy shows suboptimal sensitivity, while culturing Mtb
improves the sensitivity, but it takes several weeks or more (Kidneya et al. 2013).
Further, speciation of Mtb requires more skillful techniques like matrix-assisted laser
desorption ionisation-time of flight mass spectrometry (MALDI-TOF) to differenti-
ate Mtb from non-tuberculous bacteria (NTM) making it unsuitable for resource-
limited settings and cannot be implemented as point-of-care test. Even though
introduction of Xpert MTB/RIF, a fully automated nucleic acid amplification test
(NAAT) based on pathogen-specific DNA markers has eased the early, rapid
diagnosis of TB, but it is more expensive than existing diagnostics. The only
point-of-care test is lateral flow urine lipoarabinomannan strip test developed by
Alere Determine™ TB LAM Ag, based on the detection of mycobacterial
lipoarabinomannan (LAM) glycolipid antigen in urine of active TB patient only in
HIV patients. In 2015, the WHO approved the limited use of LF-LAM to assist TB
diagnosis and screening of active tuberculosis in patients with HIV/AIDS thus
limiting its utility as diagnostic test for large number HIV-negative TB
subjects (WHO 2019).

Thus, TB diagnostics field is still evolving particularly with the introduction of
advanced omics tools including genomics, transcriptomics and proteomics that has
led to discovery of the molecular signatures to facilitate TB diagnostics and
predicting treatment response. Various new diagnostic modalities have been devel-
oped and approved by the WHO that are currently being used for TB diagnosis
(Figs. 13.2) or at different stages of recommendation process by the WHO
(Table 13.1), while others are still at the stage of laboratory research (Branigan
2020).

13.2 Genomics in TB Diagnosis

The study of the genome termed as “‘genomics” forms the basis of prevention,
diagnosis and management of many communicable and non-communicable
diseases. With the recent advances in various genomic technologies, research
directed at pathogen genomes has led to increase in our understanding of disease
transmission and virulence mechanisms thus enabling the development of new
classes of diagnostics, vaccines and therapeutic agents. There is growing evidence
that a better knowledge of the genomics of pathogens and their vectors is likely to
play a major role in the prevention and treatment of infectious disease. Since the
sequencing of the first Mtb genome in 1998 (Cole et al. 1998) further aided by
various genomic tools, there has been considerable progress in the diagnosis,
treatment and control of TB. Recently, several new technologies have emerged
based on the detection of mycobacterial DNA resulting in the timely and specific
diagnosis of tuberculosis as well as providing the information about the type of
infecting strain and pattern of anti-TB drug resistance which is very pertinent to treat
the patients effectively. The development and implementation of automated nucleic
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Fig. 13.2 Application of omics in tuberculosis diagnosis

acid amplification tests (NAATS) provides a significant impact on early TB diagno-
sis and initiation of treatment. Further, recent advances in whole genome sequencing
(WGS) technology promise a rapid, efficient and accurate platform for TB diagnosis
with a potential to revolutionise the clinical management of tuberculosis. Though it
is fairly expensive particularly for setting up the WGS facility, sequencing costs are
coming down at astounding rates.

13.2.1 TB Diagnostic Tests Available in the Clinics Based
on Genomics

Following negative recommendation of the WHO for the commercially available
serodiagnostic tests in 2011 (WHO 2011), there has been an advancement in the TB
diagnostic field particularly using various molecular biology tools. Some of these
tests are already being used in the clinics for patient care (Fig. 13.2) based on the
WHO recommendations released time to time, whereas some tests although avail-
able in commercial formats are still not approved by the WHO for clinical use.
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Fig. 13.3 Steps involved in Xpert MTB/RIF (nucleic acid amplification) test

Xpert MTB/RIF (Nucleic Acid Amplification Test): In 2010, the WHO approved
the use of Xpert MTB/RIF for active TB diagnosis and rifampicin sensitivity
(Fig. 13.3). Xpert MTB/RIF relies on the amplification of gene encoding mycobac-
terial RNA polymerase § subunit (rpoB) which is specific to Mycobacterium tuber-
culosis complex (MTBC) and also determines the rifampicin resistance-associated
mutations in rpoB gene by molecular probes. Although the sensitivity of Xpert is
lesser than culture with a limit of detection (LOD) of ~131 bacterial colony-forming
units (CFU)/mL compared to 1-10 CFU/mL in culture, it is comparatively higher
than smear microscopy. Further, to overcome these limitations, Xpert MTB/RIF
Ultra (Ultra) has been developed that incorporates two additional targets, i.e. IS1081
and IS6110, to rpoB with LOD of Ultra being decreased to 16 bacterial CFU/ml. The
accuracy of TB diagnosis is significantly higher with Xpert Ultra in terms of
sensitivity and specificity for both pulmonary tuberculosis and extrapulmonary
tuberculosis (Jiang et al. 2020; Zhang et al. 2020). The use of Xpert MTB/RIF
assay was assessed in various biological specimens and found to have varied
sensitivity and specificity. The pooled sensitivity of Xpert MTB/RIF was 23%
(95% C.I., 16-32%) in abdominal TB (Sharma et al. 2020), 30% in pleural TB
(95% C.1., 17-44%), 53% in TB meningitis (95% C.1., 28-79%) and highest in TB
lymphadenitis with 90% (95% C.1., 86-94%) as reported by Tadesse et al. (2019).
The use of Xpert MTB/RIF in paediatric population for EPTB diagnosis has
extensively been studied. The meta-analysis studies have been performed by Seo
et al. (2020) to assess the accuracy of Xpert MTB/RIF for detecting EPTB using all
type of samples in children and reported the sensitivity of 71% (95% C.1., 0.63-0.79)
and specificity of 97% (95% C.1., 0.95-0.99) (Seo et al. 2020). Further the advent of
Xpert MTB/XDR assay provides the quick and universal access to drug susceptibil-
ity testing (DST) and effective treatment of resistant TB strains. Xpert MTB/XDR
sets new standards, simplifies the process of DST and detects mutations in the genes
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associated with resistance towards first-line anti-TB drugs like isoniazid and
fluoroquinolones and second-line injectable drugs, i.e. amikacin, kanamycin,
capreomycin and ethionamide, in a single run, and results are available within
90 min of time. It showed the sensitivity of 94-100% and a specificity of 100%
for all drugs except for ethionamide when compared to sequencing (Cao et al. 2020).

Line Probe Assays (LPAs) Line probe assay is based on the principle of
target amplification using PCR followed by hybridisation on a strip immobilised
with specific oligonucleotide probes. Earlier, in 2008 the WHO approved the use of
LPA as arapid test for detecting MTBC and resistance to rifampicin and isoniazid in
sputum smear-positive specimen and in culture isolates (World Health Organization
2008). GenoType MTBDRplus ver. 2.0 (Hain Lifescience GmBH, Germany) detects
MTB complex directly in smear-positive specimen or culture and its resistance to
rifampicin (mutations in the rpoB gene) and isoniazid (mutations in katG and inhA
genes). LPAs offers quicker and safer procedures when compared to conventional
slow and complicated methods of DST testing. Meanwhile, newer version of LPAs
for detection of multidrug resistance has been developed named as second-line line
probe assays which were further endorsed by the WHO in 2016 to detect mutations
in second-line anti-TB drugs (WHO 2016). MTBDRsl (v1.0) detects mutation
within DNA gyrase, a gene (gyrA) associated with fluoroquinolone resistance; 16s
ribosomal RNA encoding gene (rrs) associated with streptomycin resistance; and
embB encoding for mycobacterial arabinosyl transferase, a target for ethambutol
resistance. MTBDRs] (v2.0) further detects additional mutations associated with
DNA gyrase B gene (gyrB) associated with fluoroquinolone resistance and eis
(enhanced intracellular survival gene) promoter region associated with kanamycin
resistance. Additionally, Genoscholar NTM + MDRTB 1I detection kit (Nipro,
Tokya, Japan) has also been approved based on its ability to distinguish between
mycobacterial species and resistance to rifampicin and isoniazid based on gene
mutations (WHO 2016). These DST assays are useful but cannot be implemented
at all health facilities as they require an established laboratory infrastructure, molec-
ular testing facility and trained personnel.

TB-Loop-Mediated Isothermal Amplification (TB-LAMP) LAMP is a simple
and cost-effective nucleic acid amplification test that doesn’t need any sophisticated
equipment and infrastructure. Amplification is performed using specifically
designed primers under isothermal conditions, and results can be interpreted visually
under UV light. A commercial molecular assay based on LAMP technology
(TB-LAMP), i.e. Loopamp MTBC Detection Kit, has been developed targeting
the gyrB and IS regions by Eiken Chemical Company Ltd. (Tokyo, Japan) for the
detection of MTBC. In 2016, the WHO recommended the use of TB-LAMP in
peripheral health settings as replacement test for sputum smear microscopy to detect
MTBC directly in the sputum samples (WHO 2016). The pooled sensitivity of
TB-LAMP was higher than sputum smear microscopy, i.e. 78% vs. 63%, respec-
tively. TB-LAMP increased the sensitivity of TB detection in sputum smear-
negative cases by 42% in adult patients (WHO 2016). The overall pooled sensitivity
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and specificity of this assay was observed in the range of 76-80% and 97-98%,
respectively, in different settings (Shete et al. 2019). Furthermore, LAMP has good
sensitivity and specificity not only against culture (85.71% and 88.89%) but also
with respect to XpertMTB/RIF (88% and 86.67%) in EPTB specimens (Singh et al.
2019).

Truenat Assays Truenat assays based on PCR technology can be run on portable,
battery-operated device and function with minimal user inputs making them suitable
and affordable for use in low-resource primary health-care settings. Three truenat
assays are commercially available developed by Molbio Diagnostics Pvt. Ltd. India,
Truenat MTB and Truenat MTB Plus used for Mtb detection targeting nrdB gene
(ribonucleoside-diphosphate reductase large subunit) and multiple copies of IS6110
region, respectively, and truenat MTB-RIF Dx for rifampicin resistance detection
targeting rpoB core region. Multi-centric studies conducted by FIND reported that
accuracy of truenat assays has been comparable to that of MTB/RIF Ultra and Xpert
MTB/RIF. Recently in July 2020, truenat assays have been endorsed by the WHO
for TB diagnosis and rifampicin resistance detection in adults and children (WHO
2020a).

13.2.2 Recent Advances and Future Prospective in Genomics
for Tuberculosis Diagnosis

In addition to the above mentioned WHO-recommended molecular tests for tuber-
culosis diagnosis, several other tests are also available in the market from various
manufacturers (Table 13.1). However, these tests still have to undergo various
validation processes for their recommendation by the WHO (2020b). These tests
include Real Time MTB RIF/INH Resistance (Abbott), Cobas MTB-RIF/INH
(Roche), BD MAX MDR-TB (BD), FluoroType MTBDR Version 2.0 (Hain) and
Genoscholar PZA TB II (Nipro). Further, next-generation sequencing for detection
of drug resistance, i.e. Deeplex Myc TB, a targeted sequencing assay, is also on the
path to the WHO review. Whole genome sequencing (WGS) is also being used for
clinical use; however it is still not recommended by the WHO, and results need to be
interpreted in context of clinical presentation of the patient.

Real time PCR (RT-PCR) based assays developed by Abott, RT MTB targeting
IS6110 and PAB (protein antigen B) genes for detection of MTBC while RT MTB
RIF/INH employed for identification of resistance targeting rpoB for rifampicin
resistance detection and katG and inhA for isoniazid resistance showed fairly high
sensitivity and specificity for TB diagnosis and resistance detection (Wang et al.
2019). Cobas MTB-RIF/INH is an automated real-time PCR-based qualitative test
used for detection of resistance to RIF/INH targeting 18 rifampicin resistance-
associated mutations in rpoB gene and 7 isoniazid resistance-associated mutations
in katG gene and ihnA gene. BD MAX MDR-TB developed using multicopy
genomic targets of IS6110 and single copy target of IS1081 has also shown to
have high sensitivity and specificity for detection of Mycobacterium tuberculosis
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complex and rifampin and isoniazid drug resistance. Furthermore, FluoroType
MTBDR Version 2.0 developed by Hain Lifesciences and Genoscholar PZA TB 11
(Nipro) for detection of pyrazinamide (PZA) resistance are also under the WHO
review process. Kohli et al. (2020) in the meta-analysis of data utilising these assays
reported the sensitivity of >91% and specificity ranging from 97 to 100% for MTBC
detection in the respiratory specimen, while sensitivity of about 92% and 70-91%
has been observed for rifampicin and isoniazid resistance, respectively.

The next-generation sequencing in TB diagnosis has been successfully applied
for characterisation of strain and drug susceptibility testing. In clinical practice, it
may further facilitate the delivery of personalised treatment to patients affected by
TB and drug-resistant TB. High cost associated with sequencing turns out to be a
hurdle for its implementation as a diagnostic tool in poor and low-middle-income
countries (LMIC); however, the prices nowadays are coming down due to its
implementation in clinical use. Next-generation whole genome sequencing provides
potential benefits towards TB control, transmission and MDR/XDR TB treatment. In
the high-income countries like Europe and the USA, WGS of Mtb has been routinely
used in health-care settings for diagnosis, Mtb speciation and drug resistance
profiling. Jajou et al. (2019) reported the consistency of WGS in drug susceptibility
testing and demonstrated the use of WGS as a replacement for conventional DST as
it accurately detects mutations associated with the low-level resistance in 90% of the
isolates. Though culture-based WGS takes 21 days to predict resistance to TB drugs,
Soundararajan et al. (2020) has efficiently reported the use of WGS directly on
uncultured sputum samples to detect Mtb and identify its drug resistance profile.
Apart from determining the drug resistance profiling of Mtb strain, WGS proves a
valuable tool in understanding the international TB outbreak, defining the epidemi-
ological links between the TB cases and identifying genetic diversity in strains
(Vander Werf and Kodmon 2019; Meehan et al. 2019).

Thus, genomics-based tools can positively influence the TB care from lab to
clinics resulting in improved diagnostics as well as new outbreak management
strategies. Considering the remarkable progress, it is expected that tuberculosis
will be one of the infectious diseases for which a complete genomics approach can
be implemented even in health-care settings. The first pilot project using WGS for
diagnosis, antibiotic susceptibility determination and epidemiology was recently
launched by the Public Health England, an executive agency sponsored by the
Department of Health and Social Care, UK. That day is not far off when TB clinic
and laboratory will rely on genomic analyses of the pathogen and perhaps even the
host to give a complete understanding of an individual’s infection.

13.3 Proteomics in TB Diagnosis

Proteomics enables the study of system biology at different molecular levels includ-
ing functional aspects of proteins, signalling pathways, interaction of various
proteins, etc. Development of advanced analytical proteomic technologies for pro-
tein purification, state-of-art mass spectrometry instruments and bioinformatics
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paved the way for newer tools in disease diagnosis and treatment. Considering the
significant involvement of proteins in biological systems, proteomics is expected to
play a substantial role in the management of diseases at diagnostic as well as
therapeutic levels and may find its place in clinics in future. Identification, quantifi-
cation and characterisation of protein biomarkers in the biological fluids became a
viable approach with the emergence of newer techniques in proteomics. In the field
of tuberculosis, in recent years, there has been tremendous progress to explore the
mycobacterial proteome for the identification of protein markers for the development
of rapid diagnostic tests for tuberculosis. As per the Tuberculist database (a database
for the genome sequence annotation of Mycobacterium tuberculosis H37TRv, the
reference strain commonly used in the study of TB), 4018 proteins are encoded in the
genome of Mtb H37Rv strains (Jena et al. 2016). In the past, several diagnostic kits
and ELISA-based serological assays have been developed for TB diagnosis utilising
the commonly known immunodominant and abundantly produced mycobacterial
proteins employing low-resolution proteomics tools. These studies limited the anal-
ysis of mycobacterial proteome to only a few hundred proteins (Jakhar et al. 2020),
insufficient to provide a signature array for specific diagnosis of tuberculosis.
However, serological diagnostic kits for tuberculosis based on the results of these
earlier studies were banned by the WHO in 2011, and it was advised to rely on
accurate WHO-recommended microbiological or molecular tests only for TB diag-
nosis. At the same time, the WHO policy strongly recommended further research to
identify new/alternative point-of-care tests for TB diagnosis and/or serological tests
with improved accuracy (World Health Organization 2011) Hence, TB diagnostic
field has evolved a lot in recent years both for the characterisation of mycobacterial
proteome for biomarker discovery and identification of host immune markers fol-
lowing interaction with mycobacterial proteins. Recent advances in protein mass
spectrometry and functional proteomics have contributed significantly to diagnostics
development in tuberculosis.

13.3.1 TB Diagnostic Tests Available in the Clinics Based
on Proteomics

(a) Interferon-y release assays (IGRAs): It is an in vitro test to measure the cell-
mediated immune response to Mtb antigens, viz. ESAT-6 and CFP-10. IGRAs
have been widely utilised and FDA approved in diagnosing latent Mtb infection
and screening of high-risk group individuals who are at high risk for progression
to active TB. Two types of IGRA tests are commercially available,
i.e. Quantiferon-TB Gold which measures the amount of IFN-y and enzyme-
linked immunospot (ELISPOT)-based T-spot TB indirectly measuring the num-
ber of IFN-y-producing peripheral cells. Few studies are available
demonstrating the ability of IGRAs for diagnosis of extrapulmonary tuberculo-
sis and childhood tuberculosis (Shin et al. 2015; Lombardi et al. 2019).

(b) MPT64 TB Check (Mtb and NTM differentiation): MPT64 (28 kDa Mtb-specific
secretory protein) antigen being highly specific protein to Mtb complex is
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employed for diagnosis of tuberculosis and species differentiation. TBCheck
MPT64 (Hain Lifesciences GmbH, Germany) is commercially available and
used in routine diagnostics that allows rapid identification of MTB complex in
positive liquid culture and used for discrimination between MTB complex and
NTM. Various studies have reported the use of MPT64 as a promising marker
for EPTB diagnosis with fairly higher sensitivity (Hoel et al. 2020; Grgnningen
et al. 2019).

13.3.2 Recent Advances and Future Prospective in Proteomics
for Tuberculosis Diagnosis

13.3.2.1 Pathogen Proteomic Biomarkers as Candidates for TB
Diagnosis

Proteomic profiling has been done in several studies and explored for the diagnostic
potential for different stages of tuberculosis as well to monitor the treatment
response as reviewed by Haas et al. (2016). Antigen 85 complex, a
mycobacterium-specific 30-32 kDa family of three proteins (Ag85A/Ag85B/
Ag85C) with enzymatic mycolyltransferase activity, is one of the most explored
mycobacterial proteins in the earlier studies for its diagnostic potential in tuberculo-
sis (Bentley et al. 1999; Kashyap et al. 2007). Besides, diagnostic potential of several
other mycobacterial proteins like HBHA and HspX in various serodiagnostic assays
has also been earlier evaluated to improve the TB diagnosis (Meier et al. 2018).
Tripathi et al. (2019) reported that patients with active disease presented with high
levels of IgG antibodies against CFP-10, ESAT-6 and PE3 mycobacterial proteins
expressed during active infection. Recently Wang et al. (2020) reported a novel and
culture-free ultrasensitive diagnostic method for detection of MPT64 in sputum with
high sensitivity. This ultrasensitive ELISA demonstrated the sensitivity and speci-
ficity of 86.9% and 92.0%, respectively.

