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Introduction

We have entered an unprecedented era of rapid technological change 
where developments in fields such as computer science, artificial intel-
ligence (AI), genetic engineering, neuroscience, and robotics will direct 
the future of medicine. In the past decade, research organizations around 
the globe have made spectacular advances in AI, particularly for com-
puter vision, natural language processing and speech recognition. The 
adoption of AI across business is being driven by the world’s largest 
technology companies. Amazon, Google, and Microsoft offer vast, scal-
able cloud computing resources to train AI systems and platforms on 
which to build businesses. They also possess the talent, resources, and 
financial incentives to accelerate AI breakthroughs into medicine. These 
tech giants, including Apple, are executing on corporate strategies and 
product roadmaps that take them directly to the heart of healthcare. 
Every few weeks, a new AI tool is announced that performs a med-
ical diagnostic procedure at human levels of performance. The pace of 
innovation in the tech sector is exponential, made possible by continual 
improvements and widespread availability of computing power, algo-
rithmic design, and billions of lines of software programming code. 
Technology’s influence on the sciences has been profound. Traditional 
disciplines such as biology and chemistry are being transformed by AI 
and data science to such an extent that new experimental paradigms 
have emerged for research and the pharmaceutical industry.

Biotechnology’s growth and innovation cycles are equally impressive. 
Startling advances have been made to move the field from simple gene 
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cloning experiments using viral and bacterial genetic material in test tubes 
to performing gene editing at precise locations in the human genome. 
A new generation of gene therapy and T-cell engineering companies 
are building tools to equip the immune systems of patients to destroy 
cancer. Explosive growth in data-generating capabilities from DNA 
sequencing instruments, medical imaging, and high-resolution micros-
copy has created a perfect storm of opportunities for AI and machine 
learning to analyze the data and produce biological insights. Out of this 
milieu, the first generation of tech-inspired startups has emerged, initi-
ating the convergence of AI and biotechnology. These young companies 
are taking aim at the conventional path of drug development, with the 
brightest minds and freshest ideas from both fields providing a new 
base of innovation for the pharmaceutical industry.

This book tells the story of the impact of innovations in biology and 
computer science on the future of medicine. The creation of a new industry 
based on therapeutic engineering has begun. Nearly 200 years ago, 
Emmanuel Merck saw a commercial opportunity to produce the pain-
killing substance from the opium poppy, which was in widespread use 
across Europe and beyond. He was inspired by Fredrich Sertürner’s 
innovative process for the extraction of the opiate alkaloid. Sertürner 
gave the newly purified narcotic substance the name morphium, after 
the Greek god of dreams. For thousands of years before these Germans 
helped to launch the pharmaceutical industry, medicinal compounds 
derived from nature had been concocted into noxious mixtures of uncer-
tain potency by alchemists, physicians, or shamans in all cultures. With 
the elucidation of the rules of organic chemistry, the preparation and 
manufacturing of small molecule drugs and the practice of medicine 
would be forever changed.

The pharmaceutical industry began during the Industrial Revolution, 
drawing on a series of innovations in chemistry from the coal tar-based 
dye industry, along with other technological developments. This same 
rhythm of explosive innovation occurred again 100 years later in post–
World War II laboratories in the United States and Britain. In the epochal 
years of 1952 and 1953, the foundations of computing, molecular biology, 
neuroscience, AI, and modern medicine arose almost at once, appearing 
in juxtaposition against the afterglow of the first thermonuclear bomb 
detonated in the Pacific. Science was literally blazing on all fronts.

Medicine has benefited enormously from the scientific discoveries and 
technologies born in the atomic age. Biotechnology has its roots in the 
principles and successes of molecular biology. The historic beginning was 
the discovery of the double helical structure of DNA in 1953, followed 
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a generation later by the development of recombinant DNA technology 
in the 1970s. Therapeutics originating from biotechnology innovations 
now account for 7 of the top 10 drugs sold in the world.

Cancer chemotherapy treatments entered into clinical practice in the 
early 1950s, landmarked by the FDA’s approval of methotrexate in 1953. 
These therapies provided a rational basis for attacking cancer cells selec-
tively and sparked a decades-long search for new chemotherapeutics. 
As importantly, clinicians became critical in the evaluation of these and 
other new drugs in clinical trials, taking a seat at the table alongside 
medicinal chemists and pharmacologists as decision-makers in industry.