In addition to ELISA-based techniques to detect mycobacterial proteins in
biological fluids of TB patients, recently nucleic acid aptamers have also been
utilised in Aptamer Linked Immobilised Sorbent Assay (Aptamer ALISA).
Aptamers are short sequences of either single-stranded DNA (ssDNA) or RNA
which are selected via systematic evolution of ligands by exponential enrichment
(SELEX) process. Aptamers are sensitive, highly specific and bind with great
affinity to target sequences. Sypabekova et al. (2017) identified MPT64-specific
DNA aptamers through SELEX technology that showed strong binding affinity with
high sensitivity and specificity in the sputum samples of TB patients. Aptamers for
another mycobacterial antigen HspX have also been used for the efficient and direct
detection of HspX antigen in PTB (Lavania et al. 2018) as well as in pleural TB, a
type of EPTB (Kumari et al. 2018).

Several studies have reported the use of various advanced proteomic tools for the
development of diagnostic assays in tuberculosis. Mehaffy et al. (2020) carried out
an advanced proteomic tool multiple reaction monitoring mass spectrometry
(MRM-MS) assays for the detection of mycobacterial peptides in the extracellular
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vesicles isolated from serum samples of subjects exposed to TB infection and having
latent TB patients. This study led to identification of 40 mycobacterial peptides
derived from 19 proteins in latent TB subjects and also reported that peptides derived
from mycobacterial proteins involved in nitrogen metabolism might be candidates
for pathogen-specific biomarkers for detection of latent TB infection. In urine also,
proteomics offers important tools for the discovery of diagnostic and/or prognostic
biomarkers. Young et al. (2014) reported the identification of tuberculosis protein
biomarkers in human urine samples and concluded that 3 of 10 mycobacterial
proteins identified in the urine of TB patients are promising biomarkers for point-
of-care diagnostic testing for TB.

13.3.2.2 Host Proteomic Biomarkers Candidate for TB Diagnosis

In addition to pathogen-associated protein biomarkers, in recent years, efforts are
being made by the researchers to identify disease-specific host proteomic biomarkers
in various biological fluids for tuberculosis. Serum proteomic approaches have been
used to identify protein biomarker for differentiating the active TB from latent TB
and also for the progression of active TB. Proteome microarray analysis of serum
from active TB patients exhibits differential protein profile when compared with
latent TB. In 2006, Agranoff et al. identified a combination of four biomarkers
(serum amyloid A, transthyretin, neopterin and C-reactive protein) that could iden-
tify active TB cases with a sensitivity and specificity of 88 and 74%, respectively, by
ELISA. With more and more studies in this field, it is being realised that no single
protein can provide the level of sensitivity and specificity required for an optimum
diagnostic test. Achkar et al. (2015) reported excellent diagnostic accuracy of two
host protein bio-signatures for active TB in both HIV-negative and HIV-co-infected
TB patients. Mateos et al. (2019) for the first time reported the comparative
proteomic profile of saliva and sputum from active TB patients and their healthy
contacts. There results suggest the importance of protein signatures involved in
complement activation and inflammation. In another study by Penn et al. (2019),
two biomarkers based on the combinations of either 3 or 5 proteins were identified
that could predict the TB 1 year before the appearance of symptoms to be diagnosed
by currently available TB diagnostic tools. Similarly, Garay-Baquero et al. (2020)
used a quantitative proteomics discovery methodology to study nondepleted plasma
of active TB and healthy controls. They identified novel host protein markers along
with validation in two independent cohorts thus leading to a 5-protein biosignature
with potential to improve TB diagnosis. With further development, these biomarkers
have potential as a screening test to be used as POC test in clinics. Recently, Peng
et al. (2020) reported a combination of 15 host serum protein biomarkers that could
differentiate active TB from latent TB with a sensitivity of 85.4% and specificity of
90.3%.

Host proteomic has also been extensively studied in various biological fluids of
extrapulmonary tuberculosis. Tuberculous pleurisy is a common type of tuberculosis
(TB), but its diagnosis is challenging.Pan et al. (2020) studied proteomic profiles of
tuberculosis pleural effusion (TPE) and malignant pleural effusion (MPE) and
identified 14 proteins with significant difference between TPE and MPE and
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reported a signature combination of three proteins that could provide a sensitivity of
73.0% and specificity of 89.4% in discriminating TPE from MPE. In another study
reported by our group, vitreous samples from patients with tuberculosis of the eye,
i.e. tuberculous uveitis (TBU), with non-TBU and without uveitis were analysed by
shotgun proteomics using liquid chromatography tandem mass spectrometry
(LC-MS/MS). Pathway analysis of differentially expressed proteins (DEPs)
provided not only basis for the molecular mechanisms of TBU pathogenesis but
also lead to identification of vitreous protein biomarkers that can be further explored
for the differentiation of TBU from non-TBU (Bansal et al. 2020).

Proteomic tools have also been utilised for the study of drug resistance in
tuberculosis and use them as biomarkers for the treatment response. Yang and Wu
(2019) studied the differentially expressed peptides in the blood samples from TB
patients showing multidrug resistance (MDR-TB) as compared to drug-susceptible
tuberculosis (DS-TB) patients using LC-MS/MS and ingenuity pathway analysis
(IPA) and proposed potential proteomic biomarkers for the diagnosis of MDR-TB
with a caution for further investigations in this field. In another study recently carried
out by Chen et al. (2020), mass spectrometry and parallel reaction monitoring was
used to detect and validate differential serum proteins in MDR-TB and DS-TB
patients. These authors developed a diagnostic algorithm using three potential
candidate biomarkers such as sCD14, PGLYRP2 (peptidoglycan recognition protein
2) and FGA (fibrinogen alpha chain) resulting in sensitivity of 81.2% and specificity
of 90% to diagnose MDR-TB.

Thus, in spite of recent surge in the studies for the identification of several
putative biomarkers employing proteomics in tuberculosis, translation of these
biomarkers from bench to bed is full of challenges including wide spectrum of
disease hampering the appropriate stratification of the patients for validation studies
and poor performance of gold standard microbiological tests particularly in some
types of extrapulmonary tuberculosis and paediatric tuberculosis.

13.4 Other Omics Technologies for Potential Use for TB
Diagnosis

Besides genomic and proteomics, various other tools involving transcriptomics,
metabolomics, epigenomics, lipidomics, etc. are also being explored by various
researchers for their potential use for the rapid and specific diagnosis of tuberculosis.
Transcriptomics employing the mRNA expression profiling using whole genome
microarrays and RNA sequencing has proved to be a promising tool for identifica-
tion of key molecular signatures. These signatures provide potential benefits for the
diagnosis and prognosis of TB and for monitoring of drug treatment (Singhania et al.
2018;Lee et al. 2016; Berry et al. 2010). Several studies have documented the
perturbation in host transcriptome associated with active tuberculosis when com-
pared with latent infection or healthy controls, and key molecular signatures have
been identified to differentiate the active tuberculosis from latent infection and
predict the onset of tuberculosis and response to treatment (Zak et al. 2016; Suliman
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et al. 2018; Roe et al. 2020; Penn-Nicholson et al. 2020). A major limitation of these
studies is that the diagnostic accuracy of identified signatures has been validated in
limited number of datasets, and clinical utility of these studies is yet to be
documented.

Warsinske et al. (2019) compared 16 gene signatures using 24 independent
datasets with >3000 transcripts to investigate whether multiplexing of 1 or more
transcripts has the potential to identify patients with active tuberculosis with the
desired sensitivity as set by the WHO target product profile. It was found that only
two gene signatures reported by Sweeney et al. (2016) and Sambarey et al. (2016)
satisfy the WHO target product profile criteria for a non-sputum-based screening
test. There are 3 transcripts in the gene signature identified by Sweeney et al. (2016),
i.e. GBPS, KLF2 and DUSP3, and 10 transcripts identified by Sambarey et al.
(2016), ie. FCGR1A, HK3, RAB13, RBBPS8, IFI44L, TIMMI10, BCLS6,
SMARCD3, CYP4F3 and SLPI, demonstrating the highest accuracy in
distinguishing the active TB patients from healthy controls, patients with latent TB
infection or other diseases. Cepheid’s Xpert MTB HR test currently in diagnostic
pipeline is based on the Sweeny 3 signatures, while another test developed by
QuantuMDx is also in pipeline and based on RISK6 RNA gene signature (GBP2,
FCGR1B, SERPING1, TUBGCP6, TRMT2A and SDR39U1) (Penn-Nicholson
et al. 2020).

M. tuberculosis transcriptional profiling at the site of infection can also be utilised
to identify new biomarkers. In vivo, pathogen is in constant contact with its host and
environment, and it develops various virulence mechanisms for adaptation and
survival and evasion of host defence barriers and manipulates immune responses.
These molecular changes happening in vivo at host-pathogen intersection offer
better understanding of bacterial survival mechanisms under different environmental
conditions and development of new diagnostics and therapeutic targets. In some
recent studies, specific mycobacterial transcripts that are expressed at different stages
of infection and determine the disease progression have been identified. Sharma
et al. (2017) performed the transcriptional profiling of mycobacterial genes using
whole genome microarrays in sputum samples of pulmonary TB patients.
Dysregulated mycobacterial gene expression profile in the in vitro model of intraoc-
ular tuberculosis (IOTB), TB of the eye, has also been reported (Abhishek et al.
2018, 2019). Further, the presence of these signatures in the vitreous fluid of IOTB
provides the evidences to utilise these for diagnosis. Wildner et al. (2018) carried out
gene expression profiling of bacilli in sputa samples during the course of anti-TB
treatment. Transcriptional profiling between drug-susceptible and drug-resistant
strains has also been well studied and provides evidences that mutations acquired
in drug-resistant strains lead to transcriptional changes (De Welzen et al. 2017).
Gomez-Gonzalez et al. (2019) carried out an integrated omic analysis to understand
how variations in genome and methylation pattern effects the gene expression levels
and ultimately the Mtb pathogenesis. Tang et al. (2020) performed the transcrip-
tional profiling of MDR strains compared to reference laboratory strain of Mtb using
RNA seq and found unique transcriptional features relevant to both drug resistance
and virulence. From the available literature, it is evident that host transcriptomic
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signatures are relatively much more explored as compared to mycobacterial
transcripts for their potential for a TB diagnostic test, and more studies are required
in this direction.

Metabolomics is the relatively new branch of “omics” to monitor the small
molecule metabolites in the biological system that are closely associated with
diagnosing disease status, determining progression and monitoring of treatment
responses based on biochemical profiles. Recently, several studies are coming up
in context to tuberculosis exploiting the emerging field of metabolomics. Cho et al.
(2020) reported the use of metabolome approach for the diagnosis of active tubercu-
losis and identified high serum levels of glutamate, aspartate and sulfoxy methionine
in active TB patients compared to LTBI. Vaquer et al. (2019) also reported the
differential metabolome profile associated with active TB compared to household
contacts of TB patients. Dutta et al. (2020) performed the integrative metabolomics
and transcriptomic analysis and identified N-acetylneuraminate, quinolinate and
pyridoxate metabolites that responded to drug treatment. TB drugs induce changes
in the host metabolome as evident from the urinary metabolome that changes over
the time during the course of treatment (Combrink et al. 2019). Further, validation
studies of these metabolite markers in larger cohorts need to be done to investigate
their role as diagnostic biomarkers and in monitoring treatment responses.

13.5 Concluding Remarks

The WHO End TB Strategy aims to end the global TB epidemic, and to achieve this
goal, the WHO along with FIND developed a set of target product profiles (TPPs) to
guide and develop new diagnostic tools for tuberculosis diagnosis. The criteria set
for these TPPs include detection of TB at different stages of disease including LTBI,
subclinical and active TB as well as to differentiate between drug-susceptible and
drug-resistant TB which are applicable for different health-care settings. In recent
years, by using the combination of different omics technologies, several tests have
been developed, and some of them are either in the late stage of test development or
under review by the WHO for recommendations for clinical use (Table 13.1).
Although in the last few years, TB diagnostics field has shown significant advance-
ment, diversion of resources from TB to COVID-19 during 2020 has proved a
roadblock in this process and may affect the goals of the End TB Strategy.
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Abstract

Chronic kidney disease (CKD) is a serious health burden affecting approximately
16% of the world population. Chronic kidney disease is associated with gradual
loss of kidney function and ultimately kidney failure. In CKD, there occurs loss of
the ability to release waste electrolytes, whose buildup may hamper normal
metabolism. The glomerular filtration rate and serum creatinine are main diag-
nostic measures in this condition. However, there is an intrinsic problem of poor
diagnosis during early stages. This problem can be resolved by the use of
proteomics analysis, which provides a complete profile of different proteins
under a specific condition. There are various factors which influence occurrence
of chronic kidney disease. Increased release of inflammatory cytokines from the
adipose and kidney tissues may be responsible for renal injury. The perturbations
of the protein biomarkers may occur decades prior to clinical identification.
Proteomic analysis involving mass spectrometry coupled with chromatography
can provide better resolution to understand the changes of biomarkers of CKD.
Next-generation advancements in proteome analysis can facilitate better diagno-
sis, analysis, and treatment of chronic kidney disease. In this article, the recent
advances in proteomic approaches are discussed, which can influence the diag-
nosis, etiology, and treatment of chronic kidney disease.
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14.1 Introduction

Chronic kidney disease (CKD) has become a serious health problem worldwide
affecting more than 15% of the world population, and the burden is expected to
increase because of modern lifestyle (Jha et al. 2013). This disease is associated with
gradual loss of kidney function. There are several risk factors associated with CKD
like lifestyle, age, climate, gender, race, genetics, and metabolic factors. Thus, CKD
is multifactorial and complex disorder. In this disease, the waste filtration capability
of the kidney decreases, and subsequently, dangerous levels of uric acid, electrolytes
and metabolic wastes tend to build up in the body, ultimately leading to kidney
failure. The diagnostics of CKD is based on measurement of serum creatinine
concentrations and assessment of the glomerular filtration rate (GFR). However,
there is a problem of poor diagnosis during early stages of kidney disease. In this
condition, proteomic analysis pose a great potential for diagnosis of CKD. The
proteome analysis of a cellular system provides information about the influence of
environmental factors on the cellular system in association with hidden genetic
signature. Further, proteomics is very valuable tool in the diagnosis, analysis, and
treatment of CKD. The perturbations of CKD-related biomarkers may occur decades
prior to clinical identification. These clinical biomarkers can be identified along with
serum parameters and GFR assessment to diagnose the early onset of CKD.
Proteomic analysis can provide details about characteristic proteins and biomarkers
associated with the disease.

The proteomic analysis with MS coupled with chromatography techniques
provides a high degree of resolution to understand the changes in the various
proteins and biomarkers of CKD. Next-generation advancements including matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF), surface enhanced
laser desorption ionization-TOF (SELDI-TOF), laser capture microdissection-mass
spectroscopy (LCM-MS), and iTRAQ in proteome analysis along with powerful
high-throughput methods can provide better diagnosis and analysis and treatment of
CKD. There are new dimensions being explored focusing on nephropathy antigen,
urinary signature peptides, etc., which may help in the prognosis in chronic kidney
disease. The high-throughput technologies of genomics and proteomics are continu-
ously improving and thus provide a new platform to deal with human health
problems like CKD.
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14.2 Historical Background

Kidney disorders have been a common problem of mankind for years. The common
problem is the poor diagnosis. The early detection of the disease is not possible in
most cases because of overlapping symptoms, and sometimes the patient might
ignore symptoms. The symptoms of the kidney disease sometimes are like those
of some other illness, and these non-specific symptoms make patients reluctant, and
they delay visiting to a specialist. The untreated state for months makes the situation
worse leading to chronic disease. Various physiological conditions can be responsi-
ble for occurrence of CKD. These conditions include obesity; high blood pressure;
diabetes; inflammation of the kidney, glomeruli, tubules, and surrounding structures;
occurrence of kidney stones; malfunctioning of the urinary tract; and associated
cancers. Increased release of inflammatory cytokines from the adipose and kidney
tissues may cause renal injury in obesity. Type 2 diabetes associated with impaired
glucose metabolism and insulin resistance may increase the risk of kidney disease.
Studies have revealed an increased probability of kidney problem in patients with
diabetes mellitus. The major complications associated with CKD include fluid
retention leading to edema and swelling in arms and legs, high blood pressure,
cardiovascular problems, imbalance in the body solutes like potassium levels in your
blood, increase in fragility of the bones, weakened central nervous system, and
weekend immune response. Therefore, almost every part of the body is affected by
CKD. Long-term diseased condition can be irreversible and lead to end-stage kidney
disease eventually requiring either dialysis or kidney transplant.

The analysis of cellular mechanisms with changes in metabolisms and protein
levels was being done from many years. However, it was in 1994 when Dr. Marc
Wilkins, Australian scientist, coined the term “proteome” and put forward the
concept of proteomics. Since then various researchers have put new concepts and
tried to explore the potential of proteomics. Proteomics can provide solutions to the
unanswered questions of the genomics analysis. The use of proteomics is wide
spectrum, and it can be used to understand the pathogenesis and etiology of various
diseases like cancer, obesity, and CKD. The diagnosis of kidney disorders and CKD
can be done by monitoring some metabolites, cytokines, chemokines, growth
factors, etc. The simplest approach of two-dimensional difference in gel electropho-
resis (2D-DIGE) provides insights about protein profile and can be used for under-
standing the disease progression. Since every protein is important and can play
important role in modulation of disease, each component of proteome needs to be
analyzed. A small factor can change disease progression and manifestation. The
comparison is used to be performed with respect to healthy controls.

The advancements in the identification of biomarkers at rapid pace are resulting in
early diagnosis of CKD. The development of genetic tests can be very useful for
rapid diagnosis. There have been continuous improvements in resolution capability
of proteomic analysis over the period. The mass resolution helps in an increase in the
mass range for better proteomic analysis. Mass spectrometry (MS) and its variants
have evolved rapidly with advancements in engineering and technology. The
advanced MS analysis provides speed and accuracy to the diagnosis, management,
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and treatment of CKD. The few important aspects related to this subject have been
discussed in the following section.