In neuroscience, Alan Hodgkin and Andrew Huxley’s unifying theory 
of how neurons fire action potentials was published in 1952. The Hodgkin-
Huxley model stands as one of biology’s most successful quantitative 
models, elegantly tying together experimental and theoretical work. The 
framework led to the search for the ion channels, receptors, and trans-
porters that control ionic conductance and synaptic activity, which together 
formed the basis of 50 years’ worth of neuroscience drug discovery.

Modern computing and AI began with the work of its seminal figures 
starting in the 1930s and was anchored by successful operation of the 
first stored program, electronic digital computer—the MANIAC I—in 
1952. Historian George Dyson framed the significance of this moment 
well in his 2012 book, Turing’s Cathedral: The Origins of the Digital Universe, 
(Vintage, 2012), stating that “The stored-program computer conceived 
by Alan Turing and delivered by John von Neumann broke the distinc-
tion between numbers that mean things and numbers that do things. 
The universe would never be the same.” AI pioneers who had hopes 
for machine intelligence based on neural networks would need another 
60 years and a trillion-fold increase in computing performance to have 
their dreams realized.

The science and technologies sparking the biotech and digital revo-
lutions developed in parallel over the past 50 years and within the past 
decade have acquired powerful capabilities with widespread applica-
tions. The convergence of these technologies into a new science will have 
a profound impact on the development of diagnostics and medicines 
and nonpharmaceutical interventions for chronic diseases and mental 
health. The recent advances in AI and biotechnology together will be 
capable of disrupting the long-standing pharmaceutical industry model 
via superiority in prediction, precision, theory testing, and efficiency 
across critical phases of drug development. Not too far into the future, 
with any luck, the in silico dreams of scientists and its impact on medi-
cine will be realized.
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What Does This Book Cover?

The book ties together historical background with the latest cutting-edge 
research from the fields of biotechnology and AI, focusing on important 
innovations affecting medicine. Several chapters also contain highlights 
of the crop of new businesses engaged in the latest gene and cell therapy, 
along with those founded on AI-based therapeutic discovery and engi-
neering. An in-depth look at the history of medicines sets the stage for 
understanding the pharmaceutical industry today and the evolution of 
therapeutic discovery for tomorrow.

Chapter 1, “The Information Revolution’s Impact on Biology,” begins 
with an overview of milestones in technology innovation that are central 
to modern biology and biomedical applications. The first section covers 
the success of genomics in tackling the deluge of genome sequencing 
information during the COVID-19 pandemic and biotech’s utilization 
of the data for creating a vaccine against SARS-CoV-2. The next section 
details the recent paradigm shift in biology, describing how the field is 
moving toward a more quantitative discipline. Another major thrust 
of the chapter is the role of computational biology in human genome 
sequencing, and its potential for medicine in the 21st century.

Chapter 2, “A New Era of Artificial Intelligence,” covers the history of 
AI’s development and the major milestones leading up to the stunning 
advances in deep learning. The role of neuroscience in formulating some 
of the ideas around artificial neural networks and the neurobiological 
basis of vision are discussed. An introduction to various approaches in 
machine learning is presented along with current deep learning break-
throughs. A first look at AI applications in medicine is also given. The 
chapter ends with a brief look at current limitations of AI.

Chapter 3, “The Long Road to New Medicines,” travels all the way 
back to the Stone Age to reveal humanity’s first random experimenta-
tions to find nature’s medicines. The first section outlines the progression 
of therapeutic discovery through four eras: botanicals, chemical thera-
peutics, biotherapeutics, and therapeutic engineering. The next section 
delves into the industrial manufacturing of medicines and the rise of 
the modern pharmaceutical industry. The chapter describes the birth 
of chemotherapeutic drugs and antibiotics and the impact of war on 
their development. A segment is devoted to the development of cancer 
therapeutics, including immunotherapy. The latter sections cover the 
pharmaceutical business model of the 21st century and the role of bio-
technology in drug discovery innovation.
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Chapter 4, “Gene Editing and the New Tools of Biotechnology,” begins 
by introducing the timeline and brief history of the development of pre-
cision genome engineering tools. A significant portion of the chapter 
covers molecular biology and biological information flow, with a history 
of recombinant DNA technology. The second-generation biotechnology 
tools from the bacterial CRISPR-Cas systems are outlined and presented 
as important genome editing strategies. A companion section reviews 
clinical trials of CRISPR-Cas engineered therapies. A final section describes 
the mRNA vaccine platforms and innovations leading up to its success 
against the SARS-CoV-2 virus.

Chapter 5, “Healthcare and the Entrance of the Technology Titans,” 
provides a look at how each of the technology giants—Amazon, Apple, 
Google, and Microsoft—are making moves to enter the healthcare sector. 
The first section describes digital health and investment activity in this 
newly emerging area, along with the drivers of healthcare technology 
innovation. A series of vignettes presents the ability of each tech giant 
to disrupt and play a role as new participants in healthcare, with a look 
at their competitive advantages in the healthcare landscape.

Chapter 6, “AI-Based Algorithms in Biology and Medicine,” explores 
how AI technology is already impacting biomedical research and medicine 
today and potential routes for the future. Two sections provide in-depth 
coverage of deep learning algorithms for cancer and brain diseases. The 
final sections review regulatory approval of AI-based software as a med-
ical device and the challenges faced in implementation of clinical AI.

Chapter 7, “AI in Drug Discovery and Development,” dives into the 
use of AI and machine learning in drug discovery. A brief survey of in 
silico methods in drug discovery and development is presented, followed 
by a section on computational drug design with AI tools. A subsequent 
section introduces biotechnology companies that are creating a new base 
of innovation for the industry. A final section summarizes where AI is 
deployed currently across pharmaceutical discovery and development.

Chapter 8, “Biotechnology, AI, and Medicine’s Future,” begins with 
a discussion of convergence and how a new discovery engine based on 
hypothesis generation and evaluation by AI might work across biology, 
pharma, and medicine. The next section looks at how experimental 
approaches and computational methods together power biology by 
forming a new tech stack. AI’s potential for neuroscience and the value 
of brain studies for AI and medicine are presented around the theme of 
motor control behavior and the brain. The chapter ends with a look at 
the landscape of companies arrayed against the range of technologies 
being developed to engineer therapeutics.
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I think the biggest innovations of the twenty-first century will be at the intersection of 
biology and technology. A new era is beginning, just like the digital one. . .”

Steve Jobs in an interview with Walter Isaacson

The Information Revolution’s 
Impact on Biology

The transformative power of the information revolution has reverber-
ated across all industry sectors and has profoundly altered economies, 
political landscapes, and societies worldwide. Among the scientific 
disciplines, physics, astronomy, and atmospheric sciences were the first 
to benefit directly from the development of mainframe computing and 
supercomputers from the 1960s onward. The most dramatic advances 
came after the development of semiconductor electronics, the personal 
computer, and the Internet, which further accelerated the information 
revolution. These historic innovations were the catalysts for producing 
amazing new technological capabilities for biological sciences and for 
the biotechnology and pharmaceutical industries.

Scientific progress in biology is highly dependent on the introduction 
of new technologies and instrumentation with ever-increasing resolu-
tion, precision, and data gathering capacities and output. Table 1.1 breaks 
down the milestones in technology innovation by decade.

For much of the twentieth century, biology borrowed equipment from 
physics to visualize cellular and macromolecular structures and measure 
atomic-scale dimensions. In the pre-digital era, the observations and 
experimental data of scientists were captured on paper and physical 
media such as magnetic drums, tapes, X-ray films, and photographs.  
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Table 1.1: Milestones in Technology Innovation by Decade