14.3 Proteomics Advancements and Chronic Kidney Disease
14.3.1 Advancements in Proteomics Analysis

The proteomic analysis may be performed using 2D-DIGE, MS, and their variant
methods. The 2D-DIGE analysis provides insights about protein profile, and com-
parative analysis with healthy controls can provide details about the disease progres-
sion. Another important advancement is the introduction of mass spectrometry
technology. Now, MS is a fundamental technology which is used in proteomic
analysis in recent time. MS analysis can provide information about proteins and
native protein complexes, and it can help in the study of whole cells to understand
the folding of proteins in proteomes (Makarov et al. 2006; Snijder et al. 2017; Kaur
et al. 2018). The workflow of the proteomics analysis by mass spectroscopy is
outlined in Fig. 14.1. There are continuous advancements in the technology leading
to improvements in the analysis. These improvements have enhanced the capability
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and spectrum for protein profile and proteomic discovery (Aggarwal et al. 2019).
The increase in the identification capability of peptides and post-translational
modifications (PTMs) has led to development of high-end instruments with greater
resolution and mass accuracy like Orbitrap and time-of-flight (TOF) mass analyzers
(Hu et al. 2005; Yates et al. 2006; Marshall and Hendrickson 2008). The
advancements in the technology have made the proteomics cost-effective and
relatively robust. Earlier use of high-field magnets for ion cyclotron resonance MS
of intact proteins was costly (Macek et al. 2006; Cai et al. 2017; Rose et al. 2012).
The current variants of this technology are comparatively cost-effective than previ-
ous ones.

There is prerequisite to characterize intact proteins to verify sequence and PTMs
(Fornelli et al. 2012; Ehkirch et al. 2018; Chen et al. 2018). These PTMs govern the
functionality of the proteins and enzymes. Hence, such analysis can provide support
for protein-based therapeutics. In MS analysis, the fragmentation of amide bond of a
peptide is comparatively easier. There is a need of robust methodologies to perform
fragmentation of the amide bonds in intact proteins (Rosati et al. 2012). Electron
transfer dissociation (ETD) and ultraviolet photodissociation (UVPD are two impor-
tant advancements to achieve more efficient fragmentation of intact proteins. These
can be used in combination for better results (Cleland et al. 2017; Brodbelt 2016;
Cannon et al. 2014). These advancements make the top-down MS analysis easier.
The technological advancements help to combine different analyzers and mass
spectrometer to form a “hybrid instrument,” for example, triple quadrupole mass
spectrometer. In this instrument, one quadrupole was used to select m/z values, the
second was used as a collision cell, and the third quadrupole can perform analysis of
ions. Another hybrid instrument is the Orbitrap Fusion Lumos Tribrid mass spec-
trometer, which comprises of five different ion separation devices (Senko et al.
2013). Technically this is a more advanced hybrid instrument, in which a quadrupole
mass filter and an ion routing multipole direct ion to ion trap for collision-induced
dissociation. Orbitrap provides high resolution, and it is apt for high-mass accuracy
analysis. The peptide ion generation and fragmentation occur via collision-induced
dissociation. The advantage of ion routing multipole is that multiple experiments can
be performed parallelly. The use of this approach reduces overall time required for
the analysis. Therefore, the use of such instrument enhances the speed and through-
put of the analysis of samples resulting in identification of larger number of peptides
and proteins.

In the last decade, there has been continuous improvements in proteomic analysis,
focusing on ion mobility spectrometer (IMS), which can improve the ion separation
capabilities. A typical IMS instrument use high-pressure gas and constraining
electric fields to increase the ion separation (Shvartsburg et al. 2013). The increase
in the ion separation is critical as it can facilitate improved resolution of the mass
spectrophotometer. The use of ion mobility separation with a quadrupole time-of-
flight (TOF) mass spectrometer has been performed to analyze protein samples
(Hoaglund et al. 1998). With time, the use of IMS proteomic approaches has
increased. There has been a switchover to new-generation instruments in comparison
to traditional mass spectrophotometer.
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These next-generation instrument focuses on ion mobility resolution using an
electrical wave at lower pressure to force ion movement through a gas. In another
improvement called trapped IMS (TIMS), electric and radiofrequency fields for ion
separation and improved resolution are used (Silveira et al. 2014). The use of TIMS
with parallel accumulation-serial fragmentation (PASEF) technology provides fur-
ther improvements in proteomic analysis. In PASEF, there happens mass selective
release of peptide ions from the TIMS device for further analysis by MS/MS (Meier
et al. 2015).

It is evident that protein correlation profiling is a useful method in proteomics,
and pulldown immunoprecipitation of target protein to obtain protein complexes
may act as a good way to validate these methods (Huttlin et al. 2015). These methods
can provide useful information about the protein-protein interactions. The affinity
pulldown experiments are widely performed to analysis protein interactions in order
to decipher the process or pathway. However, there is a limitation of requirement of
higher affinity before pulldown experiments. Another advanced method called
“spatial proteomics” may solve this problem. This recent method determines
proteins in the region around a bait even without higher affinity between interactors.
The only prerequisite for spatial proteomics is that interactors should be within a
defined region. This method can provide valuable information about the protein-
protein interaction especially histone modifications and gene regulation. The intro-
duction of the labels into two different samples is done, and interaction can be
monitored. However, there should be accurate control over reaction to avoid error-
prone interactions, mixing errors, and mass balance errors resulting in false positive
results during proteomic analysis.

It is noteworthy that the proteome shows different pattern across different body
organs and tissues. The proteomic analysis of the liver, muscle, kidney, and blood
would give different observations. There is heterogeneity within various tissues in
the kidney. The glomerular, endothelial, and tubular cells are different from each
other in protein expression profile. Therefore, it is advised to have proteomic
analysis for better understanding of the protein expression profile across tissues in
clinical condition. The diseased phenotype is directly related to the genotype. But the
influence of the external factors and stress conditions can lead to the change in the
metabolism and protein profiles (Srivastav et al. 2019). Thus, proteomic analysis can
provide better understanding of the system. Therefore, the focus is shifting from
genomic to proteomic analysis. However, the comparative analysis would be
elucidating the detailed dynamics of the clinical condition like CKD. In such
situations, albuminuria/proteinuria analysis of the urine may provide information
about the specific pathway affected. In another situation, it can be just non-specific
release of protein from the glomerular filtration unit. The proteomic analysis is also
dependent on consideration of external factors and age, sex, diet, and diurnal
variations. The correlation of these variations with the proteome analysis can provide
a complete picture of the clinical condition (Nikolaeva et al. 2016; Shao et al. 2019;
Rebholz et al. 2019). GFR substantially put influence on the proteomics chronic
kidney disease (Christensson et al. 2017; Sekula et al. 2016). The analysis of the
GFR can provide interesting insights about the pathological changes. However, GFR
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does not completely elucidate kidney functions, and there may be non-correlation in
statistical analysis (Rhee et al. 2013). A toxic molecule would if nephrotoxic can
hamper GFR negatively. This correlation is negative when the molecule is nephro-
toxic. The proteomic analysis can provide information about various biological
processes including metabolism, inflammation, growth, and differentiation. In last
decades, there has been a continuous improvement in the technology and engineer-
ing, which has improved the capabilities of genomics and proteomics approaches
(Huttlin et al. 2017; Srivastav and Suneja 2019). It is expected that future
advancements in proteomics approaches would expand the horizon of analysis for
better understanding of biologics and improve the diagnosis and treatment of
diseases like CKD, cancer, obesity, etc.

14.3.2 Chronic Kidney Disease and Proteomics

Prognosis of CKD can help in the better treatment and management of disease. The
metabolite, enzymes, chemokines, cytokines, and hormones can provide accurate
information about the disease pathogenesis. The use of multiple biomarkers can
provide accurate prognosis when there is high variability expected from use of single
biomarker. Researchers have suggested several biomarkers from plasma, urine
interleukins, and chemokines for CKD, for example, IL-18, IL-10, IL-6, MCP-1,
and FGF-23 (Gentile and Remuzzi 2016).

There are multi-factors, which can modulate the chronic kidney disease
(Hirschhorn and Daly 2005). The chances of occurrence of kidney diseases and
nephropathy are higher in diabetic condition. Nephropathy is a condition where
damage to the blood vessels and nephron occurs. In nephropathy, inflammation takes
place, and many proteins associated with inflammation act as mediators of nephrop-
athy. Interestingly, deposition of calcium can occur in vessel wall, and it can be
patchy, diffuse, or concentric depending upon the location and lead to diseased
condition (Moe and Chen 2008). Calcification associated with chronic kidney
disease is generally in the medial smooth muscle, is concentric, and has a diffuse
distribution (Amann 2008). It is also seen that immunocompromised conditions or
chemotherapy increases susceptibility for CKD. Even inflammation of the mem-
brane of the heart (pericardium) and pregnancy complications can contribute to the
development of CKD. The inflammatory proteins may act as mediators of inflam-
mation. Also, proteins can act as modulators of the cell-crystal interactions and
hence nephrolithiasis process (Sharma et al. 2016; Narula et al. 2016, 2018).
The renal tubular injury occurs in stepwise manner subsequently leading to CKD.
It has been observed that proteins like NGAL, KIM-1, TIMP-2, and IGFBP-7 can be
used as biomarkers for early diagnosis of CKD (Carrero et al. 2009; Luczak et al.
2016; Jia et al. 2017).

In a study, Romanova et al. analyzed differential expression of cytokines and
proteins by multiple reaction monitoring approach and quantified cytokines,
chemokines, and growth factors using the multiplex Luminex XMAP technology
in CKD patients. They found elevated serum concentrations of CULS, antigen
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KI-67, NKRF, CAPRI, IGSF22, APPBP2, CCD171, and CCD43 in CKD patients.
The APOA4, AAT, VIL1, complement component, and cytokine concentrations
increased in patients with renal disorders (Wen et al. 2013; Luczak et al. 2015;
Glorieux et al. 2015; Peters et al. 2017). The finding correlated with ELISA suggests
the importance of such analysis.

In another study, protein profile of more than 200 urine samples were analyzed by
capillary electrophoresis-MS analysis (Good et al. 2010). There were about 273 uri-
nary peptides observed that showed variations between test and controls. It is
referred as CKD273 and has found worldwide approval. These CKD273 has signifi-
cant potential in differentiation between chronic kidney patients and normal
individuals and can act as good criteria for prognosis of CKD (Schanstra et al.
2015; Pontillo et al. 2017). CKD273 gives details about collagen fragments, blood-
derived proteins involved in inflammation and tissue repair, which is a sign of kidney
damage.

The chronic tissue inflammation can contribute significantly to the clinical con-
dition. It is a potential risk factor in diabetic kidney disease. There has been observed
association between circulating TNF receptors 1 and 2 and the risk of ESRD
(end-stage renal disease) in diabetic kidney disease (Niewczas et al. 2012). The
inflammatory proteins in circulation can act as potential biomarker for CKD. A
group of researchers focused on these circulatory inflammation proteins, and they
measure a panel of 194 proteins in diabetic kidney disease (Niewczas et al. 2019). In
one comprehensive analysis related to diabetes, more than 200 subjects were
investigated and identified a kidney risk inflammatory signature (KRIS). KRIS can
be defined as a set of 17 inflammatory proteins, consisting mainly of TNF-R
superfamily members. These TNF-R have strong association with CKD. The
investigators suggested that non-kidney sources like leukocytes may play significant
role in generating circulating KRIS proteins. The comprehensive proteomic database
is generated by the National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK) CKD Biomarkers Consortium across different age groups (Rhee et al.
2019). During an ideal analysis, as per the good availability of the high-throughput
data, cardiovascular events, and cognitive development and other sub-phenotypes
related proteomic data, need to be considered for comprehensive and relevant
proteomics and diagnosis in CKD studies (Grams et al. 2017).

There is prerequisite to shift paradigms from genomics to proteomics and possi-
bly an integrative analysis. The current proteomic capability is constantly evolving
because of the technological advances. These advancements can improve the diag-
nosis, detection, treatment, and management of CKD. MS analysis has many
variants with different capabilities for different analysis types. LC-MS instruments
are widely used in clinical laboratories for diagnosis and analysis of diseases and
toxicology analysis. MALDI-TOF MS profiling methods are also being used
because of higher sensitivity and accuracy. It provides validation of data and
analysis. The experimental design and analysis are optimized with respect to the
clinical condition, target, and objectives in a proteomic study. Isobaric tags for
relative and absolute quantitation (iTRAQ) is an advanced approach compared to
2D-DIGE in quantitative analysis with higher sensitivity and accuracy. In this
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approach, isobaric tags can be put in proteins, and these labels help for relative and
absolute proteomic quantitation by mass spectroscopy. This gives information about
the total protein from different sources. However, the validation of altered proteins
or change in protein profile can be performed by conventional methods like Western
blotting.

There are various challenges associated with comprehensive proteomic analysis.
There is a prerequisite for a proteomics analysis to characterize intact proteins to
analyze sequence information and post-translational modifications (Fornelli et al.
2012; Ehkirch et al. 2018; Chen et al. 2018). The fragmentation of amide bonds is
one of the major challenges. The use of robust methods for fragmentation of the
amide bonds can provide an answer to this problem (Rosati et al. 2012). In proteome
analysis, the characterization and identification of native proteins is also required.
Sometimes the membrane proteins are difficult to isolate and characterize because of
their transmembrane hydrophobic regions. There have been improvements in this
context, where native protein complexes can be analyzed (Marcoux and Robinson
2013). The new technology involves surface-induced dissociation to fragment
protein complexes. This modification helps to direct higher amount of energy into
ion complex. The membrane proteins are difficult to handle because of their fragile
nature and hydrophobicity. However, in this case, crosslinking can be performed,
and this would avoid the dissociation of the membrane complex. The denaturant
buffers should be avoided, but if the complex is crosslinked, then denaturant would
not hamper much with the proteomic analysis (Larance et al. 2016).

14.4 Conclusion

There has been a huge progress in the field of genomics, and large-scale sequencing
efforts have been made to measure susceptibility for multigenic diseases. However,
the success rate is not very good. This may be because scientists were unable to
understand the missing patterns of heritability for some diseases. The possible reason
could be the post-transcriptional and post-translational modifications and role of
external factors in controlling the epigenetics (Koch 2014). The worldwide burden
of chronic kidney disease is about 16%, very significant, and it requires researchers
and clinicians to focus more attention on this problem. The gradual loss of function
of the kidney is major issue, where the disease is neglected during early-onset stages.
This poses the problem of early diagnosis by the clinicians. The glomerular filtration
rate (GFR) and level of serum creatinine do not alarm about early-onset of CKD. The
use of advanced proteomics approaches can improve for early diagnosis and
subsequent treatment of CKD. The perturbations of the chronic-related biomarkers
may occur many years prior to clinical identification. Mass spectrometry analysis
coupled with chromatography techniques provides a high degree of resolution to
understand the changes in the various biomarkers of CKD. There are next-generation
advancements in the field of proteome analysis, and mass spectrometry has
revolutionized the biomedical field (Schaffer et al. 2019). It has provided better
diagnosis, analysis, and treatment of CKD. The high-throughput technologies have
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improved the way to deal with CKD. The focus of the research should be also on to
determine the role of proteome and various metabolites in disease pathogenesis. The
advent of new technologies and advancements in the study of post-translational
modifications would enhance the pace of proteome analysis in CKD. The detailed
pathway affected and genes and protein involved in CKD can be deciphered by
integrated use of genomics and proteomics.
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Abstract

3D bioprinting is the most popular additive manufacturing method, in which solid
objects are constructed by depositing several layers in sequence for the fabrica-
tion of biostructures. Bioprinted structures, like tissues, organs, and Organ-on-
chip, in 3D, are now widely used to study and understand the functions of the
human body. The 3D bioprinted structures are closely similar to naturally occur-
ring biologics systems, and studies performed on 3D biostructures can be more
biologically relevant than in vitro studies conducted in 2D. 3D bioprinting has
advanced over the years and is commonly used in tissue engineering and regen-
erative medicine. The fabrication of biomaterials like cells, tissues, and organs
using 3D bioprinting is becoming an alternative and favorable tissue and organ
transplantation approach. Bioprinting is a relatively novel method and holds great
promise but has several challenges and limitations. To this end, this chapter
summarizes the concept of 3D bioprinting, bioinks and their classification,
different methods of bioprinting, and their applications in areas of health, phar-
maceutical science, and biomedical engineering. The chapter also highlights the
challenges associated with the clinical utilization of 3D bioprinting. 3D
bioprinting and its applications in personalized medicine and tissue bioengineer-
ing are continuously growing. In the future, this technology could provide
advanced tools to the researchers to develop targeted treatment and improve
patient outcomes.
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15.1 Introduction

3D bioprinting (3DBP) technology is defined as “the process of obtaining a three-
dimensional object in a layer-by-layer fashion with computer-controlled designs”
(Eshkalak et al. 2020).The ultimate aim of this technology is to design tissues and
organs similar to naturally occurring biologics systems. In the conventional method,
non-advanced tools or non-standard geometries are used to produce objects from the
bulk substances, resulting in low-quality production (Campbell et al. 2011; Hwang
et al. 2018). In contrast to the conventional method, 3DBP technology is more rapid
and convenient to handle and automate customized processes (Peterson et al. 2014;
Anciaux et al. 2016; Wang et al. 2016a). 3D bioprinting technology is based on 3D
printing principles that provide an opportunity to obtain biological materials which
include cells, tissues, and organs from biocompatible and biomimetic biomaterials.
There are several kinds of 3D printing methods such as inkjet bioprinting, laser-
based and extrusion-based bioprinting, and stereolithography bioprinting that are
currently in use. Apart from organ printing, it is also utilized in preclinical studies to
generate in vitro/in vivo models for developing and screening drug delivery systems.
For pharmaceutical research, it offers faster means of drug testing at a low cost and
can also have better biological relevance to humans than animal studies. It is a robust
tool technology and offers several advantages such as enhanced safety profile and R
and D productivity with high efficacy (Ngo et al. 2018). Tailored medication,
personalization, quick disintegration, and mini dispenser unit are some of the
advantages of 3D printing. However, there are certain limitations of 3DBP. Indeed,
bioink formulation does not possess adequate self-binding property, precise viscos-
ity of ink, and exact object printability during the end of the process (Ali et al. 2020).
Technology has undoubtedly enhanced patient compliance with the development of
scaffolds, tissues, organs, and novel drug carrier systems which are suitable for
patient anatomy and specificity by optional and rapid production. The novel tech-
nology of 3D bioprinting holds great promise; it is a cost-effective and time-saving
technique and is attracting immense attention, especially in healthcare, pharmaceu-
tical sciences, and biomedical engineering (Kocak et al. 2020; Yan et al. 2018).

15.2 History

For the first time, Dr. Kodama from Japan discovered 3D printing technology in his
name during 1980. In 1984, the stereolithography apparatus was invented,
representing the birth of 3D printing. Moreover, the first use of laser technology
illustrating 2D patterning of live cells was reported in 1999. In 2002, the first
extrusion-based bioprinting method, which was known as “3D Bioplotter,” was
launched. Wilson and Boland developed the first inkjet bioprinter in 2003. In the
year 2006, living cells were deposited by the application of an electrodynamic
jetting. Scaffold-free vascular tissue was fabricated by using bioprinting in 2009.
The coming years saw the rise of numerous new bioprinting products, for example,
artificial liver and articular cartilage in 2012 and tissue integration with the vascular
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system in 2014. In 2016, the cartilage model was manufactured by the Integrated
Tissue and Organ Printing (ITOP) system. In the same year, Spritam (levetiracetam)
tablets for oral use were manufactured using an inkjet printing method; the first
3D-printed drug approved by the Food and Drug Administration (FDA) in 2016 was
developed by Aprecia Pharmaceuticals (Jose and Christoper 2018). In 2019, a
cardioid structure was bioprinted in Tel Aviv University; the collagen human heart
at various scales was engineered using FRESH technology (Gu et al. 2019).

15.3 3D Bioprinting Procedure

The procedure of 3D bioprinting is generally relied upon the principle of the exact
layering of biomaterials. The initial step in 3D bioprinting is to generate a 3D model
design using CAD/CAM software. Selection of biomaterial or bioink is also
included in this step (Zhang et al. 2018). The second step involves converting the
digital model into the STL file format, which stands for standard tessellation
language or stereolithography that can be readable to the printer (Agarwal et al.
2020). The STL file contains polygons or triangles, which provide instructions about
the designed surface for introducing a model to the printer. In the third step, the data
is converted into G-code that encloses information for printing the material layer by
layer with the help of slicer software that is placed in the 3D printer (Gross et al.
2014). After that, the extra printed parts are removed before the final step. Step five is
a post-processing step, and it relies on different technologies for the maturation of
the fabricated construct in a bioreaction to create a complete 3D object (Jamroz et al.
2018; Highley 2019; Papaioannou et al. 2019) (Fig. 15.1).

15.4 Bioinks

The most crucial step in the bioprinting strategy is to select and design the ideal
bioinks. Bioinks are “a formulation of cells suitable for processing by an automated
biofabrication technology that may also contain biologically active contents and
biomaterials” (Groll et al. 2018). Characteristics of ideal bioinks include high
mechanical, chemical, and rheological properties. Moreover, it should have good
biocompatibility, biodegradability, nontoxicity, and non-immunogenicity, which aid
in both cell viability and printability.
Two kinds of bioinks that are adopted in 3D bioprinting are as follows:

1. Scaffold-free bioinks.
2. Scaffold-based bioinks.

Scaffold-free bioinks are the ones in which living cells are directly printed into 3D
constructs (Achilli et al. 2012; Mironov et al. 2009; Cui et al. 2017). Firstly, clusters
or aggregates are produced from cells (like spheroids) and placed into suitable
patterns, which further go for fusion and maturation into broad-scale functional
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tissues (Rezende et al. 2013). In the case of scaffold-based bioinks, polymeric
hydrogels are used to fix the cells, and then the scaffolds are employed for printing
with tissue-specific 3D architectures (Liu et al. 2017). In this case, when the
degradation of the hydrogel scaffold occurs, the encapsulated cells begin to prolifer-
ate and grow into wide-scale tissues. The later bioink strategies are beneficial in
manufacturing biomimetic tissues. However, it also exhibits certain drawbacks due
to the immobilization of cells in the scaffold, which induce hindrance in cell
proliferation, migration, and colonization. Furthermore, scaffold-free bioinks show
close biomimicry of the generated tissue and improve functionality for a longer
duration (Yipeng et al. 2017). Bioprinting technology consists of three essential
components: polymer solution (natural or synthetic), viable cells, and 3D printers
(Aljohani et al. 2018).

15.5 Hydrogels for Bioprinting

Hydrogel is a class of 3D network polymers formed through crosslinking methods to
form gel-like structures and are essential components of bioink. It functions as a cell
carrier, maintains its viability, and serves as substrate or scaffolds supporting its
growth and proliferation. The hydrogel can swell in water but does not dissolve in
it. Moreover, a few hydrogels exhibit permeability that is similar to the natural
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extracellular matrix (ECM). The hydrogels are considered as an ideal material for
cell bioprinting due to biocompatibility, high water content, and biodegradability
(Wang et al. 2020). Electrospun fibers were utilized as scaffolds to replace the blood
vessels, bone, cartilage, and other organs in earlier times. However, nowadays, it is
substituted with many polymers as collagen, chitosan, polyanhydride, alginate,
agarose, Matrigel, and fibronectin (Gu et al. 2015; Jia et al. 2014). There are two
types of hydrogels applied for bioprinting of biomaterials: a natural polymer,
synthetic polymer, or a combination of both natural and synthetic polymer-based
biomaterials. Natural polymers are widely available from sources like animals,
plants, and microbes and are the main component of extracellular matrices
(ECMs). Before printing, natural polymers enclose the viable cells and biologically
active agents and make them safe from printing stress during the process. After
printing, semipermeable substrates are formed, and these substrates are permeable to
nutrients and metabolites of a cell; through this, cells can exchange gases (e.g.,
oxygen). The natural polymers commonly used include hyaluronic acid (HA),
gelatin, fibrin, laminin, collagen, and fibronectin. Apart from this, various other
biopolymers such as chitosan, alginate, starch, and cellulose are also used as
hydrogels (Liu et al. 2018a).

On the contrary, synthetic polymers are produced by several chemical synthesis
processes. It is known to mimic the extracellular environment with the help of
various native components of ECM. Natural polymers are usually modified to
ameliorate the biodegradability, biocompatibility, thermal, physico-mechanical,
biological, chemical, and conductive properties through synthesis of composites
(Xu et al. 2012). Derivations in cross-linkable structures provide a better opportunity
in tissue engineering and regenerative medicines for application purposes. Poly
(ethylene glycol) (PEG), PEG-dimethacrylate (PEG-DMA) (Cui et al. 2012), poly
(ethylene glycol) diacrylate (PEGDA), poly(e-caprolactone) (PCL), polymeth-
ylmethacrylate (PMMA) poly(vinyl alcohol) (PVA), polyurethane (PU), poly
(hydroxypropylmethacrylamide) (PHMMA), GelMA/gellan gum, and alginate
hydrogel (Visser et al. 2013), and poly lactic-co-glycolic acid (PLGA) biomaterials
are implemented to engineer desired organ through the scaffold-free cell printing
technology (Shim et al. 2012; Guo et al. 2014). Among these polymers, PEG,
PLGA, and PU are known as synthetic polymers, which exhibit excellent 3D
printability, tissue compatibility, and stability properties (Zhang and Wang 2019).

15.6 Methods of 3D Bioprinting
15.6.1 Inkjet-Based Bioprinting

It is a conventional and commonly used method of printing. In this method, droplets
acquiring cells and biomaterials are patterned layer-by-layer on a substrate (Shafiee
and Atala 2016). Generally, bioink is filled into the cartridge, and then droplets are
placed on the substrate with the assistance of computer-controlled thermal or piezo-
electric (acoustic) actuators to build a 3D model (Zhang et al. 2016). The heat
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required to generate bubbles is up to 300 °C for a few microseconds, and then
picoliter-sized ink droplets from the nozzle spread onto the substrate (Arslan et al.
2016). Generally, the high temperature encompasses a minor impact on the viability
of the cellular material (Xu et al. 2005). The piezoelectric crystal actuator generates
electrical pulses to eject nanoliter or picoliter droplets at regular intervals (Park et al.
2017). Furthermore, this method offers high resolution and allows printing with high
cell viability (Demirci and Montesano 2007). The benefits of inkjet bioprinting
include the high printing speed (up to 10,000 droplets per second), cost-
effectiveness, and wide availability. In addition, the repairment of skin and cartilage
tissues is a common application of inkjet bioprinting where the high speed of printer
enables direct ejection of cells and biomaterials onto skin and cartilage lesions.
However, the major drawback is that the cells can sometimes form aggregation in
between the cartridges and block the nozzles (Arslan et al. 2016).

15.6.2 Laser-Based Bioprinting

Laser-based bioprinting or laser-induced forward transfer bioprinting (LIFT
bioprinting) is a method applied for printing living cells in the engineering of tissue
structures. In this method, the high-energy light source is utilized for printing design
(Moroni et al. 2018; Hospodiuk et al. 2017). During the process, repeated laser beam
pulse is received by substrate at a controlled rate for printing the cells (Badylak and
Gilbert 2008). This device is comprised of a focusing system, pulsed laser beam,
bioink, laser absorbing ribbon, and a receiving substrate (Nguyen et al. 2017; Lorson
et al. 2017). The resolution of laser bioprinting relies on various parameters such as
surface tension, type of laser used, the wettability (substrate), viscosity (organic
layer), and the air voids between the substrate and the ribbon (Liu et al. 2018b).
Unlike inkjet printing, it has no nozzle, and as such high density of cells and viscous
bioinks can be loaded without causing clogging. It has been used to print cellularized
skin constructs, cells of the human dermal fibroblasts, and pulmonary artery endo-
thelial cells. However, expensive installment and selection of bioinks make this
method less preferable (Arslan et al. 2016).

15.6.3 Extrusion Bioprinting/Direct Writing

Extrusion bioprinting (EBB) is very common additive manufacturing method that is
applied in the area of tissue engineering and biofabrication (Ji and Guvendiren
2017). This technique is broadly used on a large scale for bioprinting the cells in
which the continuous filaments from the automatic nozzle extrudes the bioink on to
the substrate (Ozbolat and Gudapati 2016; Hospodiuk et al. 2016). The biological
materials are extruded and regulated by pneumatic or mechanical dispensing
techniques. The viscosity ranges of hydrogel solutions for supporting cell materials
lie from 30 to > 6 x 10’ mPa/s for extrusion-based bioprinting (Murphy and Atala
2014). This device has a dispenser (single ejector or multiple ejectors), an automatic
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robotic system, and a stage controller. The significant advantages of EBB are its high
printability speed, reduced risk of clogging, compatibility for printing materials, and
high-density cell deposition (Wang et al. 2017; Yeo and Kim 2017).This technology
is commonly used to manufacture scaffolds that mimic soft tissues and bone
structures, which provide an opportunity for possible implants. Nevertheless, the
pressure and shear stress influence deposited cells’ viability in viscous fluids forming
a structure with low fabrication resolution (~200 pm) by extrusion (Xiong et al.
2017). These drawbacks can be overcome by optimization and modification in the
nozzle, syringe, or motor control systems to some extent (Yu et al. 2013; Dababneh
and Ozbolat 2014).

15.6.4 Bioplotting

Bioplotting is type of 3D printing technique employed for tissue engineering and
regeneration. Its adaptability provides new opportunities to extrude spheroids or
tubes of materials from the syringe (Gloria et al. 2009). Generally, this printer system
has multiple syringes and can be applied to numerous cell types enabling the
fabrication of soft tissues. In this mechanism, deposition of materials is arranged
in a bottom-up approach (layer-by-layer) and cured via UV radiation. Despite these
advantages, challenges in selecting the bioprinting materials are known to exist
(Mobaraki et al. 2020).

15.6.5 Fused-Deposition Modeling (FDM)

Among additive manufacturing techniques, FDM is one of the oldest processes
involved in 3D printing. In the FDM printer, the head resembles an inkjet printer
(Salentijn et al. 2017). However, during the heating process, beads are liberated from
the print head, as it then constructs the object in fine layers. The procedure undergoes
several repetitions until the complete structure of each layer is formed precisely.
After that, each layer becomes hard, gradually developing into a solid object. FDM
printers can use several polymeric materials, but it does not show similarity to
formulate bioinks for bioprinting applications (Rahim et al. 2019).

15.6.6 Stereolithography (SL)

This method is based on photo-polymerization in which photosensitive material/s is
cured to produce a 3D object (Kumar and Kim 2020). Firstly, the appropriate bioink
is prepared by mixing cells in the solution of photosensitive prepolymer. The SLA
device initiates the photopolymer’s chemical reaction by using the digital mirror that
induces the crosslinking of the bioink (Melchels et al. 2010). After repetition of the
process, the parts of the object are fabricated in a layer-by-layer manner. Finally,
curing is the essential step to improve mechanical integrity and to remove the
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uncrosslinked portion of the bioink. SLA printers transfer the energy into a liquid
photopolymerizable resin in the form of UV laser beam. However, certain resins
have shown potential carcinogenic properties. This is the way the FDA-approved
resin should be used for clinical applications (Wang et al. 2016b; Goole and Amighi
2016). SLA-based technologies are broadly applicable in the biomedical field to
build prosthetics, custom implants, bone, or cartilage tissues. Although the SLA is a
rapid printing process, it is a low-resolution and time-consuming technique for
designing 3D tissue. Therefore, compared to the visible light-based photoinitiation,
the bioprinting UV light-based process consumes more time during exposure to light
and possesses a low cell survival rate (Ozbolat et al. 2016).

15.7 Applications of 3D Bioprinting

It is an exciting platform for developing medical and engineering technologies and
biomimicking living animal cells, tissues, and organs. After modifying conventional
technology, the contemporary 3D bioprinting technique forms a base for the evalua-
tion of numerous biomedical applications such as scaffolds, tissue fabrication,
artificial organs, development of drugs, and medical devices. Apart from the
above-cited applications, it can also be used to create prosthetics, implants,
anatomical models, and drug delivery.

15.7.1 Tissues and Organs Printing

3D printing technology provides benefits in the fabrication of cells, cell-laden
biomaterials, and tissues to create 3D organs (Ozbolat and Yu 2013). 3D printers
have been employed to develop a spinal disk, knee meniscus, heart valve, cartilage
and bone, and an artificial ear (Gross et al. 2014).

15.7.2 Customized Implants and Prostheses

Due to advancements in 3D technology, many techniques such as X-ray, MRI, or CT
scans are used for making similar geometry of organs that can transfer images into
digital 3D files. The strategy has been practiced in spinal, dental, and hip implants
(Sljivié et al. 2019).

15.7.3 Anatomical Models

Anatomical models are customized for specific patients and pathology. On the basis
of customized models, it helps in educating patients on their exact condition.
Neurosurgeons widely use 3D-printed neuroanatomical models to understand the
complexity of the human body (Klein et al. 2013).
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15.7.4 3D-Printed Dosage Forms and Drug Delivery Devices

Bioprinting has earned worldwide popularity in the last decades, making a signifi-
cant impact on the pharmaceutical industry. It has shown high reproducibility and
capability in manufacturing dosage forms with complex drug release profiles. This
technique can also create complex drug manufacturing methods. For the control
release rate of the drug, internal structure and shape structure can be adjusted by
choosing suitable models, parameters, and materials. The surface area is modified to
create a customized shape of the pill by 3D printing (Goyanes et al. 2015). It works
on the principle of the concentration gradient to regulate and control the strength and
time of the drug release. ZipDose Technology enables the administration of a high
drug load, up to 1000 mg in a unit dose. SPRITAM is one example through which
the largest quantity of levetiracetam is administered with only a single sip, thereby
enhancing patient compliance (Jose and Christoper 2018).

15.7.5 Unique Dosage Forms

3D printing offers the opportunity to produce abundant dosage forms that overcome
the limitations of conventional drug fabrication. It has currently been used to
manufacture various novel drug formulations, for instance, microcapsules, antibiotic
printed micropatterns, nanosuspensions, mesoporous bioactive glass scaffolds, and
multilayered drug delivery devices (Ursan et al. 2013). Sustained-release formula-
tion can be developed as single or multilayer printed tablets. Such type of dosage
forms are known to reduce the frequency and number of dosage form units taken by
the patient on a regular basis. One of the major potentials of 3D printing is to
manufacture an individualized dosage form known as polypill. Any polypill is a
combination of two or more doses, which includes sustained-release (SR) layer and
immediate-release (IR) layer. For example, aspirin and hydrochlorothiazide are
placed in the IR layer, while the SR layer helps in the separation of the three
drugs, namely, atenolol, pravastatin, and ramipril, to ensure the peculiar release of
the individual drug. The polypill helps in treating patients with comorbidities, such
as hypertension, chronic renal failure, and diabetes (Khaled et al. 2015).

15.7.6 Drug Testing

3D printed biomimetic model has been employed in drug testing, where it is
accelerating the new drug development process and ultimately reduces the usage
of animals for preclinical studies. For this, personalized cell-laden pattern and
fabricate models such as in vitro liver for drug screening are fabricated. The 3D
microenvironment is useful in investigating the toxicological and pharmacological
properties of microtissues (Satpathy et al. 2018; Peng et al. 2017).
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15.7.7 Other Applications with Some Challenges

Repairing of skin has gained more attention due to its simple structure, but the
application of 3D bioprinting on burned skin would be challenging to regenerate
scar-free skin. Vascular tissue engineering is complicated as vessels exist throughout
the body. Myocardial repair has also attracted massive attention. Currently, there are
many cardiac patches used to treat myocardial infarction. Simple tissues (e.g., skin,
bone, and cartilage) are fabricated easily, while complex tissues, such as vascular or
connective tissues, are hard to fabricate (Aljohani et al. 2018).

15.8 Tissue Engineering and Regenerative Medicine

Tissue engineering is an interdisciplinary field that applies engineering and life
sciences principles in developing biological tissue that focuses on creating and
fabricating natural substitutes to reproduce functioning tissues or organs. The objec-
tive of tissue engineering is to achieve a physiological structure that maintains,
restores, or improves damaged tissues or whole organs and to promote health. It
constructs alternative structures that mimic the body’s normal tissue for substituting
injured or diseased tissue (Wardhana and Valeria 2020).

Regenerative medicine is a multidisciplinary area that involves the body
utilizing its systems (directly) or sometimes with the help of foreign biological
material (indirectly releasing factors that can induce endogenous tissue healing) to
reform damaged cells, tissues, or organs.

The words “tissue engineering” and “regenerative medicine” are often used as
interchangeable terms, as the ultimate target is to concentrate on cures rather than
treatments for multiple diseases (Tonelli et al. 2016). For example, artificial skin and
cartilage have been approved by the FDA as common engineered tissues; however,
they have limited use in human patients due to certain limitations.

15.8.1 Components of Tissue Engineering

The aim of constructing tissues or regenerating tissues is achieved by tissue engi-
neering. The following three components are required to fabricate artificial tissues.