DECADE(S) TECHNOLOGY FIELD APPLICATIONS REFERENCE

1900s– 
1930s

Electron 
microscopy

Physics Structural 
biology

Chapter 1

X-ray 
crystallography

Physics Structural 
biology

Chapter 1

Electrocardiogram Physics Cardiology Chapter 6

1940s Broad spectrum 
antibiotics

Microbiology Medicine Chapter 3

NMR Physics Biology, 
chemistry, drug 
discovery

Chapter 4

1950s Confocal 
microscopy

Physics Biology Chapter 7

Artificial 
intelligence

Computer 
science

Information 
technology

Chapter 2

1960s Laser Physics Information 
technology and 
instrumentation

Chapter 1

Ultrasound Physics Medicine Chapter 7

Semiconductor 
electronics

Tech industry Information 
technology and 
instrumentation

Chapter 2

Integrated circuits Tech industry Information 
technology and 
instrumentation

Chapter 2

1970s MRI, PET, CT Physics and 
chemistry

Medical 
imaging and 
biology

Chapter 6

Recombinant DNA Molecular 
biology

Biology, drug 
discovery, 
therapeutics

Chapter 4

Single-channel 
recording

Biophysics Biology and 
drug discovery

Chapter 3

Monoclonal 
antibodies

Immunology Drug discovery 
and diagnostics

Chapter 3

RAM memory Tech industry Information 
technology and 
instrumentation

Chapter 1



	 Chapter 1 ■ The Information Revolution’s Impact on Biology	 3

DECADE(S) TECHNOLOGY FIELD APPLICATIONS REFERENCE

1980s PCR Molecular 
biology

Biology, drug 
discovery, 
diagnostics

Chapter 1

DNA sequencing Molecular 
biology

Biology, drug 
discovery, 
diagnostics

Chapter 1

DNA synthesis Chemistry Biology and 
drug discovery

Chapter 4

MALDI-TOF/ESI MS Biophysics Biology and 
drug discovery

Chapter 3

Personal 
computing

Tech industry Information 
technology

Chapter 1

1990s fMRI Physics Medical 
imaging

Chapter 5

Two-photon 
microscopy

Physics Biology Chapter 4

Transgenic 
technology

Molecular 
biology

Biology and 
drug discovery

Chapter 3

RNAi Molecular 
biology

Biology, drug 
discovery, 
therapeutics

Chapter 1

Internet Tech industry Information 
technology

Chapter 1

2000s CAR-T Immunology Therapeutics Chapter 4

Stem cell 
reprogramming

Immunology/ 
hematology

Biology, drug 
discovery, 
therapeutics

Chapter 4

Next-generation 
sequencing

Molecular 
biology

Biology, drug 
discovery, 
diagnostics

Chapter 1

Optogenetics Biophysics Biology Chapter 3

Cloud computing Tech industry Information 
technology

Chapter 2

Continues
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The advent of microprocessor-based computing brought about the 
realization of analog-to-digital data conversion and, along with that, 
random access memory (RAM) on semiconductor circuits. Digitization 
of data streams and availability of petabyte-scale data storage have been 
immensely important for conducting modern science, not only allow-
ing researchers to keep pace with the deluge of information, but also 
enabling network science and the widespread sharing of research data, 
a fundamental feature of scientific progress.

The information revolution’s impact on biology continues unabated 
into the twenty-first century, providing computing power that continues 
to grow exponentially, producing sophisticated software for data acqui-
sition, analysis, and visualization, and delivering data communication 
at speed and scale. New disciplines have been launched during this 
era in large part due to the introduction of technologies and instru-
ments combining computation with high resolution. Some of the most 
important are DNA synthesizers and sequencers, which led to genomics 
and computational biology, fMRI for computational neuroscience, cryo 
electron microscopy (cryo-EM), NMR, and super-resolution micros-
copy for structural biology and several compute-intensive spectroscopic 
techniques (for instance, MS/ MALDI-TOF, surface plasmon resonance, 
and high-performance computing) that opened up computational drug 
discovery. Medicine has similarly advanced in the twentieth century 

DECADE(S) TECHNOLOGY FIELD APPLICATIONS REFERENCE

2010s Cryo-EM Biophysics Drug discovery Chapter 1

CRISPR gene 
editing

Molecular 
biology

Gene therapy, 
drug discovery, 
diagnostics

Chapter 4

Single-cell 
sequencing

Molecular 
biology

Biology and 
drug discovery

Chapter 8

Deep Learning Computer 
science

Biology, drug 
discovery, 
diagnostics

Chapter 2

Quantum 
computing

Tech industry Information 
technology

Chapter 8

Table 1.1  (continued)
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by the application of computational approaches and breakthroughs in 
physics that were combined to create an array of imaging technologies.