15.8.1.1 Scaffold

The scaffold is an artificial three-dimensional structure that carries cells and acts as
their microenvironment. It mainly contains proteoglycans and glycoproteins that
serve as a simulation of the extracellular matrix in a human cell. Scaffold structures
should be made of biodegradable materials like collagen and some polyesters.
Generally, polylactic acid is used as a scaffold material. To produce an ideal
scaffold, it should possess precise regulation of macrostructural (e.g., mechanical
strength, spatial form, density, porosity) and microstructural (e.g., pore size, pore
interconnectivity, pore distribution) features (Leong et al. 2003). Micropores are
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necessary for the growth of cells, diffusion of nutrients, and waste. It has been seen
that space for blood vessels is imperative and exhibits the limiting factor in scaffold
(Chen et al. 2006).

15.8.1.2 Cells

Cells are essential components that fill the empty scaffold and convert it into the
target tissue. Currently, the cells available can be classified in several ways. The
simplest way is to classify as follows: (1) allogenic cells (cells from the same
person), (2) autologous cells (cells from the same individuals), and (3) xenogenic
cells (cells from another species) (Hasirci and Hasirci 2018). The other method has
classified cells into five types, which are available for tissue engineering (Lanza et al.
2020).

(a) Adult stem cells: These cells are isolated from the same person. It is a good
method of production because the donor is the recipient, and rare chances of
infection occur. Moreover, immune suppressive therapy is not needed during
transplantation.

(b) Mesenchymal stem cells: MSCs exist in the bone marrow and are responsible
for the homeostasis of musculoskeletal tissue. They have the potential to
differentiate into a variety of cells that are lacking for reparation of tissue by
modifying themselves. They are also the right way of replacing adult stem cells.

(c) Embryonic stem cell: ES is capable of differentiating into all somatic cells and
proliferating indefinitely. However, they are less reliable due to their tumori-
genic properties.

(d) Induced pluripotent stem cells (iPSC): This method is widely accepted. How-
ever, these cells are integrated into the host genome and exhibit oncogenic
behavior because this type of stem cells rely on the retroviral vector.

(e) Other types of cells: Some of them are from placental tissue, umbilical cord,
amniotic fluid, and umbilical cord. Unlike embryonic stem cells, it does not have
tumorigenic properties.

15.8.1.3 Growth Factors

It is essential to add bioactive compounds (growth factors) that guide their attach-
ment to the scaffold in tissue regeneration. Growth factors (GFs) are signaling
molecules that provide direction for cell growth, helping in stem cell proliferation,
migration, and differentiation. Nevertheless, the main limitation of growth factor
selection is dosage-related adverse effects (Subbiah and Guldberg 2019).

15.8.2 Limitations

Adequate pore volume and permeability are necessary for the penetration of the cells
into the scaffold. Otherwise, it would be confined within the scaffold peripheries
leading to cell necrosis. Due to the lack of nutrients, the degradation of scaffold
starts, resulting in long-term failure of new tissue grafts (O’Connor et al. 2020). The
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thickness of artificial tissue is a significant parameter for supplying nutrients to
central parts of the tissue by diffusion. This is one of the vital and large areas for
developing angiogenesis in tissue engineering (TE) (Shafiee and Atala 2017). The
drawback of TE is a deficiency of donor organs for people who are waiting for
transplantation. Another drawback is that regular immunosuppressive therapy can
harm the health of the recipients. In addition to the cells and scaffolds, temperature
(37 °C) and growth and differentiation factors (hormones, chemical, and metabolic
factors) are essential for tissue development (Castro et al. 2020).

15.8.3 3D Bioprinting and Tissue Engineering

3D bioprinting is becoming the future of tissue or organ construction. It is difficult to
mimic the natural process to establish viable organs due to the slow growth and
development of tissues in an individual (Kawasaki et al. 2017; Van Linthout et al.
2014). For these reasons, organ regeneration and complex tissue formation seem to
be incompatible through a natural process. Therefore, the biomanufacturing of
complex tissue/organ models that imitate specific tissues/organs’ biological
functions could help overcome organ failure or rejection (Homan et al. 2016;
Pourchet et al. 2017; Neiman et al. 2015; Liu and Wang 2015). The traditional
engineering systems are not useful because of their complexity. Each organ has its
specific anatomical, histological, and morphological structures that perform various
physiological activities (Wang et al. 2010). Thus, the 3D bioprinting technology
plays an imperative role in creating external and internal tissue structures. In
conventional methods, including cell transplantation, tissue repairing, the anatomy
of tissue models, and regulation of vital physiological processes, relies on a self-
healing attribute of the recipient cells. Today, 3D bioprinting methods are capable of
fabricating tissues in vitro but still face challenges in controlling the process of a
complex organ after implantation. The extracorporeal systems can help to regenerate
organ function permanently. Thus, bioadditive manufacturing is focusing on engi-
neering extracorporeal organ systems to print, fabricate, and maturation before
implantation (Hartupee and Mann 2016).

15.8.4 Tissue Engineering of Different Organs

15.8.4.1 Cardiac

It becomes crucial to design functional myocardium for repairment. Alginate
scaffolds can cultivate myocardium models with human cardiomyocyte progenitor
cells (hCMPCs) by using 3D bioprinting (Gaetani et al. 2012). Indeed, a cardiac
patch of polyesterurethane urea (PEUU) co-cultured with human umbilical vein
endothelial cells (HUVECs) and human mesenchymal stem cells (hMSCs) through
laser-induced forward transfer (LIFT) cell printing method has been developed.
Transplantation of these patches in the infarcted region of the rat heart has shown
vascularization and improved physiology of cardiac muscles. Moreover, in 2016, a
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study has declared that the possibility of 3D bioprinting to recapitulate the whole
heart through CAD software (Oklu et al. 2016).

15.8.4.2 Liver

Recently, liver-like microstructures have been fabricated by employing printing
technology. For instance, one of the first bioprinting companies, Organovo™
constructed high cell viability and 3D vascularized liver by using bioprinting of
high-density hepatocyte cells, hepatoma cells, and endothelial cells, a scaffold which
resembles native hepatic lobules. On the other hand, single hepatic cells were
replaced by liver spheroids, which can prevent the exerted shear stress on cells
throughout the printing process. Consequently, such spheroids demonstrated con-
stant hepatic biomarker secretion of alpha-1 antitrypsin, ceruloplasmin, transferrin,
and albumin that helps in the evaluation of hepatotoxic drugs (Nguyen et al. 2015).

15.8.4.3 Cartilage Bone

PCL/nHA/PPF and PCL/nHA scaffolds were set in in the rabbit’s femurs, with or
without seeding of rabbit bone marrow mesenchymal stem cells (BMSCs). After
4 and 8 weeks, the evaluation was done by micro-CT, histological test, and mechan-
ical test (Buyuksungur et al. 2017). As evaluated by micro-CT and bone mineral
density, scaffolds seeded by BMSC revealed progress in bone tissue regeneration.
The test results were significantly better than healthy rabbit femur and showed
improvement in regeneration of bone. At present, many researchers are focusing
on hybrid biomaterials for the construction of bone scaffolds and their applications.
Recently, Oladapo et al. (2019) have fabricated a hybrid bone implant material with
the composition of carbohydrate particles (cHA) and polylactic acid (PLA) by using
the 3D bioprinting technique (Oladapo et al. 2019). As a result, there is a surge in the
multiplicity of components and usage of biomaterials by a combination
(Beheshtizadeh et al. 2020).

15.9 Organ-on-Chip

These are the micro-engineered biomimetic systems that combine the ideas of
microfluidics, tissue engineering, and diagnosis that can simulate living tissues
more closely. It generally consists of transparent 3D polymeric microchannels
bound by mammalian cells and replicates three essential aspects of printed organs,
which can be employed as remarkable in vitro models for biological activity.
Various steps are involved in the printing of organ-on-chip platform (Esch et al.
2015) (Fig. 15.2).

Modification of 3D bioprinting technology with specific cell pattern enables
function, tissue regeneration, and high rate of production (organs-on-a-chip) which
opens the wide range of research on the organ-on-chip (Park et al. 2018a).

In one such study, living soft tissue was fabricated by using a bioink which
combines the shear thinning properties of nanofibrillated cellulose (NFC) and
alginate (cross-linker). Moreover, MRI and CT images were used as blueprints to
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design an atomically shaped human ear and sheep meniscus (cartilage structures)
(Markstedt et al. 2015). In another study, Choi et al. (2016) concluded that extracel-
lular muscle matrix (mdECM)-based bioink and bioprinting technology mimicked
the functional and structural characteristics of native muscle. This provides new
hope for the treatment of muscular injuries. The printed structure is known to
enhance myogenic differentiation with high cell viability, contractility, and matura-
tion (Choi et al. 2016). These in vitro tissue models serve as an alternative source in
multiple fields, for example, toxicological, drug discovery, and micro-level physio-
logical studies.

15.9.1 Applications of Organ-on-Chip

The main objective of an organ-on a chip is to fabricate a functional unit of the
required organ instead of the entire organ that mimics human physiology. This
technology can be used for the engineering of tissues that can be used on a large
scale for human cell testing and organoids in the integrated fluidic environment
(Fetah et al. 2019). It can also be used for the assessment of toxicology parameters in
the drug development process where the two-dimensional (2D) cell culture fails to
precisely imitate the physiological environment of intra-organ interactions (Wu et al.
2020). So, we can evaluate the impact of drugs upon disease condition in real-time.

15.9.1.1 Liver-on-the-Chip

The liver is the central core of xenobiotic metabolism and is more prone to drug and
cosmetic toxicity. During the hepatic injury, liver cirrhosis is encountered in later
stages due to the aggregation of collagen-like extracellular matrix proteins from the
hepatic stellate cells (HSCs), which are intermediated by numerous pathways within
the liver parenchyma. By this technology, human co-culture models are developed to
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test hepatotoxicity (Leite et al. 2020). The sinusoid is the functional unit of the liver
which contains different cells of the liver. It has bile duct cells, hepatic artery, and
vein, which perform respective functions such as bile removal, oxygen transport, and
toxin removal. Ultimately, several strategies have been printed to mimic the
functions of an organ on an organ chip (Radhakrishnan et al. 2020).

15.9.1.2 Tumor-on-the-Chip

Cancers are characterized by cell angiogenesis, proliferation migration, and
intravasation of tumor cells. In vitro cell culture fails to replicate the complex nature
of the 3D tumor microenvironment. A microfluidic platform has been established to
overcome this problem, which mimics the biological tumor microenvironment for
appropriate conditions to generate chemical gradients. This makes easier to study the
cellular responses of biomolecules and chemicals with changing concentration
during cancer metastasis (Yu and Choudhury 2019). Before loading tumor cells or
tumor organoids of patients, quiescent perfused 3D microvascular structure (provide
nutrients or drugs to the tumor) is printed in an adjacent compartment (Shirure et al.
2018). An easy method to design 3D tumor tissue via employing a microfluidic
platform through direct cell writing has been developed. In the first step, an auto-
matic direct cell writing (DCW) technique designs the 3D tissue; secondly, it is
placed in a polydimethylsiloxane (PDMS) device engineered with soft lithography
(Chang et al. 2008).

15.9.1.3 Lung-on-the-Chip

Horvéth et al. (2015) reported the first bioprinted in vitro lung model. This air-blood
tissue barrier model is separated by Matrigel membrane, which is made of an
epithelial cell layer and endothelial cell layer, printed on porous membrane substrate
with a bottom-up approach (Horvath et al. 2015). Decellularized extracellular matrix
bioink was obtained from porcine tracheal mucosa (tmdECM), which enclosed
fibroblasts and endothelial cells into the polycaprolactone (PCL) frame for printing.
From the physiological point of view, this model presents respiratory symptoms
such as allergen-induced asthma exacerbation and asthmatic airway inflammation.
As 3D bioprinting possesses adaptable nature, it is expected that this will offer a
wide platform for preclinical research studies (Park et al. 2018b).

15.10 3D Bioprinting of Medical Devices

3D bioprinting offers many advantages in the area of healthcare and medical devices.
The surgeon can use the 3D model of the desired patient anatomy to help MRI or CT
scan images for the surgical approach (Aimar et al. 2019). Further enhancement in
additive manufacturing technology enables the construction of patient-specific
implants from 3D imaging data (Ahangar et al. 2019). The FDA-approved 3D
printed titanium device (FastForward Bone Tether Plate) represents a novel
approach in treating hallux valgus deformities (FDA 2016).
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15.11 3D Bioprinting for Improved Drug Delivery

3D bioprinting has proven to have a disruptive effect on drug delivery systems as this
technology has potentially promoted the creativity in fabricating the solid oral
dosage form with complex structures, various geometries, torture channels, porosity
gradients, and multi-compartment systems, for instance, polypills that consist
of multiple active pharmaceutical ingredient in unit dosage form for control release
of drug (Samiei 2020). Goyanes et al. (2015) evaluated the drug release property of
3D printed tablets on the basis of geometry and found that printed geometry of
acetaminophen tablets resulted in different rate of drug release pattern with high
degree of personalization. In this study, acetaminophen-loaded filaments of PVA
(polyvinyl alcohol) were produced by taking an aqueous solution of paracetamol
(2% wiw) in small pieces of PVA with Varicut (plasticizer). A single-screw filament
extruder was printed in various shapes such as a pyramid, cube, cylinder, and sphere.
The pyramid-shaped tablet of acetaminophen has the fastest release rate as compared
to the cylindrical shaped tablet because the former had the largest surface area-to-
volume ratio (Goyanes et al. 2015). Moreover, Spirtam® (levapiracetam) is an
immediate-release pyramid-shaped tablet manufactured by powder bed binding
method that decreases the lag time for the onset of action because a high amount
of the drug is present for absorption through the oral mucosa (Jamréz et al. 2018).

FDM technology was used to enhance the dissolution rate and bioavailability of
poorly soluble drug “domperidone.” The conclusion of the study was that the
formulation of the 3D tablet could disintegrate slowly and offer a sustained release
rate with a floating ability up to 10 h both in vivo and in vitro (Chai et al. 2017).
Apart from this, inkjet-based printing systems and nozzle-based deposition systems
that rely on natural products have been used for drug delivery systems (Aguilar-de-
Leyva et al. 2020). 3D printed implant materials are used for gynecologic and
obstetric applications to elute progesterone or estrogen that are entrapped within
polycaprolactone (PCL) biodegradable polymer. These implants show extended
hormonal release for a period of 1 week (Tappa et al. 2017).

15.12 Disadvantages of 3D Bioprinting

Limitations of raw material: currently, 3D printers can employ approximately
100 different raw materials, which is significantly less than conventional systems.
Specifically, the designing of a complex native structure depends on 3D bioprinting,
which is still lagging due to the lack of appropriate bioinks with high printability,
biocompatibility, and mechanical properties (Noor et al. 2019). Low resolution is
caused by inkjet and extrusion-based bioprinting, which is imposed by the physical
confinement of the nozzles. Thus, appropriate nozzle size variation is imperative to
enhance printing speed, resolution, and compatibility for biomaterials (Xie et al.
2020). Limitations of size: The 3D printing technique is restricted by size limitations.
3D printers are still not capable of printing very large objects. The development of
microvasculature plays a pivotal role in restoring the high cell viability of printed



15 3D Bioprinting of Tissues and Organs: A New Paradigm in Regenerative. .. 231

organs for long-term survival. However, using 3D bioprinting to fabricate a similar
native vascular network is still inadequate because the size of the bioprinted tissues
is larger than tens of micrometers (Yu et al. 2020). Cost of printers: There is less
probability of purchasing a 3D printer by the average householder. Moreover,
printing different types of objects require different types of 3D printers. Even
printing of colored objects is costlier than the printing of monochrome objects.
Hence, the average population would not be able to afford such expensive treatment.
Limited manufacturing jobs: It is an undeniable fact that advancement in
technologies leads to a decrease in manufacturing jobs. This drawback can have a
heavy impact on the economies of many countries (Ghadage et al. 2019). Unchecked
production of dangerous items: One of the major concerns is that the ease of
understanding of 3D bioprinting could lead to the undisciplined fabrication of tissues
without ethics. Another disadvantage is that it may potentially be used to construct a
bioweapon for bioterrorism that endangers people’s lives (Gokhare et al. 2017).

15.13 Conclusion

The chapter encompasses the concept of 3D bioprinting, history, bioinks, type of
bioprinting methods, and its varied applications in different research areas. Cur-
rently, 3D bioprinting is in the initial stage of development and has generated some
notable results by creating a variety of functional tissues. Bioprinting enables the
equal distribution of cells throughout a scaffold, but it is still under progress and has
to cross multiple obstacles before entering the clinical world, especially for in situ
direct use. Various challenges have to be tackled out, which include suitable cell and
material selection, tissue maturation, and appropriate vascularization. Major hurdles
are biomechanics, sterilized environment, selection of stent material, and scaffolds.
3D bioprinting has shown significant advancement and has garnered the immense
interest of the research community. Bioprinting will continue to evolve and develop
and will transform the area of organ transplantation.
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Abstract

Any orthopaedic surgical procedure requires meticulous planning and execution
for better outcomes; investigative tools like radiographs and computed topogra-
phy have been in vogue for understanding anatomy, injuries and deformities.
With the advent of 3D printing into the medical field, a new dimension for
pre-operative planning, prototyping, designing, and manufacturing related to
orthopaedic surgeries have developed. The present chapter explores and
highlights these aspects of utilisation of 3D printing in the field of orthopaedics,
with specific focus on arthroplasty, trauma, musculoskeletal oncology and spine.
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16.1 Introduction
‘Failing to plan is planning to fail’.

This famous quote by Benjamin Franklin sums up the essence and necessity of
planning. Nowhere is this adage inherently more suited than in orthopedic surgical
procedures. Orthopedic surgical procedures are complex and involve restoration of
anatomy after trauma, correction of anatomy in case of deformities and augmenta-
tion or replacement of bony and soft tissue structures after infection, arthritis,
tumours and even trauma.
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Meticulous planning is key to any surgical procedure and has been the corner-
stone of orthopedic surgical procedures. Until the mid-1970s, plain radiographs were
perhaps the only tools available to orthopedic surgeons for planning. The ‘disruptive
innovation’ in medical imaging came with the invention of computed tomography
(CT), by a British engineer, Gregory Hounsfield (Rubin 2014). Whole body CT
scans became available in the early 1980s and resulted in a paradigm shift in the way
human anatomy could be assessed. Orthopedic surgeons could now have a three-
dimensional understanding of even the most complex of injuries and deformities. It
was around the same time, in early 1980s, that two outstanding scientists started
laying down the foundations of rapid prototyping. Dr. Hideo Kodama from Japan
created the first ever 3D printed model, whereas Dr. Charles Hull from the United
States described stereolithography (Lengua 2017). Whereas rapid prototyping was
initially geared towards industrial design, it has slowly but steadily found its way
into the medical field. In a significant evolution from planning on radiographs,
orthopedic surgeons have moved to virtual planning, rapid prototyping and 3D
printing.

16.2 Key Concepts

(a) Virtual surgical planning refers to the use of two- or three-dimensional imaging
techniques to evaluate complex anatomy. In the orthopedic scenario, this typi-
cally involves planning on digital radiographs, CT scans or MRI scans, although
other imaging modalities such as ultrasonography and nuclear medicine scans
may also be used (Fig. 16.1).

(b) Rapid prototyping: In engineering terms, a prototype is a model or a replica of a

final product or design. These are used to analyse complex designs and test key
concepts before a final finished version is created.
Prototypes can be classified as ‘low fidelity’, which can be produced very
quickly and are used to test a broad concept. Examples include sketches or
crude models. On the other hand, a ‘high fidelity’ prototype is very close to the
finished product, both in terms of structure and function.

‘Rapid prototyping’, as the name suggests, is a process by which prototypes,
both low and high fidelity, can be created rapidly. This can be achieved by a
number of methods and can include virtual (computer based) as well as physical
prototypes.

(c) Computer-aided design (CAD) refers to the use of computer software to create
designs or virtual models, which can be two- or three-dimensional.

(d) 3D printing/additive manufacturing: 3D (three-dimensional) printing, also
known as additive manufacturing, is a process by which a three-dimensional
object can be created or ‘printed’ by adding material in layers. There many
methods by which additive manufacturing can be performed, but the most
commonly used method is ‘fused deposition modelling’ (FDM). Here, a ther-
moplastic material filament such as ABS (acrylonitrile butadiene styrene) is
passed through a heated nozzle. The melted plastic is deposited on to a platform
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Fig. 16.1 An illustrative
example of 2D virtual surgical
planning on plain radiographs
for reconstruction in patient
with non-union of the tibia.
The OsiriX Lite software
package was used

layer by layer to create the 3D object. Although the terms rapid prototyping and
3D printing are used interchangeably, it must be remembered that 3D printing
can be used to create both rapid prototypes and final finished products.

16.3 Virtual Surgical Planning in Orthopedics

Virtual surgical planning is the norm in most orthopedic centres in developed
nations. With the decreasing costs of computer-based technologies, it has also started
to find its way into the tertiary care centres of many developing nations. Many free-
to-use as well as paid software are also available that can help orthopedic surgeons
perform virtual planning from their personal computers. A few examples of how
virtual surgical planning is used in orthopedics are outlined below:

(a) Virtual templating in joint replacement: Joint replacement surgery (arthroplasty)
involves cutting bones, termed as ‘osteotomy’, and implant placement.
Templating is a planning process which includes, but is not limited to, planning
the site of osteotomy and deciding how much bone to cut and remove and which
size and type of implants to use. Templating is routinely performed for joint
replacement surgeries (arthroplasty) (Si et al. 2015), but can be also used for
practically any orthopedic surgical procedure. Of late, 3D templating on CT
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Fig. 16.2 The importance of
3D visualization in surgical
planning. This 30-year-old
male has a bullet (white arrow,
green colour) lodged in his hip
joint. Accurate localization of
the bullet, which was made
possible by advanced 3D
visualization techniques as
demonstrated here, is essential
before the surgeon can attempt
to remove it

scans has generated significant interest, though there is no evidence to suggest
that 3D templating improves clinical outcomes, over 2D templating; however, it
may have benefit in difficult cases (Colombi et al. 2019). The question then
arises, how accurate is such planning? Holzer et al. (2019) in a study on virtual
templating in uncemented total hip replacement showed that the exact implant
size was predicted in 47% of the cases for the femoral stem and 37% of the cases
for the acetabular cup. Furthermore, 87% of the femoral stem and 78% of the
acetabular cups were within one size predicted by virtual templating. A fact to
note is that templating was more accurate when performed by senior surgeons
and more inaccurate in patients with obesity.

(b) 3D visualization: Some regions of the human body, e.g. the spine, pelvis, joint

surfaces and the small bones of the hands and feet, have complex three-
dimensional anatomy (Wang et al. 2016; Mishra et al. 2019). It is often difficult
for the average orthopedic surgeon to understand the three-dimensional
pathoanatomy of fractures and deformity of such regions, which is essential in
planning surgery in these situations (Fig. 16.2).
There are many PACS (picture archiving and communication system) software
as well as CAD (computer-aided design) software that allow virtual 3D models
to be created from axial slices of CT scans. Hence, such models have become an
important tool for planning (Fig. 16.3). However, it must be remembered that
3D models may not be accurate for measurements, and therefore it is better to
perform measurements on CT sections rather than 3D rendered models.

(c) Long bone deformity correction: Planning for correction of long bone
deformities involves measurement of a number of parameters, which include
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Fig. 16.3 A virtual 3D
model of a patient’s foot with
talus fracture, which was
created from CT scan
sections. Such models help the
surgeon to visualize and plan
the fracture surgery from a 3D
perspective

(d)

the overall alignment of limb (mechanical axis deviation), estimation of joint
orientation angles at the proximal and distal ends of the bones as well as
identifying and quantifying the apex, or the centre of rotation of angulation
(CORA) of the deformity. Although this can be done on conventional
radiographs, there are a few commercially available software that allow the
surgeon to rapidly calculate these parameters (He et al. 2020; Hung et al. 2019;
Whitaker et al. 2016). Some of them also have the option to perform the bone cut
(osteotomy) ‘virtually’ and visualize the correction. This allows the surgeon to
plan the osteotomy accurately and also enables the patients to visualize how the
limb would appear after correction.

Virtual and augmented reality: Virtual reality and augmented reality are two
technologies that allow a person to visualize objects in the virtual environment.
Whereas in virtual reality (VR), the entire visualization is in a virtual medium,
augmented reality (AR) allows an image to be superimposed on to a real-life
image from a camera. Although these technologies have been around for a
while, their routine use in orthopedic surgeries is in a nascent stage. Typical
applications of AR could include guidance for placement of implants in the
spine, pelvis, joint replacement or tumour resection (Jud et al. 2020).

16.4 Surgical Applications of 3D Printing

3D printing as a marvel of biomedical engineering and computer programming has
been utilized in different orthopedic sub-disciplines like arthroplasty, pelvic acetab-
ular/periarticular fractures and spine and musculoskeletal oncology. It focusses on
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Fig. 16.4 A life-size 3D printed talus sits on the build plate of the authors’ desktop FDM 3D
printer. Such printers are being increasingly used for surgical planning

specific nuances of the musculoskeletal system and generates models which closely
represent the anatomy specific to a patient. With the advent of technology, ‘desktop’
3D printers are also readily available; these are being increasingly used for
generating 3D models for surgical planning (Fig. 16.4).

3DP has demonstrated success in different phases of surgical training and patient
care in the abovementioned sub-specialities and has been an evolution from preop-
erative planning to patient-specific instruments (PSI) and customized implants.

16.4.1 3D Printing and Arthroplasty

The hip and knee are the commonest regions where arthroplasties are done due to the
high success rates in these joints. Primary total hip arthroplasties/replacements
(THA/THR) in specific cases with distorted acetabulum or femoral head anatomy
resulting from previous trauma, infection or dysplasia require a challenging recrea-
tion of native biomechanics in terms of offsets to provide optimal stability and limb
lengths (Xu et al. 2015). Revision surgeries on the other hand could present with
inadequate bone stock due to the primary surgery and osteolysis or infection creating
complex anatomical defects (Zerr et al. 2016).

In knee arthroplasty certain factors increase the life of implants, implant design
and material, cementing techniques and post-operative knee alignments (Gemalmaz
et al. 2019). Post-operative knee malalignment has been established as a definite
cause of shorter lifespan of the prosthesis.

There has been a huge spike in the recent literature on 3D printing in these areas
of hip and knee arthroplasties, with specific focus being on patient-specific
instruments and individualized implants.
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3D printed customized cages in revision THAs with severe bony defects have
been shown to provide stability and improved functional scores at 5.5 years of mean
follow-up (Li et al. 2016). Similar results were shown by Mao et al. and Kieser et al.
in a small series of cases (Mao et al. 2015; Kieser et al. 2018). Comparative trials
have shown that 3D printed acetabular components provide earlier weight bearing
and better functional outcomes as compared to conventional surgeries (Wang et al.
2017a).

Studies have shown that acetabular ante version achieved is closer to the safe
zone with 3D printed patient-specific instruments and 3DP provides better accuracy
of component positioning in THR (Small et al. 2014). For femoral neck cuts as well,
3DP has been shown to provide more accuracy (within 3 mm of the planned level)
(Schneider et al. 2018).

Ogura et al. (2019) documented 92% survival rates of 3D printed customized
knee prostheses in 59 cases after 5 years, while Sultan et al. showed 99% survival of
a cement less design after 3 years of surgery with excellent pain relief and functional
scores (Sultan et al. 2020).

However, in total knee replacements, the utility of PSI is controversial with
contradictory results described in the literature. Sun et al. in their randomized
study found no difference in post-operative knee alignments, range of motion and
knee functional scores between 3D printed PSI and conventional surgeries (Sun et al.
2020). On the other hand, improved post-operative alignments with precise cuts,
providing better functional scores, have been demonstrated in patients operated with
3D printed instrumentations (Qiu et al. 2017). For addressing periprosthetic joint
infections, 3D printed liners have been described which are made of polylactic acid
and are stronger and more ductile than the standard polymethylmethacrylate
(PMMA) used conventionally. They have been shown to elude antibiotics in a
sustained and controlled manner (Kim et al. 2017).

Overall 3DP has made massive strides in the field of complex primary and
revision arthroplasty; however these new technologies need a more comprehensive
testing over a longer run before assessing their cost-effectiveness and wider
application.

16.4.2 3D Printing and Trauma

Trauma surgeries have witnessed an increased complexity of the fracture patterns,
owing to the increasing high energy modes involved; more traffic and congested
roads have increased the number of road traffic accidents in the urban areas. Specific
trauma subsets like pelvic acetabular and periarticular fractures have been studied for
assessing the utility of 3DP.

A recent meta-analysis assessed the use of 3DP in preoperative planning of
fractures which included hip, pelvi-acetabular, ankle and intra-articular fractures at
the tibial plateau, proximal humerus and elbow (Morgan et al. 2020). Across
17 included studies, it was concluded that 3DP usage reduced the overall surgical
time, intra-operative blood loss and utilization of intra-operative fluoroscopy.
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Pelvi-acetabular fractures are a result of high-energy trauma, and certain level of
skills and expertise are required to fix these. The most commonly reported method is
printing of two models; the fractured and the normal side. They provide the surgeon
a tactile impression of the fracture fragments, and a mirror image of the intact side
helps in determining the amount of pre-contouring needed for fixation. Hung et al.
(2018) reported a 70-min reduction in average surgical duration and better radiolog-
ical outcomes with this method. Similar results were shown by Zhang et al. (2018)
with significant reduction in the mal-reduction of the fragments with this 3DP-based
planning, when compared to conventional planning.

This approach is specifically useful in minimally invasive surgeries wherein
percutaneous screws are inserted for unstable pelvic fractures. Cai et al. (2018) in
their retrospective study compared 65 patients in whom preoperative 3D models
were used for surgical simulation, with 72 patients with conventional X-ray and
CT-based planning. They showed decrease in duration of surgery as well as number
of fluoroscopy shots. The reduction and functional outcomes were comparable in
both the groups, highlighting the potential of 3DP in such cases.

The use of patient-specific anterior plates to treat acetabular fractures has shown
decreased surgical duration and blood loss when conventionally fixed implants were
compared to the 3DP group. There was however no difference in reduction quality
and function between the groups (Wu et al. 2020).

Periarticular fractures are other trauma subsets where 3DP has been utilized
effectively. Bizzoto et al. (2015) described 3DP replica of articular fractures; areas
like the distal radius, radial head, tibial plateau, calcaneus, ankle, etc. can be aided
immensely by using these innovations in the evaluation of joint fragmentation and
test suitable implants and screw length/orientation (Fig. 16.5).

In pilon fractures, the utility of preoperative planning and surgical simulation
using 3D printed models has been evaluated and showed lesser surgical duration and
blood loss, with higher rates of anatomical reduction with superior function, when
compared to conventional surgeries (Zheng et al. 2018).

Similar results of decreased operative time and blood loss with preoperative
planning and simulation has also been described in distal radius fractures.

To conclude, in trauma scenarios, 3DP has a potential role mainly in preoperative
planning and surgical simulation to facilitate faster surgeries and adequate function.
This becomes important in centres with high patient footfall so as to utilize the OR
schedule more effectively with more turnover of cases.

16.4.3 3D Printing and Musculoskeletal Oncology

Surgical resection of bone tumours require precise cuts and osteotomies for tumour-
free margins; this has been shown to be difficult especially in regions like the pelvis
and spine despite conventional preoperative planning and experience of the surgeons
(Thadani et al. 2018). 3DP allows creation of accurate geometrical replicas of a
patient’s tumour, and studies have shown that such models aid immensely in
subsequent surgeries. The preoperative planning improves, and 3D printing could
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Fig. 16.5 A 3D printed 1
model of the ankle joint in a S |

patient with fracture of the
posterior process of talus. The s L ;
arrows demonstrate the

fracture line (S superior,
I inferior, M medial, L lateral)

Tibia Fibula

also be used to manufacture resection guiding templates to facilitate intra-operative
precise cuts for tumour-free margins. Utilization of 3D printing in osteosarcoma
resection decreases blood loss, intra-operative fluoroscopy and surgical duration
(Ma et al. 2016).

Utilizing 3D printed patient-specific resection jigs have been shown to give cuts
that differed less than 1 mm from the preoperative plan (Wong et al. 2012). This
difference in conventional surgeries have been shown to be up to 9 mm in cadaveric
studies (Thadani et al. 2018). Comparative studies utilizing PSI in tumour resections
and comparing them with conventional surgeries have shown that although the
surgical duration did not differ, intra-operative blood loss, complication rates (infec-
tion, delayed healing, loosening, fracture, etc.) and the functional score of the knee
joint statistically favoured the 3DP group (Thadani et al. 2018; Wang et al. 2017b).

When patients’ anatomy is not suitable due to distortion and destruction by the
tumour, for standard implants, customisation becomes the need of the hour; this is
where 3DP has a potential role to play. Luo et al. (2017) demonstrated this technol-
ogy in four cases of giant cell tumours of the proximal tibia. They designed a
customized block which fitted well in the defect after resection of the tumour, and
in combination with standard knee prosthesis, the authors achieved good soft tissue
balance and knee stability with adequate range of motion, after average follow-up of
7 months. 3DP helps simplify the design and manufacture process of customized
prosthesis for tumour surgeries, in complex situations like the pelvis, and it allows
precise cuts and better implant position (Thadani et al. 2018).
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This was demonstrated by Wang et al. (2018) in pelvi-acetabular bone tumours
using 3DP hemipelvic prostheses, and at mean follow-up of 15 months, the func-
tional scores were good with no abnormal radiological signs of loosening and
resorption.

Metal bioscaffolds can be manufactured by 3DP, and they have excellent resis-
tance to fatigue; these can be used to fill cortical weight bearing defects. Iron-based
composite scaffold with CaSiO5 have also been created, which have been shown to
be a promising modality for tumour phototherapy via production of reactive oxygen
species, causing lipid oxidation and DNA damage inside tumour cells and regenera-
tion of bone defects by stimulating vascularisation and bone formation (Ma et al.
2018).

3DP also aids in altering the prosthetic material properties and porosity to match
the bone that could allow better incorporation and longevity.

Microwave ablation is an accepted modality for bone tumours; however the
irradiation tends to create bone defects and increased susceptibility to fractures.
Ma et al. (2017) invented a 3D printed titanium plate customized to the patients’
anatomy, which they implanted to assist the reconstruction in cases treated with
microwave-induced tumour resection. They showed that there were no cases of
fractures in the early post-operative stage in their patients and suggested that
customized plates as per the region affected by the tumour provided a more rigid
fixation as compared to conventional plates.

Overall, although 3DP has shown promising results, evidence is mainly available
in forms of case reports and small series; further larger studies are warranted to
ascertain the benefits of 3DP in comparison to conventional tumour surgeries.

16.4.4 3D Printing and the Spine

3DP has been described as a potential tool that could transform spine surgery in the
near future (Cho et al. 2018). Its ability to accurately manufacture and represent
anatomical nuances of spine has been validated. In the field of spine surgery, rapid
prototyping has been utilized for spinal tumours, lumbar discectomies in failed back
syndrome, spinal deformity correction as well as craniovertebral surgeries. It
facilitates studying the pedicle sizes and facet joint morphology as well as preopera-
tive planning in terms of calculation of screw and plate sizes and angles. Studies
have shown 3DP to be advantageous in these scenarios, with decreased surgical
duration, lesser blood loss and better reduction of vertebral dislocation (Cho et al.
2018). 3DP has also been utilized in minimally invasive spine surgeries, but this
continues to be in a nascent stage (Garg and Mehta 2018).

Cervical spine tumours like chondrosarcoma and chordomas have been success-
fully resected with no local recurrence or instrumentation failure, by surgical
planning on 3D printed models which allow better understanding of the anatomy
of both the tumour and the cervical spine (Xiao et al. 2016).

Scoliosis surgeries utilizing 3DP have been shown to be shorter with lesser blood
loss; however there seems to be limited advantage in terms of complication rates and
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outcomes as compared to conventional methods. This does raise doubts in applica-
tion of 3DP extensively in deformity correction, and more high-quality studies are
needed to ascertain its overall efficacy in preoperative planning (Cho et al. 2018;
Garg and Mehta 2018).

3DP has been used to manufacture drill guides for insertion of pedicle screws. It
specifically becomes advantageous in cervical spine region where the pedicle size
and narrow clearance present increased risk of iatrogenic damage in conventional
surgeries. 3DP allows better precision of screw insertion and reduced iatrogenic
complications with studies showing reduction in surgical time and radiation (Garg
and Mehta 2018). The latter advantages hold true even at thoracic and lumbar levels,
where screw placement is not as big an issue with conventional methods (Chen et al.
2015).

Customized implants in spine surgeries have been utilized in spinal tumours for
reconstruction as well as for creation of individualized cages, screws and plates for
fusion surgeries (Cho et al. 2018). Such designs tend to provide better stabilization
and load bearing with decreased complications like implant subsidence and neuro-
muscular damage, along with better deformity correction.

3D printed vertebral bodies have been developed and reportedly used after
anterior corpectomy in 6 cases of cervical spondylosis-induced myelopathy (Amelot
et al. 2018). 3D printed intervertebral discs have also been described to mimic the
viscoelastic properties of the natural disc, and they could see the light of the day in
the near future. Various drug delivery devices have been described in forms of
capsules, suspensions and scaffolds which could use fruitful in pyogenic or tubercu-
lar infections (Garg and Mehta 2018).

Overall, 3DP in spine surgeries have a potential role which needs to be further
explored as the evidence is scarce and restricted to case reports and small series with
low quality of evidence. Larger trials are needed to weigh in the production cost and
required time against probable improvements in surgical precision, duration and
patient-related outcomes.