As a consequence of transporting biology from a “data poor” to a 
“data rich” science, the information revolution has delivered its most 
fundamental and unexpected impact: causing a paradigm shift that 
has turned biology into a quantitative science. Biological science and 
biomedical research are now benefiting from the tools of data science, 
mathematics, and engineering, which had been introduced in “big sci-
ence” endeavors, that is, projects such as the Human Genome, Pro-
teome, and Microbiome Projects1–3; the Brain Initiative and Human Brain 
Project4,5; international consortia such as the Cancer Genome Atlas and 
International Cancer Research Consortium6–7; and precision medicine 
and government-backed population health projects like All of Us in the 
United States, the UK Biobank, and GenomeAsia 100K.8–10 These projects 
propelled forward the development of the “omics” technologies, most 
importantly genomics, epigenomics, proteomics, and metabolomics, with 
new quantitative approaches imagined and inspired by the information 
revolution to manage and analyze “big data.”

Chapter 1 of this book will explore the information revolution’s impact 
on biology. Computing’s massive influence on industry has also been 
referred to as the third industrial revolution. Subsequent chapters of the 
book will deal with aspects of the fourth industrial revolution,11 described 
as the confluence of highly connected sensors comprising the Internet of 
Things (IoT), machine learning and artificial intelligence, biotechnology, 
and digital manufacturing that is creating the future. Over the next few 
decades, the technologies powering the fourth industrial revolution 
will bring about in silico biology. Similar to the economic transforma-
tions occurring in banking, manufacturing, retail, and the automotive 
industry, the pharmaceutical industry is poised to see enormous returns 
to scale by embracing the coming wave of innovations.

A Biological Data Avalanche at Warp Speed

The breathtaking speed with which the worldwide medical and scientific 
communities were able to tackle the coronavirus pandemic was a direct 
consequence of the information revolution. The Internet and wireless 
communication infrastructures enabled immense amounts of data from 
viral genome sequencing efforts and epidemiological data to be shared 
in real time around the world. Digital technologies were essential for 
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gathering, integrating, and distributing public health information on a 
daily basis. In the private sector, computationally intensive drug dis-
covery pipelines used artificial intelligence algorithms and biotech-
nology innovations to accelerate compound screening, preclinical testing, 
and clinical development. Nearly every government-backed initiative, 
industry partnership, and global collaborative research effort was powered 
by cloud-based computing resources. The mountain of data provided 
insights into the nature of the disease and inspired hope that treatments 
and effective countermeasures would arrive soon.

The biomedical research and drug development communities went 
into emergency action almost immediately, sensing that time was of 
the essence, but also spotting opportunities for business success and 
scientific achievement. Researchers in thousands of laboratories were 
formulating new therapeutic hypotheses based on incoming data from 
viral genome sequence, virus-host interactions, and healthcare systems.

During the initial phase of the pandemic, an unprecedented trove of 
knowledge became available via a torrent of publications. The rapid pub-
lishing of more than 50,000 documents announcing early research results 
on medRxiv and bioRxiv servers provided an invaluable platform for 
reviewing new studies on anything from clinical and biological investi-
gations of viral replication to complex, multinational clinical trials testing 
an array of potential therapeutics and vaccines. Unfortunately, there was 
also an urgency to vet ideas, drugs, and important public health policy 
measures in real time. Many of these failed, were premature, or became 
conspiracy theory fodder. Technology can only do so much, and COVID-19 
has shown us that science, too, has its limits. In addition, choices in the 
political sphere have enormous consequences on outcomes of scientific 
endeavors, public health, and the future of medicine.

The tragic irony of the SARS-CoV-2 outbreak is that China had an 
impressive defense to protect against a second SARS-type epidemic event, 
built around information technology. The Contagious Disease National 
Direct Reporting System12 was engineered to facilitate reporting of local 
hospital cases of severe flu-like illnesses and deadly pathogens such as 
bubonic plague and to deliver notification to authorities within hours of 
their occurrence anywhere in China. Health officers in charge of nation-
wide disease surveillance in Beijing could then launch investigations, 
deploy experts from the China Centers for Disease Control, and set strategy 
for regional and local municipalities to deal with escalating public health 
situations. The design had a weak link that proved disastrous—hospital 
doctors and administration officials, fearing reprisals and hoping to 
contain the damage, decided not to use the alarm system.