16.5 Conclusion

Advances in science and innovations in technology have helped the medical arena
tremendously; visualization of injuries and proposed solutions using virtual
planning, leading to rapid prototyping, has revolutionized many surgical fields. 3D
printing in orthopedic surgery has evolved both in its indications and use and in the
cost reduction, and it is increasingly being used in a variety of fields in modern
orthopedics. There is no doubt that future innovations and cost reductions will lead
to better implementation of these technologies.
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Abstract

The tissue chip is an efficient and highly applicable novel product developed by
the amalgamation of cell biology, engineering and biomaterial technology. It is a
functional organ biomimic model built on a dynamic microfluidic chip that
replicates the architecture, physiology and functionality of an organ as observed
in vivo. This tissue chip technology has the potential to be utilized for drug
screening and safety testing during preclinical trials. The current preclinical
studies use the 2-dimensional cell culture and animal models, which do not
always translate into successful clinical trials. The tissue chip or micro physio-
logical system is a far more efficient preclinical model as it is designed to mimic
the human organ system in its true sense, thus increasing the success rate during
human clinical trials. It also holds the potential to completely eliminate the
utilization of animals as drug testing models. These systems can also be used to
model diseased state, thus providing a stronger apprehension of the mechanisms
behind disease pathologies and development of new therapeutic agents. This
technology is the future of personalized medicine as diseased cells from the
patient can directly be used to understand the disease mechanism and to develop
a novel treatment for the same. This tissue chip technology has surfaced in the
past two decades and has recently been selected by the global economic forum as
one of the top ten developing technologies. The article will discuss the various
contemporary applications of the tissue chip technology, including its use in the
testing for suitable drugs against the current novel coronavirus. Although, there
are still a few limitations to the organ-on-a-chip technology, it is continuously
evolving as a potential model for translational research and precision medicine.
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17.1 Introduction
17.1.1 What Is a Tissue Chip?

Tissue chips or more commonly known as organ-on-a-chip (OOAC) are the devices
that reiterate the structure, role and physiology of the organs of our body. These
micro physiological systems (MPS) are designed in such a manner that allows them
to position the cells (mostly stem cells) in a structurally accurate 3-dimentional
(3D) formation that recapitulates the function and physiology of the various organs
of the body and also elicits a response to various stimuli such as interaction with
drugs, hormones, cell signalling molecules and biomechanical stimuli (Low and
Tagle 2017). The major goal of an OOAC, as a biomimic apparatus, is to imitate the
comprehensive environment of the human organ (Bhatia and Ingber 2014a) and
simulate a biologically accurate response to external stimuli, hence bridging the gap
between in vivo and in vitro data (Fig. 17.1) (Wu et al. 2020; Ramadan and Zourob
2020). These tissue chips are based on the microfluidic technology. Microfluidics is
a branch of science that exactly controls and processes (10~ to 10~ '® L) fluids in the
micro range (Wu et al. 2020).
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Fig. 17.1 (a) Major goal of an OOAC technology. (b) OOAC apparatus imitating the comprehen-
sive environment of the human organ
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17.1.2 Why Do We Need Tissue Chips?

It has been clearly observed that most of the newly developed drugs do not progress
beyond phase 2 and phase 3 clinical trials. The average cost involved in the research
and development of a new medicine is estimated to be around $2.6 billion by
PhRMA (Pharmaceutical Research and Manufacturers of America). It has also
been reported that for a medicine to gain approval, it takes at least 10 years starting
from the initial discovery stage. The clinical success is achieved by those drugs that
are able to enter the clinical trials stage, and this amounts to 12% (Scannell et al.
2012; Tufts 2014). Once a lead compound for a particular biological target has been
discovered, it has to be analysed on the basis of its pharmacological properties to be
able to be tested on preclinical models (Low and Tagle 2017; Mittal et al. 2019).

Currently, 2D cell cultures and animal models are being utilized as drug screening
models at preclinical level. Although both these methods have some level of
credibility, neither of these models adequately mimic the human physiological
responses against the drug being tested (Fig. 17.2a). This leads to a higher rate of
failure of drugs at a clinical trial level. Therefore, there is a need for a model system
that accurately depicts the structural and functional heterogeneous environment of
multiple cell types and their interactions in a human organ in 3D (Fig. 17.2b). Hence,
OOAC is the required predictive tool for risk evaluation in the process of developing
a drug and is a unique platform to help potent treatments succeed with more
assurance (Fig. 17.2¢) (Coller and Califf 2009).

Organs-on-chips are being used as tools for choosing the drug and checking the
toxicity. The creation of neural microsystems has highlighted examples of tissue
chip’s potential use for checking the toxicity (Schwartz et al. 2015), which will be
discussed in the later sections of this article. Tissue chips can also be used as an
excellent platform for disease modelling. This technology is highly helpful for the
patients suffering from rare diseases. It provides new ways for understanding
pathologies and to discover potent therapeutics for various disorders. Diseases
could be modelled on the chip using stem cells of the patient donors to induce a
diseased phenotypic condition that can be observed in vitro (Azizipour et al. 2020;
Low and Tagle 2016; Chen et al. 2020; Marx et al. 2016).

17.1.3 Tissue Chips: Preparation and Design

The entire process of preparation of OOAC is called soft lithography. Soft lithogra-
phy is the technology used to fabricate substances composed of elastomeric
materials. The first step of the process consists of photolithography of a silicon
wafer which then produces a negative copy of the desired mould (Huh et al. 2013).
The photoresist material is then put on the top of the silicon wafer, and uncovered
region is etched by ultraviolet light. Subsequently, polydimethylsiloxane (PDMS) is
dispensed into this mould, which thus creates a positive copy of the desired design.
Then, this PDMS copy is sealed to a glass slide, forming closed-circuit channels
(Fig. 17.3) (Bhatia and Ingber 2014b). The chip is now ready to be connected to
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Fig. 17.2 (a, b, ¢) Comparison between the advantages and disadvantages of macroscopic 2D and
3D cell culture models and micro physiological cell culture platforms

microfluidic reservoirs and pumps using microfluidic tubing. PDMS is biocompati-
ble, easy to mould and is transparent, therefore allowing for easy representation with
photography. This makes PDMS optimum to be used in organ miniaturization (Huh
et al. 2013; Bhatia and Ingber 2014b).

Further designing and mechanism of the tissue chips are dependent on the
following key components:

* Fluid shear force: The cells cultured in a dynamic nature through micropump
perfusion is enabled through microfluidics. It aids the management of nutrients
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and timely waste release on the chip. This microfluidic potent environment of the
chip resembles the in vivo conditions. Also, the organ polarity is caused by fluid
shear stress (Theobald et al. 2018). The flow to the organ chip system is ensured
through a simple “rocker” on a chip fluid motion. The flow can also be ensured
with the help of a “pulsatile” set-up (Wu et al. 2020; Ronaldson-Bouchard and
Vunjak-Novakovic 2018).

* Concentration gradient: The fluid in the organ chips acts as a laminar flow. It
leads to the flow of biological molecules in the form of a stable gradient and
controls it both with regard to space and time at a microscale level. Various
concentration gradient-driven biochemical signals exist in biological phenome-
non such as angiogenesis, invasion and migration (Wu et al. 2020; Yang et al.
2014; Nguyen et al. 2013; Song et al. 2012).

* Dynamic mechanical stress: Organ pressures inside the body such as lung
pressure, blood pressure and bone pressure are responsible for the maintenance
of the mechanically stressed tissues (skeletal muscle, bone, cartilage, etc.) in the
body (Sato and Clevers 2013; Sellgren et al. 2015). Using microfluidics, elastic
porous membranes are used on the MPS to create periodic mechanical stresses.
These mechanical stimulations are a major factor in determination of differentia-
tion of cells during physiological processes on the chip (Yang et al. 2017; Kshitiz
et al. 2012).
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e Cell patterning: In vitro micro physiological models have complex geometries.
The cell patterning for these micro physiological models is controlled by
microfluidics. Cell patterning on the chip is contributed by surface modifications,
templates and 3D printing (Zhou et al. 2012; Tibbe et al. 2018; Xue et al. 2018).
The use of 3D printing allows and enables the development of user-defined
customized moulds to enhance adaptability and utility in cell patterns which are
essential to recapitulate the cellular microenvironment on the tissue chip.

Tissue chips have extensive usage in drug screening and disease modelling areas
(Fig. 17.4). Some of the recent applications are discussed in the following sections.

17.2 Tissue Chips as Drug Screening Model for Coronavirus
and Other Viruses of the Respiratory Tract

In the light of the recent events, it has been proven that a respiratory tract virus such
as SARS-CoV-2 can create havoc in the entire world and lead to a global pandemic.
Respiratory tract viruses such as influenza and coronavirus are a major threat to
public health and world economy. The pandemic Spanish flu in 1918, which
developed due to HINI1 influenza A virus infection, is estimated to have been
responsible for the deaths of 50-100 million people and lasted for 2 years. These
rapidly spreading virus pandemics require rapid action, and therefore development
of therapeutic treatments against the viruses of the respiratory tract is the need of the
hour. Since the efficient diseased model for preclinical studies has not been devel-
oped so far, hence this is the biggest challenge in producing effective drugs against
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these viruses. Currently, 2D in vitro cell cultures and animal models are being used
as preclinical models that often result in failed association to human clinical trial
responses. These methods are usually low throughput and do not mimic the function
and physiology of the human body in its true sense. To fight the current COVID-19
pandemic, a team of researchers from Harvard University quickly leveraged the lung
airway chip platform to test and repurpose the existing FDA-approved drugs as
potent therapeutic molecules against SARS-CoV-2 (Tang et al. 2020).

The human airway chip is a microfluidic instrument consisting of two parallel
microchannels, which are separated by a porous membrane coated with the extracel-
lular matrix (Benam et al. 2016a, b). The air-liquid interface (ALI) of the chip is
surrounded by primary human lung airway basal stem cells in the airway channel
and primary human lung endothelium in the parallel vascular channel. This device
leads to the differentiation of the lung airway basal stem cells. The stem cells
differentiate into a mucociliary, pseudostratified epithelium along with other
airway-specific cell types such as mucus-producing goblet cells, club cells, ciliated
cells and basal cells. The organ chip also leads to the establishment of mucus
production levels and permeability barrier properties comparable to the levels
perceived in human airway in vivo (Yaghi and Dolovich 2016). The underlying
human pulmonary microvascular endothelium also leads to a continuous planar cell
monolayer where cells are interconnected by VE-cadherin containing adherens
junctions as observed in vivo.

The differentiated epithelial cells in the airway chip are shown to express
increased levels of various serine proteases such as TMPRSS2, TMPRSS4,
TMPRSS11D and TMPRSS11E (DESC1) in comparison to MDCK cells that are
generally tried to investigate influenza infection in vitro. These serine proteases are
found to play an important role in the stimulation and spread of influenza and SARS-
CoV-2 viruses in the human body. Moreover, differentiation of the airway basal
stem cells at an ALI on-chip leads to overexpression of ACE-2 protein and mRNA of
ACE-2 (angiotensin converting enzyme-2), which acts as a receptor for SARS-CoV-
2 (Hoffmann et al. 2020).

Upon the infection of GFP-labelled HIN1 influenza virus into the air channel of
the human airway chip to recapitulate the airborne influenza in vivo, it was observed
through real-time fluorescence microscopic analysis that the virus has infected the
airway epithelial cells. This resulted in damage to the epithelium, including absence
of apical cilia, reduced barrier function as well as disruption of tight junctions. On
the other hand, significantly less infection was observed in undifferentiated airway
basal epithelium prior to being cultured on the airway chip. The lung endothelium
also got damaged on the airway chip and was characterized by absence of
VE-cadherin. The disruption was found to be consonant with the blood vessel
leakage that is observed during an influenza infection in human lung in vivo
(Benam et al. 2016a; Si et al. 2019, 2021; Armstrong et al. 2013). It was observed
that the H3N2 virus strains were 10 times more replication efficient than the HIN1
virus strains and caused increased cilia loss and high barrier function damage in the
microfluidic chip, which supports the finding that H3N2 causes more severe clinical
symptoms and is more virulent and highly infectious (Cheung et al. 2002). When the
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primary human neutrophils were perfused through the vascular channel of airway
chips infected with HIN1 or H3N2, it was found that circulating immune cells were
recruited to the apical surface of the activated lung endothelium within minutes. The
neutrophils further transmigrated through the endothelium followed by the ECM-
coated membrane, and finally reached into the airway epithelium in few hours
(Si et al. 2021). The influenza nucleoprotein (NP)-expressing infected airway cells
were targeted by neutrophils. Upon being targeted by neutrophils, the infected
airway cells converged into clusters, and their size decreased over time, which
resulted in clearance of the virus from the chip. More neutrophil recruitment was
observed by H3N2 on the airway chip, which is concurrent with the observation that
H3N2 virus leads to stronger and more dangerous inflammation as compared to
HINT1 in vivo (Cheung et al. 2002). Oseltamivir (Tamiflu), the anti-influenza
molecule used clinically, was tested to inspect if the airway chip could be used to
analyse its efficacy. It was observed that Oseltamivir (1 pM) strongly repressed the
replication of the influenza virus. It prevented disruption of epithelial tight junctions
and defects of barrier function and diminished the synthesis of many cytokines and
chemokines induced by the influenza virus on the airway chip. This implies that the
airway chip truly repeats the effects of oseltamivir as observed in humans, indicating
clearly that it can cater as an efficient 3D in vitro model to assess and understand the
efficacy of potent anti-influenza molecules/drugs for virus-infected human lung
disease as a part of preclinical studies (Si et al. 2021).

As microfluidic chip was faithfully able to recapitulate the human lung response
to influenza, it was then studied as a model for SARS-CoV-2.

SARS-CoV-2 pseudo particles (SARS-CoV-2pp) were created to imitate human
airway infection by airborne SARS-CoV-2. These pseudo particles carrying the
SARS-CoV-2 spike protein (one of the main factors) were added into the air channel
of the chip and were thus present in close proximity to the human lung epithelial
cells expressing increased levels of TMPRSS2 and ACE2 (Tang et al. 2020;
Armstrong et al. 2013). To explore the potential of using existing FDA-approved
antiviral drugs, as COVID-19 preventive therapies, the CoV-2pp-infected human
airway chips were treated by introducing drugs like chloroquine, arbidol,
toremifene, clomiphene, amodiaquine, verapamil, or amiodarone into their vascular
channel. Through these studies it was observed that only two drugs, i.e. amodiaquine
and toremiphen, statistically repressed the viral infection (Si et al. 2021).

Another team of researchers from Massachusetts built a high-throughput human
primary cell-based airway model to analyse and study respiratory viruses in vitro.
The platform is known as PREDICT96- ALI and is based on the PREDICT96 organ-
on-a-chip model, which consists of a microfluidic culture plate with 96 individual
devices and a perfusion system driven by 192 microfluidic pumps integrated into the
plate lid. The PREDICT96-ALI platform is observed to be effective as it is high
throughput and summarizes healthy human airway structure and function. The
model expresses ACE-2 and TMPRSS2 and also supports infection with human
coronavirus. Thus, it can be considered as a potential cell-based airway model to
study respiratory viruses in vitro (Gard et al. 2020).
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In another study, a micro-engineered airway lung chip was modelled to study the
viral induced exacerbation of asthma. A micro-engineered model of terminally
differentiated human mucociliary airway epithelium was induced with IL-13
which stimulated a Th2-type asthmatic characteristic, and it was then infected with
live human rhinovirus 16 (HRV16) to recapitulate the phenotypic features of asthma
caused by virus (Nawroth et al. 2020).

17.3 Tissue Chips in Space

It has been well established that micro physiological systems or tissue chips serve as
excellent models to study the diseased condition of the human organs and also for
drug screening processes. It is observed that spaceflight leads to various changes in
the body of the astronauts. Microgravity environment exerts numerous stresses and
pathological and physiological disturbances on the human body leading to reduced
cardiopulmonary function, osteoporosis, suppressed immune response and muscle
wasting (Demontis et al. 2017; Tanaka et al. 2017; Fitzgerald 2017; Watenpaugh and
Hargens 1996; Nicogossian et al. 2016). These changes directly correlate to aging
and diseased pathology on Earth. The cellular and molecular mechanisms behind
these changes remain unknown due to the limited availability of biosamples of the
astronauts. Research works in mice as surrogate have been carried out that included
transcriptomic, biochemical and proteomic analysis following a mission on the
International Space Station by the mice (Hammond et al. 2018; Mao et al. 2018).
However, whether these studies show that same human health effects and diseased
conditions are produced as are produced in mice is still unknown. When a recent
study was conducted on the jugular vein flow and morphology, it was first time
found that obstructive thrombosis occurred in an astronaut in space (Aunon-
Chancellor et al. 2020; Marshall-Goebel et al. 2019). Treatment was carried out
using the available anticoagulants on board the International Space Station (ISS);
although spontaneous flow was not found even after 3 months of treatment with
apixaban on the ISS, it was surprisingly observed on landing (Aunon-Chancellor
et al. 2020). The challenge is that the current knowledge of drug pharmacological
kinetics and dynamics during spaceflight and return to Earth is uncertain (Eyal and
Derendorf 2019), due to lack of research in the microgravity environment.

To overcome this challenge, a robust and accurate model system is required to
mimic the physiology and functions of the human organs. Therefore, micro physio-
logical systems or organ chips are being employed on board the ISS to identify the
effects of microgravity on human bodies and to understand the mechanisms at the
level of molecules, involved behind the changes that occur in a microgravity
environment. The tissue chips research on board the ISS might give us an insight
on two broad aspects; firstly, the physiological changes associated with microgravity
are also associated with aging and diseased conditions on Earth. Therefore, tissue
chips on board the ISS exhibit disease pathologies in expedited time frame which
would take years on Earth. This research will help scientists to develop therapeutics
against age-related diseases. Secondly, tissue chips serve as a model system for
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changes in physiology and function of a human body during a spaceflight. This
research will enable scientists to plan explorations deep into the space like future
missions to the Moon and Mars at a reduced risk to health of the astronaut (Eyal and
Derendorf 2020).

According to the “Tissue Chips in Space” move, by collaboration of the NCATS
(National Center for Advancing Translational Sciences) and ISS, the following nine
projects are being carried out at ISS. The goal of the Tissue Chips in Space initiative
is to use tissue chip platforms and the exclusive microgravity environment of the ISS
to develop models of human disease, with the ultimate goal of expediting the
discovery of therapeutics for people on Earth (Low and Giulianotti 2019; Yeung
et al. 2020).

A team from University of California, San Francisco (UCSF), is working on a
project that investigates microgravity-induced aging of the immune system
(generated through simulated microgravity and spaceflight) and its role in tissue-
specific healing and regeneration using micro physiological systems (Low and
Giulianotti 2019). It is known that spaceflight induces dysregulation of the immune
system and inflammatory responses and thus can be considered as a surrogate model
for Earth-based immunosenescence.

A team of researchers from MIT (Massachusetts Institute of Technology) is
utilizing tissue chips to find therapeutics to treat post-traumatic osteoarthritis
(PTOA). The tissue chip system comprised of human cartilage, bone and synovium
that is challenged with inflammatory cytokines and an acute impact injury which is
believed to be an appropriate model for PTOA. The model will be used to test
therapeutic options and monitor their effectiveness through the use of intracellular
and extracellular biomarkers (Low and Giulianotti 2019).

A study of proximal tubule proteinuria and distal tubule kidney stone formation is
being conducted by a group from University of Washington (UW), leveraging the
ISS environment. As disease progression of proteinuria, osteoporosis and kidney
stone formation is often slow and difficult to model in vivo in terrestrial studies, the
group is utilizing microgravity to accelerate the onset of diseased state using a
human cell-derived kidney tissue chip system (Low and Giulianotti 2019; Yeung
et al. 2020).

Another team from the UW, is using an engineered heart tissue chip to study
aspects of cardiomyopathy related to human health on Earth and in space. The study
is based on automated real-time continuous functional readouts of the engineered
heart tissues using a novel magnetometer-based motion sensor. The ultimate goal is
to test pharmaceuticals and mechanical stimulations as potential therapeutics (Low
and Giulianotti 2019).

The first line of defence of a human body is the innate immune response which
recruits innate immune cells to the infected organ or the site of action. A human
airway tissue chip connected to a bone marrow tissue chip is being developed by the
Children’s hospital of Philadelphia (CHOP). By utilization of this interconnected
tissue chip system, the team can infect the airway chip and keep track of the
recruitment of neutrophils from the bone marrow as a model of innate response.
The project is focused on the finding that spaceflight induces changes that involve
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dysregulation of the immune system. This ISS project is expected to serve as a model
for a compromised immune system (Low and Giulianotti 2019).

A team from the University of Florida (UF) aims to use the accelerated muscle
wasting property of the microgravity by using a human muscle tissue chip as a model
for sarcopenia in terrestrial settings. Sarcopenia is a disorder that usually affects the
older adults and can be characterized as loss of skeletal muscle mass, similar to
muscle wasting during spaceflight. The study will employ cells from different types
of patients (human muscle cells isolated from young, healthy and older, sedentary
volunteers) and will thus monitor the progression of the sarcopenia phenotype on a
time scale not possible in terrestrial settings (Low and Giulianotti 2019).

Human induced pluripotent stem cells (iPSC) from healthy patients are being
utilized by a team of researchers from Stanford University to fabricate engineered
heart tissue platforms for use on the ISS and on the ground. By manipulating the
microgravity-induced weakening of the heart muscle to their advantage, the team
will validate the ISS platform as a tool to model ischemic cardiomyopathy in humans
on Earth and later to screen for potential drug candidates to treat patients (Low and
Giulianotti 2019).

A team of researchers from Emulate is developing an automated BBB (blood-
brain barrier) tissue chip platform derived from human cells for use both on the
ground and on the ISS. This model will allow the monitoring of the dysregulation of
the BBB which could provide applications for studying neurological disorders as
well as the transport of drugs and toxins to the central nervous system. Another team
from Emulate will use plug-and-play technologies to modify their automated plat-
form developed for the BBB ISS experiment to study dysregulation in the gut. This
system will be infected to study the innate and probiotic-induced response (Low and
Giulianotti 2019).

17.4 Micro Physiological Human Brain or Neural System
on a Chip

Neurological diseases and disorders lead to majority of deaths worldwide (Feigin
et al. 2020). Neurodegenerative diseases (NDDs) consist of hundreds of different
types of neural system disorders in human beings in the globe. According to the
World Health Organization (WHO), there is expected to be nearly 50% increase in
the number of people suffering from NDDs by 2030 (Mofazzal Jahromi et al. 2019;
Menken et al. 2000). Neurological disorders, diseases and injuries (NDDIs) are more
common in the elderly and cause substantial degradation in the well-being of the
patient.

Therapeutic treatments for various NDDIs have been developed over the years
using 2D cell culture followed by animal models and subsequently clinical trials. But
these are “reductionist approaches” that many a times fail to recapitulate the dynamic
features, functionalities and trajectories of the in vivo nervous system (Pampaloni
et al. 2007; Breslin and O’Driscoll 2013). Due to the many limitations of these
preclinical model systems, “micro physiological nervous systems” (MPNS) come
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into picture leading to advancement of the knowledge of the highly ordered struc-
tural features, role and disease of the human nervous system, which therefore would
lead to the development of innovative medicines for NDDIs (Haring et al. 2017).

Chip-based MPNS are 3D culture systems based on a scaffold that replicate
highly ordered structural aspects as well as roles of the nervous system. Design
and engineering of a neural tissue chip is very challenging as it requires precise
modelling of human neural circuitry, anatomy and microenvironmental conditions to
achieve higher-order and dynamic pathophysiology or neurophysiology of the
human body. Brain-on-a-chip or neural tissue chip is designed using a distinctive
“structure-function-disease” logical perspective. Structural and functional
components essential for handling system framework to attain higher performance
levels are catered to (Haring et al. 2017). Hence, microfluidic brain-on-a-chip in
conjugation with stem cells has great potential to be used as an effective research tool
to study novel therapeutics for the treatment of various nervous system disorders.

Parkinson’s disease (PD) is a complex neurodegenerative disorder observed by
reduced number of neurons in the brain’s basal ganglia. It affects 70% of the
dopaminergic neurons of the substantia nigra of the midbrain, associated with
onset of motor dysfunction (Davie 2008; Obeso et al. 2008). The in vitro models
and animal models for the PD are not able to mimic the human pathology of PD and
hence results in the failure of development of efficacious therapeutic molecules for
PD in the clinical trials (Poewe et al. 2017; Meissner et al. 2011).

A group of researchers from the University of Luxembourg worked with 3D
cultures for studying the high content phenotype and drug analysis of dopaminergic
neurons involved in the development of pathology of PD (Bolognin et al. 2018). The
same group has also shown that neuroepithelial stem cells derived from iPSCs can be
differentiated into midbrain-specific dopaminergic neurons using 3D microfluidics
instrument (Moreno et al. 2015). G2019S mutation in LRRK-2 (leucine-rich repeat
kinase 2) commonly leads to PD. Mutated LRRK?2 has been found to hinder various
cellular pathways like cell proliferation, protein trafficking and cytoskeletal integrity
(Healy et al. 2008; Wallings et al. 2015). 3D tissue chip culture showed that LRRK2-
G2019S mutation leads to dopaminergic neuronal cell death. It was also observed
that LRRK2-G2019S caused mitochondrial abnormalities and cell death in young
neurons. When LRRK?2 inhibitor (Inh2) was administered, it was found that it
salvaged only few phenotypes. This indicates that apart from LRRK2-G2019S
mutation, other genetic factors also contribute to phenotypes associated with
PD. For this purpose, identification of these LRRK2-G2019S-dependent and inde-
pendent phenotypes was done using high-content image analysis platform. It can be
used to check the efficacy of potent therapeutic compounds in a high-throughput
manner. Using iPSCs-derived human neuroepithelial stem cells on 3D tissue chips,
they stated that in place of the LRRK2-G2019S mutation, it was the genotype of the
patients that was found to be a major discerning factor among the lines (Bolognin
et al. 2018). Matrigel as a scaffold was chosen as it contains high levels of extracel-
lular matrix proteins such as laminin, collagen and heparin sulphate proteoglycans
which also have been reported to be present in high levels in the brain extracellular
matrix (Hughes et al. 2010). The 3D scaffold given by Matrigel and also other
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hydrogels such as collagen and alginate gels has shown to expedite neuronal
network formation on the chip (Choi et al. 2014; Ortinau et al. 2010).

According to another study using organ chips, it was shown that the vascular
system leads to neuronal maturation of the spinal cord neural tissue. The signalling
pathways have been found to be common in brain microvascular endothelial cells
(BMECs) and neurons early in development, but their role in human neuronal
maturation is mostly unknown. Scientists were able to develop both spinal motor
neurons and BMECs from human induced pluripotent stem cells. The organ chips
showed an elevated calcium transient function and gene expression in comparison to
96 well plates. Addition of BMECs in the organ chip led to specific gene expression
and vascular-neural interaction that, in addition, augmented the neuronal function
and in vivo-like physiology (Sances et al. 2018). It clearly shows that use of organ
chips can direct stem cells cultured within them to move closer to an in vivo structure
and functionality.

A recent study also stated the use of 3D brain-on-chip platform with human iPSC-
derived brain cells as a model to evaluate the neurotoxicity of organophosphates
(OP) exposure and to evaluate beneficial compounds for cure (Liu et al. 2020). OPs
are nerve agents that inhibit acetylcholinesterase (AChE) and thus cause severe
neurotoxicity (Eddleston et al. 2008). OPs are also observed to cause necrosis,
apoptosis and alteration of oxidative stress-mediated pathway (Kashyap et al.
2011). Butyrylcholinesterase (BuChE) has been used as a cure for OP toxicity as
BuChE and AChE have similar active sites and both efficiently catalyse the break-
down of acetylcholine (Ach). Inactivation of BuChE activity does not cause toxicity,
as BuChE is not known to play an important role in vivo (Lee and Harpst 1971;
Reiner et al. 2000; Masson and Lockridge 2010, Vijayaraghavan et al. 2013; Li et al.
2006, Broomfield et al. 1991, Lenz et al. 2005, 2010, Mumford et al. 2013). BuChE
is a bioscavenger of OPs and does not allow them to reach their physiological targets
(Nachon et al. 2013). A 3D brain-on-chip platform with human induced pluripotent
stem cell (iIPSC)-derived neurons and astrocytes to simulate human brain behaviour
was developed. The chip consisted of two compartments: the first compartment
contained a hydrogel embedded with human iPSC-derived GABAergic neurons and
astrocytes, and the second compartment consisted of a perfusion channel with
dynamic medium flow. These brain tissue constructs were treated with various
concentrations of malathion (MT), an organophosphate insecticide which acts as
an AChE inhibitor and subsequently exposed to BuChE after 20 min of MT
treatment. Results depict that the iPSC-derived neurons and astrocytes came in
close proximity of each other and developed synapses in the 3D matrix. Also the
exposure to BuChE enhanced the viability after MT treatment (Liu et al. 2020). It
was also observed that neurons require co-culturing with astrocytes for their growth,
enhanced neuronal synaptic activity and heightened synaptic transmission (Johnson
etal. 2007). A previous research conducted by the same team also showed the effects
of astrocytes on viability using human iPSC-derived 3D brain-on-chip model (Liu
et al. 2019). It was found that a higher number of astrocytes in comparison to
neurons enhanced the viability following severe MT exposure which is also consis-
tent with the previous studies indicating that astrocytes have been found to protect
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against diazinon- and diazonxon-induced inhibition of neurite outgrowth (Pizzurro
et al. 2014).

Opioid overdose leads to 69,000 deaths each year around the world, and 15 mil-
lion people suffer from opioid addiction (Parthvi et al. 2019). Opioid abuse is a
significant crisis to public health worldwide; therefore there is a desperate need to
develop therapeutics for treatment of opioid use disorder (OUD) and also to develop
pain treatments that are non-addictive. The addictive quality of opioid drugs
involves variations in the activity of brain neurons that utilize dopamine as a
neurotransmitter. The search for drugs that can reverse such changes and potentially
treat addiction to opioid drugs, as well as the search for analgesics that are devoid of
addictive qualities, will be aided by model systems based on human cells. A team of
researchers from University of California, Los Angeles, is currently working to
develop a multi-organ, micro physiological systems (MPSs) based on the use of
human induced pluripotent stem cell (iPSC)-derived midbrain-fated dopamine (DA)/
GABA neurons on a three-dimensional platform that incorporates microglia, blood-
brain barrier (BBB) and liver metabolism components. The model chip will focus on
a key component of addictive circuitry—the dopaminergic and gamma-
aminobutyric acid (GABA)ergic neurons of the midbrain, which have been
recognized as responsible for mediating the reinforcing properties of many classes
of abused drugs, including opioids (Ashammakhi et al. 2019).

The blood-brain barrier (BBB) is a highly selective semipermeable border of
endothelial cells. It prevents the non-selective crossing solutes in the circulating
blood into extracellular fluid of the central nervous system. The blood-brain barrier
plays an important role in protecting and controlling entry of drugs to the brain
tissue. The tight and stable BBB on the organ chip models has been difficult to
maintain. According to a study by researchers from Harvard University, a tight
blood-brain barrier can be maintained for a long period of time by regulating the
amount of oxygen in an organ chip with stem cell-derived blood vessel cells (Park
et al. 2019; van der Meer 2019). In a study carried out by researchers at Seoul
National University in South Korea, the interactions were observed between glial
cells and vascular cells, using the 3D micro vessel chip. It was observed that these
interactions are important in tuning the geometry and function of brain microvascu-
lar networks. The extracellular matrix in which the cells are present has been found
to control these interactions in part (van der Meer 2019; Lee et al. 2020).

Neural tissue chip platforms are also being used to observe the higher-order
pathophysiology of Alzheimer’s disease (AD). In a study at Korea University, it
was found that when interstitial flow was applied to 3D neurospheroids on a
microfluidic neural tissue chip, then AP was found to be significantly more damag-
ing as compared to static conditions (Park et al. 2015).
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17.5 A Few Other Recent Interesting Applications
of the Organ-On-A-Chip Technology

17.5.1 Blood Vessels on a Chip

Graaf et al. used human induced pluripotent stem cells as a source of endothelial
cells (hiPSC-ECs), along with a technique called viscous finger patterning (VFP) to
develop in vitro cultures of human vascular cells inside microfluidic chips. In this
finding, by providing the mechanical stimuli such as shear stress, they can emulate
characteristics of the in vivo microenvironment. This is a robust model as it shows
good results as far as the repeatability of the diameter between and within channels is
concerned. All these features make hiPSC-EC-based MPS a cost-effective and
efficient system for future studies in individualized disease modelling (de Graaf
et al. 2019).

Duinen et al. studied a robust, high-throughput method to culture endothelial cells
as 96 3D and perfusable micro vessels. They also fabricated a quantitative, real-time
permeability assay to evaluate their barrier potential. As this assay has high-
throughput value, high efficiency and robustness, hence it will be helpful for the
researchers to make the transition from 2D to 3D culture models to observe and learn
vasculature (van Duinen et al. 2017).

Poussin et al. have created a 3D model of endothelial micro vessels on a chip
using primary human coronary arterial endothelial cells. This model will be used to
study the attachment of monocyte to endothelium under flow and its applications in
system toxicity (Poussin et al. 2020).

Duinen et al. developed a culture of perfusable 3D angiogenic sprouts in a
membrane-free platform. A cocktail of angiogenic factors was added to the other
side of the ECM gel, against which endothelial cells were grown on the chip. The
resulting gradient of angiogenic factors induced the formation of endothelial sprouts
through the ECM gel within 4 days. This perfused 3D angiogenesis model is
amenable to high-throughput screening (van Duinen et al. 2019).

17.5.2 Tissue Chips as Disease Model for Oncological Studies

Lanz et al. analysed the use of a high-throughput organ-on-a-chip platform to select
potent therapeutics for breast cancer. Triple negative breast cancer cell lines were
seeded in the microfluidic platform. Cisplatin dose responses were generated in the
simultaneous culture of 96 perfused micro tissues. The results have been promising
and have created a possibility to the use of the organ-on-a-chip technology in
individualized drug to ensure selection of efficient drugs and to determine the
expected response to a particular treatment in real time (Lanz et al. 2017).

Aleman et al. described a metastasis-on-a-chip device that consisted of multiple
bioengineered 3D organoids, made by a 3D photopatterning technique using extra-
cellular matrix-derived hydrogel biomaterials. The cancer originated in colorectal
cells chip and subsequently could be detected in other chips such as lung and liver
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which are connected to the origin chip. This study is beneficial to gain knowledge of
the mechanisms leading to metastasis, further in identification of anti-tumour drug
targets (Aleman and Skardal 2019).

17.5.3 Organ-On-A-Chip Technology to Mimic the Fetomaternal
Membrane Interface

Richardson et al. in 2019 created the first OOAC to mimic the components of foetal
membranes to know the cell-cell interactions and paracrine crosstalk between
maternal and foetal cells during pregnancy and parturition. The FM-OOC
(fetomaternal organ-on-chip) platform used the vertical co-culture OOC design
and was formed by two orthogonal vertically stacked cell culture chambers
containing equal surface areas. The FM-OOC was used to analyse membrane
permeability, oxidative stress and toxin-induced senescence, as well as cytokine
production (Richardson et al. 2019a).

Richardson et al. in 2019 also created an amnion membrane OOC (AM-0O0OC),
which was the first of its kind. This model successfully showed the interactive and
transitional characteristics of amnion cells (epithelial-to-mesenchymal transition and
mesenchymal-to-epithelial transition), under normal and oxidative stress conditions,
similar to how they function and respond in utero (Richardson et al. 2019b).

Tissue chip has also been commercialized, and many companies such as Tissue,
Emulate, Tara Biosystems, etc. have emerged from this technology. These
companies develop specific tissue chips to meet the needs of their clients.

17.6 Discussion and Future Directions

The article has established that there are many exciting and innovative applications
of the OOAC technology to study drug development and disease models. The tissue
chip is a flexible model that can be utilized to study any diseased condition and
pathology in the future. On the basis of the design and utility, they can be used to ask
and answer the questions for which answers are not available by conventional
means. Despite numerous advantages, there are still many tasks that need to be
conquered for this technology to be considered as an ultimate model for drug
screening.

Although OOAC has evolved and established quickly, the human on a chip
theory remains far-off. There are disadvantages associated with the most commonly
used material for production of tissue chips (i.e. PDMS). As the PDMS film is
thicker than the in vivo morphology, hence this causes a decreased absorbance of
small hydrophobic molecules which influence solvent efficacy and toxicity. There-
fore, it is necessary to find suitable substitute materials. Another challenge in the use
of this technology is that the cost of manufacturing is high and experimental use of
organ chips is expensive and hence not suitable to the extensive usage of organ
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chips. To overcome this challenge, the components of the organ chips must be cost-
effective and easy to dispose.

But there is no doubt that tissue chip technology holds great future as a model to
mimic disease pathology, hence proving to be beneficial for development of thera-
peutics for the rarest of the rare diseases.

In conclusion, microfluidic 3D models are very potent tools that will help the
progressions in the field of biomedical research, leading to the development of novel
therapeutics for the treatment of various human diseases.
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